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This paper presents the transport properties of several compositiondtaed B-EugGa; 5_,Ge30. Samples
where 0.28<x=<0.48 for thea samples and 0.49x=<1.01 for theB samples. Among samples with the same
structure(a or B), 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 betarerB
samples can be explained by a charge-carrier effective (n@gghat is more than three times larger in tAe
phase than in the phase. As a result of the low charge-carrier mobility we argue that the thermoelectric figure
of merit of n-type a- and B-EusGay 6 Ge304y, Without modifications to enhance the thermoelectric properties,
will not exceed that of the best materials at room temperature. From modeling the lattice thermal conductivity
(k) of a- and B-EugGaye, G304y, it is proposed thak, 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-temperatyref B-EugGa;¢Gesp and SgGa sGesg is modeled by
scattering of phonons from tunneling states. However, since the phonon-charge-carrier scattering rate increases
with (m")? the advantage of the phonon-charge-carrier scattering model is the ability to explain the lower
low-temperatureq of B-EusGayg,G6304x, cOMpared tar-EugGay 6 GE304x-
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I. INTRODUCTION and calculation methot~*® Until now most clathrate
samples show metal-like properties but with a low concen-
Within the last several years research in thermoelectrid¢ration of carriergn). Only for a few samples semiconduct-
materials has gained interest due to the discovery of sets @fig properties have been obsenfedt®4the carriers appear
materials that show promising thermoelectric properties, e.gto be excited from impurity-like levels. Bryagt al. explain
CsBijTe;! TlgBiTes? Zn,Sh;,® and clathrated. Usually,  the metallic properties of R&a;Ges, with small deviations
thermoelectric properties are benchmarked by the dimenfrom the ideal Ga/Ge ratio, although vacancies could not be
sionless thermoelectric figure of meAT=S"To/ k, whereS  excluded® Anno et al. were able to synthesize both and
is the thermopowery the electrical conductivityx the ther-  n-type BaGay¢Geyg by varying the Ga/Ge starting composi-
mal conductivity, andT the temperature. Of the above- tion.
mentioned materials only Z8b; has aZT above 1, but at This paper is the second of two back-to-back papers. In
elevated temperatures; and for the past four decades, tlike first oné® we have shown that it is possible to control
state-of-the-art materials are alloys based ogT& with  within the homogeneity range by the preparation route and
ZT~1 at room temperature. However, new strategies in thehat there is a close relationship between the composition of
search for enhanced thermoelectric materials mak€Elze-  «- and 8-EusGa g_,Gesgs @andn. This can be represented by
yond 2 at room temperature not an unrealistic goal. Our apthe formula E4Ga;5_,Ge304, Wheren~x (if nis in units of
proach is to search for so-called Kondo insulatdrssys-  carriers per unit celle”/u.c) for the samples used in the
tems with low thermal conductivity. Kondo insulators are present paper. We have earlier reported on the structural and
known to have an enhanced electronic density of statephysical properties ofr- and 8-EusGay¢Ges,.? The a phase
around the Fermi level, which enhances the power factocorresponds to the clathrate-VIlI-type structure in which also
(S). Until now area- and B-EugGaygG6s04« the only two  BagGay Sty crystallizesS whereas thg8 phase has clathrate-
clathrates where the cages are completely filled with rarektype structure. Both materials order ferromagnetically at
earth elements; it is our hope that by either modifying thesepproximately 10.5 K and 36 K for the and 8 phase,
two materials or introduction of different rare-earth elementsrespectivelyy Seven « phase samples and foy8 phase
a Kondo insulating clathrate can be obtained. samples with varyingn have been prepared. They are here-
Inorganic clathrates with divalent cations were discoveredifter referred to agl,2,...,7 andBl,2...,4.Some initial
in the mid-19808$. Their physical properties remained un- results on theg samples have been published in Ref. 16. The
known until Nolaset al. measureds, S, and « of three  two samples from our earlier publicatfbare also included
samples of $GaGe;y with relatively good thermoelectric as a8 and 5.
properties’ Since then an increasing number of papers treat- In Sec. Il we present the transport properties of all
ing the physical and transport properties have beesamples. In Sec. lll we analyze the charge-carrier transport
published’~1° Band structure calculations predict all clath- properties for samples of the same phase and show that the
rates with divalent cations and the ideal stoichiometryvariation can be understood in terms of a rigid parabolic
8:16:30 to be semiconductors with band gagsranging band model where only is varied because of a variation in
from approximately 0.3 to 0.9 eV depending on compositionthe Ga-Ge composition. In Sec. IV we analyze the phonon
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TABLE I. Selected measured and calculated parameters-fand 8-EugGa G304« FOr the calculated
parameters a free-electron model has been assumed. The charge carrier concénristicaculated 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 scatt€tifige charge carrier effective mass
(m*B) is calculated from the thermopower at 400 K andssuming that phonon scattering dominates. How-
ever, this seems to overestimat% for the a-EugGa Geyg samples(see text The mean-free path of the
charge carriers at 2 K (2 K)] is calculated from the electrical resistivity at 2[|§(2 K)] andn. The Fermi
temperature(Tg) is calculated from the thermopower at 400 K. RRR is the residual resistance ratio
[p(400 K)/p(2 K)]. x is the off-stoichiometry(EusGaygGesp4,) given in Ref. 15. Samples are sorted ac-
cording to increasing. See text for further explanation.

n(2 K) p(2 K) mg [o(2 K) Te
Sample (e7/u.c) (mQ cm) (mp) A) (K) RRR X
ad 0.143 2.425 1.50 21.7 681 1.24 0.42
o6 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
al 0.176 1.417 1.60 32.3 735 1.41 0.34
ab 0.194 1.043 1.59 41.0 791 1.57 0.44
ol 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
Bl 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
ez 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

transport properties and challenge the literature modelslectrons on spinwave§.A increases for samples with in-
where the low-temperature lattice thermal conductivity) creasingp. Above approximately 100 Kg(T) is linear for all

is modeled by phonon scattering on tunneling states. Insteagghmples. For ther samples the scattering from critical mag-
we propose that phonon scattering on charge carriers has ggtic fluctuations, believed to be responsible for the anomaly

be considered and that the large differencaiirbetweena-  in p(T).® increases for samples with increasipgThe rela-
and B-EusGa,(Gey is closely related to the electronic band tive height of the anomaly, taken as the local maximum di-
structure of the two Compounds' vided by the local minimum Of), increases from 1.05 for

In the following the abbreviatiorBa/Sr/EQsGaGey, Samplead to 1.37 for sampler4. From the inset of Fig. (&)
will be used for BgGaGe, SkGaGey and it can be seen that the residual resistance rdRBR) de-
EuGaGeso ' ' creases with increasing(2 K). The magnitude op among

the a samples differs significantly, e.g., i(2 K)
=0.29 M2 cm for samplea8 and p(2 K)=2.4 m() cm for
samplea4. Within experimental resolution the effect of scat-
On all samples the electrical resistivityhas been mea- tering from critical magnetic fluctuations does not vary
sured as function of temperature with a standard four-poinamong thes samples. As can be seen from the inset of Fig.
ac method. Hall resistivity,, measured as function of mag- 1(b) this is also the case for the RRR, which changes less
netic field(B) at 2 K has been used to determimé® x and  than 5% among alj3 samples.p(T) for the 8 samples is
Sas function of temperature were measured with the thermajenerally lower than for thea samples: p(2 K)
transport option TTO) from Quantum Design using a four- =0.30 m() cm for sampleB5 and 0.90 rfl cm for sample
point method. It is based on a quasistatic technique describesil.
in Ref. 17. Low-temperature specific hegf was measured Figure 2 shows3(T) for the @ and 8 samples. For both

Il. PHYSICAL PROPERTIES

in a He cryostat using a relaxation time method. phasesS has similar magnitude, but there is a strong compo-
Table | summarizes selected physical properties of thaition dependence.S(300 K) decreases from -74 to
samples that will be discussed later in the text. In Fig(T)  -132uV/K for sample a8—a4, and from -60 to

is shown for thea and 8 samplesyp increases with increas- -130uV/K, for sample 85—81. All samples show an al-
ing temperature except for a narrow range above the magnost linear temperature dependence abe&) K as ex-
netic ordering temperatur€, where thedp/dT is negative. pected ifn is temperature independent.

For all samples(T)=py+AT? at lowest temperatures. This ~ The measurements pfT) andS(T) on a single crystalline
type of temperature dependence is expected for scattering @EusGa;Ge;g sample in Ref. 20 is in good agreement with
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FIG. 2. Thermopowe(S) as function of temperatur@) for the

FIG. 1. Electrical resistivity(p) as function of temperaturel)
a-EusGaygGey0: Samplega) and theB-EugGay g Gy Samples

for the a-EugGayg_,Ge;9:x Samplesa) and theB-EugGa g Ge30.4x
samples (b). Insets show the residual resistance ratRRR (b).
=p(400 K)/p(2 K)] as function ofp(2 K).

IIl. CHARGE CARRIER TRANSPORT

Band structure calculations performed on the clathrate |
. and VIII structure type all come to the result that
the temperature dependence and the RRR is the s3k. (Sr/BalEVyGaGes a?/gsemiconductoﬁé.‘wsg calculated

of the sample is slightly lower than that ¢6. In combina- . ; .
tion with our data it appears as if the charge carrier concenfor EuGayeGey In the ferromagnetically ordered state is

tration is slightly larger than 1.5 electrons per unit cell in 0.37 and 0.48 eV for ther and 3 phase, respectively. Be-

, ) cause of spin splitting of the valence and conduction bgnd
reasonable agreement with the estimate of Ref. 19. . .
Figure 3 shows the lattice thermal conductivity,) as is expected to be larger abo¥e However such calculations

functi f ture for th q | T do not account for the effect of vacancies, which results in
unction of temperature for the and 5 samp eSK_L( )_ WaS  states in the forbidden g&p22 The effect of the random
calculated by subtracting the electronic contributiog),

; : positioning of Ga/Ge is difficult to predict, but it may be
calculated fromp(T) using the Wiedemann-Franz law, from 555med that the band edges close to the forbidden gap are

«(T). k(200 K) ranges between 0.2 and 0.8 WMm) and  smeared out, giving rise to impurity-like states. It is gener-
decreases almost linearly with decreasing temperature. Beyly assumed that a deviation from the ideal stoichiometry in
low approximately 100 and 20 K the contribution frogato  poth type | and VIII (Sr/Ba/EYgGaysGesow leads to

« starts to be negligible for the and 8 samples, respec- n.type properties fox>0 because Ge excess adds electrons
tively. At low temperatures (T) < T*~*°for the « samples, (g the rigid conduction band and fwtype properties fox
which is followed by a maximum at-6.5 K. Above 10 K, <0 because Ga excess adds holes to the rigid valence band.
x(T) decreases witfl* up to approximately 25 K where- 7o justify this assumption we note that the Hall coefficient of
uponx_ decreases monotonically with temperature. The inse{Ba/ Sp;Ga,sGe;, samplegnot shown, with n similar to the

of Fig. 3(a) shows that« (193 K), for thea phase, increases samples presented in this paper, has a very small temperature
with both RRR andn. « (T) of the g samples resembles dependence. As was shown in our companion pHptre
previously published dat€:?°A broad dip in«, observed at temperature dependence of the Hall effect fer and
approximately 10 K, is believed to be due to resonant scatg-Eu,Ga,s_,Ges.« Can be explained by the temperature de-
tering of the phonons from the catioh$??°The inset of Fig.  pendence of the anomalous Hall effect. This indicates that
3(b) showsk (193 K) as function of RRR anah for the 8 the Fermi level(gg) is located well above the conduction
samples, and it is seen that a correlation betwgéh93 K)  band edge, and the disorder and/or vacancy states in the for-
and RRR om is not as clear as for the samples. bidden gap do not influence the transport properties unless

our results.p(T) of the sample is about 75% of that 856,
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degenerate carriers. This is also supported by the fact that
p(T) and S(T) are linear in temperature abovel00 K,
which is not likely to occur if eithen changes with tempera-
ture or T>Tg. In the following we analyze the measured
physical properties and show that the different properties
among thex and 8 samples can be understood in terms of a
parabolic rigid free-electron band where omlys changed.

The electrical conductivityr in metals can be described
by the general result derived from the semiclassical transport
theory[see, e.g., Ref. 23 for further details of E¢¥)—(5)]

er 1l
o=——.
m Ry

1)

7 is the charge carrier relaxation time aads the electron
charge. For charge carriers scattered by acoustic phonons
=1¢"Y2 wheree is the electron energy ang is a constant.

In the free-electron model the speed of the electrons at the
Fermi surface is)Focs,lz’Z andl, becomes independent of,

leading to the explicin dependence

e D o o

[u—
T

If electrons are scattered from impurities, then the relaxation
time has the energy dependencerys®?, leading to

2 10 100 200 Ao @

T (K)
The dependence af on n due to scattering from the mag-
FIG. 3. Lattice thermal conductivityx ) as function of tem-  netic moments does not follow any simple power law. How-
perature (T) for the a-EwGasxGesow Samples(a) and the ever, atT>T,, oxn?3/m? 24 the same dependence as for
B-EUgGayeGeso+x Samples(b). The electronic part has been sub- scattering from acoustic phonons. Beldwthere is no gen-
tracted using the Wiedemann-Franz law. Insets skpi#93 K) as  erg| relationship, however, &approaches zero so does the
function of the residual resistance raflBRR=p(400 K)/p(2 K)]  scattering rate. As can be seen from Fig. 1 the effect of the
and carrier concentration at 2 (). magnetic moments op(T) is only significant at tempera-
tures around the magnetic ordering and is therefore neglected
in the following. From Eqs(2) and (3) it is seen that, in
8eneral,a(n)=aonpn wherep, is a parameter determined by

. . 2 . .

associated with the excitation of carriers from impurity-like the_scattenng mEChan'Smi’:§ ar_ld 2 for acoustic and im-
states to the conduction or valence band. purity scattering, respectively. SinegT) data exist for all

Table | compares measured and calculated free electrotpMPleso(n) can be extracted at all temperatures. The pa-
model properties where the electron energy is taken to bEMeterp,(T) can be determined by fitting a linear function
zero at the conduction band minimum. All parameters that0 INa(n)=Inog+p,Inn. A linear relationship between
include n have been calculated assuming a Hall-scatterindn o(n) and Inn is only expected if one scattering mechanism
factor (A) of unity. However, band structure calculations give dominates the resistivity. As an example the inset of Fig. 4
A=0.59 and 0.65 for charge carriers in the conduction banghows Ino(n) as function of Im at 110 K. The solid lines
for a- and B-EugGaysGesw respectively® This leads to  represent linear fits wherg,=1.25 and 0.74 for the and 5
slightly smaller values fon and the effective mags” andto ~ samples, respectively. The fitting procedure has been done in
a larger electron mean-free pdthbut leaves the Fermi tem- the whole temperature range, and the result can be seen in
peratureT: unchanged. If the calculateg are assumed to be Fig. 4 wherep,(T) is plotted. For thex samplesp, has a
correct, then a simple calculation shows that the number drge temperature dependence; the exponent decreases from
intrinsic carriers excited from the valence into the conduc-~1.8 at 2 K to~1.0 at 400 K. This indicates that at low
tion band at temperatures up to 400 K is negligible comparetemperatures is dominated by scattering from impurities
to the extrinsic carriers that come from small deviations inand that at high temperatures phonon scattering starts to con-
the stoichiometryTr is larger than~700 K for all samples; tribute. This is in agreement with the observation that RRR
thuser exceedksT and the Sommerfeld expansion is valid. decreases with increasing2 K) [Fig. 1(a)], since impurity
The clathrate materials investigated in the present paper catattering increases for low relative to phonon scattering,
therefore be regarded as metals with a low concentration ais seen from Eqg2) and (3). For the 8 samplesp,(T) is

ﬂ- EuSGal6-xGe30-x

ksT>eg. Whener is below the conduction band edge this
may no longer be the case and semiconducting samples d
in fact, show a small activation eneryy** which can be
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FIG. 4. Scattering parametép,) as function of temperatur@)
as obtained from fitting lo(n)=Inog+p,Inn for the
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FIG. 5. Scattering parametépg) as function of temperatur@)
as obtained from fitting 1®(n)=InS+pginn for the
a-EugGaysxGesox  Samples (squarep and B-EugGaysxGesox
sampledcircles, whereSis the thermopowen the carrier concen-

carrier concentration and, a fit parameter. Error bars are repre- tration andS, a fit parameter. Error bars are representative for all

sentative for all data points. Inset shows for the a- and
B-EusGa5-,Gesg4 Samples as function af at 110 K. Solid lines
are fits to data. See text for further explanation.

data points. The solid line represents —2/3. Inset sh®fus the a-
and B-EugGaj6-,Ge3p4 Samples as function afi at 333 K. Solid
lines are fits to data. See text for further explanation.

very close to? at high temperatures, as expected if phononfitting a linear function to Ir&(n)=In S,+psIn n at different
scattering is present only. This agrees well with the observalemperatures. The result is seen in Fig. 5 wheg€T) is

tion that RRR is almost constant among fhsamplegFig.
1(b)). As the temperature decreaspg,T) increases slightly

plotted for thea and 8 samples, respectively. Sin&T) is
poorly determined at low temperatures, only data above

but stays quite far from the ideal value of 2 expected if20 K have been used. The inset is an example & as

impurity scattering dominates. For the samples impurity
scattering dominates in a large temperature rangelarsl

therefore dependent an For o4, |, decreases from 22 A at

2 Kto 19 A at 300 K and, fors8, 1,is 83 Aand 32 Aat2 K

and 300 K, respectively. For the samples phonon scatter-

ing dominates at high temperatures, which leadslioirzde-
pendent of and at 300 K], is approximately 15 A for alp3
samples. From Table | it is seen that, even at 2XKonly

shows a small variation wit. It is emphasized that the

calculated, is based orA=1. If the theoretical is usedl,
increases by a factok 2. In any casel, is extremely low

when compared to phosphorus doped Si with companable

wherel,~ 100 A at 300 K25
A similar analysis for S(T,n) is possible. The Mott
relation

(4)

o wzkéT[ ﬁln(a(s))}
3e de omep

is used as starting point. Using E{.), A=1 and the free-
electron model relation betweenandn, Eq. (4) takes the
form

o= 272kem T (r +3/2)
T Zeh®  (37%n)P¥

)

function of Inn at 333 K, the solid lines are linear fits with
ps=-0.51 and —0.61 for the: and 8 samples, respectively.
For the @ samplespg(T) increases from —0.85 at 20 K to
—0.65 at 400 K. This agrees with,(T), which showed thap
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 andpg(T) approaches the vaIue%.—This is expected if
only one scattering mechanism is present. Forgtsamples
p<(T) decreases from approximately —0.3 at 25 K to approxi-
mately -0.55 at 50 K. Above this temperatupg(T) ap-
proaches the valueg—as the temperature increases. How-
ever, at low temperatures where impurity scattering
dominatespg is quite far from —g It is probably not a coin-
cidence that at low temperatures bqigand p, for the g
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 dominat®s,can be
estimated fronSandn as seen from Ed5). In the following
the abbreviationmg will be used for an effective mass de-
rived from S andn to emphasize that it is the band effective
mass. In Table Im*B is calculated for all samples assuming
phonon scattering and usirf§400 K). For the @« samples

wherer is the exponent inr=re". Provided that one scatter- this leads tamg~ 1.5m, wheremy is the free-electron mass.
ing mechanism dominates, the thermopower has the forrowever, for thew samples more than one scattering mecha-
S(n)=nPs with psz—g, independent of the scattering nism is present at almost all temperatures. Therefore we also

mechanism. As before, it is possible to evalupt€éT) by

calculatedmg from S(45 K) with the assumption that impu-
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0.06

Cu(T) on SgGaGeyg (not shown, which has very similar
thermal transport properties B EugGa ¢Geso, Shows no ex-

tra specific heat an@(®p) is similar to what is observed for
ab. Thus, tunneling states cannot be the source of the extra
specific heat. Although it would be expected that the phase
with the lowest ordering temperatu¢e phase has the larg-

est contribution taC, at lowest temperatures we nevertheless
conclude that the magnetic contribution is responsible for the
extra specific heat iB3.

Kuznetsov et al” found similar values formg. For
BagGaeSry, (type VI structurd, mg=0.9my, and for
StGaygGey, Mg=3.0m,. Uheret al?® have measured bo
; , , and n of two SGa¢Geyy samples which we combine to
0.0 0.2 0.4 0.6 0.8 1.0 mMg=3.9my and 4.Tn, Saleset al?° found mg~3my, for

T (KZ) (Sr/Ba/EygGay,gGeso Thus the differences img appear to
be related to the structure and are almost independent of

FIG. 6. Specific heat to temperature rat@,(T)/T) as function  This is supported by recent band structure calculatioihmst
of T2 for a6 (squaresand 83 (circles measured in a 9 T magnetic predict an enhancedS (that is, a large mg) for
field. Inset showsC,(T)/T as function of magnetic field) mea-  (Sr/EUgGa¢Ges, compared tav-EugGa ¢Geso. As before it

0.04

) 4

C /T (J/K’mol/unit cell)

sured at 0.4 K. is emphasized that in all calculations a Hall scattering factor
of unity has been used.
rity scattering dominates. This leadsrg =~ 0.8my which is Since |, is several orders of magnitude lower than the

a factor of two smaller tham, if phonon scattering is as- average grain size, it can be excluded that grain boundary
sumed. Thus, we obtain thai;~m, for the « samples. In  scattering has an influence on the transport properties. At the
the B8 samples phonon scattering dominates at high tempergame time it seems unlikely that the small amount of foreign
tures and the averageg is ~3.2m, for all samples calcu- phases, which cannot be detected by x-ray diffraction but
lated withS(400 K). UsingS at temperatures down to 200 K only by energy dispersive x-ray spectroscépys respon-
changesng only slightly. sible for the observed transport properties. This is also
To investigate the differences in" for the « and 3 phase  supported by the fact that the temperature dependenge of
in detail, low-temperatureC,(T) has been measured for and the RRR of35 is similar to that of the single crystalline
samplea6 andB3. The result is plotted in Fig. 6 &,/ Tvs  B-EUgGasGe sample in Refs. 19 and 20. The origin of the
T2. The straight lines correspond to fits with the relationlarge impurity scattering must, therefore, be intrinsic and is
Cp/T:y+,3T2, where the Sommerfeld coefficient repre-  probably related to either the ionically bonded cations, the
sents the electronic contribution and th@T2 term the random positioning of Ga/Ge or a combination of both.
phononic contribution with3=127*NR/(563). N andR are ~ From Eqgs.(2) and(3) it is seen that a low increases impu-
the concentration of atoms and the gas constant, respectiveity Scattering relative to phonon scattering. Since the
In order to suppress contributions from the magnetic ordersamples have an overall lowerthan theg samples, this
ing C,(T) was measured in a 9 T magnetic field. The mag-could be the reason why impurity scattering apparently is
nitude of y confirms that is larger in theg structure than  1arger in thea samples than in th@ samples.
in the a structure. Dependent on whether a normal or spin Figure 7 showsT as function ofn at 193 and 400 K for
polarized free-electron model is used, the density of stated!l the samples presented in this report400 K) is esti-
effective masseémy, o) are calculated to be 0.7% (1.2m) mated by addinge, calculated from the Wiedemann-Franz
and 4.6n, (6.3my) for the a6 and 83 sample, respectively. law, to an estimated, (400 K)=0.85 W/mK. Literature dgta
The numbers in brackets are for the spin-polarized freesuggestso thatx of B-EugGaeGey above 200K is
electron model. The inset of Fig. 6 shows the chang@ i constant® For thea samplesZT is almost C(_)nstant at0.1
as function of magnetic field at 0.4 K. Even at the larges@"d ~0.35 at 193 K and 400 K, respectively. For tite
magnetic field of 9 T,C,/T still decreases with increasing sample<ZT increases as decreases. The sample with lowest
field. It can, therefore, not be excluded that the magnetid (B1) reachesZT~0.4 at 400 K. _
ordering still contributes t€,/T and thatmp,s and the den- In the temperature range from 200 to 400 K, the simple
sity of states are slightly overestimate, calculated from —dependence of the transport propertiesndior the 3 phase
B gives 251 and 159 K for6 and 83, respectively. Espe- allows an extrapolation of the thermoelectric properties to
cially for the 8 sample this value is lower than previously /0OWer n. o can be extrapolated by(n)=aon® where the
published value8.It could be argued that this extra specific fitted o and p,=3 is used, andS is extrapolated by§(n)
heat is due to the presence of either localized Einstein vibra= SnPs where the fittedS, and ps= —% is used.x_ is again
tional modes or low-energy excitations related to tunnelingassumed to be constant at 0.85 W/Km, aqds calculated
states. However, the Einstein temperature has to be as low &®m the Wiedeman-Franz law. For the samples an ex-
12 K to make such a large contribution @, <1 K and a  trapolation has not been attempted because of the combined
clear exponential increase Gf,/T with increasing tempera- impurity and phonon scattering in the whole temperature
ture would, in any case, be expected. A measurement afange. The results of the extrapolations can be seen in Fig. 7
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2 — phonons from the cations and scattering of phonons from
400K 193K cation tunneling state’$:?%27.28 This interpretation is sup-

1E @« O L ported by the thermal displacement factors extracted from

£ o * diffraction experiments, which, for the Eu and Sr atoms on

the;l1 % 0 site in the type | 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 position$:2%2°It 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 the phase are, although
large, smaller than in the type | structr&his may indicate
that less or no tunneling states are present and thus explain
. . A the differences in x. at low temperatures between
1 10 20 a-EusGa sGeyy and (Sr/EugGa ¢Gesp. However, it has been
n (1026m-3) shown that the cations even in §&g,Siz, (Ref. 30 and
BagGayGey, (n-type)®! are not located in the center of the
FIG. 7. The measured dimensionless figure of mé#T  cages, but these compounds do not possess a glagglike
=STo/ k, whereS is the thermopowery the electrical conductiv- the same time it would be expected that simple disorder with
ity, « the thermal conductivity, and@ the temperatupefor the  four split positions would result in a highly localized density
B-EusGagGeygs, Samples (open circles 400 K, solid circles of tunneling states leading tosq similar to what is observed
193 K) and a-EusGayg_Gesg. Samplegopen squares 400 K, solid  for resonant scattering. In a recent publicatfihwas shown
squares 193 Kas function of carrier concentratidn). Solid lines  that p-type BgGa;gGeyo, unlike n-type BgGa¢Gesp, has a
are ZT calculated from the parabolic rigid-band model f8r  glasslikex . Unless the density of tunneling states is sample
-EugGayeGeyo at 193 K(lower line) and 400 K(upper ling. Dashed  dependent, this result is in conflict with the tunneling states
lines are the same models extrapolated to lomer model and suggests that the charge carriers play an important
role. Finally, ultrasonic attenuatiofUA) measurements on
whereZT(n) is plotted for 193 and 400 K. It is seen that the SGa¢Gesy (Refs. 28 and 3Rgive a density of tunneling
model tracks the data quite well a@d > 1 is reached fon states lower than observed for glasses and estimateg Bf
lower than 1.4 10?%™/m?® at 400 K. At this concentration from the UA measurements leads teawhich is an order of
and temperature p=3750uQ) cm, S=317uV/K, ko  Magnitude larger than observ&dindicating that scattering
=1.07 W/mK andTg=370 K. In this extrapolation several from tunneling states is of minor importance. Recently also a
effects have been neglected. First, it has been assumed tHaur-well tunneling states model for the Eu atoms in the large
only phonon scattering is present. For thesamples the cages was proposéfiHowever, this model predicts an up-
small variation ofZT with n is due to the combined phonon turn in the specific heat below approximately 0.8 K that is
and impurity scattering, and Fig. 7 suggests that if lower not observed experimentallyFig. 6). Furthermore, this
can be obtained for thg phase, then an increase in the model gives a localized density of tunneling states, which
impurity scattering could be expected add vs n would  again cannot lead to a power-law dependence of the lattice
level out as seen for the samples. Second, it has beenthermal conductivity on temperature. In another recent
assumed that the charge carriers are degenerate. This is mu@pef® it is proposed that the glasslike low-temperature
the case wheif=370 K, and forT ~ T there is no longer a of (Sr/EugGa §Gey is determined by an impurity-like scat-
simple power-law dependence efandS on n. A more de- tering mechanism due to the off-center position of the cat-
tailed calculation reveals that the extrapolation overestimatei®ns being absent for B&aGe;y and thereby explaining
ZT. Therefore it is doubtful ifZT>0.5 around room tem- the “normal” x, of BagGa;sGesn. However this model cannot
perature, fom-type clathrates with divalent cations, can be explain the glasslikeq of p-type BaGa;¢Ges,* which has
reached without modifications enhancing the thermoelectritddentical crystal structure and displacement of the cation
properties, e.g., enhancementSify the Kondo effect. How- when compared to the-type. Instead, we suggest that
ever, forT>Tg the exponentp, and ps take the values 1 phonon-charge-carrier scattering should be considered when
and -1, respectively, andT increases more rapidly with describingx, at the lowest temperatures. As will be seen
decreasing than forT <Tg. This suggests that the clathrates later in this section, this model can account for differences in
may have a potential for high-temperature power generatiothe low-temperaturex;, not only among a- and g
where the relatively large band gaps ensure that intrinsic carEuGay6,G659: SaMples, respectively, but also for the large
riers are not excited from the valence band into the conducdifference ink_ between thex and 8 phase. The difference
tion band. in x_ at intermediate and high temperatures both ameng
and B-EusGay5-,Gesp4 Samples and between the and B
IV. PHONON TRANSPORT phase is interpreted as differences in the coupling between
the resonant scatterers and the heat-carrying acoustic
The glasslikex (T) of (Sr/EugGa;sGesg has previously  phonons. It is suggested that the coupling is closely related to
been explained by a combination of resonant scattering ahe electronic band structure. The rest of the section is out-

ZT

0.1

0.03
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lined as follows. First, different phonon-charge-carrier scat- 7
tering models are discussed. This is followed

by a quantitative modeling ot (T) for «7 and 81 samples
considering phonon-charge-carrier scattering in combinatior
with the usual resonant and Rayleigh scattering. Then we_
discuss the differences ik (T) among the - and 1
B-EusGa6,Gesg4 Samples and between tlacand 8 phase,
respectively, and finally we reviewk (T) data for
SrgGay6xGes0+x-

In electrically conductive solids phonon-charge-carrier
scattering can have a strong impact on the magnitude ani
temperature dependenceqf In elemental Ge, with slightly
lower n than in the samples presented in this paper, phonon- (.1 |
charge-carrier scattering can redugeto as low a value as (.07t L ]

1 W/(Km) at 2 K38 which is of the same order of magni- 1 10 100 200
tude ask (2 K) of the a and B samples. It was shown by TX)

Zimare33' that scattering of acoustic phonons from free de-

generate carriers can, to a good approximation, be regarded FIG. 8. Lattice thermal conductivityx,) as function of tem-

as |mposs|b|e for phonons with a wave numbq}' |arger peraturdT) for a7 andﬁl. Solid lines are fits to a model described
than X, wherek: is the Fermi wave number. In the domi- in_text. Dot_ted Iines(Kp_e) are th(_e lattice thermal conductivity in
nant phonon approximation this corresponds to a Charactepj's model if phonon-chgrge-carrler scattering is present only. Inset
istic temperaturé'*ZZkFﬁvp/(S.&B), Wherevp is the speed shO\_/vs x (3 K) as function of the mean-free path of the charge
of sound. For the samples presented in this report carriers(le) of the a- and 5-EugGasGeso samples.

=20-40 K. x (T) due to phonon-charge-carrier scattering v,| glearctarigly) I\ 3
(kp-¢) below T is proportional toT2. Above T', k- in- |5 2ei(@) =ZBq;E Ie—Ttaqu) - (1—L—e)—| P(2)
creases rapidly with temperature and is negligible if other FLA% dle e/ dle

scattering mechanisms are present. The magnitudg_gfis (6)

proportional to 1{e5,X M), whereeg is the deformation

potential and defines the strength of the phonon-charge--1 (q) = Up _'_e _|_e
+(Q) =6B 1 1+(1

. ) i g [
carrier coupling. If this model is fitted tg, (T), then reason- P v e Le

able values oty are obtained and the large differencedn _ 2 B

betweena and 8 samples at the lowest temperatures can be X 3qle ~ 3(ale) arctar(qlge) 8 arctarqle) } P(2),
explained bym", which is at least three times larger for e 2(qle)

phase than for ther phase. However, the Ziman model is (7)

only valid for gqlo> 1. This is not fulfilled for the samples in _ - 2,3 ) .
the present study: depending on the sample the extremelyhereB=(2e¢/3)"m pF/(Zﬂszvph ), Pr is the Fermi mo-
low |, leads togly(2 K) =1—3. Pippards ineffectiveness con- Mentum andp, is the mass density. It has been assumed that

dition states that the phonon-charge-carrier relaxation timd€ longitudinal and transverse phonon speed is the same.
increases with decreasirlg when gl,< 12338 This contra- Insert_lng_ the free-electron model valuemf and making the
dicts the observation thaj, of the « samples increases with S“BSt'tg“O” zFlz?’?Sdef (Ref. 23 leads to B
increasing, (see inset of Fig. B However, the generality of =£aef /(2D ifi®). In the limit gle>1 andLe> e, Eq.
the Pippards ineffectiveness condition has recently beeff) correctly reproduces the Ziman equatiSri’ In the limit
challenged by the authors of Ref. 39. It is argued that in-e> le both Eqs.(6) and(7) reproduce the functional depen-
disordered or impure materials a fraction of the chargedence of the phonon-electron scattering rateqenof the
carrier scattering associated with the mean-free patloc- ~ Pippard theory®*P(z) is a cutoff function that only allows
curs on scatterers that do not vibrate with the lattice. It iPhonons withq<2kge to be scattered’ « (T) calculated
shown that the phonon-charge-carrier scattering rate inffom Egs.(6) and (7) results inx TP, wherep can have
creases, as opposed to the Pippard model,.adecreases approximate values between 1 and 2 for a wide ranggl of
whengl.< 1. It was earlier argued that the Idgwas due to  andle/L. values.
either the cations or disorder on the Ga/Ge sites. Since the Earlier « (T) for EusGaj¢Gesy and SgGaysGeo has been
vibration of the cations usually are described as Einstein oditted to a model where tunneling states and resonant and
cillators these are the most obvious candidates for scattereRayleigh scattering have been includgd:?’ Here we re-
that do not vibrate with the lattice. place the tunneling term with a phonon-charge-carrier scat-
tering term and the total phonon mean-free path beomes

A. Modeling of x| for a7 and 1 l,= %(I;el + Ir_els+ |§1+ |El)_l
According to Ref. 39, the inverse mean-free path of lon- U B B L T 8
gitudinal and transverse phonons scattered on charge carriers 3Vp-et " ires TR TIC min’
is wherel'=D(zT?*, I is the Casimir mean-free path,
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Cresi(hZTZ/kB)z interpreted as a sign of anharmonic phonon-phonon umklapp
OF - @TF+ yoL e ) scattering?

Ed NP The parameter€,.s 7y, D, andl,,, are representative for
andC,g;, % andD have their usual definitiot Because of all samples and are in agreement with the values obtained in
the different scattering rates for the phonon-charge-carrieprevious studie&61927If it is assumed that Ga and Ge are
scattering it is necessary to separéijeinto contributions ~randomly positioned, the theoretical valuefdue to mass
from longitudinal and transverse phonons as is seen from Edlifference and isotope scatterfigs 0.00285 m* K™ and
(8). 0.00554 m* K™ for - and B-EugGa;¢Geo, respectivelyu,

Cy(T) calculated from®p combined withx, (2 K) gives of Ref. 8 is used in the calculation. This value is about three
an estimate fot,(2 K) of the order of 100qum for the a orders of magnitude lower than the fitted value which indi-
samples and 3@m for the 8 samples. The grain sizes in the cates that this type of scattering has little influence<p().

a- and B-EwGays,Gesos Samples studied in this paper are For glassesD is typically 100-1000 m' K™t and much

of the order of 10—10@m and 200—40Qm for thew and ~ higher than the fitted value. If the term is left out of the
B phase, respectively. Thus, in the case of thg phase the modeling, thenx (T) above approximately 70 K is fitted
effect of grain boundary scattering carpriori be neglected. poorly because the resonance term leads to a wavy feature in
For the a phase it cannot be excluded that grain boundary«< (T) at temperatures around @4-0.9¢. This effect can
scattering has an influence on the thermal resistivity. Howbe seen from the modeling 0d (T) for a7 in Fig. 8 just
ever, it is clear that il was of the same size as the grain above 30 K. The Rayleigh term results in a constant
size, k. would be much lower than observed. This indicatesabove approximately 50 K, smoothing out the wavy feature,
that grain boundary scattering has little influence also for theind we believe that the lardge can be interpreted as a com-

a phase. In the subsequent modeling«pfit is assumed that pensation for errors in the assumptions of the resonance scat-
only sample boundary scattering exists and thatan be tering model. We base this on the following arguments. Each
calculated from the sample size. In any case excludiing vibrational mode of the Eu atoms should be treated indepen-
from the modeling only affects the value of the other fitteddently. If the off-center position of Eu2 iB-EugGa;Gesg

Ir_els(z) = E [

parameters little and this justifies even a large errdginll is neglected, then Eul and Eu2 have one and two indepen-
samples have an approximate cross sect®® of 2 mn?, dent vibrational modes, respectively. 1iG.y O, andy is
leading tol=v4CS 7=1600 um. assigned to each mode, then this gives a total of nine param-

The lattice thermal conductivity is then expressetPas  eters, which can lead to a broadening of the resonance scat-
tering and a smoothed ou¢ (T). The single Eu site in

Op/T . . . .
KL(T):Up/3J C(T.2) -I(T,2)dz, (10) o{—EngGaieGesO has high symmetrﬁ{,and there is, in prin-
0 ciple, only one independent vibrational mode. However, the
. i thermal displacement factors of Eu are lafgedicating that
with B, le/Le, Cresjy %, D, andlp, as fit parameters. the Eu atoms are not located in the center of the cage. To-

For the modeling of« (T) we used®g=72 K for thea  gether with the random positioning of Ga/Ge, which
samples an®g,=75 K and®g,=45 K for the 8 samples.  changes the local Eu bonding environment, this lowers the
The parameter®p, vy, Dy,® le, M are also kept constant at symmetry and increases the number of independent modes
their experimentally determined values. At low temperatureshat are necessary to obtain a smoetkT). It is noted that
I varies slowly with temperature ard2 K) was used. To Eq. (9) is an empirical mode®? A theoretically founded
minimize the number of fit parameters it is assumed that fofgdel was developed in Ref. 43, but this also leads to wavy
the 8 samplesy; =y, and 7Cres 1= 3 Cres 2 Which reflects the  features ink, (T) around 0.0¢—0.99.
relative amounts of Eu on the 000 agd; O sites. For the
sampled,, was refined to unphysical values because of cor-
relations withy and D and was, subsequently, kept at the
arbitrary value 2.2 A. The value df,;, does not affect the
fits at low temperatures. The paramet&sand l./L, were For both thea and 8 samples there is a tendency O/
initially allowed to vary freely and good fits were obtained. and D to decrease anB to increase with increasing (not
However, due to correlations this resulted in a large variatiorshown. The decrease d,.sandD shows that the resonance
of B andl/L from sample to sample and therefore the valuescattering rate decreases with increasmgnd a possible
of I/Le was constrained arbitrarily to 0.7. explanation could be that the conduction electrons screen the

Figure 8 shows the result of the modeling«fT) for the  resonant scattering cations. The screening becomes more ef-
a7 and B1 sample. Fora7, B=6.3X10% C,=2.2 fective for largern and reduces the coupling between the
X103 m1K2s2 5=0.47, D=0.39 m*K™. For 81, B phonons and the vibration of the cations. On the other hand,
=7.2X103, C,e6.7x10*m1tK™?s? y=5.1, D band structure calculations have shown that the conduction
=2.7 m*K™, andl,,=3.4 A. Fora7 there is a small dif- bands arise from both cation and antibonding framework
ference between the fit and the data around 7 K. This couldtatest® The change of the coupling could then be a result of
be attributed to neglecting the temperature dependence changes in the bonding of the cations to the framework as
lo and/orly/L,. It is noted that thex, «T~! dependence of changes. The increase & with increasingn is expected
a-EugGays,Geyp. in the range 10—40 K is described well becausesyes inCreases with increasing eger can be calcu-
by resonant scattering, while in the literature it has beerated fr0mB=8§em*2/(2172Dmv‘2)ﬁ3) to be in the range from

B. The differences ink. among a-
and B-EugGayg,Gesg. Samples
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0.25 to 0.5 eV for all samples. Fprtype InSb with slightly  pared to the dominant scattering mechanism. Furthermore, it

lower n, g4.; determined fromk, (T) is of the order 1.0 e  can be concluded that magnons do not contribute signifi-

which is of the same magnitude ag; of the clathrates. This cantly to the thermal transport, which excludes that the peak

shows that phonon-electron scattering cannot be neglectedin «_ for the « samples is related to the magnetic ordering at
To emphasize that phonon-charge-carrier scattering campproximately the same temperature.

explainx,_ at low temperaturesg, (3 K) has been calculated

as funqtion oflg fpr the a phase a_nd the result is plqtted as D. r Of SrgGaysGespue

the solid curve in the inset of Fig. 8. The only adjustable i _ _

parameter id.. The other parameters were kept constant at <L Of SlsGa«Gesox has been intensively studied. To the

the values that were fitted far7 with the assumption that authors knowledge eight different samples have been inves-

/L,=0.7. It is seen that, with the exception qf(3 K) for  tigated in the literaturé’1%20227The “sintered” sample of

a8, the model tracks the data quite well, and it can be conRef; 26 is not included in the following discussion since it is

cluded that the variation o at 3 K among different ©bvious fromp(T) and «(T) that the transport properties are

samples is dominated by the variation kf For the g dominated by grain boundary scattering. As mentioned ear-

samples the variation of,_is much smaller becauggonly ~ lier m of n-type SgGajeGesow is in the range from 8y, to

varies little. It is emphasized that the Pippard mégads ~4-/Mp and similar to that of3-EusGayeGesown. Like for

to a decreasing, asl, increases, in clear disagreement with BaGais-Gesou'* 1 Of SgGayeGesou is very sample de-
our findings. pendent at temperatures below approximately 20 K. Unfor-

tunately,n is only known exactly for two sample§;*> but
the low-temperature, values of different samples decrease
with increasingp. Since, in generajp o 1/(nl,) this indicates

As mentioned earlier the large difference ap at low  thatk, increases with increasingandl,, in agreement with
temperatures, between and B-EusGa¢Gey, is a result of  the phonon-charge-carrier scattering model. It is particularly
different values ofn’, becausec, ¢ 1/m™. As can be seen interesting to see that, of the “quartz” sample, and to a
from Fig. 8 phonon-charge-carrier scattering has a vanishlesser extent the PBN sample of Ref. 26, unlike other
ingly small contribution tox; >10 K and the differences in SrGa5,Ge50: Samples, have a peak at low temperatures.
x. between thex and 8 phase originate from differences in Comparingp of these two samples with literature values of
the resonance scattering. From the fittingkpfT), C,eswas  other SgGaye-,Ges0. SaMples it is seen thatis low. Espe-
found to be~20 times larger in thgg samples than inthe  cially p of the quartz sample is anomalous, the residual re-
samples. It can only be speculated about the large differencgistance is below 0.025hcm and RRRB_3q i is close to
in the coupling, but the band structure and charge carrie85, which is much larger than for any other
appear to have a large indirect influence on the coupling. ItBa/Sr/EygGa¢Gey, sample in the literature. Together,
a recent publicatiot it was shown that n-type these result are consistent with phonon-electron scattering
BagGasGesx Samples have a “normal’k (T), while  dominating the low-temperature . At temperatures above
p-type BaGays_Ges0. Samples have a glasslikg(T); that 30 K a clear resonance dip is seen for all samples and
is, the resonance scattering and coupling is enhanced in thearies little. This shows that the resonance scattering is large
latter. This correlates witm’; which is approximately twice and consistent with the large’.
as large forp-type than forn-type BgGas,Ges0:y. FOr
a- and B-EusGa.,Gegiy the same tendency is observed.
The « phase hasn'=m, and a normalk,, while the 8
phase hasm >3m, and a glasslike k.. The fact In this paper it is shown that the varying transport prop-
that B-EugGag G4 SkGae Gy  and p-type  erties of a- and B-EusGagGeso Can be described by
BagGayg_«Ge&s0.4y, Which are the only clathrate samples in thea parabolic rigid-band model whergn(x)] is the only
literature that haven” > 3my, are also the ones with a glass- varying parameter. In our companion papemnwe have
like x_ supports this idea. Band structure calculatidmse-  shown that the carriers originate from a small deviation of
dict thatm" of the charge carriers in the valence band ofthe ideal Ga/Ge ratio. For the phasem’ ~m,, while for
a-EusGaygGeyp. are enhanced compared to those in thethe 8 phasem’ >3m,. These results are in agreement with
conduction band. Ip-type a-EusGays,Gesosx COUld be syn-  recent band structure calculatidhghat predict largemy
thesized then this would be a possibility to test our empiricabnd m*DOS for n-type B-EusGays_Geso than for n-type
model, which predicts thap-type a-EusGays G304 Nas @ a-EugGaygGeyo.. The origin of the extremely low, is
glassliker. intrinsic and it is related to either the random positioning of

The effect of a magnetic field or_ was investigated by Ga/Ge and/or to the presence of?Eibns that scatter the
measuringk (B) at 2, 5, and 10 K in magnetic fields up to charge carriers effectively. It, therefore, seems doubtful that
9 T and by measuring,(T) in 0 and 9 T for then2 andB1  any of the clathrates with divalent cations and randomly po-
samples(not shown. For @2 there is a tendency fog, to  sitioned framework atoms can be called a phonon glass elec-
increase slightly with field. For th@l sample no change tron crystal’® The charge carrier mobilityu) of materials
within the resolution of the equipmeft:3%) was observed, based on BiTe;,*” CsBi,Tes,* and ZnSh, (Ref. 3 is almost
in agreement with Ref. 20. Thus, the relaxation time relatedwo orders of magnitude higher than the one o0§BiTeg
to the scattering on magnetic moments is very large com¢Ref. 2 and type | and VIII clathrates with divalent cations.

C. The difference in x between thea and B8 phase

V. CONCLUSION
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The relatively good thermoelectric properties are due to am-EugGa g ,Gesp., On the other side is mainly determined
extremely lowk, and largem’. The analysis of the electric by differences in the coupling of the resonant scatterers and
transport properties suggests t@dtat room temperature for the phonons. Very interestingly, this coupling correlates with
n-type a- and B-EugGays«Gezo.« Will not exceed that of the  m": a largerm” leads to a larger coupling. Band structure
best materials. However, because of the relative lavgand  calculations predict an enhancedn’ for p-type

&g there is reason to believe thAtEUuGaisxGe0.x Nas &  o-EyGayg Geyoun. 13 According to our empirical modek,
potential for high-temperature power generation. It has beegs this compound should be similar to the glasslike of

proposed that the low-temperatukg of clathrates can be (g//En.G G andp-tvpe BaG G _
explained by phonon-charge-carrier scattering, wherealarg(e UG- Ceson andp-type BaGas-Ceson

m" and a small, lead to an increased scattering rate. It has
been shown that resonant scattering dominates
k. above 10 K. The difference in x,  between
(Sr/EUugGaeGesgs and p-type BaGasGey0: ON ONE We thank W. Carillo-Cabrera, M. Baenitz, and I. Zerec for
side, and n-type BgGa 5 G304k and fruitful discussions.
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