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We have carried out detaileab initio electronic structure calculations of a novel thermoelectric compound
BaBiTe; and its parent BiTe;, the best room-temperature thermoelectric known to date. The calculations were
carried out using the self-consistent full-potential linearized augmented plane-wave method within density
functional theory. The generalized gradient approximation of Perdew, Burke, and Ernzerhof was used to treat
the exchange and correlation potential. For both systems, inclusion of spin-orbit interaction is crucial in
understanding the gap structure near the Fermi energy. The calculated theoretical values of the gaps agree
surprisingly well with experiment. A detailed comparison of the band structures of these two compounds
indicates that the effective mass@xpressed in units of free-electron magsr both of them are highly
anisotropic and comparable in magnitude. They lie in the range 0.01-0.4. The major difference between the
two compounds is the large degeneracy of the band extremaTeiwhich is most likely the origin of its
large thermoelectric figure of merit.

[. INTRODUCTION because, for the same total carrier concentration, the concen-
tration in each pocket is smaller for larger This increases
There has been a recent revival of interest in developing &he value ofS associated with each pocket compared to the
new generation of thermoelectric materials with a superiovalue obtained for the single-band case bec&iBereases
performance to the alloys of Bie;, the currently available with decreasing pocket carrier concentration. The amount of
best thermoelectrit As a result many promising new com- increase, however, depends gnthe temperature, band gap,
pounds are emerging and in order to better understand the@ind other band parameters. If the carrier mobilities associ-
thermoelectriq TE) properties one has to carefully examine ated with each pocket are the same, then the total conductiv-
their electronic structure. One such system, BaRiTike its ity is independent ofy, but the conductivity-weighted ther-
parent compound BTe; is a narrow-gap semiconductor and mopower for the multiband case is larger than for the single-
has high thermoelectric power and low thermal conductivity,band casé.
which are necessary for a good thermoelectfidhis com- To see explicitly the effective mass dependence of the
pound consists of layers produced from segments of th&gure of merit we follow the arguments presented by Hicks
Bi,Te; structure separated by heavy Ba atoms between thand DresselahaL?sThey showed that in an anisotropic three-
layers. The underlying Bi/Te network substructure ofdimensional single-band case, when the thermal and electri-
BaBiTe, attempts to retain the high electrical conductivity cal currents travel in the same directior)( the figure of
and high thermoelectric power of Hie; while the heavy merit ZT increases with a parametBrwhich is defined by
Ba’" ions between these layers balance the anionic charge
and tend to reduce the thermal conductivity of the
phonons® 1 (2kgT\%?
Electronic structure calculations can serve an important B= ﬁ(?) (Mymym,
role in determining which materials will prove useful for
thermoelectric applications. The maximum efficierioy co-
efficient of performanceof a heating(cooling unit pro-  wherem, is the effective mass of the carriefslectrons or
duced from thermoelectric materials depends on the dimerholeg in theith direction,u, is the carrier mobility along the
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sionless figure of meriZT. transport direction, and, is the lattice contribution to the
thermal conductivity. In order to increase the value Zf
ZT=0S?TI(k + Ke), (1) large effective masses, high carrier mobility, and low lattice

thermal conductivity are necessary. Band structure calcula-
whereSis the thermopowe(Seebeck coefficiehto is the  tions can directly give us information about the effective
electrical conductivity k. is the electronic thermal conduc- mass. It has been shown that semiconductors with a band gap
tivity, and «_is the lattice thermal conductivitioften much  of approximately 1RsT best satisfy this criteriofi,a prop-
larger thank, in good thermoelectric material$ It is be-  erty which can be easily determined from appropriate band
lieved that systems with many degenerate extrema, charastructure calculations. In summary then, a detailed analysis
terized by a degeneracy parameterhave higher thermo- of the electronic structure of a semiconducting compound
electric power than those with a single extremum. This iscan give information about the gap, the degeneracies of the
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conduction and valence band extrema, and the effective mas,,
parameters, all of which play an important role in determin-
ing Z.

In this paper we investigate in detail the electronic struc-
tures of ByTe; and BaBiTg from the point of view of ther-
moelectric properties. To understand the similarities and dif-
ferences between BaBiTand BiTe; it is important to make
a careful comparison of their electronic structures. Whereas
several calculations of the electronic structure offB; have
been reported in the literatufe'® only one calculation on
BaBiTe; has been reportédo our knowledge except for a
brief report of our own work? The previous electronic
structure calculatidhof BaBiTe; could not accurately deter-
mine the size of the gap, did not include spin-orbit interac-
tions which proved essential for the calculation of the energy
gap in BiTes '™ and did not investigate the effective \ il
masses associated with different band extrema in great detail VO
Also, there has been no detailed analysis using first—w i

principles methods of how the inclusion of spin-orbit inter-
action alters the band structure near the Fermi energy in 4
Bi,Te; and how the bands rearrange to form a narrow-gap O
semiconductor. We address these questions here.

This paper is organized as follows. In Sec. Il we describe FIG. 1. Crystal structure of BTe;: (a) Rhombohedral unit cell,
briefly the method of electronic structure calculations and in(b) hexagonal unit cell. Irfb) the Te atoms are open circles and Bi
Sec. Il we give the results. In the results section the elecatoms are shaded circles.
tronic structure of the parent compound,B2;, will be dis-
cussed in detail first. This will help us isolate the important . RESULTS
features characterizing a good thermoelectric and also test
the adequacy of the currently available state of the art meth-
ods for obtaining electronic structures of narrow-gap semi- Bi,Te; and its alloys with Spre; and BpSe; have served
conductors. Then the electronic structure of BaBilwdl be  as the primary materials for thermoelectric devices for the
presented and compared with that of Bd;. These calcula- past several decadé%.??As a result, there have been many
tions will examine the nature of the bonding between Bi ancelectronic structure calculations performed on this material
Te p states and discuss the importance of spin-orbit interacto understand its propertiés'® The importance of relativis-
tion (SOI) in the gap formation. The calculated band gapstic effects, especially that of the spin-orbit interaction, has
will be compared to experimental values. The effectivebeen noted in each of these calculations. However, several
masses associated with the band extrema will be evaluatafliestions remain to be resolved in the band structure of
and compared with available experimental values. Finally irBi,Te;. For example, Thomast all? explained the physics
Sec. IV we will give a brief summary and conclusions. of the gap formation by incorporating the SOI, but were

unable to incorporate it in theab initio LAPW calculation.
Later, Mishraet al!? did include SOI in theimb initio linear
IIl. METHOD OF CALCULATION muffin-tin orbital (LMTO) calculation, but they did not ex-

Electronic structure calculations were performed using thdlore the nature of the bands that hybridiéghding to un-
self-consistent full-potential linearized augmented planecrossing near the Fermi energy. Further, none of the previ-
wave methotf (LAPW) within density functional theory OUS ab initio band structure calculations were successful in
(DFT)':LG using the genera”zed gradient approximationexplaining the nature of both conduction band and valence
(GGA) of Perdew, Burke, and Ernzeriéfor the exchange band pockets in doped systems. Therefore we felt the need
and correlation potential. The calculations were performedor further careful analysis of the detailed band structure of
using thewiEn97 package?® The values of the atomic radii Bi2Té€s.
were taken to be the same for all atoms, and each chosen so The crystal structure of BTe; is rhombohedral with the
as to fill the space between the atoms. The chosen values aspace groungd (R3m) with five atoms in the unit cef®
2.9 a.u. for BjTe; and 2.6 a.u. for BaBiTg where a.u. is the Both the rhombohedral and hexagonal unit cells are shown
atomic unit(0.52 A). Adjustment of these parameters within next to each other in Figs(d) and Xb), respectively. Along
a reasonable range showed little dependence on this varithe z direction (trigonal axig it forms a five-atom layefre-
tion. Convergence of the self-consistent iterations was perferred to as “quintuple layer leaveg'with primarily ionic
formed for 44k points for BhbTe; and 12k points for  and covalent bonding within the layer, and Van der Waals
BaBiTe; inside the reduced Brillouin zone to within 0.0001 bonding between the layet$?° These five atoms reduce to
Ry with a cutoff of —6.0 Ry between the valence and the three inequivalent atoms identified as Tel, Te2, and Bi in the
core states. Scalar relativistic corrections were added for afigure. The corresponding Brillouin zone is given in Fig. 2.
systems studied and spin-orbit interaction was incorporated The electronic structure of Bie; was calculated both
using a second variational proceddre. with and without SOI. The band structure without SOI is

A. Bi,Te,
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FIG. 2. Brillouin zone of BjTe; (corresponding to the rhombo- _ ) o
hedral unit cell. FIG. 3. Band structure of BTe; without spin-orbit interac-
tion.

given in Fig. 3 which shows a direct band gap atkthgoint  duction band minimum away from thE point to a point
of about 0.37 eV. This is about twice the value reported bypetweenl” and Z[see Fig. 48)], which we will denote asO0.
Thomaset al,'” who used the same LAPW method but a The net result is an indirect-gap semiconductor with a band
different local-density approximationLDA) exchange- gap of about 0.13 eV, in very good agreement with the pre-
correlation potential. An orbital analysis reveals that the low-viously published LMTO-ASA(atomic sphere approxima-
est conduction bandLCB) and the highest valence band tion) calculatiort® of 0.11 eV. In addition to this minimum
(HVB) arise primarily from an admixture of B and Telp  there are two higher-lying minimal (along thel'a direc-
bands. The conduction band is predominantlypBn nature tion) and c2 (along the ZF direction The direct gap be-
whereas the valence band is predominantly pellote that tweenvl andcl is 0.27 eV and that betweer? andc2 is
the Tel atoms are in the layers that straddle the Van de?.23 eV.
Waals gap. Ted states lie primarily below the HVB al- Thomaset al. have carried out optical measurements in
though there is a small amount of Te2character in the Bi-doped BjTe; and find an indirect gap of 0.150.02 eV
HVB. In the presenceof SOI the band structure near the and a direct gap of 0.220.02 eV, which agree very well
Fermi energy is dramatically altered. The main effect of SOlwith the present calculations. Shubnikov—de Haas and de
is to move the conduction band bottom down relative to theHaas—van Alphen measureméfité’ of bothp- andn-doped
top of the valence ban¢bbtained without SQldue to the Bi,Te; give sixfold degenerate valence and conduction band
different SOI's of Bi and Te so that the bottom of the con- minima. The valence band maximun? appears to be the
duction band crosses the top of the valence banid. fthe  one seen in this experiment. The effective masses associated
resulting hybridization, which leads to uncrossing of thewith bothvl andv2 along with their experimental values
bands, opens a new gap which is indirect. This point wawill be discussed in Sec. llID. In contrast to the valence
made by Thomast all? in their tight-binding parametrized band situation, the case for the conduction band is intriguing.
calculations. They pointed out, however, the need for a comThe calculated minimum is along tHéZ direction and is
plete self-consistent calculation including SOI to understandwofold degenerate. The next two higher minita andc?2
the subtle gap structure of Hies. are both sixfold degenerate and are likely candidates to ex-
In Fig. 3 (band structuravithout SOI), we see that there plain the cyclotron resonance measurement, which finds a
are two additional peaks in the HV@longT'a and ZF di-  sixfold-degenerate conduction band miniméfin®? The ef-
rectiong and two valleys in the LCRalso alongl’a and ZF  fective mass parameters associated wifh c1, and c2,
directiong which have an energy slightly lower than the va- along with the experimental values, will also be discussed in
lence band maximum and slightly higher than the conductiorSec. 11l D. If the optical measuremeftsre correct, then the
band minimum, respectively. With SOI, the shapes of thes®and structure results are amazingly good and the cyclotron
peaks are virtually unchanged, but they move closer by apresonance measurement is somehow missing the Fermi sur-
proximately 0.50 eV. The strong hybridization occurring face near thd'Z axis. One has to investigate the reason for
nearl” depresses the valence band peak to such an extent thtais more carefully. On the other hand, if they are not correct
the two valence band side peaks have now higher energy arehd the lowest gap is direct then the present band structure
they form the top of the valence bafiig. 4a]. (This hy-  calculations are not accurate enough to reproduce this rather
bridization near thé’ point is much stronger than that for the delicate gap structure near the Fermi energy isT8j. Be-
side peaks in the valence and conduction bands so the overddw we discuss a possible scenario that can explain the ob-
shift of the bands is not rigigl. The two valence band served sixfold-degenerate conduction band minimum. Also,
maxima lie on theyz plane of the Brillouin zone, which is a careful angle-resolved photoemission measurements are cur-
plane of reflection symmetry. They will be denotedwls  rently being carried out by Liu and co-workers to obtain the
(along thel'a direction and v2 (along the ZF direction  band structure of botim- and p-doped BjTe,;.®® This will
Similarly, the hybridization caused by the SOI shifts the con-help to clarify the nature of the conduction band minimum.
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@, (b ,Bip with the results of carrier scattering lifetime measureménts
and with a previous calculation of electronegativity of each
of the constituent aton¥.Finally, the Tel, Te2, and Bi va-
lences states lie approximately 10 eV below the Fermi en-

E ergy and do not play any significant role in the bonding and
transport properties.
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@ Te2p As discussed briefly in the introduction, BaBiTieelongs

to a class of compounds which are derived from theT8j
crystal structuré.The Bi/Te building blocks from Bile; are
arranged side by side in layers connected by Te atoms. The
E  heavy Ba atoms lie between the layérs® The structure of
BaBiTe; also contains T~ units which serve to connect
k the Bi/Te blocks into layers. The crystal structure of BaBiTe
is more complicated than that of Bie; and has lower sym-
- metry, orthorhombic rather than rhombohedral. The space
FIG. 4. Band structure of BTe; with spin-orbit interaction. group iSP212_121 with 40 atoms in the u,nit cefl',?’ but inter-
Included are(a) total band structure, and orbital characters of theN@l Symmetries reduce the number of inequivalent atoms to
bands:(b) Bi p, (c) Tel p, and(d) Te2 p. The sizes of the circles  (€N:Bal-2, Bil-2, and Tel-6. The crystal structures of
overlying the band structure are directly proportional to the strengtf3@BiTe; and By Te; are projected onto thgzplane in Fig. 6,
of the orbital character. the underlying local BiTes-like structures(shown by the
shaded argaexisting in BaBiTg within regions connected
As can be seen in Fig(d), thec2 minimum is about 0.08 by the Te5-Te6 chains. The Te2 and Te4 atoms lie on the
eV above the calculated absolute minimatand the mini- edges of the layer and are bonded to only one layer of Bi
mum c1 observed in cyclotron resonance measurements igtoms while the Tel and Te3 atoms are bonded to two layers
about 0.15 eV above0. Bothcl andc? have sixfold de- of Bi atoms. The Tel atom has, however, a low Bi coordi-
generacy as seen in the experiment. As discussed above, thation and is likely to behave more like Te2 and Te4. In
band structure near the Fermi energy depends sensitively d#izTe;, the Tel atom is bonded to one layer of Bi atoms and
the spin-orbit-induced shifts in the LCB and HVB obtained lies near the Van der Waals gap, whereas the Te2 atom is
in the absence of SOI. If this shift were larger by aboutbonded to two layers of Bi atoms. As a consequence the Te2
0.1-0.2 eV near thE point, then the minimum along tH&z ~ p bands in BjTe; have a lower energy and appear away from
direction could have shifted above the minimum along thethe Fermi energy. Therefore, one would expect that in
ZF and I'a directions. Also it is possible that finite- BaBiTe;, Tel, Te2, and Teg bands would act more like the
temperature effects might interchange the minima. The netelp bands in BjTe;, contributing to the valence band den-
result would have been a sixfold-degenerate conduction barglty of states near the Fermi energy, whereas pdfands
minimum as seen experimentally. A more accurate treatmenvould act more as Tep in Bi,Te;, stabilized several eV
of the spin-orbit interaction, which is the source of the subtlebelow the Fermi with very little contribution to the density of
gap structure near the Fermi energy, has to be implementedtates near the Fermi energy. Also,Bstates will contribute
perhaps using a fully relativistic Dirac theory. primarily to the conduction band. Since Te5 and Ppefiates
The orbital characters of the LCB and HVB in thees- have no counterparts in Hie;, the bands associated with
enceof SOI are given in Figs. @)—4(d), where the size of these atoms will be new features in BaBiTe
the circles that overlay the band structure plot are directly Electronic structure calculations were performed with and
proportional to the strength of different orbital characters.without spin-orbit interaction. The band structure of BaBjiTe
The Bip, Telp, and TeZ2p bands are all involved in different is much more complicated than that of,Be; due to the
amounts in the bonding near the Fermi level, but the LCBlarger number of atoms in the unit cell. We will focus, how-
has a larger amount of B character than Tefp or Te2p  ever, on the region close to the Fermi energy. Because of the
character, and the HVB has a larger Tetharacter than Bi geometry and the presence of’Bdons, the orbital charac-
p or Te2p character. This can be seen by comparing the Biers of the HVB and LCB in BaBiTgare distinctly different
p and Telp partial densities of statd&igs. 5a)—5(d)] lying  from those seen in BTe;. As a result the effect of SOl is not
above and below the Fermi level. Tel lies in the Van deras dramatic. The Brillouin zone and the energy bands with-
Waals gap, bonded to one layer of Bi atoms beltw out SOI centered in the range ef2 eV about the Fermi
above and weakly bonded to a Tel atom across the gapenergy are given in Figs. 7 and 8, respectively. The top of the
while Te2 is bonded to two layers of Bi atoms, one abovevalence band occurs at a point betwdérand Z (this top
and the other below. This results in the stabilization of thevalence band in th&€Z direction is extremely flatwhile the
Te2p bands which lie well below the Fermi level and do not bottom of the conduction band lies at the Z point. The band
play a significant role in transport. Thetype transport is gap at Z is calculated to be 0.45 eV, in good agreentteut
primarily through Bip orbitals (contributing to the lowest see below for a discussion when SOl interaction is incliided
conduction bandandp-type transport through Telorbitals ~ with the larger of the two band gaps found experimentally,
(contributing to the highest valence bandhis is consistent 0.42 eV, but it cannot explain the smaller value of 0.28 eV
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FIG. 5. Total and partial densities of states fopBi;. Included arga) total density of states, and partial density of statesBi p, (c)

Tel p, and(d) Te2 p.

also seen experimentaffyOur results agree with a previous conduction and valence bands closer togetlsee Fig. 9.
unpublished LMTO calculation which did not include spin- However, it has little effect on the position of the top of the
valence band of BaBiTewhile the bottom of the conduction
Introduction of SOI has some broad general effects, suchand moves to a point betwe&nand Z to form a gap which
as lifting the degeneracy of several bands and moving the very nearly “direct.” A careful analysis of our results

orbit interaction®®
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Bi/Te block

FIG. 6. Projection of the crystal structuresyimplane of(a) orthorhombic BaBiTgand(b) rhombohedral BiTe;. The Bi/Te blocks are
highlighted in the shaded area for BaBiTe

shows that the top of the valence band isat0, 0.32% and  position of the atoms within the layers, and with the Te5 and
the bottom of the conduction band is @, 0, 0.362%, in Te6 atoms which contribute to the conduction band predomi-
units of the primitive reciprocal lattice vectols, b,, bs. nantly. The bands contributing to the density of stai289)
This new band gap is about 0.26 eV, in good agreement witimear the Fermi energy consist of Te and@Bbands, the Ba
the smaller experimental value of 0.28 &WThere exist sev- 5p bands lying about 13 eV below and the Bd &nd 6

eral other indirect band gaps in the spectrum, such as thigands lying several eV abo¥s- . Therefore, the Bap, 5d,
0.34 eV gap between the top of the valence barddatd the and 6 orbitals contribute very little to the states near the
bottom of the conduction band betweErandA. As pointed  Fermi level, the B&" ion acting mainly as a spacer. The
out before, the direct band gap at thepoint is 0.47 eV, interesting case is that of Te5 and Te6 atoms, which connect
which is comparable to and may be identified with the largetthe Bi/Te blocks together through the Te-Te chains along the
of the experimentally observed band gaps of 0.42&We  z axis, and they have no analog in,Be;. As pointed out
unusual shape of the experimental absorption spectrum neabove, the Tep and Te6p states contribute to the bottom of
the threshold may result from the forbidderp transitions  the conduction band along with the Biland Bi2p orbitals,
when Ak=0. More accurate measurements and a detailegrimarily the former. This agrees with the “lone pair”
calculation of the optical absorption spectrum will clarify (26*) description of the Te5-Te6 states lying above the
this issue. Fermi level?

The orbital characters of the bands in the neighborhood of The nature of the charge transport in this material depends
the Fermi energy have been analyzed, but will not be showpartly on the dispersion of the bands along different direc-
to save space. It is observed that the main contribution neaions. As one can see, the dispersion albivg perpendicular
the bottom of the conduction band is associated with the Bito the B&" layers, is very small while that alongz, i.e.,

p, Te5p, and Te6p states while the Tef, Te2p, and Tedp  through the Te5-Te6 “necks,” is appreciable. One also sees
states contribute most strongly to the top of the valence bandhat there is a large dispersion in th& direction which
This is in agreement with the analogy made between thehould be similar to that seen in thg plane in BpTe; (see
bonding found in BjTe; and BaBiTg with respect to the
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FIG. 8. Band structure of BaBiEewithout spin-orbit interac-
FIG. 7. Brillouin zone of BaBiTg tion.
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dimensional system with respect to charge transport.

Since the inclusion of SOI does not cause as drastic ¢
change in the band structure as is the case fgfdj the
position and the degeneracy of the conduction band minime
calculated within the GGA are much more reliable in _ 04 3
BaBiTe;. However, several off-axis minima, whose energies =, 02 3.
lie above the bottom of the conduction band by about 0.1 eV,
may contribute to the transport and increase the band deger%0 00

eracy, thereby leading to a high&T value. G 02

Fig. 1). Thus BaBiTg can be treated as a quasi-two- 12 g
1.0

04

C. Comparison between BjTe; and BaBiTe, -0.6

Before we compare the band structure results for these 08
two compounds we will briefly comment on the good agree- .10
ment between the theoretical values of the gaps obtainea
using density functional theorfwith the GGA approxima- FIG. 9. Band structure of BaBigevith spin-orbit interaction.
tion) and the experimental values. Although the values found
for gaps in covalent semiconductors and insulators are uslgrs. It is therefore important to carefully examine these with

ally underestimated in LDA/GGA the above agreement is 5 first-principles band structure calculation. The effective
quite gratifying. Orbital analysis of the bands near the gagnass tensor is defined“8s

region in both BjTe; and BaBiTg indicates that the gaps are

caused by the hybridization of Biand Tep states. Since the .

gaps arise from hybridization rather than ionic or charge [m] ™Y ==~
transfer(as in oxideg or strong covalent bondin@s in Sj,

itis possible that the LDA/GGA is better able to give a more|n most cases, the off-diagonal terms of the mass tensor are
realistic value of the gap in this system. small, so the diagonal elements of the mass tengoaccu-

To determine the usefulness of BaBiTdéor room-  rately give the inverse of effective mass parametens,
temperature thermoelectric applications, comparisons shoulgherei =x,y,2). In the general case, however, the mass ten-
be made with BiTe;. Both BiTe; and BaBiTg contain  sor has to be diagonalized to obtain the effective masses
band gaps of approximately BQT at room temperature, a associated with the principal directions. We fit the calculated
requirement for a good thermoelectfiélso, since both ma- E ysk along different orthogonal directions to parabolas and
terials have their HYB maxima and LCB minima lying off gptain the coefficientsy;; .
h|gh-sym_metry points, there will be a large _degeneracy fac- The effective masses for Bie; and BaBiTg were ob-
tor associated with these band extrema, which can lead to agjined by calculating values of the energy close to different
enhancement of the thermoelectric coefficient. There are tWpcg minima and HVB maxima while moving along suitably
features, however, which suggest that BaBiff@y notbe as  chosen directions in the Brillouin zone. These values were
good a thermoelectrlc material as,Be;. Unl!ke the rhom-  then fitted to parabolas using the computer prodfam
bohedral BjTe;, the lower symmetry of BaBiTemeans that  kaieiDAGRAPH (see Fig. 10 The energy dispersion curves
the degeneracy factoy associated with the band extrema, near the LCB minima and HVB maxima of Hie, are
w.h|ch enhances the thermopower, will be rgdu%e‘ldso, known to display strong nonparabolic behavit?® but a
Bi,Te; can be doped both- and p-type for optimum ther-  fajr approximation to a parabolic band can be made if points
moelectric properties. This is due to transport through the Bire chosen close to the band extrema.
channels for the electrons and transport through the Tel Since all calculated extrema in £’|e3 lie on the p|ane of
channels for the holes. In BaBijethe blocks of BiTe;  reflection symmetrythe z axis is the trigonal axis and the
structure are connected by Te5 and Te6 atom chains. Orbitakis is the bisectrix axis, and tiya plane is one of the three
analysis of the band structure calculation for Bal%iﬂaows reflection p|ane)sthe energies near the top of the HVB and

that they contribute significantly to the lowest conductionthe bottom of the LCB can be fitted using the equation
band along with the Bi atoms. Therefore, while electrons can

flow through the layers, the Te5 and Te6 chains will block 2ME/ 2= k2 + ayyk§+azzk§+ 2ay Kk, (4

the holes from traveling through the Tel, Te2, and Te4 lay-

ers, so the hole mobility will be rather small. One hopes thaivherem, is the free-electron mass and a constant term has

the decrease of thermal conductivity due to the heavy B#een omitted. Note that the de Haas—van Alphen measure-

atoms lying between the Bie; layers may counteract part ments find sixfold-degenerate hole and electron pockets ly-

of these problem#-3° ing on the reflection planegontaining the trigonal and bi-
sectrix axes The cross sections of these pockets in yize
plane are ellipses whose major axes make an ahgigh the

D. Effective mass y axis (the bisectrix axis This angled is given by*?®

As discussed in Eq2), the thermoelectric figure of merit
ZT increases with the effective mass parameters of the carri- 6= 3 arctan2ay,/(a,,— ayy)]. (5)

r z T Y r A

PE

ok, K; | =
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TABLE I. Theoretical and experimental values of effective the cO electron pocket either describes a real feature of the
mass tensor parameters associated with the conduction barghnduction band which has not been seen experimentally or
minima and valence band maxima for,Be;. The effective mass g an artifact of the band structure calculation. The nature of
parameters are in units of the free-electron mass. this electron pocket must be examined both through fully
relativistic band structure calculations and/or through further

Experiment .
Conduction band  c0 c1 2 (Ref. 24 (+10% de Haas—van Alpheq measurements ofTB; with a very
small amount ofh doping.
Ao =[ M 20.25 11275 95.84 46.9 In BaBiTe;, in spite of its more complicated crystal struc-
ay,=[m 1]y, 397 287 3.56 5.92 ture, the conduction and valence band extrema are relatively
a,=[m1], 3.75 549 6.20 9.50 simple. They lie on th&'Z direction and hence are twofold
ayz=[m’1]yZ 2.93 254  2.39 4.22 degenerate. Also due to the orthorhombic symmetry, the off-
0 —43.9° 313° 32.7° 33.5° diagonal effective mass parameters are zero. Thus the prin-
Experiment cipal axes of the electron and hole ellipsoids are oriented
Valence band vl v2 (Ref. 26 (£10%) along the orthorhombic axes. The results are given in Table
P 10751 90.05 325 II. Since the arrangement of atoms along thdirection is
ay=[m1] 397 201 481 quite similar in BpTe; and BaBiTyg, it is instructive to com-
ayy:[mfl] Y 554 560 0.02 pare the corresponding effective masses. The effective
1y ' masses along this direction are 0.0Slectron$ and 0.13
ay,=[m ], 276 2.34 4.15 :
9 371°  30.0° 31.5° (holes for the latter compared to about 0.01 in the former.

Thus it appears that the geometry along the other two direc-
tions plays a significant role in the transport alongtrais.
Whereas the effective mass parameters inyth@lane are
Theoretical values of the coefficientg; (which are the comparable in BiTe;, they show substantial anisotropy in
inverse of effective mass paramepestong with their experi- BaBiTe;. The primary reason is the presence of Te5 and Te6
mental values are given in Table |I. They agree quite wellatoms in the latter. This is seen by examining the effective
with the previous LMTO calculatiof The curvature in the masses along theaxis (which traverses the Te5-Te6 chain;
x direction is obtained using values very close to the HVBsee Fig. 6. These are 0.0&lectron$ and 0.35(holeg. The
maximum and LCB minimum and as we can see the theoresmall electron mass associated with the LCB which is of
ical values are about a factor of 3 too large compared tgrimarily Bi p character is due to a strong admixture of Te5
experiment. For higher doping, i.e., for lardey, the effec- and Te6p orbitals. In contrast, the HVB, which is composed
tive curvature decreases due to nonparabolic effects, and thigimarily of Tel, 2, 4 and very little Te5, p character, has
improves the agreement with experimental values. Howevem fourfold greater effective hole mass than the corresponding
the positions of the electron and hole pocketshtc2,vl, LCB electron mass.
andv?2 on the reflection planes as well as the angesso- From the results of experiments inBe; and band cal-
ciated with these pockets are accurately reproduced vis-a-viulations in both BiTe; and BaBiTg, we note that the ef-
experiment(see Table | and Fig. 21 The 6 angle of the fective masses are rather small. Therefore it appears that the
electron pocket associated with th@ minimum is oriented degeneracies of the HVB maxima and LCB minima, rather
at nearly 90° away from that seen in experiment. Therefor¢han large effective masses of the carriers, are responsible for
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s \? MO 0.069625 / .
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FIG. 10. Fitting of the energy band near the conduction band minimum to a parabolgTes.Bi
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TABLE II. Theoretical values of inverse effective mass param-
eters associated with the conduction band minimum and valence
band maximum for BaBiTg The effective mass parameters are in
units of the free-electron mass.

Conduction band Irz
e 1 11.61
ay=[m 1, 2.79
a,~=[m1,, 13.16
Valence Band Iz
axx:[mil]xx 7.61
ay=[m 1], 5.40
a~[m ], 2.89

lence band maximum with Shubnikov—de Haas and de
Haas—van Alphen measuremefft® the situation of the
conduction band minimum is less clear and needs further
theoretical and experimental work.

Compared to BiTe;, very little work has been done on
BaBiTe; to understand the nature of electron and hole pock-
ets. The lowest band gdp.27 e\ is indirect(nearly direct
and agrees with the experimental vafu&he SOI, which
played a crucial role in determining the nature of the gap in
Bi,Te;, does not dramatically alter the gap structure in

FIG. 11. Positions of the electron and hole pockets lying on theBaBiTe;. Inclusion of SOI only lifts the degeneracy of the

reflection plane of the Brillouin zone for Bie;.

the observed high room-temperatue in Bi,Te;. A lower
value of room-temperaturT in BaBiTe; is consistent with
a smaller degeneracy parameterHowever, as we saw in

bands and reduces the size of the gap, but there is no band
anticrossing and opening up of a new indirect gap as seen in
Bi,Te;. Similarly, an orbital analysis of the bands suggests
that the transport of holes will be through the Te atoms at the
Van der Waals gap edge@lenoted as Tel, Te2, and Te4
while the Bi atoms contribute to the electron transport along

the band structure calculation, there are several low-lyingvith Te5 and Te6 chains, which connect the Bi/Te regions

conduction band minima in BaBifewhich with optimal
n-type doping can give bettefT values.

IV. SUMMARY AND CONCLUSIONS

together.

The above results suggest that attempts to optimize
BaBiTe; as ap-type material should aim at preparing solid
solutions of the type BaBi ,ShTe;, so that the Te sites are
not disrupted. Given that the Te states predominate at the top
of the HVB, Sb substitution at Bi sites should have minimal

Electronic structure calculations were performed on bottgffects on the hole mobilities. Any substitution, however, at

Bi,Te; and BaBiTg by applying full-potential LAPW and

the Te sitege.g., S¢is expected to greatly degrade the hole

the generalized gradient approximation to density functionamobilities. On the other hand, attempts to optimize BaBiTe
theory. Scalar relativistic and spin-orbit corrections were in-2S ann-type material are expected to be more challenging

cluded in the calculation. The results for,Bé; agree well
with previous calculations using LMTO-ASA and the local
density approximation to density functional thedfyWe

because the bottom of the conduction band has substantial
contributions from both Bi states and Te statd®5 and
Te6). Therefore any substitution in either Bi or Te sites will

find that the electrons travel primarily through Bi channelslikely have serious negative effects on the electron mobili-
while the holes travel primarily through channels produced!€S:

by the Tel atoms lying at the Van der Waals gap edge. The

positions of the conduction band minima and valence band

maxima result from a spin-orbit-induced nonrigid shift of the
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