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Transport properties of polycrystalline type-I Sn clathrates
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Thermal conductivity, resistivity, Seebeck coefficient, and Hall measurements on polycrystalline Sn-clathrate
compounds with the type-I hydrate crystal structure are reported. Interstitial alkali-metal atoms in these com-
pounds reside inside polyhedral cavities formed by the tetrahedrally bonded Sn network atoms. Localized
disorder associated with ‘‘rattling’’ motion of these interstitial atoms contributes to the low thermal conduc-
tivity of these semiconducting compounds. The Hall coefficient and resistivity for some compounds exhibit
nonmonotonic temperature dependences consistent with a crossover with decreasing temperature from
conduction-band to impurity-band conduction. The carrier mobility is found to be low even in the absence of
interstitial atoms within the Sn framework, suggesting a large effective mass and/or scattering rate. We discuss
the properties in the context of potential thermoelectric applications.
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INTRODUCTION

Semiconducting compounds with a clathrate hydrate-t
crystal structure are of growing interest as potential therm
electric materials. Transport properties of semiconduc
type-I Si and Ge clathrates reveal low thermal conductiv
values along with relatively high Seebeck coefficients a
electronic conductivity.1–3 The crystal structure of thes
clathrate compounds consists of a framework of group
atoms having several polyhedral ‘‘cages,’’ each of which c
incorporate relatively large ‘‘guest’’ atoms. The thermal co
ductivities for some of these crystalline compounds ha
temperature dependences and magnitudes similar to th
amorphous materials.1–5 This unusual behavior of the the
mal transport for the group-IV clathrates~as well as for
clathrate hydrates6! is attributed to guest-host interaction
whereby the localized guest vibrations interact strongly w
the host acoustic modes.4,5,7,8 The guest translational vibra
tion ~or ‘‘rattling’’ ! frequencies increase as the size diffe
ence between guest atom and host polyhedra decrease
flecting the stronger restoring forces acting on guest ato
The experimental trends in thermal conductivity are sim
to those found in the skutterudite material system9 and are
most interesting in terms of thermoelectric applicatio
They indicate that semiconductors with good electro
properties can be synthesized with ‘‘glasslike’’ thermal co
ductivity.

Sn-clathrates may be of particular interest for thermoe
tric cooling applications. Theoretical calculations o
‘‘empty’’ type-I and type-II Si-clathrates~Si46 and Si136, re-
spectively! indicate a band gap of almost 2 eV, substantia
larger than that of diamond-structured Si~1.1 eV! and a con-
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sequence of the open clathrate structure.10 Recent band struc
ture calculations suggest this band gap opening also oc
in the case of Sn-clathrates, with type-I alkali-metal co
pounds being semiconductors.11 Sn-clathrates may therefor
be synthesized to possess narrow band gaps, a prereq
for thermoelectric cooling materials.12 The transport proper-
ties reported here indicate that the Sn compounds are
ventional semiconductors, with guest atoms contributing
an impurity band.

With very few exceptions2,3,13–15most of the work thus
far on the transport properties of these types of compou
has focused on Si or Ge as the framework atoms. In
work we investigate the transport properties of several
clathrates with the type-I hydrate crystal structure with t
aim of investigating their potential for thermoelectric app
cations.

SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

The basic structural and chemical properties of the
clathrates synthesized for this report are shown in Tabl
The cubic unit cell of the type-I Sn-clathrates (Pm3̄n) are
made up of two different types of polyhedra, two Sn20
dodecahedra, and six Sn24 tetrakaidecahedra. The Sn fram
work atoms form bonds in a tetrahedral arrangement;
polyhedra are covalently bonded to each other by sha
faces. The alkali-metal atoms are entrapped inside th
polyhedra. This interesting structural arrangement is cen
to the interesting transport properties observed for th
compounds.

Sample preparation varies from quite simple—one ne
©2002 The American Physical Society01-1
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TABLE I. Sn-clathrates prepared for this report indicating the atomic percentages from electron
microprobe analysis, the lattice parametera0 , in Å, the grain sized of densified polycrystalline samples i
microns, measured densityDmeasin g/cm3, theoretical x-ray densityD theory, in g/cm3, and the Hall number at
room temperature,nH , in units of 1019/cm3.

Compound Elemental at. % a0 d Dmeas D theory nH

Cs8Sn44 15.6Cs/84.4Sn 12.105 13 5.38 5.89 4.6
Rb8Ga8Sn38 14.9Rb/14.9Ga/70.2Sn 11.947 21 4.62 5.60 1.7
Cs8Zn4Sn42 14.6Cs/7.5Zn/77.8Sn 12.125 11 5.56 5.88 4.1
Rb8Zn4Sn42 14.3Rb/7.2Zn/78.5Sn 12.112 7.0 4.55 5.55 4.8

Cs8Zn4Sn37Ge5 14.7Cs/7.5Zn/8.4Ge/69.4Sn 12.068 7.7 4.85 5.75
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only look at the Cs-Sn phase diagram to prepare Cs8Sn44
~Ref. 16!—to more involved. A general approach that h
resulted in phase-pure specimens consists of mixing h
purity elements in an argon-atmosphere glovebox and t
reacting the products for 4 weeks at 550 °C inside a tung
crucible sealed inside a stainless steel canister. The can
was evacuated and backfilled with high-purity argon bef
sealing. The resulting compound consisted of small octa
dral crystals with a shiny, black metallic luster. The structu
and chemical properties of these phase-pure specimens
analyzed by powder x-ray diffraction~XRD! and Rietveld
refinement, single-crystal XRD on small single crystals, a
optical metallographic and electron-beam microprobe an
ses. A detailed description of the synthesis approach
structural analyses have been reported elsewhere.14,15 For
transport measurements these compounds were groun
fine powders and hot pressed inside a graphite die at 38
and 2.13104 psi for 2.5 h in an argon atmosphere. The h
pressed pellets were cut with a wire saw in the shape
parallelopiped 23235 mm3 in size.

Four-probe electrical resistivity~r!, steady-state Seebec
coefficient ~S!, and steady-state thermal conductivity~k!
measurements were performed in a radiation-shiel
vacuum probe ‘‘dipper’’ or inside a closed-cycle refrigerat
Heat losses via conduction through lead wires and radia
were determined in separate experiments and the data
rected accordingly. These corrections were 15%–20% n
room temperature and,5% at T,120 K. The Hall coeffi-
cient (RH) was measured using a 16-Hz Linear Resea
bridge in conjunction with a cryostat equipped with a 5
superconducting magnet. Hall resistance was taken in b
positive and negative magnetic fields to correct for any m
alignment of the Hall probes. The advantage of the ac te
nique is that it compensates the thermal emf generated w
the specimen. Care was taken to polish the specimen su
well before making electrical contact to prevent unwan
conduction from surface defect states.

RESULTS AND DISCUSSION

Figure 1 shows the lattice thermal conductivitykg as a
function of temperature of five polycrystalline compoun
with type-I crystal structure along with data onn-type
InSb.17 Thermal conductivity for some of these compoun
has been reported previously.2,13–15From the measured val
ues ofk andr we employ the Wiedemann-Franz relation
16520
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estimate and subtract the electronic componentke , thus
computing the lattice contributionkg5k2ke ~ke5L0T/r
with L052.4431028 V2/K2!. The data are also correcte
for porosity for the relatively porous polycrystalline spec
mens~see Table I!. Thekg of the Cs8Sn44 specimen exhibits
a sharp maximum atTmax;10 K and an approximately 1/T
dependence forT.Tmax, both typical of crystalline insula-
tors; the high-T behavior is characteristic of phonon-phono
scattering.kg for both Cs8Zn4Sn42 and Rb8Zn4Sn42 also de-
creases with increasing temperature forT.Tmax, however,
not as strongly as for Cs8Sn44, andTmax is shifted to higher
T, presumably due, in part, to mass-fluctuation disorder s
tering of the phonons.

Theoretical,8 structural information,14,15 and optical
measurements18 corroborate the hypothesis that resonant
teraction of guest-host atom vibrations is a mechanism forkg
suppression, suggesting a simple interpretation of the dif
ences inkg for these compounds. First, consider Cs8Sn44 and
Cs8Zn4Sn42. Both have Cs atoms in cages: however, t
former compound has two Sn vacancies per formula u
The additional bonding between the Cs and Sn atoms ne
boring the vacancies in Cs8Sn44 constrains the displacemen
of Cs atoms in the tetrakaidecahedra, as revealed by re
temperature-dependent neutron scattering data.15 These data
indicate a large thermal motion for Cs in the tetrakaideca
dra of the Cs8Zn4Sn42 compound, but a thermal motion fo

FIG. 1. Lattice thermal conductivity for type-I Sn-clathrate
from 5 to 300 K. Data for InSb are plotted for comparison.
1-2
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TRANSPORT PROPERTIES OF POLYCRYSTALLINE . . . PHYSICAL REVIEW B 65 165201
Cs that is similar to that of Sn in the Cs8Sn44 compound. We
therefore conclude that the additional atomic displaceme
are the source ofkg suppression in Cs8Zn4Sn42 relative to
Cs8Sn44. Rb atoms are smaller than Cs atoms, and thus
expected that Rb will ‘‘rattle’’ more freely inside the polyhe
dra formed by the~Zn,Sn! atoms. These localized vibration
may provide more prominent phonon scattering that is
flected in the still lowerkg of Rb8Zn4Sn42. While the en-
hanced thermal motion of the Cs and Rb atoms in th
Sn-clathrates appear to diminishkg , the effect is not as grea
as that caused by the Sr motion in Sr8Ga16Ge30 where the Sr
vibration frequencies lie in the range of the acoustic phon
and result in a ‘‘glasslike’’ temperature dependence
kg .1–5,7,8,13,18,19

Figures 2–4 showr(T), RH(T), andS(T) for several of
the samples. All of the Sn-clathrate specimens examined
n-type Hall coefficients that were independent of appl
magnetic field in the range 0.5–5 T within the error of t
measurements. Given these observations, a single-band
ture appears applicable to then-type compounds. The
Cs8Zn4Sn37Ge5 compound had a positive Hall coefficien
that was strongly field dependent, suggesting contribution
RH from more than one band.

Evidence for impurity-band conduction at lowT is pro-
vided by the observation of variable-range-hoppi
behavior,20 r(T)5r0 exp@(T0 /T)1/4# below T525 K for
Rb8Ga8Sn38, Rb8Zn4Sn42, and Cs8Zn4Sn37Ge5 ~Fig. 2!,
with T052.663103, 2.743103, and 1.343105 K and r0
55.9231021, 8.8831021, and 1.5831023 V cm, respec-
tively. The considerably largerT0 and smallerr0 for p-type
Cs8Zn4Sn37Ge5 in comparison to values for then-type com-
pounds reflects the different properties of acceptor and do
impurity bands.

The nonmonotonic temperature variation ofRH observed
for three of the specimens is characteristic of a transit
from the band conduction at highT to impurity-band con-
duction at low T.21 A maximum in RH occurs when the
impurity-band and conduction-band conductivities beco
equal. We find that the simplest model capable of reprod
ing the features of all the transport data self-consistently c
sists of a parabolic conduction band and a lower-mobi
impurity ‘‘band’’ ~approximated as a discrete level! with do-

FIG. 2. Resistivity vs 1/T1/4 for Rb8Ga8Sn38 ~open triangles!,
Rb8Zn4Sn42 ~solid squares!, and Cs8Zn4Sn37Ge5 ~open circles!.
Solid lines are linear-least-squares fits of the data forT,25 K, with
parameters described in the text.
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nor densityNd at energy«d below the conduction-band edg
~inset, Fig. 3!. In the limit D@kBT ~D being the gap energy!
hole conduction can be ignored and the equation of cha
neutrality describing this situation can be written as22

Nd2nd5n,

nd5F11
1

2
expS h2

«d

kBTD G21

,

n5
~2mkBT!3/2

2p2\3 F1/2~h!,

Fr5E
0

` xrdx

11ex2h , ~1!

where nd is the electron density in donor states,n is the
conduction-band electron density,h5jF /kBT, jF is the
chemical potential measured with respect to the band e
andm is the band effective mass. WithNd , «d , andm em-
ployed as adjustable parameters, these equations were s
numerically for h with the Hall coefficient and resistivity
computed from

RH5
1

e

nm21ndmd
2

~nm1ndmd!2 ,

FIG. 3. Resistivity~a! and Hall coefficient~b! vs temperature for
Rb8Ga8Sn38 ~open triangles!, Cs8Sn44 ~solid circles!, Cs8Zn4Sn42

~open squares!, Rb8Zn4Sn42 ~solid squares!, and Cs8Zn4Sn37Ge5

~open circles!. The solid curves are fits to the model described in
text, and the dashed curve is for Rb8Zn4Sn42 with a VRH form for
md , with parameters from Table II. The inset depicts the ba
scheme employed in the model.
1-3
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r5
1

e~nm1ndmd!
. ~2!

wherem andmd are the conduction-band and impurity-ba
mobilities, respectively. It was assumed that the Hall con
bution from the impurity band isn type. The total ther-
mopower in this model is given by a weighted sum of t
conduction-band~S! and impurity-band (Sd) contributions,23

Stot5
Snm1Sdndmd

nm1ndmd
,

S5
kB

e S 21n

11n

F11n~h!

Fn~h!
2h D , ~3!

wheren is a constant determined by the dominant scatter
mechanism~n52, 1

2, and 0 for ionized impurity, neutral, im
purity, and acoustic phonon scattering, respectively!.

The scattering mechanism is often determined from
temperature dependence of the Hall mobility,mH[RH /r. In
the present case, however, we expect the temperature de
dence ofmH to depend more strongly on the difference in t
magnitudes ofm andmd rather than on their respective tem
perature dependences. Therefore, to simplify the simu
neous analysis of all three transport coefficients we tookmd
to be temperature independent and considered tempera

FIG. 4. Thermopower vs temperature for Rb8Ga8Sn38 ~open tri-
angles!, Cs8Sn44 ~solid circles!, Cs8Zn4Sn42 ~open squares!, and
Rb8Zn4Sn42 ~solid squares!. Solid curves are fits to the model de
scribed in the text with parameters from Table II. The dashed cu
is for Rb8Zn4Sn42 with a VRH form for md ~also see Table II!.
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dependent forms form corresponding to ionized impurity
(}T3/2), neutral impurity ~}const!, and acoustic phonon
scattering (}T3/2). We also assumedSd!S ~a good approxi-
mation forT.25 K! such thatStot'S(11nd md /nm)21. These
simplifications provide for semiquantitative agreement b
tween calculated and measured coefficients; results for
ized impurity scattering are shown as solid curves in Figs
and 4 and fitting parameters presented in Table II.

There is some disagreement between calculated and m
sured coefficients. The assumption of a constant impur
band mobility leads to a saturation of the computed resis
ity at low T and an underestimate of the measuredr for
Cs8Zn4Sn42 and particularly for Rb8Zn4Sn42. Better agree-
ment with the temperature dependence ofr for Rb8Zn4Sn42

is achieved in the calculations when a variable-ran
hopping ~VRH! form ~using the same parameters inferr
from Fig. 2! for md is employed~dashed curves in Figs. 3
and 4!. Allowing different power-law behaviors form(T) at
high and lowT allows for excellent fits to bothr and RH
throughout the temperature range for all specimens, but c
plicates the analysis of the thermoelectric properties~TEP’s!
and adds little to the physical picture with the expense
additional parameters. The calculated and measured T
are in excellent agreement for Cs8Zn4Sn42 and less so for the
other compounds. We view this as satisfactory given t
possible phonon-drag contributions to the TEP have b
neglected andm(T) has been restricted to a particular pow
law for all T.

For n52 ~dominant ionized impurity scattering! the
analysis yields m/m050.14, 0.38, 0.45, and 0.85 fo
Rb8Ga8Sn38, Cs8Sn44, Cs8Zn4Sn42, and Rb8Zn4Sn42, re-
spectively. Usingn51/2 or 0 yielded larger masses an
binding energies by a factor of 2–3, with the same values
Nd . The variation in the effective masses between co
pounds is inconsistent with charge-carrier doping in a rig
parabolic band. This is not entirely unexpected since b
hybridization from alkali-metal–Sn bonding has not be
taken into consideration. Furthermore, a modification of
conduction-band density of states associated with the di
bution of donors is to be expected24 for donor densities as
high as those inferred,Nd'(1.8– 4)31020 cm23. Some
variation in carrier density is also possible for specime
with the same nominal composition in these polycrystall
specimens. Data on single-crystal specimens would be us
in further elucidating this issue. The most reliable mass e

e

inant
TABLE II. Parameters from fits to the impurity-band model described in the text assuming dom
ionized impurity scattering (m}T3/2) and a constant impurity-band mobilitymd . The units are
Nd (1020 cm23), «d ~meV!, m ~electron masses!, and m and md at 300 K ~cm2/V s!. The second row of
parameters for Rb8Zn4Sn42 are for the same model, but with a VRH form formd .

Compound Nd «d m m md

Cs8Sn44 4 5 0.38 10 4.531022

Cs8Zn4Sn42 4 10 0.45 8.3 6.031022

Rb8Zn4Sn42 4 20 0.85 1.3 1.931023

10 30 0.85 0.7 1.331023

Rb8Ga8Sn38 1.8 3 0.14 0.6 1.031024
1-4
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TRANSPORT PROPERTIES OF POLYCRYSTALLINE . . . PHYSICAL REVIEW B 65 165201
mates come from Cs8Sn44 and Cs8Zn4Sn42, for which trans-
port properties on several specimens were measured.
comparison, the light and heavy electrons ina-Sn are char-
acterized bym/m050.02 and 0.2, respectively.25

The calculated band mobilities at room temperature
quite low, falling in the range;1–5 cm2/V s. These low
values may, in part, be due to scattering from randomly d
tributed Sn vacancies~in the case of Cs8Sn44! or Ga or Zn
atom substitutions on the 6c crystallographic site. The con
sistency of theNd values for the various specimens sugge
that Cs and Rb guest atoms donate roughly the same nu
of electrons. This number, however, is about one order
magnitude smaller than the nominal value computed ass
ing one electron per alkali-metal donor atom and using
measured unit cellNd'8/(1231028 cm3)'531021 cm23.
This discrepancy could be partly due to the compensa
effect of acceptors~substitutions or vacancies at the S
framework sites! which are neglected in the model. Altern
tively, the alkali-metal atoms may donate substantially l
than one electron due to a more covalent nature of t
bonding, suggesting these to be Zintl compounds. The va
tion in donor energies («d) may reflect different band struc
tures associated with Ga and Zn substitutions in the
framework. Including acceptors~and perhaps a contributio
from holes!, distinguishing the binding energies for Ga a
Zn, and incorporating a density of states rather than a
crete level for the impurity band are ingredients for a mo
p
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sophisticated treatment of these data within the context of
model presented. Finally, we note that a gapless semicon
tor model22 is also capable of reproducing the behavior of t
transport coefficients reported here. At present, we view
latter model as less plausible.

CONCLUSIONS

Temperature-dependent electronic and thermal conduc
ity measurements on several type-I Sn-clathrate compou
have been reported and discussed. These compounds e
low k values that are attributable to the localized disord
associated with the dynamic motion of the alkali-metal
oms. The electronic transport properties were analyzed
ploying different models and temperature dependenc
Guidance from band structure calculations would be use
in further elucidating the electronic transport in these co
pounds.
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