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We present first-principles transport calculations fopT8p using the linearized-augmented plane-wave
method and the relaxation time approximation. We considered the effects of hydrostatic pressure and uniaxial
stress up to 4 GPa. Doping was included for electrons and holes at levels up*tonf0 The electrical
conductivity, the Seebeck coefficient, and the power factor are derived from the calculated transport distribu-
tion. Our results for the electronic structure and the transport properties are in qualitative agreement with
experiment. Furthermore, we predict a large increase in the power factor under applied uniaxial stress.
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[. INTRODUCTION Our calculations provide detailed information about the

Compounds of bismuth, antimony, and tellurium are therelationship between the changes in the electronic structure
best thermoelectric materials known yet for applications at oand the changes in the transport coefficients induced by pres-
below room temperature. These materials have been invessure. Furthermore, we find that under uniaxial stressT&b
gated and optimized intensively? Much effort has also metallizes at much lower pressures than under hydrostatic
been made to discover new thermoelectric materials that exstress and that the Seebeck coefficient for this metalized
hibit even better properti€s® Pressure tuning may provide a semiconductor is much higher than typically observed for
means to guide the search for improved thermoelectrienetals.
materialst®~13At room temperature, pressure-tunedoped

Sb, sBigsTe; at about 2 GPa exhibits a value AT that is at Il. THEORY
least double its value at ambient presstfréhereby,Z T is . o o
the product of the thermoelectric figure of me#t,and tem- The group velocity, which is the derivative of the band

peratureT. This provides a “proof of principle” thatZT  energye, with respect to the wave vector, is a key quantity

values higher than the current record of approximately 1 aréor the calculation of transport properties and is often evalu-

possible. It is important to develop an understanding of theated numerically. If the expression foris rewritten to in-

origir! of_ this_ much improve(ZT,_ which may provide ve_llu- clude the momentum operatpy

able insight into the search for improved thermoelectric ma-

terials at ambient pressure. . loe 1
The electronic structure of a material plays a dominant UTE = m

role in its transport properties. During the last decadbe JK

initio band-structure calculations have been reported for anransport properties can be calculatedatyinitio methods.

timony te”‘gﬁ'g’_el; bismuth tellunde! and o_ther_ basic Here, Kk is a wave vectorlk) is the corresponding electronic
compqund&.' However, the _deta||ed contributions of state, andn stands for the electron mass. The details of this
specific features of the electronic structure to the transporé1 proach can be found in Refs. 19 and 20. The matrix ele-
properties remain undetermined. Just recently, a code h;?'éaent in Eq.(2.1) is called theoptical matrix elemenéand is
been developed in addition to tkeEN2K density functional implemented in thevien2k code within the optic packad@.
codé® that allows the calculation of transport coefficients BY Once this matrix element is known transport properties such
means ofb initio methods.”*Motivated by the experimen- as the Seebeck coefficie®} the eléctrical conductivity,

tal observations of the doublmg_ @T under pressuré;, we and the electronic part of the thermal conductiviky=
calculated the transport properties of,®& under pressure —TeSS can be calculated:

and uniaxial stress using this code. The material used in the

experiment is an antimony-rich alloy of antimony telluride af, .

and bismuth telluride (ShBi,<Te;). Calculations for this o= e?> <—¥> Tk UkVk » 2.2
material would be preferable, since the alloy disorder is of .

N
(klp [k)=—p, @D

importance for both the electrical and thermal conductivity.

However, supercell calculations withiEN2K are numerically S=ekg o1, (_&_fo) Tk VUK Ek_'“,

very intense, especially if optical properties are considered. k Je kgT
Therefore, we have calculated the electronic structure and (2.3
transport properties for $ibe;. The alloy properties are 5

likely to be between the properties of Sle; and B, Tes, but - szz ( _ ‘9_f0> S €k M .
closer to those of Siie;. Nevertheless, supercell calcula- 0 B g 23 KKK ke T

tions of the alloy might be practical in the near future. (2.9
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Here, 7, and f, denote the relaxation time and the Fermi crystal structure and the first Brillouin zone can be found in
function, respectivelye denotes the electronic chargles Ref. 15.
Boltzmann’s constanty the chemical potential, and the All calculations were performed within the full-potential
temperature. linearized-augmented plane-wa€P-LAPW) method as
Several approximations for the scattering are possibleimplemented in thenviEN2K code!® Here 1083 basis func-
however, therelaxation time approximationis most com- tions were used, corresponding toRK,., value of 10,
monly used. Within this framework further approximations where the muffin-tin radii have been chosen to be 2.7 a.u. for
can be made; the simplest one assumes constahhis is Sb and Te. The potentials and charge densities were repre-
reasonable for transport properties since they include the deented by 13 404 stars in the interstitial region and by spheri-
rivative of the Fermi function. The magnitude of this deriva- cal harmonics up td. =6 within the muffin-tin spheres. For
tive is significant only within a small energy window of Byrillouin-zone (BZ) integrations, 100k points within the
about 1&sT (e.g.,~0.26 eV forT=300 K) near the Fermi whole BZ were used during the self-consistency cycle. Con-
energy and most likely does not vary much over this inter- vergence tests for the transport properties showed that at

val. However, we should keep in mind that this approacheast 75 000k points in the entire BZ had to be included
neglects dependences of the relaxation time on quantiti€gnen the optical matrix elements are calculated. Exchange
such as momentum, position, or the band index. and correlation effects were accounted for by the generalized

All the material-dependent properties in Eq8.2~(2.4  gragient approximation parametrized by Perdew, Burke, and
gan be combined to give the so-called transport dlstrlbuuorgmzerhofga Spin-orbit coupling was included, except for the
=(e) (Ref. 22: calculation of the atomic forces and relaxation of the atomic

positions.
E( e)=2 T Jka S(e—€y), (2.5 A constant relaxation time was used for all calculations
K of transport properties. It follows from Eq&.5 and (2.7)

wheres(e— ¢€,) denotes the delta function. Transport coeffi- that for this particular choice of the Seebeck coefficient is
cients such as$, o, and i, can then be derived from the independent of the relaxation time and thus the scattering
material-dependent transport distribution by performingmechanism. Doping was treated within the rigid-band ap-
material-independent operatiorE(e) contains all of the in-  Proximation and the temperature dependence of the band
trinsic information about the materials transport propertiesstructure was neglected.
and is therefore the quantity of interest.

Now, all transport coefficients can be rewritten to include

the transport distribution. Using an integral over the energy IV. RESULTS AND DISCUSSION

instead of dz-point sum, Eqgs(2.2—(2.4) become A. Total energy and band structure
ofq Starting from the experimental valu&swe determined
o= ezf de (— —) E(e), (2.6)  the total energy for 312 different values of the hexagonal
de lattice parametera andc. For each point the atomic forces
pr _ were relaxed. The resulting energy surface was then fitted to
0 M : : - :
S=ekg a—lf de (_ _) Z(e) , third-order polynomials of the lattice parameters. From this
de kT fit, we determined the values for hydrostatic pressure and
(2.7) uniaxial stress in terms of the hexagoraland c lattice
oto e ]2 parameters. ' . _
Ko= kéTf de (_ _) E(e) The hydrostatic pressure was found to increase linearly
de keT with decreasing volume over the region of interest. For struc-
(2.8 tures under uniaxial stress, a force was applied to shrink the
For the analysis of the Seebeck coefficient it is convenient tthexagonat lattice parameter and thereby letting tkattice
introduce the quantity parameter relax i. e., expand. Uniaxial stress, volume,aand
depend linearly orc in the region of interest. Numerical
x:eka de ( _ ’7_f0> E(e) €K 2.9 values fora andc, as well as the relgtiv_e atom positions for _
de kgT ' Sb and Te under pressure and uniaxial stress, are given in
since it includes the same integral as the Seebeck coefficien-E"lbIe .

We also calculated energies along a commonly used path
in the BZ that includes the maximum of the valence band
IIl. COMPUTATIONAL DETAILS and the minimum of the conduction band. Figure 1 displays
the band structure for Sibe; with and without spin-orbit
We used the rhombohedral setting for the unit cell ofcoupling. The results show that spin-orbit coupling is indeed
Sb,Tes, which has three inequivalent atoms per cell and fivenecessary to describe the material correctly. Without spin
atoms in total. This material crystallizes in a five-layer struc-orbit coupling a direct band gap is foundIat By including
ture (Te-Sb-Te-Sb-Tewithin the D3, (R3m) space group. spin-orbit coupling the valence-band maximum is found at a
For convenience the hexagonal unit cell with lattice param+ion-high-symmetry point along the lide-a and the conduc-
etersa and c is often used. Pictorial representations of thetion band minimum occurs along the liheZ, in agreement

however, it does not include-.

085201-2



THERMOELECTRIC PROPERTIES OF $be; UNDER . . . PHYSICAL REVIEW B 68, 085201 (2003

TABLE |. Hexagonal lattice parameteasandc in a.u., as well
as relative atom positions of Te and Sh, under pressure and uniaxial
stress in GPa. The corresponding experimental values at ambient
pressure aréRef. 24 a=8.0578 a.u.h=57.5573 a.u., Sb position
=0.3988, and Te position0.7869.

Pressure 0.0 1.0 2.0 3.0 4.0

Energy [eV]

Hydrostatic a 8.2199 8.1644 8.1123 8.0630 8.0162 \
c 58287 57.893 57.524 57.174 56.842 %
Sb 0.3977 0.3982 0.3987 0.3990 0.3993 s &
Te 0.7864 0.7876 0.7887 0.7895 0.7903 U a r 2z F
Uniaxial a 8.2199 8.2885 8.3620 8.4412 8.5265
¢ 58.287 56.981 55.649 54.286 52.887 FIG. 2. Band structure of Sfe; under 0 and 4 GPa of uniaxial
Sb 03977 0.3985 0.3987 0.3994 0.3998 Stress.
Te 0.7864 0.7879 0.7886 0.7897 0.7908

The energy gap calculated from the DOS is 0.278 eV at
zero pressure, which is in excellent agreement with the pub-
with Ref. 10. This multivalley band structure, which is re- lished value of 0.28 e¥2 However, in consideration of the

sponsible for the excellent thermoelectric properties, is a redsual u.nderestim.ation of energy gaps.calcula'ted with the
sult of spin-orbit coupling. If these relativistic effects are 9€neralized gradient approximation, it is possible that the
neglected, a single-valley valence-band maximum and g1atch is coincidental. As a result of the general shift of the

single-valley conduction-band minimum, occurringlatare DOS the gap changes little un(.jer.hydrostatic pressure. This
found is in contrast to the case of uniaxial stress, where the band

The band structure at 0 and 4 GPa of applied uniaxiaP2P dgcrgases with increasing stress SO that at abou_t 2.5GPa
stress is shown in Fig. 2. As a result of the large changes iff'étalization occurs, supporting the idea of ltskevich and
the band structure under pressure, large changes in the rafiQ-workers.*
port properties can be expected.

C. Transport distribution

B. Density of states The DOS provideg the engrgies of electronic states, but

, , does not provide any information about how these states con-

We also calculated the behavior of the density of stategjte tg the electronic transport. We calculated the transport
(DOS) under pressure and uniaxial stress, and the results afstribution as defined in Eq2.5) for a range of values of

depicted in Fig. 3. In general, for hydrostatic pressure, they,jieq pressure and uniaxial stress. Results forthand
overall change in the DOS is a small shift toward IowerZZ component are shown in Fig. 4 over a wide range of

energies. Uniaxial stress, however, produces a redistributiognergy For symmetry reasons thg component is equiva-

of the electronic states, which brings more states from lowey, . to thexx component. The anisotropy of the material is
energies closer to the Fermi energy. The peakiin the DOS vident from the transport distribution, information that can-

around—o.e eV for 0 GPa vanishe; in favor of a.higher not be extracted from the DOS. The DOS counts all the
density of states around 0.2 eV for higher stress. This cor-

responds to changes along several lines in the band structure
depicted in Fig. 2 and is most obvious along the lihes

Hydrostatic Pressure

andU-a. Furthermore, bands crossing the Fermi energy are%
present after metalization occurs at 2.5 GPa. g -
©
< kA
— with
- without SO ’} 8
P TN 7 ar
. S
> s}
= QD |
2 s
w kAl
%))
ol i
a S 0
-2 -1.5 -1 -0.5 0 0.5 1 15 2
Energy [eV]
FIG. 1. Band structure of She; with and without spin-orbit FIG. 3. DOS of ShTe; for O up to 4 GPa. The energy is plotted
(SO coupling. with respect to the Fermi energy.
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states available at a certain energy, wisge) includes only
those states that contribute in a significant way to the trans,
port process in a given direction.
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FIG. 6. xx andzz component oE(¢), o, N, andS for Sh,Te;
under 0—4 GPa of uniaxial stress aheF 300 K. Negative doping
concentrations denote hole doping. The value dfgT0for room
temperature is depicted for reference.

0.01

o [1/uQ cm]

different values of pressure and stress. In general, in all cases
the valley structure oE(e€) steepens around the Fermi en-
ergy. However, under uniaxial stress there are steeper slopes
at positive and negative energies, whereas in the case of
1.2 hydrostatic pressure only the slope for positive energies in-
-4 creases. These observations can be connected to the change
in the DOS, as mentioned above. In particular, note the simi-
larity of thezz component oE(e) and the DOS for uniaxial
stress. This is a result of the shrinking of tbeaxis under
uniaxial stress.

X [A/K cm]

S [LV/K]

D. Electrical conductivity

The electrical conductivity can be readily derived from
5x10® 0 5410 5x10® 0 5x10™ the transport distribution. We calculatedfor a wide range
of values of the chemical potential corresponding to vari-
ous doping levels. Results for a temperature of 300 K are
FIG. 5. xx andzz component of£(e), o, X, andS for Sb,Te; plotted in Figs. 5 and 6. The relaxation time was fitted to
under 0—4 GPa of hydrostatic pressure and300 K. Negative 1.082X 10 12 sec, so that the intrinsiex component of the
doping concentrations denote hole doping. The value &§TGor conductivity for ambient pressure and zero doping equals the
room temperature is depicted for reference. experimental valué® Note that the calculatezizcomponent

Doping [1/cm3]
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representation, the strong increase of conductivity and its

_ L 002 : independence of doping under uniaxial stress can be seen
g% - 51 more clearly.
a *g B Jooil | The increase of conductivity is in agreement with experi-
§_5 ‘ ment; however, to compare our results, it is important to
BTt = understand the experimental setup as described in Ref. 14.
L The experiments were performed on polycrystalline sections
0 . . . .
0 1 2 3 4 of Sh; sBigsTe; compressed in a diamond anvil cell sur-
T~ T 1 T~ 1] [T 1 7 1] rounded with monoclinic Zr@ A substantial uniaxial stress
T r - 08F = component is induced by this nonhydrostatic medium. There-
é}’c_“ L Jdosk ] fore, the experiments represent an average over various crys-
23k - 0.4 N tallographic directions and stress components. The experi-
iy ey . mental maximum in the thermoelectric power appears to
oo 702 ] correlate with the pressure at which the Znm@edium likely
S : o begins to flow and therefore decreases the uniaxial stress

Pressure [GPa] component. Thus, it is experimentally observed that the de-
tails of the stress components have a large impact on the

FIG. 7. xx and zz component ofo for Sb,Te; under pressure. fthermoelectric power and conductivity

The curves correspond to different doping levels given in units o
10*¥/cm?. Under uniaxial stress the curves are almost indistinguish-

able. E. Seebeck coefficient

We also calculated the Seebeck coefficient from the trans-
N ) port distribution. Results for thex andzz component at 300
for these conditions exactly matches the experimental valugg gre plotted at various doping levels in the bottom graphs of
which illustrates the rellablllty of the code used. F|gs 5 and 6. In accordance to reported VaﬁmZZ com-
According to Eq(2.6), o is the integral over the transport ponent is, in general, somewhat larger than xtecompo-
distribution multiplied by the derivative of the Fermi func- nent. It can also be seen that the Seebeck coefficient in al-
tion. SinceZ(e€) generally increases under pressure, the conmost all cases decreases under pressure. Furthermore, the
ductivity shows the same effect. Note that both negative andecrease under uniaxial stress is much more pronounced than
positive energies, with respect to the chemical potential, conander hydrostatic pressure.
tribute toward the increase of conductivity because the de- The behavior of the Seebeck coefficient can be under-
rivative of the Fermi function is a symmetric function. The stood better by looking at the quantity as defined in Eq.
doping behavior ofr can also be understood with the help of (2.9. Like the conductivity,X is an integral over the trans-
its integral definition: By shifting the chemical potential to port distribution multiplied by the derivative of the Fermi
either the left or right of the Fermi energy, the area under théunction. However, in addition the integrand is multiplied by
transport distribution increases. Thus, the conductivity inthe term €— ), which is an asymmetric function. Thus,
creases, in accordance with the physical picture of dopingontributions of the transport distribution from negative and
and conductivity. positive energies with respect fo can cancel each other, in
There are significant differences between the conductiviticontradiction to the conductivity, where they always contrib-
in the SBTe; planes and perpendicular to the them, as wellute with the same sign. We have plottedn Figs. 5 and 6.
as under hydrostatic pressure and uniaxial stress. It can be For hydrostatic pressurs almost does not vary under
seen that, in general, the conductivity in the planes is largepressure, which is a result of the canceling mentioned above.
than the conductivity perpendicular to them, in agreemenfrhe behavior of the Seebeck coefficient now follows natu-
with experiment® Note that o in the zz direction under rally by calculating it asS=X/o for each component. It is
hydrostatic pressure does not have its minimum for the inobvious that the decrease in the Seebeck under hydrostatic
trinsic material. This is evident from the asymmetry of thepressure originates mostly in the increase of the conductivity.
transport distribution around the Fermi energy. Further, notét also follows that the Seebeck coefficient in ttedirection
that the conductivity under uniaxial stress is much largethas a nonzero value for the intrinsic material, since the zero
than under hydrostatic pressure. This difference in the conerossing ofX is not at zero doping.
ductivities can directly be seen frof(e) and results from The situation is similar for applied uniaxial stress. For the
the metallization under uniaxial stress. Also, as expected foxx direction, the large increase of conductivity explains the
a metal, the relative variation o with doping becomes large decrease of the Seebeck under pressure besaics=s
smaller as the uniaxial stress increases. The range for thet increase enough to counteract this trend. This is evident
chemical potential necessary to produce the same dopinfjom the transport distribution, which is rather symmetric
range becomes smaller under uniaxial stress i.e., as the maith respect to the Fermi energy. For the direction, how-
terial becomes more metallic. ever,N changes on a much bigger scale compared tocthe
We determined the conductivity under pressure and stregdirection, which can directly be related to the asymmetry of
for five different doping concentration&ig. 7). As previ-  E(e) around the Fermi energy. It is interesting to see that
ously discussedeg always increases under pressure. In thisunder uniaxial stress the conductivity increases as expected
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FIG. 8. xx and zz component ofS for Sh,Te; under pressure. FIG. 9. xx and zz component ofcS? for Sb,Te; under 0—4
The curves correspond to different doping levels given in units ofGPa. Curves are depicted for a temperature of 300 K.
10 e,

group velocity, keeping a fairly symmetric shape of the trans-

during metallization; however, a not-negligible Seebeck coPOrt distribution around the Fermi level.
efficient remains, which is not typical for metals. The special
change in the transport distribution under stress makes this
possible.E(€) increases for negative energies due to an in-
creased DOS, as can be seen in Fig. 3. However, at the same The transport coefficients of $be; show a rich behavior
time v-v does not decrease. For positive energies, theéinder pressure. Using a combination of first-principles elec-
change with stress is much smaller; tfE&) becomes more tronic structure calculations and the relaxation time approxi-
and more asymmetric. The combination of these two effectgnation we obtained a theoretical evaluation of the coeffi-
results in a transport distribution that allows a relatively highcients that is relevant for thermoelectric applications. The
Seebeck coefficient for a metal. transport properties are strongly dependent on the type of

Figure 8 gives the Seebeck coefficient plotted over presstress applied to Shie;. While hydrostatic pressure has a
sure for different doping concentrations. The general demodest effect on the transport coefficients, uniaxial stress
crease ofS with pressure is obvious. Additional points were applied perpendicular to the planes of the layered structure
inserted between zero and 1 GPa and small peaks show upsibstantially improves the power factor of the material. The
about 0.75 GPa, most pronounced for a doping of 2.3ystem becomes semimetallic while the transport distribution
X 10%cm?® in the zz direction. It can also be seen that remains asymmetric near the Fermi level. As a result, the
uniaxial stress can change the type of the thermoelectric malectrical conductivity becomes larger while the Seebeck co-
terial in thezz direction making am-type thermoelectric out  €fficient remains substantial, which is unusual, since higher
of a p-type one.

V. CONCLUSIONS

XX zZ

Nﬁ—'""""—1500—""""'—

- | L — 5.0|]

F. Power factor < 0 112501 --- 25(]

. . E.Q C —{1000 |- — 00H

From the data for the electrical conductivity and the See- = ®L J 70 -

. o L \ il i

beck coefficient the power facterS? can be calculated. Re-  Z3[ Js00f <o — ]

sults for thexx andzzcomponent at 300 K are plotted versus “tp 2L - JoogoL TR J
the doping level in Fig. 9. Results for the power factor versus Lt ol

pressure and stress are depicted in Fig. 10. 0 1 2 38 4 0

The metallization observed under uniaxial stress at 2.5
GPa produces a redistribution of the electronic states bring- g

ing more states from lower energies closer to the Fermi level £ [
as can be seen in the DOS in Fig. 3. These new states clos¢ 5-3|

—

to the Fermi level have a group velocity that is not dimin- U
ished because of the reordering, offering an important con-
tribution to the conductivity and still maintaining a reason-
able value for the Seebeck coefficient. As a result, we can see

in Fig. 10 a big increase of the power factor in thedirec-

Uniaxi

3000

2000

1000

0

Pressure [GPa

FIG. 10. xx andzz component of the power factor for gke;

tion. This is not the case for the in-plane direction where thaunder pressure. The curves correspond to different doping levels
increase of the DOS is counterbalanced by a decrease in tly@en in units of 18%cnr.
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electrical conductivity usually corresponds to a lower Seestresses and pressures can be “locked in” to suitably nano-
beck coefficient and therefore to a decrease in the devicstructured or microstructured materials that can be utilized at
performance. However, the device performance is also influambient pressuré:?’ Such an approach might allow for
enced by the thermal conductivity, which is the sum of twostress tuning of Sie; and its alloys to improve their ther-
parts: the electronic contribution to the thermal conductivitymoelectric properties. Ghoshat al. find that there is en-
and the lattice thermal conductivity. Accordingly to the hanced thermoelectric cooling at cold junction interfaces that
Wiedemann-Franz law, along with the increase in the electritixely have a substantial uniaxial stress comporfér@ur
cal conductivity there will be a proportional increase in theresyits may also inspire efforts to chemically tune semicon-
turn, decreases the device performance. The change of the | view of the differences between the stress conditions of
lattice thermal conductivity under stress cannot be predictethe present calculations and the experiments in the diamond
within our ab initio method. Therefore, although the power anyi| cell, the changes in the transport coefficients under
factor becomes larger under uniaxial stress, the thermoelegtress are in qualitative agreement with experiment. The ex-
tric figure of merit may not increase. . periments were done on polycrystalline alloys, and the stress

In our analysis we stress the importance of using thgonditions were neither purely uniaxial nor hydrostatic.
transport distribution to study the effects of electronic struc-stress applied to different crystallographic orientations will
information on the energy distribution of the states. It lacks hehavior. It would be valuable to perform transport measure-
however, any information on the contribution of these stategnents on oriented single crystals of pure antimony telluride
to the transport. This is evident from the differences inxke and antimony bismuth telluride a"oy for Comparison with
andzz components ofr, S, andoS’. HereE(e) accounts  the present calculations as well as calculations on different
for the directional dependence of the group velocity and igrystallographic orientations.
therefore the quantity of interest.

Perhaps the most significant conclusion from our calcula-
tions is that it is possible to have a large Seebeck coefficient ACKNOWLEDGMENTS
together with metalliclike conductivities for a semiconductor
such as Sfire;. It has not, in general, been realized that such This work was funded by NFS Grant No. DMR-02-
high values for the Seebeck coefficient are possible for semB5125. Furthermore, it was supported in part by the Materi-
conductors near an insulator-metal transition that have suchls Simulation Center, a Penn-State MRSEC and MRI facil-
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