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Structural, transport, magnetic, and thermal properties of Eu8Ga16Ge30

S. Paschen, W. Carrillo-Cabrera, A. Bentien, V. H. Tran,* M. Baenitz, Yu. Grin, and F. Steglich
Max Planck Institute for Chemical Physics of Solids, No¨thnitzer Straße 40, D-01187 Dresden, Germany

~Received 9 May 2001; published 1 November 2001!

Eu8Ga16Ge30 is the only clathrate known so far where the guest positions are fully occupied by a rare-earth
element. Our investigations show that, in addition to the previously synthesized Eu8Ga16Ge30 modification with
clathrate-I structure, there exists a second modification with clathrate-VIII structure. Polycrystalline samples of
both phases behave as local-moment ferromagnets with relatively low Curie temperatures~10.5 and 36 K!. The
charge-carrier concentrations are rather small~3.8 and 12.531020 cm23 at 2 K! and, together with the low
Curie temperatures, point to a semimetallic behavior. Both the specific heat and the thermal conductivity are
consistent with the concept of guest atoms ‘‘rattling’’ in oversized host cages, leading to low thermal conduc-
tivities ~‘‘phonon glasses’’!. However, the electron mobilities are quite low, which, if intrinsic, would question
the properties of an ‘‘electron crystal’’, commonly presumed in ‘‘filled-cage’’ materials. The dimensionless
thermoelectric figure of merit reaches values of 0.01 at 100 K.

DOI: 10.1103/PhysRevB.64.214404 PACS number~s!: 75.50.Cc, 72.20.Pa, 61.48.1c
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I. INTRODUCTION

Clathrates are solids made up of large cages of silic
germanium, or tin~or, in the well-known gas hydrates, o
H2O) that encapsulate guest atoms. All cages are tig
joined, their constituent atoms being tetrahedrally (sp3-like!
bonded. Until recently, clathrates with mostly two differe
structure types~I and II! have been reported. From these
large variety of materials can be created by partial subs
tion of cage atoms and/or by introducing guest atoms into
cages.

The bonding situation of clathrates may, in a first appro
mation, be understood in terms of the Zintl concept.1 The
more electropositive guest atoms donate electrons to
more electronegative cage~or host! atoms such that the cag
atoms complete their valence requirements~octet rule! and
build a covalently bonded cage structure. The guest ato
on the other hand, are ionically bonded to the host fram
work. Since in this way all valence electrons are used
covalent bonds, one might expect clathrates to be semi
ductors. In reality, the situation is more complex and se
conducting clathrates appear to be rather an exception
the rule.

The claim of Slack2 that clathrates containing guest atom
are promising thermoelectric materials encouraged a num
of groups worldwide to work on this topic. He proposed th
clathrates behave as ‘‘phonon glasses and electron cryst
Atoms located in oversized atomic cages are believed to
dergo large local anharmonic vibrations, somewhat indep
dent of the other atoms in the crystal. This ‘‘rattling’’ ma
resonantly scatter acoustic-mode, heat-carrying phonons
thus lead to very low and ‘‘glasslike’’ thermal conductivitie
k ~‘‘phonon glasses’’!. Supposing thatk is phonon domi-
nated, this will increase the thermoelectric figure of me
Z5S2s/k, only if the charge carriers~and therefore also the
electrical conductivitys) are much less affected by the ra
tling than the heat-carrying phonons and thus behave as
trons in a crystalline lattice~‘‘electron crystals’’!.

Our hope is that by introducing suitable rare-earth e
ments with an unstable 4f shell as guest atoms into an a
equate semiconducting host framework, a narrow-gap se
0163-1829/2001/64~21!/214404~11!/$20.00 64 2144
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conductor ~‘‘Kondo insulator’’3! may be obtained. This
would not only be exciting in view of the expected goo
thermoelectric properties~in addition to the above-discusse
low k values for clathrates, one expects large thermopowS
values for Kondo insulators!, but also because strongly co
related electron phenomena could be studied in a comple
new system, which is quite different from all Kondo insul
tors known so far.

Up to now we have focused our studies on Ge-contain
clathrates. To our knowledge, the only clathrate where
100% occupation of the guest sites by a rare-earth eleme
found is Eu8Ga16Ge30. In Refs. 4, 5, and 6, this compoun
was shown to crystallize in the clathrate-I structure. Our
vestigations, however, reveal that Eu8Ga16Ge30 exists intwo
modifications, the second one being of the so-cal
clathrate-VIII structure.7 Both Eu8Ga16Ge30 modifications,
which we shall refer to as theb and a phase, respectively
order ferromagnetically. We are currently trying to modi
the Ga-Ge framework in order to suppress the magnetic
der and to establish a heavy-fermion semiconducting
Kondo-insulating state.

II. SAMPLE PREPARATION AND STRUCTURAL
ANALYSIS

Eu8Ga16Ge30 was prepared from the elements by melti
them in a high frequency~HF! furnace under argon atmo
sphere. The elements were placed, with the atomic r
Eu:Ga:Ge58:16:30 ~Eu, 99.9 mass%, Lamprecht, furthe
distilled in vacuum; Ga, 99.999 99 mass%, Chempur; G
99.999 mass%, ABCR!, into an open glassy-carbon crucibl
which was positioned in a quartz tube inside the coil of t
HF furnace. The crucible was slowly heated to a maxim
temperature of about 950 °C, cooled down to about 750
and then cooled to room temperature. The x-ray diffract
pattern of the as-cast sample showed that the majority ph
~about 95%! has a clathrate-I-type structure with a primitiv
unit cell. In order to get a single-phase sample, annealing
4 days at 687 °C was performed. Inspection of the x-
diffraction pattern of the annealed sample revealed that
©2001 The American Physical Society04-1



TABLE I. Selected crystallographic data~293 K!.
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sample was indeed single phased, but the unit cell was
body-centered cubic and somewhat smaller. Thus, ano
structural modification of Eu8Ga16Ge30 @isotypic to
Ba8Ga16Sn30 ~Ref. 8!# had been discovered, representing
low-temperature or so-calleda modification. The differential
thermal analysis~DTA! revealed that the phase transform
tion takes place at about 696 °C and that the hi
temperature orb modification exists in a range of only 3 °C
melting congruently at 699 °C. Single-phase samples of
b modification were obtained by annealing for 14 days
697 °C. Crystallographic data of both modifications are su
marized in Table I.

Eu8Ga16Ge30 coexists with, at least, two ternary phases
approximate compositions EuGaxGe62x (x'2) and
Eu3GaxGe102x (x'4). To obtain purea- andb-phase poly-
crystalline samples, the Eu8Ga16Ge30 ingots were quenched
in water after annealing at adequate temperatures. Both x
powder diffractometry and optical metallography showed
traces of foreign phases. The chemical analysis~inductively
coupled plasma method! of a single-phase sample o
a-Eu8Ga16Ge30 annealed at 687 °C gave the compositi
Eu7.9(1)Ga16.0(1)Ge30.1(2). Both forms of Eu8Ga16Ge30 are
gray with metallic luster and are stable in air. Thea form is
more brittle than theb form. The measured values of th
Vickers microhardness of thea andb forms are 330 Hv and
470 Hv , respectively. The densities, measured on fragme
of the samples used for the transport measurements,
6.3~1! and 6.2~1! g/cm3 for thea andb modification, respec-
tively. Thus, within the experimental uncertainty, no dev
tion from the ideal densities of 6.24 and 6.10 g/cm3 could be
found. The grain sizes of the samples used for the trans
measurements were determined optically on etched surfa
21440
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Most parts of thea-phase sample have an average grain s
of 4~2! mm, but several regions have larger crystallites w
diameters of up to 60mm. The crystallites of theb-phase
sample are elongated, with lengths of 400–850mm and
widths of 150–440mm.

The structures ofa- and b-Eu8Ga16Ge30, as determined
from single-crystal x-ray intensity data collected on a S
IPDS diffractometer at room temperature, are depicted
Fig. 1. The structures were refined using the full-mat
least-squares program9 SHELXL and the atomic coordinates o
Ba8Ga16Sn30 and Sr8Ga16Ge30,8 respectively, as starting val
ues. Both structures are characterized by covalentE46 net-
works (E5Ga, Ge! of fourfold bonded (4b) E atoms with
polyhedral cages occupied by Eu atoms. Theb phase has
two kinds of polyhedral cages:E20 pentagonal dodecahedr
centered by Eu1 andE24 tetrakaidecahedra centered by Eu
There are two Eu1 (2a sites! and six Eu2 (6d sites! atoms
per Eu8Ga16Ge30 formula unit. Thea phase has only one
type of cage centered by Eu (8c site!. This cage can be
described as a distortedE2013 polyhedron, derived from a
E20 pentagonal dodecahedron by breaking threeE-E bonds
and creating nine new ones by adding three moreE atoms. In
the a phase, the point configuration of the Eu sites (I4xxx)
can be derived from that of a primitive cubicP2 point con-

figuration@P2 ( 1
4

1
4

1
4 )] by deformation in such a way tha

around each 2a 000 site, instead of a cube, a four-capp
tetrahedron~‘‘stella quadrangula’’! is formed. The central
Eu4 tetrahedron has 5.590-Å-long edges and the Eu cap
at a distance of 5.652 Åfrom the vertices of the central E4
tetrahedron. Characteristic for theb phase is the noninter
secting three-fold rod packing formed by the Eu2 sites alo
4-2
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STRUCTURAL, TRANSPORT, MAGNETIC, AND . . . PHYSICAL REVIEW B64 214404
the ^100& directions. The atomic coordinates and the ani
tropic atomic-displacement parameters ofa- and
b-Eu8Ga16Ge30 and of Ba8Ga16Ge30 are given in Table II.
The displacement ellipsoid of the Eu2 atoms in theb phase
is platelike and a better description can be obtained by
placing each Eu2 (6d) site with a Eu28 (24k) site with a
quarter occupation. Unlike in Ref. 8, we used this split-s
model also for the structure refinement of Ba8Ga16Ge30. In
the a phase, however, the displacement ellipsoid of the
atoms is much less flattened than that of the Eu2 atoms in
b phase. Therefore, no split sites were introduced.

Since Ga and Ge cannot be distinguished by x rays,
assumed in our structure refinements that the Ga and
atoms are randomly distributed among theE sites. However,
a shortE2-E2 bond~2.449 Å! in theb phase may indicate a
preferential occupation of theE2 sites with Ge atoms. All
other E-E bond lengths are in the range 2.471–2.503
consistent with a rather random distribution of the Ga and
atoms. A comparison of the shortestE-E distances ina- and
b-Eu8Ga16Ge30 with the corresponding values determin
for Sr8Ga16Ge30 and Ba8Ga16Ge30 is given in Table III. The
shortest Eu-Eu distance ina-Eu8Ga16Ge30 is 5.562 Å. In
b-Eu8Ga16Ge30 it is, with 5.23 Å, distinctly shorter. The av
erage distance between Eu and theE atoms of the surround
ing cage is 3.633 Å fora-Eu8Ga16Ge30. For b-Eu8Ga16Ge30

the average Eu1-E and Eu2-E distances are 3.482 and 3.8
Å, respectively. A compilation of important Eu-Eu and Eu-E
distances is given in Table IV.

FIG. 1. Crystal structures ofa- andb-Eu8Ga16Ge30.
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III. EXPERIMENTAL

We have measured the electrical resistivityr, the magne-
toresistance, the Hall coefficientRH , the thermopowerS, the
thermal conductivityk, the specific heatCp , the magnetic
susceptibilityx, and the magnetizationM in varying tem-
perature~2–400 K! and magnetic-field~0–13 T! ranges for
both a- and b-Eu8Ga16Ge30. All electrical transport mea-
surements were done using a standard four-point ac t
nique. For the thermal transport measurements the u
steady-state method was employed. The specific heat
obtained by using a 2t-relaxation-type method, and the ma
netic measurements were done utilizing a superconduc
quantum interference device magnetometer.

IV. RESULTS AND DISCUSSION

Investigation of physical properties reported so far
Eu8Ga16Ge30 was through measurements of the thermal c
ductivity, thermopower, and electrical resistivity,5 as well as
Raman scattering10 and neutron diffraction,6 all on b-phase
samples.

In Fig. 2 we show the temperature dependences of
electrical resistivityr(T) for both an a- and a b-phase
sample of Eu8Ga16Ge30. The room-temperature values o
r(T) are with 760 and 630mV cm for thea- andb-phase
sample, respectively, distinctly smaller than for t
(b-phase! sample reported in Ref. 5. The overall temperatu
dependence of our samples is metallic~positive dr/dT).
However, pronounced anomalies are preceded by a neg
dr/dT, with maximum absolute values at 9.6 and 37 K f
thea- andb-phase sample, respectively~cf. inset of Fig. 2!.
These anomalies are indicative of magnetic phase transiti
The negativedr/dT may be due to scattering from critica
fluctuations above the phase-transition temperatures. Our
servation of these anomalies is in contrast to previo
results5 where ther(T) data of a (b-phase! Eu8Ga16Ge30
sample show no sign of a phase transition. Our magnetic
thermal measurements, to be presented below, howe
prove that the magnetic phase transitions are intrinsic
ferromagnetic in nature.

The Hall coefficient of both Eu8Ga16Ge30 samples and of
Ba8Ga16Ge30 was measured between 2 and 300 K in ma
netic fields up to 13 T. The temperature dependences of
Hall coefficientRH(T), of a- andb-Eu8Ga16Ge30 at 13 T are
shown in Fig. 3. For thea-phase sample,RH(T) changes
slightly from 21631029 m3/C at 2 K to 215.1
31029 m3/C at room temperature corresponding, in a on
band model, to 0.47 and 0.49 electrons per Eu8Ga16Ge30 for-
mula unit ~3.9 and 4.131020 cm23), respectively. For the
b-phase sample,RH(T) varies nonmonotonically with tem
perature and is23.231029 m3/C at 2 K and 23.8
31029 m3/C at 300 K corresponding, in a one-band mod
to 2.4 and 2.0 electrons per Eu8Ga16Ge30 formula unit ~2.0
and 1.731021 cm23), respectively. For Ba8Ga16Ge30,
RH(T) varies smoothly between212.131029 m3/C at 2 K
and211.431029 m3/C at 300 K corresponding, within the
one-band model, to concentrations of 0.64 and 0.68 elect
4-3



S. PASCHENet al. PHYSICAL REVIEW B 64 214404
TABLE III. Shortest interatomicE-E distances~Å! for a-Eu8Ga16Ge30, b-Eu8Ga16Ge30, Sr8Ga16Ge30 ~Ref. 24!, and Ba8Ga16Ge30.

TABLE II. Atomic coordinates~Å! and anisotropic-displacement parameters (Å2) at T5293 K ~standard deviations in parentheses! for

a-Eu8Ga16Ge30 in ~a!, b-Eu8Ga16Ge30 in ~b!, and Ba8Ga16Ge30 @space groupPm3̄n ~No. 223!, a510.7840(2) Å,Z51, Rgt(F)50.017 for
351 reflections withI .2s(I ); wRall(F

2)50.029 for 378 unique reflections# in ~c!. E50.348Ga10.652Ge for allE sites.
214404-4



TABLE IV. Shortest interatomicE-Eu and Eu-Eu distances~Å!.
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per Ba8Ga16Ge30 formula unit ~5.2 and 5.531020 cm23),
respectively. While for Ba8Ga16Ge30 the Hall resistivityrH is
a linear function of the magnetic field, for botha- and
b-Eu8Ga16Ge30 therH vs H curves are nonlinear at temper
tures belowTC . In the following, we analyze these nonline
rH(H) curves in terms of the anomalous Hall effect.

The anomalous Hall effect arises from the spin-orbit co
pling between localized moments and itinerant electro
which produces an extra electric field with the same orien
tion as that induced by the Lorentz force in the normal H
effect. The Hall resistivity of such a material can be writt

FIG. 2. Temperature dependences of the electrical resist
r(T) of a- andb-Eu8Ga16Ge30. The inset shows a closeup of th
low-temperature data.
21440
-
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as11,12 rH(B)5R0B1Rsm0M (B), whereR0 and Rs are the
normal and the spontaneous Hall coefficients, respectiv
m0 is the vacuum permeability, andM the sample’s volume
magnetization. ThusRH(B)5rH(B)/B should be a linear
function ofM (B)/B. That this relation holds for botha- and
b-Eu8Ga16Ge30 is shown in Fig. 4. The values of the norm
Hall coefficient R0, which correspond to the intercept o
these linear fits, are displayed in Fig. 3 by the full symbo
For thea-phase sample the correction is quite small~below
5%!, but for theb-phase sample it is rather important~up to
70%!. The value ofR0 at 2 K corresponds to an electro
concentration of 3.831020 cm23 (12.531020 cm23) or to
0.46 ~1.5! electrons per Eu8Ga16Ge30 formula unit for the

ty
FIG. 3. Temperature dependences of the Hall coefficientRH at

13 T of a- and b-Eu8Ga16Ge30. The values of the normal Hal
coefficient R0 (RH corrected for the anomalous Hall effect! are
plotted as full symbols. Lines are to guide the eyes.
4-5
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S. PASCHENet al. PHYSICAL REVIEW B 64 214404
a-phase sample (b-phase sample!. The ratio Rs /R0 is
smaller than 1 for thea-phase sample, a value typical fo
ferromagnetic semiconductors. For theb-phase sample
Rs /R0 is of the order of 10, a value between those typical
ferromagnetic semiconductors and ferromagnetic meta13

The charge-carrier concentrations of both thea- and the
b-phase sample are low when compared to simple me
Even so, they correspond to a substantial deviation from z
as postulated by the Zintl rule.1 It remains to be clarified
whether the charge carriers are intrinsic to Eu8Ga16Ge30 or
result from a slight off-stoichiometry of the samples inves
gated here. A composition Eu8Ga15.54Ge30.46 would, for ex-
ample, result in the 0.46 electrons per formula unit found
the a-phase sample at 2 K. The Hall mobilities estimat
from the RH data, corrected for the anomalous Hall effe
and from the electrical-resistivity data of Fig. 2 are relative
low, with 58 and 17 cm2/V s at 2 K, and 20 and 7 cm2/@V s
at 300 K for thea- andb-phase sample, respectively. Th
means that the charge carriers are either strongly scatt
~large scattering rates! or that they have enhanced effectiv
masses,m* . Large scattering rates can have various origi
In heavily doped semiconductors, e.g., scattering from
impurities, results in mobilities comparable to those fou
for Eu8Ga16Ge30. This raises the question whether samp
with improved quality have lower carrier concentrations a
higher mobilities. An intrinsic source of large scattering ra
in Eu8Ga16Ge30 could be the disorder introduced by Ga o
the Ge framework.6 To check for the possibility of enhance
effective masses, calorimetric measurements should be
tended to lower temperatures to obtain a better estimat
the electronic specific heat. For Ba8Ga16Ge30, where no
magnetic contribution covers the low-temperature behav
the effective mass is of the order 1. However, a no
negligible interaction between the charge carriers and
anharmonic vibrations of the guest atoms, leading to an
hanced m* , may not be excluded in Eu8Ga16Ge30. In
Ba6Ge25, this interaction was shown to be strong, leading
very small Hall mobilities~0.6 cm2/V s at 2 K!.14,15

Figure 5 shows the temperature dependences of the m
netic susceptibilityx(T) of a- and b-Eu8Ga16Ge30, mea-

FIG. 4. RH(B)5rH(B)/B plotted vsm0M (B)/B for both a-
andb-Eu8Ga16Ge30. Linear behavior with the intercept correspon
ing to R0 and the slope corresponding toRs is expected in the
presence of an anomalous Hall effect~cf. text!.
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sured in magnetic fields of 0.1 T. At the lowest temperatur
x(T) is almost constant but starts to decrease strongly ab
approximately 8 and 20 K for thea- and b-phase sample
respectively. Upon cooling the samples in zero magne
field ~data not shown!, a spontaneous magnetizationM builds
up at 10.5 and 36 K for thea- andb-phase sample, respec
tively. This behavior is typical for ferromagnetic phase tra
sitions with Curie temperaturesTC of 10.5 and 36 K. An
analysis of the critical behavior of the zero-field magnetiz
tion M just aboveTC , M 21}(T2TC)g, yields the same val-
ues for TC with g50.95 and 0.8 for thea- and b-phase
sample, respectively. Well above the phase transitions,x(T)
has Curie-Weiss-type temperature dependences with e
tive magnetic moments of 7.8mB and 7.9mB per Eu ion and
with Weiss temperatures of 11 and 34 K for thea- and
b-phase sample, respectively. The moments are in g
agreement with the moment of 7.9mB expected for a free
Eu21 ion and the Weiss temperatures are close to the C
temperatures. The magnetization vs field curves at 2 K~inset
of Fig. 5! are typical for soft ferromagnets:M (B) first in-
creases steeply with the field and then saturates to a con
value, the saturation magnetization. Within our experimen
resolution ('10 Oe!, no hysteresis was observed. The sa
ration magnetization of 7mB expected for a free Eu21 ion is
almost reached for both samples at 2 K and 5.5 T. Thus, b
a- and b-Eu8Ga16Ge30 may be classified as local-mome
ferromagnets, with Eu being in its Eu21 state in the entire
temperature range.

An interesting question is which mechanism may be
sponsible for the ferromagnetic ordering of Eu8Ga16Ge30.
All Eu-Eu distances being larger than 5.23 Å~Table IV!
excludes the direct exchange interaction between the lo
ized 4f moments. The indirect exchange interaction betwe
4 f moments via the charge carriers is much more lo
ranged and must be responsible for the ferromagnetism
this Ruderman-Kittel-Kasuya-Yoshida~RKKY ! formalism,
the conduction-electron spin polarization around a localiz
moment has an oscillatory component, the period of wh
depends on the charge-carrier concentration. The fact tha
interaction is ferromagnetic strongly suggests that the sec

FIG. 5. Magnetic susceptibilitiesx of a- andb-Eu8Ga16Ge30,
measured in a magnetic field of 0.1 T as a function of tempera
T. The inset shows magnetization vs field,M (H), curves at 2 K.
4-6
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magnetic moment lies within the first oscillation of th
RKKY function around a given moment. A long period o
this function is, of course, in agreement with a small char
carrier concentration. Using the standard formulation for
exchange Hamiltonian,16 we write Hex5C( i , jF(Ri , j )SiSj
with F(R)5@2kFR cos(2kFR)2 sin(2kFR)#/R4, and esti-
mate, using the charge-carrier concentrations atTC deter-
mined from the Hall constants, that the interaction betwe
two 4f moments is ferromagnetic at distances smaller t
10 Å for a-Eu8Ga16Ge30 and 6.5 Å for b-Eu8Ga16Ge30.
The shortest Eu-Eu distances are 5.562 Å fora-
Eu8Ga16Ge30 and 5.23 Å forb-Eu8Ga16Ge30 ~taking split
sites into account!. At these distances,F is, in absolute value
larger for theb- than for thea-phase sample. This is illus
trated in Fig. 6, whereF(R) is plotted as a function of the
distanceR from a given magnetic moment with spinSi . The
factorC in Hex is the same for botha- andb-Eu8Ga16Ge30.
Thus, the higher absolute value ofF(5.23 Å) for b- than of

FIG. 6. F(R)5@2kFR cos(2kFR)2 sin(2kFR)#/R4 of a- and
b-Eu8Ga16Ge30 at the respective Curie temperatures. The verti
lines are placed at the shortest Eu-Eu distances.

FIG. 7. Temperature dependences of the specific heatCp(T) of
a- andb-Eu8Ga16Ge30. The magnetic contributionsCm(T) of the
two modifications, obtained as explained in the text, are show
the inset.
21440
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F(5.562 Å) for a-Eu8Ga16Ge30 directly corresponds to a
stronger indirect exchange interaction and thus to a hig
TC for the b modification.

The temperature dependences of the specific heatCp(T)
of a- and b-Eu8Ga16Ge30 are shown in Fig. 7. Pronounce
l-type anomalies are observed in the temperature range
the ferromagnetic phase transitions discussed above.
have attempted to separate the three contributions to the
specific heat, namely, the lattice contributionCL(T), the
electronic contributionCe(T), and the magnetic contribution
Cm(T). In a first approximation Ba8Ga16Ge30 may be con-
sidered as a nonmagnetic reference compound
Eu8Ga16Ge30.

Cp(T) of Ba8Ga16Ge30 is also shown in Fig. 8. A good
description of these data is obtained withCp(T)5CL(T)
1Ce(T). The electronic term is calculated from the Ha
coefficient, assuming that the effective mass of the cha
carriers is equal to the free-electron mass. This term amo
to 21% of the total specific heat at 3 K and becomes re
tively smaller at higher temperatures. The lattice contribut
was fitted to the sum of a Debye and an Einstein term. Th
parameters are the Debye temperatureQD , the Einstein tem-
peratureQE , and the numbersND and NE of Debye and
Einstein oscillators per formula unit, taking into account th
their sum is 54, the number of atoms per formula unit. W
obtain QD5355 K, QE580 K, ND539, andNE515. The
total fit and the three contributions, namely,Ce(T) and the
Debye and the Einstein contribution toCL(T), are shown in
Fig. 8. Very similar results were obtained for Sr8Ga16Ge30
~data not shown!: QD5358 K, QE579 K, ND538, and
NE516.

To obtain the magnetic contributionsCm(T) to the total
Cp(T) of a- andb-Eu8Ga16Ge30, the lattice contribution of
Ba8Ga16Ge30, determined as discussed above, and the e
tronic contributions of thea- and b-phase sample, respec
tively, were subtracted from theCp(T) data. As above, the
electronic contributions were estimated from the Hall coe
cients, assuming that the effective charge-carrier mass is
free-electron mass.Cm(T) of a- and b-Eu8Ga16Ge30 are

l

in

FIG. 8. Temperature dependence of the specific heatCp(T) of
Ba8Ga16Ge30. The total fit and its three contributions~a Debye, an
Einstein, and an electronic term!, as discussed in the text, ar
shown.
4-7
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shown in the inset of Fig. 7. The Curie temperatures, de
mined in aCm(T)/T plot with an entropy-balancing geome
ric construction, are in good agreement with those de
mined from the magnetization measurements. Integra
over Cm(T)/T up to TC yields magnetic entropies of 15.
and 24.9 J/K per mole Eu for thea- and b-phase sample
respectively. These values are approximately 90% and 14
of the theoretical valueRln(2S11) with S57/2, whereR is
the gas constant. Thus, the magnetic phase transitions
served in both samples are clearly bulk effects and canno
ascribed to impurities. The relatively poor agreement w
the theoretical entropy value is most probably due
Ba8Ga16Ge30 not being a perfect reference system, as will
further outlined below.

In Ref. 17 it was suggested that the rattling of the gu
atoms in the cages corresponds to truly localized vibratio
These may be described by a quantized harmonic oscill
~Einstein oscillator!. The Einstein frequency of such an o
cillator is given byvE5A(K/m), whereK is the force con-
stant andm the mass of the rattler.K is larger, the smaller the
volume mismatch between the rattler and the cage. The c
atoms, on the other hand, are considered as part of a D
solid. Considering the structure of Ba8Ga16Ge30, where, per
formula unit, two Ba atoms~Ba1 site! are located inE20
polyhedra and six Ba atoms~Ba2 site! are located inE24
polyhedra, one may expect two different Einstein frequ
cies, a larger one for the smaller cages and a smaller on
the larger cages. To account for this situation we tried to
the lattice contribution to the specific heat of Ba8Ga16Ge30
with two sets of Einstein oscillators. However, the number
parameters in the fitting was too large to give meaning
results and the quality of the fit was not improved with r
spect to the one where just one set of Einstein oscillators
used. Thus, from the specific-heat measurements we hav
evidence for the presence of two subsets of Einstein osc
tors with distinctly different Einstein frequencies
Ba8Ga16Ge30.

As pointed out in Ref. 18, the atomic-displacement p
rameters at room temperature may be used to estimate
Einstein temperatures, the Debye temperature, and the ro
temperature thermal conductivity of any compound w
small static disorder. We have calculated the Debye temp
ture QD and the Einstein temperaturesQE5\vE /kB for
both Ba sites in Ba8Ga16Ge30, using the isotropic displace
ment parametersUeq given in Table II. For the Ba2 site,Ueq
of the split-site Ba28 was used. We obtainQD5300 K and
QE15121 K and QE2572 K for the Ba1 and Ba2 site
respectively. The average Einstein temperatureQE,av
5(2QE116QE)/8584 K, where 2 and 6 are the multiplici
ties of the Ba1 and the Ba2 site, is in good agreement w
the result of our fit of the lattice specific heat of Ba8Ga16Ge30
discussed above. This indicates thatUeq does indeed describ
the rattling of the Ba atoms in the cages and that a
static-disorder contribution is small. Using the atom
displacement parameters given in Ref. 8,QE and QD of
Ba8Ga16Ge30 were estimated18 to be 51 and 275 K, respec
tively. The smallerQE value as compared to our finding
may be due to the fact that in Ref. 8, no split positions w
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introduced for the Ba2 site, i.e.,Ueq(Ba2) contains contribu-
tions from both rattling and static disorder.

For Eu8Ga16Ge30 the Einstein and Debye temperatures e
timated from the room-temperature atomic-displacement
rameters~Table II! are QE545 K andQD5214 K for the
a-phase sample andQE1575 K, QE2545 K ~using the split
site Eu28), and QD5245 K for the b-phase sample. The
lattice specific-heat curves,CL(T), generated from these pa
rameters give only a poor agreement with the measu
Cp(T) data. For theb-phase sample we improved the agre
ment by fittingQD to the data well above the Curie temper
ture, whereCe(T) andCm(T) are negligibly small, keeping
the Einstein temperatures fixed to the above values. Fit
the Einstein temperatures is not possible due to the la
magnetic contribution at temperatures up to approxima
50 K. We obtainQD5302 K. For thea phase sample, on th
other hand, we could fit both the Debye and the Einst
temperature using theCp(T) data above 30 K, whereCe(T)
andCm(T) are negligibly small. Very good agreement wi
the data is obtained forQD5364 K, QE572 K, and ND
538 (NE516). If this fit is taken as a phonon backgroun
the entropy below theCm(T)/T curve is found to agree wel
with the theoretical value.

For b-Eu8Ga16Ge30, Raman-scattering experiments ha
been performed.10 The vibrational mode that was associat
with the guest atoms in theE24 polyhedra has a Raman shi
of 23 cm21 ~33 K!, in rough agreement withQE2545 K.
The mode associated with guest atoms in theE20 polyhedra
is not Raman active.

The fact that the fits of the lattice specific heats
Ba8Ga16Ge30 and a-Eu8Ga16Ge30 yield NE515 and NE
516, respectively, instead of 8~for the eight guest atoms pe
formula unit! indicates that making a clear-cut distinctio
between the guest atoms as Einstein oscillators and
framework atoms as Debye oscillators is oversimplified. T
is in agreement with Raman-scattering results10 that give evi-
dence for a hybridization between some of the rattle mo
associated with vibrations of the guest atoms in theE24 poly-
hedra of the clathrate-I structure and low-frequency mo

FIG. 9. Temperature dependences of the thermopowerS(T) of
a- andb-Eu8Ga16Ge30. The low- and higher-temperature limits o
the free-electron diffusion thermopowerSd ~cf. text! are plotted as
straight lines.
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associated with the framework atoms. In addition, opti
modes of the clathrate-I framework were calculated19 to ap-
pear with appreciable weight above 90 cm21 ~130 K!, a fre-
quency that is not too far from the Einstein frequencies of
guest atoms.

The temperature dependence of the thermopowerS(T), of
both a- and b-Eu8Ga16Ge30 is plotted in Fig. 9. The rela-
tively large negative values ofS are in agreement with a
relatively small concentration of electronlike charge carrie
as extracted from our Hall-effect measurements. Previou
publishedS(T) data5 on b-Eu8Ga16Ge30 are qualitatively
similar to ours, with an absolute value ofSat room tempera-
ture twice as large as for our sample, however. The diffus
thermopower is, in the free-electron approximation, giv
by20 Sd5p2kB

2T/3eh at very low temperatures and bySd

5p2kB
2T/eh at higher temperatures.h is the Fermi energy,

which is related to the charge-carrier concentration. T
other symbols have their usual meaning. The straight line
Fig. 9 are calculated from these relations taking the cha
carrier concentrations at 2 and 300 K. TheS(T) data are of
the same order as these rough estimates ofSd(T), indicating
that the diffusion thermopower is an important contributi
to the total thermopower. Undoubtly, there will also be
phonon-drag contribution,Sg(T), but the simple relation20

Sg}T3 does not give a satisfying description of the low
temperature data. We further notice that no signific
anomalies are observed at the respective Curie tempera
of both samples. This indicates that both the magnon d
thermopower and the anomalous magnetic thermopow16

are, most probably, unimportant in Eu8Ga16Ge30.
Figure 10 displays the temperature dependences of

lattice thermal conductivity kL(T) of both a- and
b-Eu8Ga16Ge30 in a semilogarithmic plot. The electroni
contributionke(T) shown in the inset of Fig. 10, was est
mated from the electrical resistivity using the Wiedeman
Franz law,ke(T)5p2kB

2/(3e2)T/r(T), and was subtracted
from the total measured thermal conductivity.ke(T)/kL(T)

FIG. 10. Temperature dependences of the lattice thermal
ductivity kL(T) of a- andb-Eu8Ga16Ge30 on a double-logarithmic
scale. The lines are fits to the data obtained as explained in the
The inset shows the electronic contributionske(T) obtained as ex-
plained in the text.
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reaches a maximum of 20% at 100 K fora-Eu8Ga16Ge30,
and of 60% at 50 K forb-Eu8Ga16Ge30. In spite of the same
composition, both the absolute values and the tempera
dependences ofkL(T) are quite different for the two modi
fications. For b-Eu8Ga16Ge30, k(T) was measured
previously.5 kL of our sample is 1.5 times greater at 100
and decreases more strongly with decreasing tempera
thankL of the sample of Ref. 5. The overall behavior, how
ever, is similar for bothb-phase samples being typical o
highly disordered, even amorphous, solids. The origin of t
amorphouslike thermal conductivity was discussed in a nu
ber of publications.21 The essence is that the heat-carryi
acoustic phonons, which are framework derived, are
sumed to be strongly scattered from the anharmonic vib
tions of the cage atoms, leading to a dip in the thermal c
ductivity in the temperature range 4–35 K. While for th
sample of Ref. 5 a pronounced dip is observed at appro
mately 20 K, this feature is much less pronounced for
sample investigated here. In fact,kL(T) of our
b-Eu8Ga16Ge30 sample closely resemblesk(T) of amor-
phous SiO2.21 ThekL(T) data of theb-Eu8Ga16Ge30 sample
of Ref. 5 were fitted in Ref. 22 to a phenomenological mo
put forward by Cohnet al.4 In this model,kL(T) is calcu-
lated from the kinetic gas-theory expressionkL

5(v/3)*0
vDC(v) l (v)dv with a Debye specific heatC and,

assuming the validity of Matthiessen’s rule, a phon
mean free pathl that is the sum of terms representing tu
neling states~TS!, resonant scattering~res!, and Rayleigh
~R! scattering: l 5( l TS

211 l res
211 l R

21)211 l min , with l TS
21

5A(\v/kB) tanh (\v/2kBT)1(A/2) (kB /\v1B21T23)21,
l res

21 5 ( i 51
2 Civ

2T 2 / @(v i
22v2)2 1 g iv i

2v2#, and l R
21

5D(\v/kB)4. The lower limit on l was assumed to be
constant,l min . In Ref. 22 the Debye temperature was fixed
QD5270 K, the average sound velocity tov52600 m/s, and
the Einstein temperatures corresponding to the resonant
quencies toQE15\v1 /kB553 K andQE2582 K. The other
parameters, i.e.,l min , A, B, C1 , C2 , g1 , g2, and D were
determined by fitting. We used a slightly different approa
We fixed the Debye temperature toQD5302 K, as deter-
mined from the fit of theCp(T) data ofb-Eu8Ga16Ge30 with
fixed Einstein temperatures as discussed above. Corresp
ingly, the sound velocity was fixed tov5(QDkB /\)/
(6p2n)1/352873 m/s, wheren is the number of atoms pe
unit volume. We further fixed the Einstein temperature of t
Eu1 site toQE1575 K and of the Eu2 site toQE2545 K, as
obtained from the atomic-displacement parameters, and
setC2 /C153, corresponding to the ratio of the multiplicitie
of the Eu2 and Eu1 sites. We further fixedg15g251.5,
which is the value obtained from the fit of th
a-Eu8Ga16Ge30 data to be presented below. Fitting the oth
parameters to the data~cf. solid line in Fig. 10! yields l min
54.3310210 m, A51.43105 m21 K21, B53.931022

K22, C153.131030 m21 s22 K22, andD53.3 m21 K24.
All parameters are in overall agreement with those obtai
in Ref. 22~if the sign error of the exponent ofC1 andC2 in
Ref. 22 is corrected for!. For the a-phase sample we se
QD5364 K, v53396 m/s, andQE572 K, as determined
from the fit of theCp(T) data ofa-Eu8Ga16Ge30 discussed

n-

xt.
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above. The best fit to the data~cf. solid line in Fig. 10! is
obtained for l min53.7310210 m, A52.23103 m21 K21,
B56.031022 K22, C53.231030 m21 s22 K22, g51.5,
and D50.24 m21 K24, again a reasonable set of para
eters. The ratioA/B, a measure of the density of strong
coupled tunneling states,22 is much larger for theb- than for
thea-phase sample. This is plausible if one assumes tha
tunneling states correspond to the static positional diso
induced by the split site Eu28, which is only present in theb
phase. The larger value ofD for theb- than for thea-phase
sample indicates greater mass-density variations in
former compound. In all, the lattice contributions of the th
mal conductivity of botha- andb-Eu8Ga16Ge30 may be well
described by a model in which, in addition to mass-den
scattering, two scattering mechanisms related to the fil
cage structure are taken into account: The resonant scatt
is directly related to the rattling of the guest atoms in
oversized cages and the scattering from tunneling states
be associated with cage atoms tunneling between diffe
split sites.

Finally, we present the dimensionless thermoelectric
ure of merit,ZT, as a function of temperature in Fig. 11.ZT
increases monotonically with temperature for both samp
and reaches values of 0.01 at 100 K.

During the review process of the present paper, a re

FIG. 11. Temperature dependences of the dimensionless the
electric figure of merit,ZT(T), of a- andb-Eu8Ga16Ge30.
r
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on various physical properties of Eu8Ga16Ge30 single crystals
appeared.23 In a brief statement, the existence of a seco
modification ~called a phase in the present paper! is an-
nounced, in agreement with our findings.

V. PERSPECTIVE

In summary, we have synthesized and investigated
clathrate Eu8Ga16Ge30 in its two modifications, the well-
known b phase with the clathrate-I structure and the newa
phase with the clathrate-VIII structure. Polycrystallin
samples of both phases are local-moment ferromagnets
with relatively low Curie temperatures. The temperature d
pendences of the electrical resistivities are metallic in natu
but the charge-carrier concentrations are quite small, as
pected from the charge-balanced Zintl count. The small H
mobilities might, if intrinsic to Eu8Ga16Ge30, be related to
structural disorder on the Ga-Ge framework and/or to a n
negligible interaction between the charge carriers and
rattle modes of the guest atoms. The latter possibility wo
question the validity of the concept of an electron crystal2 for
Eu8Ga16Ge30. However, measurements on high-quali
single crystals are needed to test whether the mobilities
Eu8Ga16Ge30 are indeed intrinsically low. The specific-hea
and the thermal-conductivity data provide evidence for
existence of rattling guest atoms and for the strong scatte
of heat-carrying acoustic phonons from them, in line with t
concept of a phonon glass.2 The thermopower is negative
and appears to be dominated by the diffusion term. The
mensionless figure of merit reaches values of 0.01 at 100
In order to improve it, the carrier concentration should
decreased~which should lead to a higher absolute value
the thermopower! and/or the charge-carrier mobilities in
creased. Currently, we are trying to slightly modif
Eu8Ga16Ge30 by both chemical substitutions and applicatio
of hydrostatic pressure in order to suppress the ferrom
netism and to promote a strongly correlated semiconduc
~Kondo-insulating! state.
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1H. Schäfer, Annu. Rev. Mater. Sci.15, 1 ~1985!.
2G. A. Slack, inCRC Handbook of Thermoelectrics, edited by D.

M. Rowe ~Chemical Rubber, Boca Raton, FL, 1995!, Chap. 34.
3G. Aeppli and Z. Fisk, Comments Condens. Matter Phys.16, 155

~1992!.
4J. L. Cohn, G. S. Nolas, V. Fessatidis, T. H. Metcalf, and G.

Slack, Phys. Rev. Lett.82, 779 ~1999!.
5G. S. Nolas, inThermoelectric Materials 1998–The Next Genera-

tion Materials for Small-Scale Refrigeration and Power Gene
tion Applications, edited by T. M. Tritt, H. B. Lyon, Jr., G. Ma-
e
50

.

-

han, and M. G. Kanatzidis, Mater. Res. Soc. Symp. Proc. N
545 ~Materials Research Society, Pittsburgh, 1999!, p. 435.

6B. C. Chakoumakos, B. C. Sales, and D. G. Mandrus, J. Allo
Compd.322, 127 ~2001!.

7S. Bobev and S. C. Sevov, J. Am. Chem. Soc.123, 3389~2001!.
8B. Eisenmann, H. Scha¨fer, and R. Zahler, J. Less-Common Met

118, 43 ~1986!.
9G. M. Sheldrick,SHELXL-97, Program for Crystal Structure Re-

finement, University of Go¨ttingen, Germany, 1997.
10G. S. Nolas and C. A. Kendziora, Phys. Rev. B62, 7157~2000!.
11E. Arushanov, C. Kloc, H. Hohl, and E. Bucher, J. Appl. Phys.75,

5106 ~1994!.
12R. C. O’Handley, inThe Hall Effect and its Applications, edited
4-10



R

in

Da
S

p, J.

huj-

hys.

d D.

rin

STRUCTURAL, TRANSPORT, MAGNETIC, AND . . . PHYSICAL REVIEW B64 214404
by C. L. Chien and C. R. Westgate~Plenum, New York, 1980!.
13E. L. Nagaev and E. B. Sokolova, Fiz. Tverd. Tela~Leningrad!

19, 533 ~1977! @Sov. Phys. Solid State19, 425 ~1977!#.
14S. Paschen, V. H. Tran, M. Baenitz, W. Carrillo-Cabrera,

Michalak, Yu. Grin, and F. Steglich, inProceedings of the XIX
International Conference on Thermoelectrics, edited by D. M.
Rowe ~Babrow Press, Wales, United Kingdom, 2000!, p. 374.

15S. Paschen, V. H. Tran, M. Baenitz, W. Carrillo-Cabrera, Yu. Gr
and F. Steglich~unpublished!.

16See, e.g., E. Gratz and M. J. Zuckermann, inHandbook on the
Physics and Chemistry of Rare Earths, edited by K. A.
Gschneidner and L. Eyring~North-Holland, Amsterdam, 1982!.

17V. Keppens, D. Mandrus, B. C. Sales, B. C. Chakoumakos, P.
R. Coldea, M. B. Maple, D. A. Gajewski, E. J. Freeman, and
Bennington, Nature~London! 395, 876 ~1998!.
21440
.

,

i,
.

18B. C. Sales, B. C. Chakoumakos, D. Mandrus, and J. W. Shar
Solid State Chem.146, 528 ~1999!.

19J. Dong, O. F. Sankey, and C. W. Myles, Phys. Rev. Lett.86, 2361
~2001!.

20F. J. Blatt, P. A. Schroeder, C. L. Foiles, and D. Greig,Thermo-
electric Power of Metals~Plenum Press, New York, 1976!.

21For a review see, e.g., G. S. Nolas, G. A. Slack, and S. B. Sc
man, Semicond. Semimet.69, 255 ~2001!.

22G. S. Nolas, T. J. R. Weakley, J. L. Cohn, and R. Sharma, P
Rev. B61, 3845~2000!.

23B. C. Sales, B. C. Chakoumakos, R. Jin, J. R. Thompson, an
Mandrus, Phys. Rev. B63, 245113~2001!.

24W. Carrillo-Cabrera, R. Cardoso Gil, S. Paschen, and Yu. G
~unpublished!.
4-11


