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Clathrate Ba6Ge25: Thermodynamic, magnetic, and transport properties

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

~Received 30 November 2001; published 26 March 2002!

The recently discovered clathrate Ba6Ge25 undergoes a two-step first-order phase transition at the tempera-
turesTS1,S2'215, 180 K. The first-order nature of the transition is evidenced from the hysteretical temperature
dependences of the electrical resistivityr(T), the Hall coefficientRH(T), and the magnetic susceptibility as
well as from the temperature dependence of the specific heat.r(T) increases drastically belowTS1,S2, but the
charge-carrier concentration, as determined fromRH(T), is virtually unaffected by the phase transition. Thus,
it is the charge-carrier mobility which is strongly reduced belowTS1,S2. Taking these observations together
with results from a recent structural investigation we conclude that the ‘‘locking-in’’ of ‘‘rattling’’ Ba atoms to
off-center positions in the Ge cages is responsible for the mobility reduction of the conduction electrons. It is
due to this strong electron-phonon interaction that, while the concept of a ‘‘phonon glass’’ appears to be
fulfilled, the concept of an ‘‘electron crystal’’ is heavily violated, in contrast to other filled-cage systems. In the
phase Ba62xEuxGe25 (x<0.6), TS1,S2 is quickly suppressed with increasingx and, in Ba4Na2Ge25

@Ba62xNaxGe25 (x52)#, the locking-in transition is absent alltogether at temperatures below 400 K.

DOI: 10.1103/PhysRevB.65.134435 PACS number~s!: 75.20.2g, 72.15.Jf, 61.48.1c
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I. INTRODUCTION

The clathrate Ba6Ge25 was discovered by Carrillo-Cabrer
et al.1,2 Very recently, two other groups confirmed the ex
tence of this compound.3,4 Ba6Ge25 belongs to the structure
family of chiral clathratescP124 and is a binary variant o
the Ba6In4Ge21 type.5 Ba6Ge25 is cubic with the room-
temperature lattice parametera514.5564(2) Å. Each unit
cell contains four Ba6Ge25 formula units. There are thre
different lattice sites for the Ba atoms in the structu
The atoms of the Ba1 site occupy the Ge20 polyhedra and
the two remaining Ba sites~Ba2 and Ba3! are located
in the cavities of the zeolitelike labyrinth created by the no
space-filling three-dimensional arrangement of the G20

polyhedra. There are two Ba1 atoms, three Ba2 atoms,
one Ba3 atom per Ba6Ge25 formula unit. The structure con
tains both threefold bonded (3b) and fourfold bonded (4b)
Ge atoms. In terms of the Zintl concept,6 Ba6Ge25 may be
written as (Ba21)6„(3b)Ge12

…8„(4b)Ge0
…17(4e2).1,2 Thus,

four conduction electrons are expected per Ba6Ge25 unit, cor-
responding to a relatively small charge-carrier conc
tration of approximately 531021 cm23. Ba4Na2Ge25

@Ba62xNaxGe25 (x52)] is isostructural to Ba6Ge25, with the
room-temperature lattice parametera514.4703(2) Å.7 The
two Na atoms per Ba4Na2Ge25 formula unit occupy part
of the Ba2 sites~in a ratio Na:Ba5 2:1!. The Zintl elec-
tron count (Ba21)4(Na11)2„(3b)Ge12

…8„(4b)Ge0
…17(2e2)

yields two conduction electrons per Ba4Na2Ge25 formula
unit. Ba6Ge25 may also be doped with Eu.8 The Ba atoms at
both the Ba1 and the Ba3 sites are partially replaced by
but no Eu is found on the Ba2 site. The maximum solubil
is about 10%, orx50.6 in Ba62xEuxGe25. For x<0.6, the
room-temperature lattice parameter decreases linearly
increasing Eu content untila514.5271(2) Å.8

The large room-temperature values of the atomic d
placement factors for the Ba2 and Ba3 sites in Ba6Ge25, as
determined from x-ray diffraction studies, give evidence
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the Ba atoms ‘‘rattling’’ at these two sites.1,2 In a recent
structural study8 it was shown that, upon cooling, thes
atomic displacement factors increase strongly in the temp
ture range of the phase transition. This is interpreted as b
due to the Ba atoms ‘‘locking-in’’ to well-separated positio
~split sites!, which were labeled Ba4 for the Ba2 site an
Ba38 for the Ba3 site. The Ba3 atoms seem to lock in a
slightly higher temperature than the Ba2 atoms. Since
superstructure could be resolved below the phase-trans
temperature, we believe that the split sites are occupied
domly.

The renewed interest in clathrates9–12 stems from the
claim13 that they behave as ‘‘phonon glasses’’ and ‘‘electr
crystals’’ and, therefore, are promising thermoelectric ma
rials. Atoms located in oversized atomic cages are belie
to undergo large local vibrations, somewhat independen
the other atoms in the crystal. This rattling may lead to ve
low and glasslike lattice thermal conductivitiesk ~phonon
glasses!. Supposing thatk is phonon dominated, the rattlin
will increase the thermoelectric figure of meritZ5S2s/k
only if it affects the conduction electrons, and therefore a
the electrical conductivitys, much less than the phonons.
this case the electrons behave as electrons in a crysta
lattice ~electron crystals!. This assumes that the lattice d
grees of freedom related to the rattling are essentially dec
pled from the electronic degrees of freedom. As we sh
show below, this is not the case for Ba6Ge25. Here, the re-
duction of the rattling due to the locking-in of the Ba atom
below the phase-transition temperature goes hand in h
with a pronounced reduction of the charge-carrier mobilit

II. EXPERIMENTAL SETUP

The preparation and structural characterization of
polycrystalline Ba6Ge25, Ba62xEuxGe25, and Ba4Na2Ge25
samples investigated here is described elsewhere.1,2,7,8,14The
magnetic susceptibility was measured between 2 and 40
using a superconducting quantum interference device m
©2002 The American Physical Society35-1
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netometer. Except below 50 K, the susceptibility is field
dependent up to at least 5 T. The specific heat was de
mined with a relaxation-type method between 2 and 300
ac measurements of the electrical resistivity and the H
coefficient were performed between 2 and 400 K in magn
fields up to 13 T. For the Hall-effect measurements a st
dard setup with the two Hall-voltage contacts perpendicu
to the directions of the electrical current and of the magn
field was used. In order to eliminate the misalignment vo
age, the sample was, at each field and temperature se
first measured in an upright position, then turned by 18
and subsequently measured in a downward position.
thermal conductivity and the thermopower were measu
with a steady-state method between 5 and 150 K and
tween 2 and 300 K, respectively.

III. EXPERIMENTAL RESULTS AND ANALYSIS

In Fig. 1 we show the temperature dependence of
electrical resistivityr(T) of Ba6Ge25. Between 400 and 260
K, r decreases with decreasingT, a sign of metallic conduc-
tion. Between 230 and 170 K,r increases steeply. The in
crease occurs in two steps. The warming-upr(T) curve is
distinctly different from the cooling-down curve in this tem
perature range. Such a thermal hysteresis effect is typica
first-order phase transitions. The temperatures of the
steps,TS1,S2'215, 180 K, are determined as the average
the cooling-down and warming-up temperatures wh
udr/dTu assumes a maximum. Below 170 K,r continues to
increase with decreasingT. For comparison, we also plo
r(T) of Ba4Na2Ge25 in Fig. 1. Starting from similar resistiv
ity values at 400 K,r(T) of Ba4Na2Ge25 does not show the
anomalous increase observed for Ba6Ge25, but follows a
simple metal-like temperature dependence in the entire t
perature range.

Figure 2 shows the temperature dependence of the e
trical resistance normalized to its room-temperature va
R/R(300 K)(T) of a series of Eu-doped samples of the co
position Ba62xEuxGe25 with x<0.8. Except for the sample
with x50.8, all samples were shown to be single phase.8 All
curves were taken during warm-up sweeps. Already sm
amounts of doping lower the phase-transition tempera

FIG. 1. Electrical resistivityr of Ba6Ge25 and Ba4Na2Ge25 as a
function of temperatureT.
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TS1,S2 considerably and broaden the temperature range of
transition.

To disentangle the effect of charge-carrier concentration
and mobility m on the electrical conductivity which, for a
simple parabolic band iss5nem, Hall-effect measurement
were performed. In Fig. 3 we show the temperature dep
dence of the effective charge-carrier concentrationn(T) de-
termined from the Hall coefficientRH(T) by assuming a
one-band model, i.e.,n51/(RHe).15 This simple approach is
justified by the fact that the Hall resistivityrH5RHB is, in
the entire temperature range, a linear function of the app
magnetic fieldH. Typical isothermalrH vs B5m0H curves
are shown in Fig. 4.n is negative in the entire temperatu
range between 2 and 400 K, indicating that the charge ca
ers are electron like. At 2 K,n corresponds to approximatel
6 electrons per Ba6Ge25 formula unit (7.831021 cm23), in
relatively good agreement with the 4 electrons per Ba6Ge25
formula unit expecteded from the Zintl rule. Upon increasi
the temperature, the charge-carrier concentration incre
smoothly and reaches 13 electrons per Ba6Ge25 formula unit
(1.731022 cm23) at 400 K. The anomalies in the temper
ture range of the phase transition, which are different for
cooling-down and warming-up curves, are most probably
lated to the nonequilibrium conditions. Most important, ho

FIG. 2. Electrical resistance taken during warm-up sweep, n
malized to its value at 300 K,R/R(300 K) of Ba62xEuxGe25 as a
function of temperatureT.

FIG. 3. Temperature dependence of the~negative! charge-carrier
concentration2n(T) of Ba6Ge25 and of Ba4Na2Ge25.
5-2
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CLATHRATE Ba6Ge25: THERMODYNAMIC, . . . PHYSICAL REVIEW B 65 134435
ever, is that we do not observe a pronounced change inn(T)
at the temperature of the phase transition; i.e., the cha
carrier concentration is virtually unaffected by the pha
transition. Thus, a change of the mobility must be resp
sible for the strong change of the resistivity. As may be s
in Fig. 5, this is indeed the case: The temperature dep
dence of the absolute value of the Hall mobilityumHu(T)
5uRHu(T)/r(T), plotted as data points, closely resemb
thes(T)51/r(T) data, plotted as solid and dotted curves,
least between 100 and 240 K. At 2 K,umHu(T) is, with
0.6 cm2/V s, extremely small. This is also reflected in a ve
short mean free path~inset of Fig. 5!, estimated from the
free-electron formulal 5h/(2r)3@3RH

2 /(pe4)#1/3 to be only
2.4 Å at 2 K. For comparison we have also measured
Hall coefficient of Ba4Na2Ge25. The charge-carrier concen
tration ~Fig. 3!, again determined in a one-band model, v
ies less with temperature thann(T) of Ba6Ge25. At 2 K it is,
with 6.6 electrons per Ba4Na2Ge25 formula unit (8.7
31021 cm23), slightly larger than for Ba6Ge25. This is in
contrast to the Zintl rule which predicts, with 2 electrons p
Ba4Na2Ge25 formula unit, a lower charge-carrier concentr

FIG. 4. Hall resistivityrH vs magnetic fieldB5m0H at 2 and
200 K for Ba6Ge25 and at 2, 150, and 400 K for Ba4Na2Ge25. The
lines are best linear fits to the data.

FIG. 5. Absolute value of the Hall mobilityumHu ~open and solid
symbols, left scale! and of the electrical conductivitys ~solid and
dotted curves, right scale! for Ba6Ge25 as a function of temperatur
T. The inset shows the temperature dependence of the mean
path l (T) for Ba6Ge25, supposing that the effective mass of th
charge carriers is equal to the free-electron mass.
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tion for Ba4Na2Ge25 than for Ba6Ge25. The one-band analy
sis of theRH data of Ba4Na2Ge25 is again supported by lin-
ear rH(B) curves~Fig. 4!. umHu(T) is distinctly larger for
Ba4Na2Ge25 than for Ba6Ge25, especially at low tempera
tures. At 2 K,umHu of Ba4Na2Ge25 is, with 2 cm2/V s, more
than a factor of 3 larger thanumHu of Ba6Ge25 ~Fig. 6!. The
mean free path of Ba4Na2Ge25 is shown in the inset of Fig. 6

In Fig. 7 several isothermal magnetoresistance~MR! ver-
sus applied magnetic field curves, MR(B)5@R(B)2R(0)#/
R(0), where R is the electrical resistance, are shown f
Ba6Ge25 and Ba4Na2Ge25. MR is relatively small and posi-
tive in the entire temperature range. At 2 K and 13 T, MR
reaches 0.7% and 1.6% for Ba6Ge25 and Ba4Na2Ge25, re-
spectively. Such a MR behavior is in qualitative agreem
with the predictions for the MR due to weak localizatio
effects.16

The magnetic susceptibilityx(T) of Ba6Ge25, measured
in a magnetic field of 5 T, is plotted in Fig. 8. It is negativ
between 2 and 400 K which may be attributed to a predo
nant Larmor diamagnetic susceptibility of filled electron
shells,xLarmor . A rough estimate ofxLarmor using tabulated

ree

FIG. 6. Absolute value of the Hall mobilityumHu as a function of
temperatureT for Ba4Na2Ge25. The inset shows the temperatu
dependence of the mean free pathl (T) for Ba4Na2Ge25, supposing
that the effective mass of the charge carriers is equal to the f
electron mass.

FIG. 7. Magnetoresistance MR as a function of temperaturT
for Ba6Ge25 and for Ba4Na2Ge25.
5-3
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values for closed-shell cations17 gives 23.731024 cm3/
mol for Ba6Ge25. The measured susceptibility of Ba6Ge25

varies between24.831024 cm3/mol at 55 K and23.1
31024 cm3/mol at 260 K. It has been suggested18 that in
clathrates there is an additional diamagnetic contribution,
so-called structural incrementxstruct , which accounts for
molecular ring currents induced by the Lorentz force in
magnetic field. In both graphite and C60, electron orbits cir-
culating round the plane hexagonal rings of carbon give
to such diamagnetic ring currents.19 The low-temperature
susceptibility of Ba6Ge25 being larger in absolute value tha
xLarmor may be due to this effect. Upon cooling down,x
decreases first gradually below 260 K and then very sha
between 185 and 175 K. Again, the transition is two-step l
and is accompanied by a thermal hysteresis. The l
temperature upturn is strongly field dependent. The mag
tization versus field curveM (B) at 2 K may be decompose
into a linear-in-B diamagnetic contribution and a parama
netic contributionxpara with a saturation magnetization o
631024 mB /f.u. This latter contribution is most probabl
due to a very small amount of magnetic impurities. Al
plotted in Fig. 8 is the conduction-electron contributio
xe(T) as estimated in a free-electron model from the char
carrier concentration obtained from the Hall-effect measu
ment.xe contains the Pauli paramagnetism and the Lan
diamagnetism of the conduction electrons, assuming tha
effective mass of the electrons is the free-electron m
From a comparison of the measured susceptibilityx(T) with
xe(T) it is obvious that the strong decrease ofx(T) upon
cooling below the phase-transition temperature cannot
due to the slight and smooth decrease ofxe(T). Surprisingly,
x(T) decreases by approximately 1.831024 cm3/mol be-
tween 270 and 60 K, which is close to the value ofxe(T) at
400 K.

The temperature dependence of the specific heatCp(T) of
Ba6Ge25 is shown in Fig. 9. Between 190 and 260 K,
pronounced symmetric anomaly with a maximum at 223 K
identified, indicating a first-order phase transition at this l
ter temperature. A much smaller second anomaly may
identified at approximately 185 K. The temperatures of th

FIG. 8. Temperature dependence of the total magnetic susc
bility x(T) for Ba6Ge25 in a magnetic field of 5 T~left scale! and of
the electronic partxe(T) ~right scale! as estimated from the Hall
effect data using a free-electron model.
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anomalies being higher thanTS1,S2 determined above from
the r(T) data is most probably due to the fact thatCp(T)
was measured during a warm-up sweep. Also plotted in F
9 is the specific heat of Ba4Na2Ge25. In the investigated
temperature range,Cp(T) is smooth, with no sign of a phas
transition. Away from the anomalies of Ba6Ge25, bothCp(T)
curves ressemble each other closely, especially at temp
tures above 10 K. Thus, in the temperature range of
phase transition,Cp(T) of Ba4Na2Ge25 may be taken as a
‘‘phase-transition-free’’ phononic background for Ba6Ge25.
The difference between the Ba6Ge25 and the Ba4Na2Ge25
data is plotted in the inset of Fig. 9. Here, the seco
anomaly at approximately 185 K is seen more clearly. T
entropy per mole Ba6Ge25 of both anomalies is 1.47R, where
R is the gas constant. This is an unusually large entro
release for a structural~first-order! phase transition which
may indicate that a second-order phase transition goes h
in hand with the structural transition. The electronic cont
bution to the specific heatCe(T)5gT was determined for
both Ba6Ge25 and Ba4Na2Ge25 at very low temperatures20

from the intercepts ofCp /T5g1bT2 fits. The second term
corresponds to the low-temperature phononic contributi
b53.8 mJ/mol K2 was found for both compounds, corre
sponding to a Debye temperatureQD5250 K. The values
obtained for g were 21 mJ/mol K2 for Ba6Ge25 and
33 mJ/mol K2 for Ba4Na2Ge25. Combining these values
with the charge-carrier concentrations extracted from
Hall coefficients discussed above by using a simple fr
electron model, i.e.,g5kB

2m(3p2n)1/3/(3\2), we obtain ef-
fective massesm of 1.4m0 and 2.2m0 for Ba6Ge25 and
Ba4Na2Ge25, respectively, wherem0 is the free-electron
mass. At 300 K, the Dulong-Petit value of 773 J/mol K
(53R331 atoms of the formula unit!, shown as a dotted
line in Fig. 9, is almost reached.

The thermoelectric powerS(T) of Ba6Ge25, displayed in
Fig. 10, is negative between 2 and 300 K, in agreement w
the negative Hall coefficient. At room temperature,S reaches
a moderate value of220mV/K. Between 230 and 300 K,S

ti-
FIG. 9. Specific heatCp as a function of temperatureT for

Ba6Ge25 and for Ba4Na2Ge25. The dotted line denotes the Dulong
Petit ~DP! value. The inset shows an enlarged view of the spec
heat of Ba6Ge25 after subtracting the fit~solid curve! to the specific
heat of Ba4Na2Ge25, which serves as a ‘‘phase-transition-free
phonon background.
5-4
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CLATHRATE Ba6Ge25: THERMODYNAMIC, . . . PHYSICAL REVIEW B 65 134435
varies approximately linearly withT. Such a variation is ex-
pected for the diffusion thermopower in the free-electron
proximation above the Debye temperatureQD where
electron-phonon scattering is the dominant scattering me
nism, which isSd(T.QD)5p2kB

22m/@e\2(3np2)2/3#3T.
Also at the lowest temperatures~below 6.5 K!, a linearS(T)
behavior is found~cf. inset of Fig. 10!, consistent with the
diffusion thermopower of a simple metal in the residual
sistance region, which isSd(T!QD)51/33Sd(T.QD).
Using the charge-carrier concentrations extracted from
Hall coefficient at 300 K and at 2 K,Sd according to these
two relations is plotted in Fig. 10 as dotted lines. The slo
of these lines are smaller than the slopes of the linear fit
the experimental data~solid lines!, suggesting that the effec
tive masses of the charge carriers are enhanced. Agree
between theoretical and experimental curves would be
tained form59m0 at low andm52m0 at high temperatures
Upon cooling below 220 K, the absolute value ofS increases
anomalously. This is most probably related to the phase t
sition and may reflect a modification of the Fermi surfa
associated with the phase transition, consistent with a cha
of the effective mass.

The temperature dependence of the thermal conduct
k(T) of Ba6Ge25 between 5 and 150 K is presented in F
11. At 150 K, the electronic contributionke,WF , estimated
from the electrical resistivityr(T) measured on the sam
sample by using the Wiedemann-Franz lawke(T)
5p2kB

2/(3e2)3T/r(T), is approximately 30% of the mea
sured total thermal conductivityk5ke,WF1kph . Prelimi-
nary results confirm, however, the observation reported
Ref. 4 that, at room temperature,k is dominated by the elec
tronic contribution. At the lowest temperatures the phon
contributionkph dominates,ke,WF falling below 1% ofk at
10 K. At 13 K, the thermal conductivity displays a max
mum. However, this maximum is much less pronounced t
the maxima due to phonon umklapp scattering usually
served in pure crystalline materials. In particular, the
crease ofk upon cooling below 60 K is much weaker tha

FIG. 10. ThermopowerS as a function of temperatureT for
Ba6Ge25. The inset shows a close up of the low-temperature d
The solid lines are best linear fits to the data atT.230 K and at
T,6.5 K ~inset!. The dotted lines denote the high- and lo
temperature~inset! limit of the diffusion thermopowerSd , esti-
mated as explained in the text.
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the 1/T or exp(1/aT) laws expected for umklapp scatterin
Thus, the thermal conductivity of Ba6Ge25 clearly reveals the
presence of some sort of disorder in the system.

Similar observations made in other clathrates are d
cussed in a number of publications.21 The essence is that th
heat-carrying acoustic phonons, which are framework
rived, are assumed to be strongly scattered from the lo
vibrations of the guest atoms, leading to a dip in the therm
conductivity in the temperature range 4–35 K. For Ba6Ge25,
such a dip occurs at a somewhat higher tempera
of approximately 50 K. In Refs. 22 and 23,kph(T) of
the clathrate Eu8Ga16Ge30 was fitted by a phenomenologica
model put forward by Cohnet al.24 In this model,kph(T)
is calculated from the kinetic-gas-theory express
kph5(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’s!, 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

5 A(\v/kB)tanh(\v/2kBT) 1 (A/2)(kB /\v 1 B21T23)21,
l res

215( i 51
2 Niv

2T2/@(v i
22v2)21g iv i

2v2#, andl R
215D(\v/

kB)4. The lower limit on l was assumed to be a constan
l min . Thus, this model takes, in addition to mass-dens
scattering ~R!, two scattering mechanisms related to t
filled-cage structure into account: The resonant scatte
~res! is directly related to the rattling of the guest atoms
the oversized cages and the scattering from tunneling st
~TS’s! may be associated with guest atoms tunneling
tween different split sites.

The local vibrations of the guest atoms are also expec
to strongly influence the specific heat, contributing as lo
energy Einstein modes. Thus, the lattice contribution to
specific heat of Ba6Ge25 should be modeled by the sum of
Debye term~from all Ge atoms! and one or more Einstein
terms~from the Ba atoms!.

Our analysis of thekph(T) andCph(T) data reveals tha
two different Einstein frequencies are sufficient to obta
good fits. In a first step we fitted bothkph(T) andCph(T) in
the same run letting all fit parameters adjust freely. For

a.

-

FIG. 11. Total measured thermal conductivityk, its electronic
contributionke,WF , as estimated from the electrical resistivity usin
the Wiedemann-Franz law, its phonon contributionkph5k
2ke,WF , and the fit tokph as discssed in the text, as a function
temperatureT for Ba6Ge25.
5-5
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S. PASCHENet al. PHYSICAL REVIEW B 65 134435
ratio N1 /N2, which corresponds to the ratio of the number
guest atoms oscillating with frequencies corresponding to
Einstein temperaturesQE1 andQE2, we obtained 11; i.e., pe
Ba6Ge25 formula unit there would be only 0.5 Ba atoms wi
the Einstein temperatureQE2 ~and 5.5 Ba atoms withQE1).
Since a noninteger number of Ba atoms is an unphys
result, we fixed, in a second step, the ratioN1 /N2 to 5, i.e.,
to 1 Ba atom per Ba6Ge25 formula unit with the Einstein
temperatureQE2 ~and 5 Ba atoms withQE1). All other fit
parameters were left open. A fit~cf. dotted curve in Fig. 11
and solid curves in Fig. 12! of very similar quality to the
first one was obtained and the fitted values of all parame
were within 25% of the values obtained in the first fi
We obtain QD5240 K @corresponding to the sound velo
city v5(QDkB /\)/(6p2n)1/352350 m/s, where n is
the number of atoms per unit volume#, l min52.2 Å,
A52.73104 m21 K21, B53.031022 K22, N154.7
31030 m21 s22 K22, N259.431029 m21 s22 K22, g1
54.1, g253.5, D54.1 m21 K24, QE15104 K, andQE2
544 K. The ratioA/B, a measure of the density of strong
coupled tunneling states,22 is larger than the one foun
for thea modification but smaller than the one found for t
b modification of Eu8Ga16Ge30 in Ref. 23. While in
a-Eu8Ga16Ge30 there exist no split sites, in both Ba6Ge25
and b-Eu8Ga16Ge30 split sites are needed to understa
the x-ray data.8,23 Thus, the tunneling between the sp
sites seems to be less efficient in Ba6Ge25 than in
b-Eu8Ga16Ge30, probably due to the very large split-sit
separations in the former compound. The larger value oD
for Ba6Ge25 than for botha- and b-Eu8Ga16Ge30 indicates
greater mass density variations in the first compound
should be mentioned that the lower limit on the phon
mean free pathl min is in excellent agreement with the ele
tronic mean free path at low temperatures~cf. Fig. 5!, indi-
cating that phonons and electrons are closely related to
other in Ba6Ge25.

The dimensionless thermoelectric figure of meritZT of
Ba6Ge25 increases monotonically with temperature a
reaches a value of 0.015 at 150 K. Below 100 K, o
thermal-conductivity data are in good overall agreement w
those of Ref. 4. Assuming that this holds true up to at le

FIG. 12. Phonon contributions to the specific heatCph and to
the thermal conductivitykph as a function of temperatureT for
Ba6Ge25. The solid curves correspond to the fits discussed in
text.
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180 K, ZT of the sample investigated here reaches a ma
mum value of 0.05 at 180 K. This value is comparable toZT
of Eu8Ga16Ge30 at the same temperature.23

A comparison of the electrical resistivity and the the
mopower data presented in Ref. 4 with our data reveals s
eral discrepancies. The room-temperature resistivity valu
our samples is, with 340mV cm, distinctly lower than the
500 mV cm given in Ref. 4. In addition, our resistivity dat
have a much richer temperature dependence, with the st
variation in the temperature range of the phase transition
the pronounced hysteresis effect discussed above. In th
sistivity data of Ref. 4 there is no clear indication of a pha
transition. Only a small kink in the temperature depende
of the thermopower shown in Ref. 4 might be a sign of t
transition. The kink is more pronounced in our data and
absolute values of the thermopower are about a factor o
larger for our samples than for those studied in Ref. 4.

IV. DISCUSSION

We put the main emphasis in this study on the understa
ing of the relation between structural and electronic prop
ties of Ba6Ge25 and on how they are modified in the cour
of the observed first-order phase transition atTS1,S2. In other
words, what happens at the phase transition? How are
changes in the electronic properties related to the struct
changes?

Let us first summarize the most important experimen
findings. Upon cooling belowTS1,S2, the electrical resistivity
increases steeply while the Hall coefficient remains virtua
unchanged. The magnetic susceptibility decreases ste
and the absolute value of the thermopower is strongly
hanced.

In a first approach we shall argue within the free-electr
approximation; i.e., we neglect any real band structure
fects and assume parabolic bands instead. In this pic
the combination of the Hall-coefficient and magnet
susceptibility data poses a puzzle. As shown in the previ
section, the magnetic susceptibilityx decreases steeply a
TS1,S2 by approximately the conduction-electron contributi
xe ~derived from the Hall-coefficient data! while the charge-
carrier concentration itself is virtually unaffected. This su
gests that even though the conduction electrons are not
as charge carriers during the phase transition, theyare lost as
spin carriers. Thus the conduction-electron spins have to
compensated by some means, for example, by the forma
of spin-singlet pairs. It is known that such spin-singlet pa
are stable in a number of compounds with large electr
phonon coupling, where two conduction electrons toget
with a lattice deformation build a spinless bipolaron.25 The
formation of polaronic quasiparticles belowTS1,S2 is particu-
larly appealing in view of the strong reduction of the Ha
mobility belowTS1,S2. Also the increase of the effective mas
of the charge carriers, suggested by the above analysis o
thermopower data in terms of the diffusion thermopow
supports this picture. The observed mobilities of the orde
1 cm2/V s ~cf. Fig. 5! are at the border between those typic
for large and those typical for small~bi!polarons.26 However,
since no hopping transport27 is observed at low temperature

e
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the bipolarons in Ba6Ge25 seem to be large28 and give rise to
bandlike transport. Also the temperature dependence of
mobility which, between 25 and 80 K, is inversely propo
tional to the temperature is in agreement with the predicti
for large bipolarons.28 According to an x-ray investigation,8

the locking-in process results in short Ba38-Ba4 distances: a
10 K the shortest Ba38-Ba4 distance is 4.03 Å. In undis
torted Ba6Ge25, Ba3 has six nearest-neighbor Ba2 atoms a
distance of 4.63 Å at 300 K.8 From this we propose a micro
scopic picture for the bipolarons: Each short Ba38-Ba4 dis-
tance is dynamically stabilized by two electrons forming
bipolaron. In order to compensate all conduction elect
spins, all six conduction electrons present at 2 K~cf. Fig. 3!
have to form bipolarons. Thus, three short Ba38-Ba4 dis-
tances per Ba6Ge25 formula unit would be needed. The ele
trons forming the bipolarons are most probably concentra
on that part of the Ge-cage surface which lies inbetween
Ba38 and the Ba4 atoms. We should mention that the exc
tionally large displaceability of the Ba ions in Ba6Ge25,
which would make the material a good ferroelectric in t
absence of free charge carriers, is the main prerequisit
the formation of large bipolarons.29 It is interesting to note
that in Na24Si136 a large displacement of Na atoms was o
served already at room temperature.30 Of course, the possi
bility of the formation of bipolarons in Ba6Ge25 is exciting in
view of the recently discovered superconductivity in th
compound.20 However, the temperature-pressure pha
diagram20 shows that, as the structural transition temperat
TS1,S2 is suppressed by increasing pressure, the super
ducting transition temperatureTc is strongly enhanced. This
at first sight, seems to rule out a Bose-Einstein~BE! conden-
sation of bipolarons31 as a mechanism of the supercondu
tivity in Ba6Ge25. In fact, the superconductivity in Ba6Ge25
was shown20 to be compatible with BCS theory. However,Tc
of the BE condensation depends on the densitynb and the
effective massmb of the bosons. It could also be envisione
that pressure increasesnb and/or decreasesmb leading to an
enhancement ofTc .

Of course we should also consider alternative expla
tions for the above-described puzzle. We should ask whe
any contribution to the magnetic susceptibilityx5xLarmor
1xstruct1xe1xpara other thanxe could explain the steep
decrease atTS1,S2 . xLarmor , the susceptibility of the closed
shell cations, can be regarded as being temperature inde
dent. The paramagnetic susceptibility due to local magn
momentsxpara is negligibly small in the temperature rang
aroundTS1,S2 because, here,x is independent of the mag
netic field. The only contribution which, except forxe ,
might have a pronounced temperature dependence in
range aroundTS1,S2 is the structural incrementxstruct dis-
cussed above. The steep increase in absolute value (xstruct is
diamagnetic! of xstruct would mean that belowTS1,S2 the
molecular ring currents are enhanced, i.e., that more e
trons are part of bonds with aromatic character. This is co
patible with the above picture of the conduction electro
being concentrated on the Ge-cage surface between
Ba38-Ba4 pairs. Thus, both the enhanced ring currents
the spin-singlet pairing may contribute to the sharp incre
13443
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in absolute value of the magnetic susceptibility atTS1,S2. It is
interesting to note in this context that the jump of the ma
netic susceptibility of C60 at its orientational ordering transi
tion is discussed in terms of molecular ring currents.32

An alternative explanation can be offered if we go beyo
the free-electron picture and consider real band structure
fects. In this case the conduction-electron magnetic sus
tibility xe and the charge-carrier concentrationn determined
from the Hall-effect measurements are not directly related
each other. Whilexe is proportional to the density of statesat
the Fermi levelN(EF), n corresponds to the integral over th
density of statesN(E) of the conduction band up to th
Fermi levelEF . A redistribution of states may conserven but
alter xe . If states are shifted from the Fermi level to belo
the Fermi level when cooling Ba6Ge25 below TS1,S2 , xe
would be reduced whilen remains unchanged, just as o
served in our experiments. Band structure calculations33 in-
dicate that such a scenario may indeed apply to Ba6Ge25.

Another origin of a reduced density of states at the Fe
level belowTS1,S2 was put foreward in Ref. 20. Assumin
that the locking-in process is indeed random and that
Fermi level lies close to the band edge, a significant red
tion of N(EF) will result due to the smoothing out ofN(E)
by the high level of disorder belowTS1,S2.

Further experiments such as, e.g., nuclear magnetic r
nance, optics, or electron spin resonance, will be neede
decide which of the above-discussed pictures indeed app

Next we discuss the suppression ofTS1,S2 upon doping
Ba6Ge25 with Eu, i.e., upon increasingx in Ba62xEuxGe25.
Since the two-step transition is broadened and smeared
with increasingx, we determined an average transition te
peratureTS instead ofTS1,S2 : TS is the temperature betwee
the first and second steps in the warming-upr(T) curves
~Fig. 2!, seen as a kink in the data. In Fig. 13 we plot the
temperaturesTS as a function of the lattice parametera.8

Using the bulk modulus of Ba6Ge25 of approximately 48

FIG. 13. Averaged transition temperatureTS for various
Ba62xEuxGe25 samples as a function of their lattice parametersa.
On the upper abscissa, the pressurep with respect to thex50
sample as determined from the bulk modulus~cf. text! is given. The
inset shows the same data together with a best linear fit and
extrapolation to smaller lattice parameters.
5-7
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GPa, as determined from a room-temperature x-ray diffr
tion study under pressure,8 we have also calculated the pre
sure which corresponds to the shrinkage of the unit cel
the Eu doped samples with respect to pure Ba6Ge25 and have
plotted this pressure on the upper abscissa in Fig. 13. In
inset of Fig. 13 we replot the same data and show tha
linear fit describes the data quite well. Assuming that t
linear dependence holds down toTS50 K, the structural
phase transition would be completely suppressed aa
514.474 Å or atp50.8 GPa. This is in agreement wit
Ba4Na2Ge25 lacking, with a514.4703 Å,7 indeed the struc-
tural phase transition. It is interesting to compare these
sults to pressure experiments on Ba6Ge25.20 Below 2 GPa,
TS5(TS11TS2)/2 of Ba6Ge25 decreases linearly with in
creasing hydrostatic pressure.20 However, TS of
Ba62xEuxGe25 decreases 5 times faster with~chemical! pres-
sure thanTS of Ba6Ge25 with ~hydrostatic! pressure. In fact,
according to the linearTS(p) behavior of Ba6Ge25,20

Ba4Na2Ge25 should undergo a structural transition atTS
'170 K. This indicates that doping Ba6Ge25 with Eu or Na
has more complex an influence than just changing the lat
parameter. Our magnetization and magnetic susceptib
measurements show that Eu is close to divalent
Ba62xEuxGe25. Thus, Eu is isoelectronic with Ba. Also th
size~ionic radius! and the mass of Eu are similar to the on
of Ba. Thus, the much faster suppression ofTS in
Ba62xEuxGe25 with increasingx than in Ba6Ge25 under pres-
sure might in some way be related to the 4f electrons of Eu.
They appear to inhibit the locking-in of Ba~and Eu! to split
sites. On the other hand, also the additional disorder in
duced by the Eu doping might play an important role
suppressingTS . In contrast to Eu, Na is not isoelectron
with Ba. Therefore, the bonding situation in Ba4Na2Ge25 is
different from the one in Ba6Ge25. In addition, Na is much
smaller and lighter than Ba. Therefore, the absence of
structural transition in Ba4Na2Ge25 can have multiple ori-
gins.

Finally we give an estimate of the bonding energy of t
state which Ba6Ge25 assumes belowTS1,S2, whatever its pre-
cise nature may be. The elastic energy stored, belowTS1,S2,
per formula unit in Ba6Ge25 may be estimated fromEel
51/43pDV51/433paDa. p52.8 GPa is the pressur
e

e

.

i
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needed to remove the locking-in transition completely20 and
Da50.011 Å is the anomalous increase of the lattice para
eter atTS1,S2, yielding Eel'30 meV.

V. SUMMARY

High-quality polycrystalline Ba6Ge25 samples have bee
investigated by measurements of the electrical resistivity,
Hall coefficient, the magnetic susceptibility, the specific he
the thermopower, and the thermal conductivity. A two-s
phase transition of first order takes place atTS1,S2'215, 180
K, which affects all measured quantities. In Ref. 8 this ph
transition was investigated in detail from the structural po
of view. While the structure remains cubic, the Ba atoms
site 2 and 3 were shown to lock-in to split sites in the cou
of the phase transition. This structural transition strongly
fects the electronic-transport properties which indicates
the phononic and electronic degrees of freedom are not
coupled in Ba6Ge25. The charge-carrier mobility is strongl
reduced below the phase-transition temperature, which m
be due to a strong increase of the scattering rate and/or t
increase of the effective mass of the charge carriers. An
pealing scenario which accounts for the structural8 as well as
for the transport and magnetic properties is that, be
TS1,S2, the conduction electrons together with the lattice d
formation build large bipolarons. However, further expe
ments are necessary to confirm this picture. Being a fill
cage system, Ba6Ge25 is expected to be a good candidate f
thermoelectric applications. The dimensionless thermoe
tric figure of merit reaches 0.05 at 180 K which is comp
rable to the value for Eu8Ga16Ge30.23 While the concept of a
phonon glass seems to apply to Ba6Ge25, the one of an elec-
tron crystal is heavily violated due to the strong electro
lattice interaction. We suspect that, even though Ba6Ge25 is
definitely an extreme example, this interaction may be
portant in other clathrates as well.
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