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‘New Interpretation of Photoemission Measurements

-

on Trigonal Se and Te*
ﬁ. Schlﬁter,+ J. D. Joannopoulos and Marvin L.vCohen
'Department of Physics, University of California,.
| Berkeley, CA 94720 H
and |
Inorganic Materials Researcn Division,

Lawrence Berkeley Laboratory, Berkeley, CA 94720

»tAbstract
"New pseudopotentlal calculatlons of the"‘

densities of states of trlgonal Se and Te, (in 
exoellent agreement w1th recent photoem1381on
measurements) are used to show that two ea31ly
'resolved peaks in the photoem1351on data’ are"
"dlrectly related to inter- and intra-chain
bonding. This identifioation isvaccompiished

by calculating electronic charge densities.as-

a function of energy for differentvenergy regions.
Finally we introduce.a‘new'method for determining‘
" bonding charges by extracting'short.wavelength

oomponentS‘of the electronic charge density.



The - electronlc structure of trlgonal Se and Te has

been the subject of many experlmental and theoretlcal studles
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Recently the advent of new ultrav1olet (UPS) and X-ray (XPS)

photoemission measurements has prOvided important information
about 4alllh the valence bandsand hasjrevealed'some' | »
inadequacies of present theoretical.calculat:i.ons.b'"6 In one
- of these calculationsu a complete merging'of's— and p—iike }
bands was proposed which disagrees qualitatively‘with the
recent photoem1851on data. Other calculationss’6 show a

‘ separatlon of s- and p-like bands which is 1n qualltatlve..
agreement w1th these experlments; however band w1dths and
1mportant structure in the p-llke bondlng states are not.
obtained'correctiy The experlmentally observed character—.'
1st1c two peak structure 1n the p- llke bondlng states is,

as we shall show, 1nt1matel related to .d'h 3

of bondlng states sO that prec1se calculatlons are necessary

'before a detalled understandlng of the electronlc structure
and bondlng nature of Se and Te can be obtalned. Plnally
the 1nformatlon galned by a careful examlnatlon of the
crystalllne forms of Se and Te is a considerable aid in
understandlng the amorphous phaseg gf Se and Te as well.
In this letter we thus present‘new calculations of the"
.electronic densities of states of trigonal Se and Te @sing
the embiricaI’pseudopotential method (EPM)B)which for the
first time agree quantitatively with all the observed
structure in the experimentai photoemission spectra. A

detailed discussion of the calculations and the parameters

3 -



‘used will be given elsewhefe.3 In Flg l we show the results

of our EPM calculatlons for the den31ty of states along with
the recent phetoem1351on results of Schevchlk et al.2 for
Se and Joannopoulos et al.3 for Te. Thevcaleulatedvspectra
Qere conuoluted with'an energy dependent'broadening'function_
in order to facilitate,combarisons with'experiment{ ,The
experiments on Se were obtained by using UPS and XPS -
measurements on a sputtered and subsequently annealed fllms,
while those on Te were obtained u51ng XPS on a 81ngle crystal.
_All observed structures in the experimental spectra are.ﬂ'
. repfodueed toiwithin 0.3 eV. As in'earlier EPM caieulationss’s’g
the lowest band represents essentially the atemie~e-like'states
of Se and Te. The next band containe pélike'bonding‘States
_whieh lie between -6.0 eV and ~2.2 eV for Se and for Te.
Finaily‘the top most valence states are predominantly nen—
- bonding p-like in nature. These;identifications are recon-
.fifmed in'our present calculations, moreover the widths,
: pos1tlons, and number of peaks in the densities of states
_are now in good quantitative agreement w1th experlment.
-In'order to understand the origin of the characteristic
‘two peak structure found in the p-like bondlng states of -
both Se and Te we have calculateg electronic charge distri-~
butions of states in each peak. This entails summlng over
Sfates'whose energies (in eV) fall within [-6.0,-3.6] and
[-3.6,-2.25] for Se and [-6.0,-3.5] and [-3.5,-2.2] for Te.
Once we have calculated the total charge density Qf each

energy interval, we can go one step further and isplate the



© short wavelength Fourier cemponents from the leng waQelength
Fourier'components. ~This‘introdgces a new method'ef defining
bonding'charges and a way‘to separate onf}gffectsvof
metallicity. The cutoff or‘beundary wavelengthtkoybetween'

- short and long wavelength'components Was found to lie
naturallybat Xo = d where d is the nearest neiéhbor separation
~in Se and.Te. The results obtained for Se by retaining.only
Fourier components with A < A, are snown in.Fig 2 (a) and (b)
for the energy 1ntervals [-6.0, -3 6] and [-3.6,-2. 25]
respectlvely.f The results for Te are 51mllar_and w11l3not_%v
 be presented here 3 We notice.immediately that the'lewer ?.

energy peak in the p- -like bondlng states represents stateS'j‘

1nvolved,1n 1ntra—cha1n bonding. The charge 1s_well lecallzed
in the bonds betWeen atoms.belonging to_the same chain._'In§:
the upper or hlgher energy peak of the p-like bondlng states

we, find states Wthh contribute to the inter-chain bondlng

in the crystal.'_Now_the charge is displaced out of the

" bonds and is concentrated in the region‘between neighboringn
chains'(right.nalf ef Fig, iB). The charge found within |
.th_e, chains (left half of Fig. 1b) is a residual charge of._“ |
the lewer bonding p-states. 1In fact.bethvfigures (la and lb)_'
showfsome_residual charge, indicating that an absolute  |
.separation on.the energy scale'of the two~types of‘states_

is 1mp0881ble The intra-chain bondlng states lle lower in
energy than the 1nter chain bondlng states since the potentlal

is strongest between neighboring atoms within a chaln.‘



Some measure of intraéchain'vs. inter-éhain pondihg
strengths is_given by the magnitude of the respective bonding
 charges1 "For Se we have found 0.07 e~ for the intra~¢haih_
bond and 0.04 e~ for thé inter-chain bond.i It'is'inétfﬁcfive o
to'compafé these values with 0.05 e-'and O;OQ ef‘for-the
" intra- and inter-chain bonds;of Te respéctively. 'Thé'ratio’g.
 of intra-éhain to inter-chain.bonding chargevdecreases from
1.75 for Se'fo-l.25 for Te and thus reflects the more tﬁree-:
dimensionél Qr'more.isbtrbpic character of TérlvFurthermore'}

‘we believe that the smaller amount of total bonding charge

~in Te is indicative of its more metallic character. -

Finally we should emphasize that the adcuracy of the
bonding charges we have obtained should be'éQnSidered mosfly

in a relative sense rather than individually.
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| " Figure Captioﬁs
Fig. 1. Calculated densities oflstates (solidvlinés) for
trigonal Se-(a) and Te (b), which have been'broadened  o
by 1.2 eV for the s-like states and by d.?leV.for the
bemaining states.‘ Superimpoéed are the experimental
5photoémission spectra (dashed lines). The 5cales for‘
the XPS and UPS curves are arbitrary.
Fig. 2. Bonding charge of trlgonal Se for the a) lower and
b) upper p-like bondlng states, calculated as described
in fhe text. Only positive contours are.showh;'ﬁitﬁ L

“values in unitsvbf e/Q.
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