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Introduction

In our previous scientific institute reports research
results on clathrates have been presented [1,2].
This topic constitutes a main field of collaboration
between the chemistry and physics research fields.
As far as publications and the scientific output are
concerned, our collaboration has been productive
and resulted in four dissertations [3—6]. Our goal is
to search for new rare earth containing Kondo insu-
lators among clathrates. The fundamental idea is to
combine the power factor ($°c, S is the ther-
mopower and o the electrical conductivity), which
typically is large well below room temperature, of
Kondo insulators with the low thermal conductivi-
ty (k) of a cage-structured compound, such as the
clathrates, to obtain a material with superior ther-
moelectric cooling properties, i.e. a large ZT =
S?0/k. Starting from the divalent non-magnetic ref-
erence compound BagGa,;Ges,, the Ba—Ga—Ge
system was investigated which led to the discovery
of BasGe,s.

Structural phase transition in Ba;Ge,;

The crystal structure and part of the exotic physical
properties of the new BagGe,s clathrate have been
discussed in previous scientific reports [1, 2]. Its
exotic properties are a consequence of a two-step
first-order phase transition at about T /T,
(down) = 230 K/180 K during cooling and at
Ts,/ Tg (up) = 190 K /230 K during heating.
Preliminary X-ray powder diffraction study [1]
revealed a two-step anomalous volume increase by
cooling through the phase transition. The major
structural change involved was the displacement of
two crystallographically different Ba atoms (Ba2
and Ba3). However, due to the resolution of the
method, structural variations of the Ge framework
are not conclusive. Therefore, BasGe,s; has been
studied by single-crystal X-ray diffraction methods
in the temperature range 95 K to 300 K [7].

At room temperature, the cubic BasGe,s structure
(space group P4,32) is characterized by three crys-
tallographic barium sites (Bal, Ba2, Ba3) and six
germanium sites (Gel, Ge2, Ge3, Ge4, Ge5, Ge6).
The crystal structure consists of a non-space filling
3D arrangement of condensed pentagonal dodeca-
hedra Ge,, with Bal inside the cages (Bal@Ge,),
generating a zeolite-like channel. The Ba2 and Ba3
atoms occupy positions in the channel. Per BasGe,s
formula unit, 8§ out of 25 germanium atoms are
three-bonded (3b), each of them accommodating a
lone-pair and acting as charge acceptor. According
to the Zintl-Klemm concept [8, 9] they are consid-
ered (3b)Ge ions. The Ba atoms are electron
donors, i.e. 12 electrons per formula unit are donat-
ed to the germanium framework. Since the remain-
ing 17 Ge atoms are four-bonded (4b) neutral
species, the Zintl electron counting rule results in
four excess electrons (4 ¢~ ) per formula unit.

Twenty-six single-crystal X-ray diffraction data
sets were recorded in the temperature range 95 K —
295 K and confirm that the space group symmetry of
BagGe,s remains unchanged within this temperature
interval, in agreement with the previous powder X-
ray diffraction study (7 = 10 K — 295 K). A close
inspection of the difference electron-density maps
around the Ba atoms reveals a distinct deformation,
in the crystal structure, as function of temperature.
This is illustrated in Fig. 1. In order to have compa-
rable parameters in the entire temperature range, we
used split atom positions to describe the distorted
electron densities. Bal, Ba2 and Ba3 are described
with a one, two or three split atom site, depending on
the point symmetry. The most interesting feature,
below 225 K (= Ty (down)), is the appearance of a
second split atom site, Ba2”, in the vicinity of the
Ba2 site (described by Ba2’ and Ba2” at 7> 220 K).
This defines step S/ of the phase transformation. The
densities at Bal and Ba2 start to deform slightly at
225 K, but below 180 K the deformation has
increased rapidly, defining step S2 of the transforma-
tion. Below T,(down) = 180 K, the changes in the
electron density for all Ba sites are relatively small.
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Fig. 1. Difference electron-density (isosurfaces at
11 e/A°) at Bal (left), Ba2 (middle) and Ba3 (right) sites
in BasGe;s as a function of temperature (cooling sweep).
The split atom sites which have been used to describe
the electron density distribution are marked in the range
by appropriate labels.

Only the germanium at the Ge4 site (Wyckoff
position 12d) is influenced significantly by the
transformation. Below ~250 K, close to the main
site (called Ge4' at low temperatures), two Ge4”
satellite sites at 24e appear. The beginning of the
occupation of Ge4” sites at about 250 K define the
first step SO of the transformation. The shifting of
these two positions has to be correlated, because
Ge4 is a next neighbor to Ba2. Between S0 (250 K)
and S7 (225 K) the occupation of Ge4” site varies
from 0% to 1.7 %. An equivalent change of the
elongated distribution at Ba2 has not been
observed. Therefore, we assume that the first Ge4”
shifted atoms are neighbors of the Ba2” split sites.
Below T;(down) the occupation of Ge4” is corre-
lated to the appearance and occupation of a second
split atom site, i.e. Ba2” (Fig. 1). The occupancy of
the Ged” site increases from 1.7 % at 225 K to
14.6 % at 95 K, while the occupancy of the Ba2”
site increases from 0 % to 13.3 %. Both effects are
reversible and show hysteresis. During cooling at
about 180 K (= Tg(down) the increasing number

Fig. 2: Difference electron density isosurfaces of Ba2 (a)
and Ge4 (b) at 165 K. The split atoms sites of Ba2 and
Ged are labeled 2', 2", 2" and 4', 4", respectively. The
model (c) illustrates the Ge4—Ge6 bond breaking associ-
ated with the displacement of the Ba2. Also bond break-
ing at three bonded (3b)Ge species at Ge4” and Ge6*
appear.

of Ba2 atoms at the Ba2" split atom site provokes
the displacement of the neighbored Ba3 atoms,
which further influences the displacement of the
Bal atoms.

In order to describe the correlated displacement
of Ge4 and Ba2 (one of two possibilities) through
the transition, we have used a short-range model
described in the lower symmetry space group R3.
The model is presented in the next section. The sig-
nificant displacement of Ge4 causes the bond
breaking at Ge4—Ge6. Therefore, three-bonded
(3b)Ge ™ electron acceptors with sp® configuration
are formed at Ge4” and Geb6 sites, for details see
the structural fragment in Fig. 2.

The negative species (3b)Ge  with dangling
bonds occupy a larger volume than the neutral
species (4b)Ge’. Therefore, the appearance of
(3b)Ge™ below 250 K can explain the anomalous
behavior of the unit cell parameter, which increas-
es as a function of decreasing temperature, going
through the phase transition (see Fig. 3a).
According to the Zintl-Klemm concept, the forma-
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Fig. 3: (a) Change of the unit-cell parameter (Aa’) of
BaGe,s as function of temperature (T) obtained from
powder X-ray diffraction data. Aa’(T) is the difference
to the unit cell parameter of a hypothetical phase with
no phase transition, assuming a linear dependence on
temperature. Aa’(T) = a(T) — a’(T); a’= a, + ¥T, a, =
14.4764 A, vy = 2.711x10* AK'. Tg; and Ty, indicate
the two steps in the phase transition on cooling () or
heating (1). (b) Temperature dependence of the number
of excess electrons n,.. per formula unit using the Zintl-
Klemm counting rule in combination with the occupan-
¢y of the Ge4” site.

tion of new species (3b)Ge ™ leads to the reduction
of excess charges from 4 e (at 7> 250 K) to about
2.24 e per formula unit at 95 K. This is illustrated
in Fig. 3b, where the concentration of excess elec-
trons, n,,,, is plotted as a function of temperature.
The variations of n,.(7) and the lattice irregulari-
ties induced by the transformation influence all
physical properties. The Ge—Ge bond breaking
combined with the reduction of excess-charges rep-
resents a solid-state chemical reaction. To our
knowledge, this is the first observation where cova-
lent Ge—Ge bonds are broken at low temperatures.

Influence of cage distortions on the band struc-
ture and optical properties in Ba;Ge,s

In order to perform band-structure calculations,
ordered structural models have been constructed. In
the previous section it was shown that above the

phase transition of BasGe,s the atoms are placed at
their average, high symmetry positions, within the
space group P4,32 (no. 213). This is in good agree-
ment with the structural data, where the electron-
density distributions are nearly symmetrical for
most of the atoms. An exception is Ba2, but here the
displacement is relatively small in comparison with
the displacement below the structural phase transi-
tion. Below the phase transition the atoms shift to
split atom sites, as described in the previous section.
The most remarkable structural feature is the shift
of a fraction of Ge4 atoms to the distant split atom
sites. The ordered structural model is constructed
within the space group R3 (no. 146). The high and
low temperature models are referred to as the HT
and the LT model, respectively. In the LT model
three out of twelve Ge4 atoms per unit cell are shift-

HT-Model

~
T & r
LT-Model
02 &%i\%
0l0 %Q&
: =
021 ]
3 NS
204
5 061 P
B aa——
0 %lz%
nEN=
14 % ———_

Fig. 4: Electronic band structures for the HT (a) and LT
(b) models. The three bands at the bottom of the con-
duction-band region in the HT model, emphasized by the
bold blue lines, are shifted onto the top of the valence-
band region in the LT model.
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Fig. 5: (a) Measured optical conductivity of BasGe,s at
a temperature above (T = 250 K) and below (T = 170 K)
the phase-transition temperature. A shift of spectral
weight towards higher energies occurs below the phase-
transition temperature. (b) Theoretical calculation of
the absorptive part of the optical conductivity.
Calculations are based on band-structure calculations
for the HT and the LT model (Fig. 9).

ed to one of the Ge4" sites, located inside large bi-
pyramids formed by Ba atoms. These sites are very
close to Ba2 average sites. To avoid non-physical
short distances, the corresponding Ba2 atoms are
simultaneously shifted to the Ba2" sites (Fig. 2). In
this way, the fraction of atoms at Ge4” and Ba2"”
sites agree with the occupations of the correspon-
ding split atom sites obtained from the structure
refinement. All the other atoms in the LT model are
distributed among the sites within R3 space group,
so that the distribution approximately agrees with
the experimentally observed split atom site occupa-
tions in the space group P4,32.

The electronic band-structure calculations have
been performed within the local density approxi-
mation (LDA) using the LMTO method within the
atomic sphere approximation. The optical conduc-
tivity has been calculated using standard formulas.
The most distinctive effect on the electronic band
structure (Fig. 4) is the shifting of three bands from
the bottom of the conduction region in the HT
model to the top of the valence region in the LT
model. This is a consequence of the Ge—Ge bond
breaking, since Ge4 is displaced towards one of the
Ge4” sites. This band-structure rearrangement
strongly influences the optical conductivity. The
number of initial states for the optical transitions
with energies = 0.5 eV is reduced, as a result of the
shifting of the three bands. As a consequence, the
optical spectral weights are shifted above the phase
transition temperature towards higher energies
(Fig.5), which is in agreement with the experimen-
tal observation [10, 11].

The displacement of Ba2 alone cannot explain
the shift of the optical spectral weights [12]. Only
the newly discovered breaking of Ge—Ge bonds
can account for the modifications of the optical
properties induced by the phase transition. Besides
the optical properties the superconductivity and the
interplay with the structural phase transition have
been analyzed [13].

Electron Spin Resonance of Eu** in Eu doped
Ba,Ge,s

We performed electron spin resonance (ESR)
investigations of the Eu** spin in Bag Eu,Geys
with x =0.03, 0.05, 0.1, 0.2 and 0.4 [14] where the
Eu”" ions randomly occupy the Bal and Ba3 sites.
The ESR line width AB of these ions reflects the
magnetic relaxation, which in turn measures the
interaction between the Eu-4f states and the con-
duction electrons. Two kinks in the temperature
dependence of AB have been found: one near the
structural phase transition at 7= 175 K and anoth-
erat T = 60 K, see Fig. 6.

The temperature dependence of the structural
details, especially those of the Ge,, pentagon
dodecahedral cage and the Ba displacements [7],
proves to be consistent with the ESR results. The
shifting of the structural phase transitions by Eu-
doping towards lower temperatures, as seen in the
electrical resistivity, does not produce correspon-
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Fig. 6. Temperature dependences of the ESR line width
AB. The vertical dashed lines mark those temperatures
where the average slope of AB changes. The arrows at
Ts; and Tg, mark the temperatures between which a two-
Step reconstructive structure transformation occurs.

ding changes of any ESR parameters. Treating the
observed spectra as ESR of local moments in a
metallic host, the slope changes in AB(T) are due to
changes of the local-moment, conduction-electron
exchange as well as to changes of the electronic
density of states at the Fermi energy. The latter has
been shown to be the result of changes in electron-
ic band structure [11]. This is detected by ESR
most effectively by the Eu®" ion at the Bal site.

Bas_xEuxGe43D3 (x = 0.6)

The defect clathrate BagGey;[1;, where [ symbol-
izes a vacancy, crystallizes in a structure close to the
clathrate type-I, with three Ge atoms missing in the
covalent germanium framework [15, 16]. The order-
ing of the defects leads to the formation of a super-
structure, which is accompanied by a doubling of the
unit-cell constant [17]. In crystals with partial sub-
stitution of Ba by Eu no superstructure was detected

[18]. Bag Eu,Gesusl; (x = 0.6) exhibits a defect
clathrate type-I structure with Eu randomly replac-
ing some of the Ba atoms in the smaller cages.
Polycrystalline BagGe,sL1; samples are synthesized
from the elements by high-frequency induction
melting in open glassy carbon crucibles and subse-
quent annealing [17]. For the synthesis of polycrys-
talline samples with x = 0.3, 0.6 a high-pressure and
-temperature technique has been applied.

Investigations of electrical-transport properties
of all three compositions (x = 0, 0.3, 0.6) revealed
a metal-like temperature dependence of the resis-
tivity, p(7T) (Fig. 7). Below approximately 10 K, p
becomes temperature independent. The residual
resistivity ratios RRR = psgx/pax are relatively
small for all samples and decrease with increasing
Eu content. This finding suggests that disorder
scattering due to Eu substitution and Ge defects
plays a significant role in the material.

In order to identify the magnetic ground state of
the Eu-containing samples, measurements of mag-
netic susceptibility have been performed. At temper-
atures 7 > 50 K, the data can be well described by
a modified Curie-Weiss law, y = x, + C/(T-0). In
the case of the sample with x = 0.3 least-squares fits
yield a temperature-independent susceptibility x, =
—2.11(3) x10°® emu mol ', a Weiss temperature @ =
—1.1(1) K and an effective magnetic moment of u.
= 7.71 ug for Eu as derived from C (values for a
field of 70 kOe). For x = 0.6, the corresponding
values are —2.86(2) x10°® emu mol”, with O set to
zero, and u.y = 7.93 pg. The two values of the
paramagnetic moment are close to that of the ®S,
ground state of Eu with 4f 7 configuration (7.94 ug),
i.e., europium is present as Eu’". Remarkably, y, is

1.0p © x=0

10 100 300
T (K)

Fig. 7: Temperature dependence of electrical resistivity
po(T) of the clathrate Bag_ Eu,Ge ;5 (x = 0, 0.3, 0.6).
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approximately 4 times larger than the sum of the dia-
magnetic increments. This effect could be due to
Larmor contributions to the diamagnetism of this
clathrate or to crystalline electric field effects. The
small values of @ imply weak interactions between
the magnetic moments. Consequently, no long-range
magnetic ordering is observed down to 1.8 K.

In Fig. 8 a plot of the temperature dependence of
the specific heat C,(T) of Bag Eu,Geyll; (x = 0,
0.3, 0.6) is shown. The dashed line marks the asso-
ciated Dulong-Petit value, DP = 3Rn, where R is the
gas constant and » the number of atoms per unit
cell. While C, for both the x = 0 and x = 0.6 sample
reaches this value near room temperature, the x =
0.3 sample has a significantly reduced C,. The
observed deviation corresponds to a mass deficien-
cy of = 6.4 % and is attributed to the uncertainty in
the determination of the mass of this sample (total
mass only < 1 mg). At temperatures above 10 K, the
C, (T) curves are in satisfactory agreement, a find-
ing which only holds when the mass of the x = 0.3
sample is corrected with respect to the validity of
the Dulong-Petit law. This indicates the same
phonon contributions to C,(7). However, at lower
temperatures the heat capacity C,(T) of the Eu-con-
taining samples deviates considerably from the pure
barium clathrate (inset of Fig. 8). For the doped
samples a broad hump is observed below 10 K, and
the intensity of this effect rises with increasing Eu
content. Applying a magnetic field shifts the hump
to higher temperatures [19]. We attribute this anom-
aly to a Schottky contribution that originates from
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Fig. 8: Specific heat Cp vs. temperature T for
Bag [Fu,Geld; (x = 0.0, 0.3, 0.6). The dashed line
marks the Dulong-Petit value DP = 3nR. The inset
shows the low temperature part both in zero magnetic
field and 1 T.

the energy-level splitting of the ground state octet of
the Eu®" due to the crystal-electric and magnetic
fields. Although the ground state of Eu®" is general-
ly assumed to be (4f7) S, and thus rotational
invariant, admixtures of higher lying states allow
for a splitting of the degenerate ground state energy
levels in a crystal-electric field. The overall splitting
being some hundred mK to several K and may be
enlarged by internal and external magnetic fields.

For an analysis of the data we assume C, to be a
sum of three contributions: C, = C;, + C + C; with
Cpn being the phononic, C the electronic and C
the field-dependent Schottky specific heat. An esti-
mate of C,, in a free-electron model shows that it is
small in the temperature range of interest and may
therefore be neglected. Due to the unknown initial
ground-state splitting it is impossible to calculate
C,. In order to separate C; and C,,;, we need to deter-
mine C,, at low T. For this sake we fitted a sum of
one Debye and two Einstein terms to the zero field
Cpn(T) data between 10 K and 300 K. The Debye
term approximates the acoustic phonon modes, the
first Einstein term the optic modes of the Ge frame-
work. The second Einstein term was added in order
to account for thermal vibrations of the Eu and Ba
cations inside the cages. The resulting Debye tem-
peratures @, are 167 K and 156 K for the x = 0.3
and the x = 0.6 sample, respectively. As Einstein
temperatures @, , we found @, =343 K, O, =60
K (x=0.3) and Oy, =303 K, O, =61 K (x=0.6).
These values do not differ significantly indicating a
negligible influence of the Eu content on the spec-
trum of the lattice vibrations.

Subtracting the estimated C,,(7) from C(7) we
obtain the magnetic field dependent C((7). The
results for x = 0.6 are plotted in Fig. 9.

The corresponding entropies per mole Eu are
(1.1£0.1)R-In8 and (1.4£0.1)R-In8 for the x = 0.3
and the x = 0.6 samples, respectively. The devia-
tions from the expected value RIn 8 may be due to
uncertainties in measuring C,(7), inaccuracy of x,
the neglecting of Cy(7) and errors in the estimate
of C,(T). C(T) resembles a Schottky function.
With increasing field the temperature of the maxi-
mum 7, shifts towards higher 7, which corre-
sponds to an increase of the overall splitting of the
¥S.,, manifold. Determining the level scheme by
fitting the Schottky anomaly was not possible, as
the disordered Eu distribution leads to a position-
dependent internal magnetic field. Approximating
the problem by a sum of several Schottky functions
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Fig. 9: Schottky contribution to the specific heat for
Bag_Eu,Ge s (x = 0.6) in various magnetic fields.

fails due to a too large number of unknown param-
eters. However, for a qualitative test the field shift
of T, may be compared to that expected for a
simple £s spin doublet. For the x = 0.6 sample, a
plot of T, vs. uyH reveals an approximately lin-
ear dependency (not shown) as expected for a dou-
blet with initial splitting A7 = 5.0 K and spin + 5/2.
The results for the x = 0.3 sample are AT =4.0 K
and s = £ 3.7/2. These values are reasonable for
Eu”" and support our interpretation of the low-tem-
perature contribution to C, to be caused by a split-
ting of the ®S;,, ground state octet.

Charge-carrier properties of a- and
B-EugGa,cGes,

The original idea to substitute Yb or Sm for Ba to
create f~electron intermediate valence was not suc-
cessful, and it appears that Eu is the only rare-earth
element that can be substituted for Ba. - and -
EugGa;4_Ges,, are still the only examples in the
literature where the cation sites are fully occupied
by a rare-earth element. These two clathrate com-
pounds have been investigated at the MPI CPfS,
and we refer to our previous scientific reports for
detailed structural and physical properties [1, 2]. In
the following we report on thermal conductivity
and tunneling states of a- and B-EugGa,4_Gesp.y,
both topics being of considerable interest for the
thermoelectric community.

Thermopower data and band-structure calculations
of a- and B-EugGa,sGes, suggest that the effective
mass (m") of the charge carriers in the 8 phase is 3

to 4 times larger than in the o phase. We have inves-
tigated this difference in more detail and the low-
temperature specific heat (C,) has been measured
for one « sample and one B sample [20], referred to
as a6 and B3 in the following. The result is plotted
inFig. 10as C,/Tvs T 2. The straight solid lines cor-
respond to fits of the relation C,/T= y+ BT’ % to the
data where the Sommerfeld coefficient y represents
the electronic contribution and the B-7° term the
phononic contribution with 8 = 127*N-R/(56). 6y
is the Debye temperature, N and R are the concen-
tration of atoms and the gas constant, respectively.
In order to suppress contributions from the magnet-
ic ordering, C,(T) was measured in a magnetic field
B =9 T. The magnitude of y confirms that m" in the
B phase is larger than in the @ phase. Dependent on
whether a normal or spin-polarized free-electron
model is used, the density-of-states effective mass-
es are calculated from the charge-carrier density ()
and +y to be 0.75 m, (1.2 m,) and 4.6 m,, (6.3 m,) for
the a6 and B3 sample, respectively. The numbers in
parentheses are for the spin polarized free-electron
model.

The inset of Fig. 10 shows the change of C,/T'as a
function of magnetic field at 0.4 K. Even at the high-
est magnetic field of 9 T C,/T continues to decrease
slightly with increasing field. Therefore, it cannot be
excluded that the magnetic ordering contributes to
C,/T and that the values of and the density of states
are slightly overestimated. 6, calculated from f3 is
251 K and 159 K for a6 and B3, respectively.

Likewise m" has an influence on both the lattice
thermal conductivity (next section) and the mag-
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Fig. 10: Specific heat (C,) divided by temperature (T),
as function of T? for a6 (squares) and B3 (circles),
measured in a magnetic field of 9 T. The inset shows
C,(D)/T as function of the magnetic field (B) at 0.4 K.
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netic properties. It is believed that the ferromagnet-
ic ordering, at approximately 10 K and 35 K for the
« and B phase, respectively [21], is due to the indi-
rect Rudermann-Kittel-Kasuya-Yosida (RKKY)
interaction. In a free-electron model the RKKY
interaction takes the form

Jrxky & m-Z,(2kg R, cos(2kgR;)-sin(2kgR,))/R,
where R; is the distance between ion i and j and kg
is the Fermi wavevector. For both structures,
Ej(2kF-RUcos(2kF-Ry)fsin(ZkF'Rij))/R;, is nearly of
the same magnitude because of similar average
Eu-Eu distances and similar &y values. Since the
magnetic ordering temperature 7, « Jpxky, the dif-
ference between the « and B phase (7,(B) =
3.5 T.(a)) can, therefore, almost entirely be
ascribed to the larger m -value in the 8 phase com-

pared to that in the « phase.

Thermal conductivity of a- and B-EugGa,;Ge;,

The lattice thermal conductivity («;) of clathrates
has been intriguing since the discovery of a ‘glass-
like’ magnitude and temperature dependence of
ki (T) in B-EugGa,(Ge;, and SryGa,Ge;, [22, 23]
as opposed to normal ‘crystal-like’ «;(7) in other
clathrates. The glasslike ki (7) of B-EugGa,cGes
and SrgGa,Ge;, has previously been explained by
a combination of resonant scattering of cation
vibrations and scattering of phonons from cation
tunneling states [23, 24]. However, it would be
expected that simple disorder with four split posi-
tions would result in a highly localized density of
tunneling states leading to a k;(7) similar to what
is observed for resonant scattering. Instead, we
suggest that phonon-charge-carrier scattering
should be considered when describing «; (7) at the
lowest temperatures [25]. This model can account
for differences in the low-temperature k;(7), not
only among «- and B-EugGa,¢_ Gesp., samples,
respectively, but also for the large difference in
ki (T) between the a- and B-phase. The difference
in k;(7) at intermediate and high temperatures both
among «- and B-EugGa,eGesq, samples and
between the a- and B-phase is attributed to differ-
ences in the coupling between resonant scatterers
and the heat-carrying acoustic phonons. This does
not exclude the existence of tunneling states (see
next section), but their influence on k;(7) in B-
EugGa,4Ges, appears to be insignificant [26].

Fig. 11 shows k;(7) for one « sample and one 8

sample, in the following referred to as &7 and 1,
respectively. The solid lines imposed on the data
points are model calculations using

%
K, =%p f C(T2)- (T 2)dz,

where v, is phonon velocity, 6, is the Debye tem-
perature, C is the fractional specific heat of
phonons with z = %v,q/(kgT), and ¢ is the phonon
wavenumber. / is the total mean free path from dif-
ferent scattering mechanisms. In our model we use

1 -1 -1 -1 \-1
l = (Zp-c + lres + lray + lCas) + lp,min s

where [, ; refers to phonon charge-carrier scatter-
ing, [,s to Casimir/boundary scattering (low tem-
perature), /.., to resonant scattering of phonons on
the cations (intermediate temperatures), /,, to
Rayleigh/Mass difference/defect scattering (up to
room temperature) and [, ,;, to a parameter pre-
venting / from becoming unphysically low.
Theoretically, phonon charge-carrier scattering can
have a strong dependence on the mean free path of
the charge carriers (/).

To emphasize that «; (7) at low temperatures can
be explained by phonon-charge-carrier scattering,
k(3 K) has been calculated as a function of /. for
the « phase, and the result is plotted as the solid
curve in the inset of Fig. 11. Here, the only ad-
justable parameter is /.. The other parameters were

7
% L
s \
LK 0 40 60 80 100
0.1F ]
0.07— L L
1 10 100

I(K)

Fig. 11: Lattice thermal conductivity (k) as function of
temperature (T) for the two samples a7 and BI1. Solid
curves are fits of a model described in the text to the
observed data. Dotted lines (k,..) represent the lattice
thermal conductivities of this model, if only phonon
charge-carrier scattering is present. Inset shows k;(3 K)
as function of the mean free path of the charge carriers
(1.) of the a- and B-EusGa,s .Gesy., samples. The num-
bers in the data points refers to the sample numbers.
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kept constant at the values that were fitted for a7.
It is seen that, with the exception of k(3 K) for a8,
the model tracks the data, and it can be concluded
that the variation of k; at 3 K among different «
samples is dominated by the variation of /.. For the
B samples the variation of k; is much smaller,
because /. only varies slightly among different
samples.

Tunneling states in S-EugGa,;Ge;,

Large static atomic displacement parameters for
guest atoms suggest the possibility of tunneling
states in type I clathrates [21, 23]. Here, we pres-
ent strong evidence for the existence of tunneling
states in 3-EugGa,cGe;, [27], provided by elastic
constant measurements via resonant ultrasound
spectroscopy (RUS) [28].

At low temperatures an unusual softening of the
material has been observed, which could not be
explained by taking into account the elastic response
of the low-frequency Einstein modes, corresponding
to the vibrations of Eu atoms. The simple two-level
tunneling model could explain the elastic response,
but is inconsistent with the specific-heat measure-
ments, where no anomaly corresponding to the tun-
neling energy is observed [29]. However, a four-well
tunneling model which is in accordance with both
the four split sites for Eu2 atoms, deduced from the
neutron-scattering and X-ray-scattering data [21,
29, 30] as well as specific heat can explain the elas-
tic response of B-EugGa,4Ges.

The nuclear density distribution obtained from
neutron scattering reveals that the Eu atoms are
almost completely expelled from the cage centers
and evenly distributed among four symmetrically
related split atom sites in the plane. In accordance
with these experimental data the four-well potential
can be modeled as

V(p,d) =L°2(1+cos(4¢))+112+l[<p2.
p p 2

The harmonic oscillator (HO) potential of the last
term is modified by the four-well potential term: V,
is the potential barrier in the azimuthal direction;
V| term determines the distance from the cage cen-
ter to the four minima in the potential. There is no
tunneling of Eu through the cage center.

The sum V,+V, is determined under the condi-
tion that the radial wave-function maximum is in

agreement with the Eu2 displacement from the
cage center as deduced from neutron-scattering
experiments. ¥, is then adjusted to fit the specific-
heat data. The resulting azimuthal potential and the
energy scheme is presented on Fig. 12. The lowest
states form two four-level systems (FLS) with the
tunneling energies 4, = 0.05 K and A, = 0.85 K,
separated by the gap A;= 22 K. The elastic prop-
erties of B-EugGa,;Ge;, may be understood if
decoherence effects for the lowest FLS, are taken
into account. It may be shown that in the tempera-
ture range of interest, the coherence of FLS; is
destroyed, because the tunneling in FLS, is very
slow. Then the observed low-temperature mini-
mum in the elastic constants obtained from the
RUS measurements is explained by the elastic
response of FLS,. Using the linear response theory,
it is described [4] by

e exp[— A, jrgxiz sinh[ 4, ]+27//212j|a
Z(T) kT )| A, kT | k,T
where vy, is the interaction strength of the
quadrupolar coupling of FLS, with the elastic
strains, 7, is the FLS concentration, and Z(7) is the
partition function. Fitting the elastic constant data
leads to y,, = 0.073 eV. The elastic constant curves

are shown in Fig. 13. The calculated values agree
well with the experimental data.

Ac,(T) =~
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Fig. 12: The four-well potential along the circle of pyax,
the radial distance of maximum nuclear density for Eu
clathrate. Energy eigenvalues are plotted as horizontal
lines. The ground state consists of FLS,, shown as the
thickest line. Medium thick lines correspond to the dou-
bly-degenerate and thin lines to the non-degenerate sta-
tes. The energy units are given in Kelvin.
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Fig. 13: The fit of the elastic constants of Eu clathrate.
The background variation, shown by the dashed lines,
corresponds to Varshni function [37]. The experimental
data are from ref. [27].

Electronic band structure and optical properties
of a—EuSGalﬁ_xGe30+x

We have measured the near normal incidence
reflection on a-EugGa,¢_Ge;q,, of the particular
composition with x = 0.42 in a wide spectral region
(7 meV — 30 eV) at temperatures above and below
the ferromagnetic phase transition temperature, 7=
10.5 K [14]. The low-energy Drude type of the opti-
cal conductivity, cf. Fig. 14, is characterized by a
very low charge-carrier density, 7, = 0.22 ¢ /(unit
cell), in accordance with the results of Hall-effect

800
800 -

600 6004 A
g | 0.012 eV
=~ 400+ 0.12 eV ———
g/ 0.24 eV* 0.01 0.03

3 |
200
— 7K 0.26 eV
1 — 20K
0 T T T

— .
0.0 0.1 0.2 0.3 0.4 0.5
Energy (eV)

Fig. 14: Optical conductivity spectra of «-
EugGa s Gespy (x = 0.42) at T=7 K and 20 K, below,
and above T, respectively. Arrows and inset emphasize
pronounced changes to o,(®w, T) when changing T
across T¢. Inset: Enlarged view of the low-energy part
with a phononic feature at 0.012 eV. Thin dashed lines
describe the spectra with a Drude-Lorentz oscillator.

measurements [21]. The low-energy region 0.1 —
0.4 eV is characterized by transitions within the
lower end of the conduction band, in agreement
with band-structure calculations which also correct-
ly predict the valence-conduction band gap as
observed (> 0.4 eV) [31]. At energies between 10
and 100 meV, pronounced broad peak structures are
observed and assigned to excitations from disorder-
derived bound states within the band gap, reflecting
the random distribution of the Ga- and Ge-atoms in
the clathrate network [25]. By lowering the temper-
ature across 7, the shifting of the Fermi level in the
exchange-split conduction band causes the peak
structures in the optical conductivity to change in
shape and position at energies below 0.4 eV, where-
as the spectral weight is conserved in this energy
region.

New clathrates with ordered substitution
in cationic sites

Many attempts to synthesize rare-earth containing
clathrates were unsuccessful. Only two modifica-
tions, a-EugGa,q ,Gasy., with clathrate type-VIII
structure stable in a narrow temperature range close
to 650 °C and B-EugGa, ¢ Gas,,, obtained from the
melt, are characterized by a full occupation of the
cationic sites by a rare-earth element. Another pos-
sibility to obtain rare-earth containing clathrates is
partial substitution of cationic sites. Recently, some
clathrate type-I compounds with guest sites, that are
partially occupied by a rare-earth element, have
been reported: SryEu,Ga,Gey, [23], BagEu,Cu,Siy,,
BagEu,AlgSi;4, BagEu,Cu,SisgGa, [32], BagCe,Cu,Siy,
[33] and BayCe,Au,Siy, [34]. In case of BagCe,Au,Siy,
later work has shown that the clathrate material did
not contain cerium in a detectable quantity [35]. In
this section the results of the partial substitution of
the cationic sites in potassium containing clathrates
and in the orthorhombic clathrate BagCu,P5, is
discussed.

Bulk materials of europium-containing clathrates
KeEu,Ga,(Gesg, K¢Eu,ZnsGey, and KgEu,CdsGey,
were prepared by a two-step ampoule synthesis.
Stoichiometric quantities of the starting materials
were enclosed into tantalum containers under puri-
fied argon atmosphere. The containers were heated
in a high-frequency furnace. The result is a mixture
of binary compounds and germanium, which was
grinded, pressed into a pellet and annealed under

125



126

SELECTED RESEARCH REPORTS

the same conditions. This procedure was repeated
several times. All samples were characterized by
X-ray powder diffraction. The chemical composi-
tion obtained from single-crystal structure refine-
ment was checked by energy-dispersive X-ray
absorption analysis (EDX). Measurements were
performed on the single crystals and small crystal-
lites of bulk samples.

The measurements of the Eu-L;; X-ray absorption
spectrum (XAS) of powdered samples were per-
formed in transmission geometry at the EXAFS 1I
beamline E4 of the HASYLAB at DESY. The syn-
chrotron beam is monochromatized by a Si (111)
double-crystal monochromator which yields an
experimental resolution of approximately 2 eV at the
Eu-Lj; edge of 6977 eV. The experimental data were
recorded simultaneously for Eu,0; as an external ref-
erence compound. All of the investigated Eu-substi-
tuted compounds crystallize with clathrate type I
(Pm3n, cP54) structure: K¢Eu,Ga,(Geys (@ =
10.7441(6) A), K¢Eu,ZnsGey, (a = 10.7442(8) A),
K¢Eu,CdsGe,; (a = 10.8349(6) A). No homogeneity
ranges were observed for any compound. The
dodecahedral cationic sites are occupied by europi-
um ions and the tetracaidecahedral by the potassi-
um ions. All positions of the anionic network are
characterized by a mixed occupation of gallium/
zinc/cadmium and germanium atoms. All of the
compounds are Curie-Weiss paramagnets with fer-
romagnetic ordering at temperature below 10 K.
The magnetic moment of Eu is close to 7.9 ug.
This value corresponds to the spin only state of the
417 electronic configuration and is also confirmed
by XAS spectroscopy. The temperature depend-
ence of the electrical resistivities indicates that all
the clathrates are semiconductors.

Orthorhombic BagCu,4P;, is closely related to the
clathrates with a group 14 element occupying the
anionic network [36]. The structural relation
between orthorhombic BagCu,4P3, and the clathrate
type-I structure (see Fig. 15) can be described by the
following transformations: a, = a, = 14.117 A, b, =
a, = 10.093 A, ¢, = 2a,= 28.022 A. In contrast to
clathrates with type-I structure the anionic frame-
work of BagCu,4P;3, is completely ordered, i.e. each
copper is tetrahedrally coordinated by phosphorus
and this is probably also the origin of the super-
structure formation. Samples with nominal compo-
sitions Bag_  Eu Cu;4P3, (x = 0 — 2 with 0.5 steps)
were synthesized by a method similar to the one
used for the potassium clathrates described above.

Fig. 15: Relation between the conventional unit cell of
the type-1 clathrate structure and the unit cell of the
superstructure of BagCu,sP3), marked by the green and
red lattice, respectively. Green dodecahedral cationic
sites are occupied almost entirely by europium ions and
purple tetracaidecahedral nearly entirely by potassium
or barium ions.

The resulting mixture contains numerous silvery
plate-like crystals, which are stable in air for a long
period of time, and resists the treatment with diluted
hydrochloric acid (1:1). Powdered samples are grey,
and visible reaction with air is observed within a few
days. Single-crystal X-ray investigations of the sam-
ples show a preferential occupation of europium at
the centre of the relatively smaller dodecahedral
cavities. The magnitude and temperature depend-
ence of the magnetic susceptibility of BagCu,¢P5 is
consistent with a superposition of a diamagnetic
core contribution and a paramagnetic contribution
from the charge carriers. Europium substitution
introduces localized magnetic moments into the lat-
tice. Although direct exchange interaction between
these moments is negligible due to the large Eu—Eu
distances, the indirect interaction via the conduction
electrons may induce a magnetically ordered
ground state. Samples with x = 1 — 2 order ferro-
magnetically at temperatures below 5K, with
effective magnetic moments close to the free-ion
value of Eu®’. This is also confirmed by XAS
measurements.
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