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Electronic structure of Bi,Te; studied by angle-resolved photoemission
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We report a detailed study of the electronic structure gT8j, to our knowledge the best room temperature
thermoelectric material known to date, using angle-resolved photoemission. Dispersions of the valence bands
were determined. A sixfolk-space degeneracy in the valence-band maximum is found. The quasi-two-
dimensional nature of the electronic structure was demonstrated by the weakly dispersive bands dleag the
direction. Experimental results are compared with theoretical band-structure calculations and with de Haas—
van Alphen and Shubnikov—de Haas experiments.

Thermoelectric materials are of interest due to their high([dHvA) experiments, where a sixfold degeneracy was found
potential for technological applications. Their ability to pro- for both the VBM and CBM:~*° In our ARPES experi-
duce a significant temperature gradient with the applicatiorments, we confirmed the sixfold degeneracy for the VBM,
of a current(and reciprocally produce a significant current consistent with both the SdH and dHVA experiments and
with the application of a temperature gradijehas applica- band-structure calculation€The conduction bands are inac-
tions in many fields such as power supply and refrigerationcessible to ARPES because they are unoccuplét also
Most good thermoelectric materials are narrow gap semiconfind the energy bands alon-Z to be weakly dispersive
ductors that have a combination of high electrical conductivindicating a highly quasi-two-dimensional electronic struc-
ity, high thermopower, and low thermal conductivity. ture. _ o
These properties depend on aspects of the electronic struc- Bi2T€z is a narrow gap semiconductor with an indirect
ture such as the size of the band gap, the degrdesphice 9ap of approximately 0.15 e¥. The crystal structure is
degenerady of the conduction and valence-band extrema,rhombohedral with the space gromid(RSm) with five at-
and their associated effective masses. Angle-resolved photoms in the unit cell. The structure can be visualized as
electron spectroscopfARPES is ideal to study several of quintuple-layer leaves stacked along thexis in the unit
these properties as it is the most direct experimental probe afell [Fig. 1(a)] with van der Waals bonding between the
the occupied bands. leaves. The five individual atomic layers occur in the se-

In this paper, we report a detailed ARPES study of thequence T€l)-Bi-Te(2)-Bi-Te(1), where the T&l) and T€2)
electronic structure of Bi'e,.” Bi,Te; and its alloys are the are nonequivalent tellurium sité4® The Brillouin zone is
best room-temperature bulk thermoelectric materials founghown in Fig. 1b).
to date. Recent advances in the search for new bulk thermo- Then-type Bi,Te; crystals were grown by slow cooling of
electric materials rely on understanding these traditionah molten Bi/Te mixture. The mixture containeell.7% ex-
thermoelectric materials. One of the current approaches igess tellurium as a dopant, which substitutes for bismuth
finding new and better thermoelectric materials is synthesizatoms in the crysta® We also studieg-type Bi,Te;. These
ing multinary compounds using Hie; as a building blocR.  samples were purposely doped with additional bismuth,
For example, the newly discovered CgB3; shows promis- which substitute for tellurium atoms in the crystal. The
ing thermoelectric properti€s. doped samples were examined using thermopower measure-

While the transport and thermoelectric properties ofments, the sign of which indicate the type of doping. ARPES
Bi,Te; have been extensively studied, it is only recently thatmeasurements were carried out at the Synchrotron Radiation
the details of its electronic structure have been examine@enter in Stoughton, Wisconsin, on the Ames-Montana
using modern band-structure calculation methtdd$. The  ERG-Seya beam line. A movable 50 mm radius hemispheri-
calculations by Larson, Mahanti, and Kanatziliand cal analyzer with an angular acceptance-df® was used.
Mishra, Satpathy, and Jepséfind that the spin-orbit inter- The energy resolution was 0.112 eV for all spectra except
action is important in predicting the gap structure ofT®s. those along thd'-Z line and those of the-type sample,
They find a sixfoldk-space degeneracy in the valence-bandwhere the resolution was 0.068 eV. The crystals were ori-
maximum (VBM) and a twofoldk-space degeneracy in the ented using x-ray Laue diffraction prior to being mounted in
conduction-band minimuniCBM). A high degree of band the chamber. Orientation was then confirmed by symmetry in
degeneracy is believed to contribute to a high value of therthe spectra. The crystals were cleaved in an ultrahigh
mopower. This calculation result is only partially consistentvacuum (3% 10 1 Torr) to obtain clean surfaces. Spectra
with Shubnikov—-de Haa¢SdH) and de Haas—van Alphen were taken at 20 K, obtained using a closed cycle helium
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z a FIG. 1. (&8 The crystal structure of Ble;.
r . The large circles are the Te atoms; the small
‘ L circles are the Bi atoms. The hexagonal unit cell

is indicated.(b) The Brillouin zone for BjTe; of

the rhombohedral unit cell. The shaded region is
the bisectrix plane.

(b)

refrigerator, to reduce thermal broadening in the spectra. Jepseht are similar. Within 3.5 eV belov, gy Larson, Ma-
Figure 2a) shows the energy distribution curveSDC’s)  hanti, and Kanatzidis find nine valence bands. The calcula-
for ann-type Bi,Te; sample taken at normal emissieor-  tion shows the top valence band well separated from the
responding tok points alongl™-Z shown in the inset The  Jowest conduction band, with a local maximum around
initial state energies were referenced to the VBE\§v)  1/2I'z. Although this band has the same dispersion trend as
denoted by the arrows, whose determination is explained bgnhat of the observed one, it has a significantly higher binding
low. As can be seen, ten bands, indicated by arrows angnergy. The calculated bands along this direction have dis-
labeled O through 9, are easily identifiable in these EDC’spersjons of 0.3-0.5 eV, compared to the small dispersions
The features show changes in relative strength because ggss than 0.1 eVin the observed bands 2 through 6.
matrix element and cross-section effects, but significant dis- Figure Zb) shows the off-normal emission EDC's taken
persion along’-Z is not apparent. To examine theZ dis-  for k points along the-a-U line from ann-type sample.

persions more closely, the second derivatives of the EDC'She photon energyhv) and the polar anglég) are varied
with respect to energy were obtained. Shown in Fidp) 3

an intensity plot of the second derivatives as a function of LISt B
energy and in a linear-gray scale with dark corresponding

2 (@)T-Z ] (b)T-a-U
— n-type Bi;Te, n-iype Bi;Te
9, hv (V)

to high intensity?® Thus the dark areas correspond to the

energy bandé! The intensity plot gives a direct qualitative eSS A

view of the band dispersions. To get more quantitative infor- ) P’\/A_&:g; %

mation, the EDC’s were modeled by a sum of Lorentzians WJI:ZS

multiplied by the Fermi-Dirac function. This sum is then | :895

convolved with a Gaussian representing the instrument reso-_. . .

lution. The band dispersions extracted from the modeling areg o £ T

shown as filled circles in Fig.(8). Figure 4 shows an ex- ¢ Z

ample of the modeling results. < < "2
As can be seen in Fig.(®, band 0 is extremely flat. Its & s

energy was pinned at the experimental Fermi level, which & E, o 21

was derived from a clean platinum foil in electrical contact = \ |3

with the sample. This band is the donor impurity band,

which resides in the narrow band ga,t~0.15eV) of the

intrinsic material. Band 1 is the highest valence band. Along 2

this symmetry line it reaches a maximum energy at approxi- L \

mately 1/2°Z and disperses toward higher binding energies A 0

to either side of the local maximum. Bands 2 through 6 are A i ) A\

quite flat showing very little dispersion. The lack of disper- s f 4,\" o 19

sion in the bands in thk, direction indicates that the mate- T e o=

rial behaves quasi-two dimensionally. The high degree of Binding Energy (eV) Binding Energy (eV)

anisotropy is also found in transport measureménts.

Shown in Fig. 8a) are the band dispersions for intrinsic ~ FIG. 2. Energy distribution curve&DC'’s) for ann-type BiTe;
Bi,Te; along I'-Z as calculated by Larson, Mahanti and sample taken alon) I'-Z (normal emissiopand(b) I'-a-U (off-
Kanatzidis® using the self-consistent full-potential linearized hormal emission The corresponding points are shown in the
augmented plane wave method with spin-orbit interactiondnsets. The energy is referenced to the valence-band maxifsesn
included. The calculation results of Mishra, Satpathy, andhe tex}.
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@ ) ) FIG. 5. (a) Band dispersions alonf-a-U from band-structure
calculation by Larson, Mahanti, and Kanatzitfigb) The intensity
plot of the second derivatives of the EDC'&(/JE?) as a function

of energy andck. (c) Band dispersions extracted from spectral mod-
eling. The diameter of the symbol is approximately the energy reso-
lution.

FIG. 3. (@) Band dispersions alon§f-Z from band-structure
calculations by Larsoet alX® (b) The intensity plot of the second
derivatives of the EDC’sd?l/dE?) as a function of energy aridin
a linear-gray scale with dark corresponding to high intengity.
Band dispersions extracted from spectral modelisee the text
The diameter of the symbol is approximately the energy resolutionpersions as large as 1.5 eV. The top valence band reaches a

maximum near the point & which is also the absolute
simultaneously to reach the desir&dpoints?® which are  maximum of the valence bands. A VBM alodga-U im-
shown in the inset. Again, the energy is referenced to thelies that it is sixfold degenerate i space. This result is
valence-band maximurk, gy . Figures %a)—5(c) show the consistent with the result of the dHvA and SdH
band dispersions alonig-a-U as calculated by Larson, Ma- experiments?~1°
hanti, and Kanatzidi¥’ the intensity plot of the second de-  In our experiment, we observed ten bands inratype
rivative of the measured spectra, and the band dispersiorsample/labeled 0 through 9 in Fig.(6)]. Band 0 is the donor
extracted from spectral modelingilled circles, respec- impurity band which is nondispersive and its energy was
tively. The calculation shows nine very dispersive valencepinned at the Fermi level reference. It is localized around the
bands. In contrast to the bands alokig, which have dis- I point, disappearing within 12% dfaU from I". The re-
persions of 0.3-0.5 eV, bands along this direction have dismaining nine bands are highly dispersive. Band 1, which is
the highest valence band, reaches a maximum at approxi-
mately 20% ofl"aU from I'. It then disperses toward higher
binding energy and converges with lower bands, becoming

T point barely visible after the poird. This dispersion is quite dif-
Normal emission .
hv=19 eV ferent from that of the calculation that shows the top valence

band to have two local maxima, one near fheoint (ap-
proximately 10% ofi’aU from I'), the other near tha point
(approximately 40% ofl’'aU from I') the latter being the
absolute maximum. The theoretical calculations of the
effective-mass tensor associated with the VBM agree very
well with dHVA results. Note that dHVA measurements do
not give the position of the maximum. Furthermore, band 2,
the second highest valence band, is separated@80 meV
from band 1 at thé" point. It disperses toward lower binding
energy and reaches a maximum near the pajimtfter which
its intensity diminishes. This dispersion behavior is also very
different from that of the calculation. The remaining valence
FIG. 4. An example of the spectral modelifsee the tejtre- bands appear to have qualitative correspondence with theory
sults. The spectrum was takenlatThe solid line is the measured although it is difficult to trace the dispersion of each band
data; the dotted line is the modeling result; the dot-dashed lines argiven the high density of bands in this material and their
the individual Lorentzian peaks used in the modeling. complicated structure.
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FIG. 6. EDC's for am-type B, Te; sample taken alon() Z-F, FIG. 7. EDC’s for ap-type Bi,Te; sample(solid lineg taken

(b) T'-F, and(c) I'-L. The corresponding points are shown in the along(a) I'-Z (normal emissiopand(b) I"-a-U (off-normal emis-
insets. The energy is referenced to the valence-band maximum. sion). The corresponding points are shown in the insets. The en-
ergy is referenced to the experimental Fermi level reference derived
Spectra from the-type sample were also taken along the from a clean platinum foil in electrical contact with the sample. The
three other symmetry lineZ-F, I'-F, and I'-L. They are EDC's for ann-type sample are also showtashed lingsfor com-
shown in Figs. @), 6(b), and Gc¢), respectively. The impu- parison.
rity band can be seen near tdeandI" points. The valence

bands are quite dispersive along these directions. The t°§’ample. The amount of shift is on the order of the band gap
valence band disperses toward higher binding energies aw.

from theZ andI" points, thus the VBM is not located along %d. the direction .OT the shift is consistent with thaype
these directions. dopmg. Th'e remaining bands, 5 through 9, appear to pe not
The local valence-band maxima observed aldhg-U shﬁte_d. Th|s may be due_ to the fact that théype _sample 'S
and I-Z are very close in energy. The maximum alongsubst|tut|_onally doped with excess bismuth which occupies
I-a-U is slightly higher than the one alorigZ. Thus the the tellgr!ugn sites. The calculation by Larson, Mahanti, and
maximum alongl’-a-U is the absolute VBM. However, the Kanatzidis® shows that along th&-a-U line, the top va-
difference is small, being only-30 meV, which is smaller 'ence bands have predominantly tellurium character and so
than our experimental resolution. Higher resolution measure/ould be more affected by the loss or addition of tellurium
ments should make a better distinction. A VBM alongin the crystal. Along thd'-Z line, the calculation finds that
I'-a-U is consistent with both band-structure calculationsthe top valence band is a Bi-Te hybridized band. The hybrid-
and SdH and dHVA experiments. ization is caused by the inclusion of the spin-orbit interac-
Shown in Figs. 7) and 1b) are the EDC’s from g@-type  tion, which also pulls the top valence band towards higher
sample(solid lineg for k points alongl’-Z andI'-a-U, re-  binding energies.
spectively. The initial energy is referenced to the experimen- To summarize, we find that the VBM in Bie; is located
tal Fermi level reference derived from a clean platinum foilalong thel’-a-U line and therefore is sixfold degeneratekin
in electrical contact with the sample. EDC’s from tivdype  space. This is consistent with the result of the band-structure
sample are superimposddashed lines, also referenced to calculation*® However, we also find some discrepancies be-
the experimental Fermi levelfor comparison. As can be tween our data and the calculation results. The position of
seen, the spectra from tipe andn-type samples have rather the VBM alongI'-a-U is different. Also, we find that the
similar spectral features. The main differences between thbands alond’-Z have minimal dispersiong<0.1 e\), com-
two are:(1) the impurity band in the-type samplelabeled  pared to the larger dispersiof3—0.5 eV predicted by the
as band Dis seen only as a tail, which is expected becausealculation. Possible reasons for this discrepancy are the dis-
the chemical potential for @-type semiconductor lies just order caused by the dopants, the electron-phonon interaction,
below the impurity level and2) the top few valence bands and the electron-electron interaction. These three effects
(band 1 through Yare shifted toward lower binding energy could cause band narrowing. The flat bands albrgcould
(by approximately 0.095 eV for band 1, and 0.2 eV for bandsyenerate carriers with large effective masses along this direc-
2-4) in the p-type sample relative to those in thretype  tion which, coupled with the high degeneracy of the bands
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