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The electronic structures of trigonal tellurium and trigonal selenium have been investigated by
photoemission, using conventional energy-distribution curves (EDC's) and their second derivatives which
reveal significant fine structure, embedded, but hardly observable, in EDC's. The two p valence bands (p,
and p,) and the second conduction band (SCB) are explored for both materials except for p, in the case of
Se. In particular, the bottom of the SCB is positioned 4.6 and 6.1 eV above the upper edge of p, in Te and

Se, respectively. The spectral structure is interpreted in terms of partial contributions to the total density of
states (DOS) of restricted regions of the Brillouin zone, namely, about the A, axis and point H, as obtained
theoretically in Paper I of this work. A similar study is carried out on disordered films of Te and Se,
deposited in ultrahigh vacuum onto a flame-polished silica substrate. A comparison between the
photoemission spectra obtained from these films and those obtained from trigonal Te and Se reveal a sharp
attenuation of the conduction-band-DOS structure in agreement with the theoretical results, Paper I. The
valence-band total DOS in these films exhibit more subtle disorder effects, characterized by (i) the loss of
the contribution of point H and (ii) the preservation of the h contribution. In addition, it is shown that,
depending on the thermal treatment of the films, two sets of disordered configurations may be obtained in Te:
one [a-Te(1)] which can effectively be approximated by disordering the trigonal Te lattice, and the other
[a-Te(2)] which represents a further departure from this lattice and could, therefore, be approached via

deformation of a different (possibly simple cubic) lattice. Because of the relatively good fit achieved in the
experimental electronic structure of the disordered Se films using the trigonal approach, these films do not
seem to contain a majority of Se~ rings but might rather consist of a mixture of small weakly distorted Se
chains, possibly amalgamated with a small proportion of rings.

I. INTRODUCTION

In the previous paper (Paper I of this work), '
calculations of the electronic structure of both tel-
lurium and selenium have been presented. They
were based on a pseudopotential calculation per-
formed by Sandrock for trigonalSe andbyMaschke'
for trigonal Te. The results have shown well-
characterized disorder effects on the density of
states of these two materials. In this paper, pho-
toemission data are presented which (i) support the
band-structure calculations of the crystalline
phases of these two elements, in particular by ex-
ploring regions of their electronic structure that
could not be investigated accurately using optical-
absorption measurements, and (ii) illustrate the
anticipated disorder effects present in their amor-
phous configurations.

Though the photoemissive properties of Te and
Se are of a current practical interest, previous
uv-photoemission data were only scarce for these
materials and dealt in most cases with photo-
electric-yield measurements which cannot bring
direct and precise information on the density of

states ~ In the present work, emphasis is put on
the fine structure existing in photoelectron energy-
distribution curves (EDC's) obtained from ultra-
high-vacuum cleaved (1010) Te and Se in the photon

energy ranges 5-9 eV (Te) and 6-11 eV (Se). This
fine structure is known to be strongly enhanced by
higher-derivative techniques, "' and these were
used here systematically in parallel with conven-
tional EDC analysis. The interpretation of the rel-
evant spectral features is obtained by a comparison
with the partial contributions to the total density of
states, originating from restricted regions of the
Brillouin zone, as calculated in Ref. 1. Prelimi-
nary results of this study were already published. ~ '3

Apart from new information collected on the band
structures of trigonal Te and Se, emphasis is
placed on a comparison between the electronic
properties of the crystalline and disordered phases
of these elements, as seen from the photoemission
point of view, in the light of the complex-band-
structure calculations presented in Ref. 1. In par-
ticular, disorder is seen to affect not only the con-
duction-band but also the valence-band density of
states of these elements, depending on the thermal
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treatment of films prepared and maintained in ultra-
high vacuum (&2X10 ' torr) onto flame-polished
silica substrates. Finally, a comparison between
the disordered and trigonal forms of Te and Se al-
lows some conclusions to be drawn concerning the
configurational properties of these materials in
their disordered phases.

Sharp polarization effects were observed in both
crystalline materials, as expected from their
strong anisotropy. The description of these effects,
together with their interpretation, will be subse-
quently presented in a separate publication. '4

lator strength to be constant in k space

N($, (u)-5($ —E,)n„(S-g(g), (4)

N($, (u)- 5($ -E„)n, (8), (5)

where n, {$)is the conduction-band DOS. This cor-
responds to a peak in the EDC that now varies with
photon energy according to

where n„($-g&o) is the valence-band DOS. This
will correspond to a sharp peak in the EDC, re-
maining stable in final-state energy 8 =E,. If there
is one peak in the valence-band DOS (E„"„=E„),one
obtains

II. PHOTOEMISSION AND DENSITY OF STATES: CASE OF
Se AND Te S =E„+S~. (6)

The information resulting from the usual optical-
absorption measurements'5~4 is restricted by the
fact that one measures only the energy differences
between initial and final states. In the photoemis-
sion process, the number of emitted electrons that
are first directly excited to a final-state energy
level h, can be approximated by '

N(8, ~)=Z ~.V,„(k)~' 5(h E„,; -I& )-
V)C

X 5(g —E, ;)S (h, k) d' k, (I)

where I M (k) l is the probability for an optical
transition from the valence-band energy level E„&
to the conduction-band energy level E, & to occur.
S'(8, k) is the escape probability. For simplicity,
we assume that (P(8, k) is independent of k and

s(S, k)=r(8)=I for $&E,
=0 for ~ ~Eo,

Eo is the vacuum-level energy at the surface.
Evaluation of the volume integral on the right-

hand side of Eq. (1) yields the energy-distribution
function as a line integral in k space, the lines be-
ing given by the conditions

Ec,k Ev, k=~ Ec,k= ~ ~

The energy-distribution curve (EDC), N(8, ~), ex-
hibits van Hove singularities if the expression
[&i[Em,t-E~, iJxVIEc, df.& vanishes, k0 fulfilling
the conditions set by Eq. (3). The form of the sin-
gularities is determined by the topology of the re-
spective critical lines. 6 The intensity of the sin-
gularities is mainly determined by the optical-tran-
sition matrix element multiplied by the escape
probability. For some special cases, one can cor-
re'"te qualitative features of the EDC's to the den-
sity of states by inspection of Eq. (1). If one takes,
for instance, the conduction band to be nearly in-
dependent of k, i. e. , the conduction-band density
of states (DOS) is characterized by one single peak
(E, f=E,), then, from Eq. (1) and taking the oscil-

So, by tracing the behavior of a given peak in the
EDC with photon energy, one can assign this peak
to a valence- or a conduction-band DOS feature.
The intermediate cases between Eqs. (4) and (5)
will appear in an (h, g~) energy diagram as a bend-
ing and branching of the lines, which describe the
behavior of either conduction- or valence-band
peaks on such a diagram. The same arguments
yielding Eqs. (4) and (5) hold also if the k depen-
dence of the energy bands is negligible only in some
regions of the Brillouin zone. Due to the fact that
the bands are relatively flat in Se and Te {Figs. 5
and 6 of Ref. 1), these conditions may be consid-
ered to be sufficiently well satisfied for these two
materials,

The case of a disordered solid may also be de-
scribed by Eq. (1) if the real energy bands E„I and

E, I are replaced by complex energy bands: e„,;
=Ev, i+&I'v, i. and &c,i=Ec,i+&I', r~ in analogy with
Eq. (21) of Ref. 1, for the density of states As a.
consequence, one may use similar arguments, as
in the crystalline case, to interpret the (h, h&@)

behavior of the EDC features in the disordered
phase.

The application of such considerations are, of
course, restricted to transitions towards conduc-
tion-band states lying above the surface-potential
barrier. Because of the high values of the photo-
electric threshold E&, measured to be 4. 65 a0. 05
eV in the case of trigonal Te and 6. 1 a 0.2 eV in
the case of trigonal Se, no information on the P3
band could be obtained from the photoemission da-
ta. ~ The s valence band starts 9 and 7 eV below
valence-band edge for Se and Te, respectively.
Transitions between the s valence band and the
second conduction band (SCB) could therefore start
contributing to the photoemission spectra at photon
energies higher than -15 eV for Se and 11.5 eV for
Te. These energies were not reached in this work
and no information on the s band could be obtained.
In addition, it is expected that at these energies
the spectra could be perturbed significantly by in-
elastic electron-electron scattering, as shown by
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Nielsen in the case of amorphous selenium and,
to a lesser extent, in this work in the case of tri-
gonal tellurium.

The overall agreement between experiment and
theory was found to be satisfactory for the p, and

P2 bands in Te and Se, and for SCB in Se. The the-
oretical fit to this latter band in Te was obtained by
shifting the calculated SCB by 1.2 eV to lower en-
ergy.

III. EXPERIMENTAL

The photoemission data were obtained from high-
purity vacuum-cleaved single crystals and from
disordered films prepared in ultra-high vacuum.
The Te crystals were grown using the Czolchzalski
method. They were P type and their resistivity
was measured to be constant at 0. 3 Acm at 300 K
all along the crystals ~ The room-temperature
carrier density was estimated to be about 5 X 10"
cm '. A Bridgman technique was used to prepare
the thallium-doped Se crystals, ' which were also
p type. Their resistivity was that typical of such
Se single crystals, i.e. , -10 Acm.

Surface contamination is known to perturb dras-
tically the behavior of the photoexcited electrons,
which reach the surface and then scatter within the
contaminant before being emitted in vacuum.
Therefore, it appeared essential to cleave the crys-
tals used in this experiment in ultra-high vacuum,
the actual working pressure being always maintained
in the 10 '-torr range. Residual-gas analysis has
shown the presence of traces of H& but none of oxy-
gen.

Figure 1(a) gives a schematic view of the experi-
mental setup. Details of the cleaver were presented
elsewhere. " The Te samples were x-ray-oriented
parallelepipeds of dimensions 4x2X15 mm, having
(1010) end faces (cleaving plane) to a 1' accuracy
(c axis parallel to the longer edges of the rectangu-
lar cross section). Selenium cleaves also along
(1010)faces. However, its handling is made diffi-
cult owing to its softness. The samples used in
this work were single-crystal cylindrical bars,
diameter 7 mm approximately, grown perpendicu-
lar to c axis. They were mounted directly on their
holder in such a way that the cleaving could occur
along (1010) faces. In order to minimize ary pos-
sible rearrangement of atoms in the Te and Se
films, these were deposited onto plane, circular,
flame-polished, fused-quartz substrates (diameter,
4 mm), cemented at the extremity of a, copper hold-
er and maintained at room temperature in the case
of Se and 100 'K for Te. The films were electrical-
ly connected to the holder via a gold-film contact,
previously vacuum-plated on one side of the sub-
strate. Ordering induced by the substrate into the
films was illustrated by depositing a Te film onto
a polycrystalline gold film previously condensed on

the fused-quartz substrate. Before deposition of
the material studied, the substrate was pushed for-
ward linearily and positioned within a 5-mm-diam.
window bored into the analyzer. The evaporation
source was the same material that was used for
the crystalline study. The source-to-substrate
distance was 15 cm and the evaporation beam was
collimated to obtain a normal incidence deposition
at approximately 20-A/sec rate. Possible pertur-
bation of the analyzer work function by deposition
of the evaporated material onto the internal surface
of the analyzer was avoided by positioning an 8-
mm-diam. copper disk behind the substrate as
shown in Fig. 1(a). The Se films were 300-500 A

thick and exhibited the well-known red transparen-
cy. The Te films were somewhat thicker (in the
range 500-1000 A). Diffuse halo x-ray diffraction
patterns were obtained from the Se films and from
the as-deposited Te films prepared at 100 'K and
slowly annealed to 300 'K [a-Te(1)]. No diffraction
study was carried out on the Te films, after anneal-
ing to temperatures higher than 300 'K.

By classical x-ray diffraction standards, the Se
and a-Te(1) films prepared as mentioned above
should be considered as "amorphous. " However,
it is stressed that this diffraction technique has a
finite resolution limit of some 15-20 A. Any per-
fect crystalline ordering present in a film but con-
fined below that limit could not be detected. Et is,
however, clear that, were the relevant film classi-
fied amorphous, " such an ordering should be suf-
ficient, in principle, to rebuild a band structure
similar to the crystal one.

On the other hand, Te films, which were deposited
at low temperatures but in a much lower vacuum
and on a different substrate, ' have shown trans-
port properties comparable to the crystalline ones
when their temperature was raised above 270 'K.
Using that criterium, Te films were then arbitrari-
ly defined as being (i) "amorphous" when maintained
at temperatures below that limit and (ii) as "poly-
crystalline" above. Keeping in mind that such a
limit may vary widely depending on film prepara-
tion, it is pointed out in addition that a conductivity
study does not allow one to investigate the electron-
ic structure of a crystal and a fortiori of its dis-
ordered configurations, typically in the case of
such anisotropic materials like Te and Se.

From these remarks, it appears then superficial,
if not simplistic, to try to classify the films be-
tween amorphous, polycrystalline, or else, disor-
dered polycrystalline, films, which all represent
various degrees of disorder. For this reason, all
films prepared in this work will be quoted as dis-
ordered.

The sample holder is mounted at the extrerni-
ty of a copper arm fixed to an insulated cop-
per feedthrough. The exact positioning of the sam-
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pie is provided by a manipulator, allowing a 3.8-
mm linear-motion drive and tilting of the sample
about the feedthrough axis. While the cleaved Te
faces were observed to be almost completely free
of scratches, the Se ones exhibited bright areas to-
gether with a few fibers standing parallel to the c
axis. After either cleaving the crystals or after
preparation, of the film, the sample is moved to-

(a) pump

wards the center of a spherical electron-energy
analyzer. The geometry of this analyzer has been
corrected to allow the electric field dispersion to
be perfectly spherical in the hemisphere in front of
the sample impact face. In addition, the cleaver-
analyzer assembly is contained in a magnetic shield-
ing can to reduce the magnetic field to less than
0. 1 G in the analyzer. The average dimension (a)
of the latter being small with regard to the inner
diameter (b) of the analyzer (a/8 & $), the energy
resolution of the analyzer 4EJE, (E, being the ki-
netic energy of the emitted electron) can be rea-
sonably estimated~ to be of the order of ~ 1%.

The excitation beam is provided by a hydrogen or
mercury lamp mounted at the input slit of a Mc-
Pherson 218 uv monochromator. Calibration of the
source was carried out using a calibrated thermo-

(b) Analyze
sample

Cap.Comp.

ramp
= Oscillator

FK

PS 1(VR)

ys

y4

~silica substrate
with gold contact

Adapter
ramp

storage

RECORDER

FIG. 1. (a) Experimental setup showing: 1—light source; 2—Mac Pherson 218 uv monochromator; 3—rotating polar-
izer; 4—(LiF coated) Al spherical mirror, mounted at 17' incidence in an evacuated tube; 5—LiF windows; 6—ultra-high-
vacuum chamber; 7—insulated sample holder, mounted on a manipulator model UMD-1 from Vacuum Generators,
England; 8-sample clamped at the end of holder; 9-nonmagnetic, stainless-steel crystal cleaver (Ref. 31); 10—cleav-
ing plane; 11-gold-coated spherical electron-energy analyzer; 12—Mu-metal magnetic shielding can; 13—evaporator;
14-viewing port. The geometry And dimension (mm) of the trigonal Te bars used are shown, as well as details of the
mounting of the silica substrate used for preparing the Te and Se films. (b) Block diagram of the electronics system
used for measuring the energy-distribution curves and their second derivatives. The ramp sweep dc voltage on the
spherical analyzer is provided by the, screen sweep of a Hewlett-Packard 5480A memory display, adjusted via an adapt-
er to fit the extent of the actual spectrum. Part of this sweep voltage is used for capacitance compensation of the field-
effect-transistor (FET) differential amplifier, where the photocurrent is first preamplified. This current then enters a
Brookdeal 450 low-noise amplifier (LNA), and further a Brookdeal 411 phase-sensitive detector (PSD). The reference
signal to this PSD can either be (i) a 40 hz ac voltage provided by a Hewlett-Packart 204D oscillator via a Brookdeal 421
phase shifter (PS) (to allow measurement of the first derivative of the photocurrent-EDC —at the PSD output), or (ii) the
third harmonic (120 Hz) of this ac signal, via the overloaded phase shifter and a Hewlett-Packard 3410A ac pV meter
tuned on that frequency (to measure the third derivative of the photocurrent, after filtering out all other harmonics).
The first or third derivative of the photocurrent can then either be directly recorded as a function of the ramp-sweep
voltage on an x-y recorder or (for current ~10 2 A) stored into the memory and displayed at convenience after the noise
has been cleared out of the derived signal by the averaging process in the memory.
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pile, with interpolation by a sodium salicilate tar-
get and a photomultiplier. The beam is focussed
on the cleaved face under a 45' angle of incidence
through a LiF window using a spherical mirror,
sample-to-mirror distance being equal to the focal
length of the mirror. Before and after reflection
onto the cleaved face, the beam passes through
ports bored into the analyzer (10-mm diam. ) and
the shielding can (15-mmdiam. ). The analyzer
ports introduce local disturbance of the electric
field inside the analyzer. However, their dimen-
sion is small enough to maintain the over-all spheri-
cal symmetry of this field ' while keeping the larg-
est possible acceptance angle at the sample. The
dimension and shape of the slit image (& 1-mm
cross section) are such that the beam can be fo-
cussed within the target-face width by adjusting
both mirror and sample in concordance. A rotating
yolarizer, consisting of three gold-coated plane
mirrors, could be mounted on axis to provide po-
larized light.

In that configuration, a sweep-retarding voltage
V~ is applied onto the gold-coated interior face of
the spherical analyzer and the photocurrent is
measured negatively on the sample itself via the
insulated feedthrough Oeakage resistance of the or-
der of 10~5 I Q). A small ac voltage v is superim-
posed on VR, which allows EDC's to be monitored
by measuring the first-derivative of the photocur-
rent. The resolution of the entire arrangement de-
scribed here was evaluated taking into account the
scattering of light within the monochromator slits
(130 meV for a 1-mm slit opening at hv =7.72 eV),
the band broadening with temperature (= kT or 25
meV at 300 K) and the analyzer resolution itself
as a function of the electron kinetic energy EI, mea-
sured above vacuum level. As an example, the
energy resolution is found to be 170 meV for Er,
=1.5 eV, slit opening s=1 mm and A, v=7. 7 eV.
This resolution compares well with those obtained
for other analyzer geometries ~

The usual EDC's measured on Te and Se, both
in their crystalline and disordered phases, indi-
cated structure that suggested that the improved
visibility afforded by higher-derivative spectros-
copy might be used to advantage in this case. 4'5

Details of the electronic higher-derivation setup
are shown in Fig. 1(b).

Higher-derivative spectra were compared with
the conventional EDC's measured at the same pho-
ton energies. An example of such curves is shown

in Fig. 2(a). They were obtained from trigonal Te
at h v = 5.49 eV. At that energy, the EDC (mea-
sured with v=0. 3-V peak-to-peak (p. p. ) and s = 1

mm) is an almost perfect symmetric curve about
its maximum, with a width at mid-height of 0.60
eV. These characteristics are observed to be un-
affected by decreasing v to 0. 15 V p. p. Reducing

.60eV

.35eV

'i EDC
V

2Ad.d
2nd. der.

hV=5. 49@V
0

hV=6.10eV
b

FIG. 2. EDC's and their second derivatives obtained
at (a) hv=5. 49 eV and {b) hv=6. 10 eV, from a vacuum
cleaved (1010) Te face.

the slit openings does cause a sharpening of the
low- and high-energy onsets of the curve, but does
not alter the over-all profile of the EDC. ' The
second derivative of the EDC —d~I/d V (u = 0. 5 V

p. p. , s =0.7 mm) remains practically symmetri-
cal also, with one single peak exactly correspond-
ing to the tip of the EDC. The width of this peak is
0. 35 eV at mid-height. At higher photon energies,
the second derivatives of the EDC's reveal addi-
tional features, barely resolved in the EDC's, as
seen in Fig. 2(b). In these latter curveshow, ever,
all pieces of structure overlap, which r'esults into
a generally smooth profile. This, in turn, makes
the energy location of a given EDC feature (broad
peak or shoulder) relatively inaccurate (within +0.3
eV), compared to the classical 0. 15 eV over-all
resolution. Higher derivation reduces this overlap
problem, owing to the narrowing of each individual
piece of structure [Fig. 2{a)], and, as a result,
reveals a far more richer structure It will be
shown in the next section that a higher derivative
spectrum, measured at a given photon energy, may
exhibit variations by shifting this energy by less
than 100 meV. This being the case, it is expected
that spectral features separated by only 100 meV
could be differentiated by conveniently reducing slit
opening and modulation amplitude ~

Two sets of photoemission spectra were obtained
from the Te films. The first set deals with a-Te{I)
films defined previously. This material was ob-
served to sublimate at temperatures above 430 'K
in 10 -torr vacuum, just as trigonal Te. For this
reason, annealing of these films was limited to
that temperature. The second set was obtained
from Te films first deposited at 100 K and slowly
annealed to 300 'K [a-Te(1)], and then fast cooled
to 130 'K. Such films [a-Te(2)] did not sublimate
at least up to 480 'K. They were studied between
130 and 480 'K. No photoemission spectra were
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measured from Te films deposited at 100 'K and
maintained at that temperature.

Trigonal Se was observed to sublimate between
330 and 380 'K in a 10 -torr vacuum. The same
occurred on Se films, which were, for that reason,
only studied at their deposition temperature,
300 'K.

IV. PHOTOEMISSION RESULTS AND INTERPRETATION

A. Tellurium

1. Photoelectric Threshold

As seen in Sec. II, the kinetic energy of the
emitted electrons is directly referred to the sur-
face potential (or vacuum level, Eo). The kinetic
energy zero is itself referred to the upper limit of
the valence band by measuring the quantum yield
of the material and, by extrapolation of this yield,
the photoelectric threshold Er (yield onset), taken
to equal the ionization energy or energy difference
between the top of the valence band and levels lying
about Ep, or the nearest above it in case this latter
stands within a gap separating two conduction bands
(as probably the case in Se and Te). The quantum-
yield curve obtained from a vacuum-cleaved (1010)
face is shown in Fig. 3. Data were corrected for
reflection using ref lectivity measurements af Tuti-
hasi et a/. , which were obtained at 20' incidence.
However, because of the high refraction index and
absorption of tellurium (as well a,s selenium) in the
5-10 eV photon energy range, one may considers
the reflectance at 45 incidence to be reasonably
close to its normal incidence value. From this
argument, and considering other sources of experi-
mental uncertainty, the absolute accuracy of these
yield measurements is estimated to be about 30%%uo

above h v = 5. 5 eV, despite their noted good re-
producibility (a 5%%up). The early work at higher
pressure on polycrystalline Te films by Apker et
al. have shown higher values, typically of the order
of 1x10 at hv=6. 0 eV, compared to 2X10 at the

,same photon energy in this work.
The value of E& is usually measured by lineariz-

ing the yield (Fowler plot) close to the threshold,
using the approximate relation Y- (h v Er)". A-
third-power law was tested and is shown in Fig. 3
(inset) to deviate from such a straight-line fit.
Recently, Ballantyne~ developed a formalism aim-
ing at describing the energy-dependence of the
yield. According to this and considering a rectan-
gular distribution of excited electrons, the yield
Y should be proportional to (hv Er)'(hv) -Al-.
though such a relationship happened to be success-
fully tested on several materials, ~ it failed in the
case of trigonal Te, showing no improvement com-
pared to the simple third-power-law fit of Fig. 3
(inset). The reason for this misfit between experi-
ment and Ballantyne's approach could be found in

S %0

Q

CL

~ e'-

Te
(loTO) face

g QITlof h
+,films

Q
C0

10

Cp

E io"-

ILI

I 5 6 7
hV(eV)

6

8 9

FIG. 3. Photoelectric yield Y of a vacuum cleaved
(1010) Te face () and of two similarly prepared dis-
ordered Te films (6, +); note the good reproducibility of
the latter. In the inset are shown three different power-
law fits of the trigonal Te yield; note the straight-line
fit of the fourth power law, which gives a photoelectric-
threshold (Ez) value of 4. 65+ 0. 05 eV.

the fact that, in the latter, no consideration was
paid to the case where the vacuum level Ep lies be-
low the bottom of a conduction band. The best lin-
earization is shown to be obtained for this material
using n=4, to give E&=4.65+0.05 eV. While this
value of n agrees with Apker et al. , the photoelec-
tric threshold found in the present work is some
0 ~ 25 eV lower than the one found by these authors
on films. The present value of E& is also in con-
cordance with the value obtained directly from the
width of the photoelectron EDC's, and was consis-
tently reproduced for all the freshly cleaved faces
studied in this work. It agrees furthermore with
the one obtained by other workers from ultra-
high-vacuum cleaved tellurium.

According to the calculations of Ref. 1, no con-
duction-band state would exist at 4. 6 eV above va-
lence band edge (Fig. 7 of Ref. '.). However, it is
pointed out that the band-structure calculations
were performed using pseudopotential form factors
fitted to the fundamental band gap between p~ and

P3. The precise respective position of each band
depends increasingly upon the choice of these form



5800 LAUDE, KRAMER, AND MASCHKE

factors as one moves away from the p, -p, gap,
while the structure of each band is not seriously
affected by small variations of the pseudopotential
tested. It is therefore expected that the actual lo-
cation of the SCB is different and most probably
lower (to provide for states around 4. 6 eV above
valence-band edge) than the one shown in Fig. 7 of
Ref. 1.

The problem remains as to which level should be
set as the bottom of the SCB compared to the top
of p~. %ere the gap between p, and the SCB effec-
tively a characteristic of the band structure of Te
(as well as of Se~), on line with Ref. 1 and other
calculations, 38 it would give rise to a "second" ab-
sorption edge at the onset of optical transitions be-
tween P2 and SCB, which should be observable ex-
perimentally. In this respect, a useful indication
is given by the ref lectivity data of Tutihasi et al. ~

In this latter work, the imaginary part of the di-
electric constant e2 and the absorption coefficient
e were experimentally determined for trigonal Te.
The c2 and 0. spectra show distinctively two pieces
of structure centered around h v = 5. 5 and 7. 5 eV.
The first one starts emerging from the background
at A v = 4. 8 eV and is polarization dependent (E It c).
It extends up to h v = 6. 5 eV, where the second one
takes over. It is remarkable to observe, in con-
trast, that no structure exists in the two functions
considered above, in the photon energy range 3.5-
4. 8 eV. This would indicate that the actual location
of the bottom of the SCB being lower than the one
shown in Fig. 7 of Ref. 1, it could not be much
lower than 4. 8 eV and might therefore correspond
to the measured value of the photoelectric thresh-
old, i.e. , 4.6-4. 7 eV above valence band edge.

As outlined earlier, some uncertainty exists in
positioning theoretically not only the SCB but also
P, . Recent high-energy photoemission measure-
ments on trigonal Te set the bottom of P, to stand
some 5-6 eV below valence band edge, i.e. , 1-2
eV lower than the calculated figure (4. 0 eV) of Ref.
1. Given a 2-eV width for p3, P,-P3 transitions
should therefore contribute the optical spectra be-
tween h v - 2 and 7-8 eV. If transitions between p3
and the SCB start contributing about 4.6-4.7 eV,
some 3-eV wide overlap is provided between P, -P3
and Pm- SCB contributions to the optical spectra in
the range -4.6-7. 5 eV, in agreement with the gen-
eral profile of the experimental e2 spectra. 20 The
spectral feature mentioned earlier and centered
around 5. 5 eV lies within this overlap region and
one might argue whether this feature could be de-
scribed by p, -ps transitions alone. However, the
a& calculations which were carried out using the
band structure of Ref. 1 (see Ref. 3), and which
provided a satisfactory structural fit to experimen-
tal data as far as the p bands were concerned, do
not show any structure at all centered about h v

= 5. 5 eV. Instead, a smooth ramp appears in the
theoretical e~ spectruxn extending up to 5. 5 eV,
where it dies off. Therefore, it does not look prob-
able that this 5. 5-eV feature could be associated
with P& -P3 but rather with p~- SCB transitions.

These arguments give indirect evidence for a
second absorption edge in trigonal Te at -4.8 eV,
which corresponds to E&.

Such a parallel between E& and the onset of opti-
cal absorption between P2 and the SCB might ap-
pear to be fortuitous, the vacuum level Eo lying in
this case near the bottom of the SCB. One way to
settle this point would be through comparison with
other materials characterized by a gap within their
conduction band. If there exists a correlation be-
tween Er and a second optical-absorption edge,
then a shift of E& should correspond to any varia-
tion of such a gap. As seen in Ref. 1, Be is one of
these materials. It will be shown in Sec. IVB1
that a much larger value of E& is measured in se-
lenium (6. 1 eV), which effectively corresponds (i)
to a shift to higher energy of the SCB, according
to Sandrock's calculations and Ref. 1 (bottom of the
SCB at -6.3 eV above valence band edge), and (ii)
to the sharp onset of a (E II c) polarization-depen-
dent peak in the c'z and 0. spectra of trigonal Se 3

at photon energies & 6.0-6. 5 eV.
A more detailed study of the photoelectric thresh-

old of trigonal Te is presented elsewhere, which
provides additional evidence that the bottom of the
SCB lies 4.6-4 ~ 7 eV above valence band edge in
trigonal Te.

The yield curve of disordered-Te (a-Te) films is
shown also in Fig. 3 between 4 and 6 eV. The c-Te
ref lectivity data used here are those of Stuke and
Zimrnerer. ' They were obtained from Te films
condensed on metallic (Al) substrates maintained
at 80 K, in 19~-torr vacuum. The preparation of
the present Te films being different, one might ex-
pect the optical properties of both sets of films to
be different as well. However, this would affect
the absolute-yield values quoted here' only by - 10%
to give an overall absolute accuracy of the order
of 40% between 5 and 6 eV. This does not affect
the general behavior of the yield with photon en-
ergy, which was observed to be well reproduced
over all the films studied, as exemplified in Fig.
3. In particular, the yield exhibits a pronounced
singularity around hv = 5 eV. Above 5 eV, it fol-
lows the yield curve of trigonal Te, and this por-
tion of the curve corresponds to transitions between
delocalized states belonging to P2 and the SCB. Be-
low 5 eV, the c-Te yield curve extends further to
lower energy, down to 3.3-3.5 eV, instead of col-
lapsing abruptly around 4.9 eV. This peculiarity
of the yield in a-Te curves cannot be associated
with contamination (measurements were performed
within a few hours after deposition of the films) or
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with a reverse current effect, because of the pos-
itive bias (+ 10 eV) applied to the gold collector
during measurement. In addition, this character-
istic tailing of the yield correlates with a low-en-
ergy tailing observed in energy-distribution curves.
80th tailings are not detected in trigonal Te. For
these reasons, this portion of the yield curve has
been associated with the presence of localized
states below the low-energy edge of the second con-
duction band. ' These states might be due to chain-
end discontinuities and other topological defects in
disordered configurations of Te atoms. It has
been observed that the existence and extent of the
above-mentioned "tails" do not vary markedly with
the thermal treatment of the actual films between
130 and 430 'K. However, this thermal treatment
is responsible for variations of the density of states
about P2, as will be shown later in this section.

The yields were found to be sensitive to contam-
ination under residual gas exposure. In the vacua
used in this work, an 0. 1 eV down shift of ET was
observed on cleaved (1010) Te faces, 5 days after
cleaving. This reduced the time available for mea-
surements to about two days on each Te cleaved
face. The observed "aging" of Te films was slow-
er, amounting to a 0.1-eV shift five days after prep-
aration of the fQms.

2. Photoelectron Energy Distribution

Energy-distribution curves (EDC's) and their
second derivatives were measured from vacuum-
cleaved trigonal-Te (1010) faces and from Te films
prepared under various conditions. The low-en-
ergy onset of all the EDC's (photoelectron kinetic
energy zero} is set to equal Er, thus referring fea-

tures in these EIK's to the top of the valence band
on a final state" energy scale, S. %'hile this on-
set (associated with emission from states lying
about the bottom of the SCB) is independent of pho-
ton energy, the high-energy onset follows exactly
the changes in photon energy and traces emission
of electrons initially excited from the top of the
valence band. The width of each EDC is therefore
equal to (hv E-r) Both edges of EDC's were ob-
served to be sharp in trigonal Te. However, only
the high-energy onset of the Te films's EDC's were
found to be clearly delineated.

a. Txigonaf Te EDC. 's measured on (1010}Te
faces are shown in Fig. 4. They were measured
under exactly the same experimental conditions
(optics and electronic detection) and normalized to
the photon input flux. Between hv = 5.9 and 8. 85
eV, the only important spectral feature is the large
peak 1.2 eV below the high-energy onset of all the
EDC's, which quite certainly delineates a high DOS
feature in the valence band. Although finer fea-
tures exist in these curves, their location cannot
be given precisely, even when considering their
photon energy dependence. Among these, a shoul-
der appears at h v = 6. 5 eV [Fig. 4(a)]. It remains
at about the same final-state energy position (8
= 5. 0 eV) up to hv=7. 1 eV, and then disappears.
A well-defined peak first emerges on the low-en-
ergy side of the 7.72 eV spectrum [Fig. 4(b)]. Its
contribution to the EDC increases continuously at
higher energies, and simultaneously the profile of
the EDC's becomes more asymmetric. This be-
havior suggests that such a peak could be attributed
in part to electron-electron scattering in the bulk. ~

Second derivatives of these EDC's are shown in
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FIG. 4. (a) EDC's measured from a (1010) Te face between hv= 5. 9 and 7. 3 eV. The evolution of the maLn peak (ar-
rows) nearly follows photon energy, and a strong shoulder seems to remain fixed at $ = 5. 0 eV, before weakening at
hv=7. 3 eV. EDC's are normalized to photocurrent. (b) EDC's measured from a (10TO) Te face between hv=7. 72 and

8. 85 eV. Note the increasing strength of the low-energy peak around 8 =5.0 —5. 2 eV. EDC's are normalized to photo-
current.
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the direct optical absorption between p2 and the
SCB at point I-. The main peak in these spectra
remains practically stable at about 4. 9 eV before
moving upwards above hv = 5. 9 eV. In Fig. 5(b)
are displayed the spectra measured between 5. 4
and 8.7 eV. Peaks can be traced continuously over
the range of energy used. Some of them (labeled
1 to 5v) approximately follow the photon energy.
At 6. 3 eV, the main peak centered at 5. 1 eV broad-
ens and further splits at 6. 5 eV. As the upper
split-off peak (3v) follows photon energy and is
characteristic of a valence-band DOS feature, the
lower split-off peak (lc) will remain at 8=5.0 eV,
thus delineating a high conduction-band DOS. Its
strength remains constant up to about h v = 7. 1 eV
and then collapses at 7.3 eV, when the structure
labeled 4v arises and moves to higher energies.
At 7. 5 eV, a small peak appears at about the same
energy as 1c. As the excitation energy increases,
this peak (ls) gets stronger continuously and is lit-
tle perturbed by new "valence-band" features mov-
ing across it. In Fig. 5(c), three additional spec-
tra measured at 8.7, 8.8, and 8.9 eV are shown.
The important point to be stressed here concerns
the high-energy section of these spectra. Up to
8.7 eV, the main peaks 1v and 3v were nearly fol-
lowing the photon energy, though declining in
strength above 8. 5 eV when compared with 4v. At
8. 8 eV, these structures weaken considerably and,
at 8.9 eV, the dip on the high-energy side of the
spectrum seems to be centered at approximately
8 = 7. 5 eV, although its expected position would
have been around 8 = 8. 5 eV at h v = 8.9 eV [on line
with the other spectra of Figs. 5(a) and (b)]. This
lessening of the high-energy structure (contributed
by transitions from the upper part of Pz) corre-
sponds to the observed weakening of the high-ener-
gy part of the 8. 85 eV EDC, around 8=7.5-8.0
eV [see Fig. 4(b)]. This is in close agreement with

Fig. 6 of Ref. 1, where the calculated DOS of the
SCB is shown to weaken markedly some 3.0 eV
above the bottom of the SCB, i. e. , about 8= 7.6
eV. The portion of the &. 9 eV spectrum in Fig,
5(c) between approximately 8 = 7. 5 and 8. 9 eV,
therefore, corresponds to transitions ending on
states lying within the top 1.5-eV wide peak of the
DOS of this second conduction band. The next (@-

like) conduction band stands just above the SCB with
a possible overlap with the latter around 9 eV (as
for p, and p, in the valence band). The low profile
of the 8.9 eV spectrum above 8 =7. 5 eV suggests
that such an overlap is probably small. A better
picture of this boundary region between the SCB
and the next d-like conduction band would certainly
have been obtained at higher excitation energies.
However, as the photon energy is increased, the
peak ls, which emerges in the 7. 5 eV spectrum will
tend to overshadow the other features. 9 This lim-

ited the information which could be collected on the
DOS of the material studied in this work. How-
ever, as far as the p-valence bands and the SCB
are concerned the structure of their density of
states can be considered to have been explored con-
veniently in this work. The low-energy features
appearing in the 8.9 eV spectrum of Fig. 5(c) are
contributed by transitions initiating some 3.7 eV
below valence band edge, i.e. , about the bottom of
pj and the upper part of the SCB is effectively
reached at A. v -9.0 eV with transitions initiating at
the top of p, .

b Te fi.lms The .energy distributions of photo-
emitted electrons from Te films prepared under
various conditions have been studied and compared
with the above-described energy distributions ob-
tained from vacuum-cleaved (1010) Te faces. All
Te films studied were deposited in 0.7-1&10 '—
torr vacuum on silica, substrates maintained at
100 'K during condensation of the film, and slowly
annealed to room temperature at a rate of - 10 ' 'C/
sec. It has been observed that upon further ther-
mal treatment (fast cooling to 130 'K), the profile
of the energy-distribution curves of electrons pho-
toemitted from such films could evolve as a conse-
quence of variations in the nature and extent of the
short-range ordering present in these thermally
strained films, variations which could perturb their
electronic structure.

EDC's measured from a Te film first deposited
at 100 'K and then heated to 300 'K [a-Te(1)] are
shown in Fig. 6 for energies between 7. 1 and 8.9
eV. One notes essentially two facts: (i) nearly all
features remain stable in initial-state energy scale
(8 —hv), and (ii) the only exception concerns a
peak at about 8 = 5.0 eV, which increases in
strength continuously as from hv =7.7 eV. One
may remark also that the low-energy onset of these
curves is disturbed by a ramp that does not allow
the exact positioning of this onset. While most
spectral features seem to delineate structure in
the valence-band DOS, a more-detailed investiga-
tion is, however, required to clarify the peak on
the low-energy region of these EDC's.

The EDC measured on such a film at h v = 7.72
eV is compared in Fig. 7 with an EDC obtained
from a (1010) Te face at the same photon energy.
In order to emphasize the energy location of the
main peaks, these EDC's were not normalized to
the photocurrent, which is expected to vary with
the transport mechanisms involved depending on
film preparation. At that photon energy, the profile
of the a-Te(1) EDC is seen not to differ markedly
from the trigonal Te EDC, except for the tail ap-
pearing on the low-energy side of the a-Te(1)
curve. In particular, the two main features at 8
= 5. 7 (shoulder) and 6. 3 eV (peak) in the crystalline
spectrum are preserved in a-Te(1) in position and



5804 LAUDE, KRAMER, AND MASCHKE

I
t

~ I t I I I

3v

Ll

D

D

I I I I I I I I a

-4 -3 -2 -) 0
fE hg) (ev)

FIG. 6. EDC's measured at 300'K from a Te film de-
positied at 100'K and heated up to 300'K, in the photon-
energy range 7.1-8.9 eV. EDC's are normalized to pho-
tocurrent.
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relative strength. However, after the same film
has been cooled rapidly to 130 'K and annealed to
430 'K [a-Te(2)j, the resulting EDC is shown to be
quite different from either the crystalline or the
a-Te(1) EDC. Although the low-energy tail has
been maintained in the a-Te(2) EDC, it seems that
the shoulder appearing in a-Te(1) at 5. 7 eV has
now evolved into a peak centered around 6.0 eV.
The peak at 6.3 eV apparently collapsed into a
broad shoulder at approximately the same energy.
These observations strongly suggest that a-Te(1)
and a-Te(2) represent probably two Iluite different
disordered configurations of Te atoms.

0

FIG. 8. EDC second derivatives measured from an a-
Te(l) film, between hv=7. 1 and 8. 3 eV. Labels refer
to features identified in the trigonal Te spectra. The
spectra are here also normalized as in Fig. 5(a). Spec-
tral features are referred to an "initial state" energy
scale ( $ -hv) the zero of which delineates emission from
the top of the valence band.
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FIG. 7. EDC's measured at hv=7. 72 eV from a (1010)
Te face and from two Te films [a-Te(1) and a-Te(2}t,
prepared as explained in the text. Note in the latter the
lbw-energy tailing. These EDC's are not normalized to
photocurrent to emphasize the energy location of the main
features (at h v = 5. 8 and 6.3 eV).

The changes in the profile of these EDC's have
been investigated as a function of film preparation
using second-derivative spectra. The photon-en-
ergy dependence of such spectra obtained from an
s-Te(1) film is presented in Fig. 8, for energies
ranging from hv=7. 1 eV up to 8. 3 eV. The peak
position is referred to an initial-state energy scale
[Ig —h v], the zero being taken at the top of the crys-
talline valence band edge, which coincides within
0. 1 eV with the upper onset of the photoemission
spectra obtained from a-Te(1) films, as seen in
Fig. 7. Nearly all features (peaks or shoulders)
appearing in the spectra of Fig. 8 remain stable in
initial-state energy, which indicates that they prac-
tically trace the valence-band DOS structure. The
only exception is the peak appearing on the low-

energy side of these spectra. Its position does not
vary on the final-state energy scale (h) and its
strength increases continuously. It could therefore
be associated with scattering phenomena, which
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could also contribute the peak 1s appearing in the
crystalline spectra at h v = V. 5 eV. In a-Te(1),
such a structure is shown to be already present in
the h v = 7. 1 eV spectrum. However, it has been
observed that some fluctuation could occur in the
appearance of this peak in a manner not clearly
understood. It may be remarked that this peak is
located at about 8=5 eV, i.e. , it is contributed by
electrons scattered to states lying near the lower
edge of the SCB. Such an observation might, there-
fore, indicate that these states are effectively very
sensitive to small variations in the actual ordering
present in these films.

As pointed out earlier, '3'4 the loss of long-range
order in atomic configuration should result in a
strong smoothing of conduction-band DQS structure.
Referring to Fig. 5(b), the sharp conduction band
DQS feature 1c is the best detected in higher deriva-
tive spectra at hv=V. 1 eV. This spectrum is com-
pared in Fig. 9(a) with different spectra obtained at
room temperature (i) from an a-Te(1) film before
and after annealing at 430 K and (ii) from a film
deposited at 330 'K on a polycrystalline gold sub-
strate and not annealed to higher temperatures.
As in the case of trigonal Te, all these spectra are
normalized to the same maximum vertical ampli-
tude. They exhibit small differences which could

hardly be observed on the corresponding EDC's.
The absence of the sharp peak lc in the a-Te(l)
spectrum is clearly seen. In addition, the valence-
band feature 4v seems to manifest itself more
strongly than in the crystal. Upon annealing to
430 'K (limit of sublimation for such films at 10 '0

torr), 4v decreases in intensity and lc probably
contributes already to the spectrum by pushing the
low-energy, positive leading edge of the spectrum
to lower energy. On the high-energy side of these
two spectra obtained before and after annealing an
a-Te(1) film to 430 'K, it is worth noting that the
features labeled lv and 2v in the crystal are pres-
ent, but much weaker in intensity compared to the
crystal. These two features, however, are clearly
resolved in the last spectrum, obtained from a film
deposited at 330 'K on a pol'ycrystalline gold sub-
strate. In the same spectrum, one may also ob-
served that the crystalline peak (lc) is now almost
completely restored in position and strength. How-
ever, this spectrum is still different in profile
compared to trigonal Te about 8 —hv = —1.8 eV.
This suggests that the ordering reached in this
film, although close to the trigonal one, is prob-
ably slightly disturbed by a certain amount of strain
still present in the film. The origin of such small
"defects" (chain distortion, fluctuations in bond
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FIG. 9. (a) EDC second derivatives measured at hv=7. 1 eV from (i) a Te film deposited at 100'K and slowly annealed
to 300'K [a-Te(1),—j; (ii) the same film annealed to 430'K and slowly cooled to room temperature, (—-); (iii) a Te film
deposited at 330'K onto a polycrystalline gold film and slowly cooled to room temperature (-.-). These spectra are
compared to a similar spectrum obtained from trigonal Te (heavy line) [Fig. 6(b)], Identical settings were used whenrecording
all four spectra. (b) EDC second derivatives measured at he= 7.1 eV from (a) an a-Te(1) film, (b) rapidly cooled to
130'K and warmed up to 300'K and (c) further annealed to 430'K and cooled to 300 K. These spectra are compared to
a trigonal Te spectrum as in Fig. 9(a) and normalized as in Fig. 5(a). All spectra were measured under the same de-
tection conditions.
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length and angles) is probably related to the sub-
strate-film atomic mismatch. Such an effect has
been observed to strongly perturb the growth of
single-crystal films of Te, grown on a glass sub-
strate. 4~ It has been established that single-crys-
tal Te films having their c axis parallel to the sub-
strate have a negligible amount of strain induced
by the above mismatch, while that strain is maxi-
mum when the films are composed of Te chains
perpendicular to the substrate surface. From such
a study, one might conclude that stable low-defect
Te single-crystal films can only be obtained by
minimizing the strain effect mentioned above. Any
slight departure from this condition would give rise
to lattice distortion. It is clear that such a strain-
free situation would be extremely difficult to ob-
tain, so that in most cases Te films probably con-
tain a certain amount of strain. ~ The magnitude
of such a strain in Te films is a matter of conjec-
ture, since no strain measurement has been per-
formed so far in Te films. However, measure-
ments on highly disordered Ge films yielded a
value of 2x109 dyn cm (i.e. , 2 ton cm ) which
did not disappear upon annealing of the films.

In the a-Te(1) film (before annealing to tempera-
tures higher than 300 'K), this disorder is char-
acterized by the lack of conduction band DOS struc-
ture and the weaker DOS features at the top of the
p~ valence band. Further thermal treatment of
a-Te(1) films reveals additional variations in the
profile of the second-derivative spectra, shown in
Figs. 9(b) and 10, which were measured at h v = V. 1
and 7.72 eV, respectively. As in Fig. 9{a), these
curves are normalized to the same maximum verti-
cal amplitude, i. e. , practically to the same inte-
grated area. In Fig. S(b), an a-Te(l) film (curve
a) is first cooled rapidly (-1 Cjsec) to 130 K and
slowly annealed to room temperature to yield an
a-Te(2) film (curve b). The valence-band features
1v and 2v are seen to nearly disappear, while the
peak 4v (at - —2. 0 eV) broadens and contributes to
a strong shoulder centered around —1.8 eV in the
derivative spectrum. The same film is then an-
nealed to 430 'K and cooled rapidly (1 'C/sec) to
room temperature. The resulting spectrum (curve
c) now exhibits three distinct changes. The struc-
ture 4v has evolved into a peak at 8 —h v = —1.8
eV. Simultaneously, the peak 3v has now weakened
and the weak features 1v and 2v have completely
disappeared. This behavior is further confirmed
at hv=7. 72 eV, Fig. 10. At that energy, 1c does
not show up any more in the trigonal Te spectrum
[Fig. 6(b)], but 4v is no'w fully resolved. Curves
a, b, and c correspond to the same thermal treat-
ment as curves a, 5, and c in Fig. 9(b). The in-
teresting fact here is the inversion of strength be-
tween 3v and 4v. This is seen better in the curve
[c -a] shown in the lower part of the figure, which

FIG. 10. EDC second derivatives measured at hv
=7.72 eV from a film prepared under the same sequence
as in Fig. 9(b). The lower [c-a) curve represents the
difference between curves c [a-Te(2)) and a [a-Te(1)].
Spectra are normalized as in Fig. 5(a), and were obtained
using identical instrumental parameters (monochromator
slit opening, modulation amplitude, gain, etc. ).

represents the intensity difference between curves
c and a. The shift and strengthening of 4v, which
is observed in Fig. 9(b), is here emphasized, as
well as the drop in intensity of 3v. One may note,
however, that finer structure participating into 3e
at S —hv = —1.4, —1.1, and —O. S eV) is still pres-
ent in the relaxed spectrum (curve c). The upper
section of curve [c -a] indicates a dip around —0.6
eV, corresponding to the total loss of 1v and 2v in
curve c, but also a small peak centered at —0.3
eV. Associated with the latter is the fact that the
negative upper onset of the second-derivative spec-
trum (curve c) has moved upwards in energy by
approximately 0. 2 eV, compared to curve a
[a-Te{1)]and the crystalline spectrum Note th.at
the same 0. 2 eV shift is observed in curve b [ob-
tained after cooling rapidly to 130 K and slowly
warming up to 300 'K an a-Te(1) film). While the
high-energy onset of the photoemission spectrum
of an a-Te(1) film exactly corresponds to the crys-
talline one, emission of photoelectrons excited
from states lying at energies above the valence-
band edge of trigonal Te starts contributing the
photoemission spectrum after rapidly cooling the
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films to 130 K. The distribution of these states
extends ™0. 2 eV above the trigonal valence band
edge, i. e. , practically throughout the forbidden
band gap of the crystal (Eo = 0. 3 eV) and corre-
sponds to a shift of 0.2 eV of the Fermi level. A
conductivity test was carried out on these Te films
that exhibited an n-type behavior contrary to tri-
gonal Te or a-Te(1). The density of the states
above trigonal valence band edge is too small, how-
ever, to introduce any important change in the
EDC's of Fig. 6. It is revealing that such states
arise as soon as the structure of the film departs
from the configuration corresponding to a-Te(1).
This peculiarity at the high-energy edge of curves
5 and c of Fig. 10 is also observed in Fig. 9(b),
which effectively means that the 0. 2 eV tailing
mentioned above is representative of a distribution
of "initial" states.

The resulting configuration [a-Te(2)] thus repre-
sents a higher degree of disorder, i ~ e. , a further
departure from the trigonal configuration. If such
films are once more cooled rapidly to 130 'K and
annealed to 430 'K, no further notable change oc-
curs in the spectra, indicating some thermodynam-
ic stability in these Te films that does not exist in
the (metastable) c-Te(1) films. In addition, it has
been observed that such a-Te(2) films could be an-
nealed to 480 'K [i.e. , above the sublimation limit
of trigonal Te and a-Te(1) in 10 '0-torr vacuum]
not only without loss of material, but also without
any indication of a reordering mechanism towards
a trigonal configuration. This behavior, although
not understood, shows that the stability of these
films is relatively high. The energy distribution of
photoelectrons emitted from a-Te(2) films was
studied between hv = 6.9 and 8. 1 eV. Within this
energy range, no additional information could be
obtained concerning the valence-band DOS features
of a-Te(2) than those quoted above.

c. Energy diagram. A concise way to represent
the behavior of features in the energy distributions
of photoelectrons is to give the position of these
features on a final-state energy scale 8, as a func-
tion of the excitation energy hv. This is done in
Fig. 11 in the cases of trigonal Te and a-Te(l)
films. A more-exact description of the electronic
structure of these materials cannot be restricted to
the above diagram, where only the energy location
of the spectral features is quoted and not their in-
tensity. Therefore, a close comparison has to be
drawn between the photon energy dependence of
these features both in Fig. 11 and in Fig. 5. In the
latter, the relative magnitude of the peaks appear-
ing in the higher-derivative spectra helps signifi-
cantly in identifying each feature which, therefore,
can be traced accurately with photon energy. The
lines actually appearing in the energy diagram of
Fig. 11 connect points that locate the same spec-
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FIG. 11. Energy diagram illustrating the behavior
with photon energy of the main spectral features detected
in trigonal Te(b) and e-Te (~ ) EDC second derivatives.
These features can either be referred to a "final-state"
energy scale 8, in ordinate or to an "initial-state" energy
scale (8 -hv) on the 45 angle axis across the diagram.
Each feature can be traced along a single line, according
to its behavior observed in Figs. 5 and 8.

tral features, according to the behavior of these
features observed in Fig. 5. Points which might
accidentally happen to lie at, say, the same final-
state energy but could not be associated with the
same spectral feature in Fig. 5, were not connected
to each other. Most of the peaks and shoulders de-
tected in the spectra of Fig. 5 are seen to follow
the change in photon energy on 45' lines. Accord-
ing to Sec. II, these features, labeled 2v to 5v, de-
lineate high-DOS regions in p~ and P, . Other points
remain stable in the 8 scale and delineate high-
DOS regions in SCB (lc to 3c). The peak ls, which
remains fixed at 5 = 5. 0 eV above h v = '7. 5 eV, has
been attributed in part to electron-electron (inelas-
tic) scattering in the bulk. Direct interband transi-
tions also participate at this peak, at least up to
hv =8. 3 eV, as observed from the polarization de-
pendence of the spectra, '4 All the points quoted in
this figure have been positioned within experimen-
tal uncertainty, i.e, , between 50- and 100-meV ac-
curacy. From this energy diagram, DOS features
are delineated and their energy location referred
to the top of the valence band. This information
is then compiled in Table I, where each individual
piece of structure is assigned to a portion of the
Brillouin zone, according to Fig. 7 of Ref. 1. As
mentioned in Sec. II of this paper, a precise assign-
ment of the structure detected in the photoemission
spectra would require calculations of the density of
photoelectrons [Eq. (1)]as a function of photon en-
ergy. However, in the case of Te and Se, where
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TABLE I. Energy location and assignment in k space of spectral features appearing in the calculated DOS of trigonal
and disordered Te (see Fig. 7 of Ref. 1) and in the photoemission spectra obtained from trigonal Te and Te films
[a-Te (1)J (see Fig. 11 of this paper). The zero energy is taken at the top of the valence band in crystalline Te. The
energy location of the experimental structure can be followed on Figs. 5 and 12. As an example, the features at —2. 6
eV appears in the spectra between hv= 7. 9 and 8. 7 eV, while the one at + 5. 0 eV appears between hv = 5. 9 and 7. 1 eV.
The latter is assigned to emission from states about the bottom of the SCB, at an average energy of 5. 0 eV (taking the
bottom of the SCB at b=4. 6 eV). Assignment of other features in the experimental spectra is obtained by comparing
this structure with partial contributions to the total DOS, which can be clemly associated with restricted regions of the
Brillouin zone, about point H and along the b axis. Features that cannot be attributed to transitions occurring within
any of these small volumes in k space are associated with the rest of the Brillouin zone, BZ —(d+H), or with the whole
Brillouin zone (BZ). Labeling of the structure is the same as in Fig. 11.

TRIGONAL TI a-Te(1)

THEORY(eV) EXP.(eV) ASSIGNMENT THEOR Y(eV) EXP.(IV l ASSIGNMENT STRUCTURE

3.6
3.3
3.1
2.9
2.5
2.4
2.2
2.0
1.7
1.5
1.3
1.1
0.9
0.7
0.5
0.2

- 3.1
- 2.8
- 2.6
- 2.35
- 2.15
- 2.0
- 1.7

+ 0.1
+ 0.1
+ 0.1
+ 0.1

g 0.1
g 0.1
+ 0.1

-1.35 g 0.1
- 1.15
- 0.85
- 0.7
- 0.5
- 0.3

g 0.1

g 0.05
z 0.05
+ 0.05
+ 0.05

- 3.4 4 0.2 H

BZ -a
BZ - &

BZ
BZ - H

BZ-(a. H)

BZ-(~+ HI

g, H

d, H

BZ
H

3.'I

2.6
2.5
2.15

1.85

1.5
'l. 1

0.8
0.5
0.25

-3.1 + 0.1

-2.6 + 0.1

- 2.1 + O. l

- 1.75 + 0.1

- 1.45 ~ 0.1
- 1.15 + 0.05

-0.8 + 0.05
-0.5 + 0.05
-0.25 + 0.1

BZ-g )
h

BZ - H

BZ - (H+h)
h

)

4v

3v

2v

1v

4.8
5.7
6.05
6.2

5.0 + 0.1

5.6 + 0.15

6.3 + 0.15

BZ -(~+ H)
BZ- (&+ H)

h
BZ - H

1C

3G

2C

large portions of the bands remain constant in en-
ergy, such calculations may not be necessary in
order to assign EDC features to peaks or shoulders
in the valence-band or conduction-band total DOS.
Because higher-derivative techniques emphasize
primarily the energy location of these ED| fea-
tures, weak spectral features canbe revealed, and
their energy location compared with partial con-
tributions to the total DQS, originating in some
high-symmetry regions of the Brillouin zone, in
particular around point H and along the 4 axis.
With these considerations in mind, the agreement
between the theoretical and experimental locations
of trigonal Te DOS features is seen to be particular-
ly good in the valence band, but less accurate in
the conduction band. This uncertainty deals with
the difficulty encountered in adjusting the values of
the pseudopotential (see Ref. 1) in order to find a
correct positioning of valence or conduction bands
lying away from the P~-p3 forbidden-band gap. As
said earlier, the fit between theory and experiment
is obtained by shifting the calculated second con-
duction band (SCB) by 1.2 eV to lower energy

The a-Te(1) valence-band features are shown to
be very close to those of the crystal, at least in
position. The assignment of these DOS features,

which are not drastically affected by the loss of
long-range order, should be the same as the as-
signment of identical crystalline features in the
complex-band-structure approach (Ref. 1). This
concerns essentially the valence-band DOS extend-
ing more than 1 eV below the valence band edge,
Just below this edge, however (peaks 1v and 2v), a
weakening of the relevant structure has been ob-
served- (Fig. 9), Such a behavior was effectively
predicted in the DOS calculations of Ref. 1 to oc-
cur upon disordering the trigonal configuration.
In Fig. 12(a) the crystalline and disordered DOS
spectra of P~ (Fig. 7 of Ref. 1) are superimposed
to emphasize the detailed nature of the changes oc-
curring within this band upon disorder, i.e. , when
increasing o, . It is clearly seen here that the two
main peaks at - -0.4 eV (corresponding to Iv) and- —1.0 eV (2v) weaken, and that 1v (the closest to
valence band edge) is the most affected by this
weakening. Qne may also notice that the contribu-
tion of point H extends from the valence band edge
down to —1.V eV, i.e, in the range of energy pri-
marily perturbed at this stage of disorder
[a-Te(1)]. This point ff contribution is maximum
at - -0.4 eV, i.e. , around the spectral feature 1v.
Upon disorder (u=0. 13, for instance), this con-
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FIG. 12. (a) Density-of-states variations at the top of the Te valence band upon increasing 0. [e =0, histogram; e
= 0. 11, —;0, = 0.13, ——-] from Fig. 7 of Ref. 1. At the bottom of the figure is shown the evolution of the b, contribu-
tion of this valence-band DOS for the three values of o. Note the shift to higher energy of the p~ b contribution (maxi-
mum at -2.1 eV for 0. = 0), which moves into the p~ total DOS. To this shift corresponds an increase of the total DOS
at —1.8 eV (arrows). Simultaneously, the b contribution of the p2 DOS does not vary significantly. The sharp decreases
observed about —0. 5 eV are due to the weakening of the H contribution to the p2 DOS, which is not shown in this figure for
clarity (see Fig. 7 of Ref. 1). (b) Evolution with initial-state energy ($ -hv, zero at the top of the valence band) of the
function A$ ($) lBR~l derived, as explained in the text, from two a-Te(1) EDC's measured at 7. 72 (heavy line) and 7. 1 eV (—-)
and using the valence-band DOS fo Fig. 12(a), at e = 0.11. The fit between these two curves is good down to —1.5 eV
(g= 5.6 eV), where the 7. 1 eV curve starts to collapse, owing to the effect af the escape function $ (g). This effect is
transferred to the 7. 72 eV curve, which is then corrected (thin line) below -2.1 eV (g = 5.6 eV), to show the behavior
of Intel alone. (c) Semiexperimental DOS at the top of the valence band in a-Te(2), as deduced from an a-Te(2) EDC
measured at 7.72 eV (Fig. 7 of this paper), and using the function A((g) l9R~I of Fig. 12(b), as explained in the text
(- ~ -). The integrated DOS, between 0 and -2.4 eV, has been arbitrarily set to equal the integrated DOS obtained for
e =0.11 [Fig. 12(a)], in order to emphasize the structural variation of the p2 DOS between a-Te(1) and a-Te(2). LCAO
calculations (Ref. 49) performed on a disordered Te network are shown for comparison (—). Arrows refer to the ex-
perimental spectral features of Fig. 10.

tribution looses some 50% of its intensity, which
affects the total DOS around -0.4 eV. If one takes
the observed weakening of 1 v to be associated with
this decrease in the H contribution, this, in turn,
suggests that this region of the Brillouin zone is
particularly sensitive to disorder. The same par-
allel. between Figs 9 and 12(a) can be drawn con-
cerning 2v (- —1.0 eV). The contribution from the
4-symmetry axis is in this case much larger than
that from H. Thus, the decrease in strength of 2v

(Fig. 9) could be due to disorder affecting point H
as well as the & axis. However, a clearer idea of
the effect of disorder on the & symmetry alone is
obtained when considering the total distribution of
states about —2. 0 eV, i.e. , in the region where P,
and p~ overlap. As seen in Fig. 7 of Ref. 1, point
H does not contribute to the total DOS in the range
—1.7 to —2. 6 eV. Upon increasing 0. , the dip lo-
cated at —2.0 eV in the crystal is first seen to fill
up (a =0.11) and a new peak appears at —l. 8 eV
(a = 0. 13), which did not show up clearly at a

=0. 11 ~ The evolution of that region of the DOS can
be entirely ascribed to the & axis as seen in the
lower part of the figure. The 4 contribution to the
total DOS, which delineates the upper part of P, in
the crystal, moves upwards to —1.9 eV (a =0. 11)
and —l. 8 eV (a =0. 13) without losing its strength.
This causes the appearance of a new peak at -1.8
eV in the disordered material, which is in fact rep-
resentative of a deeper overlap between p, and p~
upon disorder. This being the case, however,
Figs. 7 and 9(b) show that 4v is practically identi-
cal in relative strength and location in both tri-
gonal Te and a-Te(1) films, although the piece of
structure (1v+ 2v) is different in both configura-
tions ~ This suggests that the disorder present in
a-Te(1) films does not yet affect the energy levels
of the states belonging to the 4-symmetry axis in
the Brillouin zone of Te. Since the symmetry of
this axis corresponds to the hexagonal (c) axis in
real space, i.e. , to the axis about which the Te
atoms are helically distributed, the above observa-
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tions might be interpreted by saying that the actual
short-range ordering in u-Te(1) could be very close
to the one present in trigonal Te along the c axis.

This interpretation of the data iS based on the
density-of-states calculations presented in Ref. 1.
Whatever their inherent limitations, these calcula-
tions indicate trends in the way perturbation of the
trigonal Te configuration could affect its electronic
structure. Probably, the most interesting point
concerns the behavior of the 4 contribution to the
total DOS upon increasing ~. Such a contribution
should move upwards when accentuating the disor-
der, i.e. , upon perturbing, not the long-range or-
der (which is seen to vanish for low values of ~
without affecting the valence-band DOS), but the
short-range order. This being the case, introduc-
ing strain effects into the a-Te(1) films and, there-
fore, further perturbing the ordering present in
these films, should result in (i) an additional weak-
ening of the total DOS in the upper section of p2,
and (ii) a strengthening of the photoemission spec-
tra about $ —h v = —l. 8 eV. Although the validity
of the approach described in Ref. 1 is not expected
to hold for large degrees of disorder, the above
trends should be reasonably predicted.

The behavior of a-Te(I) upon additional thermal
treatment leading to a-Te(2) films seems to con-
firm these views. As seen in Fig. 10, 4v moves
from —2. 1 to -1.& eV with a very strong increase
in strength. Simultaneously, 3v collapses and (lv
+2v) disappears completely. These effects are
probably due to a strong perturbation occurring in
the nature of the short-range ordering of these
films upon fast cooling to 130 K and subsequent
heating to 300 'iC. While these effects were pre-
dictable qualitatively, their magnitude seems to be
too large to be described by the theoretical ap-
proach presented in Ref. 1, even for large values
of the disorder parameter n. However, an optical
density of states of u-Te(2) can be obtained by de-
convoluting the a-Te(2) EDC of Fig. 8, as follows.
Taking the k-conservation law to be relaxed in
amorphous materials, one may derive from Eq.
(1) an approximate energy distribution of electrons
propagating into an amorphous solid and photo-
emitted in vacuum by

N($, hv)=A&($)n„($ —hv)n, ($) lsiI I' . (7)

The contribution of scattered electrons to the mea-
sured EIX." can be considered to be negligible at
low-photon energies, so that the electron-electron
scattering function has been omitted in this expres-
sion. ~ A is a normalizing constant and $(8) is the
probability for an electron to be emitted in vacuum
without undergoing inelastic scattering in the bulk.
The 'average" oscillator strength 3)I~icouples ini-
tial and final states lying at energies ($ —h v) and

8, respectively. It may vary with the actual wave

functions of these states and, therefore, the effec-
tive matrix elements le@~ l may present variations
with energy. The valence-band DOS n„($—h v) and
the conduction-band DOS n, ($) of a-Te{1)are taken
to equal the respective values of the density of
states calculated with a=0. 11, (Fig 7 of Ref. 1).
Dividing the actually measured energy distribution
N'($, hv = V. V2 eV) by the combined valence-con-
duction-bands DOS [n„($—7. 72) n, ($)] yields a func-
tion [Fig. 12(b}]that corresponds to the product
& $($)1%„,I . In order to evaluate the influence of
(($) alone over this function, a similar calculation
was carried out for an a-Te(l) EDC measured at
hv=7. 1 eP. The result [dashed curve, Fig. 12(b)]
indicates, that the escape probability $($) starts
disturbing the spectra at about 8 —7. 1 = -1.5 eV,
i.e. , around 8 = 5. 6 eV. Transferring this indica-
tion to the curve obtained at 7.72 eV shows that the
profile of this curve might represent reasonably
well the energy dependence of the effective matrix
elements, averaged over the whole Brillouin zone,
within the complex band-structure approximation
(Ref. 1) for transitions initiating within the top 2. 1

eV of the p2 valence band. Assuming, thus, that
(i) the energy dependence of both ISR„,I ~ and $($)
to be the same in a-Te(1) and a-Te(2), and (ii) the
DOS of the second conduction band to be nearly
constant in a-Te(2), as expected from the DOS pro-
file obtained with a =0.13 (Fig. 7 of Ref. 1), one
can deconvolute the combined valence-conduction
band DOS of a-Te(2) from the a-Te(2) EDC (Fig.
8}, and, furthermore, the profile of the a-Te{2)
valence-band DOS between —2. 4 and 0 eV. The
result (Ps), based on the pseudopotential calcula-
tions [Fig. 12(a)J, is shown in Fig. 12(c). Within
the above assumptions, one might consider the re-
sulting curve to describe reasonably well the actual
characteristics of the p~ DOS in a-Te(2), as it con-
firms the predicted evolution of this region of the
total DOS upon increasing a [Fig. 12(a)]. How-
ever, a direct theoretical fit to this experimental
p, DOS using the proposed model (Ref. 1) would
have required large values of n (» 0. 15), so that
the actual atomic network of a-Te(2) might barely
recall the original trigonal Te lattice (a=0). In
Fig. 12(c), a comparison is drawn between the
present a-Te(2} extrapolated p~ DOS and the one
obtained by Hartmann and Mahanti4 using a tight-
binding [linear-combination-of-atomic-orbitals
(LCAO)] method. While the energy location of the
three peaks delineating the p~ band in this approach
seems to correspond with the observed experimen-
tal structure, one may remark, however, that the
width of these peaks does not agree with the experi-
ment. If such a P2 DOS profile would have been ef-
fective, all three peaks would have been easily re-
solved, within experimental error, without using
higher -derivative techniques. Instead, the actual
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data seem to support the pseudopotential approach
in Ref. 1.

To summarize, the electronic structure of
a-Te(1) films has been observed to evolve upon fast
cooling and subsequent annealing in such a way
that:

(i) the P, and pm valence bands now overlap strong-
ly, due to the shift to higher energy of the 4 con-
tribution to the p& DOS, and

(ii) the H contribution to the p2 DOS is practically
absent in the a-Te(2) spectra, and the pm DOS it-
self has weakened considerably compared to the p,
DOS.

These facts could indicate that, while a-Te(1)
was probably made of a mixture of small nearly-
undistorted helical chains, the strain effect induced
by fast cooling introduces strong variations in the
bond angles. It could, therefore, be responsible
for distortion of these small chains to a point where
the short-range ordering present in a-Te(2) could
be associated with a crystalline structure, differ-
ent from the trigonal configuration. This possi-
bility will be discussed in the last section of this
paper. No diffraction studies were carried out on
these films. These could possibly have brought
some light into this domain, anticipating transla-
tional symmetry to be restored in the films upon
annealing.

8. Selenium

1. Photoelectric Threshold

The quantum-yield curve of vacuum-cleaved
(1010) Se faces (Fig. 12) has been obtained using
the ref lectivity data of Leiga. 3 The reproducibili-
ty of these yield data (+ 10%) was not observed to
be as good as that experienced with trigonal Te,
owing to the lower quality of the cleaving performed
on the Se crystals. The only yield measurements
performed so far on trigonal Se are those of Tred-
gold et al. ~ They indicate a threshold of 4.2-4. 3
eV, in disagreement with the present data. It has
been observed in this work that such a threshold
value is characteristic of contaminated trigonal
Se, before cleaving in vacuum of the order of I
X 10 "torr. Around h v = 6.0-6. 1 eV the present
yield curve shows nonmonotonicity. This peculiari-
ty cannot be attributed to a negative (reverse) cur-
rent effect for the same reason that was mentioned
for the Te films, and because of contamination by
residual gas, which results in a shift of the lower
edge of the EDC's. Such a shift was observed to
be as large as 0.25 eV three days after cleaving
but was negligible during the first 24 hours, during
which measurements were made. The presence of
this yield tail made an extrapolation of the photo-
electric threshold for this material difficult. Dif-
ferent attempts were made to linearize this yield.
The results are shown in the inset in Fig. 13.
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FIG. 13. Photoelectric yield Y of a vacuum cleaved
(1010) Se face. Three different power-law fits to this
yield curve are shown in the inset. Straight-line extrap-
olation of Y gives a threshold at 5. 95 eV, while the
two other functions give a value of about 6. 15 eV. The
actual value of ET is taken to average these three figures
to 6.1+ 0. 2 eV. Below 6.2 eV, all three functions show
nonlinearity extending down to —5. 2 eV (Ef). The two
straight lines going through the Y' {jgv) points are
only intended to be representative of the fit experienced
using any of the three simple functions. They are trans-
ferred to the yield curve below 6. 5 eV, where the ob-
served poor fit to experimental points indicates that the
actual mechanism responsible for the yield tail is quite
probably complex.

Contrary to trigonal Te, the fourth-power law of
Y(h v) does not seem here to yield any reasonable
straight-line fit above h v = 6.2 eV as well as Bal-
lantyne's proportionality and the third-power law.
Below 6. 2 eV, none of the F-vs-h v proportionality
relationships succeed also in eliminating the non-
monotonic behavior. The resulting tailing of the
yield could probably extend down to 5-5.2 eV',
which delineates a photoelectric threshold E&. By
extrapolating the three tested straight-line fits to
zero, nne obtains an average value of E~=6.1+0.2
eV. In view of the density-of-states spectrum of
Se near the upper limit of P2 and at the bottom of
the SCB (Fig. 8 of Ref. 1), it is quite unlikely that
the yield behavior between 5.0 and 6.2 e7 could be
associated with band-structure details. The value
of E&, however, does compare well with the cal-
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culated energy separation (= 6. 3 eV) between Pz
and the SCB (Fig. 8 of Ref. 1). In this respect, it
is worth noting that optical-absorption data obtained
from trigonal Se were, in particular, very well
reproduced theoretically~4 in this region of the pho-
ton energy spectrum by using the band-structure
calculations presented in Ref. 1. In particular, a
peak begins to emerge in the &2 spectrum of tri-
gonal Se at h v = 6.0-6. 5 eV, which can only be at-
tributed to pa- SCB transitions. It seems, there-
fore, very reasonable to assign the value of E& to
the onset of optical absorption between P2 and SCB,
as has been done for trigonal Te. On the other
hand, if such a nonmonotonicity exists in the yield,
it should correspond to a certain contribution in
the energy distribution of the photoemitted elec-
trons. It will be shown below that, for h v & 6. 5
eV, EDC's are increasingly affected by the emis-
sion of electrons excited from initial states lying
within the forbidden band gap, i.e. , up to 1-1.5
eV above valence-band edge. Notwithstanding the
possibility of a tail of localized states existing be-
low the SCB in Se, which might account for the ob-
served yield tail (although the s character of this
band should preclude such a possibility~), there
is strong evidence for the existence of gap states
above p, in the trigonal Se crystals used. ' This
being the case, explanations for the presence of
such states could be found by considering either
the impurity content or the lattice defects of these
crystals. The latter were strongly thallium-doped
to -10 0 atom/cm . At that level of doping, it
seems clear that (Th) impurity states should appear
in the band gap in sufficient density as to affect the
optical properties of the material. 5~ Electrons,
after being trapped on these states, could be de-
trapped by absorption of a photon and excited to-
wards the SCB states. On the other hand, such
crystals may probably present a relatively high
density of crystalline defects. These defects could
be located at the surface. Being associated with
the few fibres still present along the cleaved plane
of the sample, they could be characterized by a
density of unsatisfied ("dangling" ) bonds. The
density of bulk-lattice defects can be expected to
be comparatively much larger. Localized levels
caused by these defects could be populated via lo-
calized excitonic processes accompanied by the
absorption of phonons ~ Such processes have been
tested to describe quite well the strong absorption
tail observed in trigonal Se'~ and could possibly be
responsible for the photoluminescence properties
of this material. 4 It is believed that all the above
considerations contribute simultaneously to the in-
terpretation of the observed yield tail in trigonal
Se. Such a yield behavior has also been observed
in nearly degenerate semiconductors55 and nonstoi-
chiometric compounds, like PbSe and PbTe. 6

As far as the electronic structure of Se is con-
cerned, one may consider the energy difference be-
tween p2 and SCB to be experimentally measured
at 6. 1+0.2 eV. In this respect, the large differ-
ence between the values of E& obtained for trigonal
Se and trigonal Te does not appear to be attributable
to the respective surface potentials of these parent
materials, but rather to the respective positions
of their second conduction band, i.e. , to the pres-
ence of a gap between p~ and SCB.

The profile of the yield curve of disordered Se
films prepared from the same Se crystals as above
was found to resemble the one obtained from tri-
gonal Se, the only change being a possible shift of
ET to 6.2-6. 3 eV, in agreement with Nielsen's
measurements. ' The loss of long-range order in
a-Se films ~ is further expected to perturb even
more the nature and extent of the gap states evi-
denced in trigonal Se. As far as "aging" problems
were concerned, the amorphous phase happened to
be more stable than its crystalline counterpart, as
in Te, with working time extending over three days
without any detectable contamination effect, as ob-
served by tracing the energy location of the low-
energy edge of EDC's at mid-height. This remark
on the "stability" of a-Se would somewhat agree
with similar observations on a-Se films prepared
under various conditions by I eiga. 8 However, the
present yield figures seem to be two to three times
smaller than the ones found by this author. The
film preparation could explain the difference. The
films used by Leiga were prepared by deposition
on a clean brass substrate maintained at 60 C, in
a vacuum of the order of 10 torr, and then trans-

ferredd

to a different vacuum system for photoemis-
sion study.

2. Photoelectron Energy Distribution

a. Trigonal Se. EDC's and their second deriva-
tives were measured from trigonal Se in the range
hv=6. 0-10.5 eV. As an example, an EDC from
trigonal Se measured at 7.72 eV is shown in Fig.
14(a). At that photon energy, the gap-states emis-
sion is less than 1% of the total emission, 5 so that
the tailing above the high-energy edge of the EDC
does not show up on this curve. This allows the
EDC to be positioned on the 8 scale by extrapolating
this edge to zero and taking the resulting ' onset"
of the curve to equal h v. Qn the low-energy edge,
the actual EDC exhibits some tailing that is attrib-
uted to reverse negative-current effect introduced
by scattered light after reflection from imperfec-
tions in the cleaved faces. The main body of the
spectrum consists essentially of one peak pointing
at 7.0-7.2 eV. No other feature manifests itself,
despite the optimized parameters used to measure
this EDC (0. 2-mm slits and 70-mV-p. p. modulation).
The evolution of such a curve between h v = 6. 8 and
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(a)
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(b)

h4 =10.2eV

FIG. 14. (a) EDC's measured from (1010) Se (-), at hv =7.72 and 6. 1 eV, and from an amorphous Se film, at hv
=7. 72 eV (- —-). Note the two features (isa and 2va) appearing in the amorphous Se EDC, in contrast with the 7. 72 eV
EDC of trigonal Se. (b) EDC's measured at hv=10. 2 eV from (1010) Se (this work) and an amorphous Se film (Ref. 10).
The curves are not normalized to photocurrent. The high-energy peak, centered at $-hv= —1.2 eV, is relatively
stronger than the low-energy peak around —3. 5 eV in a-Se, in striking contrast with the relative strength of these two

peaks in trigonal Se.

8. 5 eV does not yield any clear information on the
DOS structure present in these curves, which con-
sist in general of weak, transient shoulders super-
imposed on a broad peak centered at about the mid-
dle of each spectrum, as in Fig 14(a). Below 6. 6
eV the high-energy tailing becomes increasingly
prominent. The EDC measured at 6.1 eV is shown
in Fig. 14(a) to be some 1.5 eV wide, extending up
to about 8 = 7. 5-7.7 eV. Such a distribution of
electrons could be representative of the profile of
the actual density of the initial "gap" states involved
in the photoemission process, at h v = 6. 1 eV. How-
ever, as pointed out earlier, the nature of these
states is most probably complex. For this reason,
no attempt is made here at defining a hypothetical
"optical" density of these gap states, as is often
done in the literature, assuming the drift mobilities
of propagating and tunneling electrons to be the
same. ~ Above hv =9.0-9.2 eV, emission from p,
begins to emerge in the spectra, as shown in Fig.
14(b).

Higher derivative techniques were extremely
useful in revealing the fine structure embedded in
the trigonal Se EDC's. The spectra recorded be-
tween hv=7. 1 and 8. 5 eV are presented in Fig.
15(a). These Se spectra are seen to evolve much
more rapidly with photon energy than those of Te
(Fig. 5). This behavior is a direct consequence of
the larger dispersion of the Se bands as compared
to Te. As a result, the structure of the Se photo-
electron-energy distributions, which is here better
described by the joint DOS (k conservation) rather
than the crude combined DOS (energy conserva-
tion), is much more sensitive to photon-energy

changes than the Te structure, in which large por-
tion of bands are nearly R independent, i.e. , where
the combined-DOS picture applies more readily
(see Sec. II). This remark would preclude in gen-
eral direct identification of features of the valence
or conduction-band DOS in the Se photoemission
spectra over an extended photon energy range, as
has been done for Te. Qn the other hand, while
the intensity of the spectra in the high-energy re-
gion remains relatively small, the low-energy edge
raises very steeply. As observed in Fig. 8 of Ref.
1, the P, DOS remains low down to about -0.7 eV
and increases abruptly below that level. This be-
havior is well supported by the profile of the upper
1 eV of the photoemission spectra. On the other
hand, the SCB DOS in Fig. 8 of Ref. 1 does not
seem to increase rapidly enough to describe the
sharp increase in the spectra around 8 = 6. 1 eV.
While the presence of such a spectral feature is
not unexpected at that energy (onset of optical ab-
sorption between P2 and the SCB at Er ——6.1 eV),
it is probable that electron surface scattering due
to the presence of a large number of crystalline
imperfections at the surface could occur, and could
result in an enhancement of the low-energy region
of the photoemission spectra, next to E&. This
explanation would seem to be reasonable in view of
the fact that second-derivative spectra measured
at the same photon energy but from different cleaved
faces have shown slight variations of the steepness
of this edge.

Among features appearing in the higher-deriva-
tive spectra, some behave like "valence-band" or
"conduction-band" DOS features, over a short pho-
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FIG. 15. (a) EDC second derivatives measured from (1010) Se between hv=7. 1 and 8. 5 eV. Labels refer to spectral
features related to either conduction {1cto 3c) or valence band {lv to 5g) DOS features. Spectra are normalized as in
Fig. 5(a). (b) EDC second derivatives measured from (1010) Se at hv=S. 7, 10.2, and 10.5 eV.

ton-energy range. They are labeled 1v to 5v and
1c to 4c, respectively. The strongest structure
is the peak 2c at 8 = 6.9 eV, which seems to emerge
already at hv = V. 1 eV and persists in the spectra
up to hv =8. 1 eV. It corresponds to the only peak
apparent on the EDC of Fig. 14(a). It delineates
a conduction-band DQS feature which seems to cor-
respond to the sharp peak of the SCB DOS located
some V. 1 eV above valence-band edge (Fig. 8 of
Ref. 1) and contributed by most of the Brillouin
zone except H and A. The strength of the latter
peak is, however, larger than the strength of 2c.
Additional derivative spectra measured at h v = 9.V,

10.2, and 10.5 eV are shown in Fig. 15(b). As
expected from Fig, 8 of Ref. 1, emission from pg
is now apparent and starts around 8 -h v = —2. 8
eV, in agreement with Fig. 14(b). At h v = 10.5

eV, the low-energy section of the spectrum is prob-
ably contributed by the large peak located in the
upper part of the pz DQS and centered at 8-hv
=-3.8 eV, as seen in Fig. 8 of Ref. 1. In all these
spectra, the same shoulder 1c observed in Fig.
15(a) appears again. Emission initiated at states
belonging to P2 extends over nearly 3 eV in the
higher-energy part of these spectra, in agreement
with the calculated width of this band, as seen in
Fig. 8 of Ref. 1. The only spectral feature which

could be associated with a high-conduction-band
DQS lies about 8 = 8. 1 eV in the two lower spectra
of Fig. 14(b). The corresponding feature in the
DOS of the SCB (Fig. 8 of Ref. 1) is probably the
second strongest peak in that band centered about
8. 3 eV. For these transitions, initial states lie
between —1.6 and -2. 1 eV, at hv=Q. V and 10.2

eV, respectively, i.e. , within the 1-eV wide peak
centered about the middle of P&. These two DOS
features in p2 and the SCB are equally contributed
by the whole Brillouin zone.

b. Disordered Se. A series of EDC's were ob-
tained from disordered Se (a-Se) films prepared
as described in Sec. III. Qwing to the high vapor
pressure of this element, annealing treatments
were precluded, so that the disordered-to-crystal-
line transition could not be explored here as it was
done for a-Te films. An EDC obtained at hv=V. V2

eV from an as-deposited film is shown in Fig.
14(a). As in the case of trigonal Se, a tailing ap-
pears on the high-energy edge of the spectrum.
The low-energy edge is extrapolated to about 6.1-
6. 2 eV. The main body of the EDC distinctly shows
two features at 8=6. 5 and V. 2 eV that are not ap-
parent on the trigonal Se EDC. In Fig. 14(b), a
trigonal Se EDC measured at 10.2 eV is compared
with an EDC measured at the same photon energy
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from an a-Se film prepared by Nielsen' in a man-
ner very similar to the one used in this work, ex-
cept for substrate choice. With this in mind, one
might consider the main features of the electronic
structures of both series of films to be in reason-
ably good concordance, By comparing this spec-
trum to the trigonal Se spectrum, it is seen that
the P, contribution to the EDC's seems to be twice
smaller in a-ge than in trigonal Se, compared to
the p~ contribution. Reasons for this discrepancy
could be found either in the trigonal Se or a-Se
electronic structure. In view of the fact that the
relative strength of the p~ emission in a-Se is in
good agreement with the calculated P, DOS (Fig. 8
of Ref. 1), it is probable that electron scattering
in the imperfectly grown and cleaved Se crystals
could be responsible for the increased strength of
the low-energy portion of the crystalline spectrum.
In addition, the matrix elements could be effective-
ly larger for P,-SCB than for P2- SCB transitions
in trigonal Se, as confirmed by the trigonal Se a&

calculations of Sandrock, ~ in the 10-12-e7 photon
energy range, On the other hand, disorder could
also affect these matrix elements and reduce the
pz contribution to the measured a-Se EDC's. Sec-
ond-derivative spectra are displayed in Fig. 16.

I I l

-2 . -3 . 0
X-hV (eV)

FIG. 16. EDC second derivatives measured from a-
Se between hv= 7.3 and 8. 1 eV. Peaks remaining stable
in the initial-state energy scale delineate features in the

p2 valence-band DOS. Note the distinct peak (lee) re-
solved at 8.1 eV, around g-hv= —1.8 eV (8=6.3 eV).

C

L
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e
.1 eV
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FIG. 17. Comparison between two EDC second de-
rivatives measured at the same photon energy hv=8. 1
eV, from trigonal Se and a-Se. Note the sharp dip pres-
ent in the a-Se spectrum around 8=7 eV, in contrast
with the crystalline spectrum.

They were measured between hv =7. 3 and 8. 1 eV,
i.e. , in the range where the strong-peak 2c rep-
resentative of a high-conduction-band DOS mani-
fests itself in the crystalline spectra. It is seen
that upon increasing h v, the peaks 1va and 2va are
progressively dissociated, and that a small feature
(lca) remains fixed on the low-energy side of the
spectra. The two first peaks are characteristic
of features of the valence-band DOS, lying at -0.7
and -1.5 eV below the crystalline valence band
edge, respectively. The last feature (lca) could
either be associated with a weak structure still
present in the conduction-band DOS, as obtained
in Fig. 7 of Ref. 1 at n = 0.075, or with inelastic
scattering in the bulk of the film. The striking
feature in these spectra is the total absence of peak
2c, which completely overshadows the valence-
band features 2v and Sv in the crystal, as empha-
sized in Fig. 17, for h v = 8. 1 eV.

The present a-Se spectra exhibited some varia-
tions over a series of films prepared under simi-
lar conditions. These variations essentially af-
fected the relative strengths of lva and 2va. In all
situations, however, the peak 2c was not observed
in the spectra. This behavior is indicative of fluc-
tuations in the nature of the short-range ordering,
long-range order being completely lacking. Here
again, it appears that, unless all the preparation.
conditions are precisely controlled, reproducibility
of the details of the electronic structure cannot, in
general, be achieved systematically. From this
point of view, a comparison between data obtained
from films prepared in different manners could
only show a partial agreement, limited essentially,
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FIG. 18. Energy diagram similar to Fig. 11, in the
case of trigonal Seg) and a-Se ().

in the case of a-Se, to the near disappearance of
conduction-band structure.

c. Energy diagram. The spectral features de-
tected in second-derivative spectra of trigonal and
amorphous Se are presented on the energy diagram
of Fig. 18, in a way similar to Fig. 11. The lines
joining points associated with the same spectral
feature intersect in a complex manner, which is
characteristic of direct transitions. Peak 1c is
seen to appear continuously over the whole photon-
energy range studied. Structure 2c emerges at
h v = 7. 1 eV, disappears at 8. 3 eV and reappears

again at 8. 5 eV up to 8. 9 eV. Along this range,
initial states from which electrons are excited to-
wards SCB levels about 8 = 7.0 eV are lying (i)
very close to the top of pz (h v = 7.0-7. 2 eV), i.e. ,
at point B, and in this case could be excited direct-
ly to states around H, at 8 = 7. 1 eV; (ii) deeper in
p~ (7. 5 & h v & 8. 1 eV) and practically scattered all
oyer the Brillouin zone, between ft) -hv= -0.05
and —1.1 eV, i.e. , about the high DOS features
labeled 2v and 3v; (iii) between —1.4 and —l. 8 eV
(8. 5 & h v & 8.8 eV), i.e. , in the high DOS region of
p corresponding to 4v and contributed by the entire
Brillouin zone. The next conduction-band features
3c and 4e are transient features which might be
associated with excitations around the & axis and
point H, initial states lying about fI —h v = —0. V and-0.2 eV, respectively. The relatively strong peak
5c at 8 = 8. 1 eV emerges around h v = 9.0 eV and
can be traced up to 10 eV, i.e. , initial states lie
between -1.0 and —2 0 eV approximately, in a
region where H and 4 contribute negligibly to the
total DOS.

The energy positions of these experimentally de-
tected DOS features are compared in Table Q with
features appearing in the calculated DOS of Fig. 8
of Ref. 1. Their assignment to particular regions
of the Brillouin zone has been obtained as in Te.
Among the three high DOS features observed in
c-Se and labeled 1ca, 1va, and 2', the conduc-
tion-band feature 1cu is located about 8 = 6. 3 eV.
From a comparison with Figs. 6 and 8 of Ref. 1,
it might be associated with the lower portion of the
SCB, which is contributed by slices 4 and 5 of the
Brillouin zone containing points I' and K (Fig. 4 of

TABLE II. Energy location and assignment in k space of spectral features appearing in the calculated DOS of trigonal
and disordered Se (Fig. 8 of Ref. 1) and in the photoemission spectra obtained from trigonal Se and amorphous Se films
(Fig. 18 of this paper). Note that, contrary to tellurium, several experimental features quoted in this table are dis-
tinctly observed only over a small photon energy range, as seen in Fig. 18. This is typically the case for the conduction

band feature 3c at 8 = 7.8 eV, which is observed only for 7. 9 ~hv «8. 1 eV and corresponds to transitions about most of
the Brillouin zone except H. Other assignments are carried out as for Te in Table I.

TRI GONA L Se AMORPHOUS Se

THEORY(eV) EXP.(eV) ASSIGNMENT STRUCTUR E THEORY(eV) EXP.(eV) ASSIGNMENT STRUCTURE

3.4
3.1

2.5
2.0
1.8
1.6
1.2
1.0
0.7
0.2

- 3.4 g 0.1
- 3.1 x 0.1
- 2.5 x 0.1
- 2.1 g 0.1

-1.8 f. 0.1
- 1.6 + 0.1

-1.2 + 0.1
- 1.0 + O. l
- 0.7 + 0.1

0.2 + 0.1

BZ. (h, + H)

BZ
BZ-Id& H)

BZ
BZ - (h i H)

H, A
BZ - {4+ H)

h
H

6v

5v

4v

2v
1v

065

. 13 1 02
- 0.7 + 0.2

2va

1ve

6.2
6.6
7.2
7.8
8.3

6.2 + 0.1
6.6 + 0.1

7.0 + 0.1
7.8 + 0.2
8.1 + 0.3

K, L

IX-(4+H)
BZ

SZ H

H, 4

1c
Sc
2G

3c
4c

6.6 6.3 ~ 0.2 K, L
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FIG. 1S. Variation of the A$ () ISg~l function, with
initial-state energy (8-hv), derived from an a-Se EDC
measured at 7.72 eV [Fig. 14(a)] and using the valence-
band DOS of Fig. 8 of Ref. 1, at at =0.075. The sharp
increase of that function below -1.0 eV indicates that

$ ($) does not significantly effect this function, at least
down to P-hv=-1. 2 eV, i. e. , 8~6. 5 eV, or just a few
tenths of an eV above the actual Ez value of 6.1 + 0.2 eV.
This observation correlates a similar behavior observed
in a-Te(1) [see Fig. 12(b)].

Ref. 1). The preservation of such conduction-band
structure in cr-Se contrasts with the total absence
of structure in the SCB of disordered Te (Fig. 7 of
Ref. 1). The valence-band DOS features Iva and
2va are approximately located at -0.7 and -1.3
eV, respectively, and correspond to the partial
contribution of the & axis in the total DOS (Fig. 8
of Ref. 1). In contrast, it is interesting to note the
absence of any structure between 0 and -0. 5 eV in
the case of &-Se. In this region of the crystalline
DOS, the excitation processes initiate almost com-
pletely about point H. Therefore, it appears that
the disorder primarily affects the 0 contribution
to the total P DOS, while its & contribution is pre-
served. This behavior has also been observed in
a- Te(1) and might correspond to the persistance
of small helical chain of Se atoms in this form of
disordered Se. e

In a manner similar to what has been done in the
case of a- Te(1), it appeared interesting to evaluate
the functions ((b) Igg„,I for a-Se. The energy
distribution meaiured at h v = V. V2 eV [Fig. 14(a)]
was used as well as the densities of states n„and
n, calculated with a=0. 075 (Fig. 8 of Ref. 1).
The result is shown in Fig. 1S. Below 8- hv= —1
eV (or below g ~ 8. 'I eV), the above function is
seen to increase markedly, suggesting that the es-
cape-probability function ((8) does not yet serious-
ly affect the energy distributions for final states

lying as low as 0.4-0. 5 eV above the photoelectric
threshold of 6. 1 eV. On the other hand, the aver-
age matrix elements I„, l are shown to vary de-
pending on the initial-state energy level. This be-
havior confirms a similar observation on a- Te(l)
[Fig. 12(b)]. It indicates that matrix-element vari-
ations should be taken explicitly into account when
evaluating the EDC's of a-Se, as well as of a- Te,
in contrast with current approximations allowing
these matrix elements to be constant over a sev-
eral-eV wide energy range.

V. AMORPHOUS VERSUS CRYSTALLINE ATOMIC-
CONFIGURATION CHARACTERISTICS OF TELLURIUM

AND SELENIUM

Starting from the trigonal configurations of Te
and Se, the disorder effects can be summarized as
follows.

(i) The conduction-band structure of both ma-
terials seem to be more strongly affected by dis-
order than the valence bands. This leads to a com-
pletely structureless conduction-band DOS in the
case of Te, whereas some residual structure
seems to persist in Se, in agreement with disor-
der effects described within the model proposed in
Ref. 1.

(ii) In addition, the valence-band DOS of a-Te(1)
and a-Se show some departure from the crystalline
DOS, owing to the lack of long-range order. Com-
paring the experimental results (Tables I and II)
with the calculated DOS, it appears that, even for
large values of e (~ 0. 11 in Te and ~ 0. 07 in Se),
the only DOS features persisting in the valence
band are those which are associated with the DOS
partial contribution from the k-space region around
the & axis.

(iii) As a consequence, the best fits to the experi-
mental a- Te(I) and a-Se spectra are obtained by
choosing e = 0. 11 and 0.075, respectively. De-
fining the diameter of the short-range order region
by &=&0/+ (where ao is the next-nearest-neighbor
distance), one obtains 4= 9ao and 12ao for a- Te(1)
and a-Se, respectively. These estimates corre-
spond to weakly distorted chains containing about
10 [a-Te(1)] and 14 [u-Se] atoms. The above fig-
ures are not, of course, expected to give a com-
plete description of the structural properties of
these disordered films, which can be complicated
by the occurrence of other atomic configurations
(like, for instance, See rings in the case of &-Se ').
However, they might be taken as roughly character-
izing the disorder present in these films. e

(iv) In a- Te(2) films, one observes a large in-
crease in the part of the photoemission spectrum
associated with the bottom of P~ and the top of P,
(- 1. 5 to —2. 0 eV), whereas its high-energy part
(top of P~) looses considerable strength, as com-
pared to a-Te(1). On the other hand, as it appears
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in Fig. 8 of Ref. 1 (a= 0. 13) and in Fig. 12(a), the
& contribution to the P j band is shifted to higher
energy, giving rise to a peak in the low-energy
part of P~. Simultaneously, the high-energy part
of Pz is weakened, owing to a larger broadening af-
fecting the energy bands, particularly near point
H. Although the proposed theoretical approxima-
tion is expected to break down for large values of
+, ' this result indicates qualitatively the correct
trend along which the electronic structure of more
disordered configurations of Te atoms may evolve.

To obtain an insight into the structural proper-
ties of disordered Te and Se films, it appears then
necessary to reconsider the atomic distribution
functions presented in Figs. 3(a) and 3(b) of Ref.
1. In the case of Se, an experimental atomic-dis-
tribution curve is available. From the compari-
son of this curve with the theoretical curve obtained
for = 0. 07, one concludes that their agreement is
good up to the third-nearest neighbors (beside a
shift in second-nearest-neighbor distances). The
peak corresponding to the fourth- and fifth-nearest
neighbors is contributed by atoms belonging to ad-
jacent chains. This peak is very weak in the ex-
perimental curve and cannot be reproduced the-
oretically using a constant value of O.'. It appears
then that discrepancies between the theoretical and
experimental curves of Se always occur when the
contributing atoms belong to different chains.
Since the present photoemission data on a-Se are
explained reasonably well by the proposed model, '
it might be concluded that the DOS features de-
tected in the energy range covered by the present
work are mainly determined by interactions between
atoms belonging to the same chain. However, be-
cause the bond length in trigonal and monoclinic
Se are quite similar, rings and chains cannot be
distinguished by considering only the radial distri-
bution functions. Therefore, the occurrence of a
certain amount of ring configurations mixed with
small chains cannot be excluded in the a-Se films
studied in this work. Such a mixed configuration
has been envisaged by other authors '6 to explain
the electronic properties of similarly prepared
films, labeled as a-SeII by Richter. A clear an-
swer to this problem would be to investigate the
electronic structure of monoclinic Se. Unfortunate-

ly, (i) the instability of this material renders its
photoemission study practically impossible and

(ii) theoretical pseudopotential calculations of its
band structure are far too complicated to be en-
visaged, owing to the large number of atoms pres-
ent in the unit cell of monoclinic Se.

In the case of Te, the only experimental radial-
distribution-function study available has been car-
ried out on 100- to 150-A thick Te films deposited
onto a Polyvinyl-Formvar substrate held at liquid-
He temperature in 10 -torr vacuum. Such films

were observed to crystallize upon heating at 23 'C.
The actual preparation of the films used in this
work are very different, and one may not expect
their characteristics to be similar to the former
ones. Effectively, the present films did not show
any evidence of "crystallization" at room tempera-
ture, and before annealing to higher temperatures,
by x-ray diffraction. However, the study referred
to above does show that the Te films analyzed are
still probably made of small (- 10 atoms) chains
interconnected in a complex manner.

As far as the present films are concerned, some
conclusions can be drawn from the behavior of the
calculated distribution with increasing o. [Fig. 3(a)
of Ref. 1]. For small n values (& 0. 09), the peaks
belonging to the first- and second-nearest neigh-
bors are well separated. For higher values of 0(

(& 0. 13), these two peaks merge into an average
structure centered about 3. 1 A. The resulting to-
tal number of atoms contributing to that average
peak is 8ix. The third- and fourth-nearest neigh-
bors in the disordered (a &0. 13) trigonal configura-
tion merge into a single broad peak at about 4. 7 A,
contributed then by a total of twelve atoms. These
(average) six first-nearest and tuelve second-near-
est neighbors are exactly the coordination numbers
of a simPle cubic lattice. So, while a-Te(1) ap-
pears to be quantitatively well described by using
the disordered-trigonal-conf iguration approach
(n= 0. 11), i. e. , consisting essentially of small
nearly undistorted helical chains, a- Te(2) could be
described only qualitatively by increasing the dis-
order parameter e above 0. 13. Considering the
atomic distribution function for a = 0. 13 [Fig. 3(a)
of Ref. 1], it leads to the assumption that a- Te(2)
may contain a majority of simple cubic coordinated
atoms. As a consequence, the a- Te(2) electronic
structure might be more accurately described by
introducing disorder into a simple cubic Te lattice,
instead of a trigonal one. These conclusions con-
cerning the simple cubic approach to the a- Te(2)
configuration seem to correlate the observations
of Tourand and Breuil, who determined the radial
distribution function of liquid Te at different tem-
peratures, using neutron diffraction. In this par-
ticular case of disorder, the bond angle is seen to
decrease continuously when increasing the temper-
ature, from 103 in trigonal Te to 94' at 1725'C.
Furthermore, at that temperature, the (100) dif-
fraction ray appears in the reciprocal lattice, giv-
ing evidence for a simple cubic 0,'-Pononium-like
structure. It may be expected that such an evolu-
tion of the Te configuration towards a simple cubic
lattice could also be obtained by stressing trigonal
Te under very high pressures.

In the light of these investigations, it appears
that some of the questions which arose during the
course of this work still remain open. It would be
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interesting to measure, for instance, the atomic
distribution function of trigonal and disordered Te,
particularly with regard to the a- Te(2) modifica-
tion. Moreover, it would be valuable to perform a
calculation of the band structure and density of
states of simple cubic Te, and extend this calcula-
tion to the case of a disordered cubic Te model.
These particular calculations are in progress and

will be published in a future paper.
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