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Abstract
The phase relations of the GdCo13−xSix system have been studied by means of
scanning microscopy, microprobe analysis and x-ray diffraction. Single-phase
samples GdCo9±δSi4∓δ (structure type LaFe9Si4 with space group I 4/mcm)
are formed in a narrow composition range |δ| � 0.2, where GdCo9Si4 forms
as a fully ordered ternary compound. The magnetic properties of GdCo9Si4

have been investigated by ac susceptibility, magnetization, specific heat and
resistivity measurements. These experiments reveal ferrimagnetism below
about 47 K, which is analysed in terms of a two-sublattice molecular field
model with a local moment Gd subsystem coupling antiparallel to the itinerant
ferromagnetic Co 3d sublattice. The 3d–3d exchange of the latter is the driving
force for the onset of long range magnetic order. The validity of the two-
sublattice model is demonstrated by high field measurements, showing that the
ferrimagnetic coupling starts to break up at a lower critical field µ0 Hl � 27 T.
The magnetic ground state of GdCo9Si4 has been analysed on a microscopic
basis via LSDA electronic structure calculations.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

Rare earth intermetallic compounds RT13−xMx (R = rare earth, T = Co, Fe and M = Si,
Al) have gained attention as potential permanent magnetic materials, highly efficient
magnetocaloric materials and giant isotropic magnetostriction materials [1–4]. Besides these
applied aspects there are important features motivating basic research, namely the occurrence
of itinerant electron metamagnetism in LaCo9Si4 and weak itinerant ferromagnetism in
YCo9Si4 [5, 6]. Within the solid solution LaCo13−xSix , ferromagnetism vanishes near
the stoichiometric composition LaCo9Si4, where full translational symmetry (space group
I 4/mcm) is confirmed by single-crystal x-ray diffractometry [5, 7]. LaCo9Si4 is a strongly
exchange-enhanced Pauli paramagnet with a rather large Sommerfeld coefficient of the
electronic specific heat γ � 200 mJ mol−1 K−2 associated with a spin fluctuation mass
enhancement λsf ∼ 3.3. The close vicinity of a ferromagnetic instability is seen in external
magnetic fields as low as 3.5 T for H ‖ c and 6 T for H ⊥ c where LaCo9Si4 undergoes
an itinerant electron metamagnetic phase transition where essentially one site (16k) out of
three inequivalent crystallographic sites occupied by Co becomes magnetic while the induced
moments remain rather small on the other two sites (16l and 4d) [5].

For the related isostructural compound YCo9Si4, electronic structure calculations indicate
very similar band features related to the Co 3d bands as in the case of LaCo9Si4, and in fact
specific heat measurements reveal almost exactly the same γ -value � 200 mJ mol−1 K−2.
Nevertheless, despite the smaller unit cell volume, YCo9Si4 exhibits spontaneous weak
itinerant ferromagnetism below TC � 25 K [6]. Other isostructural compounds RCo9Si4

(except R = Ce, see [8]) have also been reported to be ferromagnetic, with TC � 12–50 K
(see e.g. [9–11]).

In order to explore the interaction between local 4f moments and the itinerant 3d
subsystem, we studied the magnetic properties of GdCo9Si4, which is interesting because of the
8S7/2 state of the 4f7 shell with large S = 7/2 spin moment and zero orbital contribution, where
in a first approximation crystalline electric field effects are negligible. The re-investigation of
the homogeneity region of GdCo13−x Six alloys by scanning electron microscopy (SEM) and
electron microprobe analysis (EMPA) is motivated by controversial statements on GdCo9Si4

by Huang et al [9] reporting the magnetic ordering temperature TC to be about 50 K, and by
Skolozdra et al [12] reporting TC = 923 K.

2. Experimental details

Polycrystalline samples of GdCo13−xSix with nominal compositions from x = 2.0 to 4.5
were prepared by high frequency induction melting. The starting materials, gadolinium
ingots (99.9%), cobalt ingots (99.95% for the majority of samples and 99.999% for selected
compositions x = 4.0, 4.06, 4.2) and silicon chips (99.9999%), were melted together in a
two-step procedure: (i) cobalt and silicon were melted together for four times; (ii) the required
amounts of Gd were melted together with the precursor CoSi alloys. To ensure homogeneity,
the buttons were broken, flipped over and remelted another four times and finally sealed in
an evacuated quartz tube and annealed at 1050 ◦C for one week. For selected compositions
x = 4.0, 4.06, and 4.2, samples have been prepared with 0.02 f.u. gadolinium excess in order
to inhibit their contamination with traces of the ferromagnetic impurity phase Co0.92Si∼0.08 (see
details in section 3.1).

In order to examine the phase formation of GdCo13−xSix and the corresponding
homogeneity regions we investigated selected samples by scanning electron microscopy (SEM)
and by electron microprobe analysis (EMPA) based on energy dispersive x-ray spectroscopy.
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Figure 1. A schematic compo-
sitional phase diagram; the two
branches of the solid solution
are indicated in the phase dia-
gram by full black lines.

Samples for metallographic examination were polished using SiC and diamond pastes. The
pure elements served as standards. Crystallographic characterization was obtained by means of
x-ray powder diffraction (XRD) with graphite monochromated Cu Kα radiation (see [14] for
further details).

Magnetic properties were studied by using a commercial calibrated ac susceptometer
(Lakeshore 7000) in the temperature range 4.2–300 K with an ac-field amplitude of 200 A m−1

and a frequency of 80 Hz (low enough to keep eddy current signals negligible in this study).
Temperature dependent, M(T ), and isothermal magnetization, M(H ), measurements were
performed in a 6 T SQUID magnetometer. High field magnetization measurements were
performed at the pulsed field facility of the IFW Dresden where fields up to 60 T are available
(see [13] for details of the set-up). Electrical resistivity measurements were performed (4.2–
300 K) in a He-bath cryostat on bar-shaped samples applying a standard four-probe method
with gold pins as voltage and current contacts. Specific heat results were obtained from 2 to
70 K with a quasi-adiabatic step heating technique with external magnetic fields up to 9 T.

3. Results and discussion

3.1. Phase formation and crystal structure

EMPA/SEM analysis reveals the presence in the ternary phase diagram of two branches of
Co/Si substitution solid solutions slightly shifted in Gd composition (see figure 1). The first
branch with 8 at.% Gd forms in the composition range between (75 at.% Co, 17 at.% Si)
and (72 at.% Co, 20 at.% Si) and can be described by the formula GdCo9−γ Si2+γ (in the
following referred to as 1:11 type phase). The second branch with 7 at.% Gd, richer in Si,
extends in the range from (66 at.% Co, 27 at.% Si) to (63 at.% Co, 30 at.% Si), yielding the
formula GdCo9−δSi4+δ (in the following referred to as 1:13 type phase). The limits of the
GdCo9−γ Si2+γ branch have been estimated from the composition of the Gd(Co, Si)11 phase in
samples No 1, No 2 and No 3, yielding 0 � γ � 0.4 (see table 1). Samples No 2 and No 3



4570 M El-Hagary et al

Table 1. Results obtained from an EMPA investigation of samples with nominal compositions
GdCo13−x Six ; the locations in the phase diagram are (a) at the lower part of the first branch, (b) the
top of the first branch, (c) at the lower part of the second branch, (d) on the second branch and (e)
the top of the second branch.

Phases present
Phase comp. Location in the

x Main Minor (at.% Gd–Co–Si) phase diagram

2.0 (No 1) bct 1:11 8–75–17 (a)
(Co) 0–92–8

3.0 (No 2) bct 1:11 8–72–20 (b)
bct 1:13 7–66–27 (c)
(Co) 0–89–11

3.5 (No 3) bct 1:13 7–66–27 (c)
bct 1:11 8–72–20 (b)

3.8 (No 4) bct 1:13 7–65–28 (d)
(Co)

4.1 (No 5) bct 1:13 7–64–29 (d)
4.5 (No 6) bct 1:13 7–63–30 (e)

Co2Si 19–41–40
GdCo2Si2 1–64–35

are located in the area between the two branches, i.e. show the coexistence of the two phases
GdCo9−γ Si2+γ and GdCo9−δSi4+δ together with traces of the alloy Co0.92Si0.08. Sample No 5
reveals single-phase GdCo9−δSi4+δ with an atom composition of 7 at.% Gd, 64 at.% Co and
29 at.% Si and, finally, No 6 exhibits three phases: GdCo9−δSi4+δ, GdCo2Si2 and Co2Si. The
approximate limits of the GdCo9−δSi4+δ branch have been estimated from the composition of
the Gd(Co, Si)13 majority phase in samples No 3 and No 6, yielding −0.2 � δ � 0.2.

A schematic compositional phase diagram shown in figure 1 displays the SEM/EMPA
results (summarized in table 1), i.e. the location of the nominal compositions of the investigated
samples, the two branches of the solid solution (they are indicated in the phase diagram by full
lines) and the phases obtained.

The above results are corroborated by x-ray refinements. XRD patterns of the alloys
prepared along the composition line GdCo13−xSix (2 � x � 4.5) reveal essentially two types
of crystal structures. In the region of x � 2.8, the main phase is Gd(Co, Si)11, with a body-
centred tetragonal BaCd11-type structure (space group I 41/amd) with some impurity phases.
For x � 3.0 the pattern of body-centred tetragonal LaFe9Si4-type structure [15] (space group
I 4/mcm) appears, and up to x = 3.6 it is superimposed on the pattern of the BaCd11 structure
type. In fact, in the region 3.0 � x < 3.8, the 1:11 phase decreases gradually with increasing
x , and vice versa the 1:13 phase becomes dominant. Finally, in the range 3.8 � x � 4.2,
almost single-phase samples of LaFe9Si4-type are formed with traces of Gd2O3 and the solid
solution Co0.92Si0.08. The latter is ferromagnetic with TC ∼ 1000 K and, thus, adds an
over-proportional contribution to the intrinsic paramagnetic high-temperature susceptibility of
GdCo9−δSi4+δ samples, even in those with less than 2% impurity phase. In order to inhibit the
formation of the ferromagnetic Co0.92Si0.08 phase we varied the nominal starting composition to
Gd1.02Co9−δSi4+δ and obtained samples practically without any Co0.92Si0.08 impurity phase. A
sample with the nominal composition Gd1.02Co9Si4 has, thus, been used for the magnetization
studies presented below. The analysis of the x-ray pattern of the latter revealed traces of Gd2O3

impurities, however, yielding negligible contributions to the magnetization data. XRD patterns
of the composition range 3.6 � x � 4.0 have been presented earlier in [14]; selected XRD
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Figure 2. X-ray diffraction patterns for
selected 1:13 type GdCo13−x Six samples;
the calculated positions of the x-ray
reflections of GdCo9Si4 are indicated at the
bottom.

Table 2. Lattice parameters of 1:13 type GdCo13−x Six samples.

x a (Å) c (Å) V (Å
3
) (c/a)

3.8 7.7745(6) 11.493(1) 694.67 1.478
4.0 7.7702(5) 11.499(1) 694.25 1.480
4.06 7.7685(5) 11.503(1) 693.32 1.481
4.1 7.7698(6) 11.502(1) 694.39 1.480
4.2 7.7643(5) 11.506(1) 693.63 1.482

patterns for 4.0 � x � 4.2 are shown in figure 2. The lattice parameters of single-phase
Gd(Co, Si)13 are given in table 2. It is clearly seen that the substitution of Co by Si causes
a shrinkage of the a lattice parameter and a slight increase of the c lattice parameter with a
small total shrinkage in volume. These results are in agreement with the trends reported for
GdCo9Si4 and GdCo9.5Si3.5 by Huang et al [9]. All technical details of the refinements were
given earlier in context with our structure and microstructure investigation of GdCo13−xSix

(3.8 � x � 4.0) [14].
In the case of LaCo9Si4 and YCo9Si4 a fully ordered distribution of La/Y, Co and Si atoms

within the space group I 4/mcm has been revealed by single-crystal x-ray diffraction [5, 6]
which is also corroborated by the concentration dependence of the residual resistivity in the
solid solution LaCo13−x Six with a clear minimum at x = 4 [7]. By analogy, we also expect
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Figure 3. (a) Temperature dependent in phase ac susceptibility χ(T ) of GdCo13−x Six samples with
2.5 � x � 3.8; TSR indicates the spin-reorientation transition of the GdCo∼9Si∼2 phase; (b) the in
phase ac susceptibility χ(T ) of GdCo13−x Six compounds with 4.0 � x � 4.5.

a fully ordered distribution of the atoms for GdCo9Si4, which is in fact well supported by the
relatively low residual resistivity (see below) of stoichiometric GdCo9Si4.

3.2. Magnetic characterization of GdCo13−xSix alloys

The temperature dependence of the real (in phase) components of the complex magnetic ac
susceptibility χ(T ) of GdCo13−xSix is presented in figures 3(a) and (b). The imaginary
components have been omitted for clarity—they are negligible in the paramagnetic regime
and �0.1 times the real part in the magnetically ordered state. The alloys with x = 2.5–3.8,
see figure 3(a), exhibit magnetic phases with TC above room temperature. The dominant one
is obviously due to Gd(Co, Si)11, because the susceptibility anomalies at about 260 K match
with the spin re-orientation transition of ferrimagnetic GdCo9Si2 reported in [16]. As expected
from the above EMPA and XRD results, the Gd(Co, Si)11 phase and thus the spin re-orientation
transition at 260 K disappears upon increasing the Si content up to x = 3.8. Concomitantly
with the decreasing Gd(Co, Si)11 contribution to the ac susceptibility, there is an increasing
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contribution with a magnetic anomaly at or below 60 K which is attributed to the GdCo9−δSi4+δ

phase. In the two-phase region 2.8 � x � 3.6, the susceptibility data exhibit additional small
peaks around 100 K which might be due to an additional secondary phase not resolved by
EMPA and XRD. GdCo9.2Si3.8 appears to be free from Gd(Co, Si)11 phase, but still exhibits
a relatively high room temperature susceptibility which is due to ferromagnetic Co0.92Si0.08

impurities. Remarkably sharp magnetic transitions are shown in figure 3(b) for GdCo9−δSi4+δ,
which according to EMPA and XRD is obtained as almost single-phase material from the alloys
GdCo13−xSix with 4.0 � x � 4.2. Within the composition range x = 3.8–4.5 there is a
monotonic decrease of the magnetic ordering temperatures, TC, from about 60 K at x = 3.8
(estimated from the initial increase of the ac susceptibility shown in figure 3(a)) to 28 K for
x = 4.2 (single-phase sample) and to 18 K for x = 4.5 (multi-phase sample).

For 2.8 � x � 3.8, where EMPA yields a roughly constant composition for the
GdCo9−δSi4+δ phase with δ ∼ −0.2, we observe practically the same magnetic anomaly
with TC ∼ 60 K and a gradual increase of the change of the susceptibility below 60 K,
i.e. χ(4.2 K) − χ(60 K) as expected from the fraction of the 1–9–4 phase according to
table 1. The susceptibility data thus corroborate the rather narrow homogeneity range of the
GdCo9−δSi4+δ phase with −0.2 � δ � 0.2. For other RCo9+δSi4−δ with larger rare earth ions
the homogeneity range is wider, in particular for LaCo13−xSix with the tetragonal LaFe9Si4-
type structure in between x = 2–5 and cubic NaZn13-type structure up to binary LaCo13,
i.e. the end of the solid solution La(Co, Si)13 [17].

3.3. Magnetic properties of GdCo9Si4

The ac susceptibility in figure 3(b) reveals for single-phase 1:13 type GdCo9Si4 a rather sharp
magnetic anomaly at about 47 K. The nature of magnetism has been studied by temperature
dependent magnetization measurements, M(T ), and isothermal magnetization measurements,
M(H ), in static magnetic fields up to 6 T using a SQUID magnetometer and in pulsed magnetic
fields up to 48 T. The temperature dependent magnetization data, M(T ), measured in fields of
0.1, 1 and 3 T are shown in figure 4. The inverse susceptibility 1/χ(T ) shown in the inset of
figure 4 reveals Curie–Weiss-like paramagnetic behaviour above about 80 K where the 1 and
3 T susceptibilities match rather well; just the 0.1 T data slightly deviate by some additional
temperature independent contribution which is most likely due to tiny amounts of magnetic
impurities. The usual modified Curie–Weiss fit of the form χ = C/(T − �p) + χ0 applied
to the temperature interval 100–300 K yields a Curie constant, C = 8.5 (2) emu K mol−1,
a paramagnetic Curie temperature �p = −17 (1) K and a temperature independent Pauli
susceptibility χ0 � 2.0×10−3 emu mol−1. The Curie constant yields an effective paramagnetic
moment, µeff = 8.2 (1) µB/f.u., which is larger than the usual values expected for gadolinium
(∼7.9 µB), i.e. Gd and Co moments are both contributing to the effective paramagnetic
moment. The corresponding fit applied to the paramagnetic reference compound LaCo9Si4

in the same temperature interval yields C � 1.6 emu K mol−1, �p � 28 K and χ0 �
2 × 10−3 emu mol−1, i.e. the strongly exchange enhanced Pauli paramagnetic behaviour of
the Co 3d bands (dominated by the 16k sites [5]) contributes to an effective paramagnetic
moment and simultaneously to an enhanced temperature independent Pauli susceptibility with
comparable magnitude in GdCo9Si4 and LaCo9Si4. The isothermal magnetization, M(H )

of GdCo9Si4 shown in figure 5, reveals on the other hand at 2.5 K and 6 T a saturation
magnetization of 5.0 µB/f.u. (i.e. 35 emu g−1 in agreement with [9]), which is well below
the 7 µB/f.u. (i.e. 49 emu g−1) expected for a fully polarized Gd sublattice. The reduction of
the low temperature saturation magnetization of GdCo9Si4 by about 2 µB/f.u. is similar to the
low temperature saturation magnetization of the itinerant electron metamagnet LaCo9Si4 with
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1.6 µB/f.u. at 2 K and 15 T and also that of the isoelectronic and isostructural weak itinerant
ferromagnet YCo9Si4 with Msat � 2 µB/f.u. (see [6]). This refers to a ferrimagnetic coupling
of the magnetic moments on the Gd and Co sublattices.

A simple model which is suited to analyse the M(T ) and M(H ) data in order to obtain an
estimate for the strength of the inter- and intra-sublattice exchange coupling of two-sublattice
collinear ferrimagnets is the Néel theory (see [18, 19]) based on the local moment molecular
field model. This approach is well justified for the Gd magnetism and of course limited with
respect to the Co magnetism because of the dual itinerant and local nature of the latter, but
nevertheless useful to analyse the magnetization data of GdCo9Si4 with a minimum set of
parameters.

According to the Néel model, sublattice magnetization MGd and MCo are given by

MGd = MGd
0 BSGd

(
gGdµBSGd HGd

kBT

)
(1)
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MCo = MCo
0 BSCo

(
gCoµB SCo HCo

kBT

)
, (2)

where MGd
0 , the low temperature saturation magnetization of the Gd sublattice, with the 4f

being in a 8S7/2 state, is 7 µB/f.u., and MCo
0 is defined by the difference between MGd

0 and the
experimental low temperature saturation magnetization M(6 T) � 35 emu g−1 = 5.0 µB/f.u.,
yielding MCo

0 = 2 µB/f.u. for GdCo9Si4. BS is the Brillouin function, SGd = 7/2 and gGd = 2
the Landé factor of the Gd 4f7 shell. We take SCo = 1/2 and gCo = 1 for the 16k Co sites
(4 at./f.u.) and no moment for the others, since there are five almost non-magnetic Co/f.u. on
the 16l and 4d sites (see section 1 and [5, 6]). This yields MCo

0 = 2 µB/f.u., which is suited
to satisfy the experimental results: M0 � 5 µB/f.u. = MGd

0 − MCo
0 . The artificially reduced

g-factor is the consequence of applying a local-moment model to moments with dual itinerant
and local nature. HGd and HCo are the effective fields acting on the Gd and Co moments,
respectively, given by

HGd = H0 + γGdGd MGd + γGdCo MCo (3)

HCo = H0 + γGdCoMGd + γCoCoMCo, (4)

with the external magnetic field, H0, two intra-sublattice molecular field coefficients γGdGd and
γCoCo and one inter-sublattice molecular field coefficient γGdCo. Equations (1) and (2) are, thus,
a coupled set of transcendent equations which are solved by numerical methods.

The most reasonable description of M(T ) in the paramagnetic regime (see figure 4) and
of M(T, H ) measured in static fields up to 6 T as shown in figure 5 is achieved with a set
of molecular field coefficients γCoCo = 90 G mol emu−1, γGdCo = −9.8 G mol emu−1 and
γGdGd = 0.03 G mol emu−1. Accordingly, the strongest exchange coupling appears within the
sublattice of 16k Co sites, the ferrimagnetic inter-sublattice coupling is one order of magnitude
smaller and there is a rather insignificant exchange coupling within the Gd subsystem (γGdGd =
0.03 G mol emu−1 accounts for the dipolar interaction of the Gd moments). The results of the
Néel model are plotted in figures 4 and 5 by solid lines, which agree reasonably well in the
paramagnetic state and above about 1 T in the ordered state.

Figure 6 shows M(H ) measurements up to 47 T performed on GdCo9Si4 at temperatures
T = 4.2–30 K. The M(H ) curves reveal a breaking up of the collinear ferrimagnetic coupling
of the Gd and Co subsystems towards a non-collinear magnetic state at a lower critical field
µ0 Hl � 27 T in perfect agreement with the value expected according to Clark and Callen [20]
for a Néel ferrimagnet with weak anisotropy in high magnetic fields. In this model, the lower
critical field is given by µ0 Hl(T = 0) = |γGdCo(MGd

0 −MCo
0 )|, yielding 27.4 T with the

above values, MGd
0 = 49 emu g−1 and MCo

0 = 14 emu g−1, and the above inter-sublattice
molecular field coefficient γGdCo = −9.8 G mol emu−1. The upper critical field, µ0 Hu,
is observed at about 44 T, where the metamagnetic re-orientation from the ferrimagnetic
via a non-collinear magnetic state to a collinear ferromagnetic alignment of the Gd and Co
moments is completed. This value of 44 T is slightly lower than expected from the molecular
field model [20], yielding µ0 Hu = γGdCo(MGd

0 +MCo
0 ) � 49.4 T. The total magnetization,

Msat � 8.7 (0.3) µB/f.u., measured at the highest field at 4.2 K corresponds to the sum of the
two sublattice magnetizations MGd

0 + MCo
0 and agrees reasonably well with the above values

MGd
0 and MCo

0 calculated from low field measurements, yielding 9.0 µB/f.u. in total. The slope
of the magnetization between the lower and the upper critical field (extrapolating through the
origin) corresponds for T � TC to |1/γGdCo| and at 4.2 K yields γGdCo � −9.2 G mol emu−1,
which is in reasonable agreement with the above value, −9.8 G mol emu−1, estimated from
the M(T ) data in the paramagnetic regime (see figure 4) and the low field M(T, H ) data in
figure 5. Also the reduction of Hl and Hu as indicated by the comparison of M(H ) at 4.2 and
15 K in figure 6 agrees with that expected from the molecular field model. The Néel model,
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thus, provides a reasonable quantitative description of the ferrimagnetism in GdCo9Si4, even
though the magnetism on the Co sublattice has been accounted for in the simplest way possible.

The specific heat of GdCo9Si4 shown in figure 7 as C/T versus T reveals a rather sharp
anomaly associated with the magnetic phase transition at TC � 47 K. The specific heat jump
related to this anomaly, �C � 8.5 J mol−1 K−1, is significantly smaller than that expected for
a mean-field-like phase transition of the Gd subsystem, i.e. �C ∼ 20.15 J mol−1 K−1 for the
J = 7/2 4f moments of Gd. However, the normalized jump �C/TC ∼ 180 mJ mol−1 K−2 is
of the same order of magnitude as the anomaly of YCo9Si4 (�C/TC ∼ 100 mJ mol−1 K−2) [6]
and is, thus, indicative of the dual itinerant and localized nature of the Co magnetism. The
similar magnitude of the specific heat anomalies of YCo9Si4 and GdCo9Si4 corroborates the
above conclusion that the magnetic phase transition is primarily driven by the Co 3d bands. The
low temperature Schottky anomaly with a maximum in C/T versus T (at about 6 K in zero
external field) further corroborates the Néel model, which assumes an effective internal field
acting on the Gd sublattice, HGd � H0 + γGdCo MCo

0 � H0 + 11 T. thus implying a Zeeman
splitting of the Gd S = 7/2 states yielding specific heat contributions as indicated by the solid
and dashed lines in figure 7, showing calculations for 11 T (H0 = 0 T), 14 T (H0 = 3 T) and
20 T (H0 = 9 T). These Zeeman contributions agree with the experimental data rather well at
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low temperatures and deviate with increasing temperature because of phonon contributions and
contributions from the Co 3d magnetism.

The temperature dependent resistivity, ρ(T ), of GdCo9Si4, shown in figure 8, is well
described in the ferrimagnetic state (T < TC/2) by a power law behaviour ρ(T ) = ρ0 + AT α,
with a residual resistivity ρ0 = 10.4 µ	 cm, A = 0.08 µ	 cm K−α and an exponent α = 1.7.
The corresponding fit for the weak itinerant ferromagnet YCo9Si4 yields ρ0 = 7 µ	 cm,
A = 0.176 µ	 cm K−α and α = 1.72 [6]. The results indicate that the coefficient A scales with
TC, i.e. A/TC

α is similar for both compounds. The resistivity versus normalized temperature,
(T/TC)1.7, is shown in the inset of figure 8. Similar results with a clear deviation from the
usual T 2 Fermi liquid behaviour have been reported by Steiner et al [21] for the weak itinerant
ferromagnets YNi3 and Ni3Al which exhibit non-Fermi-liquid- (NFL-) like low temperature
resistivity, ρ(T ) = ρ0 + AT ∼1.65.

The observed ρ(T ) of GdCo9Si4 and YCo9Si4 exhibiting the same qualitative behaviour
with an NFL exponent α � 1.7 indicates that the magnetic scattering by the d subsystem
dominates while scattering by the Gd 4f moments is weak. The negative curvature of ρ(T )

in the paramagnetic state is a typical feature of systems with significant spin fluctuations.
Scattering of conduction electrons on the localized Gd ions in the paramagnetic temperature
range does not cause any additional temperature dependence since crystal field effects are
negligible for the 8S7/2 4f-states.

4. Electronic structure calculation

To investigate the magnetism of GdCo9Si4 on a microscopic basis, we carried out density
functional electronic structure calculations. A full-potential non-orthogonal local-orbital
(FPLO) calculation scheme [22] within the local spin density approximation (LSDA) was
employed. In the scalar-relativistic calculations the exchange and correlation potential of
Perdew and Wang [23] was used. All calculations were done for the experimental lattice
constants a = 7.770, c = 11.499 Å. As the basis set, Gd (4f, 5s, 5p, 6s, 6p, 5d), Co (3s,
3p, 4s, 4p, 3d) and Si (3s, 3p, 3d) states were employed. The lower lying states were treated
fully relativistically as core states. The spatial extension of the basis orbitals, controlled by a
confining potential (r/r0)

4, was optimized to minimize the total energy [24]. A k-mesh of 1000
points in the Brillouin zone was used to ensure accurate band structure and total energy results.
To account for the strong Coulomb correlations in the Gd 4f states, these states were treated
within the so-called LSDA + U (atomic limit) formalism with U = 8 eV.
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As result of the calculation, we find a spin-polarized ground state with a total magnetic
moment of 3.53 µB/f.u. We ascribe the deviation to the experimental value (5.0 µB/f.u.) to
the strong spin fluctuations present in this system, similar to the situation in the itinerant
ferromagnets Na(K)Fe4Sb12 [25]. The total magnetic moment consists essentially of
contributions from the fully polarized Gd 4f (MGd−4f = 6.97 µB/f.u.) states and the antiparallel
oriented Co 3d (MCo−3d = −3.92 µB/f.u.) moments. Besides the Gd 5d states that have
a small polarization (MGd−5d = 0.17 µB/f.u.) parallel to the 4f moments, the contribution
of all other orbitals is negligibly small. For the site projected magnetic moments, we find
MGd

tot = 7.2 µB/f.u. and MCo
tot = −3.85 µB/f.u. for the sum over all Co sites. The on-site

contribution, representing the more localized part of the magnetic moments (not taking into
account the overlap part that is mainly due to contributions from the interstitial region), amounts
to MGd

os = 7.15 µB/f.u. and MCo
os = −4.46 µB/f.u.

Almost 80% of the Co moment can be assigned to the 16k Co sites, similar to the situation
in LaCo9Si4 [5], although the absolute values of the calculated Co moments are about three
times larger in the Gd compound. A posteriori, this justifies the approximation to consider 16k
Co moments only for the calculation of the molecular field coefficients.

To evaluate the lower critical field Bl, which marks the onset of the linear increase of
the magnetization, we applied a technique which can be described as a virtual metamagnetic
approach [26]. This approach maps fixed-spin-moment (FSM) calculations on a collinearly
restricted two-sublattice model with rigid Gd and Co sublattices. According to the result of
the unrestricted calculation, the inter-sublattice exchange interaction leads to a ferrimagnetic
ground state. A ferromagnetic configuration is stable in applied magnetic field parallel to
the easy direction exceeding a critical value Bc = γ4f−3dMGd, because MGd > MCo in
GdCo9Si4. For magnetic fields B larger than Bc, B overcomes the exchange field generated
by the sublattice with the larger moment (i.e. MGd) on the sublattice with the smaller moment
(i.e. MCo). Thus, under the restriction of collinear sublattices, the system would undergo a
metamagnetic transition for a critical field Bc = γ4f−3dMGd. As a computational artifact due to
the collinear constraint, this transition would be first order. However, the real, unrestricted
system can develop a canted spin structure and does not need to show a metamagnetic
behaviour. In mean field theory [20] the onset of this non-collinear state can be induced by
a lower critical field Bl = γ4f−3d|MGd − MCo|. Thus, we find Bl = [(MGd − MCo)/MGd]Bc.

In order to evaluate the lower critical field Bl, we calculated the critical field Bc from the
total energy of the fixed spin moment curve. Figure 9 shows the total energy of GdCo9Si4

as a function of the total spin moment. The critical field Bc can be estimated from the
slope dE/dM of the common tangent (Helmholtz construction) between the local minima
for the ferrimagnetic and the ferromagnetic state. According to figure 9, we find the slope
dE/dM = 4.16 meV/µB corresponding to 71.7 T.

Independent from the two-sublattice model, the calculation of the critical field Bc by the
fixed spin moment technique does not rely on any specific assignment of individual magnetic
moments to the different kinds of atoms. However, for the evaluation of the lower critical
field Bl marking the onset of a canted spin structure, an assignment of the individual sublattice
contribution is required. Because such an assignment is not unique, this results in a small
ambiguity depending on the chosen projection method. Thus, we find Bl = 27.3 T for the
above mentioned on-site magnetic moments and Bl = 33.4 T for the magnetic moments
including the overlap contributions. Considering the limitations of the two-sublattice model for
the case of the ternary GdCo9Si4 compound, these values are in surprisingly good agreement
with the experimental value of 27 T. It is well known that the LSDA has difficulties in
describing the presence of strong spin fluctuations as in GdCo9Si4. The surprisingly good
agreement presumably originates from a cancellation of two errors: (i) for the magnetic moment
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(Mcalc = 3.53 µB versus Mexp = 5.0 µM ) and (ii) for the exchange field Bc (Bcalc
c = 71.7 T

versus Bexp
c � 36 T). At present, it is unclear whether this cancellation in the framework of the

FSM is of systematic nature or just by chance. To answer this question, further systematic
investigations are necessary. Further small corrections for the calculated field Bl can be
expected due to the neglect of orbital magnetism in the FSM approach. Because the orbital
moment of Co is expected to be larger for the ferromagnetic state, a slight reduction of the
calculated Bl is expected from this contribution [26].

5. Conclusion

Alloys prepared along the composition line GdCo13−xSix crystallize in bct BaCd11-type
structure (1:11 phase) in the range of x ∼ 2.5. A structural transition to bct LaFe9Si4-
type structure (1:13 phase) occurs when x � 3.8. A rather narrow homogeneity region,
3.9 � x � 4.2, is obtained for the tetragonal 1:13 phase, where GdCo9Si4 is a true ternary
compound with a fully ordered distribution of Gd, Co and Si atoms within the space group
I 4/mcm.

The magnetic characterization of GdCo9Si4 by means of ac susceptibility, magnetization
and specific heat measurements reveals a phase transition towards a ferrimagnetic state at
TC � 47 K, where the local moment Gd subsystem couples antiparallel to the itinerant
ferromagnetism on the Co 3d subsystem. The ferrimagnetic alignment of the Co and Gd
subsystems breaks up above about 27 T, in excellent agreement with the molecular field
calculations based on a Néel model with the strongest coupling within the sublattice of
16k Co sites, γ = 90 G mol emu−1, ferrimagnetic inter-sublattice coupling, γGdCo =
−9.8 G mol emu−1, and negligible exchange coupling within the Gd subsystem.

The magnitude of the specific heat anomaly, �C ∼ 8.5 J mol−1 K−1 is significantly
smaller than that expected for a mean-field-like phase transition (e.g. �C ∼ 20.15 J mol−1 K−1

for the J = 7/2 4f moments of Gd) and thus indicative of the itinerant nature of the transition.
This is also supported by the comparison of electrical resistivity data, ρ(T ), of GdCo9Si4 and
YCo9Si4 with the very same qualitative behaviour with ρmag(T ) ∝ T 1.7 well below TC and
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with a negative curvature of ρ(T ) in the paramagnetic state, which is an indication of strong
spin fluctuations in both compounds.

By means of LSDA electronic structure calculations, we described the magnetic properties
of GdCo9Si4 on a microscopic basis. Despite the strong spin fluctuations present in GdCo9Si4,
we find a very good agreement of the calculated and the measured field Bl for the onset of the
non-collinear magnetic state.
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