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The structural parameters, thermal properties, and transport properties of three type | clathrates, namely
SrgZngGess, SiGaGes and BaGagSizg, have been determined at or below room temperature. The struc-
tural parameters of these clathrates were determined by powder neutron diffraction. Their lattice thermal
expansion is two to four times greater than that of the diamond phases of silicon and germanium, consistent
with more anharmonic lattice vibrations. From the temperature dependence of the isotropic atomic displace-
ment parameters, the estimated rattling frequencies of guests in the large cages of these clathrates are in the
range 50—60 cit. The heat capacities of these three clathrate materials increase smoothly with increasing
temperatures and approach the Dulong—Petit value around room temperature. The Grlneisen parameter of
these materials is constant between 100 and 300 K but increases below 100 K, due to the dominance of the
low-frequency guest-rattling modes. The room-temperature electrical resistivity and the Seebeck coefficient
show that these materials are metallic. The temperature profile of the thermal conductivities and calculated
phonon mean free paths of these materials show glasslike behavior, although they are crystalline materials,
indicating strong resonant scattering of heat-carrying acoustic phonons via the rattling of the guests in the
clathrate cages.
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I. INTRODUCTION electric materials for solid-state cooling devices and power

N _ . _ . generation;13.14
Silicon, germanium, and tin clathrates can form inclusion™ Thermal and transport properties are important to clath-
compounds similar to those of type | and type Il clathrate ates since they determine the thermoelectric efficiency and

hydrates in which the host forms cages in which guests arfence the utility of these materials. For example, thermal
included! Generally, clathrate structures are not stable if the

guests are removed. In type | clathrates, general formula
M,X46 46 framework atoms form the unit cell of a simple /

cubic structure, space grotm3n, whereM andX represent

the guest metal atoms and the framework atoms, respec- ./
tively. Each unit cell contains two small 20-atom cages, pen-
tagonal dodecahedr,o, and six large 24-atom cages, tet-
rakaidecahedraX,,? as shown in Fig. 1. The transport
properties of clathrates can be significantly changed by dop-
ing different guests in the cages of the framewdvk.

The thermal conductivities of these novel materials can be
significantly lower than their diamond phases and glasslike,
although clathrates have a well-defined crystalline
structure®”-*-1The temperature profile of the thermal con-
ductivity of clathrates not only depends on the guests, but
also on the framework atoms:”-As first deduced for clath-
rate hydratesd? the glasslike thermal conductivity of clath-
rates is due to the strong scattering of heat-carrying acoustic
phonons by the rattling of the guests in the cage%The
glasslike thermal conductivity, high electrical conductivity,
high Seebeck coefficient, and their high stabiliin air, FIG. 1. Structure of type | clathrates where thg cage is white
strong acids, and bagesiake clathrates promising thermo- and theX,, cage is black.

0163-1829/2004/13)/0352088)/$22.50 70 035208-1 ©2004 The American Physical Society



QIU et al. PHYSICAL REVIEW B 70, 035208(2004)

TABLE I. Powder neutron-diffraction data results for some low angle points below the first Bragg peaks were
SrZngGess, SiGaygGeso, and BaGaygSisg. chopped during data refinement.

Chemical formula SZngGeygs  SrGaGeyy BagGaeSiag

C. Heat-capacity measurements

Space group Pman PN Pren Heat capacity was measured from30 to 310 K. The
T(K) 287.8 274.9 300.1 measurement of heat capacity was carried out by an adiabatic
a(A) 10.70444)  10.738@3)  10.55324) calorimeter which was operated in a heat-pulse médée
Density/g cm? 5.391 5.357 4.319 calorimeter has been tested previously with Calorimetry
Data points 1557 1598 1562 Conference standard benzoic acid, giving results that agreed
Rup 0.0677 0.0619 0.0468 with the literature to within 0.5%. The sample was loaded in
R, 0.0537 0.0485 0.0362 a glove box filled with dry nitrogen. The calorimeter was

sealed in a helium atmosphere in order to increase the heat
exchange rate and decrease the relaxation time to reach ther-

conductivity is an important quantity in the dimensionlessmal equilibrium.
figure of merit,ZT. The measurement of heat capacity pro-
vides information concerning thermodynamic stability of
materials and lattice vibration anharmonicity. The structure
and thermal expansion of these materials can be determined Four-probe electrical resistivity, steady-state Seebeck co-
directly from powder neutron or x-ray diffraction, and the efficient, and thermal conductivity measurements were per-
dynamical properties of both guests and framework atom@rmed in a radiation'shielded vacuum pI’Obe inside a C|Osed-
can be inferred by examining the variation of atomic dis_Cycle refrigerator. Heat |OSS€S Via COﬂdUCtiOﬂ through Iead
placement paramete(ADP’s) with temperaturé:15 wires and radiation were determined in separate experiments
In this paper, the structural parameters and heat capacitiéfd the thermal conductivity data corrected accordingly.
of three type | clathrates, B&aSizy, SEGasGes and These corrections were approximately 5% of the total near
SiZngGesg at and below room temperature are presentedi00m temperature and less at lower temperatures.
The thermal conductivity, electrical resistivity and Seebeck
coefficient of the newly synthesized clathratg3Gesg are
also presented. The Griineisen parameters of all these clath- lll. RESULTS AND DISCUSSION
rate materials were evaluated in order to quantify anharmo- A. Structures
nicity of lattice vibrations.

D. Measurement of transport properties

The Rietveld methodsAssoftware was used to refine the
structure. The profile was modeled using the standard Ca-

Il. EXPERIMENTAL METHODS gliotti model and the background was defined by a fourth-
_ _ order polynomial. Neutron absorption was calibrated but it
A. Materials synthesis had only a minor effect on the structural refinement. The 24

The three type | clathrate materials were synthesized byPlit-site model forX,, guest was used in the structural re-
mixing stoichiometric quantities of the high-purity elementsfinement and thg initial atomic positions for data fitting were
and reacting for three days at 950°C inside a pyrolytic bororfaken from the literaturé? _
nitride crucible that was itself sealed inside a fused quartz Three different isotropic ADP’sUis, corresponding to
ampoule. The ampoule was evacuated and back-filled wit§uests in small cageXo), large cage$X,,), and the frame-
high-purity argon gas. In the case of the Ge-clathrates, th&ork atoms were set as adjustable parameters. We did not
resulting boules consisted of small single-crystal grainglistinguish ADP’s of framework atoms at different sites.
while the Si-clathrate specimen was a loosely sintered pow- [N the neutron powder pattern, gaaySiso showed a
der. All specimens were stable in air or water. small amount of silicori2%). SGajeGes, did not show any

other phases while §£ngGe;g showed a small amount of Ge
and SrZnGe,, totalling 2%. These impurities were included
B. Powder neutron powder diffraction in the Rietveld refinement and are expected to have no sig-

Powder neutron-diffraction data were collected betweemificant effect on the determination of the lattice parameters.
15 K and 300 K at the C2 diffractometer at Chalk River All three samples have a simple primitive cubic structure
Laboratories, Canada, which consists of an 800-wirg BFwith space groupPm3n. The lattice parameters and the
detector, each wire 0.1° apart. Powder samples are sealed @aomic positions of each material near room temperature are
a vanadium can, 0.5 cm diam, and a closed-cycle refrigeratdisted in Tables | and Il, respectively. Full lattice parameters
was used to cool the samples. The temperature was morand atomic displacement parameters have been deposited.
tored using calibrated Si diodes. A neutron wavelength of In BagGayeSisg, there are four different bond lengths be-
1.329935) A was used, calibrated with an external Si stan-tween frameworks atoms. They are 2.88)6A, 2.4673) A,
dard. The data were taken in two banks between 5° and 8(.4412) A, and 2.3667) A at 300.1 K. The framework at-
and between 37° and 117° i2The number of data points oms are linked through tetrahedra. The bond angles between
in each refinement is slightly differenfTable ) because framework atoms range from 105(@2)° to 124.177)°.
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TABLE Il. Fraction fixed structural refinement of three clathrates.

T (K) X y z Fraction Uig(1072A2) Mult
SrgZngGesg 287.8
Si(1) 0.0000 0.0000 0.0000 1.0000 239 2
Sn2) 0.2500  0.519@5 0.019615  0.2500 4.76) 24
Zn(3) 0.0000 0.3102) 0.11672) 0.1739 0.916) 24
Ge4) 0.0000 0.3102) 0.11672) 0.8261 0.916) 24
Zn(5) 0.18412) 0.18412) 0.18412)  0.1739 0.916) 16
Ge6) 0.184%2) 0.18412) 0.184%2) 0.8261 0.916) 16
Zn(7) 0.2500 0.0000 0.5000 0.1739 081 6
Ge(8) 0.2500 0.0000 0.5000 0.8261 081 6
SreGaygGesp 274.9
Sn(l) 0.0000 0.0000 0.0000 1.0000 136 2
Sn(2) 0.2500 0.523®) 0.02039) 0.2500 4.86) 24
Ga(3) 0.0000 0.30922) 0.117@2) 0.3478 0.746) 24
Ge4) 0.0000  0.309) 0.117G2)  0.6522 0.746) 24
Ga5) 0.18431) 0.18431) 0.18431)  0.3478 0.746) 16
Ge(6) 0.18431) 0.18431) 0.18431)  0.6522 0.746) 16
Ga7) 0.2500 0.0000 0.5000 0.3478 OBy 6
Ge8) 0.2500 0.0000 0.5000 0.6522 OBy 6
BagGaySisy  300.1
Ba(1) 0.0000 0.0000 0.0000 1.0000 (10:5%) 2
Ba(2) 0.2500  0.508@2 0.008422)  0.2500 2.60.4) 24
Ga?3) 0.0000 0.3068) 0.11962) 0.3478 0.98%) 24
Si(4) 0.0000 0.3068) 0.11962) 0.6522 0.98%) 24
Gab) 0.185%2) 0.185%2) 0.1855%2) 0.3478 0.9%) 16
Si(6) 0.185%2) 0.185%2) 0.1855%2) 0.6522 0.98) 16
Ga7) 0.2500 0.0000 0.5000 0.3478 088 6
Si(8) 0.2500 0.0000 0.5000 0.6522 088 6

In Sr,Ga,sGey, four different bond lengths between and 2.4447) A. Most of them are slightly shorter than those
framework atoms are found: 2.5 A, 2.497215) A,  in SrGa,Gey, but longer than that of B&a,Sizo. The bond
2.496920) A, and 2.4465) A. The framework bond length angle between the framework atoms o0fBrGesg varies
in SigGa Geyyis longer than those in B&a ¢Sizgdue to the  from 104.2Q4)° to 125.117)°, similar to those in
larger atomic radius of Ge compared with Si. The bondSrGa Ge,
angles range from 104.89)° to 124.874)°. In the data fitting for §ZngGesg, the site preference of

In SrgZngGeyg, the four different bond lengths between framework atoms was tested by turning the fraction flags
framework atoms are 2.508 A, 2.49722) A, 2.4773) A,  “on,” as the contrast between Zn and Ge is good. It was

TABLE lll. Site preference structural refinement forgBngGesg at 287.8 K.

X y z Fraction Uiso(1072A2) Mult
Sr(1) 0.0000 0.0000 0.0000 1.0000 38 2
Sn(2) 0.2500 0.5196L3) 0.019413) 0.2500 4.26) 24
Zn(3) 0.0000 0.310@) 0.11672) -0.028) 1.065) 24
Ge4) 0.0000 0.310@) 0.11672) 1.028) 1.065) 24
Zn(5) 0.18372) 0.18372) 0.18372) 0.108) 1.065) 16
Ge6) 0.18372) 0.18372) 0.18372) 0.908) 1.065) 16
Zn(7) 0.2500 0.0000 0.5000 0.88 1.065) 6
Ge(8) 0.2500 0.0000 0.5000 0.2 1.065) 6
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TABLE IV. Calculated coordination information for thé,, and X,, sites.M is the guest an is the
framework atom at the corner of the cages.

Xa0 M-X (A) M-X (A) Unit cell volume(A3)  Volume Xy (A3)
StZNGess 3.41338)  3.547712) 1226.55 121.61
SrGaGey, — 3.42778)  3.549912) 1238.14 122.14
BagGaSipy  3.39078)  3.472112) 1175.31 115.25
Xog M-X (A) M-X (R) M-X (A) M-X (R) Volume X,q (A3)
SZngGesg 3.58478)  3.784G4)  3.97698) 4.15334) 163.89
SLGaGe,  3.60318)  3.79644)  3.98838) 4.16154) 165.65
BaGaSih,  3.567G8)  3.73114)  3.91308) 4.058%4) 157.47

found that Zn strongly prefers the 8ite and has occupation sites and siXX,, sites, which completely tile the volume of
fractions 0.88+0.07 at & 0.10£0.08 at 16 and the unit cell, so the volume oX,, was calculated via the
—-0.02+0.08 at 24, shown in Table Ill. Therefore, almost all difference. We found that the cages of&B1;Gesg are larger

Zn atoms occupy thedsites. The calculated total number of than for BaGa ¢Sizg but smaller than for $Ga;sGeso.

Zn atoms per formula unit based on occupation fraction at The isotropic ADP'sU,, determined from powder neu-
each site is 7+3. This result is reasonable considering thdton diffraction, are shown in Figs. 2—4. We noticed that the
we did not constrain the total number of framework atomsU;s, values of the guests and framework atoms are slightly
during the data refinement. The variation of these values witlthanged when the fraction flags are turned on. However, no
temperature is within the errors of calculationg&a,sGe;,  significant effect is observed on the atomic positigase
and BaGa;Sizp also show a higher occupation fraction for Tables Il and Il for SgZngGesg) nor the slope otJ,g, versus

Ga atoms at sitedthan other sites but a weaker preferencetemperatures. The ADP’s of framework atoms in these mate-
than for Zn in SgZngGeyg, although this may also reflect the rials are smaller than those of their guests and increase
weaker contrast between Ge and Ga. The results agree withstbowly with temperature.

previous experimental repd#t'® and theoretical calculation The ADP’s of guests ifX,, are much larger than those of
that the & position has a lower site energy than th&k2zéd  guests inX,, Even at the lowest experimental temperature,
16 sites!® The site preference can result in distortion of thethe U;,, values of guests iiX,, still are relatively large. The
clathrate framewor® as we observed in our structural re- large ADP probably indicates that (8F and B&2) in X,,
finement. undergo both dynamical and static disorel&r??

It is important to know the cage size in order to predict Among the Ge clathrates, the ADP of (3r in
synthesis of new clathrates and to understand the host-guesi,Ga,Ge,, is greater than in QZngGess. For BaGayeSiso,
interactions. If the size of guests is larger than the free spacBa(2) has the smallest ADP of all th¥,, cages due to the
of the cage, the guest cannot be included in the cages. Hengelatively small size of the cage and large mass of the guest.
the polyhedral volumes ofy, and Xy, of the three clathrate  The larger ADP of the framework atoms in §&8cSisg
materials were calculated using the prograroscaL?® and  could be due to the smaller mass of the Si framework atom.
IvTON,2! and the results are listed in Table IVoLcAL and The isotropic ADP has been successfully used to evaluate
IVTON gave identical values for the more reguldj, but  the Debye temperaturdp, of framework atomé;®1122ys-
neither proved capable of calculating the volume of X3¢  ing Uisoz3h2/(m|(892D4ﬂ2)T, whereh is Planck’s constankg
site accuratelfvOLCAL crashed whilavToN gave answers s the Boltzmann constant, amdlis the mean atomic mass of
close to but not exactly those presented in Table IV andnhe framework. The estimated Debye temperatui§,, ex-
showed significant variations for very small changes in thgracted from the slope dfl;T straight lines and listed in
position of theM atom from the centroid There are twdo  Table V, are comparable with those determined from heat-

0.060 0.050F

0.040F
0.040

000035306155 500 5% 50
T(K)

FIG. 2. |Isotropic atomic displacement parameter in FIG. 3. |Isotropic atomic displacement parameter in
SrgznsG@& SrgGQ_GGQ:,O.
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FIG. 4. lIsotropic atomic displacement parameter In 5 5 |Lattice parameters of §3a,Gey and SEZneGess and
BagGaysSiso BagGayeSisp as functions of temperature.

capacity data, also listed in the same taele infra). lattice parameters within the whole experimental temperature
The rattling frequencies of guests also can be estlmateqagion were fit to a third-order polynomiabB=ay+a,T

from the slope of their temperature-dependent ADP’s With+a2-|-2+a3-|—3 where the values ddy,a;,a,, andas are listed
the equatio;®?2 Ujs,=ksT/m(2mr1)?; these frequencies are iy Taple VI. The volume thermal expansion coefficieat,

listed in Table V. The estimated rattling frequencies of Sr iny a5 calculated with the equatiare 3/a(dal dT)p. At 300 K,

SrgGaeGeyy agree well with those from powder x-ray gr.ga .G SEZN.G and BaGa.Si.. have volume
diffraction 12 earlier neutron diffractiof! estimates from ex- thgrn?aGI eé(;,(panssio% ets:zefficientg 36 23?7105 K-l 36

perimental thermal conductivify/® and Raman scattering v 155 k-1 and 3.2x 10-5 K- respectively.
measurement®. The estimated rattling frequency of Sr in Compar,ed with the diamo'nd phases Si and?6%& both
the large cage of GZngGe;s agrees well with that estimated g; ¢jathrates and Ge clathrates show greater thermal expan-
from the “resonant dip” of its thermal conductivity, as dis- gjo at the same temperature. For example, the room-
cussed bel_ow. , , o temperature thermal expansion coefficients ofZ8§Gesq

The lattice vibration contribution to the thermal conduc- 5.0 apout twice that of the diamond phase of germaffium
t@vity at room temperature can be determined with the equayhile that of BaGaySiy, is more than four times greater
tion k=Cw)/3, where the mean free path of_phonc)nzsan than that of the diamond phase of silic#?5 The greater
be taken as the distance between guestX;ncage$’ as  yhermal expansion values for the clathrates could be due to
estimated from the current neutron powder diffractionyore anharmonic lattice vibrations and host-guest interac-

refinements.  Although accurate determination of  th&jong. A similar phenomenon also has been observed in clath-
speed of soundy, requires elastic properties which are not ;o hydrated?

available currently, it can be estimated fromv
=(2mw6épkg/h)/ (67°n)*3, wheren is the number of atoms per

. . - . C. Heat capacity
unit volume. These values ofare listed in Table V. On this

basis, the lattice thermal conductivities were calculated The experimental heat capacit,, shown in Fig. §data
sults in Table \f and agree reasonably well with the experi- 4épositeglwas found to increase smoothly with temperature
mental values presented below, in the experimental temperature range.

The isochoric heat capacit§,, is theoretically more use-
_ ful than C, and, for these cubic materials, can be calculated
B. Thermal expansion from the equatiorC,—C, = a?TV/ ky, wherexr is the isother-
The lattice parameters of these cubic materials at differennal compressibility. From the present lattice parameters and
temperatures are shown in Fig. 5. Those of®aSis; and  the experimental bulk modultfsfor SiGaeGeso, (C,-C,)
SrGasGey agree well with those reported around roomis 10 J K* mol™ at 300 K, corresponding to 0.7% G, at
temperaturé. BagGay¢Siso has the smallest lattice parameter room temperature. The bulk modulus of;Ga ¢Gey, (Ref.
and SgGa,¢Geyo has a lattice parameter slightly greater than27) also was used for the estimate(af,—C,) of SrgZngGezg
that of SgZngGess. and NaSiss (Ref. 28 for BagGaygSizg. The estimated value
The unit cell of these materials shows smooth expansiowf (C,—C,) at 300 K is 0.8% ofC, for SrgZngGe;g and 5%
with increasing temperature. At temperatures above 100 Kof C, for BagGaeSig, respectively. The value ofC,
the lattice of these materials expands almost linearly. The-C,)/C, decreases as temperature drops. Even accounting

TABLE V. Selected thermal and dynamic properties of three clathrates.

05" (K) PP (K)  wr(em™®)  wy(em™®)  wkms?h N(A) kg (WmKDY

BagGaSizy 430 420 110 59 3.9 5.5 1.4
SteZngGesg 290 270 70 56 2.6 5.7 0.95
SiGaGe 320 290 80 53 2.8 5.8 0.99
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TABLE VI. Parameters for the polynomial functiora=a, 12
+a, T+a,T?+a5T°, used to fit lattice parameters. o $
101
a (A) a (105K a, (107K ag (1070K3) é o
BagGaySiy 10.534  2.8962 0.7128 1.4583 g o Oﬁ
SiZngGe;y 10.677  1.2428 4.2851 -5.2059 g °
SGaGey 10.715  2.2205 3.8149 -5.7337 & 4
S, SSesceciianeacas s
for (C,-C,), the heat capacityC,, or C,) for all these clath-

rates at room temperature approaches the Dulong-Petit value 0 50 100 150 200 250 300

162R (1347 J K* mol™t), whereR is the gas constant. This T(K)

means that the optic' modes of these_ clathrate materials hqve IG. 7. Grineisen parameters of S (@),

rather low frequencies and all optic modes and acoustig, GayGes (O), and SgZngGesg (A)

modes are nearly fully excited around room temperature. FTAemR0 T, goms e
The effective Debye temperatuee., treating all the lat- . L :

tice modes as Debye-likealculated from the heat capacity . A¢cording to thermodynamic principles, the lattice expan-

of these three clathrates is a temperature-dependent quantiﬁ%‘?” and hence the Gruneisen parameter should reach zero as

The maximum effective Debye temperatures of these clatht'® témperature approaches absolute zero. However, the Gri-

rates from heat capacities are listed in Table V#g& The  Neisen parameters of these three clathrates increase with de-

higher effective Debye temperature of &y Sis, compared ~ Cr€asing temperature blei_)low 100 K. Similar behavior has

with the germanium clathrates can be attributed to the stiffeP€€n observed in N8is,'> and clathrate hydrat&sdue to

Si-Si bonds compared with Ge-Ge bonds, consistent with thihe existence of the low vibrational frequenc]es of the guests.

results presented above from neutron diffraction. Compare hese Iow-frequency modes can dominate the low-

with NagSis® the lower effective Debye temperature of €mperature Griineisen paramefer.

BagGa eSizg reveals that the replacement of Si atoms by Ga

decreases the stiffness of the framework. E. Transport properties

The values of resistivityp), Seebeck coefficierlS), and
thermal conductivity(x) of these three clathrates at 298 K
re presented in Table VII. The temperature dependence of
he Seebeck coefficient and the resistivity of3xGe;s are
%Shown in Fig. 8. The temperature dependence of these prop-
erties for the other clathrates has been previously
l[?ublished?v9
The resistivity of these three clathrates at room tempera-
ture is within the region of metals. Replacing Ga by Zn at-
ms in the framework results in a lower electrical resistivity
for SreZngGesg as compared with §6a,¢Ge;o, however this
ay be due to a less than optimum stoichiometry in the case
of SigZngGes. The negativeS may be an indication that the
majority of carriers are electrons.
The room-temperature values of lattice thermal conduc-

D. Gruneisen parameter

The Grlineisen parametey, is a measurement of anhar-
monicity of lattice vibrations. For cubic phases, a convenien
way to obtain the overall Griineisen parameter is given b
y=aV/ k{C,. The quantities required to calculageare avail-
able here, and the values of of these three clathrates as
functions of temperature are shown in Fig. 7. The Griineise
parameters of B@a Sy, SKGasGep and SgZngGess
have similar temperature profiles and are almost constal
from 100 to 300 K. The values for §BasGe;, and
SrgZngGeg are almost the same, but the smaller value of th
Griineisen parameter for BaagSizy correlates with the
stiffer framework of the silicon clathrate.

1500 tivity of these three materialgTable VII) are low, compa-
rable to that of vitreous silicdk~1.2 W nTt K™1).30 The
temperature dependence of thermal conductivity of

7 1000 StetngGiess SrZngGeyg and SgGayGey, (Fig. 9) also shows a glasslike
£
é SrzGa,sGesy 45_ TABLE VII. Electrical resistivity p, Seebeck coefficiers, lat-
S s00 2 tice thermal conductive, and electronic thermal conductiviky, at
| T=298 K.
BagGa,sSisg
d p S K Ke
0 : : : (mQcem (VKT WmitK?1 (Wmlkl
0 50 100 150 200 250 300 .
TK) BaeGag_eslg,o 2.0 -66 1.2 0.36
SiZngGes  0.33 -24 1.9 2.2
FIG. 6. Experimental heat capacity of gSigyeGes (O), SizGayGey 20 -115 1.0 0.36

SrgZngGesg (A), and BaGayeSiz (@).
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FIG. 8. Temperature dependence of the Seebeck coefficient and

resistivity of SgZngGesg.

behavior?® although these clathrates are typical crystalline

materials.

The thermal conductivity of $ZnsGe;g shows a tempera-
ture profile similar to that of $GaGe;y over the whole
experimental temperatur@-ig. 9). Both SgGa¢Ge;y and
SrgZngGezg show a “resonance dip” arounid=20 K. Such a
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i SITTEEY

K

FIG. 10. Phonon mean free path ofgSe;Gesp.

temperature-dependent mean free path of phonons of
Si,Gay¢Gey, using experimental sound spedhermal con-
ductivity, and heat capacity. At room temperature, the calcu-
lated mean free path of §Ba,cGey is very short, about 5 A,
due to the efficient scattering of heat-carrying phonons by
the rattling of guests in the cages. Compared witQg,*

dip is an indication of strong resonant scattering via the guestlsGa;cGesp has a shorter phonon mean free path, indicating

vibrations at an enerdyhcw, wherec is the speed of light

that Sr in S§gGa;¢Geyg is a more efficient scatterer of acoustic

and w is in wave numbers. The estimated rattling frequencyphonons than is Na in N&iyg.

of Sr in SgZngGeys and SEGaGey, is 54 cmit usingt

The electronic thermal conductivity,, of the three clath-

hcw=3.KT, which agrees very well with that estimated from rates was estimated using the Wiedemann-Franz law,

the isotropic ADP’s discussed above.

=LT/p, whereL=2.44x 108 W ) K™2. The «, values also

Ba is more massive than the Ga and Si framework atomsgre listed in Table VII. The low electronic thermal conduc-

and Ba is similar in size to the giand Sj, cages. Therefore,

tivity in SrgGaysGeyn and BaGaySisg indicates that the lat-

there is a minimal dynamic disorder and thus not as strong #ice component of thermal conductivity is the major contri-

phonon-coupling mechanism as compared
SrgGaeSey. Hence one would predict B&a;gSizg to show
higher thermal conductivity than §a sSey, as observed.

to Sr

irbution to the thermal conduction of these clathrate materials.

For SgZngGey the comparable electronic and lattice
components of the thermal conductivity show that both

This picture is confirmed by our neutron-scattering measureelectrons and phonons play an important role in its thermal

ments, as discussed above.

conductivity.

The low thermal conductivity of these clathrates can also
be understood from the phonon mean free path using the

Debye modelx=CuvA/3. As an example, Fig. 10 shows the

10 T T

sy

SrgGaq5Gesqp

Thermal Conductivity (Wm"| K'1)

o
N

1 Il
10 100
Temperature (K)

-

FIG. 9. Thermal conductivities of B&acSiss SZNsGess,

SieGaeGesg, and amorphous Ge.

1000

IV. CONCLUSIONS

The structural parameters, thermal and transport proper-
ties of three clathrates, §ngGe;s SkGaGey and
BagGaySizo, have been determined below room temperature.
The emerging picture is that a looser fit of the guest in a
more flexible cage is associated with low-frequency rattling
of the guest atoms, and leads to higher volume thermal ex-
pansion coefficients, anomalously high low-temperature val-
ues of the Griineisen parameter, and low glasslike thermal
conductivity, dictated by short phonon mean free paths.
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