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In recent years electronic structures ofBi; and related materials have been studied theoretically through
ab initio band-structure calculations and experimentally through photoemission experiments, but to the best of
our knowledge, a detailed comparison between experiment and theory has not been attempted so far. In this
paper we discuss the density of statBDS) of the narrow-gap semiconductors,Bi (X=S, Se, Te) ob-
tained within density-functional theory. While several electronic structure calculations fée;Bind B, Se;
have been reported in the literature, there have been no published calculationsSooBBi, Te,Se. Recent
photoemission and inverse-photoemission measurements in these systems, performed by four separate groups
(including our photoemission measurements ofTBi and B,bSe;), allows for a comparison of the general
features of the calculated DOS for both valence- and conduction-band states with photoemission and inverse-
photoemission spectra. The agreement between the positions of the prominent peaks in the calculated DOS and
photoemission spectra continues to improve with better energy resolution in the experiment.
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[. INTRODUCTION ested in a range of energy of about 10 eV or less, we do not
expect a strong energy dependence of the matrix element in

Bi,X; (X=S, Se, Te) belongs to a class of compounds; . . )
that has been of great interest for its technologica":lihIS range at such high photon energies and the PES spectra

applicationst In particular, BjTe, and its alloys with SpTe, can be directly compared with the occupied DOS. However,

and BpSe; have been used extensively in room-tem eraturepES experiments at high photon energy{ltend to have poor
thermgelegctric applications for more )t/han 30 earsp due toenergy resolution. Higher-energy resolutidretter than 0.1

. . PP c Y eV) can be achieved at lower photon energies. In the latter
their large figure of merit.Bi,S; has an electrical conduc-

tivity that is too small for thermoelectric applicatiohbut it case, the energy dependence. of the matrix elemgnt and the
; . ) . final-state DOS can become important. Thus, a direct com-
has been mves_tlgated as a potential .materlal for_photovoltalﬁarison of the details of the energy dependence of the calcu-
convertgré‘. While careful and exten§|ve electronic structure 14 Dos of the occupied states and the measured spectra is
calculations have been made for,B& (Refs. 5 and pand not very meaningful. However, a comparison of the general

B!ZTe3 (Refs. 6._8’ electronic StITUCtl.Jre cglculations for features such as the valence-band width, number of promi-
BtlzTetZSe ahnd BJ%t’ tthet:]attzr fct)rrr;mg 'T(a dl{'fedrent grystal nent peaks, and the peak positions is still a useful test of the
structure, have not, 1o the best of our knowledge, DEEN Pe e tronic structure calculations.

formed. In this paper we compare the electronic structures of four
Previous electronic structure calculations have compared bap P

the band gaps and effective masses of,TBj to systems, BiS,, Bi;Se;, BipTe;Se, and BjTes, obtained us-
experimenf® These properties rely on understanding the'N9 "’Tb |n|t|(_312methods, with earllelr PES gnd IPES
band structure to within-0.1 eV of the Fermi energy. How- €XPeriments—=and our PES study. High-resolution angle-
ever, the calculated band structures have not been tested oJgfegrated PES experiments were performed of58i and

a larger energy scale. PhotoemissitPES and inverse- Bi2Tes using multiple photon energies. We find that improve-
photoemissionIPES studies, on the other hand, allow for a ments in the energy resolution and carrying out PES mea-
comparison of the calculated band struct(using angle- surements at different incident photon energies lead to more
resolved PES and IPE®ind density of state@ising angle-  distinguishable peaks in the photoemission spectra, which
integrated PES and IPE®ver a much larger energy range are in better agreement with the calculated DOS.

(~10 eV).° Angle-integrated PES measures the joint density This paper is organized as follows: In Sec. Il the method
of states of the initial and final states modified by the matrixand results of the electronic structure calculations will be
element. At high photon energieti>100 eV), the final discussed briefly. Section Il describes the experimental
state is nearly free-electron-like and the measured spectraethod with an analysis of the current photoemission results.
can be identified approximately with the DOS of the initial The results of these photoemission studies are then compared
state, modified by the matrix element between an initialwith the calculated DOS in Sec. IV. Section V follows with a
atomiclike and final plane-wave state. Since we are intersummary and conclusions.
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FIG. 1. (a) Rhombohedral unit celib) hex-
agonal unit cell, andc) rhombohedral Brillouin
zone of B} Se;, Bi,Te,Se, and BiTe;. The crys-
tal structure of BjTe; is shown. In BjSe; the Te
atoms are replaced by Se atoms, while in
Bi,Te,Se the Tel position remains unchanged

Z while the atoms at the Te2 positions are replaced
( C) {‘(Trigonal axis) by Se.
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Il. THEORETICAL CALCULATIONS chosen as 10 boht. Scalar relativistic corrections were

added for all systems studied and spin-orbit interaction was

_ _ _ incorporated using a second variational proced{ire.
Electronic structure calculations were performed using the

self-consistent full-potential linearized augmented plane-
wave method FLAPW) (Ref. 13 within density-functional
theory (DFT).}* The generalized gradient approximation The crystal structure of BSe;, Bi,Te,Se, and BiTe; is
(GGA) of Perdew, Burke, and Ernzeridfwvas used for the rhombohedral with the space gromgd (R3m) containing
exchange and correlation potentials. Calculations were pefive atoms in the unit cef® The rhombohedral unit cell
formed using thewiEng7 packagée?® Values of the atomic along with the hexagonal unit cell are given in Fig&)land
radii were chosen to fill the space between the atoms. Th&(b), respectively. The Brillouin zonéZ) for the rhombo-
values are 2.0 a.u. for Bi and S inB;, 2.8 a.u. for Biand hedral cell is given in Fig. (t). Along thez direction (trigo-

Se in BLSe;, 2.86 a.u. for Bi, Te, and Se in Bie,Se, and nal axig these compounds consist of five-atom layé&es

2.9 a.u. for Bi and Te in BiTe;, where a.u. is the atomic unit ferred to as “quintuple layer leaveswith primarily strong
(0.52 A). Adjustments of these parameters within a reasonionic and covalent bonding within the layers, and weak van
able range showed little dependence on this variation. Selfder Waals bonding between the lay&fs’ The five atoms
consistent iterations were performed for #4points for inside a unit cell reduce to three inequivalent atoms identi-
Bi,Se;, Bi,Te,Se, and BjTe; and 20k points for BL,S;  fied as TelTel/Sel, Te2(Se2/Sep, and Bi as shown in Fig.
inside the reduced Brillouin zone. The convergence in energ{(a) for Bi,Te; (Bi,Te,Se/Bi,Se;). The lattice parameteis
was within 0.0001 Ry with Rigax chosen as 8 and \gax andc of the hexagonal unit cell are &) 4.138 and 28.64,

A. Method of calculations

B. Bi,Se;, Bi,Te,Se, and BjTe;
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within the atomic sphere approximatiofLMTO-ASA)
\ _ calculation® but neither of these two calculations agree with
\/ \ \ the earlier pseudopotential resultsThe linearized aug-
mented plane-wavé_LAPW)-GGA calculation gives a band
gap of 0.32 eV, slightly larger than 0.24 eV found by Mishra,
Satpathy, and Jeps&iHowever both are close to the experi-
mental value, which lies in the range 0.2—0.3%8¥he main
difference between LAPW-GGA and LMTO-ASA calcula-
tions appears to be that in the former the valence-band peak
at thel” point has nearly the same energy as the two second-
ary peaks, whereas this peak was found to have a higher
energy in the LMTO-ASA calculatiofIn fact, in our calcu-
lation what appears to be a peak in the valence band dt the
point is really a saddle point with a maximum only along the
\ [ I"'Z direction. While electron-doped Bbe; is known to have
\\ one minimum at thd” point, in agreement with theoretical
calculations, the hole-doped JHe; has not yet been pro-
duced and therefore has not yet been studied
Eg  experimentall** We find two sixfold-degenerate hole

pockets at general points of the BZ and one saddle surface
\/ near thel” point. It will be interesting to check these theo-

@, , Bi2Se3

o] T R T O T A

[

=

retical predictions experimentally.

Unlike Bi,Te; (Refs. 6—8 and 24and Bi,Se;,2°~?*to the
N 1 best of our knowledge, there has been no theoretical or ex-
perimental analysis of the band gap in,B&»Se. The unit
cell of this compound differs from that of Bie; by replac-
ing one Te atom by a Se atom, the Se atom going into the
Te2 sité® [Fig. 1(@)]. The electronic structure of Ble,Se

-1.0

P R R R B R S A

o 3

= closely resembles that of Bie;. The top of the valence
@ band forms alongJal’ and ZF, while the bottom of the
5300 E conduction band forms alon§Z. While Bi 6p states are
;Lg) ) F mostly aboveE; and Tel P states are mostly belo&, a

strong hybridization of the Bi p and Tel % occurs along

I'Z, similar to what is seen in BTe;.% The Se2 4 states do

not appear to play any significant role néa¢, similar to
what was found for Te2 |5 states in BjTe;.% In Bi,SeTe,
where the roles of Te and Se atoms are interchanged, the

FIG. 2. Band structures dfa) Bi,Se;, (b) Bi,Te,Se, and(c)  band structure is found to closely resemble that ofSBj
Bi,Te;. The zero of energy lies within the semiconducting gap.  with a direct gap at thé&' point.

/\/

J a

=

N

4.28 and 29.86, and 4.38 and 30.487 foy33;, Bi,Te,Se, C Bi

and BpTe;, respectively. These parameters and the atomic - BizSy

positions were taken from Wyckoff. Although S lies in the same column in the Periodic Table
In earlier calculation§;® spin-orbit interaction was found as Se and Te, BS; forms in a different crystal structure than

to significantly affect the band structure of,Be;. We will Bi,Se and BhbTes;. The crystal structure of Bg; is ortho-

therefore discuss the results of band-structure calculationsiombic in the space grolg:® (Pbnn) with twenty atoms in

for Bi,Se;, Bi,Te,Se, and BiTe; including spin-orbit inter-  the unit cell*® The orthorhombic unit cell and its correspond-

action. We find(see Fig. 2 that the valence-band maxima in ing Brillouin zone are shown next to each other in Figs) 3

all three compounds occur alozd- andUal” with a nearly  and 3b), respectively. The crystal structure consists of sheets

equivalent peak at th€ point in Bi,Sg. The conduction- of atoms parallel to the axis with each S surrounded by

band minima occurs alongZ. Bi,Te,Se, like ByTe;, isan  three Bi atoms and each Bi atom surrounded by three S

indirect-gap semiconductor with a band gap 0.33 @  atoms™ These 20 atoms reduce to five inequivalent atoms

Bi,Te; the band gap is 0.17 ¢VIn contrast, BjSe; is a identified as Bil, Bi2, S1, S2, and S3 in FigaB The lattice

direct-gap semiconductor with a band gap 0.32 eV. Since oyvarametersg—c) are 11.15, 11.30, and 3.981 A. These and

results for BjTe; have been discussed in detail previodsly, the atomic positions were taken from Wyckd.

we will refer to this paper for our major findings in this Electronic structure calculations for £8; show a semi-

system. conductor with a large number of bands within a few eV of
Our electronic structure calculation for t5ie; agrees well  Er. The top of the valence band and the bottom of the con-

on a broad scale with the previous linear muffin-tin orbital duction band both lie at general points alohfi to form a
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FIG. 3. (8 Orthorhombic unit cell of BiS; (shown in thea-b
plane and its corresponding) Brillouin zone.
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FIG. 5. Present photoemission spectrum foyT8;. Peaks 1-6
are indicated by arrows. For the purpose of comparison, the energy
reference(zero of energy was set such that the lowest binding-
energy peak in the spectra coincides with the position of the corre-
sponding peak in the data from the previous UPS experiment by

nearly direct gap of 1.24 e\Fig. 4). The band gap has been Uedaet al. (Ref. 11).

measured by several groups to be between 1.2-1%%%V,

one of the most recent measurements giving a value of 1.grbjtals contribute primarily to the bottom of the conduction

A

band while S1, S2, and S33orbitals contribute to the top

In order to better understand the electronic structure off the valence band. There is some hybridization between
this material near the gap region, an orbital analysis of thehese orbitals, but significantly less than the hybridization

bands neaEr was performed. We find that Bil and Bi%6

Bi2S3
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FIG. 4. Band structures of BS;. The zero of energy lies within
the semiconducting gap.

between the Bi f and Tel P orbitals in BpTe;.%® Thus
Bi,S; is more ionic. These differences between3i, and
Bi,Te; and B, Se; can be ascribed t0) the different crystal
structure of B}S; compared to BiTe; and BLbSe; and (ii)
different electronic affinities of S, Se, and Te. The general
features of the band structure over a broader energy range
will be discussed in Sec. IV after discussing the results of
photoemission measurements.

IIl. PHOTOEMISSION EXPERIMENTS

We will now discuss the results of our angle-integrated
PES measurements ip-type BiLbTe; and n-type BibSe
single crystals. These single crystals were grown by slow
cooling a molten Bi/TESe mixture. Thep-type Bi,Te; was
prepared with additional Bi as a dopant, which substitutes for
Te atoms in the crystal lattice. On the other hand the Bi/Se
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FIG. 7. Valence-band photoemissidlPS and conduction-
band inverse-photoemissidiPES for Bi,S;, Bi,Se;, Bi,Te,Se,
and BiTe; crystals. UPS and IPES spectra for each crystal are
connected aEg. Energies are referred g (courtesy of Yoshi-
fumi Ueda (Ref. 1J).

identify at certain photon energies than others. FQIT&j
the spectra at 22 eV seems to show the most number of
prominent features. Six features, labeled 1 through 6, are
identified. While feature 1 in the 22-eV spectrum is quite
prominent, it appears only as a shoulder in the 25-eV spec-
Energy (eV) trum. Also, the separation between features 1 and 2 is not as
obvious in the 19-eV spectrum. Peak 6 is barely visible in the
FIG. 6. Present photoemission spectrum fos3s. Peaks 1-9  o5_ay spectrum, and peak 4 is not obvious in the 19- and
are indicated by arrows. For the purpose of comparison, the energys_eV/ spectra. Also, the apparent peak positions of features 3
reference(zerp of energy was_sgt such_ that the Ipyvest binding- and 5 appear to have shifted slightlyy ~0.2—0.3 eV in the
energy peak in tlhe spectra coincides with .the position of the correps_ay/ spectrum. This illustrates that, when studying the
sponding peak in the data from the previous UPS experiment by ;1006 hand electronic structure with low photon energies,
Uedaet al. (Ref. 1J). L .
it is important to measure spectra at multiple photon ener-
gies. A spectrum measured at a single photon energy is not as
melt always results im-type BiLSe;. Thermopower mea- informative and may even be misleading.
surements in these samples indicated the type of doping. PES For Bi,Se; (Fig. 6) a large number of features can be
measurements were carried out at the Synchrotron Radiatiddentified in the spectra. Nine features, labeled 1 through 9,
Center in Stoughton, Wisconsin, on the Ames-Montanaare identified in the spectra measured with various photon
ERG-Seya beam line. A double-pass cylindrical mirror anaenergies. Again, some features are more easily identifiable at
lyzer was used. The energy resolution was 0.08 eV for altertain photon energies than others and the apparent peak
spectra. The crystals were cleaved in an ultrahigh vacuumpositions might show small shifts due to matrix element ef-
(~1x10 % Torr) to obtain clean surfaces. Spectra werefects.
taken at room temperature. Several groups have performed angle-integrated PES ex-
Figures 5 and 6 show the angle-integrated PES spectra periments on these systems previously. Debies and
Bi,Te; and B,Se;, respectively, taken at multiple photon Rabalais’ studied ByO5, Bi,S;, Bi,Se;, and BjTe; using
energies as indicated. For the purpose of comparison with th&él Ka radiation (1486.6 eV with an unspecified energy
earlier PES experiments by Uedaal* and with the theo- resolution. Nascimentet al!? studied BjSe; also using Al
retical DOS, the energy reference was set such that the lowk « radiation with an energy resolution of 0.8 eV. In both
est binding-energy valence-band peaks in bothT& and studies, the spectra show only a couple of broad spectral
Bi,Se spectra coincided with the corresponding peaks in thdeatures. In a more recent study, Uetaal 1! studied B}S;,
data from Uedat al! Bi,Se, Bi,Te,Se, and BiTe; using both PES and IPES
As can be seen in these figures, the spectra for botfFig. 7). In their PES experiments, spectra were measured at
Bi, Te; and BiLbSe; show dramatic changes in the shape as thdiv=21.2 eV using a helium lamp. The energy resolution
photon energy is varied, indicating strong matrix elementwas 0.2 eV. While their spectra on Bie; and BbSe; show
effects. Some features are more prominent and are easier moore details than those of Debies and RabHlaiad Nasci-
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FIG. 8. Total density of states dB Bi,S;, (b) Bi,Se;, (c) Bi,Te,Se, and(d) Bi,Te;. The arrows indicate the positions of the
photoemission peaks seen in the work of Uetlal. (Ref. 11). For the purpose of comparison, the energy referénem of energywas set
such that the highest valence-band DOS peak coincides with the position of the corresponding peak in the data from the previous UPS
experiment by Uedeat al. (Ref. 1)).
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(a) Bi2Te3
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FIG. 9. Total density of states ¢&) Bi,Te; and (b) Bi,Se;. The arrows indicate the positions of the photoemission peaks seen in the
present work. For the purpose of comparison, the energy refefeace of energywas set such that the highest valence-band DOS peak
coincides with the position of the corresponding peak in the data from our most recent experiment.
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mentoet al.,12 they show fewer details than does our present TABLE I. Comparison of photoemission and calculated DOS
PES study, due to the inferior energy resolution and the useeaks for(a) Bi,Te;, (b) Bi,Te,Se, (c) Bi,Se;, and(d) Bi,S;. For

of a single-photon energy. (a)—(c) the theoretical reference energies are chosen such that the
highest valence-band peak positions coincided with experiment
(Ref. 11). For (d), the theoretical reference energies are chosen so
that the top two calculated valence band peaks lie equidistant from
the highest experimental peak in the experim@ef. 11).

IV. COMPARISON OF THEORY
TO PHOTOEMISSION EXPERIMENTS

The theoretical DOS for the four systems are shown in(a)
Figs. 8a)—8(d). An energy resolution of 0.02 eV was used in

the calculated DOS. For the purpose of comparison with ex- valence band VaIBelr?cT:Sband Valence band DOS

periments, the energy reference was set such that the higheﬁbebies and Rabalgis  (Uedaet al) (this work (V)

energy valence-band peak coincided with the highest-energy eV) eV) V)

valence band peak seen in the spectra by Ustdal ' As

discussed previously, the same has been done with our most -1.2 -11 —-1.10 -1.1

current experimental spectra. -1.6 -1.37 -1.4
These systems are all narrow-gap semiconductors, the gap -2.07 -2.0

being smallest in BiTe; and largest in BiS;. The calculated —2.66 -25

DOS of B, Se; and B, Te; are similar to the earlier LMTO- -3.4 -35 -3.77 -3.8

ASA calculation® While the positions of the peaks in the —451 —4.2

calculated DOS are about the same, the relative heights of -52

the peaks differ between these two calculations. The main

difference is that in the present LAPW calculations the Conduction band

highest-energy valence-band peak consists actually of two (Uedaet al)

peaks separated by about 0.3 eV whereas only one peak was &v)

seen in the LMTO-ASA calculation in the same energy 0.7 0.5

range® 1.7 1.0
As discussed earlier, matrix element effects in the PES 3.4 2.9

spectra make a direct comparison of the complete spectra ®)

with the calculated DOS less meaningful. Instead we will Bi,Te,Se

focus on comparing the peak positions. The arrows in Fig. 8

show the pogitiongs of Izhe dpominant experimental pe%ks Valence bandUedaet al) (eV) DOS (eV)

found by Uedaet all! They are labeled c1-c3 in the con- 11 11

duction band and v1-+v(n=3 for Bi,Te;, n="5 for Bi,Se -16 -15

and BpTe,Se, andn=4 for Bi,S;) in the valence band, v1 -20

and c1 being closest tB. The arrows in Fig. 9 show the —29

positions of the dominant experimental peaks found in our -35 -39

latest measurement. The positions of the major peaks in —42 46

Bi,Te;, Bi,Te,Se, BiLSe, and BipS; are given in Tables 53

[(a)—I(d). The first columns give the peak positions for both

the valence and conduction bands by Debies and Ratlais, Conduction bandUedaet al) (eV)

Uedaet al,** Nascimentoet al,'? and this work. The last 0.7 0.7
column (with the heading “DOS’) presents the positions of 1.4
the peaks obtained from our electronic structure calculations. 1.8

Let us discuss some general aspects of the comparison 2.5 3.1
between the photoemission spectra and the calculated DOS. 3.7 3.7

The width of the valence band in the DOS for all four sys-
tems is about 5-5.5 elFig. 8). While the background tends
to obscure the edge of the band, a sharp drop in the phot@nalysis of these peaks shows that the peak closest to the
emission spectra is seen around 5-5.5(Elgs. 5 and & In Fermi level has nearly equal amounts of Tednd Te2(Se2
Bi,S; the width of the spectra for both the D@Big. 8) and  p character in BiTe; (Bi,Te,Se). The lower peak has about
the photoemission spectru(Rig. 7) are about 5-5.5 eV, al- 10% more Te2 character than Tefi character in BiTe; and
though there is a shift down in energy of the valence-ban®5% more Se? character than Tel character in,B&,Se.
top so that the valence bands terminate close to 7 eV beloWihe Bi p character of both peaks is only about 20%—-25%
the designated Fermi levél. that of the Telp or Te2 p charactel. Therefore, this peak
The most important and robust feature we see in the calehanges shape when Se is placed in the Te2 position of
culated DOS in all four compounds is the double peak strucBi,Te; to form Bi,Te,Se. In BpSe; both peaks have about
ture near the top of the valence band. The separation of the@5%—30% more Sef character than Se@ character.
peaks in the DOS is found to be 0.3 eV in,Bé;, 0.4 eV in The double peak structure was not resolved in the work of
Bi,Te,Se, 0.4 eV in BjSe;, and 0.7 eV in BiS;. An orbital  Debies and Rabaldis or Nascimentoet al!? due to poor
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TABLE |. (Continued)

(©

Bi,Sg
Valence band Valence band Valence band Valence band DOS
(Nascimentcet al.) (Debies and Rabalais (Uedaet al.) (this work) (eV)
(ev) (ev) (ev) (ev)
-1.1 -1.10 -1.1
-1.6 -1.6 —1.46 -1.5
-2.1 —2.03 -2.1
—2.64 -2.9
—3.08
-3.3 —-3.52 -3.8
—4.4 —4.4 —4.2 —4.26 —-4.4
—4.66 —4.6
—-5.4 -5.62 -5.4
Conduction band Conduction band
(Nascimentcet al) (eV) (Uedaet al) (eV)
1.0 0.9
1.4
2.5 2.1
3.5 3.8 3.4
(d)
Bi»S;
Valence band Valence band DOS
(Debies and Rabalais (Uedaet al) (eV)
(ev) (ev)
-2.2 —-2.2 -1.9
—-2.6
-3.4 -3.5
-3.8
—4.1
—4.6 —4.5
-5.0
—-5.7 -5.7
-6.7

Conduction band
(Uedaet al) (eV)

0.4
0.9 0.9
15
2.5 2.7
4.0 4.1

energy resolutions. The separation between these peaks fiound in the photoemission spectrum that agree with more

the ultraviolet photoemission spectroscofyPS study by features in the calculated DOig. 9. Good agreement is

Uedaet al* (with resolution of 0.2 eYwas found to be 0.5 found for peaks 7—9 in BBe and for peaks 5 and 6 in

eV in Bi,Te;, Bi,Te,Se, and BiSe. Only one peak was Bi,Te;. No peak was found near 5.2 eV in the PES spectra

seen in B}S;. It is possible that one of these peaks was noto correspond with the lowest-lying peak in the DOSTE;

seen due to matrix element effects. Our present PES studieshile two peaks were found at2.64 and—3.08 eV, equi-

with a resolution of 0.08 eV, find separations of 0.27 eV indistant from the calculated DOS peak-a2.9 eV. Although

Bi,Te; and 0.36 eV in BiSeg;, much closer to the separation the energy dependence of matrix elements can move the po-

found in the calculated DOS. sitions of the peaks obtained in the DOS, we find overall
With improved experimental resolution, more peaks aregood agreement between the DOS peak positions and the
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PES peak positions. DOS and both the new PES data as well as earlier PES
In Bi,Te,Se and BjS;, which had been studied earlier by measurements. In Bi,Te; and BipSe, the valence-band
Uedaet al,'* the agreement is not as good due to the lowerpeak positions found in the current experiment, which had an

energy resolution and because the spectrum was taken ongynergy resolution of 0.08 eVYcompared to 0.2 eV in the
at one photon energy. While the number of peaks seen in therevious study?), agreed very well with the calculated peak
theoretical DOS of BiTe,Se is nearly two times the number positions(with a resolution of 0.02 e\ In addition, our PES
seen in the photoemission experiment, the experimentallgtudy clearly illustrates the benefits of using a synchrotron
observed peak positions agree fairly well with the peakghoton source over a single-line light source; the ability to
found in the DOS. The large number of peaks seen in thecan at multiple photon energies allows one to identify sev-
DOS of Bib,S; makes any comparison difficult at best, espe-eral peaks which would be otherwise indistinguishable or
cially for the resolution in this experimeft.Improved ex-  absent. With improved energy resolution of the experiment
perimental resolution and taking spectra at several differerénd by incorporating matrix element effects into the calcu-
energies do lead to better agreement between the positions lated DOS, a better agreement should be obtained fg8;Bi
the photoemission peaks and the peaks found in the calcand B, Te,Se as well.

lated DOS.
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