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This paper presents the transport properties of several composition tuneda- andb-Eu8Ga16−xGe30+x samples
where 0.28øxø0.48 for thea samples and 0.49øxø1.01 for theb samples. Among samples with the same
structuresa or bd, the varying physical properties can be understood in terms of a rigid conduction band where
only the charge carrier concentration is varied. The differences in the physical properties betweena and b
samples can be explained by a charge-carrier effective masssm*d that is more than three times larger in theb
phase than in thea phase. As a result of the low charge-carrier mobility we argue that the thermoelectric figure
of merit of n-type a- andb-Eu8Ga16−xGe30+x, without modifications to enhance the thermoelectric properties,
will not exceed that of the best materials at room temperature. From modeling the lattice thermal conductivity
skLd of a- andb-Eu8Ga16−xGe30+x, it is proposed thatkL of all clathrates with divalent cations can be described
by phonon-charge-carrier scattering at low temperatures and resonant scattering at higher temperatures. This
contradicts earlier models where the low-temperaturekL of b-Eu8Ga16Ge30 and Sr8Ga16Ge30 is modeled by
scattering of phonons from tunneling states. However, since the phonon-charge-carrier scattering rate increases
with sm*d2 the advantage of the phonon-charge-carrier scattering model is the ability to explain the lower
low-temperaturekL of b-Eu8Ga16−xGe30+x, compared toa-Eu8Ga16−xGe30+x.
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I. INTRODUCTION

Within the last several years research in thermoelectric
materials has gained interest due to the discovery of sets of
materials that show promising thermoelectric properties, e.g.,
CsBi4Te6,

1 Tl9BiTe6,
2 Zn4Sb3,

3 and clathrates.4 Usually,
thermoelectric properties are benchmarked by the dimen-
sionless thermoelectric figure of meritZT=S2Ts /k, whereS
is the thermopower,s the electrical conductivity,k the ther-
mal conductivity, andT the temperature. Of the above-
mentioned materials only Zn4Sb3 has aZT above 1, but at
elevated temperatures; and for the past four decades, the
state-of-the-art materials are alloys based on Bi2Te3 with
ZT,1 at room temperature. However, new strategies in the
search for enhanced thermoelectric materials makes aZT be-
yond 2 at room temperature not an unrealistic goal. Our ap-
proach is to search for so-called Kondo insulators5 in sys-
tems with low thermal conductivity. Kondo insulators are
known to have an enhanced electronic density of states
around the Fermi level, which enhances the power factor
sS2sd. Until now area- andb-Eu8Ga16−xGe30+x the only two
clathrates where the cages are completely filled with rare-
earth elements; it is our hope that by either modifying these
two materials or introduction of different rare-earth elements
a Kondo insulating clathrate can be obtained.

Inorganic clathrates with divalent cations were discovered
in the mid-1980s.6 Their physical properties remained un-
known until Nolaset al. measureds, S, and k of three
samples of Sr8Ga16Ge30 with relatively good thermoelectric
properties.4 Since then an increasing number of papers treat-
ing the physical and transport properties have been
published.7–10 Band structure calculations predict all clath-
rates with divalent cations and the ideal stoichiometry
8:16:30 to be semiconductors with band gaps«g ranging
from approximately 0.3 to 0.9 eV depending on composition

and calculation method.11–13 Until now most clathrate
samples show metal-like properties but with a low concen-
tration of carrierssnd. Only for a few samples semiconduct-
ing properties have been observed;4,7,10,14the carriers appear
to be excited from impurity-like levels. Bryanet al. explain
the metallic properties of Ba8Ga16Ge30 with small deviations
from the ideal Ga/Ge ratio, although vacancies could not be
excluded.9 Anno et al. were able to synthesize bothp- and
n-type Ba8Ga16Ge30 by varying the Ga/Ge starting composi-
tion.

This paper is the second of two back-to-back papers. In
the first one15 we have shown that it is possible to controln
within the homogeneity range by the preparation route and
that there is a close relationship between the composition of
a- andb-Eu8Ga16−xGe30+x andn. This can be represented by
the formula Eu8Ga16−xGe30+x, wheren,x sif n is in units of
carriers per unit cell,e−/u.c.d for the samples used in the
present paper. We have earlier reported on the structural and
physical properties ofa- andb-Eu8Ga16Ge30.

8 The a phase
corresponds to the clathrate-VIII-type structure in which also
Ba8Ga16Sn30 crystallizes,6 whereas theb phase has clathrate-
I-type structure. Both materials order ferromagnetically at
approximately 10.5 K and 36 K for thea and b phase,
respectively.8 Seven a phase samples and fourb phase
samples with varyingn have been prepared. They are here-
after referred to asa1,2, . . . ,7 andb1,2. . . ,4.Some initial
results on theb samples have been published in Ref. 16. The
two samples from our earlier publication8 are also included
asa8 andb5.

In Sec. II we present the transport properties of all
samples. In Sec. III we analyze the charge-carrier transport
properties for samples of the same phase and show that the
variation can be understood in terms of a rigid parabolic
band model where onlyn is varied because of a variation in
the Ga-Ge composition. In Sec. IV we analyze the phonon

PHYSICAL REVIEW B 71, 165206s2005d

1098-0121/2005/71s16d/165206s12d/$23.00 ©2005 The American Physical Society165206-1



transport properties and challenge the literature models
where the low-temperature lattice thermal conductivityskLd
is modeled by phonon scattering on tunneling states. Instead
we propose that phonon scattering on charge carriers has to
be considered and that the large difference inkL betweena-
and b-Eu8Ga16Ge30 is closely related to the electronic band
structure of the two compounds.

In the following the abbreviationsBa/Sr/Eud8Ga16Ge30

will be used for Ba8Ga16Ge30, Sr8Ga16Ge30, and
Eu8Ga16Ge30.

II. PHYSICAL PROPERTIES

On all samples the electrical resistivityr has been mea-
sured as function of temperature with a standard four-point
ac method. Hall resistivityrH measured as function of mag-
netic field sBd at 2 K has been used to determinen.15 k and
Sas function of temperature were measured with the thermal
transport optionsTTOd from Quantum Design using a four-
point method. It is based on a quasistatic technique described
in Ref. 17. Low-temperature specific heatCp was measured
in a 3He cryostat using a relaxation time method.

Table I summarizes selected physical properties of the
samples that will be discussed later in the text. In Fig. 1,rsTd
is shown for thea andb samples.r increases with increas-
ing temperature except for a narrow range above the mag-
netic ordering temperatureTc where the]r /]T is negative.
For all samplesrsTd=r0+AT2 at lowest temperatures. This
type of temperature dependence is expected for scattering of

electrons on spinwaves.18 A increases for samples with in-
creasingr. Above approximately 100 K,rsTd is linear for all
samples. For thea samples the scattering from critical mag-
netic fluctuations, believed to be responsible for the anomaly
in rsTd,8 increases for samples with increasingr. The rela-
tive height of the anomaly, taken as the local maximum di-
vided by the local minimum ofr, increases from 1.05 for
samplea8 to 1.37 for samplea4. From the inset of Fig. 1sad
it can be seen that the residual resistance ratiosRRRd de-
creases with increasingrs2 Kd. The magnitude ofr among
the a samples differs significantly, e.g., isrs2 Kd
=0.29 mV cm for samplea8 and rs2 Kd=2.4 mV cm for
samplea4. Within experimental resolution the effect of scat-
tering from critical magnetic fluctuations does not vary
among theb samples. As can be seen from the inset of Fig.
1sbd this is also the case for the RRR, which changes less
than 5% among allb samples.rsTd for the b samples is
generally lower than for the a samples: rs2 Kd
=0.30 mV cm for sampleb5 and 0.90 mV cm for sample
b1.

Figure 2 showsSsTd for the a and b samples. For both
phasesS has similar magnitude, but there is a strong compo-
sition dependence.Ss300 Kd decreases from −74 to
−132mV/K for sample a8–a4, and from −60 to
−130mV/K, for sampleb5–b1. All samples show an al-
most linear temperature dependence above,50 K as ex-
pected ifn is temperature independent.

The measurements ofrsTd andSsTd on a single crystalline
b-Eu8Ga16Ge30 sample in Ref. 20 is in good agreement with

TABLE I. Selected measured and calculated parameters fora- andb-Eu8Ga16−xGe30+x. For the calculated
parameters a free-electron model has been assumed. The charge carrier concentrationsnd is calculated from
the Hall resistivity as function of magnetic field at 2 K by assuming a one band model with a Hall scattering
factor of unity. Data have been corrected for anomalous Hall scattering.15 The charge carrier effective mass
smB

* d is calculated from the thermopower at 400 K andn assuming that phonon scattering dominates. How-
ever, this seems to overestimatemB

* for the a-Eu8Ga16Ge30 samplesssee textd. The mean-free path of the
charge carriers at 2 Kfles2 Kdg is calculated from the electrical resistivity at 2 Kfrs2 Kdg andn. The Fermi
temperaturesTFd is calculated from the thermopower at 400 K. RRR is the residual resistance ratio
frs400 Kd /rs2 Kdg. x is the off-stoichiometrysEu8Ga16−xGe30+xd given in Ref. 15. Samples are sorted ac-
cording to increasingn. See text for further explanation.

Sample
ns2 Kd

se−/u.c.d
rs2 Kd

smV cmd
mB

*

sm0d
les2 Kd

sÅd
TF

sKd RRR x

a4 0.143 2.425 1.50 21.7 681 1.24 0.42

a6 0.160 1.705 1.48 28.6 746 1.44 0.28

a2 0.170 1.878 1.59 24.9 723 1.20 0.34

a1 0.176 1.417 1.60 32.3 735 1.41 0.34

a5 0.194 1.043 1.59 41.0 791 1.57 0.44

a7 0.231 0.502 1.44 75.9 981 1.99 0.42

a3 0.267 0.902 1.86 38.4 834 1.51 0.36

a8 0.461 0.290 1.46 82.9 1531 3.00 0.48

b1 0.431 0.894 3.10 28.6 679 2.28 0.53

b3 0.633 0.662 3.09 29.9 880 2.38 0.48

b2 0.939 0.565 3.85 26.9 919 2.23 0.47

b4 0.986 0.544 3.00 27.0 1219 2.24 0.76

b5 1.529 0.299 3.25 36.8 1507 2.47 1.01
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our results.rsTd of the sample is about 75% of that ofb5,
the temperature dependence and the RRR is the same.SsTd
of the sample is slightly lower than that ofb5. In combina-
tion with our data it appears as if the charge carrier concen-
tration is slightly larger than 1.5 electrons per unit cell in
reasonable agreement with the estimate of Ref. 19.

Figure 3 shows the lattice thermal conductivityskLd as
function of temperature for thea andb samples.kLsTd was
calculated by subtracting the electronic contributionsked,
calculated fromrsTd using the Wiedemann-Franz law, from
ksTd. kes200 Kd ranges between 0.2 and 0.8 W/sKmd and
decreases almost linearly with decreasing temperature. Be-
low approximately 100 and 20 K the contribution fromke to
k starts to be negligible for thea and b samples, respec-
tively. At low temperatureskLsTd~T1.1–1.5for thea samples,
which is followed by a maximum at,6.5 K. Above 10 K,
kLsTd decreases withT−1 up to approximately 25 K where-
uponkL decreases monotonically with temperature. The inset
of Fig. 3sad shows thatkLs193 Kd, for thea phase, increases
with both RRR andn. kLsTd of the b samples resembles
previously published data.19,20A broad dip inkL, observed at
approximately 10 K, is believed to be due to resonant scat-
tering of the phonons from the cations.8,19,20The inset of Fig.
3sbd showskLs193 Kd as function of RRR andn for the b
samples, and it is seen that a correlation betweenkLs193 Kd
and RRR orn is not as clear as for thea samples.

III. CHARGE CARRIER TRANSPORT

Band structure calculations performed on the clathrate I
and VIII structure type all come to the result that
sSr/Ba/Eud8Ga16Ge30 are semiconductors.11–13 «g calculated
for Eu8Ga16Ge30 in the ferromagnetically ordered state is
0.37 and 0.48 eV for thea andb phase, respectively.13 Be-
cause of spin splitting of the valence and conduction band«g
is expected to be larger aboveTc. However such calculations
do not account for the effect of vacancies, which results in
states in the forbidden gap.21,22 The effect of the random
positioning of Ga/Ge is difficult to predict, but it may be
assumed that the band edges close to the forbidden gap are
smeared out, giving rise to impurity-like states. It is gener-
ally assumed that a deviation from the ideal stoichiometry in
both type I and VIII sSr/Ba/Eud8Ga16−xGe30+x leads to
n-type properties forx.0 because Ge excess adds electrons
to the rigid conduction band and top-type properties forx
,0 because Ga excess adds holes to the rigid valence band.
To justify this assumption we note that the Hall coefficient of
sBa/Srd8Ga16Ge30 samplessnot shownd, with n similar to the
samples presented in this paper, has a very small temperature
dependence. As was shown in our companion paper,15 the
temperature dependence of the Hall effect fora- and
b-Eu8Ga16−xGe30+x can be explained by the temperature de-
pendence of the anomalous Hall effect. This indicates that
the Fermi levels«Fd is located well above the conduction
band edge, and the disorder and/or vacancy states in the for-
bidden gap do not influence the transport properties unless

FIG. 1. Electrical resistivitysrd as function of temperaturesTd
for the a-Eu8Ga16−xGe30+x samplessad and theb-Eu8Ga16−xGe30+x

samples sbd. Insets show the residual resistance ratiofRRR
=rs400 Kd /rs2 Kdg as function ofrs2 Kd.

FIG. 2. ThermopowersSd as function of temperaturesTd for the
a-Eu8Ga16−xGe30+x samplessad and theb-Eu8Ga16−xGe30+x samples
sbd.
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kBT.«F. When «F is below the conduction band edge this
may no longer be the case and semiconducting samples do,
in fact, show a small activation energy,4,7,14 which can be
associated with the excitation of carriers from impurity-like
states to the conduction or valence band.

Table I compares measured and calculated free electron
model properties where the electron energy is taken to be
zero at the conduction band minimum. All parameters that
include n have been calculated assuming a Hall-scattering
factorsAd of unity. However, band structure calculations give
A=0.59 and 0.65 for charge carriers in the conduction band
for a- and b-Eu8Ga16−xGe30+x, respectively.13 This leads to
slightly smaller values forn and the effective massm* and to
a larger electron mean-free pathle, but leaves the Fermi tem-
peratureTF unchanged. If the calculated«g are assumed to be
correct, then a simple calculation shows that the number of
intrinsic carriers excited from the valence into the conduc-
tion band at temperatures up to 400 K is negligible compared
to the extrinsic carriers that come from small deviations in
the stoichiometry.TF is larger than,700 K for all samples;
thus«F exceedskBT and the Sommerfeld expansion is valid.
The clathrate materials investigated in the present paper can
therefore be regarded as metals with a low concentration of

degenerate carriers. This is also supported by the fact that
rsTd and SsTd are linear in temperature above,100 K,
which is not likely to occur if eithern changes with tempera-
ture or T.TF. In the following we analyze the measured
physical properties and show that the different properties
among thea andb samples can be understood in terms of a
parabolic rigid free-electron band where onlyn is changed.

The electrical conductivitys in metals can be described
by the general result derived from the semiclassical transport
theory fsee, e.g., Ref. 23 for further details of Eqs.s1d–s5dg

s =
et

m*

1

RH
. s1d

t is the charge carrier relaxation time ande is the electron
charge. For charge carriers scattered by acoustic phononst
=t0«−1/2, where« is the electron energy andt0 is a constant.
In the free-electron model the speed of the electrons at the
Fermi surface isvF~«F

1/2 and le becomes independent of«F,
leading to the explicitn dependence

s =
e2le

3p2"
s3p2nd2/3. s2d

If electrons are scattered from impurities, then the relaxation
time has the energy dependencet=t0«3/2, leading to

s =
3p2e2"3t0

23/2m*5/2 n2. s3d

The dependence ofs on n due to scattering from the mag-
netic moments does not follow any simple power law. How-
ever, atT@Tc, s~n2/3/m*2,24 the same dependence as for
scattering from acoustic phonons. BelowTc there is no gen-
eral relationship, however, asT approaches zero so does the
scattering rate. As can be seen from Fig. 1 the effect of the
magnetic moments onrsTd is only significant at tempera-
tures around the magnetic ordering and is therefore neglected
in the following. From Eqs.s2d and s3d it is seen that, in
general,ssnd=s0n

pr wherepr is a parameter determined by
the scattering mechanism:pr= 2

3 and 2 for acoustic and im-
purity scattering, respectively. SincessTd data exist for all
samples,ssnd can be extracted at all temperatures. The pa-
rameterprsTd can be determined by fitting a linear function
to ln ssnd=ln s0+pr ln n. A linear relationship between
ln ssnd and lnn is only expected if one scattering mechanism
dominates the resistivity. As an example the inset of Fig. 4
shows lnssnd as function of lnn at 110 K. The solid lines
represent linear fits wherepr=1.25 and 0.74 for thea andb
samples, respectively. The fitting procedure has been done in
the whole temperature range, and the result can be seen in
Fig. 4 whereprsTd is plotted. For thea samples,pr has a
large temperature dependence; the exponent decreases from
,1.8 at 2 K to,1.0 at 400 K. This indicates that at low
temperaturesr is dominated by scattering from impurities
and that at high temperatures phonon scattering starts to con-
tribute. This is in agreement with the observation that RRR
decreases with increasingrs2 Kd fFig. 1sadg, since impurity
scattering increases for lown relative to phonon scattering,
as seen from Eqs.s2d and s3d. For theb samplesprsTd is

FIG. 3. Lattice thermal conductivityskLd as function of tem-
perature sTd for the a-Eu8Ga16−xGe30+x samples sad and the
b-Eu8Ga16−xGe30+x samplessbd. The electronic part has been sub-
tracted using the Wiedemann-Franz law. Insets showkLs193 Kd as
function of the residual resistance ratiofRRR=rs400 Kd /rs2 Kdg
and carrier concentration at 2 Ksnd.
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very close to2
3 at high temperatures, as expected if phonon

scattering is present only. This agrees well with the observa-
tion that RRR is almost constant among theb samplessFig.
1sbdd. As the temperature decreases,prsTd increases slightly
but stays quite far from the ideal value of 2 expected if
impurity scattering dominates. For thea samples impurity
scattering dominates in a large temperature range andle is
therefore dependent onn. For a4, le decreases from 22 Å at
2 K to 19 Å at 300 K and, fora8, le is 83 Å and 32 Å at 2 K
and 300 K, respectively. For theb samples phonon scatter-
ing dominates at high temperatures, which leads to ale inde-
pendent ofn and at 300 K,le is approximately 15 Å for allb
samples. From Table I it is seen that, even at 2 K,le only
shows a small variation withn. It is emphasized that the
calculatedle is based onA=1. If the theoreticalA is usedle
increases by a factorA−2/3. In any case,le is extremely low
when compared to phosphorus doped Si with comparablen,
wherele,100 Å at 300 K.25

A similar analysis for SsT,nd is possible. The Mott
relation

S=
p2kB

2T

3e
F ] lnsss«dd

]«
G

«=«F

s4d

is used as starting point. Using Eq.s1d, A=1 and the free-
electron model relation between« and n, Eq. s4d takes the
form

S=
2p2kB

2m*T

3e"2

sr + 3/2d
s3p2nd2/3, s5d

wherer is the exponent int=t0«r. Provided that one scatter-
ing mechanism dominates, the thermopower has the form
Ssnd=S0n

pS with pS=−2
3, independent of the scattering

mechanism. As before, it is possible to evaluatepSsTd by

fitting a linear function to lnSsnd=ln S0+pS ln n at different
temperatures. The result is seen in Fig. 5 wherepSsTd is
plotted for thea andb samples, respectively. SinceSsTd is
poorly determined at low temperatures, only data above
20 K have been used. The inset is an example of lnSsnd as
function of lnn at 333 K, the solid lines are linear fits with
pS=−0.51 and −0.61 for thea and b samples, respectively.
For the a samplespSsTd increases from −0.85 at 20 K to
−0.65 at 400 K. This agrees withprsTd, which showed thatr
at 20 K is mostly determined by impurity scattering but with
contributions from phonon scattering. As the temperature in-
crease phonon scattering starts to dominate at high tempera-
ture andpSsTd approaches the value −2

3. This is expected if
only one scattering mechanism is present. For theb samples
pSsTd decreases from approximately −0.3 at 25 K to approxi-
mately −0.55 at 50 K. Above this temperaturepSsTd ap-
proaches the value −23 as the temperature increases. How-
ever, at low temperatures where impurity scattering
dominates,pS is quite far from −2

3. It is probably not a coin-
cidence that at low temperatures bothpS and pr for the b
samples fall outside the expectations from the rigid-band
model. Whether this is due to a failure of the parabolic band
assumption in the free-electron model or some other effect is
not clear.

When one scattering mechanism dominates,m* can be
estimated fromSandn as seen from Eq.s5d. In the following
the abbreviationmB

* will be used for an effective mass de-
rived from S andn to emphasize that it is the band effective
mass. In Table I,mB

* is calculated for all samples assuming
phonon scattering and usingSs400 Kd. For the a samples
this leads tomB

* <1.5m0, wherem0 is the free-electron mass.
However, for thea samples more than one scattering mecha-
nism is present at almost all temperatures. Therefore we also
calculatedmB

* from Ss45 Kd with the assumption that impu-

FIG. 4. Scattering parametersprd as function of temperaturesTd
as obtained from fitting lnssnd=ln s0+pr ln n for the
a-Eu8Ga16−xGe30+x samples ssquaresd and b-Eu8Ga16−xGe30+x

samplesscirclesd, where s is the electrical conductivity,n the
carrier concentration ands0 a fit parameter. Error bars are repre-
sentative for all data points. Inset showss for the a- and
b-Eu8Ga16−xGe30+x samples as function ofn at 110 K. Solid lines
are fits to data. See text for further explanation.

FIG. 5. Scattering parameterspSd as function of temperaturesTd
as obtained from fitting lnSsnd=ln S0+pS ln n for the
a-Eu8Ga16−xGe30+x samples ssquaresd and b-Eu8Ga16−xGe30+x

samplesscirclesd, whereS is the thermopower,n the carrier concen-
tration andS0 a fit parameter. Error bars are representative for all
data points. The solid line represents −2/3. Inset showsS for thea-
and b-Eu8Ga16−xGe30+x samples as function ofn at 333 K. Solid
lines are fits to data. See text for further explanation.
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rity scattering dominates. This leads tomB
* <0.8m0 which is

a factor of two smaller thanmB
* if phonon scattering is as-

sumed. Thus, we obtain thatmB
* <m0 for the a samples. In

the b samples phonon scattering dominates at high tempera-
tures and the averagemB

* is ,3.2m0 for all samples calcu-
lated withSs400 Kd. UsingSat temperatures down to 200 K
changesmB

* only slightly.
To investigate the differences inm* for thea andb phase

in detail, low-temperatureCpsTd has been measured for
samplea6 andb3. The result is plotted in Fig. 6 asCp/T vs
T2. The straight lines correspond to fits with the relation
Cp/T=g+bT2, where the Sommerfeld coefficientg repre-
sents the electronic contribution and thebT2 term the
phononic contribution withb=12p4NR/ s5uD

3 d. N andR are
the concentration of atoms and the gas constant, respectively.
In order to suppress contributions from the magnetic order-
ing CpsTd was measured in a 9 T magnetic field. The mag-
nitude ofg confirms thatm* is larger in theb structure than
in the a structure. Dependent on whether a normal or spin
polarized free-electron model is used, the density of states
effective massessmDOS

* d are calculated to be 0.75m0 s1.2m0d
and 4.6m0 s6.3m0d for the a6 andb3 sample, respectively.
The numbers in brackets are for the spin-polarized free-
electron model. The inset of Fig. 6 shows the change ofCp/T
as function of magnetic field at 0.4 K. Even at the largest
magnetic field of 9 T,Cp/T still decreases with increasing
field. It can, therefore, not be excluded that the magnetic
ordering still contributes toCp/T and thatmDOS

* and the den-
sity of states are slightly overestimated.QD calculated from
b gives 251 and 159 K fora6 andb3, respectively. Espe-
cially for the b sample this value is lower than previously
published values.8 It could be argued that this extra specific
heat is due to the presence of either localized Einstein vibra-
tional modes or low-energy excitations related to tunneling
states. However, the Einstein temperature has to be as low as
12 K to make such a large contribution toCp ,1 K and a
clear exponential increase ofCp/T with increasing tempera-
ture would, in any case, be expected. A measurement of

CpsTd on Sr8Ga16Ge30 snot shownd, which has very similar
thermal transport properties tob-Eu8Ga16Ge30, shows no ex-
tra specific heat andbsQDd is similar to what is observed for
a6. Thus, tunneling states cannot be the source of the extra
specific heat. Although it would be expected that the phase
with the lowest ordering temperaturesa phased has the larg-
est contribution toCp at lowest temperatures we nevertheless
conclude that the magnetic contribution is responsible for the
extra specific heat inb3.

Kuznetsov et al.7 found similar values formB
* . For

Ba8Ga16Sn30 stype VIII structured, mB
* =0.9m0, and for

Sr8Ga16Ge30, mB
* =3.0m0. Uheret al.26 have measured bothS

and n of two Sr8Ga16Ge30 samples which we combine to
mB

* =3.9m0 and 4.7m0. Saleset al.20 found mB
* ,3m0, for

sSr/Ba/Eud8Ga16Ge30. Thus the differences inmB
* appear to

be related to the structure and are almost independent ofn.
This is supported by recent band structure calculations13 that
predict an enhancedS sthat is, a large mB

* d for
sSr/Eud8Ga16Ge30 compared toa-Eu8Ga16Ge30. As before it
is emphasized that in all calculations a Hall scattering factor
of unity has been used.

Since le is several orders of magnitude lower than the
average grain size, it can be excluded that grain boundary
scattering has an influence on the transport properties. At the
same time it seems unlikely that the small amount of foreign
phases, which cannot be detected by x-ray diffraction but
only by energy dispersive x-ray spectroscopy,15 is respon-
sible for the observed transport properties. This is also
supported by the fact that the temperature dependence ofr
and the RRR ofb5 is similar to that of the single crystalline
b-Eu8Ga16Ge30 sample in Refs. 19 and 20. The origin of the
large impurity scattering must, therefore, be intrinsic and is
probably related to either the ionically bonded cations, the
random positioning of Ga/Ge or a combination of both.
From Eqs.s2d ands3d it is seen that a lown increases impu-
rity scattering relative to phonon scattering. Since thea
samples have an overall lowern than theb samples, this
could be the reason why impurity scattering apparently is
larger in thea samples than in theb samples.

Figure 7 showsZT as function ofn at 193 and 400 K for
all the samples presented in this report.ks400 Kd is esti-
mated by addingke, calculated from the Wiedemann-Franz
law, to an estimatedkLs400 Kd=0.85 W/mK. Literature data
suggests thatkL of b-Eu8Ga16Ge30 above 200 K is
constant.20 For thea samplesZT is almost constant at,0.1
and ,0.35 at 193 K and 400 K, respectively. For theb
samplesZT increases asn decreases. The sample with lowest
n sb1d reachesZT<0.4 at 400 K.

In the temperature range from 200 to 400 K, the simple
dependence of the transport properties onn for the b phase
allows an extrapolation of the thermoelectric properties to
lower n. s can be extrapolated byssnd=s0n

pr where the
fitted s0 and pr= 2

3 is used, andS is extrapolated bySsnd
=S0n

pS where the fittedS0 and pS=−2
3 is used.kL is again

assumed to be constant at 0.85 W/Km, andke is calculated
from the Wiedeman-Franz law. For thea samples an ex-
trapolation has not been attempted because of the combined
impurity and phonon scattering in the whole temperature
range. The results of the extrapolations can be seen in Fig. 7

FIG. 6. Specific heat to temperature ratiosCpsTd /Td as function
of T2 for a6 ssquaresd andb3 scirclesd measured in a 9 T magnetic
field. Inset showsCpsTd /T as function of magnetic fieldsBd mea-
sured at 0.4 K.
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whereZTsnd is plotted for 193 and 400 K. It is seen that the
model tracks the data quite well andZT.1 is reached forn
lower than 1.431026e−/m3 at 400 K. At this concentration
and temperature r=3750mV cm, S=317mV/K, ktot
=1.07 W/mK andTF=370 K. In this extrapolation several
effects have been neglected. First, it has been assumed that
only phonon scattering is present. For thea samples the
small variation ofZT with n is due to the combined phonon
and impurity scattering, and Fig. 7 suggests that if lowern
can be obtained for theb phase, then an increase in the
impurity scattering could be expected andZT vs n would
level out as seen for thea samples. Second, it has been
assumed that the charge carriers are degenerate. This is not
the case whenTF=370 K, and forT,TF there is no longer a
simple power-law dependence ofs andS on n. A more de-
tailed calculation reveals that the extrapolation overestimates
ZT. Therefore it is doubtful ifZT.0.5 around room tem-
perature, forn-type clathrates with divalent cations, can be
reached without modifications enhancing the thermoelectric
properties, e.g., enhancement ofSby the Kondo effect. How-
ever, for T.TF the exponentspr and pS take the values 1
and −1, respectively, andZT increases more rapidly with
decreasingn than forT,TF. This suggests that the clathrates
may have a potential for high-temperature power generation
where the relatively large band gaps ensure that intrinsic car-
riers are not excited from the valence band into the conduc-
tion band.

IV. PHONON TRANSPORT

The glasslikekLsTd of sSr/Eud8Ga16Ge30 has previously
been explained by a combination of resonant scattering of

phonons from the cations and scattering of phonons from
cation tunneling states.19,20,27,28This interpretation is sup-
ported by the thermal displacement factors extracted from
diffraction experiments, which, for the Eu and Sr atoms on
the 1

4
1
2 0 site in the type I structure, are extremely large. The

diffraction data are better modeled if the Eu and Sr atoms on
this position are allowed to be positioned slightly off center,
at four split positions.8,20,29It is, therefore, straightforward to
believe that the low-energy excitations arise from tunneling
between the different equilibrium positions. The thermal
displacement factors for Eu in thea phase are, although
large, smaller than in the type I structure.8 This may indicate
that less or no tunneling states are present and thus explain
the differences in kL at low temperatures between
a-Eu8Ga16Ge30 andsSr/Eud8Ga16Ge30. However, it has been
shown that the cations even in Ba8Ga16Si30 sRef. 30d and
Ba8Ga16Ge30 sn-typed31 are not located in the center of the
cages, but these compounds do not possess a glasslikekL. At
the same time it would be expected that simple disorder with
four split positions would result in a highly localized density
of tunneling states leading to akL similar to what is observed
for resonant scattering. In a recent publication14 it was shown
that p-type Ba8Ga16Ge30, unlike n-type Ba8Ga16Ge30, has a
glasslikekL. Unless the density of tunneling states is sample
dependent, this result is in conflict with the tunneling states
model and suggests that the charge carriers play an important
role. Finally, ultrasonic attenuationsUAd measurements on
Sr8Ga16Ge30 sRefs. 28 and 32d give a density of tunneling
states lower than observed for glasses and estimates ofkLsTd
from the UA measurements leads to akL which is an order of
magnitude larger than observed,33 indicating that scattering
from tunneling states is of minor importance. Recently also a
four-well tunneling states model for the Eu atoms in the large
cages was proposed.34 However, this model predicts an up-
turn in the specific heat below approximately 0.8 K that is
not observed experimentallysFig. 6d. Furthermore, this
model gives a localized density of tunneling states, which
again cannot lead to a power-law dependence of the lattice
thermal conductivity on temperature. In another recent
paper35 it is proposed that the glasslike low-temperaturekL
of sSr/Eud8Ga16Ge30 is determined by an impurity-like scat-
tering mechanism due to the off-center position of the cat-
ions being absent for Ba8Ga16Ge30 and thereby explaining
the “normal”kL of Ba8Ga16Ge30. However this model cannot
explain the glasslikekL of p-type Ba8Ga16Ge30,

14 which has
identical crystal structure and displacement of the cation
when compared to then-type. Instead, we suggest that
phonon-charge-carrier scattering should be considered when
describingkL at the lowest temperatures. As will be seen
later in this section, this model can account for differences in
the low-temperaturekL, not only among a- and b
-Eu8Ga16−xGe30+x samples, respectively, but also for the large
difference inkL between thea andb phase. The difference
in kL at intermediate and high temperatures both amonga-
and b-Eu8Ga16−xGe30+x samples and between thea and b
phase is interpreted as differences in the coupling between
the resonant scatterers and the heat-carrying acoustic
phonons. It is suggested that the coupling is closely related to
the electronic band structure. The rest of the section is out-

FIG. 7. The measured dimensionless figure of meritsZT
=S2Ts /k, whereS is the thermopower,s the electrical conductiv-
ity, k the thermal conductivity, andT the temperatured for the
b-Eu8Ga16−xGe30+x samples sopen circles 400 K, solid circles
193 Kd anda-Eu8Ga16−xGe30+x samplessopen squares 400 K, solid
squares 193 Kd as function of carrier concentrationsnd. Solid lines
are ZT calculated from the parabolic rigid-band model forb
-Eu8Ga16Ge30 at 193 Kslower lined and 400 Ksupper lined. Dashed
lines are the same models extrapolated to lowern.

TRANSPORT PROPERTIES OF COMPOSITION… PHYSICAL REVIEW B 71, 165206s2005d

165206-7



lined as follows. First, different phonon-charge-carrier scat-
tering models are discussed. This is followed
by a quantitative modeling ofkLsTd for a7 andb1 samples
considering phonon-charge-carrier scattering in combination
with the usual resonant and Rayleigh scattering. Then we
discuss the differences inkLsTd among the a- and
b-Eu8Ga16−xGe30+x samples and between thea andb phase,
respectively, and finally we reviewkLsTd data for
Sr8Ga16−xGe30+x.

In electrically conductive solids phonon-charge-carrier
scattering can have a strong impact on the magnitude and
temperature dependence ofkL. In elemental Ge, with slightly
lower n than in the samples presented in this paper, phonon-
charge-carrier scattering can reducekL to as low a value as
1 W/sKmd at 2 K,36 which is of the same order of magni-
tude askLs2 Kd of the a and b samples. It was shown by
Ziman23,37 that scattering of acoustic phonons from free de-
generate carriers can, to a good approximation, be regarded
as impossible for phonons with a wave numbersqd larger
than 2kF, wherekF is the Fermi wave number. In the domi-
nant phonon approximation this corresponds to a character-
istic temperatureT* .2kF"vp/ s3.8kBd, wherevp is the speed
of sound. For the samples presented in this reportT*

.20–40 K. kLsTd due to phonon-charge-carrier scattering
skp−ed below T* is proportional toT2. Above T* , kp−e in-
creases rapidly with temperature and is negligible if other
scattering mechanisms are present. The magnitude ofkp−e is
proportional to 1/s«def

2 3m*2d, where«def is the deformation
potential and defines the strength of the phonon-charge-
carrier coupling. If this model is fitted tokLsTd, then reason-
able values of«def are obtained and the large difference inkL
betweena andb samples at the lowest temperatures can be
explained bym* , which is at least three times larger for theb
phase than for thea phase. However, the Ziman model is
only valid for qle@1. This is not fulfilled for the samples in
the present study: depending on the sample the extremely
low le leads toqles2 Kd.1–3. Pippards ineffectiveness con-
dition states that the phonon-charge-carrier relaxation time
increases with decreasingle when qle,1.23,38 This contra-
dicts the observation thatkL of thea samples increases with
increasingle ssee inset of Fig. 8d. However, the generality of
the Pippards ineffectiveness condition has recently been
challenged by the authors of Ref. 39. It is argued that in
disordered or impure materials a fraction of the charge-
carrier scattering associated with the mean-free pathLe, oc-
curs on scatterers that do not vibrate with the lattice. It is
shown that the phonon-charge-carrier scattering rate in-
creases, as opposed to the Pippard model, asLe decreases
whenqle,1. It was earlier argued that the lowle was due to
either the cations or disorder on the Ga/Ge sites. Since the
vibration of the cations usually are described as Einstein os-
cillators these are the most obvious candidates for scatterers
that do not vibrate with the lattice.

A. Modeling of kL for a7 and b1

According to Ref. 39, the inverse mean-free path of lon-
gitudinal and transverse phonons scattered on charge carriers
is

lp−e,l
−1 sqd = 2Bq

vp

vF
F qle arctansqled

qle − arctansqled
− S1 −

le
Le
D 3

qle
GPszd

s6d

lp−e,t
−1 sqd = 6B

vp

levF
S1 −

le
Le
DF1 +S1 −

le
Le
D

3
3qle − 3sqled2 arctansqled − 3 arctansqled

2sqled3 GPszd,

s7d

whereB=s2«F /3d2m*pF / s2p2Dmvp
2"3d, pF is the Fermi mo-

mentum andDm is the mass density. It has been assumed that
the longitudinal and transverse phonon speed is the same.
Inserting the free-electron model value ofpF and making the
substitution 2«F /3→«def sRef. 23d leads to B
=«def

2 m*2 / s2p2Dmvp
2"3d. In the limit qle@1 andLe@ le, Eq.

s6d correctly reproduces the Ziman equation.23,37 In the limit
Le@ le both Eqs.s6d ands7d reproduce the functional depen-
dence of the phonon-electron scattering rate onqle of the
Pippard theory.38,39 Pszd is a cutoff function that only allows
phonons withq,2kF to be scattered.37 kLsTd calculated
from Eqs.s6d and s7d results inkL~Tp, wherep can have
approximate values between 1 and 2 for a wide range ofqle
and le/Le values.

Earlier kLsTd for Eu8Ga16Ge30 and Sr8Ga16Ge30 has been
fitted to a model where tunneling states and resonant and
Rayleigh scattering have been included.8,19,27 Here we re-
place the tunneling term with a phonon-charge-carrier scat-
tering term and the total phonon mean-free path beomes

lp = 1
3slp−e,l

−1 + l res
−1 + lR

−1 + lC
−1d−1

+ 2
3slp−e,t

−1 + l res
−1 + lR

−1 + lC
−1d−1 + lmin, s8d

wherelR
−1=DszTd4, lC is the Casimir mean-free path,

FIG. 8. Lattice thermal conductivityskLd as function of tem-
peraturesTd for a7 andb1. Solid lines are fits to a model described
in text. Dotted linesskp−ed are the lattice thermal conductivity in
this model if phonon-charge-carrier scattering is present only. Inset
shows kLs3 Kd as function of the mean-free path of the charge
carrierssled of the a- andb-Eu8Ga16Ge30 samples.
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l res
−1szd = o

i

Cres,is"zT2/kBd2

fQE,i
2 − szTd2g2 + giQE,i

2 szTd2 s9d

andCres,i, gi andD have their usual definition.19 Because of
the different scattering rates for the phonon-charge-carrier
scattering it is necessary to separatelp into contributions
from longitudinal and transverse phonons as is seen from Eq.
s8d.

CpsTd calculated fromQD combined withkLs2 Kd gives
an estimate forlps2 Kd of the order of 1000mm for the a
samples and 30mm for theb samples. The grain sizes in the
a- andb-Eu8Ga16−xGe30+x samples studied in this paper are
of the order of 10–100mm and 200–400mm for thea and
b phase, respectively.15 Thus, in the case of theb phase the
effect of grain boundary scattering cana priori be neglected.
For thea phase it cannot be excluded that grain boundary
scattering has an influence on the thermal resistivity. How-
ever, it is clear that iflC was of the same size as the grain
size,kL would be much lower than observed. This indicates
that grain boundary scattering has little influence also for the
a phase. In the subsequent modeling ofkL it is assumed that
only sample boundary scattering exists and thatlC can be
calculated from the sample size. In any case excludinglC
from the modeling only affects the value of the other fitted
parameters little and this justifies even a large error inlC. All
samples have an approximate cross sectionsCSd of 2 mm2,
leading tolC=Î4CS/p=1600mm.

The lattice thermal conductivity is then expressed as40

kLsTd = vp/3E
0

QD/T

CsT,zd · lsT,zddz, s10d

with B, le/Le, Cres,i, gi, D, and lmin as fit parameters.
For the modeling ofkLsTd we usedQE=72 K for the a

samples andQE1=75 K andQE2=45 K for theb samples.8

The parametersQD, vp, Dm,8 le, m* are also kept constant at
their experimentally determined values. At low temperatures
le varies slowly with temperature andles2 Kd was used. To
minimize the number of fit parameters it is assumed that for
the b samplesg1=g2 and 1

4Cres,1=
3
4Cres,2, which reflects the

relative amounts of Eu on the 000 and1
4

1
2 0 sites. For thea

sampleslmin was refined to unphysical values because of cor-
relations withg and D and was, subsequently, kept at the
arbitrary value 2.2 Å. The value oflmin does not affect the
fits at low temperatures. The parametersB and le/Le were
initially allowed to vary freely and good fits were obtained.
However, due to correlations this resulted in a large variation
of B andle/Le from sample to sample and therefore the value
of le/Le was constrained arbitrarily to 0.7.

Figure 8 shows the result of the modeling ofkLsTd for the
a7 and b1 sample. For a7, B=6.3310−4, Cres=2.2
31030 m−1 K−2 s−2, g=0.47, D=0.39 m−1 K−4. For b1, B
=7.2310−3, Cres=6.731031 m−1 K−2 s−2, g=5.1, D
=2.7 m−1 K−4, and lmin=3.4 Å. For a7 there is a small dif-
ference between the fit and the data around 7 K. This could
be attributed to neglecting the temperature dependence of
le and/or le/Le. It is noted that thekL~T−1 dependence of
a-Eu8Ga16−xGe30+x in the range 10–40 K is described well
by resonant scattering, while in the literature it has been

interpreted as a sign of anharmonic phonon-phonon umklapp
scattering.19

The parametersCres, g, D, and lmin are representative for
all samples and are in agreement with the values obtained in
previous studies.8,16,19,27If it is assumed that Ga and Ge are
randomly positioned, the theoretical value ofD due to mass
difference and isotope scattering23 is 0.00285 m−1 K−4 and
0.00554 m−1 K−4 for a- andb-Eu8Ga16Ge30, respectively.vp
of Ref. 8 is used in the calculation. This value is about three
orders of magnitude lower than the fitted value which indi-
cates that this type of scattering has little influence onkLsTd.
For glasses,D is typically 100–1000 m−1 K−4,41 and much
higher than the fitted value. If the term is left out of the
modeling, thenkLsTd above approximately 70 K is fitted
poorly because the resonance term leads to a wavy feature in
kLsTd at temperatures around 0.4QE–0.9QE. This effect can
be seen from the modeling ofkLsTd for a7 in Fig. 8 just
above 30 K. The Rayleigh term results in a constantkL
above approximately 50 K, smoothing out the wavy feature,
and we believe that the largeD can be interpreted as a com-
pensation for errors in the assumptions of the resonance scat-
tering model. We base this on the following arguments. Each
vibrational mode of the Eu atoms should be treated indepen-
dently. If the off-center position of Eu2 inb-Eu8Ga16Ge30
is neglected, then Eu1 and Eu2 have one and two indepen-
dent vibrational modes, respectively. If aCres, QE, andg is
assigned to each mode, then this gives a total of nine param-
eters, which can lead to a broadening of the resonance scat-
tering and a smoothed outkLsTd. The single Eu site in
a-Eu8Ga16Ge30 has high symmetry,8 and there is, in prin-
ciple, only one independent vibrational mode. However, the
thermal displacement factors of Eu are large,8 indicating that
the Eu atoms are not located in the center of the cage. To-
gether with the random positioning of Ga/Ge, which
changes the local Eu bonding environment, this lowers the
symmetry and increases the number of independent modes
that are necessary to obtain a smoothkLsTd. It is noted that
Eq. s9d is an empirical model.42 A theoretically founded
model was developed in Ref. 43, but this also leads to wavy
features inkLsTd around 0.4QE–0.9QE.

B. The differences inkL among a-
and b-Eu8Ga16−xGe30+x samples

For both thea andb samples there is a tendency forCres
and D to decrease andB to increase with increasingn snot
shownd. The decrease ofCresandD shows that the resonance
scattering rate decreases with increasingn and a possible
explanation could be that the conduction electrons screen the
resonant scattering cations. The screening becomes more ef-
fective for largern and reduces the coupling between the
phonons and the vibration of the cations. On the other hand,
band structure calculations have shown that the conduction
bands arise from both cation and antibonding framework
states.13 The change of the coupling could then be a result of
changes in the bonding of the cations to the framework asn
changes. The increase ofB with increasingn is expected
because«def increases with increasingn. «def can be calcu-
lated fromB=«def

2 m*2 / s2p2Dmvp
2"3d to be in the range from
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0.25 to 0.5 eV for all samples. Forp-type InSb with slightly
lower n, «def determined fromkLsTd is of the order 1.0 eV,44

which is of the same magnitude as«def of the clathrates. This
shows that phonon-electron scattering cannot be neglected.

To emphasize that phonon-charge-carrier scattering can
explainkL at low temperatures,kLs3 Kd has been calculated
as function ofle for the a phase and the result is plotted as
the solid curve in the inset of Fig. 8. The only adjustable
parameter isle. The other parameters were kept constant at
the values that were fitted fora7 with the assumption that
le/Le=0.7. It is seen that, with the exception ofkLs3 Kd for
a8, the model tracks the data quite well, and it can be con-
cluded that the variation ofkL at 3 K among different
samples is dominated by the variation ofle. For the b
samples the variation ofkL is much smaller becausele only
varies little. It is emphasized that the Pippard model38 leads
to a decreasingkL as le increases, in clear disagreement with
our findings.

C. The difference in kL between thea and b phase

As mentioned earlier the large difference inkL at low
temperatures, betweena- andb-Eu8Ga16Ge30, is a result of
different values ofm* , becausekp−e~1/m*2. As can be seen
from Fig. 8 phonon-charge-carrier scattering has a vanish-
ingly small contribution tokL.10 K and the differences in
kL between thea andb phase originate from differences in
the resonance scattering. From the fitting ofkLsTd, Cres was
found to be,20 times larger in theb samples than in thea
samples. It can only be speculated about the large difference
in the coupling, but the band structure and charge carries
appear to have a large indirect influence on the coupling. In
a recent publication14 it was shown that n-type
Ba8Ga16−xGe30+x samples have a “normal”kLsTd, while
p-type Ba8Ga16−xGe30+x samples have a glasslikekLsTd; that
is, the resonance scattering and coupling is enhanced in the
latter. This correlates withm* ; which is approximately twice
as large forp-type than forn-type Ba8Ga16−xGe30+x. For
a- and b-Eu8Ga16−xGe16+x the same tendency is observed.
The a phase hasm* .m0 and a normalkL, while the b
phase has m* .3m0 and a glasslike kL. The fact
that b-Eu8Ga16−xGe30+x, Sr8Ga16−xGe30+x and p-type
Ba8Ga16−xGe30+x, which are the only clathrate samples in the
literature that havem* .3m0, are also the ones with a glass-
like kL supports this idea. Band structure calculations13 pre-
dict that m* of the charge carriers in the valence band of
a-Eu8Ga16−xGe30+x are enhanced compared to those in the
conduction band. Ifp-type a-Eu8Ga16−xGe30+x could be syn-
thesized then this would be a possibility to test our empirical
model, which predicts thatp-type a-Eu8Ga16−xGe30+x has a
glasslikekL.

The effect of a magnetic field onkL was investigated by
measuringkLsBd at 2, 5, and 10 K in magnetic fields up to
9 T and by measuringkLsTd in 0 and 9 T for thea2 andb1
samplessnot shownd. For a2 there is a tendency forkL to
increase slightly with field. For theb1 sample no change
within the resolution of the equipments,3%d was observed,
in agreement with Ref. 20. Thus, the relaxation time related
to the scattering on magnetic moments is very large com-

pared to the dominant scattering mechanism. Furthermore, it
can be concluded that magnons do not contribute signifi-
cantly to the thermal transport, which excludes that the peak
in kL for thea samples is related to the magnetic ordering at
approximately the same temperature.

D. kL of Sr8Ga16−xGe30+x

kL of Sr8Ga16−xGe30+x has been intensively studied. To the
authors knowledge eight different samples have been inves-
tigated in the literature.4,7,19,20,26,27The “sintered” sample of
Ref. 26 is not included in the following discussion since it is
obvious fromrsTd andksTd that the transport properties are
dominated by grain boundary scattering. As mentioned ear-
lier m* of n-type Sr8Ga16−xGe30+x is in the range from 3m0 to
4.7m0 and similar to that ofb-Eu8Ga16−xGe30+x. Like for
Ba8Ga16−xGe30+x,

14 kL of Sr8Ga16−xGe30+x is very sample de-
pendent at temperatures below approximately 20 K. Unfor-
tunately,n is only known exactly for two samples,26,45 but
the low-temperaturekL values of different samples decrease
with increasingr. Since, in general,r~1/snled this indicates
that kL increases with increasingn and le, in agreement with
the phonon-charge-carrier scattering model. It is particularly
interesting to see thatkL of the “quartz” sample, and to a
lesser extent the PBN sample of Ref. 26, unlike other
Sr8Ga16−xGe30+x samples, have a peak at low temperatures.
Comparingr of these two samples with literature values of
other Sr8Ga16−xGe30+x samples it is seen thatr is low. Espe-
cially r of the quartz sample is anomalous, the residual re-
sistance is below 0.025 mV cm and RRR2–300 K is close to
25, which is much larger than for any other
sBa/Sr/Eud8Ga16Ge30 sample in the literature. Together,
these result are consistent with phonon-electron scattering
dominating the low-temperaturekL. At temperatures above
30 K a clear resonance dip is seen for all samples andkL
varies little. This shows that the resonance scattering is large
and consistent with the largem* .

V. CONCLUSION

In this paper it is shown that the varying transport prop-
erties of a- and b-Eu8Ga16−xGe30+x can be described by
a parabolic rigid-band model where«Ffnsxdg is the only
varying parameter. In our companion paper,15 we have
shown that the carriers originate from a small deviation of
the ideal Ga/Ge ratio. For thea phasem* <m0, while for
the b phasem* .3m0. These results are in agreement with
recent band structure calculations13 that predict largermB

*

and mDOS
* for n-type b-Eu8Ga16−xGe30+x than for n-type

a-Eu8Ga16−xGe30+x. The origin of the extremely lowle is
intrinsic and it is related to either the random positioning of
Ga/Ge and/or to the presence of Eu2+ ions that scatter the
charge carriers effectively. It, therefore, seems doubtful that
any of the clathrates with divalent cations and randomly po-
sitioned framework atoms can be called a phonon glass elec-
tron crystal.46 The charge carrier mobilitysmd of materials
based on Bi2Te3,

47 CsBi4Te6,
1 and Zn4Sb3 sRef. 3d is almost

two orders of magnitude higher than the one of Tl9BiTe6
sRef. 2d and type I and VIII clathrates with divalent cations.
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The relatively good thermoelectric properties are due to an
extremely lowkL and largem* . The analysis of the electric
transport properties suggests thatZT at room temperature for
n-type a- andb-Eu8Ga16−xGe30+x will not exceed that of the
best materials. However, because of the relative largem* and
«g there is reason to believe thatb-Eu8Ga16−xGe30+x has a
potential for high-temperature power generation. It has been
proposed that the low-temperaturekL of clathrates can be
explained by phonon-charge-carrier scattering, where a large
m* and a smallle lead to an increased scattering rate. It has
been shown that resonant scattering dominates
kL above 10 K. The difference in kL between
sSr/Eud8Ga16−xGe30+x and p-type Ba8Ga16−xGe30+x on one
side, and n-type Ba8Ga16−xGe30+x and

a-Eu8Ga16−xGe30+x on the other side is mainly determined
by differences in the coupling of the resonant scatterers and
the phonons. Very interestingly, this coupling correlates with
m* : a largerm* leads to a larger coupling. Band structure
calculations predict an enhancedm* for p-type
a-Eu8Ga16−xGe30+x.

13 According to our empirical modelkL
of this compound should be similar to the glasslikekL of
sSr/Eud8Ga16−xGe30+x andp-type Ba8Ga16−xGe30+x.
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