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The reflectivity of Se and Te Single crystals has been measured
#T necar normel inciuence for photon energies between 3 and

30 eV with the electric rield vector lying parallel and perpen-
dicular to the c¢-axis of the crystals. The measurements were
taken using the polarized continuum of the synchrotron radiation
of DEsY. A Kramers-Kronig analysis gave the optical constants
for both directions of polarization. For voth substances elec-
tron energy loss measurements are reported. Comparison to the
optical data gives satisfactory agreement. Even at high energies
we ouserve consilderable anisotropic behaviour and several new
spectral features. They are discussed in terms of recent band

structure calculations.

Die Iiedflektivitdt von Se und Te Einkristallen wurde fiir Photo-
nenernergien zwischen 3 und 30 eV beil nashezu senkrechtem ZRinfall
mit dem elektrischen IFeldvektor parallel und senkrecht zur c-—
Achse der Kristalie gemessen. Tir diese Experimente wurde das
poiarisierte Kontinuum der Synchrotronsirahlung von DESY be-—
nutzt. Bine Kramers-Kronig Arnalyse lieferte die optischen Kon-
stanten filir beide Polarisationsrichtungen. Fiur beide Substanzen
wird liber BEiektronenenergieveriustmessungen berichtet. Der Ver-
gleich mit den optischen Daten ergibt eine befriedigende Uber-
einstimmung. Auch bel hohen Energien beobachten wir fiir beide
Substanzen ein betrdchtliches anisotropes Verhalten und mehrere
neue Strukturen. Sie werden an Hand von neuen Bandstruktur-RKech-

nungen diskutiert.



I. INTRODUCTION

Considerable spectiroscopic information on the electronic ex-—
citations and tneir anisotropic behaviour in trigonal seleniunm
and tellurium in the fundemental absorptiorn region has been
obtained so far [1, 2]. Due to the lack of suitabie polari-
zers for the far vacuum ultraviolet, measurements with linearly
polarized light have been limited to photon energies smaller
tnan about 12 eV, For Se this problem has been overcome by
measuring tne reflectance of unporarized light from two diffe-
rent crystal planes with the c-axis parallel (]|) and perpen-
dicular (]) to the reflecting surface [3]. The anisotropy has

then been calculated from these measurecments.

Electron energy lcss experiments, for wnhich there are not such
severe problems concerning the energy range, have been per-
formed for both, Se and Te [4, 5]. However, the anisotropic

behaviour has not been investigeteda in these experinments.

Here we report on measurements of the reflectance of trigonal
Se and Te single crystals for photon energies from 3 eV to 30
eV from which the anisotropic optical constants are deduced.
In the same energy range the dependence of the structure of
the electron energy loss function on the momentum transfer Ak
to the crystal has been studied. The results of both experi-
ments are compared and discussed with the help of recent band

structure calculaetions.
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2. EXPERIMENTS
2.1 Keflection measurements

Por the optical experiments we nave useda the poliarized conti-
nuum of the synchrotron radiation of the 7.5 GeV Electron-Syn-
chrotron DESY |6, 77. The radiation was monochromatized by a
near normel ircidence monochromator in a modified Wadsworth
mount [8]. Advantage was taken of a dispersion plane perpen-
aicular to the plane of the synchrotron [9]. Figure 1 gives a
sketch of the experimental arrangement. The pre-mirror reflects
the light emitted by the electrons in the synchrotron orbit to
the monochromator. The electric field vector E of the synchro-
tron radiation lies perpendicuLrar to the plane of the drawing.
Since the plane of incidence of the pre-mirror as well as that
of the grating are perpendicular to E this arrangement produ-
ces an even higher degree of polarization as compared to that
of the incident synchrotron radiation. The degree of polariza-
tion as given by (I”— IL)/(IH+ I;) was estimated to be better
then 0.94. Here I} and I} are the intensities of the light
components polarized parallel (||) and perpendicular (1) to the
electron orbit respectively.

In the refiectometer sample and detector could be rotated in-
aependently [10}. This ailowed the spectra to be taken at va-
rious angles of incidernce. Moreover, the sample and the detec-—
tor could be rotated around the optical axis, which made it
possible to measure spectra with light polarizead parallel and

perpendicular to the c-axis of the crystals.

Depending on the energy range different gratings, filters and
detectors were used: for energies up to 20 eV we used a 600
lines/mm grating oblazed at 1200 R with an A1 + MgFo coating,
for the range from 10 to 30 eV a 1200 lines/mm grating blazed
at 600 R with an Au coating. With these gratings a spectral

resolution of 4 £ ang 2 R respectively was easily obtained.



Luartz, MgFQ, and Li¥ were used as filters for measurements
up to 7.0, 10.5, and 11.5 eV respeciively. A Sodiumsalicylate
coated photomultipiier ( EMI modei 9781 B) served as & detec—
tor for photon energies up to 12 eV. For pnoton eriergies rrom
7 to 30 eV spectra were obtained with an open magneiic multi-
plier (Bendix model 306). These technigues were employed in
order to have optimum intensity For a perticular wavelength
range free from higher spectral orders and straylight. The
measurements were periormed a2t roow temperature with crystals
grown ircm the meldv, the c-axis of thne crystals lying parallel
to the surface. The crystials were freshly cleaved before they
were mounted intc the sampie holder. The direciion of the c-

axls within the surface was determined by X-ray ditfraction.

In contrast to the relative spectral shape the absolute value
of the reflectance was not determinea with great accuracy
since the reflected intensity Ir and the incident intensity
10 were not measured simuiataneously.

When tne reflectalnce curves were drawn, different overlapoving
parts of the spectira, measurec with difterent gratings andg/or
rilters and detectors, had to be adjusted to each otner.
Finaliy, to oriry the relative reflection specira to sbso_.ute
values we norma.lzed our measurgacnits vslween 3.5 eV oand 6 eV
to the spectra taken by lenrion [11] and Leiga [3] for Se and
Tutihasi, Roberts, Keezer snd Drews [2] for Te. Jecause this
procedure introauces some amuvligulty, the absolute values given

have t0o be taken witvii some reservaiion.
2.2 Electron ernergy loss measurements

The eiecctron energy loss spectra were measured with single-
crystal Se and Te r'ilims approximately 1000 2 thick. Se of
99.999 % purity was evaporatec onto 1070-faces of Te crystals
as thin films ([12]. The films were prepared seifsupporting on
avertures. The preparation of tne Te-samples will be descri-
bed elsewhere [13]. The structure of the samples was cnecked
by eleciron diffraction patterns. The c-axis was Llyirg in the

plane of the crystals.



Energy iosses ol 30 keV eslectrons traversing the Iilms were
meazsured with a Mdllenstedt-type analyzer [14, 15]. Spectra for
various scattering angles ¢ and P (declination and ezinuth)
could pe taken without mechanical adjustments by electrostatic
bending of the electron veam. This allowed for detection of
even small anisotropic eifects. In order to have as much inten-
sity as possible, a comperitively lLow resolution of 1 eV was

used.

The direction of the scattered electrons was accuratle within
+1.5%x10~% rad ard *9° for the angle of declination Vv and the
agimuth ¢ respeciively (Fig. 2). Spectra were taken ror ¢ =
1x107° red. For this angle the direction of the momentwr trans-
fer Ak is defined with a maximal halfwidth of 49. However,

this direction is not perpendicular to the electiron beam and
chansges with energy loss [16, 17]. In order to huve this direc-
tion as close &s possible parallel to the foll for spectra
kllc the sampre wes titled atv an angle of 12° as shown in PFig.
2. Unis mininized the angie at which k was outside the nlane
(saximal deviation from the plane 7°) and made the necesseary

A~
correction Iror obtalining |Iﬂz£_qlfrom the experimental data

o
w
[ 4)]

mall as possible, For the case X | ¢ titling is not neces-

w
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&1 and £o are not expected to be very accurate, the position
and shepe of the peaks, however, as well as their relative
heights should be Iairly correct.

It 1s worth roting, that at about 9 eV for Se and at about

o eV for “e the imaginary part ¢f the aielectric constant £
for B | ¢ cecomes larger and stays larger with increasing pho-
ton energy than £, for Bilc.

In Pig. € the energy loss functions ‘Im.& 1‘ derived from the
optically determined constants &4 and £, are shown. This quan-
tity can be directly conpared with that obtained from electiron

energy loss experiments.

3.2 BElectron energy loss experiments

The only erectron energy loss that has to be considered is the
singie volume loss, since the only aetectable multiple volunme
ioss nas its muaximum outside the speciral range investigeted.
The cross section ior the surface losses at o= ?'10_3 rad 1is
so smell thatl it may be neglectea. For the single volume loss

the experimental spectrum S(Aw) is given as [21] :

= fiw/ 7 L. B, energy of the incident electrons, d2 solid
v
angle).

In Pig. 7 |Iﬁlg_1I determined from 5 (Aw,) for both directions
of polarization is shown. The correction bty the factor (&2+3§)
changes with energy loss from 0.9 to 1.175 and gives a relevant
contrivution only for energies exceeaing 20 eV. The convoiutions
vy the experimental spread 1in energy and ﬂngle are neglegible.
N0

te, that in this experiment the ratic lIm ‘1|for §||g to

L

(o

~
mE~Mzor k | ¢ is directly determined by the nmeasurenents.

Spectre trom several szmples showed a good reproducibility.

Minor deviations couid ve odserved, however, between freshly



prepared films and those which were older. This aging effect
is more pronounced for Te than for Se. We display here spectra
obtained from the oider samples, becsuse the deviations are
probably due to annealing processes.

The energy loss spectra for both substances show a strong
maximum with smaller struciures on both slopes. The main peszk
may ve interpreted as due to the collective oscillation of the
6 outer s~ and p-electrons. The calculated plasmafrequency

ub = (4nne2/m)1/2 has 1in both cases a value smaller by approxi-
mately 10 % than the experimentally observed peak positions.
The single excitations at lower energies from which the longi-
tudinal modes are observed in the loss spectra, are the main
cause of the partially anisotropic shift of the plasmafrequen-
cy to higher energies.

3.3 Comparison of optical and electron loss experiments

A
We are going to compare lIm.&'q‘ for both directions of pola-
rization, each independentiy determined by optical and electron

loss experiments (Fig. 6, 7).

For Se we obtain a very simiiar enisotropic behaviour of the

'Img -1|

'hnéiﬁfis larger than lIm.§g1

curves from both methods: below approximately 7 eV
, between 7 eV and 20 eV IIm £[1|

is larger and becomes smalier again Ior energies exceeding

20 eV. Both measurements show maxinma at 6 eV (| c¢) and 11 eV
(lle) followed by a large maximum at 139.0 eV (|| ¢) and 20.3 eV
(1 ¢) respectively.

However, some discrepancies are worth noting: whereas the op-
tical experiments give more structured curves for energies
below 15 eV the energy loss esperiments show some additional
structure for energies exceeding 20 eV. Moreover, the amount of

anisotropy is larger for the optical curves.



For tue range 0 - 15 eV the spread in energ gy and angle for
the energy loss data cannot explain the discrepancy. Also the
reduction ot the optical data as described in 2.1. znd possib-
le errors introcuced by the Kreners-Kronig analysis can be

excludea ag sourees ol these diiferernces.

Iwo remsons may csuse thie obcerved dirferences: 1. We used
aiizerently prepared ssuwpies in both experimehts, 2. In elec-
Tron Loss experiuments the optical constants depend con k. This
suatiel dispersion |[22] nay csuse a structure, difierent from
Tiie ore obderved 1mn tne opticol experiment. bBince tne speciel
exoeriacntal set-up, &s aescribed above, gives nomentur Trans—
Toer O approxiwstery 15 % oI the waxinua k possibie within the
voundary of the Jrii.ouln zone, no direct beand to band tran-
citions are observed. This 1s ecuivalent to & horizontal shift

0l the energy bands with respect to each other [22]

-1
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ig taken into acecount, one nag to expect, that 'Im,QL ' becones
cuwalier than lI“1€“1| a2t higher energies. Concerning the struc-
ture tne resulits from poth experiments are very similar. Soth
wetnods yieid mzxiza at 5 eV {(lc) and at about 17.3 eV (|l c and
1 ¢). Purther the position of the shoulders at 8 eV (llc), 11.5

“

eV (|| ec) ana 12 eV (Le¢) show a good agreement.



4. COMPARISON WITH BAND STxUCTURE CALCULATIONS

4.1 Selenium

Our results for Se are compared with the calculated electron
energy bands. A part of the band structure due to Sandrock [23]
is shown in Fig. 8. He discusses transitions extending up to

12 eV. The spectral features in the energy range from O o

6 eV are due to excitations of electrons from the upper part
of the wvalence ovand to the lower part of the concduction band.

The main contribution to the £, spectra in the range 7 eV %o
9 eV originates from transitions from the lower valence bhard

toc the lower conduction band trivlet as well as from the
upper valence band to the upper conduction band triplet.

As the new resu.ts of this work show, there is still & reicii-
vely large contribution to the £o-spectrum for energies excee-
ding 12 eV. There are peaks centered at 12.3 eV for soth airec-
tions of poiarization. The band structure of Fig. 8 suggests
that they may be associated with transitions from the lower

valence to the upper conduction bzand triplet.

For both directions of polerizetion we observe weak reflectance
peaks at avout 16.5 eV. Tue corresponding structures zre not
well discernible in the tgp-curves. However, in the IIm §_1|
curves, as obtained {from both meihods (Figs. 6, 7) they carn be
distinguished as shoulders.bince for higher energies ‘Imé‘_qlw
¢o> whereas for smaller energles ’Imil_1|@£2 holds, this small
to structures do show up more clearly in the |Im.€"1,curves.
Sandrock [23] gives the eigenvaiues at symmetry points for
three more valence bands (s-type) below the lower valernce bend
triplet. Transitions from these bands, not included in Fig. 8,
should occur in the energy range from 16 eV to 25 eV. We, there-

fore, consider the observed structures above 16 eV as due to

such transitions.



The next higher transitions in Se are those from the 3d-core
level to the conduction band which do not "switch on" until
about 55 eV as seen in the energy loss spectrum not displayed
here.

4.2 Tellurium

A similar kind of analysis zs for Se can be made for Te. The
most recent one of a number of eiectron energy band calcula-
tions was made by Maschke [24] using the pseudopotential me-
thod. A part of this bsnd structure is shown in Pig. 4. The
Eo-spectra Zor tne two directions oI poiarization up to 11 eV
are rather ssatisfactorely interpreted, as discussed by Maschke,
in terms of electronic transitions from the six mostly p-type
valence bands to the six conduction bands shown in Fig. 9. As
in the case of Se the six valence vands as well as the six

conduction bands consist of two triplets.

A contributiorn from & third valerce band tripiet to the lower
conduction bandg will possibly show up in the region near 10
eV. This tripiret, not shown in ¥ig. 9, originsates from the
atomic s-states znd ries about 10 eV below the lower conducition
bend triplet [25]. The maxima at apout 12 eV, seen in the I,-
spectra (Mig. %) may well pe due to the transitions from this
s-type valence bsnd triplet to the lower conduction brnd trip-
let. The next mexima at approximately 16 eV in the reflectence
spectrz, which appear as shoui.ders in the &2—curves, mey be
mainly attributed to the transitions from the s-type valence

bund to the upper conduction band triplet.

The next deeper levels below the s-type valence buznds lie about
40 eV below the lower conduction band triplet. Transitions from
these atomic 4d core levels to the conduction band thus fall
outside the photon energy range investigated in this work.



A more detailed assignment to special points within the
brillouin-zone is not possibie for both, Se and Te, since
Tor both substances the contribution to the ae—spectra ori-
ginate from rather large regions of the k-space [23, 24, 2‘5J.
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Energy position (in eV) of the most prominent structures of the
reflectance spectra for Se and Te single crystals for both
airecticns oi polerication. Shoulders are denoted by sh. Values
below 3 eV are taken from Refs. [2, 11].
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Yig.

Fig.

1

2

Experimental arrangement for the optical experiment.

k - directions relative to the crystal in the electron
loss experiment. 2a) The plane of the incident and
scattered electron beam for kllc and k¥ | c¢c. The change
of the X - direction with loss energy is described.

2b) The plane of the crystal for kilc and k¥ | ¢. Tne in-
cident electron beam is perpendicuiar to the drawing.
The uncertainty of the k - direction (@) within the cry-
stal plane is described {the broken vectors indicate the
angular half width).

Heflectance of Se and Te single crystals for an angle
of incidence of 15° with Eflc (solid line) and E | c
(broken line). BelLow 3 eV measurements of Ref. [ 2] and
Ref. [11] are included.

Dielectric constant £4 for Se znd Te for Ellc (solid
line) and E | ¢ (broken line).

Dielectric constant £, for Se and Te for §||g {solid
iine) and E | ¢ (broken line).

A
“nergy loss function ]Lné 1lfor Se and Te for Ellc
(solid line) and E | ¢ (broken line) as obtained from
the optical data.

Energy loss function |Ime“1|for Se and Te for kllc
(solid line) and k | ¢ (broken line) azs obtained from
the energy loss experiment.

Energy bsnds of trigonsal Se according to Sandrock
(Ref. 23).

Energy bands of trigonal Te according to lMaschke
(Ref. 24).
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