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Thermal conductivity of thermoelectric clathrates

A. Bentien! M. Christenserf,J. D. Bryan® A. SancheZ, S. Pascheh/F. Steglicht G. D. Stucky® and B. B. Iverseh
IMax Planck Institute for Chemical Physics of Solidstinitzer StraRe 40, 01187 Dresden, Germany
Department of Chemistry, University of Aarhus, 8000 Aarhus C, Denmark
3Department of Chemistry, University of California, Santa Barbara, California 93106, USA
(Received 13 October 2003; published 16 January 2004

Transport properties of B&a,sGe;, single-crystalline samples prepared with an excess of Ga are presented.
The excess Ga does not only produgetype transport properties but also a thermal conducti@iythat,
unlike in any other BgGa;sGeyy samples reported in the literature, is similar to that of the iso-structural
EuGa¢Geyg and SgGagGeyy. These observations disagree with the commonly made assumptior tfiat
EusGa¢Geyy and SgGagGe;g at very low temperatures is determined by phonons scattered from guest atom
tunneling states, since such states are believed to be absergGa,Bae;,. Instead we propose that phonon
charge carrier scattering must be considered in order to explairthe low temperatures. The transport data
also suggest that the resonant scattering, which dominates at intermediate temperatures, strongly depends on
the charge carrier concentration.
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Clathrates have gained renewed attention due to theividence for thex «T* (a=~2) dependence observed in
promising thermoelectric properties and potential for devicg Sr/Eu)xGa¢Geyy, but absent im-type BaGa sGe;y, being
application! A large number of clathrate types and compo-due to scattering of the heat-carrying phonons by tunneling
sitions exist and among them is the type-I clathrate with thestates.
formula liglll 161V 530. In these compounds the group-lll and  In the first part of this paper we focus on the electrical
-IV elements(framework atompsform a space-filling cage transport properties of single-crystalline samples grown in an
structure in which the group-Il elementguest atomsare  excess of Ga and confirm the hypothesis that Ga-rich
ionically bound? The framework atoms form covalent bonds samples have-type properties. In the second part we show
with a slightly distorted tetrahedral coordination environ-that the magnitude and temperat(fe¢ dependence of, for
ment. Electron density analysis has shown that each guepttype BgGaGe;y samples is much more similar to the
atom donates about two electrons to the framework and &lasslike” «; of (Sr/Eu)GaGe; than to x| of n-type
valence-electron count gives 184 electrons per formula uniBagGa;¢Ge;y. The large difference in the low-temperature
(f.u.) for 92 covalent bond$.These clathrates are therefore «, data for different BgGa,Gey, samples can be attributed
expected to be intrinsic semiconductors, which is supportetb different phonon charge carrier scattering rates. These re-
by band-structure calculations that predict band gaps fromsults question whether the scattering of phonons from tun-
approximately 0.3 to 0.9 eV, depending on the compositiomeling states is responsible for the observed low temperature
and calculation methot® However, most reports in the lit-  « (T) of (Sr/Eu)GayGeyo. >3
erature show samples with metal-like andype properties As starting material we have used the bottom section of a
although semiconducting properties were observed in twgone-refined BgGa,¢Gey, ingot.” The large single-crystalline
cases:” Zone refinement experiments followed by dopantsamples were obtained by recrystallizing nonstochiometric
concentration determinations indicate that the metal-likepolycrystalline BgGa,sGes, from molten Ga. The ingot was
properties of BgGagGey, stem from nonstoichiometry placed in Ga-flux99.999% in a corundum crucible sealed
rather than chemical impuriti€sThus, the major contribu- inside a stainless-steel bomb under argon and subsequently
tion to the observed carrier concentratign comes from a  heated in a resistance furnace up to 1100 °C over 5 h. The
[II/IV content that deviates from the ideal 16/30 composi- reaction was held at 1100 °C for 1 h, cooled to 970 °C over 8
tion, where an excess of 1V leadsttetype properties and an h, cooled to 950 °C over 12 h, cooled to 700 °C over 100 h,
excess of Ill leads tp-type properties. Neverthelegstype  and finally cooled to room temperature over 24 h. The
properties have to date only been observed in slightly Sbsample was isolated from the flux by soaking crystals in
doped BaGa,Gey, samples. From the lattice thermal con- concentrated HCI for 12 h at 45 °C to remove the molten Ga.
ductivity (x.) (Refs. 9 and 1D of SiGagGep and  To check if any elemental Ga was left in the sample, the
EusGagGeyy [(SrEuxGagGeyg] and the ultrasonic magnetic susceptibility was measured. No superconductivity
attenuation' of SrGa,Gey, it is believed that these two was observed down to 1.8 K. The impurities in the purified
clathrates fulfill the phonon glass-electron crystal coné@pt, crystal were identifiedin ppm) by glow discharge mass
which is a guideline in the search for materials with en-spectrometryShiva Technologies B, <0.003; Na, 0.025;
hanced thermoelectric properties. Neutron-diffraction experiMg, 0.005; Al, 0.007; Si, 0.035; P, 0.002; S, 0.045; ClI, 0.16;
ments have shown that the degree of positional disorder oK, 0.01; Ca,<0.2; Cr, 0.002; Fe, 0.04; Cu, 0.07; Zn, 0.2; As,
the guest atom sites is much smaller ingBa;sGeypthan in - <0.02; Se,<0.01; Sr, 1.3; In,<0.02. A reference sample
(Sr/EuxGa¢Geyy (Ref. 13, indicating a lower density of was prepared with a similar synthesis procedure but from
tunneling states in the former one. This has been taken asarting materials as purchaseerag. Stoichiometric
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FIG. 1. Electrical transport properties for the pure;8a;Gesg FIG. 2. Specific heat,) for the pure BgGayGey, sample as

sample and the reference sample. Electrical resistgsc@ircles  function of temperaturéT). The solid line is a model fit to data
and Hall coefficient Ry) (squaresrelate to the left abscissa, ther- gpove 5 K. The inset showg,(T)/T as function of T2, and the
mopower(S) (triangleg to the right abscissa. Solid curves are for ggjid line represents a linear fit in the range 1.5t 4 K2

the reference sample.

amounts of B499.7%9, Ge(99.999%, and a large excess of =3.6my, wheremy is the free-electron mass. Using values
Ga(99.999% were mixed to give a final reaction mixture of 0f Sandn down to 100 K only changesi; slightly, con-
75 wt % of Ga. firming the validity of the above assumptions.

Figure 1 shows the electrical properties of both the pure The temperature dependence of the specific heg} 6f
sample and the reference sample. In the whole temperatutge pure sample is shown in Fig. 2 from 1.1 to 300 K. Above
range the resistivitfp) and Hall coefficient R,) decrease 5 K the electronic contribution t€,(T) is negligible and the
monotonically with increasing temperature, but at approxilattice contribution can be described very well with a com-
mately 15 K a kink in p(T) is observedp(2 K) for the pure  bined Debye and Einstein mod&The corresponding Debye
sample is approximately 35% higher than for the referencé©p) and Einstein QOg) temperatures ar®p=324(4) K,
sample, but as the temperature is increased the difference @e1="78(2) K, Og,=38(1) K, and in good agreement with
diminished. The Hall resistivity as a function of the magneticprevious results? The number of Debye and Einstein atoms
field was measured & K and at 300 K for both samplg¢eot ~ are Np=42.8 (6), Ng;=9.7 (5), andNg,=1.5 (5), respec-
shown), and is linear and positive in the measured raqge tively. The inset of Fig. 2 shows th&t,(T)/T varies almost
to 9 T). This indicates that the majority carriers are holes.linearly with T2 between 1.3 Rand 6 K which agrees well
The corresponding carrier concentratiging in a one-band  with Ry(T) varying weakly in that temperature range. A lin-
model with a Hall scattering factor of unity afeeference ear fit to C,/T vs T2 between 1.5 Kand 4 K gives O,
sample in parenthesgsn(2 K)=0.069/f.u. (0.12/f.u) and  =311(10) K, in agreement with the modeling &,(T)
n(300 K)=0.29/f.u. (0.48/f.u). The purer sample has the above 5 K. Combining the Sommerfeld coefficient
lower n and the difference im(2 K) is of the same order of =14 mJ/(K¥ mol) with n(2 K) we find a density of states
magnitude as the amount of impurities of the most impureeffective massnjog=3.1my. This is slightly smaller than
element in the reference sampl@a, 8x0.3%=0.024 mj, butmfysandmg are only the same in the free-electron
impurities/f.u). Fromp(2 K) andn(2 K) we estimate an ex- model and small deviations can be expected for real systems.
tremely low mean free path of the charge carrierg (©f Figure 3 shows the temperature dependence, obf the
approximately 1.2 A. However, this value is a lower limit, two samples presented in this rep@tand VI in the ploj,
since band-structure calculations predict a Hall scatteringbtained by subtracting the charge carrier contribution to
factor below unity Fits to eitherp(T) or Ry(T) with the  estimated using the Wiedemann-Franz law(T) of the
formula for perfect intrinsic semiconductors]#iT),Ry(T)] pure sample was used in an earlier sttty Fig. 3 we have
=In[pg,Ruo(T)]+ec/(2ksT), whereeg is the band gap, do also includedk, (T) of several clathrates from the literature
not result in any well defineds. This suggests that the BayGasGes, >0t SryGayGesg,® EugGaGeyg,*® and an
charge carriers are excited from impurity-like bands thatn-type BaGa,sGe;y sample taken from the zone-refined bar
might originate from the disorder on the Ga/Ge sites. Thén the vicinity of where the starting material for the present
thermopower(S) for both the pure and the reference samplestudy was taken fronf For the pure sample, (T) is pro-
is positive and increases with increasing temperature in thgortional toT° from 0.23 to 1.5 K followed by a small kink
whole temperature range. Above 70 K both samples followand a broad dip in the range from approximately 10 to 50 K.
approximately ar%® dependence and the deviation from then the measured range, (T) of the reference sample tracks
expectedSx=T is explained by a smooth increaserfvith  that of the pure sample closely, and the temperature depen-
increasing temperature as can be seen fR(T). Using  dence ofx, resembles that of (Sr/EgaGey, much more
the Mott relation, assuming that the transport properties arehan  that of n-type BgGadGey. «. (T) of
dominated by phonon scattering and that the carriers are dgSr/Eu)Ga,sGey, has earlier been compared to that of amor-
generate, the band effective masss() of the charge carriers phous solids and modeled by a combination of scattering
can be estimated fron® and n. At 300 K we find m§ from tunneling states at low temperature and resonant scat-
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FIG. 3. Lattice thermal conductivity« ) for the pure and ref-

erence BgGa¢Ge;y sample. Data are also included for other

BagGa sGeyy samples published in literature. I: Polycrystafter
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It was shown by Zimal that heat-carrying phonons can
only be scattered from degenerate charge carriers if the pho-
non wave numbefq) is below X, wherekg is the Fermi
wave vector. This corresponds to a characteristic temperature
(T*) of approximately 15 K for the pure sample above
which the phonon charge carrier scattering rate rapidly di-
minishes. If the carriers are degenerate then
«T?/(e34m*2) below T*, wheree is the deformation po-
tential of the phonon-electron interactibhThe magnitude
of eg4ef has to be of the order 0.5 eV to obtain tke ob-
served for the BgGa,Geyy samples at the lowest tempera-
tures. This value is comparable to what is obtained for other
semiconductors with similan, and it shows that phonon
charge-carrier scattering cannot be neglected. In the theory
by Ziman it is assumed thajl.>1. As can be seen from

digitalization the data were corrected for the electronic contributionTable | t_his i_S not fulfilled for the BégaleGeso Samples pre-
using the electrical resistivifyRef. 16. II: The sample comes from sented in Fig. 3. A recent theoretical study on disordered/
the vicinity in the zone-refined bar from which the pure sample wasamorphous systems has shown that when a fraction of the

recrystallized. llI: Single crystalRef. 13. IV: (Ref. 19. V: Refer-
ence sampléalmost superimposed on the pure samp\éd: Pure
sample. VII: SgGa¢Geyy polycrystal (Ref. 9. VI EugGa¢Gesg
single crystal(Ref. 13.

charge carrier scatterers does not vibrate with the lattice, a
substantial increase, when compared to the Ziman model, in
the phonon charge-carrier scattering rate is expected when
0<ql.<1.2% In the case of the type-I clathrates it is very
likely that the low mobility of the charge carriers is a result

tering, both related to the guest atoms, and Rayleigh scatteof scattering on the guest atoms, which vibrate independently
ing which accounts for different types of scattering mecha-of the lattice. This leads to an increased phonon charge-
nisms at higher temperaturg$>*In order to explain the carrier scattering rate ds decreases. Numerical investiga-

large difference in « (T) between BgGasGe;, and

tions of the expressions for the relaxation time given in Ref.

(Sr/Eu)xGaGey it has been argued, on the basis of 20 show that an approximate «T* dependence, with 1
neutron-diffraction experiments, that tunneling states do nokx< 2, can be expected, but a general power law is difficult
exist in BaGaysGey. 2 Although it cannot be excluded that to predict because several parameters affethis, together
the density of tunneling states is sample dependent, it apwith the temperature dependencenois consistent with the

pears more probable that the low temperatuggT) of

observedT*® dependence. In terms of the phonon charge-

(Ba/Sr/EuyGayGesg is determined by phonons being scat- carrier scattering model the variation gf between different
tered on charge carriers. We base this interpretation on twBa;Ga;sGe;; samples at lowest temperatures can be ex-
facts. First, the small kink inx (T) of the pure sample plained by a combination of differences in bdth m*, and

arourd 2 K is also observed im(T) at slightly lower tem-

to a lesser extent, where a small, and largem* lead to a

perature. This suggests th&{T) does not increase smoothly low «, .

around that temperature leading to a nonuniform increase in Above T* (~15 K) the phonon charge-carrier scattering
k. (T). Second, we list in Table | various parameters relatedate is diminished and the difference iy between the
only to the charge carriers. When compared to Fig. 3 it iSBa;Ga,sGey, samples must have another origin. The broad

seen that the samples with the lowksand largestmy have
the lowestk, .

dip in k (T) of p-type BgGaeGe;, is also observed for
(Sr/EuxGasGesg and is ascribed to resonant scattering of

TABLE I. Different charge-carrier parameters for thegBay ¢Ge;, samples plotted in Fig. 3. The charge-
carrier mean free patH{) and the band effective masmf) are calculated from the electrical resistivity at
2 K (p2k), the thermopowe(s), and from the charge-carrier concentration. 0gom 2 iS the dominating
phonon wave number at 2 K. For sample IV no electrical transport data are available. Satnglershce

sample has similar properties to sample VI.

Samples n . mg Quom2Ke
(107 /m°) R (mo)
|2 1.1 ~300 1.8 ~10
1l 0.84 30 2.2 1.0
1o ~1-1.3 ~28-33 ~2.5-3.0 ~1.0
VI 0.069 1.2 3.6 0.04

3Reference 16.
PNo exactn is given in Ref. 13.
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phonons from the guest atorh§1%13141%The magnitude of on the resonant coupling is difficult to predict from the band
O, and O, supports that this is also the case fatype  structure alone, but in any case the combination of thermal
BagGayGey. Thex =T~ ! dependence from approximately and charge carrier transport data suggest that the band struc-
10 to 100 K in some of the clathrates is usually interpreted asure plays an important role.
a sign of anharmonic phonon-phonon umklapp scattéring. |n conclusion, the synthesis of BaaGey, in Ga-flux
However, such a temperature dependence would only be exeads to semiconducting samples wititype properties. It
pected aboveDp and at temperatures belo@p a much  pag heen shown that? in p-type BaGaGey s larger than
TOre 1o A exponenta decresse = expecied, A mype SaGaGe, bul simiar to mh in mype

b P pp scattering retaxations, /e ),Ga Gey, (~3—4mg). 213146 These results are in

rate is too large for playing any significant role in determln'agreement with band-structure calculatfotisat indicate a

ing «_ in the clathrates unless the thermal motion of the o .
. . : stronger hybridization of the unoccupied guest atbstates
atoms is extremely anharmonic. Instead we believe that the

_ . ; with the framework states in B&agGey than in

k.= T~ 1 behavior of then-type BaGa Geyo samples in the . .
. . Sr/EuxGaGeyy. This leads to similar valence bands for

range from approximately 10 to 100_K can be |_nterpreted b I thre)g c?&pisgnds which in the case of (S Ge;
the presence of resonance scattering, but with a couplin rthermore.  are si’milar to the conduction bgndso’ For
between the phonons and the resonant scatterers which Ga G ’the conduction band is predicted to be d.iffer-
lower than in (SI/EWGa(Gey, or p-type BaGaGeyy. We r?? 60 P
base this interpretation on the expression for the mean fre We have argued that phonon charge-carrier scattering can-
path of resonant phonon scattering.d (see, e.g., Ref.)9In

S : not be neglected at the Ilowest temperatures for
the limit where the phonon frequendy) is lower than the Ba.Ga G T of ot BaGa -Gou. bei imilar t
esonance fequendy < T leadng ol T inthe (TR () ORGSR e S
dominant phonon approximation. If it is also assumed thaf - 620 g y

3 ) . ade assumption thaj of (Sr/EulxGa¢Ge;qis determined
Cpe:T°, this leads taq = T" ~. In BayGayeGey, O¢ is of the by scattering from guest atom tunneling staé%*>4The

. _1 _
grder E:jo Kt and below this tttemperatursxgocT tddepeg. agifferences in k. between differentn-type BgGa¢Gesg
ence due lo resonance scaflering can be expected and 1S ples are qualitatively explained in terms of phonon

confirmed by more detailed numerical calculations with thecharge-carrier scattering and the varying parametérsnd
whole expression fok,.

. . : |.. This model does not explain the differencednbetween
There are several possible explanations for the dn‘ferencBe andn-type Ba,GayGey, above 15 K. However, the trans
. . . = = 6 0 . y -

in the resonance coupling between differentsBagGes ort data, in combination with band-structure calculations,

samples. One is that the charge carriers screen the ionical L
bound guest atoms and that the strength of the resonant co uggest that the band structure plays a large indirect role on

L : ) . e coupling of the resonant scatters and the phonons.
pling is partly determined by the sign and magnitudenof
Another explanation is that the guest-framework bond is af- A.B. would like to thank the Danish Research Training
fected byn and thereby influences the coupling. Indeed theCouncil for financial support. We are indebted to the Carls-
band structure of B#5a¢Geyy shows that the conduction berg Foundation and the Danish Research Councils for fund-
band consists of framework antibonding states hybridizedng the Quantum Design Physical Property Measurement
with guest atom states, whereas the valence band is almoSystem(PPMS at the Department of Chemistry, University
entirely framework bonding statésThe effect of varyingn  of Aarhus.
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