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1 Introduction

Since the fifties of the last century the magnetic properties of rare earths have been investigated. Due to
the localized character of their magnetic 4f electrons rare earth elements and compounds served as test
materials for many models of magnetism. A large number of experimental techniques and theoretical
approaches has been developed in order to understand the complex magnetic properties of the rare earth
elements. These efforts led to the so called ”standard model of rare earth magnetism” [1].

One of the major results with respect to application is, that the large magnetic moments and the
anisotropy of rare earths may be used to produce very advanced permanent magnetic materials. The
most important source of anisotropy in rare earth compounds is believed to be the electric field generated
by the crystalline environment of the rare earth atom. It is called crystal field (CF) and leads to a
deformation of the spherical 4 f charge density. This distortion is small at high temperatures and increases
when lowering the kinetic energy of the 4 f electrons by reducing the temperature. Because the movement
of the electrons at low temperature is influenced by the non spherical CF potential, the magnetic moment
generated by this movement when applying a magnetic field will depend on the direction of the magnetic
field, i.e. the magnetic properties will be anisotropic. It is important to remember, that due to the
localization of the 4f charge density the CF is sufficiently screened by the outer electrons to enable an
orbital movement of the electrons, which is connected with an orbital magnetic moment!. A simple
example of a 4f ion surrounded by two positive charges is shown in fig. 1. A quantitative investigation
of the CF effect shows, that the anisotropy, which is generated, depends on the number of 4 f electrons
involved and may be characterized by a parameter « named after Stevens [2]. The CF concept has been
put forward already in the sixties [3]. Since then a large number of methods have been proposed and
applied to predict [4, 5, 6, 7, 8] and measure [9, 10, 11] the strength of the CF [12], which is frequently
characterized by CF-parameters as described in [3, 13, 14].
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Figure 1: Distortion of the 4f charge density for different rare earth ions as induced by the crystal field
generated by two charges (4). The distortion is associated with a magnetic anisotropy leading to an easy
direction of magnetization characterized by the Steven’s coefficient o and shown by the arrows (left). In
the special case of a pure spin moment (L=0) there is no distortion of the charge and correspondingly no
crystal field anisotropy (right).

Magnetic phenomena do not only depend on the orbital magnetic moment of the electrons, but also on
the spin. The spin and the orbital magnetic moments are correlated by a relativistic effect, the spin-orbit
coupling, which is very large for atoms with a large number of electrons such as the rare earth elements
(here it is much larger than the CF). The spin orbit coupling stabilizes a ground state multiplet, which
depends on the number of 4f electrons according to Hund’s rules. The spin orbit ground state of a free

lcompare the case of the transition metals, where the CF is much stronger and the orbital moment vanishes (is

”quenched”).



rare earth ion is characterized by the orbital momentum L, the spin momentum S and the total angular
momentum J. It is 2J 4+ 1 degenerate and this degeneracy may be lifted partly by the CF.

Among the members of the rare earth series the element Gadolinium (Gd) is outstanding, because the
Gd37 ion has the largest spin moment (S=7/2) among all elements. Furthermore the orbital momentum
vanishes (L=0)2. The magnetic properties of Gadolinium metal are well studied (see e.g. [15] and [16] and
references therein). It has the highest magnetic ordering temperature among all rare earth elements (T =
294 K) and remains ferromagnetic down to liquid helium temperature. The paramagnetic to ferromagnetic
transition at T is of second order type and recently the universality class has been determined [17].
Neutron diffraction experiments [18] showed that from T down to the spin reorientation temperature
Tsgr =~ 232 K the moments are aligned along the hexagonal axis (i.e. c-direction). It is a common
view that it is the classical magnetic dipole interaction, which is responsible for this orientation of the
magnetic moment. Below Tsg the moment direction departs from the c-direction and the angle between
the hexagonal axis and the moment direction changes with temperature.

It is worthwhile to mention that the magnetic properties of Gadolinium metal remain a puzzle. It
was reported recently [19], that Gadolinium is probably not really a ferromagnet between Tsg and T¢,
but that the magnetic structure is some long-period modulated structure, similar to the incommensurate
structure found in erbium. This conclusion has been drawn from susceptibility measurements around
Tsr and T, but experiments for observing the long-period modulation are still missing. More recent
susceptibility and low field magnetization measurements [20] confirm again the widely accepted view that
Gadolinium is a collinear ferromagnet between T'sg and T¢.

Whereas Gd metal is well studied, comparatively little interest has been taken in the magnetic prop-
erties of Gd compounds. One reason is, that due to the vanishing orbital moment of Gd the magnetic
anisotropy is very small and therefore the materials are not interesting for application as permanent
magnets. Another reason is, that one of the most powerful experimental methods for the investigation of
magnetic properties - the neutron scattering technique - is hampered by the extremely large absorption
cross section of »"Gd (16% natural abundance) for neutrons.

In the following it will be shown, how my study of Gd compounds made essential contributions to
our knowledge about magnetic interactions, which in turn led to modifications of some well established
concepts. To give an example, the current explanations for the giant magnetostriction effect [21] have to
be modified.

2note that in contrast to the transition metals the orbital moment in Gd is not quenched but vanishes due to the first
and second Hund’s rule.



2 Magnetostriction in Gadolinium Compounds

In contrast to the case of transition metals the orbital momentum is not quenched in Gd but vanishes
due to the first and second Hund’s rule, which stabilize the |L = 0,S = 7/2,J = 7/2,m ) ground state
multiplet of the 4f electrons (my = —J,—J +1,...,+J). Only for the case of 7 electrons in the 4 f-shell
(Gd*t,Eu?t) the orbital momentum and the Stevens factors vanish. As a consequence the charge density
of the magnetic electrons is rigid in first order and does not deform in electric fields such as the crystal
field. The magnetic properties are isotropic as shown in fig. 1 (right).

This rigid 4f charge density is particularly interesting with respect to the study of magnetoelastic
interactions. The common opinion is, that in rare earth compounds the deformation of the 4f charge
density induced by the crystal electric field is responsible for the magnetoelastic interactions leading to
large magnetostriction effects [22, 23]. Fig. 2 (left) indicates this mechanism. At low temperatures the
4 f-electrons occupy only low-lying energy levels and the 4 f charge distribution assumes a non spherical
shape corresponding to the crystal field potential. This change in the 4f charge distribution generates
an electric force onto the sources of the crystal field which in turn leads to a change in the crystal lattice.
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Figure 2: The distortion of the 4f charge density acts back on the crystal leading to magnetostrictive
strains (indicated by small arrows) when the temperature is lowered (left). Large effects are associated
with magnetic phase transitions. However, even in the paramagnetic regime there is a magnetic contribu-
tion to the thermal expansion [R10]. In the special case of a pure spin moment (L=0) crystal field effects
are negligible and other mechanisms are responsible for magnetoelastic effects. The exchange interaction
may be strain dependent leading to the exchange striction (right).

In [R1] we have shown from experimental data on a large set of Gd compounds, that it cannot be
this crystal field effect alone, which generates large magnetostrictive effects in rare earth compounds.
Using the X-ray diffraction technique at variable temperature we measured the thermal expansion on a
large number of Gd compounds. These measurements were complemented by magnetostriction data on
single crystals using the capacitance method [R6] (after improving it by the development of a high field -
miniature dilatometer [24, R11]). We found that the order of magnitude of the magnetostriction is very
variable in Gd compounds and in some cases may exceed 1% (see fig. 3 for an overview). Such large
values of the magnetostriction are commonly called ” giant magnetostriction” (GMS) and have not been
expected for Gd compounds, because, as mentioned before, only crystal field effects are made responsible
for GMS [21].

In [R1] we interpreted the data on Gd compounds on the basis of the exchange striction model [25, 26].
In this model the strain dependence of the exchange interaction is regarded as the driving force of
magnetostrictive effects as indicated in fig. 2 (right) for an antiferromagnet. The magnetic order has to
be attributed to the exchange interaction, which depends on the overlap of the wave functions of the
magnetic electrons. When the material is cooled below the Néel temperature, the system may lower
it’s free energy by increasing this overlap. The resulting strain is called exchange striction. In Gd
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Figure 3: Anisotropic magnetostriction € of Gd compounds versus the magnetic ordering temperature.

The measurements on Gd compounds show that the exchange striction mechanism has to be regarded
as important as the crystal field effect and may lead even to a giant magnetostriction effect of more than
1%. At present however, no predictions can be made for its magnitude in a specific compound and it
requires very advanced techniques to distinguish it from the CF mechanism [R12]. Fig. 3 shows, that
there is no correlation with the ordering temperature, which is a measure of the exchange interaction
strength. This means that the strain dependence of the exchange interaction is not necessarily large if
the exchange interaction itself is large. On the other hand also small exchange interactions may show a
large strain dependence® leading to a large magnetostriction. In the case of metals this property may be
understood by considering the oscillatory behavior of the RKKY interaction with distance (see fig. 4).
A small change in distance of the neighbors may lead to a large variation of the interaction also if the
interaction itself is small.

It is interesting to compare the effect of a magnetic field for the CF and the exchange mechanism.
When a magnetic field is applied to an antiferromagnet and drives the moments into the ferromagnetic
state, the thermally induced magnetostriction is reversed for both, the crystal field mechanism and the
exchange striction as shown in fig. 5.

Another important finding reported in [R1] is, that in Gd compounds large magnetostrictive effects
are not associated with a lattice distortion. This means that the magnetostriction can be anisotropic,
however, leaving the symmetry of the crystal unchanged. A distortion of the lattice which involves a
change of the symmetry is not possible if the driving force is the isotropic exchange interaction and the
order is ferromagnetic. However, in antiferromagnets such distortions are not forbidden by symmetry.
The experiments show, that these distortions are very small (strain e < 10~*) in comparison to the
large effects on the lattice parameters (which conserve the symmetry). Such a behavior has to be put
into contrast to the large changes in symmetry associated with the crystal field mechanism (Jahn-Teller-
effect) [28, 29].

3This bavior is unexpected and in contrast to the familiar Griineisen approach, which is based on the assumption that
the strain derivative of an energy (or interaction constant) is large, if the energy itself is large. For example the lattice
expansion due to phonons can be interpreted successfully by assuming, that large interactions also have large anharmonic

contributions [27] such that w=?! %—‘: is constant (w denotes the eigenfrequency of a phonon mode).
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Figure 4: Variation of the RKKY interaction with interatomic distance (compare e.g. [1]).
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Figure 5: Effect of a magnetic field for the crystal field mechanism (left) and the exchange striction
(right). The small black arrows indicate the magnetostrictive strain induced by the magnetic field.



3 Magnetic Interactions in Gadolinium Compounds

In section 2 it was shown that magnetoelastic interactions based on the exchange energy (i.e. the ”ex-
change striction”) may be large. In order to find out more about this mechanism all details about
magnetic interactions which are present in Gd compounds are required. A first step is to determine the
spin configurations of the complex magnetic structures in these compounds. I have applied two methods
to find out the magnetic structure - a model analysis of the specific heat [R2] and magnetic diffraction
experiments using hot neutrons and synchrotron radiation [R3].

Although a bulk method, the specific heat can give some important information about the type of
magnetic order present in a Gd based magnet: the discontinuity at the magnetic ordering temperature
can be measured and directly associated with a type of magnetic structure (i. e. collinear amplitude
modulated, equal moment or non-collinear amplitude modulated, for details see [R2]).

In order to determine the magnetic structure in more detail, diffraction experiments are needed. For
hot neutrons with a wavelength below 0.06 nm the absorption cross section of Gd is small enough to
enable scattering experiments. In [R3] the results of powder diffraction experiments on a large number
of Gd compounds with exactly one Gd atom per unit cell is discussed. For complex magnetic structures
I had to develop and apply advanced numerical methods to calculate the low temperature magnetic
structure.

Based on a study of 19 Gd compounds [R9] I came to the following conclusion: In most cases the
classical dipole interaction is responsible for the magnetic anisotropy. Note that the isotropic interactions
(such as RKKY exchange interactions etc.) are at least one order of magnitude larger than the dipolar
interaction and lead to ordering temperatures of more than 100 K. The neutron diffraction experiments
indicate, that in Gd systems these other interactions are isotropic to a very high degree of accuracy and
that the small dipolar interaction only determines the magnetic anisotropy. This is true for ferromagnets
as well as for antiferromagnets. It is remarkable, that although the magnetic anisotropy of Gd compounds
is much smaller than that of other rare earth compounds, it can be predicted with high accuracy from
first principles.



4 GdCu; - a Member of the RCu, Series

As an example the magnetic properties of GdCu, are mentioned, because this is probably one of the
best characterized Gd - antiferromagnets. All 1:2 compounds of lanthanides with Cu (with the exception
of LaCuz) exhibit the orthorhombic CeCus-type structure (see fig. 6 [30], space group Imma, Ce on 4e
sites with point symmetry mm, Cu on 8h). LaCus displays the related hexagonal AlB, structure with
space group Pg/mmm [31]. The orthorhombic CeCus structure can be viewed as a distorted AlBs-type
structure. In some RCus compounds a martensitic transition in high magnetic fields has been observed
and associated with a conversion of the CeCus to the AlBs type of structure [R13].
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Figure 6: Orthorhombic CeCu, structure projected into the quasi-hexagonal ac plane.

Bulk magnetic properties of GdCus are known already since more than a decade ago [32, 33]. T took
the initiative to extend the analysis to magnetoelastic properties and to use neutron and magnetic X-ray
scattering to determine the magnetic structure [R5,R6]. The interest in this special system stems from a
very close investigation of the RCus series [R4], which led to the discovery of large exchange anisotropies,
which cannot be due to the classical dipole interaction. I could show in [R14], that the sign of this
exchange anisotropy is reversed in SmCus.

For the GdCus system the isotropic exchange interaction plus a very small anisotropy due to the clas-
sical dipolar interaction can account for the observed magnetic structure [R5,R7], the magnetization [R8]
and the magnetoelastic properties [R6] as described in the following.

4.1 Magnetostriction

In the RCus series the contribution of the exchange striction mechanism to the magnetostriction men-
tioned in section 2 may be easily identified using the simple picture developed in fig. 2. Keeping in mind
that the orthorhombic CeCuy structure may be viewed as a distorted hexagonal AlBs type of structure,
the effect of the crystal field mechanism must always lead to an increase of the distortion when lowering
the temperature (shown in fig. 7).

Note that in the hexagonal AlB, structure the hexagonal plane corresponds to the ac plane of the
orthorhombic CeCuy structure. In RCus compounds the distortion of the lattice can be viewed by plotting
the temperature dependence of the ¢/a ratio, which for the hexagonal case assumes the ideal value of
1.732. In compounds with low ordering temperatures the orthorhombic distortion increases indeed when
lowering the temperature due to a magnetoelastic effect as can be seen by comparing the ¢/a-ratio to the
nonmagnetic reference compound YCus (fig. 8).

I have analyzed quantitatively the crystal field and exchange striction mechanism in NdCus [R12],
ErCu, [R15] and TmCus [R10] by extending a model by Divis et al. [23] to anisotropic effects. If the

10
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Figure 7: The effect of the crystal field mechanism of magnetostriction onto the orthorhombic CeCus
lattice. The charge density of the rare earth (shown in the middle) is distorted by the orthorhombic CF
of neighboring Cu ions. This distortion increases when lowering the temperature and generates a force
onto the Cu atoms as indicated by the arrows.

magnetoelastic effects lead to a decrease of the orthorhombic distortion when lowering the temperature,
clearly another mechanism than the crystal field has to account for it. Such a decrease of the distortion
is found in the case of GdACus and TbCus for temperatures below the Néel temperature Ty as shown in
a plot of the ¢/a ratio (fig. 9). This comparison shows, that the exchange striction may be large not only
for Gd compounds (L=0), but also for rare earth compounds with a large orbital momentum (L=3 for
Th3T).

4.2 Magnetic Anisotropy

Now I come back to the discussion of the magnetic structure and anisotropy of GdCus. I analyzed the
magnetic contribution to the specific heat using an analytical model calculation [R2]. The magnetic
entropy as calculated from the specific heat reaches its theoretical value of RIn8 at 47 K, just above
Tn ~ 42 K [34]. The shape of the curve agrees very well with the prediction of the calculation [R2]
based on an equal moment magnetic structure. Scattering experiments verified this conclusion [R5,R7]
and indicated a noncollinear cycloidal magnetic structure with a propagation vector of (2/3 1 0).

However, traces of other interactions may be clearly identified in this system by comparing experi-
mental data to results of quantitative calculations [R8]: the transition field to the ferromagnetic phase
is larger than predicted, at temperatures below 10 K there is a change of the magnetic structure in zero
magnetic field. However, the transition is only seen in the susceptibility in ¢ direction and in the magnetic
moment component in c¢-direction as measured by magnetic X-ray scattering [R8]. No indication of such
a phase transition can be found in specific heat, in the thermal expansion and in magnetic measurements
with fields in a or b direction. The behavior of GdCusy has been compared to another noncollinear anti-
ferromagnet, GdNi, B2 C in [R8]. In GdNi;B,C a spin reorientation within the magnetically ordered state
is well established and corresponds to the results of a numerical model calculation.

11
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Figure 8: Temperature dependence of the ¢/a ratio in magnetic RCus compounds in comparison with the
nonmagnetic isostructural reference compound YCus. The results have been obtained by temperature
dependent powder X-ray diffraction [24]. The effect of the crystal field mechanism of magnetostriction in
RCuz (R=Ce, Pr, Er, Tm) leads to a larger deviation from the ideal hexagonal ¢/a ratio when lowering
the temperature than in YCus.
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Figure 9: Temperature dependence of the c¢/a ratio for GdCus and TbCus in comparison with the
nonmagnetic isostructural reference compound YCus,. The results have been obtained by temperature
dependent powder X-ray diffraction [24]. The increase of the ¢/a ratio below the ordering temperature
can only be interpreted by the exchange striction mechanism and not by a crystal field effect.
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5 Personal contribution to the collaborative scientific work

e [R1] Spontaneous Magnetoelastic Effects in Gadolinium Compounds A. Lindbaum and
M. Rotter

Using the X-ray diffraction technique at variable temperatures (which I significantly improved in
accuracy [35]) A. Lindbaum measured the thermal expansion on a large number of Gd compounds.
These measurements I complemented by magnetostriction data on single crystals using the capaci-
tance method [R6] (after improving it by the development of a high field - miniature dilatometer [24,
R11]). I interpreted the data on Gd compounds on the basis of the exchange striction model and
showed, that it cannot be this crystal field effect alone, which generates large magnetostrictive
effects in rare earth compounds.

¢ [R2] Noncollinear Amplitude Modulated Magnetic Order in Gd Compounds M. Rotter,
M. Loewenhaupt, M. Doerr, A. Lindbaum and H. Michor

Using th specific heat data provided by the other authors I analyzed the magnetic contribution to
the specific heat by a model calculation [R2].

e [R3] The Dipole Interaction and Magnetic Anisotropy in Gadolinium Compounds
M. Rotter, M. Loewenhaupt, M. Doerr, A. Lindbaum, H. Sassik, K. Ziebeck and B. Beuneu

I took part in the neutron diffraction experiments and interpreted the experimental data by the
dipolar model.

e [R4] Anisotropic Magnetic Exchange in orthorhombic RCu; Compounds (R=rare
earth) M. Rotter, M. Loewenhaupt, S. Kramp, T. Reif, N. M. Pyka, W. Schmidt and R. v. d.
Kamp

The neutron spectroscopy I did in close collaboration with the other authors. It led me to propose
a model for the magnetic interactions in the RCus series [R4] based on large exchange anisotropies,
which cannot be due to the classical dipole interaction. In [R14] I could show, that the sign of this
exchange anisotropy is reversed in SmCus,.

e [R5] The Magnetic Structure of GdCu, M. Rotter, A. Lindbaum, E. Gratz, H. Miiller,
G. Hilscher, H. Sassik, H. E. Fischer, M. T. Fernandes-Diaz, R. Arons and E. Seidl

The neutron experiments were performed by the other authors. I worked on the interpretation of
the data, suggested the model for the magnetic structure and did the analysis within a mean field
theory. Using this model I interpreted also the magnetization measurements done by the other
authors.

e [R6] Magnetic Exchange driven Magnetoelastic Properties in GdCuz M. Rotter, M. Doerr,
M. Loewenhaupt, A. Lindbaum, H. Miiller, J. Enser and E. Gratz

My part in this work was to assist in the performance of the dilatometer measurements (we used
the miniature dilatometer which I developed [R11]). Furthermore I took the initiative to extend the
analysis to magnetoelastic properties and to measure all 3x3 components of the magnetostrictive
strains. I did the model analysis of the magnetoelastic interactions. I have estimated quantita-
tively the crystal field and exchange striction mechanism also in NdCuy [R12], ErCu; [R15] and
TmCu; [R10] by extending a model by Divis et al. [23] to anisotropic effects.

¢ [R7] Magnetic Scattering on GdCu, M. Rotter, A. Schneidewind, M. Loewenhaupt, M. Doerr,
A. Stunault, A. Hiess, A. Lindbaum, E. Gratz, G. Hilscher and H. Sassik
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I assisted in the sample preparation and took the initiative to use magnetic X-ray scattering to
determine the magnetic structure of GdCuy. The time consuming experiment and analysis of the
data was performed in close collaboration with the other authors.

[R8] Interpreting Magnetic X-ray Scattering of Gd-compounds using the McPhase
Simulation Program M. Rotter, A. Schneidewind, M. Doerr, M. Loewenhaupt, M. el Massalami,
C. Detlefs

My part in this work was to do the model calculation and perform a magnetic scattering experiment
on GdCus. The experimental data on GdNiy;BsC was contributed by the other authors.

[R9] Diffraction Experiments on GdCu;In using Hot Neutrons M. Rotter, M. Doerr,
M. Loewenhaupt, A. Lindbaum, K. Ziebeck and B. Beuneu

Together with M. Doerr, M. Loewenhaupt and B. Beuneu I performed the neutron diffraction
experiment on samples provided by the other authors. My main part in the data analysis was
to perform a numerical modeling of the low temperature magnetic properties of GdCuzIn, which
served to interpret the experimental diffraction pattern.

[R10] The Influence of the Crystal Field on the Anisotropic Thermal Expansion in
TmCu; E. Gratz, A. Lindbaum and M. Rotter

I contributed to the measurement and the analysis of the data with the crystal field model.

[R11] A new Miniature Capacitance Dilatometer for Thermal Expansion and Magne-
tostriction M. Rotter, H. Miiller, E. Gratz, M. Doerr and M. Loewenhaupt

I was responsible for the review of available literature, the design of the dilatometer, and the correct
set up of the measurement hard- and software including the testing of the calibration procedure.
This work was based on the large expierence, which I collected during my PhD thesis in the design
of capacitance dilatometers. In close collaboration with H. Miiller and E. Gratz the experimental
set up was tested in Vienna and subsequently together with M. Doerr and M. Loewenhaupt in a
different cryogenic environment in Dresden.

In the meantime the dilatometer meets increasing interest in the scientific community and industry.
The use in a PPMS (Quantum Design) - measurement system has been demonstrated, Oxford
Instruments published an article about it in their newsletter and the dilatometer is being used in
ultrahigh magnetic fields at GHMFL (CNRS, GRenoble).

[R12] Modeling Magentostriction in RCu; Compounds using McPhase M. Rotter, M. Doerr
and M. Loewenhaupt

It was a challenge for me to extend the McPhase program package to the calculation of magne-
tostriction with the option to take into account two different mechanisms - the crystal field and the
exchange striction. Together with the other authors the measurements of magnetostriction on the
NdCus single crystal have been performed.

[R13] Structural Change in DyCu, Single Crystal induced by Magnetic Field P. Svoboda,
M. Doerr, M. Loewenhaupt, M. Rotter, T. Reif, F. Bourdarot and P. Burlet

The main part of the neutron diffraction experiment and data analysis was done by P. Svoboda
and M. Doerr. T assisted in the interpretation of the data and by outlining the paper.

[R14] Anomalous Magnetic Exchange Interactions in SmCus M. Rotter, M. Doerr, M. Loewen-
haupt, U. Witte, P. Svoboda, J. Vejpravova, H. Sassik, C. Ritter, D. Eckert, A. Handstein and
D. Hinz
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This work was an experimental challenge both experimentally and theoretically. The costly prepa-
ration of the sample for neutron diffraction was performed by H. Sassik. C. Ritter and myself
performed the neutron diffraction experiment. The other authors were engaged in the preparation
of and experiments on single crystals. My interpretation of all data was based on the model of
anisotropic exchange in RCus compounds [R4].

[R15] The Influence of the Crystal Field on the Anisotropic Thermal Expansion in
ErCu; and NdCu; E. Gratz, M. Rotter, A. Lindbaum, H. Miiller, E. Bauer and H. Kirchmayr

In this paper I extended the model by Divis [23] for the volume expansion of RCu; compounds to
anisotropic magnetostrictive effects caused by the crystal field. The experimental challenge to mea-
sure these small effects by temperature dependent X-ray diffraction required a close collaboration
with all other authors.
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Abstract

The spontaneous magnetoelastic effects in Gd compounds are reviewed showing
that the strain dependence of the magnetic exchange interactions leads to signif-
icant effects. These effects are equal in magnitude to well established single ion
contributions in other rare earth compounds with non vanishing orbital momentum
(coming from the strain dependence of the crystal field). In some cases the exchange
contribution can produce giant magnetostriction (GMS) or induce structural phase
transitions. In order to extract the influence of the Gd-Gd exchange interactions,
we consider only Gd compounds with partner elements showing no or only weak
induced magnetic moments. The current status of the theory is presented and com-
pared to measurements performed by temperature dependent x-ray diffraction and
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1 Introduction

In the past decade research on Gd compounds has been of interest for several reasons. They are
ideal model systems for the study of exchange interactions which are not disturbed by the crystal
field (Fontcuberta et al., 1997; Hernando et al., 1996). Recently Kobler et al. (1998, 1999b) showed
that it is necessary to consider higher order exchange interactions to account for the behaviour of
several ferromagnetic and antiferromagnetic systems with vanishing orbital momentum. New ex-
periments indicate that the temperature dependence of the spontaneous magnetization may not be
described by the well known Bloch law (Kdbler et al., 1999a).

Another interesting and often surprising point is that the spontaneous magnetoelastic effects in Gd
compounds have been found to be of the same magnitude as in other rare earth compounds (Gratz and
Lindbaum, 1994). This shows that the contribution of the exchange interaction to the magnetoelastic
Hamiltonian is of equal importance as the crystal field contribution and varies over several orders of
magnitude: as an example, in Gd,In the spontaneous magnetoelastic effects are smaller than 1074,
whereas GdNi exhibits spontaneous magnetostriction effects of more than one percent (Gratz and
Lindbaum, 1998) and can therefore be classified as a GMS (giant magnetostriction) system. A further
important family of GMS systems are the Gds(Si,Ge;_;)s compounds. In some of these compounds
so-called magnetostructural transitions have been observed, i.e. the giant spontaneous as well as
forced magnetoelastic effects can be connected with structural transitions (Morellon et al., 1998a,
2000).

It should be pointed out that also in compounds based on other rare earths it was necessary to
consider not only the crystal field interactions, but also the contribution of the exchange interactions,
in order to understand the observed magnetostrictive effects (e.g. in the case of NdCu, - see Rotter
et al. (2002)). However, in Gd compounds this exchange contribution can be studied without any

ambiguity arising from the crystal field interaction, because L = 0 for Gd**.

Due to the large absorption of thermal neutrons by the natural Gd isotope, neutron diffraction
experiments are difficult. Therefore the magnetic structures are often unknown and in many cases no
model for the spontaneous magnetostriction could be developed. A number of attempts have been
made to extract information about the magnetic structure from specific heat experiments (Rotter
et al., 2001b; Mallik and Sampathkumaran, 1998; Bouvier et al., 1991; Blanco et al., 1991) and
recently magnetic x-ray scattering using synchrotron radiation has opened new possibilities (Detlefs
et al., 1996; Rotter et al., 2000Db).

The main subject of the present chapter is to review available experimental studies of spontaneous
magnetoelastic effects in intermetallic Gd compounds. The aim is to show that the magnetic exchange
interactions can lead to a wide variety of spontaneous magnetoelastic effects, including pronounced
negative and positive magnetovolume effects as well as large anisotropic effects. Note: with positive

(negative) effects we always mean that in the magnetically ordered state the corresponding lattice



parameter or the volume is larger (smaller) than the values obtained by extrapolation from the
paramagnetic temperature range. This means: with positive or negative we mean the sign of the
magnetostrictive strains, which are defined relative to the paramagnetic range (and not the sign of

the magnetic contribution to the thermal expansion coefficient).

The concept of exchange-striction was already introduced by Callen and Callen (1965), however, up
to now only few studies on this subject are available. In order to extract the influence of the magnetic
exchange interactions, we consider only Gd compounds with partner elements, which show no or only
very small induced magnetic moments. This means that we exclude for instance compounds with Co,
Fe or Mn, whereas compounds with Ni showing only weak induced magnetic moments are included
in our study. For a review of thermal expansion anomalies and spontaneous magnetostriction in
rare-earth intermetallics with Co and Fe the reader is referred to the chapter of Andreev (1995).
Invar effects in transition metals and alloys have been reviewed by Wasserman (1990). The reader
is also referred to the review by Morin and Schmitt (1990), dealing generally with magnetoelastic
effects in rare earth intermetallics, including two ion as well as single ion magnetic interactions, with a
special emphasis on quadrupolar interactions. The present chapter is complementary to these reviews
and concentrates on spontaneous magnetoelastic effects caused by the Gd-Gd magnetic exchange
interaction in non-cubic systems. It should contribute to a more complete picture of magnetoelastic

effects.

The chapter is organized as follows: Section 2 gives a short account of the most important experimen-
tal methods used for the measurement of magnetically induced effects on the crystal structure. The
current state concerning the microscopic theory of magnetoelastic effects in Gd systems is reviewed in
section 3. Then some selected results for cubic systems are presented, showing that not only symme-
try conserving effects (section 4: magnetovolume effects) are possible, but also very small distortions
of the symmetry (section 5). Then follows in section 6 to 9 the main part of the chapter, namely
a review of spontaneous magnetoelastic effects in non-cubic systems from hexagonal to monoclinic,
showing a wide variety of anisotropic (but symmetry conserving) effects, as well as magnetovolume

effects. Finally, all the presented results are summarized and discussed in section 10.



2 Experimental methods

X-ray diffraction at variable temperatures, on the one hand, and thermal expansion measurements
using dilatometric methods, on the other hand, are the two most important experimental methods for
measuring spontaneous magnetoelastic effects. The main advantage of the x-ray diffraction method
lies in the direct measurement of the lattice parameters, allowing the determination of anisotropic
effects also in polycrystalline samples. Especially distortions of the crystal symmetry can easily be
detected by this method. However, the resolution of x-ray diffraction is much smaller than that of
dilatometry using the capacitance or interferometric method. When good and well oriented single
crystals are available, the dilatometric method is very reliable and much more sensitive than x-ray
diffraction in measuring isotropic effects (volume effects) as well as anisotropic effects. However, the
detection of spontaneous distortions of the crystal symmetry is difficult when using dilatometric
methods. A review of the most common types of capacitance dilatometers was given by Rotter
et al. (1998). Depending on the temperature a resolution of Al/l from 107'° to 107 is possible.
The resolution of the x-ray diffraction method is only about 1072 to 10 %, i.e. when no effects are
visible in the x-ray results, this means only that the effects are smaller than about this value. The
high sensitivity makes the capacitance method one of the best tools for detecting phase transitions.
But due to thermal hysteresis effects in the dilatometer materials absolute measurements of length
differences for large temperature intervals are less reliable than with the x-ray method. In addition, in
many cases the intrinsic strains differ from the length changes measured on a macroscopic sample, due
to grain boundaries, microstresses and lattice defects. For a very detailed review of all experimental

methods used for thermal expansion measurements in solids the reader is referred to Taylor et al.
(1998).



3 Microscopic Theory of Magnetoelastic Effects in Gd compounds

In order to analyze spontaneous magnetoelastic effects quantitatively it is first necessary to separate
the magnetic contributions to the thermal expansion (i.e. the magnetostrictive strains) from the
lattice contribution. This is usually done by comparison with a nonmagnetic isostructural reference
compound or by extrapolating the temperature variation of the lattice parameters from the param-
agnetic range by assuming a simple Debye model for the lattice contribution (see e.g. Barron et al.
(1980)). Because in most of the cases presented in this chapter the latter method has been applied,
we give a short account. According to Griineisen rules, and assuming a quasiharmonic approxima-
tion together with a simple Debye model for the phonons and a classical yT" electronic specific heat
contribution, the following formula for the nonmagnetic contribution to the thermal expansion can
be derived (see e.g. Lindbaum (1994)):

€nonmag = €el + €phon = K1T2 + KQTD(QD/T) (1)
with
3 [ 2o
D(z) = = / 2
(2) 23 /et — 1 2)

Here K, K5 and the Debye temperature ©p are parameters which can be obtained by fitting (1) and
(2) to the thermal expansion in the paramagnetic temperature range. The electronic contribution in
(1), €4 = K1T?, is usually much smaller than the lattice contribution €,pp, i.€. in most cases it makes
no difference when only €,p0n, is taken into account for determining the nonmagnetic contribution to

the thermal expansion.

We now turn to the main issue of this paragraph. Usually the magnetostriction of solids is ana-
lyzed within the framework of a phenomenological model which takes account of the crystal symme-
try (Clark, 1980). Whereas this serves for practical purposes it is not possible to derive expressions
for the temperature and magnetic field dependence of the strains. For such an analysis it is neces-
sary to develop a microscopic theory of magnetoelastic effects. Whereas a lot of results have been
derived for the single ion magnetoelastic effects (for an overview see Morin and Schmitt (1990)),
much less attention has been paid to the effect of exchange interactions. However, already in the 60’s
the influence of the exchange interactions on the microscopic magnetoelastic properties have been
discussed for ferromagnets and cubic crystals (Callen, 1968; Clark et al., 1965; Callen and Callen,
1963). Single ion and isotropic exchange contributions to the magnetostriction have been analyzed
theoretically by Callen and Callen (1965) and it was shown how to get explicit expressions for the

magnetostriction in different symmetries.

In the following short review of the microscopic theory of magnetoelastic effects caused by the ex-
change interactions we follow Morin and Schmitt (1990) and generalize it to the case of arbitrary

magnetic structures and give general expressions valid for any crystal symmetry. We will neglect



the influence of the crystal field. The analysis is restricted to first order effects assuming that the
magnetoelastic energy is small compared to the magnetic exchange energy. Furthermore any dynam-
ical coupling between the lattice and the magnetic exchange (magnon-phonon interaction) will be

neglected and we consider only the long wavelength static limit.

The analysis is based on the bilinear two ion exchange interaction J; j (25)J; between the total
angular momenta J of rare earth atoms on the sites ¢ and j. This exchange interaction shows an
anisotropy, which in the case of Gd compounds is expected to be small and mainly due to the
classical dipole interaction (Jensen and Mackintosh, 1991). The exchange parameters J (ij) of the
exchange Hamiltonian depend on the position of the atoms in the crystal - leading to magnetoelastic
interactions (Morin and Schmitt, 1990). It is possible to calculate the magnetostrictive strains €*,

if we assume, that the Hamiltonian may be written as a sum of exchange, Zeeman and elastic

contributions.
H=Hex + Hze + Bl (3)
1 = _
Hexz—§ Z JZ j (’L_], G)J]‘ (4)
1,5(3#5)
Hrze=—>_ gsppIH (5)
1

Eqg=- Z cage"‘eﬂ (6)

2 pve

Note that for the components €* of the strain tensor € and for the elastic constants Cop Voigt’s
abbreviated notation is adopted (i.e. & = 1,2,3,4,5,6 denote 11,22, 33,12, 13, 23 respectively) - see
e.g. Barron et al. (1980).

Starting point is the Taylor expansion of the magnetic exchange parameters with respect to the

components of the strain tensor €, leading to the so-called magnetoelastic Hamiltonian.

1 = . = 1 = _ 1.2 _
_§ZJi J (14, 6)Jj ~ 3 ZJZ J(ij, €= O)Jj — EZGO‘JZ- j(a)('ij)t]j 4. (7)
ij i r
with
j@@”_[ deo ]0 (8)

Usually the analysis is limited to the first order in the strain (harmonic approximation) and second
order terms (anharmonic coupling) are neglected. This second order magneto-elasticity has not been

analyzed for the compounds under consideration.
By definition the Gibbs free energy is given by

F=—ksThZ (9)



with the partition sum

Z = Tr{e "/ksT} (10)

Here kp denotes the Boltzmann constant. In our first order approach the trace in (10) is calculated
using the states of the unperturbed system, i.e. without taking into account the magnetoelastic
interactions, by putting e= 0 in (3)-(6). In practice, these eigenstates of the unperturbed system

may be calculated by a mean field approach (Jensen and Mackintosh, 1991; Rotter et al., 2001b).

We now insert the Hamiltonian A into (9) and (10) and minimize the free energy F' with respect to

the strains €* by putting zero the derivative

OF
5 =0 (11)

Using the elastic compliances s which are related to the elastic constants by (see e.g. Barron (1998))

6

D gy = ap (12)
y=1
equation (11) yields the final result
1 = .
€ =5 > 53 T (6)(i5) ) rm (13)
Biij

Equation (13) shows that the complete temperature and field dependence of the strains can be
calculated from static correlation functions (J; J]'-Y’>T,H (v, v =1,2,3 label the cartesian components
of the angular momentum J) where ()r g denote thermal expectation values (Callen and Callen,
1965). As already mentioned above, a mean field theory may be used to evaluate (13) and calculate

the magnetostriction.

In some cases it is more convenient to Fourier transform this expression (13):

1 —
=3 Y s (I_q Tp(@)Ia)rm (14)
B,a
with the definitions
J; =) Jqexp(—igR;) (15)
q
T (i) = Y T (@) expl-ig(R; — Ry)] (16)
q

In the case, that the magnetoelastic interaction is dominated by the isotropic contribution (i.e. j (8)

reduces to a scalar J(g)), coming from the strain dependence of the Heisenberg interaction (compare



the analysis of GdCus, in section 8.6), equations (13) and (14) reduce to

= %Z (% Saﬂj(ﬂ)(ij)> (Jidj)rm (17)

=0y (; saﬂmmq)) (I _ado)rm (18)

In principle the correlation functions ()7 g in expressions (14) and (18) can be evaluated, if the Fourier
transform of the magnetic moments is known (for instance from neutron diffraction experiments).
Re-inserting (14) or (18) into the magnetoelastic interaction (7) results in higher order terms of
magnetic interactions, which we have neglected in our discussion. Although not analyzed in detail
by theory, experimental data gives some clear indication of the importance of higher order terms
in the Hamiltonian of Gd compounds in both, the strains ¢* and the momenta J;. A compound
near a structural instability such as the Gds(Si,Ge; ;)4 system can only be described by considering
higher order terms in the elastic energy. Recently Kébler et al. (1998, 1999a) have pointed out
the importance of fourth order exchange interactions in compounds with pure spin magnetism (i.e.

biquadratic, three spin and four spin interactions) such as GdMg and GdAg.

Additional comment deserve magnetostriction measurements near the ordering temperature 7¢ re-
flecting critical phenomena. Few data for critical expansion is available, such as have been reported
by Dolejsi and Swenson (1981) for the case of Gd metal. The thermal expansion coefficient in the
critical region should assume the form |(T'— T¢)/Te|~®. The critical exponent « should be the same
as for the specific heat and depend only on the universality class (dimensionality, No. of degrees of
freedom) of the system. For Gd metal this universality class has been determined recently by Frey
et al. (1997).

A last point which has to be discussed are the magnetovolume effects caused by magnetic moments
in the conduction band or of the d-electrons of partner elements like Ni. A simple model, based on
the Stoner model for itinerant magnetism, shows that the kinetic energy increase associated with
magnetic ordering in a band leads to a magnetic pressure Pj;, which can be expressed by the following
formula (Janak and Williams, 1976):

1 0lmD_,
2DV OInV

Py (19)

where D, V and M denote the electronic density of states at the Fermi energy, the volume and the

magnetic moment, respectively. Since the density of states increases with increasing volume (i.e.

dln D
olnV

volume.

> 0), the magnetic pressure P, is positive, leading to a magnetically induced increase of the

With this outlook on topics of current research we conclude the theoretical part of this chapter and

turn to the discussion of available experimental data.
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4 Magnetovolume effects in cubic systems

In this section some examples for spontaneous magnetovolume effects in cubic Gd based compounds
will be presented. As will be discussed in section 5, in cubic systems also distortions of the crystal
symmetry have been observed. In all cases of our knowledge these distortions are, however, very
small compared to strains which conserve the crystal symmetry and which will be the main topic of
the rest of this chapter. The symmetry breaking effects are so small that they probably can only be

observed in the highly symmetric cubic systems, where the detection of such distortions is easier.

41 GdAl

GdAl; crystallizes in the pure C15 structure (cubic Laves phase, MgCu, type, space group F'd3m)
without vacancies on the Gd sites, which lead to a superstructure of C15 in case of GdNi, (see

section 4.2).

The magnetic properties of the RAl, compounds have been extensively investigated in the past.
Within this series, GdAl, has the highest Curie temperature (T¢ ~ 168 K) and is considered as a
good example of a Heisenberg ferromagnet (du Tremolet de Lacheisserie, 1988; Taylor and Coles,
1975). Neutron diffraction experiments at 4.2 K gave a rather small magnetic moment on the Gd
sites (6.6 up) with a 0.6 pp moment in the conduction band (Abell et al., 1983). The magnetic
anisotropy is very small (as expected for an S-state ion) and both NMR data (Kaplan et al., 1973)

and torque measurements (Burd and Lee, 1977) indicate [111] as the easy magnetization direction.

Measurements of the thermal expansion using a strain gauge method (Pourarian, 1980) showed a
negative magnetovolume effect, in agreement with measurements of du Tremolet de Lacheisserie
(1988) using a tube type dilatometer. However there are discrepancies concerning the size of the
effect: du Tremolet de Lacheisserie (1988) obtained a 0 K value of (AV/V)4y &~ —1.16 x 1073, which
is twice as large as the value of Pourarian (1980). Our own x-ray powder diffraction measurements (see
Fig. 1) show also a negative magnetovolume effect, with a 0 K value of (AV/V a0 & —1.4x 1073, in
good agreement with du Tremolet de Lacheisserie (1988). This large negative magnetovolume effect
is very interesting and has to be attributed solely to the volume dependence of the (indirect) Gd-Gd
exchange interaction, since the induced itinerant magnetic moment in the conduction band should
lead to a positive magnetovolume effect. The x-ray diffraction experiments revealed no detectable
line splitting or broadening, showing that there is no change of the cubic symmetry within the
detection limit of about 1 x 107%. From forced magnetostriction experiments on a single crystal, also

reported by du Tremolet de Lacheisserie (1988), a very small spontaneous trigonal distortion of
about (Al/l)111 = 2 x 107° could be deduced.

11
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Fig. 1. Temperature variation of the cubic lattice parameter of GdAly measured by x-ray powder diffraction
(this work). The small points connected by a line indicate the corresponding values of the isostructural YAly

(nonmagnetic reference), scaled to coincide with GdAly at 250 K, in order to allow a direct comparison.

4.2 GdNiy

During the past decades (and frequently up to now) the RNiy compounds (R: rare earth element)
have been reported to crystallize in the cubic Laves phase structure (C15). However, recent exper-
imental as well as theoretical investigations showed that this is not true. Instead of showing the
pure C15 structure, most of them (including GdNiy) crystallize in a cubic superstructure of C15
with doubled lattice parameter due to ordered vacancies on the R sites. A single phase compound
can only be obtained with the stoichiometry (1-4):2 and can be described within space group F43m
with the 4a sites only partially occupied by the R atoms. The occupancy of the R 4a sites increases
with decreasing radius of the R atom and reaches 1 for LuNiy (Latroche et al., 1990, 1993). This
instability of the pure C15 structure in the RNiy compounds (i.e. the tendency towards the forma-
tion of vacancies) can be understood by space filling arguments. Recent theoretical investigations,
based on ab-initio total energy calculations, showed that the vacancies at the R sites reduce the
total energy, thus increasing the stability relative to the neighboring compounds in the R-Ni phase
diagram (Lindbaum et al., 1999). The existence of ordered R-vacancies in the RNi, compounds is
not only important for the understanding of the mechanisms stabilizing the crystal structure. They
must also be taken into account when investigating other physical properties, like e.g. the magnetic
structure. The ordered vacancies change the local environment of the R sites, leading to a symmetry
change of the crystal field as well as the magnetic exchange interactions. As an example, recent

investigations on TbNi, showed that the ordered vacancies on the Tb sites are responsible for a

12



temperature induced change of the magnetic structure at 14 K (Gratz et al., 1999a). An interesting
property of the RNi, superstructures is a reversible temperature induced transition from ordered to
disordered vacancies at high temperatures, first detected by anomalies in the transport properties
and later directly observed by x-ray diffraction experiments (Gratz et al., 1996). Furthermore, recent
high-pressure x-ray diffraction studies showed that there is also a pressure-induced order-disorder

transition (Lindbaum et al., 2002).
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Fig. 2. Temperature variation of the cubic lattice parameter of the C15 superstructure of GdNiy measured
by x-ray powder diffraction (this work). The small points connected by a line indicate the corresponding
values of the isostructural YNiy (nonmagnetic reference), scaled to coincide with GdNiy at 150 K, in order

to allow a direct comparison.

The magnetic properties of GdNiy have been largely investigated in the past (see e.g. Buschow
(1977); Jesser and Clad (1986)). It orders ferromagnetically below T¢ =~ 74 K and shows a weak Ni
3d polarization opposite to the 4f Gd moments. This weak itinerant Ni moment is a possible reason
for the observed positive magnetovolume effect, which has been measured by low temperature x-ray
powder diffraction (see Fig. 2), reaching a value of (AV/V )4y = 0.6 x 107 at 0 K (estimated by
comparison with the nonmagnetic reference compound YNi,). No line splitting or broadening of the
x-ray lines could be observed below the magnetic ordering temperature. This means that a possible

distortion of the cubic symmetry is smaller than 1 x 10~*.
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The RInjs systems crystallize in the cubic AuCus type of structure and are known for salient features
as valence fluctuations and the presence of various magnetic structures (see e.g. Lin et al. (1996)
and references therein). GdlIns is antiferromagnetic with a Néel temperature Ty of about 43 K.
Magnetization measurements on a single crystal by Stalinski et al. (1979) showed, that the Néel
temperature varies with the crystallographic axis along which the magnetic field is applied reaching
the highest value along [100]. This observed variation of Ty suggests that the magnetic structure
is a spiral antiferromagnetic one (Nagamiya, 1967). Grechnev et al. (1995) investigated the effect of
pressure on the magnetic suszeptibility of RIng compounds and performed also ab-initio calculations
of the volume derivatives of the band structure and the exchange parameters. Their study supports

the view that the RKKY-type R-R interaction is mainly mediated by the s- and p- electrons.
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Fig. 3. Temperature variation of the cubic lattice parameter of GdIng measured by x-ray powder diffraction
(this work). The full line corresponds to a fit of a Debye model to the whole temparature range, the dashed
line shows an extrapolation from the paramagnetic range obtained from fitting the Debye function only to

the data points above T .

Fig. 3 shows the variation of the cubic lattice parameter, measured by x-ray powder diffraction. As
can be seen, there is no volume effect or only a small negative one with an absolute value at 0 K
smaller than 0.3 x 103,
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4.4 GdCusIn and GdPdyIn

Further examples of cubic systems with very weak negative magnetovolume effects are GdCuyIn and
GdPdslIn, both crystallizing in the cubic Heusler structure L2; (Webster, 1969). Both compounds or-
der antiferromagnetically below about 10 K with some complicated and up to now unknown magnetic
structure (see e.g. Parsons et al. (1998); Taylor et al. (2000) and references therein). Specific heat mea-
surements on both compounds show very similar results for the magnetic contributions (Parsons et al.,
1998), but the corresponding effect on the crystal volume is 5 times larger in GdCusIn (measured by
Taylor et al. (2000) on polycrystalline samples using a capacitance dilatometer). However, the esti-
mated value of the magnetovolume effect at 0 K is very small in both. It is (AV/V )4 & =10 x 10°
for GdCusIn and (AV/V)mag = —2 x 1072 for GdPd,In.

5 Spontaneous distortions of the crystal symmetry

Unfortunately, symmetry distortions have not been widely investigated in Gd compounds, because
they are usually very small and therefore experiments are difficult. Some old data is available for
cubic compounds. Isotropic exchange interactions which stay isotropic also under a strain such as
Heisenberg and RKKY type do not lead to spontaneous symmetry distortions in ferromagnetic cubic
systems (Morin and Schmitt, 1990). However, such distortions have been (indirectly) found in ferro-
magnetic systems from forced magnetostriction measurements on single crystals (e.g. a spontaneous
tetragonal distortion (Al/l)gp; ~ —3.7 x 10~* in GdZn by Rouchy et al. (1981), and a small spon-
taneous trigonal distortion (Al/l)11; &~ 2 x 107° in GdAl, by du Tremolet de Lacheisserie (1988)).
These distortions have to be attributed to the presence of anisotropic exchange interactions in these

ferromagnetic compounds, but the origin of the exchange anisotropy has not yet been clarified.

In contrast to the cubic ferromagnets, in cubic antiferromagnets also isotropic exchange may lead
to symmetry distortions, as for instance the small trigonal distortions in the antiferromagnetic com-
pounds GdAs, GdSb and GdBi, ranging from 107 to 10™*, which were directly measured by x-ray
diffraction experiments by Hulliger and Stucki (1978). Diffraction in external fields would be necessary
to show unambiguously if in these antiferromagnets the distortion is due to isotropic or anisotropic
exchange interactions. The source of exchange anisotropy in Gd compounds is still topic of cur-
rent investigations and in special cases, such as symmetry distortions of the cubic ferromagnets,

measurements of magnetoelastic properties can make important contributions to this problem.
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6 Hexagonal systems

6.1 Gadolinium

Pure gadolinium crystallizes in the well known hexagonal close-packed (hcp) structure (see Fig. 4),

which is described within the space group P63/mmc with Gd on the 2c-sites (point symmetry 6m2).

Fig. 4. hep structure of gadolinium.

Gadolinium has the highest magnetic ordering temperature among all rare earth elements. The
magnetic properties of Gd metal have been extensively studied (see e.g. McEwen (1978) and Dan’kov
et al. (1998) and references therein). It shows ferromagnetic ordering below T¢ = 294 K and remains
ferromagnetic down to liquid helium temperature. The saturation moment is 7.55 pp per atom (Nigh
et al., 1963), i.e. there is an additional moment of 0.55 gz compared to the 7 up corresponding to a
local 4f moment with S = 7/2. This additional moment is usually attributed to a conduction-electron
polarization (see e.g. Cable and Wollan (1968)). The paramagnetic to ferromagnetic transition at T¢
is of second order type and the universality class has been determined only recently by Frey et al.
(1997). Neutron diffraction experiments performed by Cable and Wollan (1968) showed that from
Te down to the spin reorientation temperature Tsg ~ 232 K the moments are aligned along the
hexagonal axis (i.e. c-direction). Below Tsr the moment direction departs from this direction and
the angle between the hexagonal axis and the moment direction changes with temperature. Here
it is worthwhile to mention that the magnetic properties of gadolinium are up to now a puzzle.
In a recent Nature paper, Coey et al. (1999) reported that gadolinium is probably not really a
ferromagnet between Tsr and T, but that the magnetic structure is some long-period modulated
structure, similar to the incommensurate order found in erbium. This conclusion has been drawn
from suszeptibility measurements around 7 and 7sg, but experiments for observing the long-period
modulation are still missing. More recent suszeptibility and low field magnetization measurements
performed by Kaul and Srinath (2000) confirm again the widely accepted view that gadolinium is a

collinear ferromagnet between 7 and Tsg.

The thermal expansion of gadolinium has been studied several times (for a collection of data see
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Fig. 5. Temperature variation of the hexagonal lattice parameters and of the volume of pure gadolinium
measured by x-ray powder diffraction (this work). The values have been normalized to 300 K in order to show
the relative changes. (The values at 300 K are a = 3.632+£0.002 A, ¢ = 5.782+£0.002 A.) The lines represent
the extrapolation of the lattice contribution from temperatures above T assuming a Debye temperature of
184 K (Bodriakov et al., 1998). The lowest part of the figure shows the magnetovolume effect, obtained by
subtracting the lattice contribution from the volume expansion.

e.g. Touloukian et al. (1976)). Since there is some disagreement mainly concerning the temperature
variation of the lattice parameter a, we remeasured the anisotropic thermal expansion of a polycrys-
talline Gd sample by means of x-ray diffraction between 10 K and 400 K. The result is shown in
Fig. 5. As can be seen from the temperature variation of a and ¢ there is a pronounced anisotropic
magnetic contribution below T¢: The estimated values at 0 K of the magnetic contribution are
(Aa/a)mag = 1.0 x 107 and (Ac/¢)mag &~ 3.0 x 1072, This leads to a clearly visible magnetically
induced change of the c/a ratio of (A(c/a)/(¢/a))mag ~ 2.0 x 1073, However, what is much more
peculiar is the big magnetovolume effect with a 0 K value of (AV/V),45 = 5.0 x 1073. The size of
this magnetovolume effect is comparable to R-Fe or R-Co compounds, like for instance RFe, and
RCo,, where the large magnetovolume effects of about 2 to 9 x10~2 are attributed to the itinerant
character of the magnetic moments of Co or Fe (see e.g. the review by Andreev (1995) p.68). The
volume effects caused by localized magnetic moments are usually one order of magnitude smaller.
A possible reason for the unexpected large positive magnetovolume effect in gadolinium is the large

induced itinerant magnetic moment of about 0.55 pp in the conduction band (see above).
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6.2 GdNis

Intermetallic compounds of the general composition AB; have been extensively investigated as pos-
sible hydrogen storage media. Because of the ability of LaNis to absorb large amounts of hydrogen
(up to 6.7 atoms per formula unit - see van Voucht et al. (1970)) also GdNis- based systems have
been investigated with respect to their hydrogen sorption properties (see e.g. Blazina et al. (1999)
and Bobet et al. (1998)).

GdNij crystallizes in the well known hexagonal CaCu; type (space group P6/mmm). As shown in
Fig. 6, the structure is built up of two types of basal plane layers alternating along the c-axis, one
at z = 0 composed of Gd (la-sites with high point symmetry 6/mmm) and Ni (2c-sites), the other

one at z = 1/2 only composed of Ni atoms (3g-sites).

Fig. 6. CaCus-type hexagonal crystal structure of GdNis.

The magnetic properties of GdNi5s have been intensively studied in the past and are now well un-
derstood (Franse and Radwariski, 1993; Mulders et al., 2000). The magnetic interaction is strong
compared to the other RNi; compounds (de Gennes scaling) with an ordering temperature of 7, ~
31 K. GdNi; is a ferrimagnet with ferromagnetically ordered Gd moments of 7 pp aligned paral-
lel to the hexagonal axis. These Gd moments induce an antiparallel moment of 0.16 pg on the Ni
atoms. There is a weak magnetic anisotropy caused by the dipolar interaction between the Gd mo-
ments (Yaouanc et al., 1996). In the past GdNis has also been used as a testing ground for validating

muon spin relaxation theories in magnetic materials (de Réotier and Yaouanc, 1997).

No spontaneous magnetostriction could be detected within the sensitivity of the x-ray diffraction
experiments. As can be seen in Fig. 7 there is no significant difference in the temperature dependence
of the lattice parameters between GdNi5 and the nonmagnetic isostructural YNis. The reason for the
vanishing or very small (i.e. < 10™*) effects in this compound could be that only one atom among

six is a Gd atom, leading to weak magnetic and magnetoelastic interactions. A further example for
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a compound with a low concentration of Gd atoms, also showing weak or vanishing effects, is the

tetragonal GdNiyB,C (see section 7.3).
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Fig. 7. Anisotropic thermal expansion of GdNis measured by x-ray powder diffraction (this work). The lines
indicate the corresponding values of the isostructural YNi; (nonmagnetic reference), scaled to coincide with

GdNis at 150 K for allowing a direct comparison (the c/a ratio has not been scaled).

6.3 GdaIn

GdyIn crystallizes in the hexagonal NisIn-type structure (space gr. P63/mmec), which has two crys-
tallographically different sites for Gd (Palenzona, 1968). The unit cell of the structure is shown in
Fig. 8. As can be seen from this figure the structure is composed of hexagonal layers with the stacking
sequence ABACA. The A layers at z = 0 and z = 1/2 contain only Gd atoms on the cell corners
(2a-sites with quasi-cubic point symmetry 3m). The B and C layers at z = 1/4 and z = 3/4 contain
each one Gd atom (2d-sites with hexagonal point symmetry 6m2) and one In atom (2c-sites, also
6m2). Interestingly, the Gd sublattice forms a double hexagonal close packed structure (dhcp), which
differs only by the stacking sequence of the hexagonal planes from a hcp structure formed by elemen-

tal gadolinium (see section 6.1). However, the distances of the Gd atoms are very different. The Gd
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- Gd distance within the hexagonal planes is much larger in GdyIn (a = 3.63 A for gadolinium and
a ~ 5.41 A for GdyIn), whereas the distances in direction of the hexagonal axis are much smaller
(gadolinium: ¢ ~ 5.78 A, GdyIn: ¢/2 ~ 3.38 A).

4@ Gd (2d)

\

J d
Gd (2a) In (2¢)

Fig. 8. NioIn-type hexagonal crystal structure of GdsIn.

The magnetic properties of GdyIn show interesting features: It becomes ferromagnetic below 190 K,
but there is a second magnetic transition at about 100 K to an antiferromagnetic structure. Under
a magnetic field this metamagnetic transition is shifted to lower temperatures and fields of about
1 Tesla can completely restore the ferromagnetic state (McAlister, 1984; Gamari-Seale et al., 1979;
Jee et al., 1996). Jee et al. (1996) reported that the temperature- and magnetic field dependence of
the magnetization shows that the system is not a simple ferromagnet between 100 and 190 K, but a
helical ferromagnet. McAlister (1984) reported that magnetization, resistivity and magnetoresistivity
measurements support the suggestion that the low temperature structure below 100 K could be a
spiral antiferromagnetic structure. Measurements of the magnetization and magnetoresistance in the
vicinity of the metamagnetic transition support that the low temperature structure is different from
simple antiferromagnetic (Stampe et al., 1997). Ravot et al. (1993) reported a propagation vector
(0,0,~ 1/6), obtained by neutron powder diffraction experiments at 20 K.

As can be seen in Fig. 9 there is no spontaneous magnetostriction effect within the sensitivity of the
x-ray diffraction experiments (=~ 1 x 10~*) at both magnetic transition temperatures of 190 K and
100 K, respectively. This is interesting and unexpected, since this compound is characterized by a
strong Gd - Gd magnetic interaction, leading to the relatively high magnetic ordering temperature
of 190 K. Despite this strong magnetic exchange interaction the c/a ratio as well as the volume are
absolutely unaffected by the ordering of the Gd moments. Note that GdsIn has the second highest

magnetic ordering temperature of all systems reviewed in the present chapter after pure Gd metal
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(see section 6.1), which shows pronounced anisotropic spontaneous magnetoelastic effects as well as
a large positive magnetovolume effect. Further studies including field-induced magnetostriction ex-
periments on single crystals are necessary in order to clarify why there is no pronounced spontaneous

magnetostriction detectable in GdsIn.
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Fig. 9. Anisotropic thermal expansion of GdaIn measured by x-ray powder diffraction (Gratz and Lindbaum,
1998). The lines are the result of fitting Debye functions. The arrows indicate the two magnetic transitions

at 190 K and 100 K (see text).
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6.4 GdCuAl and GdNiAl

The RCuAl (R = rare earth except for La and Eu) compounds belong to a large group of ternary
intermetallics showing the ZrNiAl-type hexagonal structure with space group P62m (Szytula, 1991).
All the R atoms occupy equivalent positions (3g sites) with point symmetry mm only. The structure
is built up of two types of basal plane layers (with and without R atoms) alternating along the c-axis
(see Fig. 10).

z=1/2

R (3g)

Cu (1b)

Fig. 10. ZrNiAl-type hexagonal crystal structure of RCuAl.

While the magnetic properties of the compounds with light R atoms are rather complex, ferromag-
netic ordering has been deduced from magnetization measurements on polycrystalline samples for
Gd and the other heavy R atoms. In the case of GACuAl the magnetic ordering temperature is T¢ =
82 K. Javorsky et al. (1998) reported a second magnetic transition at T ~ 37 K observed in specific
heat and suszeptibility data. Powder x-ray diffraction experiments with an external magnetic field
performed by Andreev et al. (1999) (for a description of the method see e.g. Gratz et al. (1999b))
showed that in GdCuAl the magnetic moments are aligned along the c-axis below T as well as

below the second magnetic transition at Tg.

Measurements of the temperature dependence of the hexagonal lattice parameters using low-temperature
x-ray powder diffraction (Andreev et al., 1999) show clear anomalies below the magnetic ordering tem-
perature (82 K) in both the a(T) and ¢(T) curves (see Fig. 11). An estimation of the spontaneous mag-
netostriction by extrapolating from the paramagnetic range to low temperatures shows a monotonous
increase of the magnetostriction which reaches quite large values at 0 K ((Aa/a)mag = —1.7%107° and
(Ac/€)mag = 3.0 x 1073). This leads to a pronounced change in the ¢/a ratio of (A(c/a)/(¢/a))mag =
4.7x 1073, but only to a small volume effect ((AV/V)mag = 2(Aa/a)mag + (Ac/C)mag = —0.4 % 107?),

which is near the size of the experimental error. There was no measurable effect at the second mag-
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netic transition at 37 K which has been observed by Javorsky et al. (1998).

GdCuAl

0.578

c/a

0.576

0574 bt

T [K]

Fig. 11. Anisotropic thermal expansion of GdCuAl measured by x-ray powder diffraction (Andreev et al.,
1999). The lines are extrapolations from the paramagnetic range. T¢ and Tg indicate the magnetic ordering

temperature and the second magnetic transition observed by Javorsky et al. (1998), respectively.

GdNiAl crystallizes like GACuAl in the hexagonal ZrNiAl-type structure, but a pronounced anomaly
in the hexagonal lattice parameters at about 200 K has been observed and attributed to a transition
between two slightly different forms of the ZrNiAl-type structure (Merlo et al., 1998). The atomic
position parameters xgq ~ 0.583 and x4; ~ 0.232, which are not fixed by space group symmetry, do

not change significantly at this structural transition (Jarosz et al., 2000).

As reported by Merlo et al. (1998) and Javorsky et al. (1995), GANiAl orders ferromagnetically below
about 60 K, and two other magnetic transitions occur at 30 and 14 K, which are probably due to
the occurrence of antiferromagnetic order, but no further information concerning the easy axis in
the ferromagnetic state and the magnetic structures below the two additional transitions could be
found in literature. However, as reported by Merlo et al. (1998), a further magnetic transition has
been observed in this compound in the paramagnetic range at about 180 K. Above this temperature
the paramagnetic moment of Gd (obtained from a Curie-Weiss fit of suszeptibility data) agrees with
the calculated free ion value, but below a 9 % higher value has been found. Merlo et al. (1998)
suggest that this transition could be connected with the structural transformation at about 200 K,
and that below this transition the slightly different interatomic distances could be responsible for a

larger polarization of the conduction electrons.

The temperature variation of the lattice parameters, as measured by x-ray diffraction by Merlo
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et al. (1998) and Jarosz et al. (2000), shows no significant anisotropic spontaneous magnetostriction,
neither due to the ferromagnetic ordering between about 60 K and 30 K nor due to the two additional
magnetic transitions at 30 and 14 K. This is in contrast to the behaviour of GACuAl (see Fig. 11),
where a pronounced change of the ¢/a ratio due to the magnetic ordering has been observed. But note
that there is a clear positive volume anomaly with an estimated 0 K value of about (AV/V);,4y ~
0.8 x 1073 in GdNiAl (Jarosz et al., 2000). This positive volume effect, which does not exist in
GdCuAl, may be due to an induced itinerant magnetic moment at the Ni sites. In general the above
comparison of the isostructural GdNiAl and GdCuAl shows that the magnetoelastic effects can be
strongly influenced by the partner elements of Gd, i.e. exchanging Cu by Ni can change the behaviour

completely.

6.5 GdCuSn

GdCuSn crystallizes in the hexagonal NdPtSb-type structure (Pacheco et al., 1998), which is an
ordered form of the Caln,y type, which had been reported as the structure of GdCuSn before (Ko-
marovskaja et al., 1983). The correct structure of GACuSn is described within the space group P63mc
with Gd on the 2a-sites (point symmetry 3m), Cu on the 2b-sites (also point symmetry 3m) with
Zcw = 0.81 and Sn also on the 2b-sites with zg, ~ 0.23. The hexagonal unit cell of the structure is

shown in Fig. 12.

Fig. 12. NdPtSb-type hexagonal crystal structure of GdCuSn.

Already in 1977 bulk magnetic measurements showed that GdCuSn orders antiferromagnetically
below about 24 K ((")sterreicher, 1977). Only a few years ago conclusions about the magnetic structure
were drawn from Mdssbauer experiments by analyzing the Gd and Sn resonance spectra (Bialic et al.,
1997). The authors of this work suggest a magnetic structure described by the propagation vector
(0,1/2,0) with antiferromagnetic order within the hexagonal Gd planes and ferromagnetic stacking

along the c axis. Fig. 13 shows this magnetic structure schematically.
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c/2

Fig. 13. Possible magnetic structure of GdCuSn (Bialic et al., 1997).
Fig. 14 shows the temperature dependence of the lattice parameters as well as of the volume of
GdCuSn measured by low temperature x-ray diffraction. As can be seen there is a significant sponta-
neous anisotropic magnetostriction effect due to the magnetic ordering. An estimation of the magnetic
contribution to the thermal expansion at 0 K by extrapolating from the paramagnetic range down to
lowest temperatures gives the values (Aa/a)mqg & 0.3x1072 and (Ac/¢)mag & —1.1x1073. This leads
to a clearly visible magnetically induced change of the ¢/a ratio of (A(c/a)/(c/a))mag &~ —1.4x 1073,
and a negative volume magnetostriction ((AV/V)meg & —0.5 x 1073). Therefore GdCuSn is, like
GdAl, (section 4.1) and GdCuAl (section 6.4), an example for a compound where the Gd - Gd

exchange interaction leads to a negative magnetovolume effect.
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Fig. 14. Anisotropic thermal expansion of GdCuSn measured by x-ray powder diffraction (Gratz and Lind-
baum, 1998). The lines represent the extrapolation of the lattice contribution from the paramagnetic range

by fitting Debye functions.
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7 Tetragonal systems

7.1 GdAg, and GdAus

GdAg, and GdAu, crystallize in the tetragonal MoSis-type structure (Dwight et al., 1967). The space
group is I4/mmm with Gd on the 2a-sites (point symmetry 4/mmm) and Ag(Au) on the 4e sites.
The z atomic position parameter of the 4e sites (point symmetry 4mm) is about 1/3. For GdAgs
a value of z4, = 0.327 = 0.004 has been determined from neutron diffraction experiments (Gignoux
et al., 1991). This structure can roughly be viewed as being composed of three tetragonally distorted

body centered cubes along c-direction, as shown in Fig. 15.

Ag,Au (de)

/
Gd 2a) @

Fig. 15. Tetragonal MoSis-type structure of GdAgs and GdAus.

GdAg; has first been reported to order magnetically at about 27 K from resistivity measurements (Ohashi
et al., 1975). Further studies by Gignoux et al. (1991) including specific heat, resistivity and magneti-
zation measurements, as well as neutron powder diffraction experiments, showed that this compound
orders antiferromagnetically below T ~ 22.7 K with two further first-order magnetic transitions at
Tr ~ 21.2 K and Tgy ~ 10.8 K. The neutron diffraction experiments showed that the magnetic order
is incommensurate with a propagation vector of about (0.362,0,1) and that the moment direction
seems to change from [110] below Trs to [001] above Tgo (Due to the small temperature range between
T and Tg; it was not possible to investigate the magnetic structure with neutron diffraction for this
range). The observed first-order magnetic transitions in the ordered range have been attributed to
anisotropic terms in the two-ion Gd-Gd exchange interaction. A further peculiarity, also mentioned
by Gignoux et al. (1991) is that the magnetic ordering temperature of GdAg, is lower than in ThAg,

(Ty =~ 34.8 K), violating the De Gennes law. This has been referred to a change in the conduction
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band due to the boundary situation of GdAg, concerning the crystal structure, i.e. only the RAg, with
heavy R, starting from Gd, show the MoSi, type of structure. Fig. 16 shows the temperature depen-
dence of the lattice parameters as well as of the volume of GdAgy measured by low temperature x-ray
diffraction. As can be seen there is a pronounced spontaneous anisotropic magnetostriction effect due
to the magnetic ordering with no significant change at Tgy. An estimation of the magnetic contribu-
tion to the thermal expansion by extrapolating from the paramagnetic range down to 0 K gives the
values (Aa/a)mag ~ 0.3 x 1072 and (Ac/¢)mqg & —0.6 x 1073, This leads to a clearly visible mag-
netically induced change of the c/a ratio of (A(c/a)/(c/a))mag = —0.9 x 1073, but to no measurable

volume magnetostriction within the sensitivity of the x-ray experiment (|(AV/V )pmae| < 0.1 x 1073).

GdAu, orders like GdAg, antiferromagnetically, but at a much higher ordering temperature of Ty =
50 K (Tung et al., 1996). Neutron diffraction studies for determining the magnetic structure are in
progress. Fig. 17 shows the temperature dependence of the lattice parameters as well as of the volume
of GdAu,, also measured by low temperature x-ray diffraction. In contrast to GdAg, there is no
measurable spontaneous magnetoelastic effect at all. The magnetically induced change of ¢/a as well
as the volume magnetostriction of GdAuy is smaller than the experimental resolution (i.e. < 107%).
This different behaviour concerning the spontaneous magnetostriction may - like the different Ty (see
above) - also be connected with conduction band properties, leading to a different RK K'Y exchange

coupling of the Gd moments.
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Fig. 16. Anisotropic thermal expansion of GdAg, measured by x-ray powder diffraction (this work). The
lines represent the extrapolation of the lattice contribution from the paramagnetic range by fitting Debye

functions. The arrows indicate the different magnetic transition temperatures (see text).
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Fig. 17. Anisotropic thermal expansion of GdAus measured by x-ray powder diffraction (this work). The

lines represent the result of fitting Debye functions to the whole temperature range.
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7.2 GdyCugIn and GdyNiy_In

As reported by Kalychak et al. (1990) the RyCusIn compounds (with exception of R=Eu and Yb)
crystallize in the tetragonal Mo, FeBs type of structure (space group P4/mbm). In case of the RyNiyIn
compounds this structural type occurs only for R=La,Ce,Pr and Nd. The other RyNisIn compounds
including R=Gd show the orthorhombic MnyAlB, type of structure (space group C'mmm). But
with an off-stoichiometric content of Ni (RgNiy ,In with x = 0.22) the tetragonal MosFeB, type of
structure is also formed for R=Sm to Lu. This means that GdyCusIn and GdyNi; 7gIn have the same
crystal structure, allowing again a direct comparison of the spontaneous magnetoelastic effects in two
compounds, which differ only by one of the partner elements of Gd. Fig. 18 shows the arrangement
of the atoms within the tetragonal unit cell. The Gd atoms occupy one type of crystallographic
site, namely the 4h-sites with only orthorhombic point symmetry mm (atomic position parameter
Zgq ~ 0.18). The Cu atoms occupy the 4g-sites (mm, atomic position parameter z¢, ~ 0.38) and

the In atoms occupy the high-symmetry sites 2a with point symmetry 4/m.

Gd (4h)
Cu,Ni (4g)

In (2a) a

Fig. 18. Tetragonal structure of GdaCusln and GdsNis_,In.

Only three years ago Fisher et al. (1999) reported first about the magnetic properties of RyCusIn
compounds. Magnetization as well as electrical resistivity measurements showed that all the inves-
tigated magnetic compounds (R=Gd to Tm) order ferromagnetically with relatively high ordering
temperatures, varying between 27 K for HoyCuyln and 86 K for GdyCusln. The easy axis varies
among the investigated compounds. For GdyCusln it is parallel to the tetragonal ¢ axis. For the
isostructural GdaNi; 7gln no report concerning the magnetic properties could be found in literature.
The only available information comes from unpublished suszeptibility measurements (Hilscher, 2001),

indicating that GdsNi; 7gIn orders antiferromagnetically below 7T ~ 20K.

Fig. 19 and Fig. 20 show the anisotropic thermal expansion obtained by x-ray powder diffraction for

GdyCusln and GdaNiy 78In, respectively. Within the sensitivity of the experiments no magnetovolume
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effect can be observed in both compounds (|(AV/V)4| < 0.1 x 107?). But the comparison of the
anisotropic effects shows pronounced differences. For GdsCusln the estimation for the magnetic
contribution to the thermal expansion by extrapolating from the paramagnetic range down to 0 K
gives the values (Aa/a)mqy & —1.9 x 107 and (Ac/¢)mag ~ +3.8 x 1072, This leads to a large
magnetically induced change of the c/a ratio of (A(c/a)/(c/a))mag = 5.7 x 1073, In the case of
GdaNi; 7gIn the observed anisotropic effects are much smaller ((Aa/a)mag = —0.2x1073, (Ac/C)mag =
0.4 x 1073, (A(e/a)/(¢c/a))mag ~ 0.6 x 107%). This means that, like in the case of GdCuAl and
GdNiAl (see section 6.4), the exchange of the Cu atoms by Ni atoms leads to a strong decrease of the
anisotropic magnetoelastic effects. However, it has to be noted, that in the present case the change
of the partner element of Gd leads also to a strong decrease of the magnetic Gd-Gd interaction itself,
reflected in the pronounced decrease of the magnetic ordering temperature. This may also be a reason

for the weaker spontaneous magnetostriction in the Ni compound.

c/a
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Fig. 19. Anisotropic thermal expansion of GdaCuzIn measured by x-ray powder diffraction (this work). The
lines represent the extrapolation of the lattice contribution from the paramagnetic range by fitting Debye

functions.
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Fig. 20. Anisotropic thermal expansion of GdsNi; 7gIn measured by x-ray powder diffraction (this work).

The lines represent the extrapolation of the lattice contribution from the paramagnetic range by fitting

Debye functions.
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7.3 GdNiB,C

Since the discovery of the RT;B,C borocarbides (T = transition metal) much attention has been paid
to the physical and structural properties of the whole series of isotypic compounds, because of the high
superconducting transition temperatures and because of the interesting interplay between magnetic
ordering and superconductivity. These compounds crystallize in the tetragonal LuNiyB,C type of
structure, which might be regarded as a variant of the ThCrySis type with two additional carbon
atoms in the tetragonal unit cell (Siegrist et al., 1994). The tetragonal unit cell of the structure is
shown in Fig. 21. The space group is I4/mmm with R on the 2b sites (high point symmetry 4/mmm),
Ni on the 4d sites, B on the 4e sites and C on the 2a sites. The only fractional coordinate not fixed
by symmetry is zp which takes a value of &~ 0.14 in case of GdNiyB,C (Belger et al., 1998; Lynn
et al., 1997).

Fig. 21. The tetragonal unit cell of GdNiyB,C.

Detlefs et al. (1996) have investigated the magnetic structure of GdNi,B,C with resonant and nonres-
onant magnetic x-ray-scattering techniques. These studies showed that between Ty ~ 19-20 K and
Tg = 14 K the magnetic structure is of the transverse sine-modulation type with an incommensurate
propagation vector of (x0.55,0,0). The magnetic moments of Gd lie within the basic plane perpen-
dicular to the propagation vector. Below Ty a component of the Gd moment develops along the ¢
axis with the same propagation vector as the component in the basic plane. Further information on
the magnetic structure below Ty has been gained by *>Gd Mossbauer spectroscopy (Tomala et al.,
1998), suggesting a bunched spiral-like magnetic structure with the moments rotating within the b-c
plane. Despite the considerable efforts devoted to resolve the magnetic structures of GdNi;B,C, the

absence of superconductivity in this compound remains an open question.
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Concerning the spontaneous magnetostriction, GdNiyB,C is a further example for only very weak
effects. As can be seen in Fig. 22 there is no effect visible within the sensitivity of the x-ray diffraction
experiments, neither in the volume nor in the ¢/a ratio. Measurements on a single crystal using
capacitance dilatometry showed effects of about 5 x 107 (Massalami, 2002). These small effects
are in accordance with the analysis of ErNisBoC (Doerr et al., 2002), where the magnetoelastic
phenomena have been attributed to crystal field effects only (compare the different situation in the
RCus compounds which show a significant exchange contribution - see section 8.6). Like for GdNis
(see section 6.2), the reason for the small (i.e. < 10™*) effects in this compound could also be that

only one atom among six is a Gd atom, leading to weak magnetoelastic effects.
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Fig. 22. Anisotropic thermal expansion of GdNisBoC measured by x-ray powder diffraction (this work).

The lines indicate extrapolations from the paramagnetic range obtained by fitting Debye functions to the

temperature range above T .
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8 Orthorhombic systems

8.1 Magnetostructural transitions in Gds(Siyz Gei_y )y compounds

Recently, a giant magnetocaloric effect (MCE) has been discovered in the Gds(Si;Ge;_;)s pseu-
dobinary system with x < 0.5 (Pecharsky and Gschneidner-Jr, 1997a,b,c, 1999). In the compo-
sition range 0.24 < x < 0.5 the MCE is connected with a first-order transition from a high-
temperature paramagnetic to a low-temperature ferromagnetic state, at temperatures ranging from
130K to 276K (Pecharsky and Gschneidner-Jr, 1997b). A recent study by Morellon et al. (1998a)
on Gds(Sig.a5Gegss)s (i.e. z = 0.45) has revealed that on cooling this transition is accompanied by
a structural transition from a monoclinic structure in the paramagnetic state to an orthorhombic
structure in the ferromagnetic state. Furthermore this magnetostructural transition can be induced
reversibly by an external magnetic field, leading to strong magnetoelastic effects (Morellon et al.,
1998a) as well as to a giant negative magnetoresistance (Morellon et al., 1998b; Levin et al., 1999,
2000). In contrast to the compounds with 0.24 < z < 0.5, the Ge-rich compounds with z < 0.2
order antiferromagnetically (or ferrimagnetically) at about 125 K (second-order transition) and then
experience a further first-order transition to a low-temperature ferromagnetic state, connected with
a giant MCE (Morellon et al., 1998a).

One example for the interesting magnetoelastic properties of the Gds(Si;Ge;_)4 pseudobinary sys-
tem is the compound Gds(Sip1Gegg)s (i.e. x = 0.1). In contrast to the compounds with 0.24 <
x < 0.5, which show a monoclinic structure, this compound crystallizes in an orthorhombic struc-
ture (GdsGey type), which is similar to the Gd;Siy type of the Si-rich compounds (Pecharsky and
Gschneidner-Jr, 1997d). Both, the GdsGes- and the GdsSiy type are described within space group
Pnma, the Gd atoms occupy three different crystallographic sites (Gd1: 4c, Gd2: 8d, Gd3: 8d), and
the Ge and Si atoms are statistically distributed over three sites (M1: 4c, M2: 4¢, M3: 8d). The
only difference between the two types lies in different fractional coordinates, which are not fixed
by symmetry (for a comprehensive structural study of the Gds(Si,Ge; )4 pseudobinary system see
Pecharsky and Gschneidner-Jr (1997d) and Morellon et al. (2000)). For illustrating the magnetic
and crystallographic properties of the Gds(Si,Ge;—)s system, the magnetic and crystallographic

temperature - composition phase diagram is shown in Fig. 23.

Ac-suszeptibility measurements by Morellon et al. (2000) showed, that (on heating) Gds(Sip.1Geo.9)4
undergoes a first-order transition from a ferromagnetic to an antiferromagnetic state at T = 81 K,
followed by a second-order transition to the paramagnetic state at Ty = 127 K. Measurements of
the thermal dependence of the lattice parameters using x-ray powder diffraction, reported by the
same authors and shown in Fig. 24, revealed a very pronounced spontaneous magnetostriction at
the first-order ferromagnetic to antiferromagnetic transition at T = 81 K, whereas no significant
effects could be observed at Tpy. On cooling through T the following abrupt changes of the lattice
parameters are visible: (Aa/a)mag & —16 X 1073, (Ab/b)mag & 3 X 1073, (Ac/C)mag & 7 x 1073
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Fig. 23. Magnetic and crystallographic temperature - composition phase diagram of the Gds(SizGe1_z)4
compounds (after Morellon et al. (2000)). FM, PM, AF label different magnetic phases (FM: ferromagnetic,
PM: paramagnetic, AF: antiferromagnetic). O(I), M and O(II) label different crystallographic structures
(O(I): orthorhombic GdsSis structure, M: monoclinic structure, O(II): orthorhombic GdsGey structure).

The solid line marks the first-order magnetostructural phase boundary.

and (AV/V)mag & —6 x 1072, The change of the c¢/a ratio is (A(((:%‘;))mag A 23 x 1073, This means
that the anisotropic effects are larger than 2 %, i.e. Gds(Sip.1Gepg)s can be classified as a giant

magnetostriction (GMS) compound (Engdahl, 1999).

Furthermore, Rietveld analysis of the x-ray powder patterns showed, that the spontaneous magne-
tostriction at T¢ is connected with a significant change of some of the fractional coordinates (Morellon
et al., 2000), leading mainly to a shifting of atoms in a-direction, where the magnetostriction is largest.
The obtained atomic positions are very similar to the values determined for Gd;Sis (Pecharsky and
Gschneidner-Jr, 1997d). This means that the antiferromagnetic to ferromagnetic transition is not
only accompanied by a giant magnetostriction of the lattice parameters, but also by a structural
change. In order to illustrate this magnetostructural transition from the high-temperature Gds;Gey
type to the low temperature GdsSiy type, Fig. 25 shows the orthorhombic unit cells, with atomic
positions obtained from Rietveld fits below (30 K) and above (100 K) the transition. The main dif-
ference between the two orthorhombic structures is a common shifting (in « - direction) of the atoms

in the upper half of the unit cell relative to the atoms in the lower half.
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Fig. 24. Thermal dependence of the lattice parameters and the volume of Gds(Sig.1Geg.9)4, measured by

x-ray powder diffraction. The shown data have been extracted from Morellon et al. (2000). The dashed lines

serve as a guide for the eyes.

Forced magnetostriction measurements using a strain gauge technique, also performed by Morellon
et al. (2000), indicate that the magnetostructural transition can be induced reversibly by an external
magnetic field. This means that there is a remarkable resemblance of the observed magnetostructural
transition in Gds(Sig1Gegg)s with the transition in Gds(Sig.45Gegs5)s (Morellon et al., 1998a), where
the transition is also dominated by a drastic reduction of the lattice parameter a. However, it has to be

pointed out, that in Gds(Sip.1Geg.)s no change of the symmetry is involved in the magnetostructural

transition.
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Fig. 25. Orthorhombic structures of Gds(Sip.1Gegg)s below and above the magnetostructural transition.
The dotted boxes and the arrows indicate roughly the shifting of the atoms in the GdsGes type (O(II))
compared to the GdsSis type (O(I)).
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8.2 GdNi

GdNi crystallizes in the orthorhombic CrB type of structure (space group Cmem). The Gd atoms
are located on the 4c sites with point symmetry mm (0, ygq ~ 0.14, i) The Ni atoms also occupy
the 4c sites with yy; =~ 0.43 (see e.g. Buschow (1980)). It is interesting to note that among the
RNi compounds there exists a second type of orthorhombic structure. Only the compounds with R
from La to Gd crystallize in the CrB type. The compounds with R from Dy to Tm and Y show
the less symmetric FeB type with space group Pnma (see e.g. Burzo et al. (1990)). (As reported
by Blanco et al. (1992) TbNi crystallizes in a monoclinic intermediate structure). Fig. 26 shows
the orthorhombic unit cell and the atomic arrangement of the CrB type of structure. (The shown
orthorhombic cell is not the primitive unit cell, since the lattice is base centered orthorhombic, i.e.

there is an additional lattice point in the centre of the a-b planes.)

® J ©
Gd (4¢)
b {

sz——z Ni (4¢) b

Fig. 26. Orthorhombic CrB-type structure of GdNi.

As shown by neutron diffraction experiments and magnetization measurements, GdNi is a simple
collinear ferromagnet with the magnetic moments parallel to the b- axis below 7, ~ 69 K (Blanco
et al., 1992). The magnetic moment at 4.2 K is 7.3 + 0.1 up. NMR spectra of this compound are
also consistent with a direction of magnetization along the b-axis for this compound (de Jesus et al.,
2000).

The spontaneous magnetostriction, obtained by x-ray powder diffraction, shows, like for Gds(Sig.1Geg.9)4
(see section 8.1), very large anisotropic effects (see Fig. 27). The estimated values at 0 K in the dif-
ferent crystallographic directions are (Aa/a)mag = 4.0 X 1073, (Ab/b)mag &~ 5.4 X 1073, (Ac/C)mag =
—8.2x107% and (AV/V )ynay = 1.2 X 1072, Especially the spontaneous magnetically induced contrac-
tion in ¢- direction of almost 1 % is outstanding. The magnetically induced change of the ¢/b ratio
reaches (%)mw ~ —1.36 x 1072 and therefore GdNi has to be considered as a GMS compound
(compare Engdahl (1999)). Whether the observed giant magnetostriction of the lattice parameters
is connected with a change of the atomic positions, has not been determined, i.e. further studies
are necessary in order to answer the question whether GANi shows, like Gds(Sip1Gegg)s, @ magne-

tostructural transition and whether this transition can be induced by a magnetic field. The relatively
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large positive volume effect could be due to an induced itinerant Ni moment (Paulose et al., 1996),
what is confirmed by a comparison with GdPt (see section 8.5). A further hint for the existence of
an induced Ni moment could be the temperature dependence of the magnetization, which deviates
remarkably from the typical bahaviour of rare earth systems (see e.g. Walline and Wallace (1964)).
The volume effect has also been measured by a strain gauge technique with a reported value of about
1.8 x 1073 at 10 K (Espeso et al., 1994). In addition to the large positive volume effect below T, this
strain gauge experiments showed a very small negative effect of about 10~° around 7, too small for

being detectable with x-ray powder diffraction. The reason for this small additional effect is unclear.
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Fig. 27. Anisotropic thermal expansion of GANi measured by x-ray powder diffraction (Gratz and Lindbaum,
1998). The lines represent extrapolations of the lattice contribution from the paramagnetic range, obtained

by fitting Debye functions.
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8.8 GdNiy_,Cuy

The assumption that an induced itinerant Ni moment plays an important role for the pronounced
positive magnetovolume effect in GdNi, is supported by the fact that by substituting Ni by Cu the
volume effect becomes smaller. For Cu concentrations  higher than 20 % the FeB type of structure
is formed instead of the CrB type of structure. Magnetization measurements and neutron powder
diffraction experiments showed that with 30 % Cu the system is, like GdNi, a simple collinear
ferromagnet with a very similar ordering temperature of 7, ~ 68 K and with the magnetic moment
direction parallel to the b-axis of the FeB structure (Blanco et al., 1992). However, the volume effect
of (AV/V)mag = 0.6 x 1073 at 10 K (Espeso et al., 1994) is about two to three times smaller than
in GdNi. Furthermore, for Cu concentrations higher than 35 % the magnetic structure changes from
ferromagnetic to antiferromagnetic (Gignoux and Gomez-Sal, 1976). The neutron diffraction studies
by Blanco et al. (1992) showed that the compound with a Cu concentration of 60 % orders in a
helimagnetic structure with a propagation vector (0,0,0.25) with the moments lying in the a-b plane
(T =~ 63 K). The magnetovolume effect for this compound reaches a value of (AV/V )00 & 0.8x10 3
at 10 K (Espeso et al., 1994).

8.4 GdCu

The RCu series is characterized by a structural instability. The light rare-earth based compounds
crystallize in the orthorhombic FeB-type structure, while the heavy ones do so in the cubic CsCI-
type structure. GdCu is the first in the series to adopt this cubic structure at room temperature,
but is unstable, showing a tendency to transform into the FeB type at low temperatures. But this
martensitic structural transition occurs only in a bulk (polycrystalline) sample, whereas powdered
samples keep the CsCl structure down to lowest temperatures (Blanco et al., 1999). Studying the
spontaneous magnetoelastic effects in the orthorhombic F'e B-type phase of GdCu is very interesting

with respect to a comparison with the isostructural GdPt (see section 8.5).

As reported by Blanco et al. (1999), neutron diffraction patterns of powder and bulk polycrystalline
samples of GdCu were obtained for both structures: In the cubic CsCl type of structure, which
orders antiferromagnetically at Ty ~ 150 K, a propagation vector of (1/2 1/2 0) has been found
with the moments probably parallel to the c-axis (note that other noncollinear magnetic structures
might give rise to the same neutron-diffraction pattern). In the orthorhombic low temperature phase
(Ty =~ 45 K) the available diffraction patterns suggest a magnetic propagation of (0 1/4 1/4) and
a helimagnetic arrangement of the moments normal to the [011] direction. Furthermore it has been
concluded that a simple RKKY model of an isotropic exchange interaction can be used to understand
the stability of the magnetic structure in the cubic high temperature phase, whereas anisotropy in

the magnetic interactions has to be taken into account for the orthorhombic low temperature phase.

Concerning the spontaneous magnetoelastic effects in GdCu the only available data are the lattice pa-
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rameters, as obtained by Blanco et al. (1999) from the above mentioned neutron diffraction patterns
at variable temperatures. Due to the relatively low resolution of these neutron diffraction experi-
ments concerning the determination of the lattice parameters it is only possible to give qualitative
results. Fig. 28 shows data for the orthorhombic FeB type, indicating a large anisotropic spontaneous
magnetostriction with a negative sign in b direction (roughly —1 x 1072), accompanied by somewhat
smaller positive effects in a (roughly 5 x 1073) and ¢ (roughly 3 x 1073) direction. This behaviour
of GdCu in the FeB type is similar to that of the isostructural GdPt (see section 8.5) and suggests,
that the kind of magnetic ordering (GdPt: ferromagnetic, GACu: antiferromagnetic) has no influence

on the qualitative behaviour of the spontaneous magnetostriction.
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Fig. 28. Anisotropic thermal expansion of the orthorhombic FeB phase of GdCu obtained from neutron
diffraction experiments on a bulk polycrystalline sample (Blanco et al., 1999). The lattice parameters (Ip)
at 180 K are: a = 7.15 £ 0.01 A, b =4.527 +0.008 A, ¢ =5.471 +0.008 A.

8.5 GdPt

Like the RNi compounds, the RPt compounds crystallize in two different orthorhombic structures.
The heavy RPt (R=Gd to Tm) show the FeB type of structure (space group Pnma), whereas the
light RPt (R=La to Nd) show the more symmetric CrB type of structure with space group Cmem
(Dwight et al., 1965; Roy et al., 1978). The Gd atoms occupy the 4c-sites (z, y = i, z, point symmetry
m) of the space group Pnma with zgq = 0.180 and zgq =~ 0.133. The Pt atoms also occupy the 4c-
sites with zp; =~ 0.036 and zp; ~ 0.623. Fig. 29 shows the orthorhombic unit cell and the atomic

arrangement of this structure type.

43



/7 a

Fig. 29. Orthorhombic FeB-type structure.

The RPt compounds are ferromagnets with relatively low ordering temperatures (Castets et al., 1980,

1982). GdPt has the highest ordering temperature among all RPt compounds (7, ~ 68 K).

GdPt

7.095

7.090

a [A]

7.085 -

7.080
4.500

4.495
4.490
4.485
5.595

b [A]

5.590

c [A]

5.585

5.580
178.5 -

178.0

V [A3]

177.5 -

0 50 100 150 200 250 300
T [K]

Fig. 30. Anisotropic thermal expansion of the orthorhombic GdPt measured by x-ray powder diffraction
(this work). The lines represent extrapolations of the lattice contribution from the paramagnetic range,

obtained by fitting Debye functions.

Fig. 30 shows the temperature dependence of the lattice parameters of GdPt, obtained by x-ray
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powder diffraction. The estimated values of the spontaneous magnetoelastic effects at 0 K are
(Aa/a)mag = 1.4 X 1073, (Ab/b)mag ~ —2.3 x 1072, (Ac/C)mag = 0.9 X 1073 and [(AV/V)mag| <
0.1 x 1073. This means that the pronounced linear effects, which are dominated by a negative mag-
netostriction in b- direction, compensate each other, leading to a volume effect smaller than the
experimental resolution. This is a further hint that the observed volume effect in GdNi (see sec-
tion 8.2) is due to an induced itinerant Ni moment, since GdNi has a related crystal structure,

almost the same magnetic ordering temperature and is also ferromagnetic.

8.6 GdCuy

Among the presented systems in this chapter, GdCu, is one for which a variety of studies dealing
with the magnetic properties and spontaneous as well as field-induced magnetostriction have been
done in the past and also very recently (Rotter et al., 2001a). Since we think that this compound
can be viewed as a model system for the investigation of magnetoelastic effects, it follows a relatively

detailed description of magnetoelastic effects of GdCus,.

8.6.1 Crystal Structure

All 1:2 compounds of lanthanides with Cu exhibit the orthorhombic CeCus-type structure (see
e.g. Debray (1973), space group Imma, Ce on 4e sites with point symmetry mm, Cu on 8h), with
the exception of LaCu,. LaCusy displays the related hexagonal AIB, structure with space group
Ps/mmm (Storm and Benson, 1963). The orthorhombic CeCuy structure can be viewed as a dis-
torted AlBo-type structure (see Fig. 31). In some RCus compounds a martensitic transition in high
magnetic fields has been observed and associated with a conversion of the CeCusy to the AlB, type of
structure (Svoboda et al., 1999). Furthermore for LaCus a pressure induced transition from the AlB,
type to the CeCuy type has been predicted by ab-initio total energy calculations and experimentally
observed by high-pressure x-ray diffraction with a diamond anvil cell (Lindbaum et al., 2000, 1998).
The atomic position parameters of GdCus, which are not fixed by space group symmetry, have been

determined from neutron diffraction experiments and are discussed below (see section 8.6.3).

8.6.2 Magnetic Properties

Investigations of GdCu, in the magnetically ordered state (T = 42 K) revealed that in this com-
pound no change of the magnetic structure exists in zero external magnetic field (Koyanagi et al.,
1998; Luong and Franse, 1981; Luong et al., 1985). The magnetic entropy as calculated from the spe-
cific heat reaches its theoretical value of R1n 8 at 47 K, just above Ty (Koyanagi et al., 1998). In high
magnetic fields the anisotropy in the magnetization does not exceed a few percent (Borombaev et al.,
1987). Recent measurements of the anisotropy in the magnetization of a single crystal (see Fig. 32)
revealed an anomaly at T = 10 K (Rotter et al., 2000b), the origin of which is still the topic of cur-

rent research. Neutron scattering experiments on polycrystalline and single crystal samples (Rotter
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AlB, - type

Fig. 31. The upper part shows the highly symmetric hexagonal AlB, type of structure. In the lower part
the hexagonal cell of the AlBy structure is doubled along the hexagonal axis (left), which allows a direct

comparison with the CeCusy type (right).
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Fig. 32. Temperature dependence of the magnetization of GdCusy (Rotter et al., 2000b).

et al., 2000a), as well as magnetic scattering experiments using synchrotron radiation (Rotter et al.,
2000Db), showed that the modulation vector of the magnetic structure is Qy=(2/3 1 0) and that
the type of ordering can be viewed as an antiferromagnetic modulation of the moments in b direction
and a cycloidal propagation in a direction with a pitch angle of 120 degrees. The proposed magnetic
structure of GdCus is shown in Fig. 33. The magnetic unit cell consists of three structural unit cells
aligned in a direction. From the projection into the ac-plane the cycloidal propagation in @ direction

can be seen. The filled and open symbols denote two different neighboring ac planes showing the
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Fig. 33. Magnetic structure of GdCus, the different symbols denote atoms belonging to the same ac plane,
for simplicity the copper atoms are not shown. The magnetic structure can be viewed as a superposition of

three simple antiferromagnetic lattices as indicated by the numbers (Rotter et al., 2000a).

antiferromagnetic propagation in b direction. A Rietveld refinement of the powder data at 2 K gives

a magnetic Gd moment of 6.9 ug (Rotter et al., 2000a).

8.6.3 Spontaneous magnetostriction

The thermal expansion of GdCus has been measured already in 1985 on polycrystals by dilatometric
experiments (Luong et al., 1985) and later by x-ray diffraction on powder (Gratz and Lindbaum, 1994)
and single crystals (Borombaev et al., 1987). The most recent measurements have been performed
on a single crystal produced by the Bridgeman method and using a capacitance dilatometer down
to 500 mK in a magnetic field of 0-15 T. Fig. 34 shows the thermal expansion measured along the
a-, b- and c-axis in zero field in comparison with results of powder x-ray diffraction (Rotter et al.,
2001a; Gratz and Lindbaum, 1994). Below the ordering temperature Ty the thermal expansion shows
a pronounced negative spontaneous magnetoelastic effect in the a-direction, and a positive one in
the b- and c-direction. These anisotropic contributions cancel each other leading only to a small
magnetovolume effect. The estimated 0 K values of the spontaneous magnetostriction, obtained by
the powder x-ray diffraction experiments are (Aa/a)mag & —2.1 X 1073, (Ab/b)1meg =~ 1.2 x 102,
(Ac/C)mag = 1.5 x 107 and (AV/V)nag ~ 0.6 x 1073,

In case of GdCuy not only the magnetoelastic effects on the lattice parameters have been investigated,
but also the magnetically induced influence on the atomic positions. The atomic position parameters

2Gd, You and zg,, which are not fixed by space group symmetry, have been determined from the
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Fig. 34. Normalized thermal expansion of GdCuy along the orthorhombic a-, b- and c-direction (upper
figure) and the volume expansion calculated from these data (bottom figure, the factor % facilitates the
comparison with the upper figure). The symbols denote the results of powder x-ray diffraction (Gratz and
Lindbaum, 1994), the lines correspond to expansion measurements on a single crystal using the capacitance
method (Rotter et al., 2001a). The values eg—¢ denote the relative length changes in the ordered state with

respect to the nonmagnetic state.

neutron diffraction patterns at 2 and 60 K (shown in Rotter et al. (2000a)) by Rietveld analysis: At
2 K the obtained values are zg4 = 0.5403(8), yc, = 0.0523(8) and z¢, = 0.1653(10). At 60 K (i.e.
above Ty & 42 K) the values are: zgq = 0.5429(6), yc, = 0.0527(5) and z¢, = 0.1653(6). As can
be seen there is only for Gd a significant difference in the atomic position between the paramagnetic
and magnetically ordered state, whereas for Cu the differences are very small (as expected for a pure
lattice contribution). This suggests that the observed shifting of the Gd atoms is due to the magnetic

ordering.

8.6.4 Field induced magnetostriction

Fig. 35 shows the field induced magnetostriction for external fields along the a-, b- and c-axis (Rotter

et al., 2001a). All measurements were done with increasing and decreasing field and they show only a

48



)

(r

d(Ac/c)
dp,oH

_H||C|
'H||b

AL/L

poH(T)

Fig. 35. Magnetostriction Aa/a, Ab/b and Ac/c of GdCuy for magnetic fields parallel to the orthorhombic
a-, b- and c-axis at 4.2 K (Rotter et al., 2001a). The arrows indicate the position of phase transitions. For
each curve the hysteresis is shown. The inset shows the low field data of the derivative of Ac/c with respect

to the magnetic field.

small hysteresis. Below p0H = 5 T the magnetostrictive effects are rather small. Above this value two
remarkable kinks occur at 5.5 T and 8.0 T, approximately, which are connected to the two magnetic
phase transitions which were also found in magnetization measurements (Borombaev et al., 1987).
Above 8.0 T the system is in the induced ferromagnetic state and no further transitions could be
seen when continuing some of the scans up to 15 T (Rotter et al., 2001a). From all the data it is
evident that the field induced magnetostriction is strongly different for the different crystallographic
axes (leading again to a very small volume effect) but is nearly independent of the magnetic field
direction. The only difference between the different field directions was found examining the low field
behavior more closely (compare inset in fig. 35, there the derivatives of the Ac/c curves are shown
as an example), showing some small differences between the curves. A transition at 0.6 T and 1.2 T
is observed for fields parallel to a and ¢, respectively. No phase transition is observed for H||b. This is
in accordance with the findings from the magnetization experiments on a single crystal (Borombaev
et al., 1987) and can be attributed to the fact, that in zero field the moments are confined to the

ac-plane.
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8.6.5 Discussion

A model for describing the magnetoelastic properties of GdCus has been proposed by Rotter et al.
(2001a), following the ideas outlined in section 3. Using equations (13) and (14) the magnetostriction
has been calculated. By a comparison of the model with the experimentally determined spontaneous
(Fig. 34) and field-induced magnetostriction (Fig. 35), it could be shown that the magnetoelastic
interaction is dominated by the next neighbor exchange interaction in b- direction (for a detailed
explanation see Rotter et al. (2001a)). In b- direction the Gd atoms have the shortest distances and

are arranged in zig-zag like chains.

Another point which has to be discussed is the possible origin of the magnetoelastic interaction.
Note the experimental result that the strains do not depend on the direction of the magnetic field
(compare fig. 35), i.e. €mjje X €H|p X €H||c = €sap- 1t follows, that the derivatives of the diagonal
components of the exchange interaction tensor with respect to any strain € are equal (Rotter et al.,
2001a). Such a behaviour may be attributed to the fact that the magnetoelastic interaction in GdCu,
is dominated by the isotropic exchange and thus can be described by equations (17) and (18).
The anisotropic exchange interaction which leads to the observed magnetic structure with moments
restricted to the ac-plane is small and does not contribute to the magnetoelastic interaction. When
aligning the moments ferromagnetically with a magnetic field of about 9 Tesla (see figure 35), the
signs of the magnetoelastic strains Aa/a, Ab/b and Ac/c are reversed (compared to the spontaneous
magnetostriction), in agreement with the supposed model. However, this does not change the fact

that the sign of the magnetostriction in a-direction remains opposite to the other two directions.

Finally, it has to be mentioned that, in addition to the magnetically induced effects on the lattice
parameters, there is also a shifting of the Gd atoms within the unit cell. As discussed above, the

relative atomic position parameter zgq changes by about -0.003 due to the magnetic ordering.

GdZn, crystallizes in the orthorhombic CeCus type of structure (see section 8.6), but shows in
contrast to the isostructural GdCu, ferromagnetic order with 7, ~ 68 K (Debray et al., 1970). As
discussed in section 8.6, GdCuy shows a cycloidal antiferromagnetic structure, whereas GdZn, is a
simple ferromagnet (Debray et al., 1970). Due to this difference concerning the magnetic structure it
seems very interesting to compare the two compounds with respect to the spontaneous magnetoelastic

effects.

Fig. 36 shows the spontaneous magnetostriction of GdZn,, measured by x-ray powder diffraction (Ohta
et al., 1995). The measurements indicate, like in GdCuy, a negative spontaneous magnetostriction in
a- direction and a positive in b- and c- direction, but the effect in a direction is very small and at the
limit of the resolution of the experiment. The estimated values at 0 K are: (Aa/a)mqy &~ —0.2 x 1073,
(Ab/b)mag = 1.4 x 1072, (Ac/C)mag = 1.9 x 1073 and (AV/V ) & 3.1 x 1073, This means that, in-

a0



terestingly, the spontaneous magnetoelastic effects in GdZn, are qualitatively very similar to GdCus,
although the magnetic structures are very different. However, the quantitative comparison of the
spontaneous magnetoelastic effects shows pronounced differences. The contraction in a- direction is
almost zero or at least much smaller than in GdCu,y, whereas the expansion in the other directions

is similar, leading to a much larger volume effect.

0 50 100 150 200 250 300
T [K]

Fig. 36. Anisotropic thermal expansion of the orthorhombic GdZns, measured by x-ray powder diffraction
(the data points have been extracted from Ohta et al. (1995)). The lines represent extrapolations of the

lattice contribution from the paramagnetic range.

8.8 Gd(Cuy_,Niy),

A further possibility to study the influence of the magnetic structure on the spontaneous magne-
toelastic effects is the comparison of GdCuy with the solid solution Gd(Cuj_;Ni;)2. This is possible
since up to a Ni content of about 40% the CeCu, type of structure remains stable. On the other hand
there is a pronounced change of the magnetic properties due to the Ni substitution. The magnetic

ordering temperature increases from 42 K (z=0) up to about 110 K for £=0.3 and, interestingly,
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the magnetic structure changes from antiferromagnetic to ferromagnetic above a Ni concentration of
about z = 0.15 (Poldy and Kirchmayr, 1974; Gratz and Poldy, 1977).

Measurements of the spontaneous magnetostriction of the ferromagnetic compound Gd(CuggNig2)o
(T, = 95 K) by x-ray diffraction (Borombaev and Markosyan, 1987) show, like for GdZn,, qualitatively
the same results as for the antiferromagnetic GdCuy, i.e. a contraction in a- direction and an expan-
sion in the other directions. This means that again the spontaneous magnetoelastic effects remain
qualitatively the same, when changing from the complicated antiferromagnetic structure of GdCu, to
a simple ferromagnetic one. But again a quantitative comparison shows pronounced differences. The
estimated values at 0 K for Gd(CuggNigs)2 are (Aa/a)maeg & —3.5 X 1072, (Ab/b)mag ~ 4.9 x 1073,
(Ac/C)mag = 0.8 %1073 and (AV/V ) & 2.2x 1073, In contrast to the pure GdCu, (see section 8.6)
the spontaneous magnetostriction is dominated by a very large effect in b- direction. The (positive)
volume effect is, like in the ferromagnetic GdZny, much larger than in GdCus. Possibly, the ferro-
magnetic order in Gd(CuggNig2)2 and GdZn, is responsible for a larger volume effect. But note that
in the case of Gd(CuggNigo)s it could also be an induced itinerant Ni moment which is responsible

for the larger volume effect.

8.9 GdsNi and GdsRh

GdsNi and GdsRh crystallize in the FesC type of structure, which is described in the space group
Pnma. The Gd atoms occupy two different crystallographic sites, namely the 4c sites (point symmetry
m) and the 8d sites (point symmetry 1), whereas the Ni (Rh) atoms are only located on the 4c sites.
Fig. 37 shows the unit cell and the atomic arrangement of this structure type. As an example the
atomic position parameters of GdsNi at room temperature as reported by Kusz et al. (2000) are
given: Gd(1): 4c sites (x0.033, 1/4, ~0.859); Gd(2): 8d sites (~0.678, ~0.435, ~0.175); Ni: 4c sites
(~0.388, 1/4, ~0.059). As reported by Talik and Neumann (1994) and Talik and Slebarski (1995) the
two compounds Gd3Ni and GdzRh show some complicated antiferromagnetic structure with ordering

temperatures of Ty ~ 100 K and Ty =~ 112 K, respectively.

The spontaneous magnetostriction has been measured by single crystal x-ray diffraction between
10 and 300 K (Kusz et al., 2000). As can be seen from Figs. 38 and 39, both compounds show
pronounced linear as well as volume effects. Gd3Ni is characterized by a large positive spontaneous
magnetostriction in a-direction (the estimated value at 0 K is (Aa/a)mqg = 2.9 x 107%), whereas
the effects in b- and ¢~ direction are about two times smaller ((Ab/b)ymey ~ 1.3 X 1073, (Ac/¢)mag =
—1.3 x 1073). The resulting volume effect of (AV/V)ay & 2.9 x 1073 is about twice as large as in
the earlier discussed GdNi. GdzRh, on the other hand, is characterized by a negative spontaneous
magnetostriction in a-direction (estimated value at 0 K (Aa/a)mqey & —2.5 x 107) and by an almost
uniform expansion of the b-¢ plane ((Ab/b)mag = 2.0 X 1073, (Ac/¢)mag & 2.6 X 1073). The resulting
volume effect of (AV/V)mag & 2.1x 1072 is smaller than in Gd3Ni. A possible reason for this difference

could be that in the case of Gd3Ni an induced itinerant Ni moment enhances the positive volume
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Fig. 37. Orthorhombic FezC-type structure of GdsNi and GdsRh.

magnetostriction.
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Fig. 38. Anisotropic thermal expansion of the orthorhombic GdsNi, measured by single crystal x-ray diffrac-
tion (the data points have been extracted from Kusz et al. (2000)). The lines represent extrapolations of the

lattice contribution from the paramagnetic range.
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Fig. 39. Anisotropic thermal expansion of the orthorhombic GdsRh, measured by single crystal x-ray diffrac-
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8.10 GdBCIQ C’U,307,(5

The magnetostriction in high Tx—superconductors have been investigated on polycrystalline sam-
ples of GdBayCusO7 5 using the capacitance method (Zieglowski, 1988). This compound orders
antiferromagnetically below Ty = 2.2 K. The spontaneous magnetostriction is not sensitive to the
superconductivity showing that magnetic order and superconductivity are decoupled in this com-
pound. Varying the superconducting properties by a temperature treatment of the sample showed,
that in contrast to the spontaneous magnetostriction the field induced magnetostriction is strongly

dependent on the superconducting properties.

9 Monoclinic systems

Only two examples with monoclinic structures could be found. One is the already discussed Gds(SizGe;_z)4

system in the concentration range 0.24 < z < 0.5 (see section 8.1).

A second is the compound Gdslry, investigated by Kusz et al. (2000), which has a monoclinic structure
related to the orthorhombic structures of GdzNi and GdzRh (see section 8.9). The authors reported
the temperature dependence of the orthorhombic lattice parameters, showing only for the b - direction
a significant magnetostriction. The temperature dependence of the monoclinic angle has not been

reported.

10 Summary and conclusions

As shown in the preceding sections, there is a wide variety of spontaneous magnetoelastic effects
in Gd - based systems, from very small (below 107*) up to effects larger than 1072 (GMS). Not
only the anisotropic spontaneous magnetostriction can reach very large values (such as the GMS of
() mag = —1.36 x 1072 in GdNi or of (48),,4y = 2.3 x 1072 in Gds(Sig1Geos)s), but also the
magnetovolume effects can be unexpectedly large (e.g.: (A7V)mag = +0.5 x 1072 in pure Gd metal).

The occurrence of GMS in Gd compounds shows that not only the crystal field (as pointed out
by Engdahl (1999)), but also the exchange interaction has to be considered as a source of GMS. In
the tables 1 and 2 the spontaneous magnetoelastic effects of the systems presented in this chapter

are summarized.
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Table 1

Summary of the spontaneous magnetostriction in non-cubic systems showing pronounced anisotropic effects,
ordered with respect to the size of the effects. The presented values are the estimated values at 0 K. x,n
indicate the experimental method (x-ray, neutron) Note: < means that the absolute value is smaller than
this value, which is about the resolution of the experimental technique. (h),(t),(0) indicate the crystal system
(hexagonal, tetragonal, orthorhombic). In addition T¢(y), the propagation vector and the direction of the

magnetic moment are tabulated.

meth. | Aa/a | Ab/b | Ac/c | AV/V T Prop. Moment
[1073] | [107%] | [1073] | [1073] direction
Gds(Sig.1Gego)s (0) | x| —16 +3 +7 —6 Te = 81K (000)
GdNi (o) xtl | 440 | +54 | —82 | +1.2 | T¢=69K (000) [010]2
GdCu (FeB) (o) nld | 543 | 1043 | 3+3 | —2+5| Ty=45K OFS) [x,y,z=-y]1*!
Gd(CupgNigo)2 (0) | xl¥ | —3.5 | +4.9 | 408 | +2.2 Te = 95K (000)
GdCuzln (t) x| —1.9 +3.8 | <01 | T¢= 86K (000) [001]0]
GdsRh (o) x| =25 | 420 | +26 | +21 | Ty = 112Kl
CGdCuAl (h) x| —1.7 +3.0 | —04 | T¢=82K (000) [001]"
Gd3Ni (o) x| 429 | +1.3 | —1.3 | 429 | Ty = 100K
CdPt (o) x| +14 | —-23 | 409 | <01 | T¢=68K (000)L]
GdCug (o) x| —21 | 412 | +1.5 | +0.6 | Ty =42K (210) [x 02]110]
GdZn; (o) x| —0.2 | +14 | 419 | +3.1 Tc = 68K | (000)M
Gd (h) x| +1.0 +3.0 | +5.0 | T¢=294K (000) | >232K:[001]"?
GdCuSn (h) x| +0.3 —1.1 | =05 | Ty=24K (030 [001]03
GdAg; (t) x| +0.3 —0.6 | <01 | Ty=23K |(0.36201) | >10.8K:[001]
<10.8K:[11 0]
GdyNig_,In (t) xlel | —0.2 404 | <0.1 | Ty = 20K

References for magnetostriction measurements:

[a] Morellon et al. (2000) [b] Gratz and Lindbaum (1998), [c] Blanco et al. (1999), [d] Borombaev and
Markosyan (1987), [e] this work, [f] Kusz et al. (2000), [g] Andreev et al. (1999), [h] Gratz and Lindbaum
(1994), [i] Ohta et al. (1995)

References for magnetic properties:

[1] Morellon et al. (2000), [2] Blanco et al. (1992), [3] Blanco et al. (1999), [4] Poldy and Kirchmayr (1974),
[5] Fisher et al. (1999), [6] Talik and Neumann (1994), [7] Andreev et al. (1999), [8] Talik and Slebarski
(1995), [9] Castets et al. (1980, 1982), [10] Rotter et al. (2000b,a), [11] Debray et al. (1970), [12] Cable and
Wollan (1968), [13] Bialic et al. (1997), [14] Gignoux et al. (1991), [15] Hilscher (2001)
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Table 2

Summary of the spontaneous magnetostriction (estimated values at 0 K) of the systems with very small
or not determined (n.d.) anisotropic effects. The table is ordered with respect to the size of the observed
volume effects. x,d indicate the x-ray or dilatometric method. Note: < means that the absolute value is
smaller than this value, which is about the resolution of the experimental technique. (c),(h),(t),(o) indicate
the crystal system (cubic, hexagonal, tetragonal, orthorhombic). In addition T ¢y, the propagation vector

and the direction of the magnetic moment are tabulated.

meth. | Aa/a | Ab/b | Ac/c | AV/V Teow) Prop. Moment
[1073] | [1073] | [1073] | [1073] direction
GdAl; (c) xlal ~14 | T¢= 168K (000) 111"
dl! —1.16
GdNiAl (h) x4 | = +0.3 ~+03| +0.8 | Tc=60K >30K:(000)!!
GdNip.4Cug (0) | d¥ n.d. n.d. n.d. +0.8 | Ty =63K (000.25) [xy 0]&!
GdNig.7Cug 3 (0) | dl n.d. nd. | nd. +0.6 | Tc¢ = 68K (000) [010]&
GdNiy (c) xlal 4+0.6 | Tc=T4K (0o0)
GdCusln (c) dlel —0.10 | Ty = 10KD!
GdPdyIn (c) dlel —0.02 | Ty = 10K
GdIn; (c) xlal ~ —0.3 | Ty = 43Kl®
GdNis (h) x@ | <o.1 <01 | <01 | T¢=3I1K (000) [001]"
GdslIn (h) x| <01 <01 | <01 | Tg=190K | >100K:hel.FM®!
<100K:(00 1)
CGdAu; (t) x@ | <o0.1 <01 | <01 | Ty = 50KM
GdNipB,C (t) | x4 | <o0.1 <01 | <01 | Ty=20K (0.5500) >14K:[010]
<14K:[0y z]*]

References for magnetostriction measurements:
[a] this work, [b] du Tremolet de Lacheisserie (1988), [c] Jarosz et al. (2000), [d] Espeso et al. (1994), [e] Taylor
et al. (2000), [f] Gratz and Lindbaum (1998)

References for magnetic properties:

[1] Kaplan et al. (1973); Burd and Lee (1977), [2] Merlo et al. (1998); Javorsky et al. (1995), [3] Blanco
et al. (1992), [4] Buschow (1977); Jesser and Clad (1986), [5] Parsons et al. (1998); Taylor et al. (2000),
[6] Stalinski et al. (1979), [7] Franse and Radwaniski (1993); Mulders et al. (2000), [8] Jee et al. (1996),
[9] Ravot et al. (1993), [10] Tung et al. (1996), [11] Detlefs et al. (1996); Tomala et al. (1998)
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As can be seen from these tables, for any kind of the magnetic ordering (i.e. ferromagnetic or an-
tiferromagnetic) examples exist with large and small effects. However, there is a tendency to larger

effects in ferromagnetic systems.

Second, the observed effects depend strongly on the partner elements of Gd, which can be seen
from a comparison of isostructural systems, like for instance GdCuAl and GdNiAl, Gd,CusIn and
GdyNiy_,In, or GdAgs and GdAus. Such comparisons show, that changing one of the partner elements
can have a strong influence on the spontaneous magnetostriction. How far the qualitative behaviour
of the spontaneous magnetostriction is determined by the type of crystal structure, remains unclear:
A comparison of the CeCus-type compounds GdCus, Gd(CuggNigo)s and GdZn,y, having different
magnetic structures, shows that the qualitative behaviour of the magnetostriction is always the same,
i.e. the sign of the magnetostriction in a-direction is opposite to those of b- and c-direction. This holds
also true when changing the magnetic structure of GdCus from antiferromagnetic to ferromagnetic
by applying a magnetic field. Furthermore also the comparison of the FeB-type compounds GdCu
(antiferromagnetic) and GdPt (ferromagnetic) supports the conclusion, that the qualitative behaviour
of the spontaneous magnetostriction is connected with the crystal structure. But on the other hand
the compounds GdzNi and GdsRh, which are both antiferromagnetic and have the same crystal
structure, show different qualitative behaviour of the spontaneous magnetostriction. In case of GdsNi
it is the magnetostriction in c- direction, which has opposite sign compared to the other directions,

wheras in GdsRh it is the a-direction.

Third, it is obvious that in systems with a small number of Gd atoms (e.g. GdNi5; and GdNiyB,C)
the effects are very small, since the magnetic as well as magnetoelastic interactions are weaker in
systems with low Gd concentration. This is supported by the studies on GdCus, showing that at
least in case of this compound the magnetostriction is dominated by the next neighbor exchange
interaction (i.e. in case of a compound with low Gd concentration smaller effects have to be expected
due to the smaller number of next neighbors). But note that systems with high Gd concentration
do not necessarily have large effects. In Gdsln, for instance, two of three atoms are Gd, leading to
strong magnetic interactions, reflected in the high ferromagnetic ordering temperature of 190 K, but

the associated magnetoelastic effects are smaller than 10 %.

Gd5(Sip.1Gegg)s is one representative of the Gds(Si;Ge; )4 compounds, where a magnetic transition
is not only connected with a giant magnetostriction of the lattice parameters, but also with an insta-
bility of other structural parameters. Furthermore this magnetostructural transition can be induced
reversibly by a magnetic field and is connected with a giant magnetocaloric effect (Morellon et al.,
2000, 1998a). This example shows that the measurement of the spontaneous magnetostriction could
be very useful for finding systems showing magnetostructural transitions and giant magnetocaloric

effects.

What is not shown in the tables, are spontaneous distortions of the crystal symmetry, which are
usually very small (i.e. < 107*) and have only be observed in cubic systems, where the detection

of symmetry distortions is easier. To our knowledge the largest symmetry breaking effect has been
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observed for cubic GdZn by Rouchy et al. (1981), namely a tetragonal distortion of (Al/l)ge =
—3.7 x 107* (see section 5).

One of the maybe most interesting and unexpected observations concerning spontaneous magne-
toelastic effects in Gd compounds are the large magnetovolume effects, ranging from (%)mag =
+5.0 x 1072 in pure Gd metal to (AV—V)mag = —6 x 1073 in Gd;(Sip.1Geg9)s. The size of the magneto-
volume effect in pure Gd is comparable to typical systems with Fe or Co, where the observed positive
magnetovolume effects are associated with the itinerant character of the Fe or Co moments. In all
Gd systems, presented in this chapter and showing pronounced magnetovolume effects (i.e. absolute
value larger than 0.5 x 1073), these effects are always positive (only with the exception of GdAl, and
Gds(Sig.1Geg.g)4)- This suggests that the polarization of the conduction electrons or the d-electrons of
partner atoms like Ni, induced by the molecular field of the Gd moments, play an important role for
the magnetovolume effects in Gd systems. This is also supported by the fact that the largest positive
magnetovolume effects are observed in ferromagnetic systems, where the Gd molecular field inducing
a polarization of the s, p or d electrons, is largest. As an example, the contribution of the induced
itinerant moment can be demonstrated by substituting Cu for Ni in GdNi: by replacing 30 % of the
Ni atoms by Cu, neither the type of the magnetic ordering (ferromagnetic), nor the Curie tempera-
ture is changed, but the magnetovolume effect is reduced from +1.2 x 1072 in GdNi to +0.6 x 1073
in GdNij7;Cuq3, because, in contrast to the Cu d-electrons, the Ni d-electrons can be polarized by
the Gd molecular field. A second example, which demonstrates not only the role of an induced Ni
moment but also of the type of magnetic ordering, is the comparison of the antiferromagnetic GdCuy
with the isostructural, but ferromagnetic Gd(CuggNig2)o. In the latter the magnetovolume effect is
almost four times larger. However, one should not forget about the large negative magnetovolume
effects in Gds(Sip1Gepg)s and GdAly. In the case of GdAl, the large negative magnetovolume ef-
fect has to be attributed to the volume dependence of the (indirect) Gd-Gd exchange interaction
since an induced itinerant magnetic moment should lead to a positive magnetovolume effect. This
means that not only an itinerant magnetic moment, but also the volume dependence of the (indirect)
Gd-Gd exchange interaction can lead to pronounced magnetovolume effects > 1073, In the case of
Gds(Sip.1Gegg)4 the magnetostriction is connected with a magnetostructural transition and the large

negative magnetovolume effect is probably due to the rearrangement of the atoms in the unit cell.

Finally, we would like to point out the importance of investigations of the field-induced magnetostric-
tion in Gd compounds. Such investigations are very important for a quantitative analysis of the
spontaneous magnetostriction, what has for instance been shown by the studies on GdCuy. The lack
of systematic studies of the field-induced magnetostriction in Gd compounds may be one reason
why only in a few cases a quantitative description of the spontaneous magnetoelastic effects in Gd

compounds have been performed.
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In the present work a model within the mean-field theory is developed in order to analyze the specific heat
of magnetically ordered systems. This model allows to draw conclusions about the type of magnetic structure
from the specific heat near the magnetic transition. The known description of collinear amplitude-modulated
and equal-moment magnetism has been extended to account for noncollinear amplitude-modulated (NCAM)
antiferromagnetic order by introducing an anisotropic exchange interaction. Experimental evidence for NCAM
order is expected from measurements of the specific-heat anomaly at the ordering temperature and from
magnetic scattering experiments. The specific heat of GdCu, was measured and analyzed within the model and
a good agreement is reached. Furthermore, the specific heat of other noncollinear Gd antiferromagnets near the
ordering temperature has been calculated and is compared to available experimental data.

DOI: 10.1103/PhysRevB.64.014402

I. INTRODUCTION

In 1991 a mean-field (MF) model has been developed for
the magnetic order in compounds with negligible single-ion
anisotropy.' There the exchange interaction was assumed to
be isotropic. Within this description, equal-moment (EM)
magnetic structures have been analyzed and the specific heat
has been calculated. By taking into account some weak an-
isotropy of the exchange coupling or crystal field the stabi-
lization of collinear amplitude-modulated (AM) magnetic
structures with regard to other possible states with equal mo-
ments (e.g., helical or cycloidal) could be shown. It was
found that the specific-heat discontinuity at the ordering tem-
perature is reduced for AM compounds relative to that ex-
pected in the case of EM magnetism. In addition, a connec-
tion between the shape of the specific-heat curves and the
exchange constants was predicted. The results of the model
were compared to specific-heat measurements on a number
of Gd compounds (GdCu,Si,, GdNi,Si,, GdGa,, GdCus).

The purpose of this paper is to develop a theoretical
model for noncollinear amplitude-modulated (NCAM) sys-
tems. Such intermediate behavior is expected if the anisot-
ropy of the exchange interactions is included explicitly into
the theory. AM and EM order are derived as special cases in
this model. To keep the formalism self-contained the stan-
dard MF treatment of the Hamiltonian is rewritten following
the notation in Ref. 1 and extending it where necessary. The
results of the model are compared to experimental specific-
heat data of a number of Gd compounds. For this purpose the
specific heat of GdCu, was measured additionally and ana-
lyzed in detail. Other available experimental data are dis-
cussed within the framework of the generalized model.

II. FORMALISM

The subsequent analysis is based on an anisotropic bilin-

ear two-ion exchange interaction j(i j) between the total
angular momenta J(i) of the rare-earth atoms at different
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sites 7 and j. It must be emphasized that in general the mag-
netic exchange is anisotropic, for instance due to the classical
dipole-dipole interaction. In our notation two lines (=) above
a symbol denote a tensor and (OT denotes the transposition
of a vector (bold-faced symbols denote vectors). Then the
Hamiltonian of the magnetic interaction can be written as

1Y -
He=3 3 TDINI). )
(#9)

This approach is only valid, when crystal field, multi-ion
and higher-order interactions can be neglected. Therefore,
Gadolinium and its compounds are good candidates to check
the theoretical model (see below). We will use a MF theory
and thereby neglect magnetic fluctuations above the ordering
temperature 7'y . Except for the critical region this is a valid
approximation,? because Gd®" has a large spin moment and
in most cases the exchange is of long range. Introducing
thermal averages of the magnetic moment of the rare earth
(M(i))= g ;up(J(i)) we may define the following effective
exchange field

Ho ()=(gmp) 2 2> Jij){M())). )

J(#i)

Note that in Eq. (2) the multiplication of the interaction

tensor J(ij) with the moment vector (M(j)) results in a
vector that contributes to the exchange field H,,(i). In a MF

theory the Hamiltonian (1) is approximated by (compare
Ref. 1)

1
H~Hye=— 2 MT()Ho (1) + 5 2 (M7 (1)) Hey ().
3)

©2001 The American Physical Society
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We now introduce Fourier transforms of the moments
(M(j)), the exchange fields H,,(i), and of the exchange

tensor J(ij) by

1 .
M= 2 (M(D))e "%, @
nQ NZ Hex(l)e mQR (5)
J(nQ)=2, Jij)e mARR), (6)
J

where Q is the propagation vector of the magnetic structure
under consideration. The magnetic moments can be written
as

(M(i))= X M,qe™ s, 7)
n(#0)

Note, that n runs from —o to + in the sum in Eq. (7) if
the propagation Q is incommensurate. If Q is commensurate,
n numbers all nonequivalent wave vectors nQ. Using the
Fourier transforms (4)—(6) Eq. (2) becomes

H,o=(g,i5) 2T(nQ)M,q. (8)

We may write the internal energy per ion (which is equal
to the thermal average of )

H 1
< I\I\]AF> (gJMB)

Z:m M’ o J(nQ)M, q.
©)

III. BEHAVIOR OF THE SPECIFIC HEAT NEAR THE
NEEL TEMPERATURE Ty

In the following, the MF approach is taken as a reason-
able interpolation near the Néel temperature T . This results
in a model that can be solved and compared to experimental
results (keeping in mind that within the critical region fluc-
tuations will be present). The behavior of the specific heat
may be obtained analytically by using an expansion of the
magnetic moment on each site i as a function of the corre-
sponding exchange field and the reduced variable 7=
(1=TITy)" (a ““A’ on top of a vector denotes the corre-
sponding unit vector)

PHYSICAL REVIEW B 64 014402

(M(i))=H,,(i) g, mpI By(g sitpH (i) ksT)
c ™ ' o
= THex(l)+ FHex(l)[Hex(l)] +
c» c®
=—H,()(1+2+*+ )+ —5H,(i)
Ty Ty
X[Ho (i) P(14324 614+ -)+---. (10)

Here Bj(x) is the Brillouin function and the C™ are the
Curie constants of nth order (for Gadolinium J=7/2, g,
=2), see Ref. 1:

CV=(gsup)?J(J+1)/(3kp), (11)

CO= = (gypup) T+ 1) (212274 1)/(90K3).

The expansion (10) is possible, because near the ordering
temperature 7~ Ty all magnetic moments are expected to be
much smaller than the saturation moment. Therefore also the
exchange fields H,, (i) will be smaller than kzT/g ;up (in a
limited temperature range near 7).

Replacing (M(i)) and H,, (i) in Eq. (10) by their Fourier
expansion [Eqs. (4) and (5)], substituting H, o by Eq. (8) and
identifying the corresponding Fourier components on both
sides of the equation provides a nonlinear system of equa-
tions in Mg ,M3Q ,... . This system can be solved by expand-
ing the M,,o’s in ascendmg (0odd) powers of ¢ and by identi-

fying the corresponding terms in #,¢%,..., ie., the nth
harmonic M, is expanded as
M, =M, 1+ M35+ M, 57 +---. (12)

For n=1 and first order in ¢ the following eigenvalue
problem of J(Q) is derived:*

(gJMB)zTN

j(Q)Mn:TMH-

(13)

Given the exchange J(Q), this eigenvalue problem may
be solved for different wave vectors Q. Maximizing the larg-
est eigenvalue N\(Q) with respect to Q gives the ordering
wave vector Q of the system, the ordering temperature 7'y
=\(Qy)C'V/(g;mp)? and the eigenvector M,;.”° The com-
ponents of this eigenvector determine the type of magnetic
structure just below the ordering temperature. However, by
using the first-order terms in ¢, only the direction of M;; can
be calculated [by solving the eigenvalue problem (13)] but
not its length.

The length of M;; is found to be characteristic for the
discussed type of magnetic order (AM, NCAM, and EM) and
can be calculated by comparing the components of third or-
der in  (see the Appendix), the result is

014402-2
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_(C(l))3
CON2+|M[ M, 7]
_(C(l))3

6

Qy#0, ¢ BZB,

|M11|2:

Qy=0 or Q,eBZB.
(14)

Equation (14) shows, that the length of M, (i.e., the mag-
nitude of the ordered moment just below Ty) is determined

by the Curie constants C'",C® and the product |Mj,M,,|,
which may vary between 0 (EM order) and 1 (AM order)

depending on the (real and imaginary) components of M,, as
determined by the eigenvalue problem (13). In general the
order will be NCAM (see the examples given in Sec. IV and
V). In Eq. (14) the ferromagnetic case (i.e., Qy=0) and the
simple antiferromagnetic case (i.e., QyeBZB, BZB
=[symmetry points on the Brillouin zone boundary]) have
been treated separately, because in these cases the AM and
EM (and NCAM) description of the ordering process is
equivalent.®

In addition to Eq. (14) the third-order terms in ¢ provide
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an expression for the third harmonic of the magnetic moment
(for Qy#0, ¢ BZB, see the Appendix):

-1

- W?@Qo) M,

c®
[P

; cH
M300:t 1

(M M,)). (15)

Equation (15) shows that the size of the third harmonic

depends also on the product |M1T1M”| and becomes zero for
EM order. Therefore, any deviation from EM order can be
determined by measuring the intensity on the third harmonic
in a magnetic scattering experiment. However, such mea-
surements are very difficult, since the magnetic moment near
the ordering temperature is usually very small and at lower
temperatures the moments tend to saturate thereby destroy-
ing NCAM order.

Using Egs. (9), (13), and (14) the magnetic contribution to
the specific heat for temperatures just below 7'y can be cal-
culated as

( _MZ11«:7(Q0)M11+M1T1L=7(_Qo)an l9_f2 _ M,
2(gsmp)’ aT|, ., c
—IN
Q,#0,¢ BZB
1| 9Mg =y
T o B T N\
¢ it lrr,|  CU2+4M M, *]
cmag o < ML, Q)M o1 _|M11|2_ 1 (9|MQO| _ (ch)? Qy=0
== T T oo ol Toe Sem TS QT
T—Ty T—T)y 2(8shp) JT T 2¢ 2C gt ‘THTN 2¢
B M{ J(Qo)M; + M[ | J(— Q)M ar? CMy)?
4(gsmp)’ oT|,_, ~2Cc"
—IN
Q, <BZB
1 | Mg, (cH)?
2| o 2™
k T—>TN
(16)

The specific heat near the ordering temperature shows a
discontinuity that corresponds to the size of the derivative of
the ordered magnetic moment with respect to ¢. The jump in
the molar heat capacity ¢™¢ (¢™E=N,C™¢, N4=6.0221
X10%/mol denotes the Avogadro constant) at T, may
vary between [—(C)%3C®)|N,=13.43]/Kmol and
[— (22N, =20.15 J/K mol [corresponding to AM
and EM magnetic structures, respectively—calculated with
J=17/2 using Eq. (11)]. Using high-quality specific-heat mea-
surements it is therefore possible to estimate the size of the
magnetic contribution at 7y and attempt to obtain informa-

tion about the type of magnetic structure just below the or-
dering temperature from the size of the product |M1T1M11|2.
In the following part of this paper some examples will be
given.

Note that in Eq. (16) the ferromagnetic (Q,=0) and
simple antiferromagnetic case (Qq € BZB) give specific-heat
values as expected for EM order (although the AM and EM
descriptions are equivalent for these special values of Q).
Furthermore, it is worth considering the case where the ex-
change anisotropy is only due to the classical dipole-dipole
interaction: if the basis of the crystallographic structure con-
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TABLE 1. Magnetic contribution to the molar heat capacity near the magnetic ordering temperature for some Gd compounds. The
propagation vector and the moment direction derived from magnetic-scattering experiments is given for comparison. The last column
contains the type of magnetic order as suggested by these experiments (see text).

Moment
™77, [J/K mol] direction Q, Type

Gd 15-25 [Ref. 13] [001] (000) —EM=NCAM=AM
GdCu,Si, 15-18 [Ref. 14] [010]  (1/20 1/2) e BZB —EM=NCAM=AM [Ref. 15]
GdCu, 20 [x0z]  (2/310) EM
GdCu,Ge, 18-22 [Ref. 7], [Ref. 16] EM
GdBa,CusOy_5  14-22 [Ref. 17] [001]  (1/21/21/2) eBZB —EM=NCAM=AM [Ref. 18]
GdAg 19-21 [001]  (1/21/20)eBZB —EM=NCAM=AM [Ref. 19]
GdCo,Si, 19-20 [Ref. 7] EM
Gds 17-20 [Ref. 20] NCAM
GdAu,Si, 14-18 [Ref. 7] NCAM
GdCo,Ge, 16-17 [Ref. 16] NCAM
GdPd,Ge, 14-16 [Ref. 7] NCAM
GdNi,B,C 12-16 (at 20 K) [Ref. 21], [Ref. 22] [010] (0.55 0 0) [Ref. 23] AM?

| (at 14 K)
GdNi,Ge, 12-14 (at 28 K) [Ref. 16] AM

3 (at 15 K) [Ref. 16]
GdAuGe 10 (at 17 K) [Ref. 24] AM

3 (at 15 K)
GdRu,Ge, 7-9 (at 32 K) [Ref. 25] AM

3 (at 28 K)
GdAg,Si, 6-7 (at 17 K) [Ref. 7] AM

6-7 (at 11 K)
GdMg 7-9 (at 105 K) [Ref. 26] AM

4-6 (at 90 K)
GdCus 3-4 [Ref. 14] (173 13 0.223)
Gd,PdSis 4-6 [Ref. 27], [Ref. 28]
GdGa, 1314 [Ref. 14] (0.39 0.39 0) AM
GdNi,Si, 10-11 [Ref. 14] [010]  (0.207 0 0.903) [Ref. 15]  AM
GdFe,Ge, 14-15 [Ref. 16] AM
GdPt,Ge, 10-13 [Ref. 7] AM
GdNi,Sn, 10-15 [Ref. 7] AM
GdPd,In 11 [Ref. 29], [Ref. 30] AM
GdCu,In 911 [Ref. 29], [Ref. 30] AM

*Note that below Tx~0.7T) there is a spin reorientation into a NCAM state.

sists only of one Gd atom, then 7 (Q) is real for any Q and
therefore either AM or (if Q,=0 or Q, e BZB) simple col-
linear EM order is predicted.

It has been pointed out that the analysis of specific heat
may lead to important conclusions about the magnetic struc-
ture near the ordering temperature. However, in many cases
critical fluctuations make it difficult to obtain reliable MF
values for C""‘g|T_,TN. In addition, the sample quality is an

important issue since impurities and microstrains may lead to
changes of the specific heat near the magnetic ordering tem-
perature. In Sec. V the specific heat is discussed for some Gd
compounds.

For Gd the conclusions from specific-heat data are in
some respect as important as results from scattering
experiments."” Candidates for NCAM order are proposed for
further study.

IV. THE CASE OF GdCu,

To give an example of how NCAM order might occur, the
case of GdCu, is discussed in more detail. Up to now it
seems to be the only Gd compound exhibiting EM order that
is noncollinear (compare Table I). Recent neutron-scattering
experiments on GdCu, indicate a noncollinear magnetic
structure.> The heat capacity has been measured on
polycrystals’ and single crystals.!” For cggéuzh_,TN at the

ordering temperature a value of 15 J/K mol has been reported
in Refs. 1 and 9 and was taken as evidence for an AM mag-
netic structure. However, from more recent measurements on
a single crystal a larger value of 20 J/Kmol can be
estimated.'® Therefore, the heat capacity has been remea-
sured on a high quality single crystal with the aim to get
additional reliable data and compare it to the model. The
single crystal was produced by a Bridgeman method, details
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cp[J/K mol]

T[X]

FIG. 1. Molar heat capacity cp of a GdCu, single crystal in zero
magnetic field in comparison with the isostructural nonmagnetic
reference compound YCu,. The inset shows the magnetic contribu-
tion ¢™® (circles) as derived from these data in comparison with
results of a numerical calculation (full line) described in the text.

are given in Refs. 8 and 11. Heat capacity was measured by
a conventional quasiadiabatic heat-pulse technique. The mo-
lar heat capacity c¢p of GdCu, is shown in Fig. 1 in compari-
son with the data of YCu,. One peak has been observed at 42
K corresponding to the Néel temperature in accordance with
measurements on polycrystals.'? Taking into account the part
caused by critical fluctuations around T we estimate from
these data a MF heat capacity jump of 20 J/K mol, approxi-
mately, confirming the results of Ref. 10.

It has been shown® in a simple model of GdCu, with a
propagation vector Qy=(2/310), that the eigenvector corre-
sponding to possible magnetic structures is given by

i
M, =M ||(2+20\1+0°+20°) 0
o+l+0o?
(17)

Here o is a parameter that denotes the ratio of some off-
diagonal and diagonal components of the exchange tensor

—_— - —-— o=—0c0 AM

@ ® @ 6<0  NCAM

FIG. 2. Types of moment propagation for different values of the
parameter o (see text).
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i

@® Gdy=075
O Gdy=025

FIG. 3. Magnetic structure of GdCu,. The filled and open circles
denote two different neighboring ac planes showing the antiferro-
magnetic propagation in b direction. For simplicity the copper at-
oms are not shown. The magnetic structure can be viewed as a
superposition of three simple antiferromagnetic lattices as indicated
by the numbers.

(see Ref. 8 for details). For the magnetic structure corre-
sponding to this eigenvector, the magnitude of the magnetic
moment varies with its angle according to an “‘elliptic’” (i.e.,
NCAM) propagation (see Fig. 2, the magnetic structure
shown in Fig. 3 corresponds to o=0). By inserting the ei-
genvector (17) into Egs. (14)—(16) it is possible to calculate
the magnitude of the linear term in the expansion of the
magnetic moment (12)

_(C(l))3 . N 0_2
with 725|M11M11|2:1+0_2-

(18)

M, |’ ==
| 11| C(3)[2+ ,y2]

Consequently the magnetic contribution to the specific
heat at Ty is then calculated from Eq. (16) to be

_(C(l))Z

I+ ] 1

mag J—
c °| T—Ty™

For |o|<1 the eigenvector (i 0 1) corresponds to the cy-
cloidal propagation (shown in Fig. 2, bottom). For this eigen-
vector the product M! M, is zero and the anomaly in the
molar heat capacity at Ty is calculated to be

mag _ mag
€ Gdew, 71, = NAC™ 71

_(C(l))Z

= — 7 Na=2015 Jmol K. (20)

This result is expected for EM structures [compare the
discussion of Eq. (16) and Ref. 1] and is in accordance with
our experimental data of the heat capacity.

The proposed cycloidal propagation (o=0) is in accor-
dance with neutron-scattering experiments performed at T
=4 K.% The corresponding magnetic structure of GdCu, is
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shown in Fig. 3. This type of ordering can be viewed as an
antiferromagnetic modulation of the moments in b direction
and a cycloidal EM propagation in a direction with a pitch
angle of 120°. The propagation vector is Qu=(2/310).
There are two different domains possible, one with a left-
handed and another with a right-handed cycloid. The mag-
netic unit cell consists of three structural unit cells along a
direction. From the projection into the ac plane the cycloidal
propagation in a direction can be seen.

Assuming that the magnetic structure is the same (EM) at
all temperatures the specific heat can be calculated numeri-
cally at all temperatures below T, by solving self-
consistently Egs. (4)—(10). In the inset of Fig. 1 the result of
such a calculation is shown by the full line. It compares well
to the experimental data except for the critical region, where
strong critical fluctuations are present, which are not consid-
ered in the MF model.

Moreover, considering temperatures near 7'y the neutron
technique at present is not sensitive enough to detect a small
amplitude modulation o# 0 of the magnetic moment. Using
Eq. (15) it is possible to calculate the magnitude of the third
harmonic. The terms linear in ¢ are zero

IM;,|>=0 (21)

and therefore the third harmonic increases as M3QO=M33I3
with M33||M11 and

2
|M33|2=

c . IS
e 000

e

X(2+ ,}/2)3/2 /_C(S) ’

It might be possible to determine a small deviation from
the cycloidal EM propagation near 7, by measuring the in-
tensity on the third harmonic in a synchrotron experiment
using the high sensitivity of resonant magnetic x-ray scatter-
ing techniques.

At present it is not clear, what is the reason for the ob-
served anisotropy in the exchange interactions of GdCu,. A
numerical calculation of the anisotropy of the classical
dipole-dipole exchange indicates degenerate eigenvalues in
Eq. (13). Probably this degeneracy is lifted by some small
additional interaction, which has not been included in the
current model and stabilizes the observed magnetic structure.
We strongly suggest further theoretical investigations on this
subject.

(22)

V. DISCUSSION OF OTHER Gd COMPOUNDS

In Table I the heat-capacity data for several Gd com-
pounds are compiled in combination with available data on
the magnetic structure. In some cases such as Gd metal
strong critical fluctuations near the ordering temperature
make it difficult to estimate correctly the MF value of
™8|, r,, and therefore a reliable interval of values is given
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instead of an accurate value in Table 1.

Most compounds exhibiting EM order show strong criti-
cal fluctuations (such as Gd, GdS, GdCu,Ge,, GdCu,Si,)
and order in a simple collinear structure. No Gd compound
with a single Gd ion in the crystallographic basis has been
reported to show noncollinear EM order. This is in agree-
ment with the predictions of classical dipole-dipole
exchange.’!

Numerical calculations®* showed that the anisotropy of
the classical dipole-dipole exchange fails to describe the mo-
ment direction in the case of Gd whereas it describes it cor-
rectly in the cases of GdAg, GdCu,Si,, GdBa,Cu;0;_;,
GdNi,Si,, and GdNi,B,C.

In the case of GdAg,Si, the ordering process is very com-
plex leading to two relatively small discontinuities of 6 and 7
J/Kmol at 11 and 17 K, respectively.” A similar behavior is
found for GdAMg, GdAuGe, GdRu,Ge,, and GdNi,Ge,. Also
in GdNi,B,C and GdPd,Ge, a second phase transition below
the ordering temperature has been reported. Such a behavior
has been attributed to higher-order exchange interactions.?®
GdCus does not exhibit any anomaly at 7, but a broad
maximum at about Tn/2. Also in Gd,PdSi;, GdNi,Si, and
GdGa, there is no sharp transition at the ordering tempera-
ture.

Ignoring for the moment these difficulties in the interpre-
tation of specific-heat data, we find strong candidates for
NCAM order—GdAu,Si,, GdCo,Ge,, and GdPd,Ge,. We
strongly suggest to perform scattering experiments on these
compounds in the vicinity of the ordering temperature to find
more evidence for the formation of NCAM structures. Con-
sidering the experimental difficulties in finding small devia-
tions from an EM structure (as described above for the case
of GdCu,) and that only in a few cases scattering experi-
ments have been reported, it is possible, that in many of the
mentioned cases NCAM order might be found, perhaps
within a small temperature region.

VI. SUMMARY

We have proposed anisotropic exchange as a reason for
the formation of NCAM structures in Gd compounds. The
specific heat of noncollinear Gd antiferromagnets has been
calculated and compared to available experimental data.
Some candidates for the formation of NCAM order are sug-
gested and proposed for further study by scattering experi-
ments. The magnetic structure near the ordering temperature
is very sensitive to small details of the exchange interaction.
A complete set of precise diffraction data for several Gd
compounds is necessary to clarify what might be the origin
of anisotropy in the exchange interaction of Gd compounds
and if classical dipole-dipole exchange can describe it.
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APPENDIX

Here the derivation of Eq. (14) is discussed in detail. In-
troducing the Fourier transforms [Egs. (4) and (5)] in Eq.
(10) and comparing the components of third order in 7 results
in the following system of equations (for n=1,3,5,7,...)

PHYSICAL REVIEW B 64 014402

ch c®

)2 \_7(nQ0)(Mnl +Mn3) +

M:=———
: Tn(gsmp

T?V(gJ:uB)6

X 2 \7([n m— r]QO)M(n m—r)l

m,r==*1

XML T (mQy) T(rQe)M,, 1. (A1)

Note that the sum in Eq. (A1) contains only one term if
Qy=0 and a prefactor of ; has to be added to this sum if
QueBZB. For n=1 Eq. (Al) may be rewritten using Eq.
(13):

([ 2c® )
M“ [Cm]3(M uMi) +WM—11(M1T1M11) Qy#0,¢BZB
_ cH _ r c®
J—WJ(QO) M,;= M11 [C(])]3(M IIMH)} Qy=0
c® c®
an [C(l)]3(M M) |+ [C(1>]3(M11+M (MIM,,) QpeBZB.
(A2)

Comparing the left side of this vector equation to the eigenvalue problem (13) the bracket is equivalent to the projection

operator 75(Q0) into the plane normal to the eigenvector M.

= - Q)
=\1-—+1+]. A3
Therefore, the left side vanishes if Eq. (A2) is multiplied by MTI =M~ 11 leading to”
( [2c® c® .
M2 H‘wﬂ\’ld2 +W|M11|4|M11M11|2 Q,#0.¢BZB
c®
0=1 M, |? 1+W|M“|2} Q=0 (Ad)
2' c® 5 (3) .
M |1+ —== M |?|+ =—=|M € BZB.
L| l _ 2[C(1)]3| 1l 2[C(1)]3| 1l Qo

The nonzero solution of this equation corresponds to the moment |M,,|* for 7<Ty as given in Eq. (14). Note that in
general M7 My, is not equivalent to |M,,|?> (|M;;|>=M{ ,M,,), because M, is a complex vector.
For n=3 in Eq. (Al) we get the following expression for the third harmonic of the magnetic moment (here Q,

#0,¢ BZB)
c®
M33 [C(l

from which Eq. (15) can be deduced.

]37) '(3Qy)M; (M M) (A5)
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The influence of the dipole interaction on the magnetic anisotropy of Gd compounds is investi-
gated. Available data on ferromagnets and antiferromagnets with different crystal structures are
discussed and complemented by new neutron scattering experiments on GdCuzIn, GdAu,Siz, GdAu;
and GdAg,. If the propagation vector of the magnetic structure is known, the orientation of the
magnetic moments as caused by the dipole interaction can be predicted by a straightforward numer-
ical method for compounds with a single Gd atom in the primitive unit cell. The moment directions
found by magnetic diffraction on GdAusSiz, GdAus, GdAgs, GdCu»Sis, GdNi»B2C, GdNi,Sis,
GdBa;Cu307, GdNis, GdCuSn, GdCusIn, GdCu4Iln and GdX (X=Ag, Cu, S, Se, Sb, As, Bi, P)
are compared to the predicted directions resulting in an almost complete accordance. Therefore,
the dipole interaction is identified as the dominating source of anisotropy for most Gd-compounds.
The numerical method can be applied to a large number of other compounds with zero angular

momentum.

PACS numbers: 75.30.Gw Magnetic Anisotropy
Keywords: Neutron diffraction, Gd compounds

I. INTRODUCTION

The sources of magnetic anisotropy of rare earth com-
pounds are single ion, dipolar and exchange anisotropy.
The largest contribution usually comes from single ion
anisotropy, unless the angular momentum is zero (L = 0)
such as in the case of Gd®t. The exchange anisotropy
may be large for L # 0 due to the spin-orbit interac-
tion [1]. The small but finite magnetic anisotropy of
L = 0 rare earth compounds is topic of various specu-
lations about it’s origin: An important contribution can
come from the dipole interaction [2]. Also crystal field
and exchange effects coming from higher multiplets have
been discussed as the source [3, 4]. Recently, the role of
biquadratic exchange for the magnetic properties of these
(L = 0) compounds has been pointed out [5]. Different
methods for the study of the anisotropy of the exchange
interaction (i.e. the determination of the exchange ten-
sor) have been suggested [6]. This is still an experimental
challenge for neutron scattering but only few quantitative

*Electronic address: rotter@physik.tu-dresden.de

results have been reported [7-10].

It is well accepted, that the dipole interaction drives
the anisotropy of Gd metal [2, 11-14]. It’s influence
leads to a modification of the critical dynamics and
the corresponding universality class has been identi-
fied [15, 16]. Recent first principles calculations [17] in-
dicate an equally large contribution arising from the spin
orbit coupling of the conduction bands.

In Gd compounds few investigations of the anisotropy
of magnetic interactions have been performed and no
systematic study is available, especially on antiferromag-
nets. Recently the ferromagnet GdNis has been analyzed
by muon spin resonance [18]. In the past electron para-
magnetic resonance in some Gd systems diluted with La
or Y has been used to determine the exchange anisotropy
between Gd ions [19]. GdBayCusOr has been diluted by
Y and electron spin resonance spectra support the dom-
inance of the dipolar anisotropy in this compound [3].

In this paper we present a systematic study of Gd com-
pounds with one Gd atom in the primitive unit cell. In
these compounds the direction of the magnetic moments
can be predicted from the knowledge of the propagation
vector. We will show that it is possible to draw conclu-
sions about the dominant interaction driving the mag-
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FIG. 1: Convergence behavior of the eigenvalues of Jup(7)
of GdAu,Siy with respect to the maximum distance Rmax of
neighbors considered. The different lines correspond to eigen-
values with eigenvectors representing moment directions par-
allel to e = [010], e; = [-0.2300.97] and e> = [.9700.23]
(mind: in order to show that these vectors are orthonormal,
the components are given with respect to euclidian coordinate
system, not with respect to crystallographic lattice. The ori-
entation is z||a, y||b and z||c). A1 and A indicate differences
of eigenvalues, which are a measure of the dipolar anisotropy.

netic anisotropy.

II. DIPOLAR MODEL

If the propagation vector 7 of a magnetic compound
has been determined from neutron or magnetic X-ray
diffraction data, it is possible to calculate that orienta-
tion of the magnetic moments in the ordered state, that
is favored by the dipole interaction. For a detailed de-
scription of the analytical method, which is strictly valid
near the ordering temperature, we refer to [20]. Here we
outline only the main steps of the calculation:

A general two ion coupling which depends only on the
dipolar moments of the 4f electrons is

1 g
H = —§ZJ{’jaa(w)Jf (1)
1

In this expression (1) the 4f moment of the i*® Gd3+
ion is represented by the three components of the angular
momentum operator J* (a = 1,2, 3).

In order to calculate the orientation of the magnetic
moments, it is necessary to calculate the Fourier trans-
form J,5(7) of the interaction tensor Jug(ij)
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FIG. 2: Neutron diffraction patterns of GdAu2Sis at T =25 K
and 3 K. The lines correspond to the calculated pattern, below
each pattern the difference between calculated and measured
intensity is shown. The positions of nuclear peaks and the
magnetic satellites with strong intensity are indicated by the
vertical bars.

Jap(T) = Zjaﬁ(ij)e_iT(R"_Rj) (2)

For the following calculations we used the dipole inter-
action as given by

,3(R¥ — R¥)(R] — R)) — dap|Ri — R;?

Tap(ij) = (971B) R, — R,
T J

3)

Here R; denotes the lattice vector of the i** Gd ion,
g the Landé factor and pp the Bohr magneton.

The sum in equation (2) is evaluated numerically ne-
glecting the contributions for distances between Gd ions
that are larger than a maximum distance Rp,,x. The next
step is to diagonalize the Fourier transform [J,5(7). The
predicted moment direction is given by the eigenvector
corresponding to the largest eigenvalue.

Note that any isotropic contribution to the exchange
interaction (such as Heisenberg or RKKY type inter-
actions) is usually much larger and therefore deter-



FIG. 3: Magnetic unit cell of GdAusSi; (domain with
7= (1/2 0 1/2) and magnetic moments parallel to [010]).
For clarity we show only the Gd sublattice.

mines the ordering temperature but will not influence
the anisotropic behavior including the orientation of the
magnetic moments. It should also be mentioned, that if
high accuracy for the components of the Fourier trans-
form Jop(7) is needed, analytical methods have to be
used for the calculation [11]. Because of the long range
of the interaction, the numerical procedure may converge
slowly. This is important in some special cases, when
the propagation vector and the geometry of the lattice
cause a very small anisotropy of the dipole interaction
and other interactions or surface effects may influence
the orientation of the magnetic moments [21].

As an example fig. 1 illustrates the issue of convergence
of the eigenvalues for the body centered tetragonal lattice
of GdAu,Si,. For the calculation the propagation vector
7 =(1/2 0 1/2) has been used, which has been deter-
mined from the neutron diffraction experiment described
in the following. A; and A, denote differences of eigen-
values, which are a measure of the dipolar anisotropy be-
tween the three orthogonal directions shown in fig. 1. The
largest eigenvalue of J,5(7) corresponds to the eigen-
vector [010]. Therefore the calculation predicts that the
magnetic moments are aligned along the [010] direction.

III. NEUTRON DIFFRACTION

In order to enlarge the available set of scattering data
on Gd compounds we have collected data on some cubic
and tetragonal Gd systems using the 7C2 - hot source
diffractometer of the LLB, Saclay with a neutron wave-
length of 0.58 A . The absorption of the samples was
reduced by using a double wall cylindric sample holder
(outer diameter 12 mm, inner diameter 10 mm). In the
following we outline in detail the experimental results
and show how they correspond to the predictions of the
dipolar model.

A. GdAllz Sig

GdAu,Siz orders antiferromagnetically at Ty = 12 K
[22]. This system has been chosen because the analysis of
the specific heat suggests a non-collinear amplitude mod-
ulated magnetic structure [20]. Powder diffraction pat-
terns taken at 25 K and 3 K are shown in fig. 2 (for each
pattern the background signal has been subtracted). The
pattern at 25 K in the magnetically disordered state can
be indexed according to the tetragonal ThCrsSis struc-
ture with a = 0.4245 nm and ¢ = 1.0165 nm. At 3 K the
magnetic lines (for Q@ < 2 A=1) can be indexed with the
propagation vector 7 = (1/2 0 1/2).

The propagation vector and the orientation of the
magnetic moments have been varied and the calculated
diffraction patterns have been compared to the experi-
mental data. Modules of the McPhase software [23] have
been used for these computations. The absorption has
been calculated for our experimental geometry accord-
ing to the method given in [24]. It was found to be
of minor importance compared to the Lorentz factor in
the low angle range, where the magnetic intensities have
been refined. For the calculation of the intensity profile
a Gaussian lineshape with an angle dependent linewidth
was applied. Due to the limited resolution the fit is not
very sensitive to small changes of the propagation vec-
tor. However, the magnetic intensities are very sensitive
to the orientation of the magnetic moments.

The best fit of the intensities could be achieved
with moments of 6.2 up oriented parallel to [010], i.e.
transversal to the propagation vector 7 = (1/2 0 1/2).
The magnetic unit cell is shown in fig. 3. Due to the
tetragonal symmetry there exist two domains.

Note that the propagation 7 = (1/2 0 1/2) must
lead to an equal moment structure and is not compatible
with the non-collinear amplitude modulated structure in-
dicated by the specific heat [20]. Consequently either the
propagation at temperatures near T must differ from
(1/2 0 1/2) or critical fluctuations should be taken
into account in more detail to improve the interpretation
of the specific heat in this system.

The dipolar model (section II) was applied to
GdAu»Sis in order to investigate the influence of the
dipole interaction. The Fourier transform J,5(7) was
calculated by applying equ. (1)-(3) to the case of
GdAu,Sis as shown in fig. 1. The largest eigenvalue
corresponds to the moment direction [010]. This is in
agreement with the results of the diffraction experiment
and indicates that the dipole interaction is the dominant
source of anisotropy in this system. The experimental
magnetic diffraction pattern and the pattern calculated
from the dipolar model are compared in fig. 4. For the
other compounds of this study a similar analysis has been
performed.
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FIG. 4: Magnetic neutron diffraction pattern (data points) of
GdAu;Sis as determined from the difference of measurements
at T = 4 K and 25 K. The lines correspond to the pattern
calculated from the dipolar model described in the text.
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FIG. 5: Magnetic neutron diffraction pattern (data points) of
GdCu2In as determined from the difference of measurements
at T = 2 K and 20 K. The lines correspond to the pattern
calculated from the dipolar model described in the text. Ex-
tending the temperature range of the model (the high temper-
ature expansion is shown by a thin line) to low temperatures
by numerical methods (thick line) improves the description of
the experimental data (see text).

B. GdCu:In

GdCusIn crystallizes in the cubic Heusler structure
L2, [25] (lattice constant ¢ = 0.662 nm at 2 K). It or-
ders antiferromagnetically below T ~ 10 K with some
complicated and up to now unknown magnetic struc-

ture [26, 27]. Thermal expansion was measured [27] on
polycrystalline samples using a capacitance dilatometer.
The estimated value of the magneto-volume effect at 0 K
is small ((AV/V)pag ~ —1 x 107%).

We investigated the magnetic structure of the Heusler
compound GdCusIn by neutron diffraction and find com-
plex antiferromagnetism. The propagation vector and
the orientation of the magnetic moments have been
varied and the calculated magnetic diffraction patterns
have been compared to the experimental data taken at
T = 2 K. Fig. 5 shows the difference pattern of measure-
ments at 20 K and 2 K. The best fit could be achieved
with a propagation of 7 = (1/3 1 0) and a moment
direction perpendicular to [001].

The dipolar model (see section II) predicts for this
propagation a collinear amplitude modulated magnetic
structure with moments parallel to [100]. This moment
direction is consistent with the experimental result. But,
the quantitative agreement of the powder pattern of this
calculated magnetic structure with the experiment is not
completely satisfying (see thin lines in fig. 5). The rea-
son for this discrepancy is a slight modification of the
magnetic structure at lower temperatures which cannot
be modeled because the calculation procedure outlined
in section II is strictly valid only for temperatures near
Tn.

In order to remove this restriction of the model a large
effort was undertaken to extend the theoretical analysis
to low temperatures by numerical methods [28]. In a
first step isotropic short range exchange interaction con-
stants have been set up such as to give a maximum of the
Fourier transform at (1/3 1 0) and to reflect the exper-
imental Néel temperature (for details on this procedure
see [9]). From these conditions equations for the isotropic
exchange parameters follow which can be fulfilled only if
more than three neighbors are considered. Therefore, in
the model calculation we used the following four near-
est neighbor interaction constants, which are associated
with the neighbors at (1/2 1/2 0) (-0.0333 meV), (1 0 0)
(0.012 meV), (1/21/2 1) (0.004 meV) and (2 0 0) (-0.002
meV). In addition to these short range isotropic exchange
constants the dipolar interaction as given by equ. (3) was
taken into account for distances up to 4 nm. The pro-
gram McPhase [23],[43] was used to calculate the tem-
perature dependence of the magnetic structure. At low
temperature a non-collinear magnetic structure is pre-
dicted by the calculation. When increasing the temper-
ature to 0.9 Ty a spin reorientation associated with a
change of the magnetic structure from non-collinear to
collinear (with moments parallel to [010] in agreement
with the analytical approach - section IT) has been com-
puted.

The experimental magnetic diffraction pattern of
GdCuzIn at 2 K isin good agreement with the predictions
by the model based on isotropic short range exchange
plus classical dipolar interactions (see fig. 5). Note, that
a magnetic moment of 6.0 up/Gd has been used in the
calculation.
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FIG. 6: Magnetic neutron diffraction pattern (data points)
of GdAg, as determined from the difference of measurements
at T = 2 K and 35 K. The straight line corresponds to the
pattern calculated from the dipolar model described in the
text. The dotted line corresponds to Rietveld type fits, which
have been used to determine the magnetic propagation vector.
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FIG. 7: Magnetic neutron diffraction pattern (data points)
of GdAu, as determined from the difference of measurements
at T = 4 K and 70 K. The straight line corresponds to the
pattern calculated from the dipolar model described in the
text. The dotted line corresponds to Rietveld type fits, which
have been used to determine the magnetic propagation vector.

C. GdAg; and GdAu,

GdAgs and GdAu; crystallize in the tetragonal MoSis-
type structure [29]. The space group is I4/mmm with Gd
on the 2a-sites (point symmetry 4/mmm) and Ag(Au)
on the 4e sites. This structure can roughly be viewed

as being composed of three tetragonally distorted body
centered cubes along c-direction (GdAgs: a =0.3716 nm,
¢ =0.926 nm, GdAuy: a =0.3716 nm, ¢ =0.8996 nm).
The z atomic position parameter of the 4e sites (point
symmetry 4mm) is about 1/3. For GdAg, a value of
zag = 0.327 £ 0.004 has been determined from neutron
diffraction experiments [30].

GdAg, has first been reported to order magnetically at
about 27 K from resistivity measurements [31]. Further
studies [30, 32] including specific heat, resistivity , ther-
mal expansion and magnetization measurements as well
as first neutron powder diffraction experiments, showed
that this compound orders antiferromagnetically below
Tn =~ 23 K with two further first-order magnetic tran-
sitions at Tr1 =~ 21 K and Tgy =~ 11 K. The observed
first-order magnetic transitions in the ordered range have
been attributed to anisotropic terms in the two-ion Gd-
Gd exchange interaction. A further peculiarity is that the
magnetic ordering temperature of GdAgs is lower than
in TbAg> (Tn =~ 35 K), violating the De Gennes law.
Recently, the role of biquadratic exchange for the mag-
netic properties of these (L = 0) compounds has been
pointed out [5]. This has been referred to a change in
the conduction band due to the boundary situation of
GdAgs concerning the crystal structure, i.e. only the
RAg,; compounds with heavy rare earth, starting from
Gd, show the MoSiy type of structure [30].

In the previous neutron diffraction experiments by Gig-
noux et al. [30] magnetic satellites have been found below
the ordering temperature. However, the data has to be
doubted, because at the position of the (002) nuclear re-
flection no intensity has been found at any temperature
in contrast to expectations from the reported crystallo-
graphic structure. Therefore also the magnetic scattering
at low angles has to be doubted and we decided to re-
measure GdAg,.

Indeed our new data are in excellent agreement with
the reported crystallographic structure including inten-
sity on the (002) nuclear reflection. Fig. 6 shows the
magnetic diffraction pattern as determined from the dif-
ference of measurements at 2 K and 35 K. Fitting sug-
gests a propagation of 7 = (1/4 2/3 0) (dotted lines).
The best fit of the 2 K pattern with this propagation
corresponds to an amplitude modulated structure with
moments in [110] direction. The prediction of classical
dipolar exchange (just below the ordering temperature)
is a moment direction along [0.98,0.20,0], which is more
or less along a direction.

In order to make a correct theoretical prediction of the
squaring up at temperatures far below Tn a McPhase
calculation has been performed similar to the case of
GdCuzIn. At 2 K a cycloid in the ac plane is predicted.
However, the magnetic pattern calculated in this way is
in clear disagreement with the experimental pattern (see
fig. 6).

GdAu, orders like GdAg, antiferromagnetically, but at
a much higher ordering temperature of Tw = 50 K [33].
In contrast to GdAgs there is no measurable spontaneous



magnetoelastic effect at all. The magnetically induced
change of ¢/a as well as the volume magnetostriction of
GdAus is smaller than 10~ [32]. The results of our neu-
tron diffraction study for determining the magnetic struc-
ture are shown in fig. 7. The best fit gives a propagation
of 7 = (5/6 1/2 1/2) with an equal moment cycloid
with moments perpendicular to [011].

However, the classical dipolar interaction predicts
collinear moments parallel to [100] for this propagation
(near the ordering temperature). At lower temperatures
a McPhase calculation gives an equal moment cycloid
with moments perpendicular to [0,0.98,-0.2]. The pre-
dicted intensities do not correspond to the experimental
data.

Provided that the propagations are correct (small de-
viations from the assumed propagation vectors will not
alter the result) the experimental data indicates, that
in GdAgs and GdAu, the classical dipolar model for the
anisotropy of the two ion interactions cannot describe the
experimental moment direction sufficiently. Note that
in both cases the dipolar anisotropy is rather small (see
table I) and therefore other sources of anisotropy may
become important.

IV. DISCUSSION

For generalization we now consider other available data
for compounds with one Gd atom per primitive crystallo-
graphic unit cell. Table I shows a list of the compounds
which have been investigated and which we have sub-
jected to our model analysis. Most of the experimental
data have been derived from neutron diffraction. The
moment directions taken from the experiment are com-
pared to the calculation and agree for almost all cases
under investigation.

In order to give a measure for the dipolar anisotropy
for every compound the differences A; and Az of eigen-
values of J,5(7) (compare fig. 1) are given in the last
column of table I. For orientation also the eigenvectors
e; and ey are listed, which correspond to the hard mo-
ment directions. The values of A; and As show, that the
dipolar anisotropy varies over one order of magnitude. It
is largest for the 1:1 compounds (short Gd-Gd distances)
and smallest for GANis. It is small also in those few cases
where the dipolar model fails (GdAgy and GdAus). Note
that cubic ferromagnets such as GAMg [5] have not been
listed, because in this case the dipolar anisotropy is zero
by symmetry. To our knowledge no experimental deter-
mination of the moment direction (easy axis) has been
reported in this very interesting class of compounds.

In conclusion, in this paper we have shown that in
many Gd compounds the observed anisotropy originates
from the dipole interaction. Thus the compounds under
consideration might behave according to the dipolar uni-
versality class as described in [15, 16] for the case of Gd
metal. Although the magnetic anisotropy of Gd com-
pounds is usually much smaller than that of the other

rare earth compounds, it can be predicted with much
higher accuracy from first principles. However, care must
be taken if the dipolar anisotropy energy A; (as defined
in our model - section IT) is less than 10 peV. Then other
sources of anisotropy become important, which still have
to be identified for the compounds under consideration.
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TABLE I: Magnetic anisotropies of several Gd compounds in comparison with the prediction from the dipole interaction. The
second column describes the experimental method (n - neutron diffraction, x - magnetic X-ray scattering, m- Moessbauer
spectroscopy, uSR- muon spin relaxation). In the third column the ordering temperatures are given. The fourth column
contains the propagation vector, and the fifth the experimentally derived moment direction at low temperature (moment
direction coordinates [mzmym.] refer to Euclidean coordinate system with z||a, y||b and z||c). In many cases the experimental
data are in agreement with the prediction from the dipole interaction given in column six, exceptions are GdAgs and GdAu,.
The last column contains the differences A; and A, of the eigenvalues of J,3(7), which are a measure of the dipolar anisotropy.
The corresponding eigenvectors are given in brackets (compare fig.1).

Experiment Theory
Compound Method Ordering Propagation  Experimental| Calculated Dipolar
Temperature Vector 7 Moment Moment Anisotropy
(K) Direction Direction A[1e1]|A[2e2] (neV)

cubic
GdAg (bee) n[34] 134 (1/2 1/2 0) [001] [001] 361001 |36[010]
GdCu (bec) n[35] 150 (1/2 1/2 0) [001] [001] 471007 49[010]
GdX (fee,X=S,P,Se) n[36, 37] 50,28,60 (3/2 3/2 3/2) 1[111) 1[111) 053,50,481114]

(X=As,Sb,Bi) n[36, 37] 15.2,32,19  (3/2 3/2 3/2) 1[111] 1[111] 0]47,39,371114
GdCusIn n[this work] 10 (1/3 1 0) 1[001] [100]° 2.91001]|12,3[010]
GdCualn n[38] 7 (0 1/2 1) [010] [010] 4910014 gl001]
hexagonal
GdNis pSR[18] 32 (0 0 0) [001] [001] 7.511001|7 51010]
GdCuSn® m[39] 24 (0 1/2 0) [001] [001] 1201001 50(010]
tetragonal
GdAg, n[this work] 22.7 (1/4 2/3 0) [110] [0.980.200]°  4.3[°0%]|12,3[~0-200-980]
GdAus n[this work] 50 (5/6 1/2 1/2) 1[011] [100]¢ 7100-20 0.98] 35[0 0.98 —0.20]
GdAu,Si» n[this work] 12 (1/2 0 1/2) [010] [010] 11[=0-2200.97)|39[0.9700.22]
GdCusSi» n[40] 12.5 (1/2 0 1/2) [010] [010] 13[-0:200.98])3g[0.9800.2]
GdNisSis n[40] 14.5 (0.207 0 0.903) [010] [010] 14[70:9900.13] | 34[0-1300.99]
GdNi»B>C n,x[41] 20 (0.55 0 0) [010] [010] 21[001]|51100]
orthorhombic
GdBayCuz 07 n[42] 2.2 (1/2 1/2 1/2) [001] [001] 14101011 5100]

“note: extending the theory to 7" — 0 by a McPhase calculation
gives a non-collinear equal moment structure with moments L[00 1]
in agreement with the experiment.

bnote: only the Gd sublattice has one Gd atom per unit cell. The
full structure has two Gd atoms per primitive unit cell.

‘note: extending the theory to 7' — 0 by a McPhase calcula-
tion gives a non-collinear equal moment structure with moments
1[010].

dnote: extending the theory to 7' — 0 by a McPhase calcula-
tion gives a non-collinear equal moment structure with moments
1[0,0.98,-0.2].

[1] K. W. H. Stevens, Magnetic Ions in Crystals (Princeton
University Press, 1997).

[2] J. Jensen and A. R. Mackintosh, Rare Earth Magnetism
(Clarendon Press Oxford, 1991).

[3] F. Simon, A. Rockenbauer, T. Feher, A. Janossy,
C. Chen, A. J. S. Chowdhury, and J. W. Hodby, Phys.
Rev. B 59, 12072 (1999).

[4] R. W. Cochrane, C. Y. Wu, and W. P. Wolf, Phys. Rev.
B 8, 4348 (1973).

[5] U. Kébler, R. M. Miiller, P. J. Brown, and K. Fischer, J.
Phys.: Cond. Mat. 13, 6835 (2001).

[6] W. P. Wolf, J. de Phys. 32, C1 (1971).

[7] A. Loidl, K. Knorr, J. K. Kjems, and B. Luethi, Z. Phys.
B 35, 253 (1979).

[8] B. Halg and A. Furrer, Phys. Rev. B 34, 6258 (1986).
[9] M. Rotter, M. Loewenhaupt, S. Kramp, T. Reif, N. M.
Pyka, W. Schmidt, and R. v. d. Kamp, Europ. Phys. J.
B 14, 29 (2000).
[10] M. Rotter, M. Doerr, M. Loewenhaupt, U. Witte, P. Svo-
boda, J. Vejpravovd, H. Sassik, C. Ritter, D. Eckert,
A. Handstein, et al., Phys. Rev. B 64, 134405 (2001).
[11] N. M. Fujiki, K. De’Bell, and D. J. W. Geldart, Phys.
Rev. B 36, 8512 (1987).
[12] D. J. W. Geldart, P. Hargraves, N. M. Fujiki, and R. A.
Dunlap, Phys. Rev. Lett. 62, 2728 (1989).
[13] J. M. Coey, V. Skumryev, and K. Gallagher, Nature 401,
35 (1999).
[14] S. N. Kaul and S. Srinath, Phys. Rev. B 62, 1114 (2000).



[15] S. Henneberger, E. Frey, P. G. Maier, F. Schwabl, and
G. M. Kalvius, Phys. Rev. B 60, 9630 (1999).

[16] S. Srinath and S. N. Kaul, Phys. Rev. B 60, 12166
(1999).

[17] M. Colarieti-Tosti, S. I. Simak, R. Ahuja, L. Nordstrom,
O. Eriksson, and M. S. S. Brooks, J. Magn. Magn. Mat.
(2003), proceedings of the International Conference on
Magnetism - Rome 2003.

[18] A. Yaouanc, P. DalmasdeRéotier, P. C. M. Gubbens,
A. M. Mulders, F. E. Kayzel, and J. J. M. Franse, Phys.
Rev. B 53, 350 (1996).

[19] M. T. Hutchings, R. J. Birgeneau, and W. P. Wolf, Phys.
Rev. 168, 1026 (1968).

[20] M. Rotter, M. Loewenhaupt, M. Doerr, A. Lindbaum,
and H. Michor, Phys Rev. B 64, 014402 (2001).

[21] A. Aharony and M. E. Fisher, Phys. Rev. B 8, 3323
(1973).

[22] R. Mallik and E. V. Sampathkumaran, Phys. Rev. B 58,
9178 (1998).

[23] M. Rotter, J. Magn. Magn. Mat. (2003), in print.

[24] D. Schmitt and B. Ouladdiaf, J. Appl. Cryst. 31, 620
(1998).

[25] P. J. Webster, Contemp. Phys. 10, 559 (1969).

[26] M. J. Parsons, J. Crangle, K. U. Neumann, and K. R. A.
Ziebeck, J. Magn. Magn. Mat. 184, 184 (1998).

[27] J. W. Taylor, H. Capellmann, K. U. Neumann, and
K. R. A. Ziebeck, Eur. Phys. J. B 16, 233 (2000).

[28] M. Rotter, M. Doerr, M. Loewenhaupt, A. Lindbaum,
K. Ziebeck, and B. Beuneu, Physica B (2003), submitted.

[29] A. Dwight, J. Downey, and R. Conner, Acta Crystallogr.
22, 745 (1967).

[30] D. Gignoux, P. Morin, and D. Schmitt, J. Magn. Magn.

Mat. 102, 33 (1991).

[31] M. Ohashi, T. Kaneko, and S. Miura, J. Phys. Soc. Jpn.
38, 588 (1975).

[32] A. Lindbaum and M. Rotter, in Magnetic Materials,
edited by K. H. J. Buschow (Elsevier Sci. Pub., Ams-
terdam,The Netherlands, 2002), vol. 14, pp. 307-362.

[33] L. D. Tung, K. H. J. Buschow, J. J. M. Franse, and N. P.
Thuy, Journ. Magn. Magn. Mat. 154, 96 (1996).

[34] T. Chattopadhyay, G. J. Mclntyre, and U. Kébler, Sol.
Stat. Com. 100, 117 (1996).

[35] J. A. Blanco, J. I. Espeso, J. I. GarciaSoldevilla, J. C.
GoémezSal, M. R. Ibarra, C. Marquina, and H. E. Fischer,
Phys. Rev. B 59, 512 (1999).

[36] T. R. McGuire, R. J. Gambino, S. J. Pickart, and H. A.
Alperin, J. of Appl. Phys. 40, 1009 (1969).

[37] F. Hulliger, J. Magn. Magn. Mat. 8, 183 (1978).

[38] H. Nakamura, N. Kim, M. Shiga, R. Kmiec, K. Tomala,
E. Ressouche, J. P. Sanchez, and B. Malaman, J.Phys.:
Cont. Mat. 11, 1095 (1999).

[39] D. Bialic, R. Kruk, R. Kmie¢, and K. Tomala, Journal
of Alloys and Compounds 257, 49 (1997).

[40] J. M. Barandiaran, D. Gignoux, D. Schmitt, J. C.
Gomez-Sal, J. R. Fernandez, P. Chieux, and J. Schweizer,
J. Mag. Magn. Mat. 73, 233 (1988).

[41] C. Detlefs, A. I. Goldman, C. Stassis, P. C. Canfield,
B. K. Cho, J. P. Hill, and D. Gibbs, Phys. Rev. B 53,
6355 (1996).

[42] D. M. Paul, H. A. Mook, A. W. Hewat, B. C. Sales, L. A.
Boatner, J. R. Thompson, and M. Mostoller, Phys. Rev.
B 37, 2341 (1988).

[43] www.mcphase.de



Eur. Phys. J. B 14, 29-42 (2000)

THE EUROPEAN
PHYSICAL JOURNAL B

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 2000

Anisotropic magnetic exchange in orthorhombic RCu,

compounds (R = rare earth)

M. Rotter’>?, M. Loewenhaupt?, S. Kramp?°, T. Reif?, N.M. Pyka*, W. Schmidt®, and R. van de Kamp®

1
2
3

Institut fiir Experimentalphysik, Technische Universitdt Wien, Wiedner Hauptstrale 8-10, 1040 Wien, Austria
Institut fiir Angewandte Physik, Technische Universitiat Dresden, 01062 Dresden, Germany
Institut fiir Festkorperforschung, Forschungszentrum Jiilich, 52425 Jiilich, Germany

4 TU Miinchen, Zentrale Betriebseinheit FRM - II, 85747 Garching, Germany
5 Institut Laue Langevin, BP 156 38042 Grenoble Cedex 9, France

5 Hahn Meitner Institut, 14109 Berlin, Germany

Received 21 April 1999

Abstract. The magnetic excitations in the field induced ferromagnetic phase F3 of a NdCus single crystal
were investigated by means of inelastic neutron scattering experiments. A mean field model using the
random phase approximation in connection with anisotropic magnetic bilinear R-R (R denotes a rare
earth) exchange interactions is proposed to account for the observed dispersion. The relevance of this
model to the analysis of the magnetic ordering process in other RCus compounds is discussed.

PACS. 75.30.Et Exchange and superexchange interactions

1 Introduction

The magnetic structures of NdCus in zero field and for
magnetic fields parallel to the b axis of the orthorhom-
bic crystal have been the topic of extensive studies [1-3].
For the corresponding magnetic phase diagram and the
description of the different magnetic phases we refer the
reader to the given references. The investigation of the
magnetic excitations is an important dynamical counter-
part to the determination of the static magnetic struc-
ture, leading to conclusions about the magnetic ground
state and the detailed form of the magnetic interactions.
By measuring the field and temperature dependence of
the magnetic excitations it is possible to refine theoretical
models for the magnetic ordering process.

In NdCusy the zero field phase AF1 consists of a com-
plicated stacking of 10 ferromagnetic bc planes in a direc-
tion leading to an excitation spectrum with 20 branches
within an energy range from 0.6 to 2.0 meV [4,5]. The
presently available resolution of neutron spectrometry,
however, is not sufficient to determine all branches unam-
biguously unless detailed theoretical predictions are avail-
able. For these reasons the magnetic excitations have been
measured in the field induced ferromagnetic state, where
only two branches appear that can be easily resolved by
experiment and that can be calculated very fast by an
analytical formula that can be used for a fit.

The paper is organized in the following way: In the
first section the details of the neutron scattering exper-

2 e-mail: martin_rotter@hotmail.com

iments will be described, then the results are presented
followed by a discussion of the symmetry of the magnetic
interactions and an outline of the method used to calcu-
late the magnetic excitations. A quantitative analysis of
the experimental data is performed, followed by a discus-
sion about its relevance to other RCuy compounds in the
final section of the paper.

2 Experiments

The inelastic neutron scattering (INS) experiments have
been performed on a large NdCuy single crystal (5 x 7.5 x
5.2 mm?) that was also used for the magnetic structure
determination and is described elsewhere [2]. The major-
ity of the INS measurements was carried out on the IN12
triple-axis spectrometer at the Institut Laue-Langevin,
Grenoble, using vertical and horizontal magnetic fields of
3 T. Additional experiments have been performed on the
V2 triple-axis spectrometer at the BER2-reactor of the
Hahn-Meitner-Institut, Berlin, equipped with a horizon-
tal cryomagnet operated at 3 Tesla. Monochromator and
analyzer of both spectrometers were made of pyrolytic-
graphite (002) crystals. The IN12 spectrometer has been
run in constant-momentum-transfer (constant-Q) mode
with variable incident-neutron energy, bent monochro-
mator and flat analyzer. No filter has been used be-
cause higher order contaminations are filtered out by
the bent neutron guide. When working with vertical mag-
netic field ((010)-scattering plane) the scattered-neutron
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Fig. 1. Magnetic excitations of NdCuz for Q = (0.35 0 2).
At this wave vector the minimal energy of the dispersion was
measured. The upper scan shows the shift of the magnetic ex-
citations when increasing the applied magnetic field.

energy was kept fixed at kr = 1.8 A (6.7 meV). In hor-
izontal field ((001)-scattering plane) the final neutron en-

ergy has been varied between kf = 1.7 AT (6.0 meV)

and 2.1 A" (9.2 meV) in order to get access to some
Q-vectors in (h00)-direction. This variation was neces-
sary because of geometrical restrictions due to the con-
struction principle of the horizontal cryomagnet. Never-
theless, only a few points near the zone boundary could
be measured in (h10)-direction on IN12. The study of the
(h00)-direction could be completed at the V2 spectrom-
eter using a new horizontal cryomagnet with only two,
relatively small blind spots. This experiment was carried
out in constant-Q mode with fixed scattered-neutron en-

ergies of by = 1.1 A" (2.5 meV), 1.4 A™' (4.1 meV) and

155 A" (5.0 meV). A cooled Be-filter was placed in front
of the analyzer. Monochromator and analyzer have been
used in focusing geometry.

3 Results

The measurements have been carried out along the prin-
ciple symmetry directions (h00), (0k0) and (00l) at
T = 1.8 K and B = 3 T. Under these conditions the
lattice parameters have been determined to a = 4.385 A,
b=6.997 A and ¢ = 7.385 A. Due to the two Nd** ions
per unit cell in the ferromagnetically ordered phase two
magnon branches are expected from the crystal field (CF)
ground state doublet. With magnon energies < 2 meV
these excitations are well separated from transitions to
the higher CF-levels [6].

As an example, Figure 1 shows a constant-Q spectrum
at the reciprocal lattice vector Q = (0.35 0 2). The
two excitations with energies 0.53 meV and 1.21 meV are
clearly separated. The magnetic origin of the measured
excitations has been checked by increasing the magnetic
field from 3 T to 4 T. Due to the Zeeman contribution
the energy of the two excitations shifts by about 0.2 meV
to 0.77 and 1.38 meV (see Fig. 1). Energy scans at other
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Fig. 2. Constant Q scans along (h 0 2) showing the crossing
of the two modes at (0.5 0 2).

points along the symmetry directions of the reciprocal lat-
tice revealed, that the scan shown in Figure 1 corresponds
to an absolute minimum of the dispersion. Note that the
position of the spin wave minimum does not coincide with
the ordering wave vector 7 = (0.6 0 0) of the antiferro-
magnetic zero-field phase AF1.

Three subsequent scans along the (b 0 2) direction
are shown in Figure 2. At Q = (0.4502) the lower exci-
tation has moved up to 0.83 meV, whereas the upper did
not change. The scans at (0.5 0 2) and (0.6 0 2) indi-
cate, that a stronger, nondispersive mode at about 1 meV
is crossed by a weak, dispersive mode at (0.5 0 2).

Energy scans performed along (h 0 1) revealed only
one, weakly dispersive branch above 1 meV. It is the same
branch, which is observable along (h 0 2), but there the
second branch appears as well.

To investigate the behavior of the two modes sepa-
rately, scattering experiments in the ab plane were per-
formed at the V2 spectrometer using a new horizontal
cryomagnet with large accessible angular range. For Q
in the reciprocal ab plane only one excitation can be
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Fig. 3. Constant Q scans at two equivalent positions in the
reciprocal ab plane of NdCus2 measured in the horizontal field
configuration. Only one excitation may be observed under
these conditions (see text).

measured, because the second excitation has no intensity
due to the structure factor. This property is due to the
fact, that the projection of the CeCus — type structure into
the ab plane can be described by a primitive rectangular
two dimensional lattice. Figure 3 exemplifies this situation
at the two equivalent positions (0.4 2 0)and (0.6 1 0).
It is instructive to compare the two excitations observed
along (b 0 2) to equivalent points along (b 1 0)
and (h 2 0): along (h 1 0) the strongly dispersive
mode can be measured, whereas along (h 2 0) only the
weakly dispersive excitation can be observed.

Unfortunately, even with the new horizontal cryomag-
net on the V2 spectrometer not all q values were accessible
(@ = Q—7 with 7 being a reciprocal lattice vector). How-
ever, the dispersive branch could clearly be followed from
the zone boundary at (0 1 0) up to (0.6 1 0). Crossings
of the two modes have been found at q = (0.2 0 0) and
q=(053 0 0).

The results of all scans performed along the symme-
try directions of the reciprocal lattice are summarized in
Figure 7 and will be discussed in comparison with the cal-
culated dispersion in Section 5. The energies of the two
modes at the I' point have been determined at (0 0 2)
to 1.18 meV and 1.63 meV.

4 The MF-RPA model for magnetic
excitations

For the calculation of the magnetic excitations in systems
with low symmetry great care has to be taken about the
anisotropy of the magnetic interactions. In general there
are several sources of magnetic anisotropy: single ion and
two ions, the most investigated being single ion anisotropy
originating from crystal fields. The two ions anisotropy is
often considered to be of minor importance and therefore
neglected, i.e. an isotropic Heisenberg type of magnetic
exchange is assumed, especially for high symmetry com-
pounds where anisotropic exchange constants are partly
zero for reason of symmetry.

In the orthorhombic RCus compounds there is evi-
dence that the strong single ion anisotropy [7] alone cannot
explain the behavior of the magnetic excitations. The im-
portance of anisotropy in two ions exchange interactions
has been investigated in some cubic and hexagonal sys-
tems, see e.g. the case of TbP [8], RSb [9] and Pr [10]. In
Pr and TbP the anisotropy of bilinear exchange could be
demonstrated by a splitting of otherwise degenerate exci-
tations, in CeSb this anisotropy results in a soft mode at
another position than the ordering wave vector of the sys-
tem. The latter, outstanding feature was found also in the
present investigation on NdCus and strongly underlines
the presence of anisotropic exchange interactions. There
is also another, more quantitative argument for the im-
portance of anisotropic exchange in NdCus, which due to
its length is presented in Appendix A.

After having commented the experimental evidence for
anisotropic exchange, the most general bilinear exchange
interaction allowed by symmetry will now be discussed.

The RCuy compounds crystallize in the CeCuy struc-
ture (space group Imma, D3%), which can be thought of as
an orthorhombic distortion of the hexagonal AlBy struc-
ture [11] (space group Pgmmm, D}, . note that LaCus
crystallizes in this hexagonal structure). The orthorhom-
bic b axis corresponds to the hexagonal axis and the ac
plane to the hexagonal plane. Figure 4 shows the CeCus
structure in a projection into the ac plane, so that this
correspondence can be seen clearly.

Table 1 gives the interaction tensor for the most gen-
eral case of 4 equivalent neighbors (all situated in one ab
plane) and, in addition to that, 3 more special cases. Any
two ions contribution to the exchange can be classified ac-
cording to the 4 cases in Table 1. F.q. for ions separated
only in ¢ direction the exchange is diagonal (this follows
from the mirror symmetry of the ac and be planes). For
all other types of neighbors exchange with off diagonal
elements is allowed by the orthorhombic symmetry.

In the following calculation all off-diagonal terms in
the exchange will be neglected. This results in short an-
alytical expressions for the magnetic excitation energies,
but it must be kept in mind, that this approach might
be too simple when comparing the calculation with the
experiment.

In addition to this simplification a further restric-
tion is used in the fitting of the exchange parameters
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Table 1. General bilinear magnetic interaction tensors between Nd®* ions in NdCus.

exchange tensor ;(z]) distance R; — R;
Jaa gab jac Jae _gab _ gac Re _Re
gba b e _gba gbb gbe || r
gea geb gee _gea geb  gee Re Re

gaa  gab _ gqac gaa _ gab gac _Re Ra
gba gvb e | [ _gpa gob _ b —r || -r
_gea _geb e gea _geb e R¢ R®
J 0 g J 0 =Je R* —R®

o J” o0 |, o J* o o1, o
Jea o gee _gea o gee R¢ R®
J 0 0 J*“ 0 0 0 0

o 77|l o gt —gte r || =R

0 geb ge 0 _gcb gee R® Re
J 0 0 0

0 J" 0 0

0o o0 J= Re

! !

a

Fig. 4. Structure of NdCus2 projected into the ac plane. The
correspondence of the orthorhombic CeCus structure to the
hexagonal AlB; structure is indicated. The big circles indicate
the Nd atoms at yna = 0.25 (filled) and yna = 0.75 (open),
the small circles indicate the Cu atoms at ycy = 0.0511 and
0.4489 (filled) and ycu = 0.5511,0.9489 (open).

to the experimental data. It is assumed that the mag-
netic exchange constants “do not see” the orthorhom-
bic distortion of the hexagonal lattice (compare Fig. 4)
and in addition the exchange is isotropic for magnetic
moments in the ac plane (i.e. J% = J, J* = 0).
This assumption is asserted also by the analysis of other
RCus compounds, for instance DyCus. A high magnetic
field along the c¢ direction of DyCus leads to a big hys-
teresis with a sudden increase of the saturation moment
to the value of 85 up/f.u. [12]. Afterwards the mag-
netic and magneto elastic behavior of the ¢ axis resem-
bles closely that of the original a axis (and wvice versa).
Therefore this behavior is called “conversion of the easy
axis from a to ¢”. The magnetic phase diagram after
this axis conversion has been studied in detail for fields
along ¢ [13] and agrees in all details (within 0.5 K and

0.1 T) with that of the original a axis. Preliminary neu-
tron scattering experiments in the converted state in-
dicate, that the ordering wave vector does not change
after the axis conversion [14]. This experimental evidence
underlines the assumption, that in RCus compounds the
exchange is isotropic in the ac plane within a few peV.
Another case of interest in this respect is GdCus: In
this compound the magnetic structure is compatible with
hexagonal symmetry, it is just the lattice which shows
an orthorhombic distortion. However, the lattice becomes
more hexagonal at the ordering temperature, as can be
seen by the change of the a/c ratio [15]. These results jus-
tify the assumption that the exchange is isotropic in the
ac plane.

Assuming hexagonal symmetry Figure 5 shows the dif-
ferent types of neighbors. The numbers indicate, which of
the exchange constants are related by orthorhombic sym-
metry only.

Bearing in mind the assumptions about the magnetic
exchange the detailed calculation of the low energy mag-
netic excitations in the field induced ferromagnetic phase
of NdCu, is performed in the mean field (MF)-random
phase approximation (RPA). This method has the advan-
tage compared to linearized spin wave theory that it is
very easy to introduce the magnetic single ion anisotropy
caused by the crystal field [16]. The magnetic anisotropy,
both of single ion and two ions type, produces a gap in
the excitation spectra.

The starting point of the calculation is the following
Hamiltonian, consisting of a single ion and a two ions part:

H= ZBszzm(Ji) — gJlB ZJiB - %ZJi;(ij)Jj-

ilm
(1)



M. Rotter et al.: Anisotropic magnetic exchange in orthorhombic RCuz compounds (R = rare earth) 33

Fig. 5. Different types of bilinear exchange interactions in RCus compounds assuming hexagonal symmetry of the exchange.
The numbers indicate which of the exchange constants are related by orthorhombic symmetry only.
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~Q) = (_* Ts(@) Tp(Q) expliQ(rs r2>1> 13
JIn(Q) exp[—iQ(r1 — r2)] Ts(Q)
_ i,j same sublattice _
Ts@= > Jlij)espl-iQR: - Ry) (14
_ 1,j different sublattice _
In(Q) = J(17) exp[-iQ(Ri — R;)]. (15)

In this expression the first term describes the crystal
field [17], the second the Zeeman energy and the third the
anisotropic bilinear exchange. At very low temperatures
the magnetic properties may be calculated by considering
only the ground state doublet |+) of the crystal field split
multiplet.

In [4] the crystal field parameters have been estimated
to BY = 117 peV, B2 = 134 peV, B = 1.92 peV,
B? = 0.87 peV, Bf = 1.69 peV, B = 0.0476 peV,
B2 =0.0116 peV, Bg = 0.0421 peV and B = 0.366 peV.
The corresponding ground state doublet is given by |£) =
—0.0487| £9/2) — 0.891| F 7/2) + 0.373| £ 5/2) + 0.23]| F
3/2) —0.111| £ 1/2). However, the following analysis does
neither depend on any particular choice of crystal field
parameters nor on the form of the ground state.

The Hamiltonian (1) may be projected into the ground
state doublet yielding (for external fields B parallel to the
b axis, the coordinates are chosen such that al|z,c||y,bl|z)

M 0
Hon—gmBZ(O _M) B
i [

-5 (4 ‘3) 7o é)j

ij

S S e (8 S)

ij

R % ; <_OC g)z T (_OC (5)] (2)

A=(+]J%-) A" =4 (3)
+M = (£|J°|£) M*=M (4)
C=(+J|-) C*=-C (5)

A mean field (MF) is introduced and the splitting of the
ground state A = E_ — E is calculated selfconsistently
according to the following relations (taking into account
interdoublet mixing to second order in BT as described

in [3] Egs. (8,9)).

: 1
B = B4+ —7"(q=0)(J" 6
t s @=00n (6)

with the thermal expectation value defined as

(') = My + M™n_ ()

M* = +M(1 4+ aB°t) (8)

Ei — Ey = FgyusM (1 + a BT /2) B°! (9)

_ exp(—FE+/ksT) ‘ )
exp(—E4 /ksT) + exp(—E_/kpT)

n4

In this expression ni are the thermal population num-
bers of the two states |+) split by the effective field Be.

The Fourier transform of the exchange tensor 7 (ij) (i.e.
J(q=0)) is defined in equation (A.3).
The frequency dependent single ion susceptibility

Xo (w) can be calculated for the MF ground state dou-
blet

nA?A 0 nAChw
_ A2 _R2,2 AZ_R2,2
= - bb
Xo (w) = 0O xo 0 (11)
_ nAChw (g _ nC?A
A2 _h2,2 A2 _h2,2
. . . T—0 bb :
with the abbreviation n = 2(n— — ny) — 2. x{” is zero

for w # 0 and will therefore be neglected in the following
calculation.

A first estimate for the order of the excitation energies
are the singularities of this single ion susceptibility (i.e.
at hw = A). To describe the dispersion correctly the two-
atomic basis in this compound is taken into account and
RPA is performed (compare [16]) to calculate the suscep-

tibility X (Q,w)
—1

X (Quw) = (XO (@) Ow)> ) (12)

0 )Z(o(

This is an equation of 6 x 6 matrices (for each of the
Nd atoms in the basis of the crystal there is a single ion
excitation matrix). The Fourier transform of the coupling
is given by

see equations (13, 14, 15) above.
In this expression the R; are the position vectors of the
Nd3T ions, (r; — r2) designates the position of one Nd

sublattice with respect to the other Nd sublattice. Ac-
cording to the fluctuation dissipation theorem (see [16])
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the neutron cross-section is then given by summing over

=1 = =1
the components of X (Q,w) = (X (Q,w)— X (Q,w))/2i
do K
dE’ds? - 1-— exp(—hw/k:BT) af...spatial indices

ss’...sublattice indices

X ch/j (Q,w) exp[—iQ(r, — rS’)}((Saﬂ - QaQﬂ)

k¢ he 1 2

K- (Bg ) {or@} -
In this expression k; and k¢ denote the wave vector of
the incoming and of the scattered neutron, respectively,
F(Q) is the magnetic form factor of Nd** in the dipole
approximation, /N the number of scattering Nd atoms, v =
gn/2h the gyromagnetic ratio of the neutron and 2 /mc? =
2.82 fm is the classical electron radius.

The excitation energies can be calculated by analyz-
ing the poles of this cross-section. If the exchange is

(16)

assumed to be isotropic in the ac plane, J5(Q) and

Jp(Q) are diagonal and the aa and cc components are
equal. Using the notation Jp(Q) = J5%(Q) = J5(Q),
Js(Q) = J¢(Q) = J$°(Q) (but still assuming that

Q) £ J(Q) and JEQ) # J(Q)) it is possible
to derive an analytical expression for the cross-section of
the magnetic excitations by combining equations (11-16):

do 2Kn N fh2w? +g
apdan ~ 1- exp(—h/,u/kBT)\f ( M (w? — w?)(ws — w2)>
f=(1=-QNAR(v) —5) — C*(1 - Q2)(R(u) — )
9= (1-QNA(s* — v*v)[r + R(u)]
— (1= Q2)C?(r* — u*u)[s + R(v)]

r=A-nA*75(Q)
s=A+nC*TJ5(Q)
u=nA’Jp(Q)
v=-nC*Tp(Q).

In this expression £ and & denote real and imaginary
parts. The excitation energies hw; and hwe are given by

[hwn]? = {A = nA?(Ts(Q) 7 [T (Q)[]}
x {A+nC?[Js(Q) F [T (Q}-

The corresponding intensities I; and I2 can be calculated
from the residua of equation (17) — note that any factors
arising from the scattering geometry of a triple axis spec-
trometer are not included in the following expression:

_ Kn R[Ip(Q)]
" BT = exp(— ey /nT) (1= )
X1 = QDA% o)~ (1= QDC G+ [al)}. (19)

Note that Js(Q) and Jp(Q) transform under a transla-
tion about (1 1 0) as Js(Q + (110)) = Js(Q) and

(17)

(18)

Jp(Q+(110)) = —Ip(Q). Inserting this property into
equations (18, 19) one finds, that w1 (Q + (110)) =
hwt(Q) and hwo(Q 4+ (110)) = hwy(Q). Neglecting the
Q dependence of K for the moment (which is small due
to the magnetic form factor), we see, that the intensities
of the two excitations are exchanged by this translation,
ie. [(Q+(110))=12(Q) and I>(Q+(110)) = I1(Q).

If neutron experiments are performed in the reciprocal
ab plane, Jp(Q) is real and according to equation (19)
either I (Q) or I2(Q) is zero. Only one excitation can be
observed for a given wave vector Q, the other branch can
be measured at Q + (110).

However, such favorable experimental conditions can
be used only to measure the dispersion for [ = 0. For
I # 0 the calculation always predicts two excitations.

5 Numerical analysis of the magnetic
excitations in NdCu,

For the transition matrix elements A and C defined in
equation (3) the values A = 2.00 and C = il1.6 have
been used. This is in reasonable agreement with the val-
ues deduced from magnetization at 8 K [7] (i.e. A = 2.1,
C = il.5) and those derived from the published crys-
tal field parameters [4] (i.e. A = 2.0, C = i1.5). Scal-
ing of both of these parameters scales the amplitude of
the dispersion. Changing the relation of the values of A
to C' affects the form of the dispersion: the steepness of
the low energy modes is increased while the high energy
modes become flatter if A and C become very different
(see Eq. (18)).

For the determination of A and B°T the following
parameters have been used in equations (2-10): M = 2.27,
a=0.03 T ! and J%(q = 0) = 24.6 peV (i.e. the same
as in [3]). Solving equations (2-10) selfconsistently with
respect to A and BT for B = 3T gives A = 0.861 meV
and BT =4.50 T.

Using the above value for A, only an insufficient fit
of the observed dispersion could be achieved. To improve
the fit, A was varied (yielding A = 1.106 meV) and the
standard deviation (described below by Eq. (20)) could be
reduced to 20% of its former value. This indicates, that the
value of A derived from the study of the magnetic phase
diagram [3] at 3 T external field is too low, suggesting that
J%(q = 0) has to be modified. A consistent description
can be obtained with J% (¢ = 0) = 44 peV, BT =5.78 T
and A = 1.106 meV. The new value for 7" (g = 0) can
be used as an input for refining the calculation of the ex-
change parameters 7" (ij) describing the magnetic phase
diagram (compare [3]).

The exchange parameters J(ij) = J(ij) have
been obtained by performing a least square fit of the cal-
culated to the measured dispersion using a simulated an-
nealing algorithm [18]. The following expression was min-
imized (F1(Q) and E3(Q) denote the measured modes,
51(Q) and s2(Q) some statistical weighting factors and
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Fig. 6. First Brillouin zone of NdCusg, the I'-point, the X—
point and the main symmetry directions are indicated.

O(z) the step function):

>

Q&{measured constant Q—scans}

+52(Q)[w2(Q) — E2(Q))?

51(Q)[hw1(Q) — E1(Q)]

i=1,2,Q€{1st Brillouin zone}
+ > 0(0.73 meV — hw;(Q))
1Q—(0.6510)[>0.15 A

" 14+ 6(0.63 m2eV — hwi(Q)) [hw; (Q) — 0.73 meV]Q-

(20)

The second sum in equation (20) ensures, that the mini-
mum of the dispersion relation at g = (0.6510) is a global
minimum. In this sum only q vectors in the first Brillouin
zone with positive h, k and [ have been considered, be-
cause the excitation energies in the other parts of the zone
are related by symmetry (compare Eq. (18)). The error in
the fitted exchange parameters was estimated from the
experimental error in the measurement. Assuming an av-
erage experimental error of 0.15 meV leads to a variation
of (20) by about 0.14 meV?2. This variation corresponds to
a variation of the fitting parameters within the range of
the error bars shown in Figure 8. Note that an error es-
timation obtained in this way does not take into account
the fact, that there might be several isolated solutions in
other regions of the parameter space. Figure 6 shows the
first Brillouin zone and the main symmetry directions of
the reciprocal lattice. The primed letters denote the ex-
tension of a symmetry line from the zone boundary to the
X-point. Note that for the related hexagonal lattice the

Brillouin zone would have the shape of a simple honey-
comb with X¥'/X =1/2.

Using a set of fitted parameters and formula (18) the
excitation energies have been calculated. Figure 7 shows,
how the calculated excitation energies compare to the
experimental data. The dispersion along A shows a fast
oscillation with q indicating the long range of the
exchange. It was necessary to include the neighbor
r = (0,0,2¢) (distance: 15 A) into the model to ex-
plain this oscillating behavior (or alternatively assume
non hexagonal exchange resulting in a model with even
more parameters and different signs of parameters which
in hexagonal description should be equal). This high fre-
quency in Fourier space was also observed in the magnetic
excitations of PrCus [19]. In X direction the position of the
minimum in the dispersion and the mode crossing are in
excellent agreement with the available experimental data.
Also the two weakly dispersive modes along A compare
well to the calculation.

In addition to the peak positions which are shown in
Figure 7, the intensities have been evaluated and com-
pared to the calculation (19). The contribution of the

polarization factors (1 — Q2) and (1 — Q2) dominates
and results in strong intensities for Q || b. The rela-
tive intensity of the two modes is correctly described by
the model. For instance along the (b 0 1) direction
the intensity of the dispersive mode is only 10 percent
of the intensity of the other mode. Along (h 0 2)
both modes have about the same intensity (difference
less than 30 percent — compare the experimental data in
Fig. 2). A calculation assuming hexagonal symmetry of
the structure gives only one excitation. Comparing such a
calculation to the experiment showed, that whenever two
excitations are observed, the weaker excitation (i.e. the
upper mode along (0 0 [) and the strongly dispersive
mode along (h 0 1) and (h 0 2)) is expected to disap-
pear in hexagonal symmetry.

More accurate experimental data would be needed for
a comparison of small details in the variation of the in-
tensity, which are due to the oscillations in J5(Q) and
In(Q).

Figure 8 shows the dependence of the fitted exchange
constants J = J° on the interatomic distance. The
different types of neighbors are indicated by different
symbols. Because of the orthorhombic distortion of the
lattice the distance varies within some sets of exchange
constants, which have been kept equal in the fit pro-
cess because of the nearly hexagonal symmetry. The ex-
change constants of type 2e, indicated by the filled trian-
gles in Figure 8 appear rather large. If these constants
are set to a smaller value, the quality of the fit dete-
riorates dramatically. The large contribution might be
connected with the fact, that the parameters of type 2e
describe the exchange between Nd3*t ions situated in a
zig zag chain in b direction with very short distance,
whereas for all other types of interactions one or more
Cu atoms are situated in or near the connecting line.
The dashed line in Figure 8 represents the magnitude
of the classical dipole — dipole interaction, the solid line
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shows the indirect exchange interaction as given by a free
electron model [16]. The corresponding formulas are

3(Ry — R)(R] — R)) — |R; — R,
IR; — R,[°

T (if) = (gsus)?
(21)

for the classical dipole exchange and

T (i) = bapl2mv]jo|*N (ér)
% SiH(QkF R1 — RJ|) — 2k‘F|R1 — R]| COS(2]€F|Ri — RJ|)
2kpR; — R; |4

(22)

for the indirect exchange interaction in a simple isotropic
model (RKKY) [16]. In the above expression v denotes
the number of conduction electrons/f.u. (i.e. v = 5 =
3|Nd] + 2 x 1[Cu]), jo the effective s-f exchange integral
(ie. jo ~ (g7 — 1)0.1 eV), kp = 1.395 A~ the Fermi
wave vector in a free electron model [20] and N (ér) the
density of electronic states/f.u. (i.e. ~ 2.8 eV~!: this
value corresponds to the specific heat y—value in YCus
of 6.7 mJ/mol K?). To compare with the experimen-
tally determined exchange constants the indirect exchange
(RKKY) had to be scaled by a factor 0.06.

The classical dipolar exchange is comparable to the
indirect RKKY exchange only for neighbors up to 6 A,
especially for next neighbors in the quasi — hexagonal ac
plane. It is obviously non diagonal (this fact is neglected
in the present analysis of the magnetic excitations) and
therefore might drive the formation of the noncollinear
magnetic structure observed in GdCug [15].

Figure 9 shows the Fourier transform of the exchange
interaction constants J"(Q) (as determined by the mag-
netic phase diagram [3], compare equation (A.3)) and
J%(Q) = J°(Q) = Js(Q) + Jn(Q) (as determined by
the magnetic excitations in the field induced ferromag-
netic phase F3). The difference of the dashed and full line
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in (h 0 0) direction is a measure of the anisotropy of the
exchange. The wavelength of the oscillations with q is in-
versely related to the range of the exchange interactions,
indicating the importance of distant neighbor interactions
in NdCus.

6 Magnetic order in other RCu; compounds

Having analyzed the exchange in such detail for NdCus
one question is obvious: Is it possible to interpret the or-
dering process of other RCuz compounds (R = Ce, Pr,
Sm, Gd, Tb, Dy, Ho, Er, Tm) on the basis of these pa-
rameters?

The exchange parameters given in Figure 8 can be used
to make a prediction for the ordering temperature and the
magnetic structure of some other RCuy compounds on the
basis of a MF theory. For simplicity we assume, that the
CF anisotropy of the rare earth moments can be described
by considering an anisotropic two level system (except
in the case of Gd, where CF effects can be neglected).
The anisotropy of this two level system is estimated by
the saturation value of the magnetic moment components
(5% . = gaps Mg p.c in the three orthorhombic axes (the
corresponding matrix elements of J, i.e. M, . have been
calculated from the available experimental data and are
listed in the third column of Table 2 for some RCus com-
pounds).

To calculate the ordering temperatures for different
possible magnetic structures the two ions exchange inter-
actions of the present analysis of NdCusy are used. Assum-

ing an indirect exchange interaction, j spin (a) should be

comparable among the different rare earths [16]. J Spin (Q)
is defined by

T (@) = (93 = 1)% Tspin (q). (23)

Next we calculate the maximum of the Fourier trans-
form of the exchange interaction J%(Q) and J%(Q) =
CC(Q).

For J%¢(Q) = J°(Q) the maximum of the
exchange corresponds to the minimum of the dis-
persion in NdCus at Q ~ (2/310). From the
present analysis of the magnetic excitations we find
J(Q = (2/310)) = 79 peV (using the parame-
ters shown in Fig. 8). This value is scaled according to
equation (23) for other RCuz compounds and listed in
column 4 of Table 2. The maximum of 7% (Q) will be at
about Q ~ (2/300), corresponding to the type of mag-
netic order found in NdCus. From the Néel temperature
Tx = 6.5 K we estimate J"(Q = (2/300)) = 93 peV (see
Fig. 9, [3]). Also this value is scaled according to equa-
tion (23) and listed in column 4 of Table 2 for other RCug
compounds.

With this input it is now possible to calculate ordering
temperatures for moments in a or ¢ direction

kn TG = M27°(Q = (2/310)) (24)

kpT = M2JT°(Q = (2/310)) (25)
and for moments in b direction

ksTy = MyT"(Q = (2/300)). (26)

Note that the ordering wave vector Q is different for
magnetic moments within the ac plane and parallel to
the b direction due to the different position of the max-
imum in J°(Q) = J°(Q) and J%(Q), respectively.
Equations (24-26) are valid also for negligible CF
anisotropy (i.e. M, ~ My ~ M.) and can be used to
calculate the ordering temperatures Ty§ for the two types
of modulation. Naturally, only the largest value for the
ordering temperature will be of physical relevance (com-
pare [16]).

In Table 2 the calculated ordering temperatures for
the different moment directions and ordering wave vec-
tors are compared to experimental data. The calculation
of the ordering temperature was performed according to
equations (24-26), except for the case of Gd, where the
CF splitting is negligible. For Gd the well-known formula
3kgT{ = J(J +1)T**(Q) was used.

Of course, from such simple modeling a complete ex-
planation of all details cannot be expected. However, in
most cases the calculation is in reasonable agreement with
available experimental data.

Whenever Ty or Ty show the largest value, the pre-
dicted magnetic modulation vector Q is equal to (2/310)
(e.g. for TbCuy and DyCuy — see Tab. 2). For the com-
pounds where T} has been calculated to be larger than T
and T, Q ~ (2/300) is the predicted modulation vector.
In most cases this is true.

It is of interest to compare the exchange parameters
used in this paper to those obtained by Iwata et al. [21]
for TbCuy and DyCusy: In Table 3 the reduced exchange
parameters of ThCuy and DyCus, which have been defined
in [21], are compared to those calculated from our set for
NdCus (shown in Fig. 8).
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Table 2. Calculated and experimentally observed ordering temperatures and wave vectors for some RCus compounds. The
saturation moment is estimated from magnetization experiments. It is used to calculate the ordering temperature for different
possible magnetic structures (i.e. (2/310) with a or ¢ as the easy axis, (2/300) with b as the easy axis). If the observed structure
does not agree with the calculated one it is marked by a “#”.

M. — A jzz(2/31o) T§
S T Vi A O I e S P
M. = CJi J<(2/310) | TR
[peV] (K]
1.9 21.7 09# | 35
CeCuz | 2 | £ | 0.6 [30] 25.5 0.1 [31] | (110)?
1.3 21.7 0.4
1.9 42.5 1.8
PrCuz |4 | 2 | 09 [32] 50.0 0.5 (33)% -
0.4 42.5 0.08
2.0 79 3.7
NdCuz | 2 | & | 25 [7] 93 6.7 6.5 [2] (0.61800)
1.6 79 2.3
0.1 542 0.06
SmCuz | 2 | 2 | 0.3 [34] 638 0.67 | 23 [6] ?
? 542 ?
1062 65 40 (2/310)
GdCuz | I |2 |- 1250 76 # [15] [15]
1062 65
5.9 266 107 54 (2/310)
TbCuz | 6 | 2 | 0.4 [32] 313 0.6 [25] [24]
1.3 266 5.2
7.4 118 75 27 (2/310)
DyCup, | £ | 2 | 3.8 [32] 139 23 [13] [26]
1.9 118 4.9
6.4 66.4 31.5 10 (2/310)
HoCup |8 | 3 | 4.6 [32] 78.1 19.2 [25] [27]*
2.7 66.4 5.6
0.4 42.5 0.08
ErCuy | £ | £ | 7.1 [32] 50.0 29.2 | 12 [25] (0.61500) [28]°
0.9 42.5 0.40
0.7 29.5 0.2
TmCuz | 6 | 2 | 5.9 [29] 34.7 14.0 | 6 [25] (5/800) [29]°
0.9 29.5 0.3

2 Note that in CeCus the chemical and the magnetic unit cell is identical except for the fact that the magnetic moments of the
Ce ions on the two positions are coupled antiferromagnetically. This may either be described by a propagation vector (0 0 0)
and a 180° phase shift or by a propagation vector (1 1 0).

3 j.e. in PrCusy the magnetic order is screened by quadrupolar order at 7.5 K.

* for HoCusz a propagation of (1/3 0 0) has been reported [27] for the high temperature phase between 7.4 and 10 K, this is
equivalent to an indexing with a propagation vector (2/3 1 0), the moments are aligned in a direction.

5 in ErCuz a propagation of (0.385 0 0) was discussed in [28], however satellites have also been found at
(0.385. 0 1) =(1 0 1)-(0.615 0 0).

6 the data of TmCus presented in [29] can be indexed according to (5/8 0 0).

In [21] the parameters of ThCus and DyCus have been
adjusted to reproduce the correct Néel temperature within
a mean field theory (compare Eq. (24); however, in [21] the
effect of all crystal field states has been considered). The
magnitude of the Néel temperature Ty is determined by a
linear combination of these parameters, which is compared
at the bottom of Table 3. The value derived from the
present analysis of NdCusy exceeds only slightly the values
for the other compounds.

Using the model described by [21] and the parameters
derived from the present analysis of NdCugy (third col-

umn in Tab. 3), the critical field for the spin flip to the
ferromagnetic phase has been calculated for DyCus to
6.1 T. It exceeds the experimental value of 2.0 T [13,21].

7 Conclusion

The dispersion of the magnetic excitations in the field
induced ferromagnetic phase F3 of NdCuy can be de-
scribed by a MF-RPA model with anisotropic magnetic
bilinear R-R exchange interactions. An attempt to analyze
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Table 3. Comparison of the exchange constants determined from the phase diagrams of ThCuz and DyCus in [21] with the

model presented here for NdCua.

ThCuz [21] DyCuz [21] NdCuy
J1 [K] 2.65 2.09 2.47
J2 [K] —1.00 —1.26 —2.79
Js [K] 3.16 2.78 3.49
Ji [K] ~1.69 —1.67 ~3.61
Jp— Jo+ J3 — J4[K]
8.5 7.8 12.36
(o< Tn/(9s — 1)?)
Jo=2J1 +2J2+ J3 + Ju[K]
4.77 2.77 —0.77
(x Tspin(q = 0))
the magnetic ordering process in other RCuz compounds N f(B) [arb.units] T=0K
on the basis of this model shows: \ch B3 B

1. The direction, into which the ordered magnetic mo-
ments point, is mainly determined by the crystal field,
because the CF interaction is much bigger than the
R-R exchange interaction.

2. The exchange interaction between neighbors in b di-
rection dominates, probably because the interatomic
distance between these R atoms is small and therefore
the magnetic interaction is not screened by any Cu
atoms.

3. Because of the anisotropy of the exchange the two R3*
ions in the primitive chemical unit cell may couple anti-
ferromagnetically, if the moments are aligned along the
a direction, but ferromagnetically, if the moments are
aligned along the b direction. Therefore, the ordering
wave vector is not the same for all RCus compounds.
It is approximately Q ~ (2/310), if the easy axis is
the a or the ¢ axis and Q ~ (2/300) if b is the easy
axis.
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Appendix A

Here a more quantitative argument for the importance
of anisotropic exchange in NdCus will be presented. It is
based on the analysis of the magnetic structures of this
compound [3]. Figure 10 shows the free energy of the dif-
ferent magnetic structures in a magnetic field parallel to
the b-direction. For every magnetic structure the free en-
ergy at zero temperature is given by a line, the slope of
which is determined by the total magnetic moment of the

Fig. 10. Model: Magnetic free energy f at zero temperature as
a function of the magnetic field B for the different structures
AF1, F1, F2, F3 (neglecting the contribution of higher CF
levels).

structure. The position of the line is determined by the
special moment arrangement of this structure [3]. There-
fore, if the magnetic structure and the transition fields
Bc1, Beo and B3 are known from experiment, the position
of all lines in Figure 10 can be determined (see [3]). Also
the value of the critical field BAT1=F3 can be calculated,
although this critical field cannot be observed directly in
experiments. Thus the value of BAF1=3 has been deter-
mined to 1.965 T [3]. At this field the free energy of F3
equals the free energy of AF1 and this fact may be used to
make important conclusions about the magnetic exchange
in this compound.

We will assume that the exchange is isotropic and show
that this leads to contradictions with the experimentally
observed magnitude of the excitation energy within the
mean field (MF) — random phase approximation (RPA)
model.

The magnetic energy of the zero field phase AF1 (per
formula unit) can be calculated directly from the exchange
interaction

1

fAFl = _W

2%

(J0)ar1 T (§)(3;) aFL. (A1)

In this expression the 7 (i) represents the exchange ten-
sors between Nd ion number ¢ and j (at position R; and
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R;) and the < J; >ap1 represent the thermal expectation
values of the angular momentum operator for the special
spin configuration of AF1 in a crystal of N Nd-atoms.

For q L ¢ equation (A.1) can be Fourier transformed
to give

==z Y GEahnd @U@ (42)

with the Fourier transform of the exchange and the spin
arrangement defined as

J(@) = J(ij)exp~iq(R; —R;)]  (A.3)
J
1 .
(J(@)ar1 = N Z<Jj>AF1 exp(—lqu). (A4)
J
At zero temperature the expectation values in

equation (A.3) ((J;)ap1 = =+Mb, the sign depend-
ing on j) can be evaluated from the magnetic structure
of AF1 (collinear antiferromagnetic stacking of fer-
romagnetic bc-planes with the moment arrangement

17LLTLLTT]). Then equation (A.2) simply reads
far1 = 7M2{.7bb(7-)(0.647)2 + T (37)(0.247)?

1
+57"(57)(0-200)? }. (A.5)
Here 7 =(0.6 0 0) designates the ordering wave vector of
AF1. The factor 1/2 for the higher harmonic 57 results
from the fact that the zone boundaries have to be counted
only half in the expansion (A.2).

For the free energy of the ferromagnetic phase F3 the
total magnetic moment is not zero. In an external mag-
netic field B oriented parallel to the b-direction the Zee-
man energy has to be considered in addition to the ex-
change interaction, yielding:

frs = —giusM B — J"(q = 0)M?/2. (A.6)
As stated above the free energies fari and frz are equal
at BAF1=F3 = 1,065 T. This leads to the relation

M2{jbb(r)(0.647)2+.7bb(37-)(0.247)2+%jbb(57)(0.200)2}
= gyusM BT+ 7% (q = 0)M? /2. (A7)

To continue the investigation of the exchange, the value
of the Néel temperature Ty = 6.5 K has to be explained.
In a MF theory this is given by (kg denotes Boltzmanns
constant)

kpTn = M2 J% (7). (A.8)
The small shift of 7 with temperature [3] has been ne-
glected in this expression. The structure AF1 can only be
stable, if the Fourier transform of the exchange J%(q)
has its maximum at q = 7 (i.e. J?(7) > J"(37),
JP(T) > J%(57)) [16]. Replacing in the left side of
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equation (A.7) the higher harmonics J% (37) and J%(57)
by J% (1) = kgTn/M? gives the relation

1
2kpTN {(0.647)2 +(0.247)% + 5(0.200)2} >

2g3up M BT 4 7% (q = 0)M2.  (A.9)
By inserting reasonable values for M = 2.54 (this cor-
responds to the moment per Nd at 3 T external field —
compare [3]), Tx = 6.5 K (i.e. J%(7) = 0.093 meV) and
BAFI=F3 — 1,965 T an upper limit for the sum of all cou-
pling parameters (i.e. 7**(q = 0)) can be deduced:

J%(q = 0) < 0.0215 meV., (A.10)

This may be used to find an upper limit for the splitting
of the ground state doublet in F3 at 3 T, which in a MF-
theory is given by

A=2g;ugMB + 2M*7%(q = 0)

< 0.214 meV/T x 3T 4+ 2 x 0.139 meV = 0.920 meV.
(A.11)

Using equation (18) and specializing it for the case of
isotropic exchange (J%* = J bb — gee — 7 ) allows to
estimate the excitation energy of the lower magnetic ex-
citation at the wave vector 7 to (for the derivation of this
formula see the main text)

(A —2A%2T(1))(A+2C*T(1)).

Putting in values for A and C (Ref. [7]: A = 2.1, C = 1.57)
and estimating again J(7) from the Néel temperature
gives

[hws (7)) = (A.12)

[hwa (1)) = (A — 0.76 meV))(A — 0.39meV). (A.13)
If we compare this to the estimation (A.11) (A <
0.92meV), we can conclude that the soft mode excita-
tion Aws(7) has to lie below 0.08 meV, which is one order
of magnitude lower than the measured excitation energy
of about 1 meV. Therefore the assumption of isotropic ex-
change leads to fundamental contradictions with the ex-
periment.

Note that the numerical values in equations (A.7—
A.13) are based on the original analysis of the magnetic
phase diagram [3] and are in contrast to the new fitted
value of J7%(q = 0) = 0.044 meV and A = 1.106 meV
described in the main text. The most convincing expla-
nation for this discrepancy is the limited validity of the
mean field theory near the ordering temperature. Usually
the mean field approach predicts an ordering tempera-
ture which is too big in comparison with the experiment.
Critical fluctuations reduce this ordering temperature
(compare for instance Monte-Carlo calculations on Ising
models [22,23]). To account for this effect a bigger value
for Ty has to be inserted into equation (A.9). Taking for
example Ty = 8 K leads to A < 1.184 meV (instead
of (A.11)) and 7uws(7) < 0.336 meV — but also these val-
ues rule out the possibility of isotropic exchange.
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Abstract

The magnetic properties of GdCu, have been investigated. Neutron scattering experiments have been performed on
powder and single-crystal samples to determine the magnetic structure. A non-collinear, cycloidal propagation fits best to
the experimental data. The results are discussed in the framework of a mean field model. Low-field magnetization
measurements indicate an anisotropy which is in agreement with the proposed magnetic structure. © 2000 Elsevier

Science B.V. All rights reserved.

PACS: 75.25. + 75.30

Keywords: Magnetic structure; Elastic neutron scattering; Anisotropic magnetic exchange; Magnetization

1. Introduction

Among the RM, intermetallic compounds
(R = rare earth, M = transition metal) the MgCu,-
type structure (space group Fd3m) exists for all 3d
metals from Mn to Ni. However, the 1:2 com-
pounds with Cu exhibit the orthorhombic CeCu,-
type structure (space group Imma, D3§, Ce at 4e
sites, Cu at 8h), with the exception of LaCu,.
LaCu, displays the related hexagonal AlIB,

*Corresponding author. Tel.: + 49-351-463-4460; fax: + 49-
351-463-3199.
E-mail address: rotter@physik.tu-dresden.de (M. Rotter).

structure (space group Pg/mmm, D¢,) [1]. The
orthorhombic CeCu, structure can be viewed as
a distorted AlB,-type structure. In some RCu,
compounds a martensitic transition in high
magnetic fields has been observed and associated
with a conversion of the CeCu, to the AlB, type of
structure [2].

Initial magnetic investigations on RCu, have
been performed by Sherwood et al. for all lanthan-
ides [3]. They observed metamagnetic behavior
from which they deduced that these compounds
order antiferromagnetically (AF). This was first
confirmed by neutron diffraction measurements by
Brun et al. [4] who interpreted their results on
TbCu, in terms of collinear antiferromagnetism at

0304-8853/00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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42K with spins directed along the a direction.
From specific heat, thermal expansion [5] and
neutron diffraction [6] it has been found that
in most of the RCu, intermetallics one or more
first- or second-order transitions exist below the
corresponding Néel temperature [7]. It is evident
that in addition to the exchange interaction the
crystal field is also important for the question of
which magnetic structure is stable at a given
temperature. It seems that in a first approxima-
tion the interplay between anisotropic exchange
and the crystal field and their temperature de-
pendence are responsible for whether there is
a change of the magnetic structure observable
in the ordered state or not. Among the magnetic
RCu,, GdCu, is the only compound without
crystal field influence on the 4f states because Gd>*
is an S-state ion with L = 0. Investigations of
GdCu, in the magnetically ordered state (Ty =
42 K) revealed that in this compound no change of
magnetic structure exists in zero external magnetic
field [8-10]. The magnetic entropy as calculated
from the specific heat reaches its theoretical
value of RIn8 at 47K, just above Ty [8]. In
high magnetic fields the anisotropy in the magnet-
ization does not exceed a few percents [11].
Measurements of the dHvA branches in the field-
induced ferromagnetic state indicate, that the
Fermi surface is altered by the magnetic exchange
interaction [8]. At lower fields the interpretation
of dHvA measurements is difficult, because the
magnetic structure of this compound has not been
determined.

In the present paper we report an experimental
investigation of GdCu, with the aim to clarify what
magnetic structure appears if in a RCu, compound
only the exchange interaction is responsible for the
magnetic structure.

Already in 1974 a model calculation based on
isotropic RKKY exchange interactions was per-
formed and a magnetic structure with ferro-
magnetic bc planes and a cycloidal propagation
in a direction with a pitch angle of 35°
between neighboring be planes was predicted [12].
This very rough estimate is in a surprising qualitat-
ive agreement with our results. The main difference
to our results is, that we find antiferromagnetic bc
planes.

2. Experimental

GdCu, is an orthorhombic compound, which is
stable up to the congruent melting point at 860°C.
The adjacent eutectic point results from the reac-
tions of Gd, Cug with the liquid and of GdCu with
the liquid at 820 and 770°C, respectively [13].

Therefore, the master alloys were prepared by
RF levitation melting with a Hiittinger 30 kW gen-
erator of the pure elements in protective Ar-atmo-
sphere after evacuating to HV either by melting in
a water-cooled cold-boat (4-5g) or in a water-
cooled Hukin-crucible (about 30 g) to prevent any
reaction of the melt with the crucible. Each sample
was remolten three times to optimize homogeneity.

The single crystals were obtained by a Bridge-
man technique in an A.D. Little System in inert Ar
gas after HV in conically shaped BN crucibles by
application of about 15 g for one run. The pulling
speed was 4.5 mm/h, the heating was done by a RF
Hiittinger 40 kW generator. The starting temper-
ature was 860°C. The orientation of the single crystal
was checked by metallographic techniques and Laue
Photographs with Mo radiation. A computer pro-
gram by Gunnar Christiansen (Lab of Appl. Physics
of TU Lyngby, Denmark) was used for the orienta-
tion process [14]. The final shape of the crystal was
a polyeder with an average diameter of 2.5 mm.

Polycrystalline sample material for the neutron
scattering experiment was prepared in a water-
cooled copper boat in a high-frequency furnace. A
protective argon atmosphere has been used to avoid
oxidation of the sample during melting. The grain
size of the powder used in the double-wall cylindric
sample container was 50 pm and the mass about 8 g.

Magnetization measurements have been per-
formed using a SQUID magnetometer in fields up
to 6 T and are in agreement with Ref. [11].

The single-crystal neutron scattering experi-
ments have been performed at the D9 hot source
four circle diffractometer (Institute Laue-Langevin,
Grenoble) using a wavelength of 0.5 A. Magnetic
and nuclear intensities of the GdCu, single crystal
have been determined by comparing scans at 45 K
(just above the Néel temperature Ty = 42 K) with
scans at 15 K.

Before doing the single-crystal experiments we
performed measurements on a powdered sample at
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the D4b diffractometer using a double-wall cylin-
der (10 mm long, 1 mm wall thickness, with 25 mm
diameter) and an ‘orange’-type cryostat with a
vanadium tail (in order to eliminate parasitic Bragg
peaks).

3. Results

Fig. 1 shows the reciprocal ab and ac planes of
GdCu,. Full circles correspond to the nuclear
Bragg reflections, open circles indicate the posi-
tions of the magnetic satellites. The magnetic satel-
lites which have been observed could be indexed
by a modulation vector Q, = (3 10). This type of
ordering can be viewed as an antiferromagnetic
modulation of the moments in b direction and
a cycloidal propagation in a direction with a pitch
angle of 120°.

a*b* plane
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Fig. 1. Positions of magnetic (open circles) and nuclear (full
circles) reflections in the reciprocal ab and ac planes of GdCu,.
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Fig. 2. Magnetic structure of GdCu,, the different symbols
denote atoms belonging to the same ac plane, for simplicity the
copper atoms are not shown. The magnetic structure can be
viewed as a superposition of three simple antiferromagnetic
lattices as indicated by the numbers.

The proposed magnetic structure of GdCu, is
shown in Fig. 2. There are two different domains
possible, one with a left-handed and another with
a right-handed cycloid. The magnetic unit cell con-
sists of three structural unit cells aligned in a direc-
tion. From the projection into the ac-plane the
cycloidal propagation in a direction can be seen.
The filled and open symbols denote two different
neighboring ac planes showing the antiferromag-
netic propagation in b direction. This antiferro-
magntic arrangement along b is obvious from our
notation of the propagation vector Q, = (3 10),
which has not been reduced to the first Brillouin
zone for this reason. An equivalent description of
the magnetic structure using the reduced propaga-
tion vector g, = (300) is possible. However,
Qo = (310) will be used through the rest of this
paper, because indexing all magnetic reflections
with nonzero intensity as satellites to nuclear reflec-
tions with nonzero intensity is possible thereby
taking already account of some selection rules.

!The projection of the crystallographic three-dimensional
structure into the ab plane is a simple rectangular lattice with the
new lattice parameters a/2 and b/2. This is the reason why
reflections with h and k odd vanish for / = 0. The moments in the
magnetic structure are aligned ferromagnetically along ¢ direc-
tion. With respect to this projection of the 3D lattice to the ab
plane, i.e. analyzing the 2D lattice, the propagation vector (3 1)
(which means (5 3) with respect to the 2D reciprocal lattice) is at
the border of the corresponding 2D first Brillouin zone. The 4 in
&) reflects the antiferromagnetic ordering in b direction.
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Table 1

Intensities as measured by the single-crystal neutron scattering
experiments in comparison with the values calculated on the
basis of the magnetic structure shown in Fig. 2. In addition, the
calculated intensities for a slightly modified structure corre-
sponding to o = — 0.45 (see text for details) are given. The
common scale factor for all intensities was chosen to give the
best agreement for the experimental and theoretical intensities of
the nuclear peaks

(hkl)+ Qo Calc. int. Exp. int.
Magnetic intensity c=0 o= —045
2200 — Qo 5.30 5.94 3.14
013)+ 0, 1.35 1.14 0.90
(123)— 0, 1.60 1.36 0.63
020) + Qo 473 4.73 3.59
(141)— Qo 4.40 4.33 2.70
213)—0, 0.95 0.89 0.90
(114)—0, 1.19 0.96 1.08
114+ Qo 1.19 0.96 0.72
Magnetic intensity on 3Q,

0095 0 0.04 0
003) 0 0.07 0
030 0 0.13 0
Nuclear intensity

(103) 29.97 29.65
(202 0.22 0.72
040 10.00 10.78
006) 8.09 9.88

In Table 1 the intensities calculated on the basis
of this magnetic structure are compared with the
experimental data. Note that within the experi-
mental error there is no higher order satellite 3Q,
(at the forbidden nuclear reflections) and no mag-
netic intensity on the nuclear peaks (no ferromag-
netic component) in agreement with the postulated
magnetic structure. However, changing the mo-
ment direction of those moments, which are not
aligned parallel to the a direction by 10° into + ¢
direction (corresponding to ¢ = —0.45, see below)
leads to very small intensities on 3Q,. The expected
change in intensity is shown in Table 1 and is below
the experimental resolution. .

Due to the use of a neutron wavelength of 0.5 A
(in order to decrease absorption) and due to the low
symmetry of the sample the resolution was not
good enough to determine the magnetic structure
from the powder measurements only. However, the

a12) '
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calculated p (103)
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Fig. 3. Neutron powder diffraction pattern of GdCu, at 60 and
2 K, the line through the symbols corresponds to a fit using the
FULLPROF Rietveld program. The vertical bars indicate the
position of nuclear and magnetic peaks, the line below shows
the difference between the experimental and calculated pattern.
For clarity only the 2-6 range up to 20° is shown, together with
the Miller indices of the strongest nuclear peaks (hk[) and
the corresponding magnetic satellites (h k| + Qo or h k[ — Qo).

strong magnetic intensity can be indexed according
to a propagation of (3 10) as indicated in Fig. 3.
In this figure we show the result of a Rietveld
refinement at 60 K (i.e. above Ty, the R-value
1S Ryua =495%) and at 2K (R,u = 3.84%,
Rpag = 6.21%) using FULLPROF [15]. The
shown refinement at 2K (nuclear + magnetic
scattering) was done by assuming the cycloidal
magnetic structure with a modulation vector
Qo = (310) and only refining the size of the Gd-
moments, giving a value of 6.9 g (expected satura-
tion moment: 7 pg). The refinement was done for
the whole accessible 2-0 range up to 38°, but for
clarity we show only the range up to 20° in
the figure, together with the Miller indices of
the strongest nuclear peaks (h k) and magnetic
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satellites (h k[ + Qo or h k1 — Qo). As an example,
the (3 1 1) magnetic reflection is a satellite of (1 2 1).
The refinements were done using a nuclear scatter-
ing length of 1.13x 107 **m for the natural Gd-
isotope mixture and the used neutron wavelength
of 0.5 A. This scattering length was found to fit best
the measured nuclear intensities and is in agree-
ment with Ref. [16]. From the quality of the fits it
can be deduced that the powder measurements are
in agreement with the proposed magnetic structure
and therefore support the results of the single-
crystal experiments.

4. Model

A structure with moments in the ac plane is in
accordance with the anisotropic exchange in
NdCu, measured by magnetic excitations in the
field-induced ferromagnetic phase (with magnetic
field in b direction) [17]. In these magnetic excita-
tion measurements of NdCu, only those exchange
constants could be determined which couple the
a and ¢ components of the magnetic moments.
The analysis of the excitations of NdCu, shows,
that there exists a minimum in the dispersion at
Qo = (3 10). Assuming that the exchange in iso-
structural RCu, compounds is comparable, it fol-
lows, that any isostructural compound having a or
¢ as the easy axis should order at this wave vector
[17]. This is true for instance for DyCu,, and
according to our new results also for GdCu, (here
the anisotropy of the magnetic properties is only
determined by the anisotropy of the magnetic ex-
change [18]). In Fig. 2, the nearly hexagonal sym-
metry of the crystal structure may be seen by
turning it to 60°, the ac plane of the orthorhombic
structure corresponds to the hexagonal plane and
the b-axis to the hexagonal axis. Also the magnetic
structure of this compound reflects this hexagonal
symmetry, as may be seen by rotating and shifting
Fig. 2.

These facts suggest that the magnetic properties
can possibly be described by an exchange interac-
tion of hexagonal symmetry, as it was possible for
the case of NdCu, [17]. The following analysis will
show, that this is true grosso modo, however,
a small anisotropic coupling which only is nonzero

4 . c 12"

6j
b, b,
f “
b. b, a
¢ 6l
[
. T/‘bﬁ"s
Ihk‘ /L"
dy
¢ 12p
b b;
by
b by
by bs
bs be

Fig. 4. Different types of bilinear exchange interactions in RCu,
compounds assuming hexagonal symmetry of the exchange. The
indexed letters indicate, which of the exchange constants are
related for orthorhombic symmetry.

assuming an orthorhombic distortion of the hexa-
gonal lattice is needed to stabilize the observed
magnetic structure. It is remarkable that this or-
thorhombic distortion, reflected by the c/a ratio of
the actual crystallographic structure (i.e. ¢c/a = \/5
in the hexagonal case), diminishes at the transition
from the paramagnetic to the ordered state, i.e. ¢/a
gets closer to \/3 (compare Refs. [11,19]). Thus, the
magnetoelastic energy favors an exchange interac-
tion of hexagonal symmetry.

For the observed cycloidal structure to occur,
the off diagonal components of the exchange
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interaction have to be nonzero. By calculating the
contribution of the most general interaction al-
lowed by hexagonal symmetry (see Fig. 4, type 24r)
it can be shown, that for hexagonal symmetry
the Fourier transform of the interaction tensor
J(0 = Qo =(310)) is always diagonal.
Therefore, the non-collinear magnetic ordering
process can only be explained by taking into ac-
count the orthorhombic symmetry of the com-
pound. However, using a simple model it will be
shown that the off diagonal components of the
coupling may be very small compared to the diag-
onal elements. This fact may be demonstrated by
noting that the magnetic structure can be thought
of as a superposition of three simple collinear anti-
ferromagnetic lattices (indicated by the numbers in
Fig. 2). The size of the ordering temperature may be

Table 2

determined by the probably strong diagonal com-
ponents of the interaction within and between these
sublattices. The relative orientation of the moments
on the different sublattices is then very sensitive to
the fact whether there exists a nonzero off diagonal
nteraction constant or not, leading to either a col-
linear or a cycloidal magnetic structure.

In the following model, anisotropy in the ex-
change is restricted to the nearest neighbors within
the nearly hexagonal plane. The interaction tensors
of the model are summarized in Table 2.

Although this is a very simple model exchange,
it can account well for the observed magnetic
properties of GdCu,. It is not necessary to take
into account exchange constants, which couple mo-
ments parallel to b with those in the ac plane,
therefore the components #* and ¢ of the

Model bilinear magnetic interaction tensors between neighboring Gd atoms in GdCu,

Exchange tensor #{(ij) Distance R; — R; Hex. type Orth. type
B 0 0 0 2e 2¢4
0 B O +b/2
0 0 B 0
C, 0 +D +a 2b,
0 G 0 0
FD 0 C. 0
F, 0 +E +a/2 6j 2b,
0 F, O 0
+G 0 F, c/2
F, 0 FG + a2 2bs
0 F, 0 0
FE O F. —c/2
T 0 0 + 3a/2 + 3a/2 6l 2d, 5, 2b3, 2b,
0 0 0} 0 [ ©
0 0 T +c c/2 —c/2
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exchange interaction tensor _# have been omitted.
Anisotropy of the exchange and the orthorhombic
symmetry of the crystal is taken into account only
for the nearest neighbors in the ac plane. For hex-
agonal symmetry the off diagonal element D would
become exactly zero and the other elements would
be subject to the conditions

E=G=./3/4C, — C.), F,=C,/4+3C./4,
Fb = Cb and Fc = CC/4 + 3Ca/4

Calculating the Fourier transform of the interac-
tions in Table 2 gives

U@ 0 X(©Q
J@=| 0 U@ © (1)
X"Q 0  U(Q

with the notation (y = a, b, ¢)
U,(Q) = 2B cos(Qym) + 2C, cos(2Q,m)
+ 2F, cos(Q,m + Q.m)
+ 2F, cos(Q,m — Q.m)
+ 2T cos(2Q.w) + 2T cos(3Q,m + Q.m)

+ 2T cos(3Q,m — Q. m), (2)
X(Q) = 2iD sin(2Q,n) + 2iE sin(Q,m)e'%"
— 2iG sin(Q,m)e ~'%™, (3)

Here Q,, O, Q. denote the components of @ along
the crystallographic axes. Within a mean field the-
ory, which will be presented in detail in Ref. [20]
the upmost eigenvalue of this matrix (Eq. (1)) has to
be maximized with respect to @ to determine the
magnetic structure and the ordering temperature.
Diagonalizing yields three eigenvalues (3kT,/
J(J + 1) withn=1,2,3)

3kT,
3kT,5 U0 + U.(Q)
JUJ+1)

2
. \/[UAQ):1 U@L | yxo)x(0)

(5)

The first eigenvalue 3kT';/J(J + 1) corresponds to
a collinear spin structure with the moments point-
ing into b direction (with an eigenvector
M, (Q) oc (0 1 0) representing the Fourier transform
of the ordered magnetic moments) and therefore
cannot be the upmost eigenvalue in GdCu,. The
eigenvectors corresponding to T, and T'5 are given
by

M, 5(Q)
X(0)

0 . (6)
m@fu@+fm@fu@r
2 - 4

+ XMQ)X(Q)

For Q in the ab plane, i.e. also for Qo = (3 10), X(Q)
is purely imaginary (compare Eq. (3)). According to
Eq. (2), Ui(Q) is real. Therefore, the phase difference
between the a and ¢ component of the eigenvectors
M>3(Q) is 90°. This is in agreement with the
main Fourier component M( + Qo) of the mag-
netic structure used in the interpretation of the
neutron scattering experiments (i.e. M( + Qo) =
M/2(1 0 F 1), compare Fig. 2). For hexagonal sym-
metry of the interaction the difference Ua(Qo) —
Uc(Qo) and X(Qo) are exactly zero, as may be
seen by inserting Qo = (3 10) into Eq. (2). The
ratio ¢ = [Ua(Qo) — Uc(Q0)]/12X(Qo)| may be used
to characterize the eigenvectors corresponding to
T2/C and T3/C:

i
M, 5(Q) oc 0 . (7)

o+ . /1 +d°

For the magnetic structure corresponding to this
eigenvector the magnitude of the magnetic moment
varies with its angle according to an ‘elliptic’ pro-
pagation. Note that when comparing the magnetic
structure at low temperatures with Eq. (7)
it is assumed that it does not change with temper-
ature.

Only for |g| < 1 the eigenvector (10 + 1) (corre-
sponding to the cycloidal propagation with vanish-
ing higher harmonics 3Q,,, compare Table 1) can be
achieved. Therefore, in accordance with the find-
ings in NdCu,, there is strong evidence that the



288 M. Rotter et al. | Journal of Magnetism and Magnetic Materials 214 (2000) 281-290

diagonal elements U,(Q) and U,(Q) of the exchange
are equal and the orthorhombic symmetry of the
compound mainly causes nonzero off diagonal ac
exchange tensor components (X(Q,)). According to
Eq. (5) the ordering temperature Ty is given by

J(J +1)

Ty = T[Ua(Qo) +1X(Qo)[]. ()

From Egs. (4) and (5) it follows, that only if
Uy(Qy) < U,(Qy) + |X(Qy) this temperature will
be the highest of the 3 values (T, T», T3).

The analysis of the magnetic excitations of
NdCu, [17] gave evidence that the anisotropy of
the exchange is caused by a big difference of U, and
U,. However, by de Gennes scaling of the exchange
determined by the magnetic excitations and the
magnetic phase diagram of NdCu,, U;(Q) can be
estimated for GdCu,. The maximum in U,(Q)
would then predict a collinear structure for GdCu,
with an ordering vector of (30 0), magnetic mo-
ments parallel to the b direction and an ordering
temperature of 76 K (corresponding to T, in
Eq. (4)). Therefore, the parameters of NdCu, can-
not be used to describe the magnetic structure of
GdCu, directly. The fact that T would be as high
as 76 K suggests that the scaling of the exchange
U;(Q) in the nearly hexagonal ac plane (i.e. for
U, and U,) and perpendicular to it (i.e. for U,) is
not the same.

5. Calculation of the susceptibility

To check the validity of the proposed model we
performed low-field measurements of the magneti-
zation. In Fig. 5, we show the magnetization along
the three crystallographic axes at 2 K and compare
it with the result of the following model calculation.
Using the magnetic structure given in Fig. 2 it is
possible to calculate the magnetic susceptibility at
zero temperature. The direction of the magnetic
moment M; at the site i and the effective magnetic
field H;™ is equal, because there is no single ion
anisotropy in GdCu,, i.e.

ff

- H;
M, = MH:" = MF. )

3 . .
o Hlla theory b
e H|b 4 A
A Hlle A
21 _
T=2K 3]

theory a,c

0.0 0.1 0.2 0.3 0.4 0.5
HoHIT]

Fig. 5. Magnetization of GdCu, for fields parallel to the orthor-

hombic a-, b-, and c-axis at 2 K. The initial slope (corresponding

to the susceptibility) can be calculated within a MF theory (see
text) and is indicated.

The effective field H:™ is a sum of the internal
exchange field H™ and the external applied field H.

H" =H™+ H. (10)

By inserting Eq. (10) into Eq. (9) and denoting the
angle between the external magnetic field H and the
direction of the internal exchange field H™ as o; it
is possible to calculate the component of the mag-
netic moment along the external field

. H"+H

M H=M
\H + H|

_u coso; + H/H™
\/1 + 2H/H™ cos o; + (H/H™)?

H

Expanding Eq. (11) for small external fields H it is
possible to calculate the change in the component
of M; along the direction of the external field H

AM;-H=M sinz(oc,-)%. (12)
Summing up the contributions of the different
neighbors according to our model exchange it is
possible to show, that at zero external field the
magnitude of the exchange field H™ is equal for all
different sites i, only the direction varies.

By averaging over the magnetic unit cell (Fig. 2)
we can calculate the magnetic moment component
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AM; - H for small external fields along the a-, b- and
c-axis — the result is

. 1. H
AM-H, = -M—~
¢« 2 HM
. H
AM-H, = M—2,
H
. 1 _H
AM-H. M—=. 13
e =My (13)

The absolute magnitude of the exchange field
H™ depends on the accurate values of the exchange
constants (e.g. B, F, ..., see Table 2). Therefore,
only the relative magnitude of the susceptibilities in
a, b and ¢ direction can be compared directly with
the experiment. From Eq. (13) we get for the magni-
tude of the magnetic susceptibility y,,. along the
three crystallographic axes

Ya = Yo = A (14)

In Fig. 5, the magnetization at low fields is shown
at 2.2 K. The magnetic behavior is nearly isotropic
in high fields (compare Ref. [11]). However, below
1 T a small anisotropy can be found and the suscep-
tibility for the three axes is different. The measure-
ment and the theoretical result as given by Eq. (14)
are in good qualitative agreement (see Fig. 5). To
get a more accurate estimation, the small change of
the mean fields H™ which is induced by a rotation
of the moments in an external field and a possible
small tilt of the moments (corresponding for
example to nonzero ) has to be considered, both
leading to y, # .-

6. Conclusion

The analysis of the magnetic bilinear R-R ex-
change in orthorhombic GdCu, (with a nearly hex-
agonal ac plane) by a mean-field theory suggests,
that the magnetic exchange tensor is dominated by
diagonal components. It shows hexagonal sym-
metry except for a small off diagonal contribution
of neighboring Gd** ions within the same ac plane.
This small off diagonal contribution may cause the
observed cycloidal propagation of the moments

within one ac plane. The anisotropy of the diagonal
exchange constants, which has already been dis-
cussed extensively in Ref. [17], confines the mo-
ments to the nearly hexagonal ac plane of the
crystal. The magnitude of the exchange energy and
thus also the corresponding anisotropy energy is
smaller than the crystal-field anisotropy which has
been observed in other RCu, compounds. From
the data presented here we conclude that the mag-
netic modulation vector in GdCu, is Qp = (3 10)
as it was found for instance for TbCu, and DyCu,.
Referring to the model presented in Refs. [17,21],
which states, that RCu, compounds may order
either with a propagation of (300) or (310) we
conclude, that GdCu, belongs to the second group.
Consequently, the magnetic moments should be
confined to the ac plane of the crystal and show an
antiferromagnetic arrangement in b direction. We
have proposed a magnetic structure which is in
accordance with this prediction. The magnetic neu-
tron intensities calculated from this structure agree
with our measurements within the experimental
error. A possible temperature dependence of the
propagation vector @, a possible small deviation
from its commensurate value and the magnitude of
higher harmonics might be estimated more accu-
rately from magnetic X-ray scattering experiments.
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Abstract

The magnetoelastic properties of GdCu, have been investigated by thermal expansion and magnetostric-
tion measurements. GdCu, orders antiferromagnetically with a noncollinear magnetic structure. The anisotropic
magnetostriction is of similar magnitude as in other RCu, compounds and can be explained by a contribution
of the bilinear exchange interaction to the magnetoelastic energy. For several compounds this contribution
is as important as the single ion magnetoelastic exchange. The pressure dependence of the Néel temper-
ature of GdCu, is found to be in agreement with the data of thermal expansion. © 2001 Elsevier Science B.V. All

rights reserved.

PACS: 75.50.E; 75.30.E; 75.80

Keywords: Anisotropic magnetic exchange; Noncollinear antiferromagnetism; Magnetostriction; Thermal expansion; Gadolinium

compounds

1. Introduction

Magnetoelastic properties have been investi-
gated extensively in rare earth systems and are
mainly attributed to the presence of strong single
ion magnetoelastic coupling [1]. However, in some
Gd compounds relatively large magnetoelastic
effects are observed which cannot be explained
by this mechanism, because Gd>* is an S-state ion
with L = 0. This fact is not widely known, because
in many cases magnetoelastic effects are not
analyzed and the number of compounds studied

*Tel.: +49-351-463-4460; fax: +49-351-463-3199.
E-mail address: rotter@physik.tu-dresden.de (M. Rotter).

is very limited. Details about the second mechan-
ism, the contribution of exchange interactions to
the magnetoelastic energy, are still unknown and it
is desirable to accumulate more detailed data of
thermal expansion and magnetostriction in Gd-
compounds. Therefore, we have performed a study
of the orthorhombic intermetallic compound
GdCuz.

The thermal expansion of GdCu; has been
measured already in 1985 on polycrystals by
dilatometric experiments [2] and by X-ray
diffraction on powder [3] and single crystals [4].
The measurements of the thermal expansion and
magnetostriction reported here are performed
by dilatometry on a single crystal in fields up
to 15T.

0304-8853/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PII1: S0304-8853(01)00474-7
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2. Results

The single crystal was produced by the Bridge-
man method, details are given in Refs. [5,6].
Thermal expansion and magnetostriction measure-
ments have been performed using a capacitance
dilatometer, which has been designed to measure
very small single crystals [7]. Measurements at low
temperatures down to 500mK have been per-
formed in a bottom loading *He temperature
insert of a 15T superconducting magnet (Heliox,
Oxford Instruments).

Fig. 1 shows the thermal expansion measured
along the a-, b- and c-axis in zero field in
comparison with results of powder X-ray diffrac-
tion [3,8]. Below the ordering temperature Ty =
40.5K the thermal expansion coefficient is positive
in the a-direction and negative in the b- and c-
direction. These anisotropic contributions cancel
each other leading to a nearly zero volume effect.
Such a behavior is caused by a magnetoelastic
energy of similar magnitude as in other RCu,
compounds [8,9]. Above Ty the crystal expands in
all crystallographic directions as expected. It can
be mentioned that the results are in good agree-
ment with those obtained by X-ray diffraction on
single crystals [4].

Fig. 2 shows the field induced magnetostriction
for external fields along the a-, b- and c-axis. All
measurements were done with increasing and
decreasing field and they show only a small
hysteresis. Below pyH = 5T the magnetostrictive
effects are rather small. Above this value two
remarkable kinks occur at 5.5 and 8.0T,
approximately, which are connected to the
two magnetic phase transitions which were
also found in magnetization measurements [4].
Above 8.0T the system is in the induced
ferromagnetic state and no further transitions
could be seen when continuing some of the
scans up to 15T (not shown here). From all
the data it is evident that the field induced
magnetostriction is strongly different for the
different crystallographic axes (leading again
to a very small volume effect) but is nearly
independent of the magnetic field direction. The
only difference between the different field
directions was found examining the low field

AL/L

AV/3V
H
KH

0 50 100 150 200 250 300
T(K)

Fig. 1. Thermal expansion coefficient of GdCu, along the
orthorhombic a-, b- and c-direction (upper figure) and the
volume expansion calculated from these data (bottom figure,
scale expanded by factor 3 to facilitate comparison with upper
figure). The symbols denote the results of powder X-ray
diffraction [3,8], the lines correspond to expansion measure-
ments on a single crystal using the capacitance method (present
investigation). The values e¢y—¢ denote the relative length
changes in the ordered state with respect to the nonmagnetic
state (for details see text).

behavior more closely (compare inset in Fig. 2,
there the derivatives of the Ac/c curves are shown
as an example). There some small differences
between the curves may be deduced. A transition
at 0.6 and 1.2T is observed for fields parallel to
a- and c¢-, respectively. No phase transition is
observed for H)b. This is in accordance with the
findings from the magnetization experiments on a
single crystal [4] and can be attributed to the fact,
that in zero field the moments are confined to the
ac-plane.



M. Rotter et al. | Journal of Magnetism and Magnetic Materials 236 (2001) 267271 269

T
-1

(T )

d(Ac/c)

Hl|a
S H||b
3 LH||c

poH(T)
Fig. 2. Magnetostriction Aa/a, Ab/b and Ac/c of GdCu, for
magnetic fields parallel to the orthorhombic a-, - and c-axis at
4.2 K. The arrows indicate the position of phase transitions. For
each curve the hysteresis is shown. The inset shows the low field
data of the derivative of Ac/c with respect to the magnetic field.

3. Discussion

It is possible to calculate the thermal expansion
and magnetostriction ¢ (¢ denotes any of the
relative length changes Aa/a, Ab/b, Ac/c with
respect to the nonmagnetic state) in a simple
model based on the magnetoelastic contribution
due to the exchange interaction. The Helmholtz
free energy F per ion may be written as a sum of
exchange, magnetoelastic and elastic contributions

EZMRqﬂfmm—m
quZ
+ 2289

5 K>0 (1)

2
1M@+ﬂﬂ
=0

Here, #(q,¢), M(q) denote the Fourier trans-
form of the anisotropic exchange interaction
tensor and of the magnetic moment, respectively
[10]. Note that expression (1) becomes more
complicated if the anisotropy of the elastic
constant K is also taken into account [1], however,
without changing the final result. Minimizing F
with respect to ¢ gives

&= 2K Z MT( f(qﬂ )

qeBZ =0

M(q). (@)

This formula can be evaluated for the zero field
and for the saturated phases along a, b and c. For
the zero field phase (magnetic modulation vector
qo = (2/310)) we use Eq. [5]

o 1
M(xq)==| 0 |. 3
Fi

Here, M denotes the saturation moment of Gd.

Substituting Eq. (3) into Eq.(2) leads to the

following expression for the magnetoelastic dis-
tortion in zero field:

e _ %2 ajaa(qO’ 8) + jcc(qo, 8)
H=0T 4K de o

4)

For the saturated ferromagnetic phases in high
magnetic field we insert in Eq. (2) (H denotes the
unit vector in the direction of the applied magnetic
field)

MH ¢=0,
M(q) = 5
(@) { 0 g0, (5)
and get
MZ afaa(q = 0’8)
Hlla = 5 T e ) (6)
M? 0.7 (g = 0,¢)
= 7
EH|b 2K o ) (7

M?37,.(q=0,¢)

2K O¢ ®)

EH|c =

e=0

Analyzing the exchange interaction of orthor-
hombic (but nearly hexagonal) GdCu, it is
now possible to find a relation between Egs. (4)
and (6)—(8) and compare this result with the
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experimental data measured by thermal expan-
sion and magnetostriction. With the assumption
that the magnetoelastic interaction is dominated
by the next neighbor contribution in h-direction it
can be shown by symmetry that

fyy(q = O’ 8) = 7%',“,'((10’8) (V =4a, b> C)‘ (9)

Combining now Egs. (4)-(9) we obtain as a
result of the model calculation

EH|a t €H|c
_ 10
5 (10)

The result of Eq. (10) should be valid for all
crystallographic directions. It can be verified by a
comparison of the zero field data of thermal
expansion (shown in Fig. 1) with the data of
magnetostriction (see Fig. 2): to find the values
€h_o it is necessary to extrapolate the thermal
expansion curves of the nonmagnetic state from
higher temperatures to temperatures below 7.
The differences between these extrapolated curves
and the measured ones (in Fig. 1 shown for the
b- and c-axis for example) give the values ¢f,_, =
—2.1x 1073, &b_ =09 x 107 and &;,_, = 1.1 x
1073 at T =4K. On the other hand, from the
difference in the magnetostriction curves between
ftoH = 0 and 9 T we get the values of ey, ey, and
ey~ 1t should be mentioned that in order to find
the difference in length between the saturated
magnetic and the nonmagnetic state, the zero field
value from Fig. 1 has to be added to the total
magnetostriction shown in Fig. 2. The result of the
calculation is summarized in Table 1.

By comparing the data shown in Table 1 (last
two columns) we find the relation (10) is valid
within 20% for any of the three crystallographic
axes. This agreement is very good for a model that
only takes into account the next neighbor interac-
tion. We take this as an evidence that the

EH=0 —

magnetoelastic interaction in GdCu, is indeed
dominated by the next neighbor exchange interac-
tion in b-direction. In contrast to this behavior, the
nearest neighbor in the (nearly) hexagonal ac plane
would give a contribution ¢ (q=0,¢) =
—2f}.y(q0,8) leading to eg—o = _(EHHa + 8HH(’)/4’
which is in disagreement with the experimental
data (for comparison, the magnetoelastic interac-
tion in NdCu, [8,11] is dominated by the next
neighbors in a-direction).

Now two other points should be discussed: Note
at first the experimental result that the strains do
not depend on the direction of the magnetic field
(compare Fig. 2), i.e.

EH|la ~ EH|b ~ €H|c = Esat- (11)

Comparing this experimental result to the model
equations (6)—(8) and (9) it follows that

0 [faa(qOJ 8)] - 0 [fbb(q()a 8)]
O¢ o0 Oe

~ 0 [fcc(qm 8)]
O¢

e=0

(12)

e=0

This means that the derivatives of the diagonal
components of the exchange interaction are equal
with respect to any strain ¢ and Eq. (10) becomes
simply

Eqat ~ — EH=0- (13)

The experimental result (11) is very peculiar
since there is evidence that the magnetic exchange
interaction is anisotropic (the experimental evi-
dence that the ordered moment in zero field is
confined to the ac-plane may be attributed to
the exchange anisotropy _#,,(qg,€) <. (o> &)~
F..(qo,€) [12]). There is no reason, why its
derivative with respect to the strain should be
isotropic (12). Looking for any deviations from
Eq. (11) in the experimental data (Fig.2) we see

Table 1
Comparison of measured data and magnetostriction data calculated by Eq. (10) for a GdCu, single crystal
Cryst. direction EHja — EH=0 EHje = EH=0 o e—o = —(Ehyyq + ei)/2
Y (From Fig. 2) (From Fig. 2) (From Fig. 1) (From Eq. (10))
a +4.4 x 1073 +4.4 x 1073 —2.1x107? -23x107?
—2.0x 1073 —2.0x 1073 +0.9 x 1073 +1.1x 1073
¢ —22x1073 —22x 1073 +1.1 x 1073 +1.1x 1073
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that the magnetostriction (Aa/a, Ac/c) for fields
parallel to b is slightly higher in comparison with
fields parallel to a or c. We take this as an evidence
that the strain derivative of _#,,(qy,¢) is indeed
slightly different from that of ¢ ,,(qq, &) ~ 2 ..(q,€)
as expected from the anisotropy of the exchange
interaction [12].

Another important issue raised by a former
analysis of the magnetic contribution to the
thermal expansion was the validity of Ehrenfest’s
theorem in this compound [2]. According to this
theorem the pressure dependence of the Né¢el
temperature 7Tn is related to the magnetic con-
tribution of the volume expansion coefficient o« =
(1/V)(@©V/0T) and the specific heat ¢
alnTN N Vo

p

(14)

Here, V' denotes the molar volume. The dilato-

metric measurements of the thermal expansion of
polycrystals [2] indicated a large positive value of
the magnetic contribution to the volume expan-
sion coefficient (about o« = 3 x 10> K~!), which is
in contradiction to the negative pressure depen-
dence of the Néel temperature of —0.2 x
108 Km?> N~ as determined by magnetization
measurements in a high pressure cell [2].

Taking from our X-ray data the volume
expansion AV/V =e&&_+eb_o+ey_, (shown
in Fig. 1, bottom) we find that the magnetic
contribution to the volume expansion in GdCu,
is very small, but positive. The corresponding
negative magnetic thermal expansion coefficient
a=—3x10°K™! indicates a negative pressure
dependence of the Néel temperature thus removing
the difficulties in applying Ehrenfest’s relation to
GdCu; in Ref. [2].

The positive value of o for the polycrystalline
data in Ref. [2] is probably caused by the fact, that
it is extremely difficult to produce an isotropic
polycrystal in RCu, compounds [4] (we also have
performed several dilatometric measurements of
thermal expansion on polycrystalline samples
which indicate a strong preferred orientation).

A further test of Ehrenfest’s relation with
respect to the data of anisotropic thermal expan-
sion requires the determination of the shift of
the Néel temperature under uniaxial stress. From

the experimental data of thermal expansion and
the Egs.(4) and (12) the signs of the strain
derivatives of the exchange interaction can be

derived: (0.7,,(qy,¢)/0e")<0, (0.7,,(q,¢) /3e?) >0
and (0,7,,(qg,¢)/0¢) > 0. Therefore, uniaxial pres-
sure along a should increase the Néel temperature,
whereas uniaxial pressure along b or ¢ will
decrease it. This is a possible outlook to further
experiments.
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Abstract

Magnetic neutron and X-ray scattering experiments have been performed to analyze the magnetic structure of GdCu,.
At 10K a noncollinear, spiral propagation with a propagation vector T = (0.677 10) fits best to the experimental data.
The symmetry of the exchange interaction needed for the formation of such a magnetic structure is discussed using
a mean field model. The orthorhombic structure of GdCu, can be viewed as a distorted hexagonal structure. © 2000

Elsevier Science B.V. All rights reserved.

Keywords: GdCu,; Magnetic structure; Magnetic X-ray scattering; Neutron scattering

The RCu, compounds (R = rare earth) with the excep-
tion of LaCu, exhibit the orthorhombic CeCu, type
structure (space group Imma, D2g), which can be viewed
as a distorted AlB,-type structure. LaCu, displays the
related hexagonal AIB, structure (space group
Ps/mmm, D,).

The spin structure in the various RCu, intermetallics
is intimately related to the interplay of the exchange and
the crystal field. Because of the pure S state of the Gd®™*
ion the influence of the crystal field in GdCu, is negli-
gible leading to a nearly isotropic magnetisation [1].
This Gd-based compound can be used to clarify which
magnetic structure appears if the exchange interaction is
solely responsible for the magnetic structure.

Neutron scattering experiments have been performed
at 4K, yielding cycloidal moments in the ac plane with
a propagation vector of (2/310). No magnetic intensity
has been observed on higher harmonics. Fig. 1 shows the
proposed cycloidal magnetic structure in a projection
onto the (nearly hexagonal) ac-plane. The anisotropy of

* Corresponding author. Fax: 49-351-463-3199.
E-mail address: rotter@physik.tu-dresden.de (M. Rotter)

the magnetisation at 2 K has been explained on the basis
of this commensurate structure [2].

In this paper we discuss a model for the magnetic
interactions as deduced from recent experiments on this
compound. First we note in Fig. 2 that the magnetisation
of GdCu, (measured in a SQUID magnetometer at 0.5 T)
becomes isotropic in the ac-plane above 10 K. An incom-
mensurate magnetic structure can explain this behavior.

To investigate the magnetic structure in more detail we
performed resonant X-ray magnetic scattering experi-
ments on the BM28 Xmas beamline, the UK CRG beam-
line at the ESRF. We used a GdCu, single crystal grown
by a Bridgeman technique (with a pulling speed of
4.5mm/h and RF heating). A closed cycle refrigerator
allowed to reach temperatures down to 10 K. The energy
was tuned to the Gd-Ly-edge (E = 7.932 keV). The inci-
dent polarisation was perpendicular to the (vertical) scat-
tering plane. Polarisation analysis was used to select the
scattered photons with a polarisation parallel to the
scattering plane (rotated channel o-n). This allowed to
separate the magnetic scattering from the charge scatter-
ing, and to reduce the fluorescence background by sev-
eral orders of magnitude.

Measurements on several magnetic satellites yield an
incommensurate magnetic structure in the temperature

0921-4526/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. The proposed magnetic structure of GdCu,. The num-
bers indicate the three different super-imposed simple antifer-
romagnetic lattices. In the incommensurate structure (above
10K) the turning angle after 3a is not exactly 360°.
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Fig. 2. Temperature dependence of the magnetization of
GdCu,.

range from 40 down to 10 K. The temperature variation
of the propagation vector (2/3 + ¢10) is due to thermal
expansion (see Fig. 3). The observation of an incommen-
surate structure in the whole temperature range from 10
to 40K is consistent with the isotropic susceptibility in
the ac-plane above 10 K. The observed ac-anisotropy of
the magnetization below 10K suggests a transition into
a commensurate phase.

The analysis of the magnetic bilinear R-R exchange in
orthorhombic GdCu, (with a nearly hexagonal ac-plane)

— ° T=20K

150

50

rel. Intensity

Fig. 3. Q-scans of the magnetic (13/3 — ¢ — 1 3) reflection.

by a mean field theory suggests, that the magnetic ex-
change tensor is dominated by diagonal components [2].
It shows hexagonal symmetry except for a small off
diagonal contribution of neighboring Gd*”* ions within
the same ac-plane. This small off diagonal contribution
may cause the cycloidal propagation of the moments
within one ac-plane. Further X-ray scattering experi-
ments would be important to give evidence about the
transition to the presumably commensurate phase below
10K.
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Abstract

Magnetic x-ray scattering experiments on Gd-compounds provide valuable information about the magnetic struc-
ture, which is difficult to obtain by neutron scattering due to the large absorption cross section of Gd. The inter-
pretation of the results is usually difficult and sometimes ambiguous and it would be desirable to have quantitative
calculations in order to verify or disprove theoretical models by the data of scattering experiments. Such model
calculations have been performed for the magnetic properties of the antiferromagnets GdNi;B2C and GdCus. The
results of this calculation are compared with experimental data from magnetic x-ray scattering experiments.

Key words: magnetic x-ray diffraction, Gd compounds, GdNi2B2C, GdCus
PACS: 75.25.4+z, 75.30.Gw

The magnetic anisotropy of rare earth com-
pounds usually is caused by the crystal field, unless
the 4f angular momentum is zero (L = 0) such
as in the case of Gd®*. The small but finite mag-
netic anisotropy of L = 0 rare earth compounds
is reflected in the orientation of the moments
with respect to the crystal lattice, which can be
determined by magnetic scattering experiments.
Because neutron diffraction on Gd compounds is
difficult due to the large absorption cross section
of Gd, magnetic x-ray diffraction (MXD) using
synchrotron light sources is a welcome alternative.
The moment direction can be investigated using
polarization analysis . The confrontation of these

Preprint submitted to Elsevier Science

data with a quantitative model analysis may lead
to new insights about the magnetic interactions.
Here we assume a simple model based on the
following Hamiltonian

i
1 .. a i 7
H=—5 (TEII;+ Y IIG )T} (1)
ij aB

where the anisotropy enters only via the second
term which corresponds to the classical dipole in-
teraction

TGP G5)  3(Rg — RS)(R] = R)) = dap|Rs — Ry[?

(gsuB)* |R; — R;[5
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In these equations R; denotes the lattice vector
of the i*" Gd ion, J® (a = 1,2, 3) the three com-
ponents of the total angular momentum, g; the
Landé factor and pup the Bohr magneton. In the
following we report the interpretation of MXD on
two noncollinear antiferromagnets using a model
analysis based on the Hamiltonian (1).

1. GdCu,

GdCu; crystallizes in the orthorhombic CeCus
type of structure (space group Imma). At the Néel
temperature of Ty = 41 K the specific heat indi-
cates an equal moment magnetic structure [1]. A
noncollinear magnetic structure [2] was found by
neutron diffraction. MXD [3] and pSR [4] agree
with these results. The magnetostriction was inter-
preted quantitatively using correlation functions
derived from the magnetic structure [5].

20 T T T T T
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- § * Tculc
5t l" -

O 1
0 10 20 40 50 60

30
T(K)
Fig. 1. GdCus - temperature dependent measured MXD
intensities on (3.6667 -1 1). Open (full) symbols correspond
to wm (wo) MXD intensities, respectively. Lines correspond

to the calculated temperature dependence of the squared
FT of the magnetic moment configuration.

We have used MXD with polarization analy-
sis to investigate the temperature dependence of
the magnetic structure. In order to interpret our
data a model calculation based on the Hamilto-
nian (1) was performed using the McPhase pro-
gram [6, www.mcphase.de]. From the diagonal, but
anisotropic exchange parameters found for NdCus
[7] only the isotropic part was taken and de Gennes
scaled in order to obtain the exchange interaction
for GdCua:

T (i) Facape Jaa 2 (0)
(95 —1)? (g7 - 1)?

In addition, the classical dipolar exchange for
1584 neighbors up to 3 nm was taken into account
in the McPhase calculation.

At low temperatures the calculated magnetic
structure differs by a small tilt of the magnetic
moments (8 deg. in the ac plane) from the struc-
ture suggested by the neutron scattering exper-
iments [2]. Such a tilt cannot be deduced with
the neutron diffraction and was already suggested
by uSR [4]. The temperature dependence of the
Fourier transform (FT) of the magnetic moments
M(7) has been computed and is compared in fig. 1
to the temperature dependence of the MXD inten-
sity measured on the main propagation vector with
ab in the scattering plane. The temperature depen-
dence of the 7o intensity (sensitive to both Migg
and Mp1o) agrees well with the calculated moment
component along a (Migg), because the compo-
nent Moo is zero at all temperatures (both in the
calculation and as determined from the MXD re-
sults in the ac scattering plane [8]). The calculation
predicts M1go = Myo:1 at all temperatures. There-
fore it is difficult to understand the 77 data, which
indicate, that Mo, decreases below 10 K. Addi-
tional sources of anisotropy, other than the dipolar
interaction have to be considered so as to account
for this observation, which is also supported by a
sharp increase of the susceptibility in c-direction
below 10 K [3].

2)

2. GdNi;B,C

GdNiyB,C crystallizes in a body centered
tetragonal structure (space group If/mmm). The
Néel temperature is Ty = 19.5 K and a spin re-
orientation has been reported at T = 13.5 K.
The magnetic structure has been investigated by
MXD [9]. Above Tr the moments point along
(010) with a propagation vector of 7 = (0.55 0 0)
while below Tg a (001) component of the moment
appears. The propagation vector is only weakly
temperature dependent (<0.5%).

For the McPhase calculation it is necessary to in-
clude 5 neighbors in order to get a global maximum



of the FT of the isotropic interaction constants
J(ij) at 7 = (0.55 0 0). We used for the neigh-
bors at (010) -12 eV, (110) -27 peV, (0.5 0.5 0.5)
-29 peV, (220) +17 peV and at (001) +29 peV.
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Fig. 2. Measured temperature dependence of the resonant
(open symbols) and the non-resonant (full symbols) inten-
sity of the first harmonic (1.447 0 0) magnetic reflection
(data taken from [9] and scaled for comparison). Lines cor-
respond to the calculated temperature dependence of the
squared FT of the moment components Mgp1g and Mgo1
for the ordering wave vector 7 and the harmonic 37.

The experimentally observed magnetic struc-
tures including the moment directions are well re-
produced by the calculation. The low temperature
modification of the magnetic structure deserves
some comments. By MXD a spiral and a trans-
verse wave were suggested as possible magnetic
structures [9]. The McPhase calculation clearly
stabilizes a spiral structure. Fig. 2 compares MXD
data with the calculated temperature dependence
of the FT of the magnetic moment M. Note that
the measured resonant intensity corresponds to
the component My, (scaling with |Mgo;|?), which
appears below the spin reorientation temperature
in accordance with the experiment [9]. The mea-

sured non-resonant intensity has to be compared
to a linear combination of the Myg: and Mgig
(see fig. 2). The calculated longitudinal compo-
nent Mg is zero at all temperatures. The factor
of 1.986 in the linear combination is derived from
cos?(0)/sin?(20). The calculation underesti-
mates the stability range of the high temperature
collinear magnetic structure. This temperature
range is determined by the magnitude of the dipo-
lar anisotropy, which confines the moments to the
(010) direction.

In conclusion, a numerical calculation based on
isotropic exchange and the dipolar interaction is
able to predict the magnetic moment orientation
for both systems under investigation. The remain-
ing quantitative inconsistencies with the MXD
experiment are attributed to anisotropic inter-
actions, which are not taken into account in the
model (1).

Part of this work was performed within the pro-
gram of the Sonderforschungsbereich 463 (funded
by the Deutsche Forschungsgemeinschaft).
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Abstract

Gd compounds with nonmagnetic partner elements are attractive probes for eval-
uating magnetic exchange interactions. In the Gd3* ion the f-electrons have zero
angular momentum with a spherical charge density. Therefore the crystal field inter-
action is negligible. Special interest deserve the compounds with one Gd atom per
primitive unit cell, because the magnetic anisotropy may be calculated from first
principles under the assumption, that the classical dipole-dipole interaction domi-
nates. We investigated the magnetic structure of the Heusler compound GdCusIn by
neutron diffraction and find complex antiferromagnetism. Using numerical methods
it is possible to interpret the data within the dipolar model. A spin reorientation
just below the Néel temperature is predicted.

Key words: hot neutrons, neutron diffraction, dipolar anisotropy
PACS: 75.25.+7z
PACS: 75.30.Gw

1 Introduction

The sources of magnetic anisotropy of rare earth compounds are single ion,
dipolar and exchange anisotropy. The largest contribution usually comes from

Preprint submitted to Elsevier Science 9 September 2003



single ion anisotropy, unless the angular momentum is zero (L = 0) such as
in the case of Gd** (S = J = 7/2)). The small but finite magnetic anisotropy
of I = 0 rare earth compounds is topic of various speculations about it’s ori-
gin: An important contribution can come from the dipole interaction [1]. Also
crystal field and exchange effects coming from higher multiplets have been dis-
cussed as the source [2,3]. It is well accepted, that the dipole interaction drives
the anisotropy of Gd metal [1,4-7]. In Gd compounds few investigations of the
anisotropy of magnetic interactions have been performed, especially on antifer-
romagnets. In compounds with one atom per primitive unit cell the magnetic
anisotropy may be calculated from first principles under the assumption, that
the classical dipole-dipole interaction dominates [8]. GdCusln is such a sys-
tem and has been the topic of a neutron diffraction study described in the
following.

2 Experimental

The neutron data was collected on powdered samples of GdCusIn using the
7C2 - hot source diffractometer of the LLB, Saclay [8]. The Néel temperature
of GdCusln is Ty = 12 K. Diffraction patterns were taken at 20 K and 2 K
using hot neutrons with a wavelength of 0.058 nm and are shown in fig. 1
(for each pattern the background signal has been subtracted). The absorption
of the sample was reduced by using a double wall cylindric sample holder
(outer diameter 12 mm, inner diameter 10 mm). The pattern at 20 K in the
magnetically disordered state can be indexed according to the L2; Heusler
crystal structure (see fig. 2) with the lattice constant ¢ = 0.662 nm . The
small intensities at 2.4 and 2.8 A~! cannot be indexed and are attributed to
traces of another phase, most probably GdCus. At 2 K magnetic Bragg peaks
are found, from which we dedecued a propagation vector 7 = (1/3 1 0)
for GdCusln . The fit corresponds to the magnetic structure (shown in fig. 3,
bottom) calculated with the program package McPhase as discussed below.

3 Model

For Gd-based systems the Hamiltonian consists of an isotropic exchange in-
teraction and the classical dipole interaction:

H = —% {Z T () T:T;+ > J:“Ja%”(ij)Jf} (1)
ij ap
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Fig. 1. Diffraction pattern of GdCugln in the paramagnetic (top) and in the low
temperature, antiferromagnetically ordered state (bottom).



Fig. 2. Heusler structure of GdCuyIn.

In this expression (1) the 4f moment of the 5*" Gd®* ion is represented by the
three components of the angular momentum operator J* (o = 1,2,3). The
only anisotropy in (1) enters via the second term which corresponds to the
classical dipole interaction given by

3(R¢ — R2)(R] — R)) — 6.5/R; — R;|?
R; — R[5

(2)

jlng (i) = (QJ,UB)2

Here R; denotes the lattice vector of the " Gd ion, g; the Landé factor and
1p the Bohr magneton.

Based on the above assumptions an isotropic exchange has been set up such as
to give a maximum of the Fourier transform of the exchange constants at (1/3
1 0) and the correct ordering temperature. From these conditions equations for
the isotropic exchange parameters follow (compare [9]), which can be fullfilled
only if more than 3 neighbors are considered. This procedure leads to the
following 4 nearest neighbor interaction constants J(ij), which are associated
with the neighbors at (1/2 1/2 0) (-33.3 peV), (1 0 0) (12 peV), (1/2 1/2 1)
(4 peV) and (2 0 0) (-2 peV).
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Fig. 3. Calculated magnetic structure 7 = 11 K (top) and at low temperature
T = 2 K (bottom). Gd atoms situated in the same plane are shown by full (open)
circles.

These parameters and the classical dipole interaction constants given by equ. (2)
were used in the program McPhase (www.mcphase.de) [10] to calculate the
temperature dependence of the magnetic structure on the basis of a mean field
theory. A spin reorientation associated with a change of the magnetic struc-
ture from noncollinear to collinear has been computed. The corresponding
magnetic structures are shown in fig. 3. The moment directions are restricted
to the plane of the figure. The computed high temperature magnetic structure
is in accordance with the expectations from the analytical high temperature
expansion of the model (compare [8,11]). The magnetic neutron diffraction
data shown in fig. 1 can be described by the computed noncollinear low tem-
perature modification of the magnetic structure with magnetic moments of
6pp/Gd. Note that this value of the magnetic moment is smaller than the
value of 7up/Gd expected for the free Gd** ion.

In conclusion we want to emphasize, that the saturation process of the mag-
netic moments in Gd compounds may involve noncollinear modifications of
the magnetic structure. Using the program package McPhase it is possible to
compute the magetic structure and interpret the observed neutron diffraction



pattern within the framework of a mean field model.
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Abstract. The lattice parameters a, b and ¢ of TmCu, have been measured in the temperature
range from 4.2 K up to 300 K using x-ray powder diffraction. The influence of the crystal
field on the thermal expansion in TmCuy in the paramagnetic region has been deiermined by
comnaring the thermal expanston of the nop-magnetic Y{u; with that of Tm G {0 le_h orders

SRR &3 LR )

magnetically at Ty = 6.3 K). The data thus obtained are compared with a theoretical model
given by Gratz ¢r g/ in 1993 using a set of crystal field parameters published by Gubbens e/ af
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The aim of this paper is to show the crystai-fieild (CF) influence on the temperature
varlatmn of the lattice parameters a, b and ¢ of TmCuz (orthorhnmblc CeCu, stmcture)

from neutron scattering data measurements of the magnetlzanon, spec1ﬁc heat and thermal

expansion. The aim of this paper is 10 apply this set of parameters to analyse the anisotropic
thermal expansion for TmCu; (Tm®" . J = 6) as it has been done in our recent publication
for ErCu, and NdCu, (see Gratz er ai [17).

2. Experimental details

Polycrystalline samples of TmCuz and YCuz have been prepared by induction melting under
a protective argon atmosphere. After annealing at 700 °C for one week no trace of foreign
phases could be observed by the x-ray analysis.

A conventional Siemens D-500 x-ray powder diffractometer with an Qxford helium-flow

cryostat.and Co Ko radiation has been used for the measurements of the lattice parameters

a, b and r ac a function of tpmpprnfnrp Germaninm wag uced ac an internal ctandard for
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shown in figure 1. In order to make the comparison easier we nommalized the lattice
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A miniature capacitance dilatometer for thermal expansion

and magnetostriction
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A very small capacitive sensor for measuring thermal expansion and magnetostriction of small and
irregular shaped samples has been developed. A capacitive method with tilted plates is used. The
tilted plate capacitance formula is used for the calculation of the capacitor gap, the calibration is
performed by measuring the signal of a standard material. The active length of the sample can be
less than 1 mm. The absolute resolution is about 1 A. All mechanical connections of the dilatometer
are carried out by tiny Cu—Be springs, enabling the small force on the sample to be adjusted
(50-500 mN) and no additional sample fixing is necessary. The cell has been tested in the
temperature range 0.3—-200 K and in static magnetic fields up to 15 T. The zero signal of the
dilatometer has been determined by measuring a silver sample. The correct operation and
reproducibility has been verified by measuring the thermal expansion of Cu. The thermal expansion
and magnetostriction of a DyCu, single crystal has been determined. The advantage of this method
compared to specific heat measurements is that a large temperature range can be covered with one
equipment. This high static and dynamic range of sample length, temperature, and magnetic field
suggests a number of possible applications, like the investigation of crystal field effects on the

magnetoelastic properties of single crystals or structural phase transitions. © 7998 American

Institute of Physics. [S0034-6748(98)01007-7]

. INTRODUCTION

The capacitance method is one of the most sensitive
methods for measuring small length changes of solids. In
practice the accuracy is limited frequently by mechanical
sample quality and dilatometer effects. However, to reach the
highest possible sensitivity and reproduceability, special ef-
fort is needed in the design of the capacity cell and the
sample preparation. Therefore a dilatometer has been devel-
oped by combining our own experience with already pub-
lished methods.

The roots of capacitance dilatometry date back to 1961,
when White! combined experiences of a two-terminal ca-
pacitance method for measuring thermal expansion® with
Thompson’s® three-terminal method for capacity measure-
ments using a ratio transformer bridge. He achieved a hith-
erto unreachable resolution of 1077 mm. Afterwards the
two-terminal method was scarcely used again.4

White’s design principles of absolute and relative
dilatometers were adopted and improved by a number of
different authors. It led to absolute thermal expansion mea-
surements on a number of reference metals® like Cu,6’8 Ag,7
Au,7 and A1% Green,9 Chanddrasekhar, and Fawcett'®!! were
among the first to use the dilatometers for magnetostriction
measurements. Tilford and Swenson used an inverted con-
figuration of White’s cell to measure the thermal expansion

YElectronic mail: exphys @xphys.tuwien.ac.at
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of solid Ar, Kr, and Xe.!> Miller et al. extended the tempera-
ture range of White’s cell (1-300 K) up to 550 K.'* The
reproducibility of the dilatometer was increased by replacing
the oxygen-free copper reference rods with silicon'* or
sapphire.'> However, using for the whole cells Si or quartz
with metal-plated electrodes'®!” is problematic and has not
been widely adopted except in pulsed magnetic fields.'s Sub-
rachmanyam and Subramanyam'® went back to a copper
dilatometer for the use of samples differing in length, how-
ever, still samples should have parallel surfaces. Sparavigna
et al. designed an apparatus for simultaneous measurement
of thermal expansion and thermal diffusivity® still keeping
the main features of White’s dilatometer design.

Another method—differing from White’s design—goes
back to the pushrod dilatometers with capacitive displace-
ment sensor kept at constant tempf:rature.m’22 However, the
pushrod has been used mainly at temperatures above room
temperature.”>>* The idea of separating the sample from the
displacement sensor was fascinating, because samples of dif-
ferent lengths and shapes can be used. Several authors ap-
plied this principle in dilatometers with a capacitor based on
parallel spring movements® which is not dismantled on
sample change.?6~3°

The drift of capacitance with time could be reduced by
the use of sapphire isolation washers instead of epoxy—mylar
isolation.”®! Studies of the absolute accuracy of capacitance
displacement sensors®> 3 led to further developments, like
the elastic diaphragm sensor.*

© 1998 American Institute of Physics
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FIG. 1. Schematic drawing of the capacitance dilatometer.

An important basis for the design of our sensor was the
invention of the tilted plate principle,%’36 which has also
been used in a dilatometer for amorphous ribbons.*’

Il. THE DILATOMETER

Our aim was to construct a sensor for studying phase
transitions on intermetallic rare earth compounds. Since for
these compounds only small single crystals (1 mm®) are
available and for such investigations a wide range of physi-
cal parameters is necessary, it was required to design a small
and compact dilatometer for a wide temperature range and
high magnetic fields combining most advantages of the ex-
isting capacitive dilatometers but avoiding their disadvan-
tages.

Capacitive cells with parallel plates are easy to calibrate,
but they have either big dimensions or difficulties with the
sample handling. Even if the problem of thermal stability of
such big cells is solved, limited space in most of the mag-
netic coil systems causes problems, particularly when mag-
netostriction parallel and perpendicular (A and X\ ) to the
field has to be measured. To minimize the cell size our ca-
pacitor design is based on the tilted plate principle’®*® with
the sample placed in a hole in the lower capacitance plate
(see Fig. 2), determining the maximal sample size (3X3
%3 mm?). To obtain a reasonable accuracy the active length
of the sample should be bigger than 0.5 mm. The sample can
have nearly any irregular shape, only the base surface should
be flat to give a stable sample position.

Our tilted plate construction has a high plate area and a
low volume, which gives a good sensitivity in connection
with very small sensor dimensions (diameter: 22 mm, height:
14 mm).

Figure 1 shows the schematic arrangement of the
dilatometer. The lower part consists of a plate holder (Ag). It
includes the ringlike lower capacitor plate (Ag) and the
sample support (Ag). The upper part consists of the upper
plate holder (Ag) and the disklike upper capacitor plate. It is
separated from the lower one by two needle bearings (brass)
and the sample to obtain a well defined support on three
points. Both capacitor plates as well as the sample support

Rotter et al. 2743
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FIG. 2. Detailed drawing of the miniature tilted plate capacitance dilatom-
eter: (a) lower capacitance-plate-holder (Ag), (b) lower capacitance-plate
(Ag), (c) electrical shielding of sample space (brass), (d) sample support
(Ag), (e) sample, (f) isolation washer for electrical sample isolation (sap-
phire), (g) mounting holes, (h) temperature sensor hole, (i) plate holder nuts
(brass), (j) electrical isolation (kapton), (k) disk spring (Cu—Be), (1) groove
for temperature stabilization of capacitance wires, (m) thread bolt (brass),
(n) isolation washer for electrical isolation of capacitance plate (sapphire),
(0) upper capacitance plate (Ag), (p) upper capacitance plate holder (Ag),
(q) adjustment nuts, and (r) needle bearing.

are insulated from the holders by sapphire washers.”” The
needle bearings define an exact pivot point and avoid any
transversal shift between the upper and lower plate holder.

Figure 2 shows the detailed drawing of the complete
dilatometer. In addition to the schematic drawings the fol-
lowing parts are shown. The electrical shielding of the
sample (c) is essential for screening the sample support (d)
from the lower plate. The groove (1) holds the capacitance
wires and ensures a good thermal contact to improve tem-
perature stabilization. The thread bolt (m) together with the
disk spring (k) fix the position of the capacity plate and
performs the electrical connection to the plate. The disk
spring fitting in the conical hole produces a well defined
force to keep the position of the capacity plate with respect
to the holder.””>' This improved design looks much simpler
than that one of Pott and Schefzyk.” The stress on the
sample can be adjusted with a torque driver at the nuts (q).
To obtain a good electrical insulation between plate holders
[(a) and (p)] and the capacitor plates [(b) and (0)] the kapton
insulation ring (j) and the Cu-Be disk spring (k) must be
aligned exactly and fit precisely in the hole.

Although this sensor is more difficult to calibrate than
normal parallel plate dilatometers, several advantages out-
number this computational effort:
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(1) A self-compensating construction gives a small tempera-
ture dependence of the zero signal. Sample support and
lower capacitance plate are placed on sapphire washers
of the same kind to perform equivalent motions during
expansion (see Fig. 1).

(2) The inverting construction'? causes that the expansion of
the sample opens the capacitor. This provides a high
dynamic measurement range and avoids crashing of the
capacitor plates and sample damage.

(3) All mechanical connections are done by Cu-Be disk
springs, which are pressed into a cone by an adjustment
nut. In this way the following features are obtained:
—the stress on the sample can be adjusted,

—no other fixing of the sample is necessary in magnetic
fields, (i.e., by glues which might get loose at low
temperatures and high fields),

—all stresses are well defined on assembling the cell

(using a special torque driver).

(4) The insulation of the capacitance plates is done by using
sapphire washers.?>! This avoids the use of glue, which
causes excessive (undefined) capacitance drift.

(5) The sample is placed in the center of the capacitor and
the capacitance leads are thermally anchored to the cell
in a special V slot. This gives excellent thermal equilib-
rium conditions of the sample and all other parts of the
dilatometer.

(6) The essential parts of the dilatometer are made of
silver,®® this has the following advantages compared to
OFHC copper;

—350% lower heat capacity per volume,

—mno nuclear heat capacity at low temperatures and high

magnetic fields.

(7) Simple construction (four parts and a set of sample sup-
ports) facilitates manufacturing and cleaning.

(8) To measure samples of different lengths and shapes a set
of sample supports with several lengths is used. This
avoids the adjustment by a sample screw, which intro-
duces an additional source of uncertainty.

(9) The dilatometer range can easily be extended to tempera-
tures above room temperature. Because of the used insu-
lation materials (sapphire, kapton) an application of the
cell up to 500 K seems to be possible without major
changes, but has to be verified by further experiments.
Choosing other materials the use of the design up to
1300 K and more is suggested. The extension of the
temperature range of the dilatometer below 300 mK
should also be possible.

Figure 3 shows the dilatometer in a temperature insert of
the cryostat and in a superconducting magnet system. The
two different positions in the coil parallel and perpendicular
to the magnetic field are outlined as full and dashed lines,
respectively.

lll. CALIBRATION

This sensor measures the relative length change of the
sample, therefore a calibration procedure is necessary.' It is
performed using the tilted plate capacitance formula.®3
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cryostat/ g

in L position

sample

FIG. 3. Arrangement of the dilatometer, temperature insert, and magnet
system.

This presents no major problem using computer controlled
data acquisition.

The capacity change caused by thermal expansion has four
contributions;

(1) change of the sample length,

(2) change of the radii of the capacitor plates,

(3) change of the length of the silver plate holders,

(4) partly compensated by the change of thickness of the
capacitor plates and the sapphire washers.

The measured capacity C(T) is used to calculate the gap
d(T) by the following formula:

2¢, 1-V1- %) (1-1-%)
cn= | 4y A >Ty,
(1)
with
k(T)
70:2_0{%_1} (2a)
i k(T)
Yi=y m—l , (2b)

where rq is the outer plate radius, r; the inner plate radius, b
the distance between center of capacitor and pivot (see Fig.

1).

A lAg—Lit A lSapphlre

[

k(T)=k(To)+2d, (1)- (M|, 3

where k(T) is the pivot distance at T,=300 K, d, the thick-
ness of sapphire washers (0.8 mm), (Al ag-Lit/D(T) is the
thermal expansion of Ag from literature,” and
Al Sapph,re/ [ (T) the thermal expansion of sapphire from
literature.’

To determine the pivot distance k(7,) the plates can
initially be adjusted parallel (by minimizing the reading of
the capacitance bridge and/or by the procedure described by
Villar et al.'®).
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FIG. 4. Thermal expansion along the a direction of a DyCu, single crystal
measured by the capacitive dilatometer.

_ 2
1+ AlAlg’L“ (T)} (4a)

A(T)=A(Ty)

is the inner capacitance area (r,-27r).

. 2
1+ AlAlg*L“ (T)} (4b)

Ag(T)=Ay(Ty)

is the outer capacitance area (r%w).

Because d(T) appears in the term of C(T) [Eq. (1)] and
in y [Egs. (2a) and (2b)], Eq. (1) has to be solved numeri-
cally with respect to d(T).

Fringe corrections have to be considered only if big ca-
pacitance changes occur. For signals in the magnitude of a
“normal”” metal (like Ag or Cu) fringing corrections can be
neglected. In this case an estimation according to W. C.
Heerens™ leads to corrections which are in the order of mag-
nitude of the reproduceability of the cell. For big capacitance
changes the corrections can be applied, therefore it is neces-
sary to measure the capacity two times with inverted high
and low connections.

Once the gap d(T) has been calculated for each tempera-
ture, the thermal expansion of the sample Algyn,(7)/1 is
obtained by the following relations:

Al Adg,, Adry sum
Sample (T)= Sa plc( )_ Ag—Sample (T)
l lSample lAg—Sample
AlA —Li
(D), (5)

where Ad=d(T)—d(T,), Adsympie(T) is the measurement
of the sample, and Ad xy_gampie(T) is the measurement of an
Ag-Sample (calibration sample).

The capacity has been measured by an ‘‘Andeen Hager-
ling 2500 A 1 kHz Ultraprecision Capacity Bridge.”” A gap
of 0.18 mm results in a capacity of approximately 4 pF.
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FIG. 5. Longitudinal magnetostriction of a DyCu, single crystal with the
magnetic field aligned parallel to the a direction measured by the capacitive
dilatometer at 7=4.3 K.

IV. RESULTS

The correct operation has been verified by measuring the
thermal expansion of pure copper (5 N). The maximum de-
viation from literature data’ is in the order of 1% in Al/L.

After calibration experiments the dilatometer perfor-
mance was checked by extensive and systematic measure-
ments on intermetallic compounds. Both temperature depen-
dent runs at a constant magnetic field (up to 15 T) and field
dependent runs at a constant temperature (from 300 mK to
200 K) have been performed. Above 2.2 K a variable tem-
perature insert prepared for a high field magnet with 50 mm
bore was used. Alternatively, the dilatometer was mounted in
a *He insert with a sample space diameter of 40 mm for the
low temperature experiments from 300 mK to 4 K. Results
for a DyCu, single crystal with sample size
1.13 (a)X2.12 (b)X1.79 (c) mm> can be seen in Fig. 4. The
compound shows two magnetic phase transitions (18 and 27
K)*** connected with significant jumps in sample length.
Several temperature cycles with different slopes (1-5 mK/s)
have been performed above 2.2 K. The deviation of the dif-
ferent curves is within the symbol size, showing that the
reproduceability of the dilatometer is in the order of
1077 mm.

Figure 5 shows the magnetostriction of DyCu, for T
=4.3 K. The resolution does not depend on the field value.
The jumps at 1.5 and 2.0 T are connected with transitions
between different magnetic states of the sample.

Eddy currents cause a additional heating of the cell, de-
pending on the field sweep rate. The power supply of the
magnet allows us to work with constant sweep rate of 0.2
T/min. At 0.8 K a constant warm up of 0. K which stays
stable within 1 mK is observed. Above 2 K this effect can be
neglected.
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In RCu, compounds (R=rare earth) magnetostriction results from two different sources, the single
ion crystal field contribution and the two ion exchange interaction. The crystal field contribution can
also be observed above the magnetic ordering temperature and leads to giant magnetostriction in
high magnetic fields at some members of the series. The exchange contribution has to be considered
additionally when describing the magnetostriction in the magnetically ordered state. A new feature
of the mean field—Monte Carlo simulation program McPhase (http://www.mcphase.de) allows to
calculate the magnetic phase diagram and model the exchange contribution. We present new data of
thermal expansion and the longitudinal and transversal magnetostriction of NdCu, with magnetic
field applied along the a, b, and ¢ direction of the orthorhombic single crystal. These data are
compared to the results of a McPhase simulation, which is based on exchange parameters derived
from measurements of the magnetic excitations. The magnetoelastic interaction is compared to the
case of GdCu,. The analysis can be extended to other RCu, compounds. © 2002 American

15 MAY 2002

Institute of Physics. [DOIL: 10.1063/1.1449363]

l. MAGNETOELASTIC INTERACTIONS IN RCu,
COMPOUNDS

According to Ref. 1 the static and dynamic magnetic
properties of RCu, compounds in the magnetically ordered
state can be described by a Hamiltonian, which is the sum of
crystal field (CF), exchange (EX), and Zeeman contributions
and the elastic energy

H:HCF+HEX_Z grpupH-Ji+Eq. (1.1)

In order to describe magnetoelastic properties the strain
dependence of the CF and EX part has to be considered (for
the notation see Ref. 3):

Her= 2 BI'(€)0'(J), (1.2)
1 « s 18
Ho= =5 2 I Tupli= DI (1.3)
ij,a
1 aﬁa',B'
E”:fa[g[,r €ap€arprC . (1.4)

From this model the diagonal components of the strain
tensor € can be derived. This is done for the special case of
orthorhombic RCu, compounds with ferromagnetic bc
planes (such as NdCu,) and considering the strain depen-
dence of the CF for /=2 and of the EX up to the next nearest
bc plane. The following expressions are calculated using a
mean field model, expanding the CF and EX parameters lin-
ear in the strain tensor € and minimizing the free energy with
respect to € similar to*’

EX

_ CF
€aa™ Eaa+ €aa>

0021-8979/2002/91(10)/8885/3/$19.00

8885

1
€an=y 2 [Aa(02I)) rut BAOXI))rul,  (15)

1
€on= N % [KaB<JiBJiB> Tt LaB<JiBJiB+ a2+b+e2) T H

+ Ma/B<JiBJiB+ 27 Hl-

( )r.m denote thermal expectation values, i the position
vectors of the rare earth, a, b, and ¢ the orthorhombic lattice
vectors.

Using a new version of the McPhase simulation program
it is possible to calculate the static correlation functions
(JiﬂJg )ra in Eq. (1.6). The complete H and 7' dependence of
the strain is determined by the expectation values ( )rq.
The model used for the simulation of the magnetically or-
dered phases has been described in Ref. 6 for external fields
parallel to . Here we extend it to fields in a and ¢ using the
magnetic exchange determined from the dispersion of the

(1.6)

TABLE 1. Magnetoelastic parameters used in the evaluation of the strains by
Eq. (1.5).

a= a b c

Al -5%x107° +7%x107° —8x107°
B} —5%107° +3x107* +2x107*
K +4x107* —1x107* +2x107°
K +5%x107° —6x1073 —4x107°
Koo —1x107* —4x1074 —18x107*
Laa

Loy +1.5%107° —13x107°
La(‘

Mﬂ{l

M, +6x107° —-1.9x107°

M

ac

*Values taken from Ref. 5.

© 2002 American Institute of Physics
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FIG. 1. Longitudinal and transversal magnetostriction of a NdCu, single crystal. The symbols indicate the measured data. The solid lines (—) correspond to
results of the McPhase calculation taking into account both the exchange contribution 65)0(( and the CF contribution egl; to the strain. For comparison the CF

contribution €<

CF ecigenstates (see text).

magnetic excitations.' The CF contribution GS]; in Eq. (1.5)
was calculated using the mean fields calculated with
McPhase and the CF parameters given in Refs. 1 and 5.

Il. RESULTS AND DISCUSSION

At low temperatures the contribution of phonons and
electrons to the strain is negligible and the magnetostriction
of NdCu, can be calculated using the model (1.5). Table I
shows the magnetoelastic parameters used in our evaluation
of Eq. (1.5). The values for A and B have been taken from
Ref. 5. The magnetoelastic constants K,L, and M have been
determined to give a reasonable quantitative adaptation of
the calculated expressions (1.5) to the experimental data. In-
teractions beyond the nearest neighbor (i.e., L,M #0) have
only been taken into account when necessary in order
to describe the experimental data. Magnetostriction data

on GdCu, (see Ref. 2) yield Koo 2=+17X10"%,
Kpo=—1x107%, and K00 2=—1X10"% (a=a,b,c).

Comparing these values to NdCu, we infer that in the heavy
RCu, compounds the exchange contribution to the magneto-
striction is of comparable magnitude. Note that in the case of
GdCu, K,,=K,,=K,. (a=a,b,c) in contrast to NdCu,.
Probably the orbital momentum (L#0) of the Nd** ion
leads to the strong anisotropy in the derivatives of the ex-
change tensor J,z with respect to the strain e.

The results of the calculation are compared in Figs. 1
and 2 to new experimental data measured by capacitance
dilatometry on a single crystal. The magnetostriction data are
in good agreement with a previous study of Ab/b for mag-
netic field in the b direction.” The solid lines correspond to
results of the McPhase calculation taking into account both,
the exchange (€-X) and CF (egl;) contribution to the strain.

E is shown separately (long dashes ——-). Short dashes (---) indicate eﬁf, calculated without McPhase, i.e., considering only the paramagnetic

For comparison the CF contribution ES]; is shown separately
(long dashes). Although magnetic order has been taken into
account, this contribution alone cannot describe our experi-
mental data adequately. In order to show the influence of
magnetic order, egl; has also been calculated assuming that
the system stays paramagnetic down to zero temperature
[i.e., by putting all J,4(€,i—j)=0 in Eq. (1.3) and calculat-
ing the (O}'(Jp))7g in Eq. (1.5) using the CF eigenstates].

AL/L

6 8 10 12 14
T(K)

FIG. 2. Thermal expansion of a NdCu, single crystal in zero field in the
crystallographic a, b, and ¢ direction. For explanations of symbols see Fig.
1 and text.
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The results of this calculation are shown by short dashes in
Figs. 1 and 2.

The onset of the axis conversion® at around 8 T makes
the interpretation of magnetostriction for fields in the ¢ di-
rection difficult (Fig. 1) and therefore values given for K .
are less reliable than the other magnetoelastic constants
given in Table I.

In conclusion, the present analysis shows that it is pos-
sible to model magnetostriction in compounds with very
complex magnetic phase diagrams using McPhase. Good
agreement between experiment and theory can be achieved,
if the parameters in the Hamiltonian are well determined.
Further improvements of ab initio calculations’ may eventu-
ally lead to estimates of the magnetoelastic parameters.

In the case of NdCu, the CF contribution calculated ac-
cording to Ref. 5 can only describe part of the experimental
data. In the magnetically ordered phase it is important to
consider the exchange contribution to the strain, which can
be calculated by McPhase. The remaining discrepancies
(e.g., the slope of Ab/b and Ac/c in high fields parallel a)
suggest that possibly magnetoelastic CF contributions for
[>?2 are important. Furthermore, the CF model for small
strains* is not sufficient to describe the giant magnetostric-
tion for high fields parallel ¢. This is probably due to the
importance of large quadrupolar interactions which leads to a
magnetic axis conversion.

Rotter et al. 8887

In contrast to the rare earth elements’ in the RCu, series
the exchange contribution to the magnetostriction is of the
same order as the single ion contribution. In order to estab-
lish more details of the exchange contribution it is necessary
to extend the analysis of NdCu, and GdCu, to other RCu,
compounds.
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PACS. 64.60—i  General studies of phase transitions.

Abstract. — The metamagnetic transition in the orthorhombic antiferromagnets RCus (R=Ce,
Pr, Dy, Tb) in high magnetic fields parallel to the c-direction is connected with a conversion of
the magnetic Ising axis from the orthorhombic a- to the c-direction. The new state remains sta-
ble even after switching off the field. A giant magnetostriction (GMS) AL/L > 1 % is observed
at the conversion. Neutron scattering experiments on a DyCusz single crystal reveal that this
axis conversion is also connected with a structural transition from the orthorhombic CeCus-type
structure to the hexagonal AlBs-type structure due to strong magnetoelastic coupling. To our
knowledge this is the first observation of a change from low to high crystal lattice symmetry by
application of an external magnetic field.

Already some years ago the conversion of the Ising axis in high magnetic fields was dis-
covered [1] in the orthorhombic compound DyCus by magnetisation measurements, which
showed unusual large hysteresis effects. Figure 1 shows an example: if a strong magnetic field
is applied along the c-axis of a DyCus single crystal, the magnetisation increases from 2.4 to
6.4up/fu. (at T = 30 K). The saturation magnetisation (measured at 2 K) is 8.5up/f.u.,
approximately. After the conversion the magnetisation curve along the c-axis resembles closely
the magnetisation curve of the (original easy) a-axis and vice versa. The axis conversion can
be reversed either by applying a high field along the a-axis or by increasing the temperature
above 150 K [2].

Studies on other RCu, compounds revealed a similar effect for R = Ce, Pr and Tb, too [3].
The temperature dependence of the conversion field of DyCus was investigated by magnetisa-
tion measurements [2], showing that the conversion is also observed in the paramagnetic state,
i.e. above T = 27 K (compare fig. 1). From specific-heat measurements in external magnetic
field it was inferred that the conversion can also be induced by the variation of temperature at

© EDP Sciences
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Fig. 1. — Magnetisation of DyCus along the c-direction at 7' = 30 K, showing the huge hysteresis
typical for the axis conversion. The open symbols show the magnetisation along the a-axis, for
comparison.

Fig. 2. — Giant magnetostriction of DyCusz at the axis conversion at 7' = 30 K.

constant field [4]. Magnetostriction measurements showed that the axis conversion is connected
with a giant magnetostriction (GMS). Figure 2 shows that the crystal expands 1.5 % in the
c-direction at T'= 30 K, at 4 K the magnetostriction is nearly 4 % [2]. In the a-direction the
crystal contracts simultaneously, whereas the lattice parameter b stays nearly unchanged in
the conversion cycle. We will demonstrate in this letter by neutron diffraction on a DyCus
single crystal, that the drastic change of the lattice parameters a and c is connected with a
structural change.

Figures 3 and 4 show the two types of structures that have to be considered. The orthorhom-
bic CeCua-type structure (space group I'mma, D33) can be viewed as a distorted hexagonal
AlB; type (space group Ps/mmm, D}, ). Note that in the orthorhombic description a and ¢
form the hexagonal plane.

It is remarkable that the magnetic (H, T')-phase diagrams of the virgin sample of DyCusy with
field in a-direction and of the converted sample with field in ¢-direction are nearly identical [2].
This indicates that the magnetic exchange interactions are not significantly influenced by the
huge change of the lattice constants associated with the conversion. Yoshida et al. proposed
a model based on quadrupolar interactions [5] to explain the Ising axis conversion in DyCus.

The single crystal of DyCuy was grown by the Czochralsky method in a vacuum of 1.4 x
106 mbar and a pulling rate of 20 mm/h. Neutron diffraction measurements indicated that
the crystal is of high quality and contains no other grains. The original crystal had a 10 mm
diameter and 50 mm length. It was then cut into several small pieces. We used pieces of
3 x 3 x 4 mm?, approximately, for the experiments with neutrons.

Neutron scattering experiments have been performed at the D15 diffractometer of the
Institute Laue Langevin (Grenoble) with a wavelength of 0.085 nm and 0.117 nm, and at
the E4 diffractometer of the Hahn Meitner Institut (Berlin) with a wavelength of 0.246 nm.

The neutron scattering experiment consisted of three parts. At first a complete de-
termination of the crystallographic structure was performed at T = 1.5 K yielding the
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Fig. 3. — Projection of the orthorhombic CeCus-type crystal structure onto the ac-plane. The shown
cell is two times the unit cell along the a-axis.

Fig. 4. — Projection of the AlBs-type structure onto the hexagonal plane (the ac-plane in the ortho-
rhombic notation).

well-known CeCus-type structure with a = 0.4294 4+ 0.0002 nm, b = 0.6742 £ 0.0008 nm,
¢ = 0.724 £ 0.004 nm, a cell volume of V = 0.2097 £ 0.0015 nm?® and the atomic po-
sitions zpy = 0.5426, ycu = 0.0537 and zc, = 0.1638. Then the temperature was in-
creased to 30 K (i.e. above the Néel temperature Ty = 27 K) and a magnetic field of
5 T was applied along the c-direction with a ramp rate 0.05 T/min. To see the influence
of the magnetic field on the lattice properties we measured the intensity of the (2 0 0),
(0 4 0)and (—6 —8 —2) reflections simultaneously while ramping the field. The result is
shown in fig. 5. Then, after the axis conversion, the field was removed and the temperature
set back to 1.5 K. Again a complete structure determination was performed resulting in
a®™ = 0.4227 4+ 0.0003 nm (this corresponds to a GMS of Aa/a = —1.55% with respect
to the unconverted state), b°°™ = 0.6747 &+ 0.0003 nm (+0.07%), ¢ = 0.7340 £ 0.0037 nm
(+1.3%), Veorv = 0.2093 £ 0.0013 nm® (—0.17%). In the converted state the ¢/a ratio is
O™ /" = 1.7318 4 0.0095 ~ 1.7321 = /3 (zg’y“" =0, y&mv =0, 2&" = 0.16667 ~ 1/6).
The special value of ¢°°™ /a®™ indicates a change from orthorhombic to hexagonal symmetry.

In fig. 5 it can be seen that the intensity of the (0 4 0) reflection does not change during
the conversion process within the experimental error, indicating that the atoms are moved
mainly within the ac plane. The (—6 —8 —2) reflection disappears at 3.5 T, because it
is forbidden in the hexagonal structure. The field value with the strongest intensity changes
(uoH = 3.5 T) is in accordance with the conversion field 3.5 T at 7' = 30 K measured by
macroscopic methods [2].

The observed change in intensity and position of the reflections before and after the axis
conversion is a strong proof that the axis conversion is associated with a change from the
orthorhombic CeCugz to the hexagonal AlBy structure. The intensity of (2 0 0) decreases for
fields poH > 3 T by about 20 %. The (2 0 0) reflection of the orthorhombic CeCus structure
corresponds to the (2 —1 0) (mind the hexagonal notation) of the hexagonal AlBs structure
and has the same structure factor. The small decrease in intensity can be connected with the
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Fig. 5. Field dependence of the intensity of the (0 4 0), (2 0 0) and (=6 —8 —2) reflections
at the axis conversion at 1" = 30 K. The lines are a guide to the eye.

formation of microcracks in the sample at the conversion process.
A complete confirmation of the change from orthorhombic to hexagonal symmetry can
be deduced by comparing the reflections measured at 7' = 1.5 K before and after the con-

TABLE 1. Position and intensity of some selected reflections at T = 1.5 K before (virg) and after
(conv) the azis conversion. The values of h, k and l refer to the orthorhombic reciprocal lattice of the
CeCuy structure. The reflections (marked by *) obey the hexagonal extinction rules in the converted
state. They could not be detected in the converted crystal within the experimental error.

(h k1) I Toeis
2 0 0) 3538 & 26 3091 + 43
(4 0 0) 6426 + 38 605 + 18
6 0 0) 9800 = 56 0

0 2 0) 118 + 3 123 +4
(0 4 0) 2010 + 16 2108 + 23
0 6 0) 3007 & 22 3212 4 28
(1 0 1) 180 +3 130+ 4
(3 0 1) 178 £ 6 73+7
2 3 1) 1362+ 13 0

6 3 1) 2467 + 22 0

0 4 2) 1058 + 16 1371 + 17
2 4 2) 1116 £ 12 775 + 13
(4 4 2) 1075 + 12 147 + 15
6 4 2) 1637 + 18 1825 + 22
(1 5 2) 2643 + 19 10849
(3 5 2" 2833 + 22 0

(5 5 2)* 3344 + 25 0

6 8 2) 3915 + 26 265 + 11
(19 2 989 + 12 0
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version. In table I the intensities of some characteristic reflections are shown. Due to the
strong absorption of Dy the intensities depend strongly on the shape and orientation of the
sample. Therefore any intensity values given have to be interpreted with great care. In most
cases several equivalent reflections have been measured and the average intensity is given in
table I. Note that the reflections with zero intensity in the converted state obey the hexagonal
extinction rules.

As discussed above, the magnetic (H,T)-phase diagrams of the virgin sample with field
in a-direction and of the converted sample with field in c-direction are identical [2]. The
magnetic structure after the axis conversion was identified by measuring the magnetic satellites
at T = 1.5 K. The results confirm the commensurate structure with r=(2/3 1 0) [4,6].
Moreover, we found three equivalent magnetic domains characterized by a propagation turned
by 60° in accordance with the hexagonal symmetry of the converted system. For that reason
the magnetic two-ion exchange interaction cannot depend much on the lattice symmetry. The
magnetoelastic coupling may arise from a strong strain dependence of either the magnetic
two-ion exchange or the single-ion (crystal field) exchange interactions. Because we find that
the exchange interaction does not depend on the lattice strain we conclude that a strong
single-ion magnetoelastic coupling must be the reason for the observed symmetry change of
the lattice.

The conversion of the easy axis in DyCus increases the symmetry of the lattice by changing it
from orthorhombic to hexagonal. To our knowledge this is the first time that a change from low
to high symmetry in external magnetic field has been observed (for a review see [7] and references
therein). This change in symmetry is accompanied by a GMS of several percents, which has
been observed both macroscopically by dilatometric measurements of the sample length, and
microscopically by neutron diffraction experiments as the change of lattice parameters.
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RCu, compounds (R=rare earth) show magnetic structures with very different propagation vectors. This
behavior can be explained by the anisotropy of the magnetic exchange interaction in combination with the
crystal field. In order to support this model the magnetic phase diagram of a SmCu, single crystal has been
investigated by magnetization, thermal expansion, magnetostriction, electrical transport, and specific heat
measurements. The magnetic structure in zero field has been determined by neutron diffraction on a powder
sample using **Sm. The magnetic moments were found to be oriented parallel to the b direction in contrast to
other RCu, compounds (R="Tb, Dy, Ho) with the same propagation. In order to explain the observed magnetic
structure of SmCu, we infer that the anisotropic part of the exchange interaction tensor is reversed in com-

parison with the other RCu, compounds.
DOI: 10.1103/PhysRevB.64.134405

I. INTRODUCTION

There are two kinds of magnetic anisotropy in rare-earth
compounds: the single-ion anisotropy caused by the crystal
field (CF) and the anisotropy of the two ion interactions.
Both types of anisotropy have to be considered to arrive at a
consistent description of the magnetic properties of the
orthorhombic intermetallic compound NdCu, (Refs. 1-3)
(space group Imma).

The exchange parameters determined from inelastic
neutron-scattering experiments on NdCu, (Ref. 1) can be
used to make a prediction for the ordering temperature and
the magnetic structure of some other isostructural RCu,
compounds on the basis of a mean-field theory. These agree
well with the available experimental results for the TbCu,,
DyCu,, and TmCu, compounds': the magnetic ordering vec-
tor 7is determined by the magnetic exchange interaction and
depends on the moment direction, because the exchange in-
teraction is anisotropic. If the magnetic moments point into
the crystallographic b direction due to the CF, an ordering
wave vector of 7~(2/300) is expected (as observed for
NdCu, and TmCu,). If the moments are oriented perpen-
dicular to b then the ordering wave vector is 7=(2/3 10)
(e.g., for TbCu, and DyCu,).

SmCu, is a compound of this series that has not been
investigated by neutron scattering due to the high absorption
cross section of Sm. The measurement of the susceptibility
indicates that in this compound an antiferromagnetic order-
ing occurs below 23 K with a magnetic moment in b direc-
tion similar to the case of NdCu, and TmCu,.*> As in NdCu,

0163-1829/2001/64(13)/134405(6)/$20.00
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the measurements of the specific heat gave evidence for a
second transition at 17 K, which probably is connected with
a change of the ordering vector from a commensurate to an
incommensurate value. If the model mentioned above is cor-
rect we would expect to find an antiferromagnetic ordering
with a wave vector of about 7= (2/3 00).

II. EXPERIMENT

To clarify the magnetic ordering process in SmCu, we
performed a neutron-diffraction experiment on a polycrystal-
line sample prepared with the isotope **Sm in order to re-
duce the absorption cross section. The polycrystalline sample
for this neutron-scattering experiment was prepared at the
Technical University (Vienna) by arc melting stoichiometric
amounts of **Sm and Cu in protective argon atmosphere.
Phase purity was checked by x-ray powder diffraction. The
D1B diffractometer of the Institut Laue Langevin (Grenoble)
was used because of its high resolution at low angles and its
high flux of 6.5X10° necm 2s™! at the sample position
(which was essential for the small sample of 3 g with a small
magnetic moment). To determine the temperature depen-
dence of the magnetic structure a profile analysis at tempera-
tures 7=2, 20, and 30 K was performed using a wavelength
of 0.25 nm. The data were fitted using the FULLPROF profile
matching program. The diffraction pattern at 2 K was used to
refine the structural parameters and the size of the magnetic
moment at the same time. The refined unit-cell parameters at
2 K are a=0436*0.003 nm, »=0.685+0.006 nm, c
=0.735£0.006 nm; the atomic position parameters are

©2001 The American Physical Society
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FIG. 1. Low-temperature part of the temperature dependence of
the electrical resistivity parallel to the main crystallographic axes.
The inset shows the resistivity up to the room temperature.

Zsm=0.544%+0.004, yc,=0.055%0.001,
+0.001.

The  magnetic and  dilatometric = measurements
were performed on a single crystal with dimensions
2.2X2.9%X2.1 mm?>. The single crystal of SmCu, was grown
by the Czochralski pulling method using the tri-arc furnace
at Charles University (Prague). We have used about 10 g of
melt, consisting of pure constituents of Sm (3N5) and Cu
(5N). The melt was kept in water-cooled copper crucible
under pure argon (6N) protective atmosphere (pressure 1.3
bar). Due to the high volatility of Sm, 5 at. % of Sm was
added to the stoichiometric composition. The growing con-
ditions were as follows. Pulling speed: 10 mm/hour, rotation
of the seed: 20 min™", rotation of the crucible: 10 min~!. We
have succeeded in growing a single-crystalline ingot about
40 mm long with 4 mm maximum diameter. X- ray diffrac-
tion (using Cu-Ka;-Ka, radiation) was done afterwards to
check the phase purity and to measure the lattice parameters
of the single crystal at room temperature. The lattice param-
eters were found to be a=0.43577x0.00003 nm,
b=0.69343%=0.00005 nm, ¢=0.73720%=0.00006 nm and
the atomic positions are zg,=0.545+0.001, yc,=0.065
*0.001, and z-,=0.165+0.001. All these parameters agree
very well with those reported in the literature.” No other
phase (even oxides) was observed within the precision of the
x rays. Measurements of the temperature dependence of the
electrical resistivity parallel to the main crystallographic axes
(see Fig. 1) have also confirmed the high quality of the single
crystal, yielding the residual resistivity ratios RRR=155,
175, and 78.5 for the current along a, b, and c axis, respec-
tively (see the inset of Fig. 1).

Thermal expansion and magnetostriction was measured
using a capacitance dilatometer in a 15 T Oxford Instruments
superconducting rnagnet,6 magnetization measurements were
performed in a vibrating sample magnetometer (Oxford In-
struments) in steady fields up to 14 T and in the 50 T pulsed
field magnet of the Dresden high field facility.” Electrical
resistivity and isobaric specific heat of SmCu, in the zero
magnetic field were measured in the temperature range 0.5—
300 K using a PPMS facility (Quantum Design).

and zc,=0.170
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FIG. 2. Analysis of the magnetic part of specific heat together
with the magnetic entropy. The full line shows the best fit of a
Schottky contribution and the dashed lines correspond to the en-
tropy of doublet and sextet, respectively.

I1. RESULTS AND DISCUSSION
A. Specific heat

The results of specific heat measurements are shown in
Figs. 2 and 3. For the analysis of the isobaric specific heat c,,
we have considered three main contributions:

c :C(J+Cph+cnmgv (1)

p

where c, is the electronic part, expressed as c¢,= yT (7 de-
notes the Sommerfeld constant), ¢, is the phonon part, in-
cluding the anharmonic effect,® written in the form

2

c

IR, ( 1 )3J’»¥p xexp(x)
= — ———dx,
P 1—apT\xp) Jo [exp(x)—1]?
where xp =0, /T, Op is the Debye temperature, ap, is the
anharmonic correction term, and R, is the gas constant.
The magnetic part of the specific heat is caused by the
magnetic exchange field (below Ty, for a discussion of the
magnetic phases we refer to the Sec. III B) in addition to the
crystal field. The orthorhombic crystal field splits the 4f°
ground state of the Sm** ion (J=5/2, L=5, S=5/2) into 3

1,4

C/T (WimolK®)

o
H
T

0,2

0 5 10 15 20 25 30

T (K

FIG. 3. Low-temperature part of the specific heat of SmCu, in
the C/T vs T representation indicating the magnetic phase transi-
tions at 7=16.4, 17.7, and 22.3 K, respectively. The inset shows the
anomaly corresponding to the lowest phase transition at 3.7 K.
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a,b, and ¢ directions at zero magnetic field. The relative volume
change as deduced from AV/V=Aala+Ab/b+ Ac/c is shown at
the bottom. For the b direction also the 15 T curve is shown.

Kramer doublets. Thus for temperatures 7> Ty the magnetic
specific heat ¢, , can be expressed as a Schottky contribu-
tion of the n=3 Sm>" crystal-field levels (the A; denote the
crystal-field level energies in Kelvins, A;=0):

n n 2
—A, _A,
AZex : Aex :
R, PR
Cmag:F n A - n —A.
4

i=1

E CXPT

i=

(©)

From the analysis we obtain y=17.0*+0.3 mJ/mol K2,
0,=220+2 K and ap=(1.2%£0.2)X10"* K~!. The best
fit of the Schottky contribution gives the positions of the two
excited doublets as A,=100%=5 K and A;=120*5 K, re-
spectively, yielding the high-temperature magnetic entropy
S mag= R ¢In(6), as expected for the Sm** ion (see Fig. 2).

B. Expansion and magnetization measurements

The magnetic phase diagram of the SmCu, single crystal
has also been investigated by thermal expansion and magne-
tostriction measurements. Figure 4 shows the field depen-
dence of the thermal expansion along the crystallographic
a,b, and c directions. Four phase transitions are observed at
20K, 16.2 K, 16.8 K, and at T=22.7 K in zero magnetic
field and agree well with the results of specific heat (see Fig.
3). Comparing these measurements to available literature
data® we find, that the lowest transition and the intermediate
phase above 16 K has not been reported yet. In Ref. 4, how-
ever, a transition at 10 K has been reported, which cannot be
found in our data.
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FIG. 5. Magnetization of SmCu, along the crystallographic b
direction measured at different temperatures in a pulsed magnetic
field. The inset shows the temperature dependence of the magneti-
zation measured along b in a steady field of 10 T (vibrating sample
magnetometer).

The thermal expansion determined by capacitance
dilatometry agrees well with the results of x-ray powder dif-
fraction above Ty.>° Below Ty strong magnetoelastic ef-
fects along the b and ¢ axis appear, which have not been seen
in x-ray diffraction. Summing up Aa/a, Ab/b, and Ac/c
leads to a very small volume effect. The thermal expansion
measured in a magnetic field shows that there are only very
small changes of the transition temperatures in fields along
the b direction. The transition temperatures change to 1.8 K,
14.7 K, 15.2 K, and 22.3 K at the maximum-available static
field of 15 T. The forced magnetostriction in fields up to 15 T
is negligible (AI/I<3X 1077).

Besides the dilatometric experiments, magnetization mea-
surements have been performed in magnetic fields parallel to
the crystallographic b direction (see Fig. 5). The magnetiza-
tion measured at constant fields in the temperature range be-
tween 2 K and 30 K yields anomalies at temperatures that are
consistent with the values derived from the thermal expan-
sion measurements (e.g., 2.7 K, 15.2 K, 15.6 K, and 21.9 K
at 10 T). Below 2.7 K a small increase of the magnetization
was detected. However, the two transitions around 15 K can-
not be separated because of only small magnetization differ-
ences between the phases. The magnetization curves at con-
stant temperatures measured in steady fields up to 14 T show
no phase transitions indicating that the transition lines in the
magnetic (H,T) phase diagram are nearly vertical in this
field range and it is only possible to induce ferromagnetism
in higher fields. Therefore, we performed magnetization
measurements in pulsed fields at several temperatures. Be-
cause of the small value of the magnetic moment in SmCu,
it was necessary to correct the magnetization curve by sub-
tracting the signal without sample from the measured signals
for each run. Please note, that both signals are of the same
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FIG. 6. Magnetic phase diagram of SmCu, for magnetic field
parallel to the crystallographic b-direction as deduced from VSM
magnetization (open circles), pulsed field magnetization (full
circles), magnetostriction (open squares), thermal expansion (full
squares), specific heat (stars), and resistivity (triangles) measure-
ments. For the description of the different phases see text.

order of magnitude. Therefore, the curves shown in Fig. 5
are not as smooth as for measurements in steady fields and
the absolute values are correct only within £20%. Neverthe-
less, the transition fields between 27 T and 29 T can clearly
be identified (compare Ref. 10). The transition field value
increases with increasing temperature and decreases again
near the ordering temperature.

The magnetic saturation moment of SmCu, along the b
direction is approximately 0.5+0.1 up/f.u. (see Fig. 5). In
addition to crystal-field effects an almost complete compen-
sation of the spin and orbital moment may be the reason for
this small value.

The magnetic phase diagram as shown in Fig. 6 is con-
structed from the available data. At zero field it is character-
ized by antiferromagnetic order with a low-temperature
phase AF1 and, between approximately 16.6 K and the Neel
temperature 7, =23.0 K, a high temperature phase AF3. Be-
tween these two phases an intermediate phase AF2 exists in
a narrow temperature region 16.0 K<T<16.6 K (which can
be seen most clearly by the two first-order peaks of the spe-
cific heat measurement, Fig. 3). Such an intermediate phase
was also found in NdCu, (Ref. 11) and described there as a
commensurate phase with an extremely long period and
squared up moments. Furthermore, a zero-field phase transi-
tion at 2.2 K was found by dilatometric measurements but its
origin remains unclear. We propose a low-temperature phase
that should be a modification of AF1. In specific heat mea-
surements an anomaly can be seen at a slightly higher tem-
perature of T=3.7 K (see inset of Fig. 3). The vibrating-
sample magnetometer (VSM) magnetization data also show
a low-temperature anomaly characterized by a small increase
of the magnetic moment. Measurements using a *He insert
are planned to characterize this low-temperature phase in de-
tail. In magnetic fields the phases are stable up to 28 T,
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FIG. 7. Difference diffraction pattern at 7=2 K (top) and
T=20 K (bottom)—the pattern at 30 K has been subtracted. The
line in the top pattern indicates a fit of a squared up structure with
a propagation vector of (2/3 1 0). The Sm magnetic moment of
my,=0.45 up/f.u. is assumed to be aligned parallel to b axis. Cal-
culated patterns with the same propagation vector and Sm moment,
however, aligned parallel to the a and ¢ axis are shown for com-
parison (D1B, A=0.25 nm).

approximately. Above this field value all magnetic moments
are oriented parallel to the external field forming the induced
ferromagnetic phase F.

The proposed phase diagram resembles the situation
of TbCu, and DyCu,,' for which a propagation vector
7=(2/3 1 0) was found for AF1. But, in contrast to SmCu,, in
TbCu, and DyCu, the easy axis of magnetization is the a
axis. Note also the unusual increase of the transition field
AF3—F with temperature, which may be due to a
temperature-dependent compensation of the Sm** spin and
orbital moments."?

C. Neutron diffraction

Powder neutron diffraction was used in order to determine
the magnetic structure of SmCu,. In contradiction to the
model expectation' [predicting 7=(2/3 0 0) as outlined in
the Introduction] we find a propagation vector of 7=(2/3 1 0)
at T=2 K for the phase AFl. In Fig. 7 the calculated
magnetic-intensity pattern is shown in comparison with the
experimental data. From these data we infer a magnetic
structure that is shown in Fig. 8 in a projection onto the
orthorhombic ab plane. In the phase AF3 at T=20 K the
magnetic propagation vector changes to an incommensurate
value. Any intensity on the higher-order satellites of the
propagation vector 7=(2/3 1 0) is within the scatter of the
data. In Fig. 9 the magnetic satellites (2/3 1 0), (1/3 1 1), (4/3
10), and (2/3 1 2) at 2 K are compared to the corresponding
reflections at 20 K. By a careful refinement of the lattice
parameters and the magnetic propagation vector at 20 K we
find a propagation of 7= (0.677+0.006, 0.989+0.011,
—0.008*0.013). Considering the error involved in these
values only a significant shift of 4 can be inferred.
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FIG. 8. Magnetic structure of SmCu, shown in a projection to
the ab plane. The magnetic moments are oriented parallel to b. The
magnetic unit cell consists of three crystallographic unit cells
aligned in a direction.

The antiferromagnetically ordered moment of m;,=0.45
*0.07 pwp/f.u. determined from neutron diffraction in zero
magnetic field at 7=2 K is in accordance with the saturation
moment measured by magnetization.

These results show that the anisotropy of the magnetic
exchange interactions in SmCu, is different in comparison
with other RCu, compounds. According to the model pro-
posed in Ref. 1 the Fourier transform of the exchange-
interaction tensor in RCu, compounds can be written as

J“(q) 0 0
J@=| 0 J"™q 0 4)
0 0 J“aq)
with
J(q)=T(q). (5)

Splitting this interaction tensor into an isotropic and an
anisotropic part according to

0 O
T Q=T @T+Tu(@| O =1 0| (6
0 O 1
o T=2K e T=20K
400 | " ! (o o 2)Y
fg\ (000) ﬁ}
2 [ Va2 (2 2 0) ’l\\
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:'? / % Iy
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- 1.5 1.40 245 2.20
QR Q™"

FIG. 9. Magnetic satellites (0 0 0)*, (12 1)7, (22 0) ", and
(002)" at 2 K (open symbols) in comparison with the corre-
sponding reflections at 20 K (full symbols). The lines indicate fits of
a Gaussian peaks to the data [with a line width of 0.016 A~ (left)
and 0.013 A~ (right)].
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it seems that the sign of anisotropic part 7,,(q) is opposite
for SmCu, in comparison with the other RCu, compounds.
We believe that such a behavior should have a simple physi-
cal reason. However, the microscopic origin of such an an-
isotropic exchange is still unclear. To show the consistency
of our exchange model for SmCu, [Eq. (6) with ji ;“Cuz(q)

=—J Z;hechuz(q)] we calculate several physical quantities
and compare them to experimental results in the following.

Assuming that the sign of the anisotropy in the exchange
tensor is changed for SmCu, it is possible to estimate some
magnetic properties by exchanging the J%‘= 7 with the
J"% components of the diagonal-exchange tensor, which has
been determined for NdCu,.

Following Ref. 1 the Néel temperature can be estimated

from

my

2
kBTN=< ) T r=(2/31 0)]. (7)

87 MB

Here g5™=2/7 denotes the Landé factor of the Sm>* ion
and m,=0.5 up the magnetic moment per Sm>* ion as de-
termined from magnetization. Taking for the 7%® component
of the exchange in Sm the de Génnes scaled value of the 7%
component in Nd (J&&[7=(2/310)]=79 ueV,gY'=8/11)
according to

Sm
Db g] _1
T T=(2/310)]= ( o
J

2
) Jndlm™=(2/310)] (8)

the expression (7) may be evaluated resulting in a value of
20.0 K for Ty . This is only 13% lower than the experimental
value.

By applying the mean-field model developed for TbCu,
and DyCu, (Ref. 13) to SmCu, (all these compounds order
with the same wave vector) the critical field H>"' ~F||b for
the transition to the ferromagnetic phase may be calculated
using again the J““ component of the exchange determined
in NdCu,.'

Using the notation of Ref. 13 in order to number the
exchange-interaction constants between the different sublat-
tices the magnetic energies for the antiferromagnetic (AF1)
and the ferromagnetic (F) aligned structures (per f.u. and at
zero temperature) are given by

m}[g5m-1)
A= | o (2450 =250 =350+ 345)
J MB
m2 gSm_ 2 m
FF=—7b | A2 gt —k—bH.
87 MB B
©)

The Boltzmann constant kp in the Zeeman term appears
because the exchange parameters J; and the magnetic energy
is calculated in units of K. The critical field H=H""""F
denotes the point at which these two energies are equal
(F op1=FF) and an expression for H?Fl_’F in terms of the
exchange parameters Jf’ b may be derived:
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2
1 g5m—1
HAF = F= — ngm,,( —g’Sm (2J50+4J50+375").
J B

(10)

Using for J” again the values of J% given for NdCu, in
Ref. 1 (ie., /5°=247 K, J5'=—279 K, J2’=-3.61K) a
value of 27.0 T is calculated for HfF '=F that agrees well
with the observed transition field of 28 T.

IV. CONCLUSION

The change of the propagation vector in the magnetic
phases of SmCu, resembles closely the behavior of DyCu,
(Ref. 14) (i.e., commensurate at lower temperatures, incom-
mensurate at higher temperatures). However, in contrast to
this compound the moment of Sm is aligned parallel to b, as
found in NdCu,. It should be noted that the Sm** magnetic
moment is rather small due to a compensation of the spin and
orbital contributions.

We have shown that the magnetic propagation vector T,

PHYSICAL REVIEW B 64 134405

the Néel temperature T and the critical field H ?Fl_’F agree

with the model calculation, if a sign reversal of the exchange
anisotropy in SmCu, is assumed in comparison to the other
RCu, compounds. This anisotropy can be described by a
symmetric exchange-interaction tensor with vanishing trace.
However, the microscopic origin of such an exchange is
not clear and we propose further theoretical studies on this
subject.
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