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In-situ-prepared TICl films have been studied with photoemission for photon energies up to 11.8 eV.
Photoelectron energy-distribution curves (EDC’s) show two strong valence-band density of states at 1.0 and
2.2 eV below the valence-band maximum (VBM) and one weaker piece of structure at 3.4 eV below the VBM.
They also suggest a strong conduction-band density of states near 8.1 eV and a minimal density-of-states
region 9.0-10.0 eV above the VBM. The valence-band width estimated from the EDC’s is 4.0 eV. Comparing
these features to theoretical calculations, the relativistic Korringa-Kohn-Rostoker calculation by Overhof and
Treusch yields correct valence-band width and gives fair qualitative but not quantitative agreement. The
electron escape length for electrons 6.9 to 7.6 eV above the VBM (0-0.7 eV above the photoelectric
threshold) is estimated to be 200 A by photoinjection method. EDC’s also exhibit strong temperature
dependence. It is suggested that this is due to the dynamic modulation of the orbital hybridization in the
valence-band electronic states because of lattice vibrations. It is further suggested that the effect of lattice
vibrations on electrons (or vice versa) cannot be treated as a perturbation in the usual electron-phonon
interaction approach, and may be responsible for unusual lattice dynamics of TICl. Exposure of TICI thin
films to Cl, gas up to 500 langmuirs (at 1 X 10~® Torr) at 25 and 50°C yielded no change of EDC’s.
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I. INTRODUCTION

Over the last decade extensive studies have been
made on strongly ionic alkali halides and mostly
covalent semiconductors. The basic properties
of these materials thus have been very well under-
stood and are playing important roles in the util-
ization of these materials. Thallous halides, on
the other hand, being ionic with somewhat co-
valent nature,' have not been understood to such
an extent.

However, during the past few years, a consider-
able amount of effort has been made in trying to
understand the basic properties of these materials
by means of techniques such as cyclotron-reso-
nance measurements,?*® two-photon absorption
measurement,’’® magneto-optical absorption mea-
surements,®” soft-x-ray absorption,®”* and emis-
sion'! experiments, optical absorption measure-
ments,'*™ ' and inelastic-neutron-scattering ex-
periments,’® etc. Through these efforts, prop-
erties of thallous halides have become consider-
ably clearer. All these make uv-photoemission
studies on these materials timely.

The outer configurations of T1" and C1™ are,
respectively, 4/ 5d'°6s?, and 3s*>3p®. While the
4f and 5d orbitals lie very deep below the vac-
uum level (<27.8 eV),! the T1*-6s and C17-3p
orbital levels lie relatively close to each other
(calculated values are'® - 19.8 eV for T1*-6s and"?
roughly —4.00 eV for C1™-3p). In the solid, after
taking into account the Madelung shift, calculated
values show that the T1"-6s level lies near —12.4
eV, and the C17-3p level lies near — 11 eV,'®
even closer to each other. With these in mind it
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is conceivable that the electronic valence states
of TICl are strongly influenced by the interaction
of T1*-6s and C1™-3p electrons. The overlap of
their wave functions therefore contribute signif-
icantly to the bonding properties of T1Cl1 solid

and thus considerable hybridization of these orbit-
als can be expected in the valence states of T1Cl,
and its band structure can be expected to be more
complicated than those of alkali halides.

The existence of the 6s* electrons outside of the
closed shell of T1" also makes thallous chloride
(thallous bromide also) very different from other
CsCl-structured ionic solids. For example, it
has a rather small band gap (3.41 eV at 20 °K)*°
for an ionic compound (effective ionic charge
e*=8.0e in Szigeti scale),?°'?! and both its static
and high frequency dielectric constants are usually
high (€,=37.6, €,=5.1),"* while the difference
€,— €, is also high. Furthermore, thallous halide
is the only class of materials known to have nega-
tive temperature and pressure coefficients of the
static dielectric constant®! and negative tempera-
ture dependence of Griineisen parameter.??

In this paper we report the first uv-photoemis-
sion studies on TICl where the quantum yield and
energy-distribution curves (EDC’) of photoemitted
electrons were determined for photon energies
up to 11.8 eV. The data will be discussed in com-
parison to the calculated band structure of Over-
hof et al.?® Also of interest in these studies is
the rather strong dependence of EDC’s on tem-
perature, which has not been seen in most insu-
lators and semiconductors, but has been seen in
silver®® and cuprous® halides, where the noble-
metal nd-orbital levels are close to the halogen
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n p-orbital levels.

II. EXPERIMENTAL METHODS

The vacuum chamber and measuring equipment
used in these studies have been described in detail
previously.'” The EDC’S were measured by the
usual ac-modulated retarding potential technique.?®
The resolution obtained was about 0.1-0.2 eV.

The quantum yields were determined by comparing
the photocurrent from the sample with the photo-
current from a calibrated Cs,Sb phototube. "%’

The usual correction was made for the transmis-
sion of the LiF window on the vacuum chamber.

Starting thallous chloride material was pur-
chased from Hudson Laboratory (Hudson, Fla.)
with ultrahigh purity (99.999%). Thin films of
TICl were sublimed from a quartz crucible onto
polished Pt or Mo substrates, which were heat
cleaned at 450-475 “C for more than 24 h prior
to the sample deposition. The base pressure of
the system before sublimation was 1x107'° Torr
or lower. During sublimation pressure increased
to typically (1-5)x107® Torr. Sample deposition
rate was controlled to be extremely low, namely,
3-5A/min to avoid pinholes in the thin films.
Subsequent x-ray diffraction analyses of the films
showed that they were highly, though not com-
pletely oriented with the (110) plane of a
simple cubic lattice. From the broadening of the
x-ray lines, the particle size in the films were
calculated®® to be typically 500A (assuming neg-
ligible strains).

Starting materials and samples were handled
under red light. No effects attributable to photo-
lysis have been observed. Films of thickness
ranging from 150 to 7500A were studied. Except
for the photoinjection phenomena observed in the
very thin films, which will be discussed in more
detail in Sec. IV, no other significant differences
were found because of difference in film thickness.
More than ten films were studied, the essential
features of the data being well reproduced in all
cases.

Optical properties of thin films of thallous ha-
lides are sensitive to strains due to substrate-
sample lattice mismatch. Bachrach and Brown'*
reported observations of exciton peak broadening
of about 0.01 eV and peak shift of about the same
amount due to strains on TIC1 thin films. In our
experiments, these were beyond our resolution
capability. Also since films of vast range of thick-
ness (150 to 7500 A) reproduced the essential fea-
tures of our data, we suggest that the effects of
strain in our samples are negligible within our
experimental resolution. Otherwise one would
expect the EDC’s to be thickness dependent because
the thicker the films the farther the photoemission

is from the sample-substrate interface.

III. BAND STRUCTURE OF TICI

In this section we shall briefly discuss the cal-
culated band structure of TICl so as to provide the
readers a general framework in which to view the
photoemission data. TICl crystallizes in simple
cubic Bravais lattice with a basis of thallium at
(0,0,0) and a chlorine at (3, 3, 3). At the time of
the writing of this paper there were two theoret-
ical calculations by two different groups on the
band structure of TICl. One was done by Inoue and
Okazaki,? with Heine-Abarenkov model potential
method®®; the other by Overhof and Treusch® with
Kohn-Korringa-Rostoker method,®! utilizing rela-
tivistic ionic potentials. Since both methods
yielded similar salient features in the E-vs-K
diagram, we reproduce in Fig. 1 only one of them
(overhof-Treusch) and shall discuss our data in
comparison to it. Among the interesting points
about Fig. 1 are (i) the direct gap is at the X point
which is the edge of the first Brillouin-zone face.
This is strongly contrasted to the other CsCl-
structured ionic solids where the direct gaps occur
at the zone center I',** and (ii) the valence bands
are about 4 eV wide, much more than the 1.7-eV
band width calculated®® for CsI (experimental val-
ue is 2.5 eV),%® the least ionic cesium halide; the
highest valence band of T1CI alone is more than
2 eV wide, about four times that of CsL.®?:%

Both calculations concluded that the valence
bands consists of hybridization of C1-3p and Tl-6s
states, and that the lowest conduction band states
are Tl-6p-like. In fact, the strong admixture of
T1-6s states with C1-3p states in the valence bands
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FIG. 1. Band structure of TICl calculated with KKR
method (Ref. 23). Energy scale is plotted taking
valence-band maximum as zero.
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FIG. 2. Quantum yield of TICI films. The low energy
tails in the 150-A film are due to electrons photoinjected
from the substance through the film into vacuum. Dash
curve is yield of pure Pt. In the inset is photoinjection
yield as a function of TICI film thickness.

may be the main reason why the valence-band
maximum (VBM) occurs at X instead of at T.
Also, it is probable that the T1-6p-like states
make the conduction band minimum occur at X as
compared to the case of CsI where the conduction
band minimum is at I and the electronic states
there are Cs-6s-like.

Figure 1 shows an indirect gap between X ] and
R, about 0.3 eV smaller than the direct gap. This
does not exist in the Inoue-Okazaki calculation.
However, Overhof and Treusch?®® conceded that the
indirect gap might be anartifact of the calcula-
tion.

IV. EXPERIMENTAL RESULTS
A. Photoelectric yield

In Fig. 2 we present the quantum yield of TICI of
two different thicknesses. The yields are ex-
pressed as Y;,., the number of emitted electrons
per incident photon, and are plotted against the
incident photon energy.

The tails in the data for the 150-A film below
7iw="7.0 eV are most likely due to electrons photo-
injected into and through the film from the metal
substrate as observed by DiStefano and Spicer
in CsI.?® Although it is also possible that they are
due to pinholes in the very thin film. Consider-
ing the extremely slow evaporation rate in pre-

paring the film to avoid the pinholes, it does not
seem very probable. In any case the number of
these electrons only amounts to less than &5 of
the total yield once the photon energy surpasses
the photoemission threshold of TICI (~6.9 eV from
Fig. 2). Thus they do not affect the EDC’s in the
range of 7.5 </iw <11.8 eV. In the thicker films
the tail disappears.

There are no significant differences between
yield data measured at room temperature (RT)
and that measured at liquid-nitrogen temperature
(LNT). This might lead one to a conclusion that
there is no significant change of electronic states
of TICl as temperature changes from RT to LNT.
It will, however, become clear in the following
discussions that this is not the case. There is no
LNT data of the thick (5050-A) films because at
low temperature thick films present severe charg-
ing problems that reliable EDC’s and yields are
hard to measure.

Away from the thresholds the yield data are in-
dependent of the film thickness within experi-
mental errors. The yield saturates at about
(7-8)% near 7w =10.0 eV and decreases for #w
>10.0 eV, in contrast to the case of Csl,* in which
the photoelectric yield of the thicker film is higher
than that of thinner films and increases slowly
with photon energy to a value near unity, the en-
hanced yield in thicker films being due to larger
number of phonon scatterings. In TICl, the de-
crease of yield for photon energy beyond 10.0 eV
is probably due to shorter electron escape depth
for higher-energy electrons because of its shorter
electron-electron mean free path. The photoelec-
tric threshold determined from the yield data of
Fig. 2is 6.9+ 0.2 eV. Taking 3.5 eV as the band
gap of TICl at room temperature,’® the electron
affinity is estimated to be 3.4+ 0.2 eV.

B. Photoinjection

The hot-electron scattering effect in TICl can
be investigated by photoinjecting electrons from
the metal substrate through T1CI thin films with
photon energy lower than the photoelectric thresh-
old of TICl as reported by DiStefano and Spicer.3?
In Fig. 2 the low-energy tail below 7.0 eV is as-
signed to electrons photoinjected from the Pt sub-
strate through the TICI thin film into vacuum. The
thickness dependence of photoinjection yield at
fAiw=15.0 eV is shown in the inset of Fig. 2. With
Fermi energy at 1.6 eV above the VBM, (deter-
mined from Fig. 2) the photoinjected electrons
at this photon energy are at E=6.9-7.6 eV above
the VBM (0-0.7 eV above the vacuum level) of
TICL. A rough fit of Y;;xe” /%, where T is the
film thickness and L is the hot-electron escape
length in TI1Cl, yields the result L= 200A for these
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FIG. 3. Energy-distribution curves for electrons
photoinjected from a Pt substrate through a TIC1 thin
film by different photon energies. The 7.0-eV curve
consists mostly of electrons from TICl, which is in-
cluded in the figure for comparison. The emission is
plotted against the final-state energy of the electrons.
The arrow in the abscissa denotes vacuum level.

electrons. Since there are only a few data points
and the deviation of individual datum from the
fitted straight line is large, this number should
only be treated as a rough estimate of the average
escape depth for electrons of TICl in the energy

range of 6.9-7.6 eV above the VBM. The TICl
yield is also compared with yields of pure Pt in
Fig. 2. In the threshold region, the photoinjected
yield is higher than the quantum yield of pure Pt,
apparently because the TICl film lowered the pho-
toemission threshold of Pt by about 0.5 eV.

In Fig. 3 we present the EDC’s of the photoin-
jected electrons from Pt (Zw<17.0 eV) together
with an EDC (%w ="7.0 eV) containing photoinjected
electrons and electrons excited from the valence
bands of TICl. The weaker intensity of emission
near the vacuum level in curves for Zw=5.6-6.5
eV as compared to that for Zw="T7.0 eV is partly
due to stronger optical absorption in the TICl film
than in the Pt substrate, and partly due to the
scatterings photoinjected electrons suffered as they
traverse the TICl film. Also note the drop of in-
tensity of the leading peak at 7iw="7.0 eV. This is
probably due to the onset of electron-electron scat-
tering near 7iw="7.0 eV (twice the band-gap energy).

C. Energy-distribution curves

EDC’s of electrons photoemitted from TICI with
photon energies ranging from 7.8 to 11.8 eV mea-
sured at LNT are shown in Fig. 4. These curves
have been normalized to the corresponding quan-
tum yield. The number of photoemitted electrons
per incident photon are plotted against the initial-
state energy of the electrons with the VBM chosen
as zero (E; =0). With increasing photon energy
we probe deeper into the valence band and uncover
more valence-band density of states. The peak
at -1 eV in these EDC’s is worth special attention.
This peak is very strong up to Zw=10.0 eV, but
then starts to weaken and almost vanishes at
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FIG. 4. Energy-distribution curves of photoemitted electrons from TICI measured at LNT. The emission intensity is
plotted against the initial-state energy of the electrons in reference to the valence-band maximum. (a) 7.8 <#iw <9.6 eV,
(b) 10.0<hw <11.8 V.
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FIG. 5. Energy-distribution curves of photoemitted electrons from TICl measured at RT.

10.0 <hw =11.8 eV.

fiw=10.8 eV. It reemerges again at 11.2 eV and
remains prominent up to 11.8 eV. These features
will be discussed in more detail in Sec. V.

In Fig. 5 the EDC’s measured at RT for Zw<11.8
eV are presented. Note that the shoulder near
VBM for 8.9 s/Zw <9.1 eV in Fig. 4(a) is now lost
in Fig. 5(a). Also note the considerable broaden-
ing of peaks compared to the LNT data.

EDC’s have also been measured after several
thermal cyclings. Each time the results in Figs.
4 and 5 were reproduced, which showed that the
changes in the EDC’s due to different temperatures
were neither accidental nor attributable to any
permanent change of the samples due to cooling
or warming.

V. DISCUSSIONS
A. Width of the valence bands

In Fig. 6, we present a set of EDC’s taken in the
maximum energy range available in this work
(7w< 12 eV). The low-energy side of these EDC’s
is characterized by a break indicated by the
arrows at about — 4 eV between structure clearly
due to primary excitation from the valence band
lying above — 4 eV, and a region lying below -4
eV which we tentatively assign to inelastically
scattered electrons. This separation which gives
a valence-band width of 4 eV is similar to that
made in® CsI and® CsTe; however, it is made
with less certainty here since the bottom of the
band (as we assign it) only clears the potential
barrier at the surface by about 1.5 eV; whereas,
in CsI and CsTe the clearance is significantly
larger. Clearly, additional measurements at

INITIAL ENERGY, E, =E -hw (eV)

(a) 7.8=hw =9.6 eV, (b)

higher 7w should be made to further test our as-
signment of the band width. However, it should

be noted that it is in agreement with band calcu-
lation®®'?° (see Fig. 8).
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FIG. 6. Energy-distribution curves of photoemitted
electrons from TICl measured at INT. The arrows de-
note the extent of the valence-band width. Structure to
the left of the arrows are due to scattered electrons.



4564 S. F. LIN AND W. E. SPICER 14

12k TICt 2604, LNT VBM =0
s
2 |4 :LEADING EDGE L
o x : TRAILING EDGE N
3'r [« STRUCTURE IN EDC 227 .0

(oY
21 ——: STRONG STRUCTURE
2 ----: WEAK STRUCTURE W
~ |10+ |
5 o -22 |
5 |
Q 9k 04 |
w _ ]
gt o 34|
2 A
o 8K Ve }
S p
@ s
=t SCATTERED)|
. ELECTRONS
7+ 0 o0
(o e e ®
. L]
[ XXX XXX X X X X XXxXx X X X X X X X X X X X X X
6 AR (N S SN SR ST BN S M|
6 7 8 9 10 l 12

PHOTON ENERGY, hw (eV)

FIG. 7. Structure plot for EDCs of T1Cl measured
at LNT. Solid 45° lines through structure points denote
strong density of states, dashed line denotes weak struc-
ture in density of states.

B. Electronic structure

Important information contained in the EDC’s in
Fig. 4 can be succinctly and instructively ex-
pressed in the structure plot shown in Fig. 7,
where the final energy of pieces of structure in
the EDC’s have been plotted against incident photon
energy. Structure in the valence-band density of
states will then manifest itself by structure in the
EDC’s that moves along a 45° line in the structure
plot as photon energy increases, whereas struc-
ture in the conduction-band density of states will
show up as a horizontal line.

From Fig. 7 we see that there are two pieces
of strong density of states in the valence bands,
located at about 1.0 and 2.2 eV, respectively, be-
low the VBM, and two additional pieces of weak
structure at — 0.3 and - 3.4 eV. The lowest-lying
structure in the structure plot is attributed to
scattered electrons as discussed above. The fact
that the structure in the EDC’s either deviate
somewhat from 45° lines (structure at — 1.0 and
— 2.2 eV) or appear only within a very narrow
range of photon energy (structure at — 0.3 and
- 3.4 eV) is suggestive of k conservation or other
optical selection rules in TICl. Further evidence
supporting the importance of Kk conservation comes
from the fact that as we trace across the structure
plot the leading edge of the EDC’s does not follow
exactly a 45° line either. Note that even in the
case where k conservation is important, a strong val-
ence-band density of state peak still follows roughly

a 45° line in the structure plot over a large 7w
range.*®

The structure at — 0.3 eV appears as a weak
shoulder in the photon energy range 8.8 < Zw <9.1
eV. It probably is due to direct transitions from
near the valence-band maximum. As such, it in-
dicates conduction-band structure (in the vicinity
of k space of the VBM) located 8.5-8.8 eV above
the VBM. This, of course, does not imply a peak
in the density of states since the structure appears
over such a small 7w range.®®

As for the - 3.4-eV structure, it begins to ap-
pear at Ziw=11.6 eV. It is possible that it may
grow further with 7Zw>11.8 eV due to increasing
matrix elements. An assignment of this struc-
ture to structure in the valence-band density of
state would give a fair agreement with the calcu-
lated band structure, as will be shown in the fol-
lowing discussion. In any event, obtaining EDC’s
for higher photon energies will be valuable to test
this assignment.

The fact that for 9.3 < 7w <10.6 eV the leading
edge falls below the Einstein limit (indicated by
VBM-=0) suggests a lack of final states with k
vectors near that of the valence-band maximum
for final states 9.3 to 10.6 eV above the VBM (see
Fig. 1). The Einstein limit is defined by the ex-
pression Eg, = E b+ fiw, where Egp, is the maxi-
mal final-state energy and Egy is the energy of
the VBM.

To relate as well as possible the photoemission
data to the calculated-band structure, we com-
pare the structure plot (Fig. 10) and the EDC’s
(Fig. ) to the valence-band density of state®” (Fig.
8) derived from the calculated E-vs-K diagram
(Fig. 2). We see that in addition to the band width
there is fair qualitative agreement between the
experimental data and the calculated results in
that the number of density-of-state peaks is the
same. However, quantitatively the agreement is
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FIG. 8. Valence-band density of state derived from
Fig. 2 (Ref. 37).
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not satisfactory. For example, the first two cal-
culated density-of-state peaks have to be shifted
by 0.5 eV down the energy scale in order to con-
firm to the experimental data. Also, the third
peak in the calculated density-of-states lies about
0.5 eV deeper as compared to the experimental
results.

To check the correspondence of the calculated
conduction band to the photoemission experiments,
we redraw the curves of Fig. 4 in Fig. 9 with the
final-state energy of photoemitted electrons as the
x axis. Both peaks originated from - 1.0 and
— 2.2 eV are very strong near final-state energy
8.1 eV and both suffer sudden drop of intensity as
they move to higher final-state energy. This is
suggestive of a strong conduction density of state
near 8.1 eV above the VBM. Returning to Fig. 2,
it could correspond to the flat-band regions near
the X points and in the Z directions near 8.2 eV.
The peak originated from - 1.0 eV almost van-
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ishes when it is in the final-state energy region
9.0-10.0 eV. This is indicative of a minimal den-
sity-of-state area between 9.0 and 10.0 eV above
the VBM, in agreement with the 0.8 eV gap be-
tween the third and the fourth conduction bands
(from 9.2 to 10.0 eV) in the calculated band struc-
ture (Fig. 2).

C. Temperature effects on EDC’S

Much less has been done in studying solids using
ultraviolet photoemission spectroscopy below room
temperature than at room temperature. This is
due to the fact that the experimental resolution
(typically 0.1 to 0.2 eV) is usually larger com-
pared to kT at room temperature (0.025 eV).
Thus, unless unusually strong coupling between
the lattice and electronic structure is present,
cooling to, for example, 77 °K (kT=0.007 eV),
would not be expected to strongly affect the EDC’s.
This expectation has generally been found in such
diverse materials as the columns?®® IV and® III-V
photoemitters, transition metal oxides,*® and met-
als.*! However, a systematic study of photoemis-
sion at low temperatures has not been made in all
materials.

In contrast to most other studies, Bauer and
Spicer found extreme temperature dependence in
the silver halides®* (e.g., change in the width of
structure of order 0.3 eV on cooling from 300 to
77 °K, AkRT=0.018 eV). This extreme temperature
dependence is also reflected in the optical data
from the silver halides.** Bauer and Spicer® sug-
gested that the temperature dependence was due
to a strong modulation of the overlap between the
halogen p and silver d valence electrons due to the
large change in vibrational amplitude in cooling
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FIG. 10. Energy distribution curves of photoemitted
electrons from TICI for ~w =9.0 eV measured at three
different temperatures. Note the sharpening of the

—1.0-eV peak and the emergence of the —0.3-eV
shoulder.
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from 300 to 77 °K. The somewhat clumsy term
“dynamic modulation of orbital hybridization of
electronic states” has been used to describe this
effect. In order to test this suggestion tempera-
ture-dependent studies of the Cl and T1 halides
were undertaken. In the first case Cu-d and halo-
gen-P and in the second Tl-s and halogen-P over-
lap occurs in the valence band; therefore, strong
temperature dependence of the EDC’s would also
be expected if the Bauer-Spicer suggestion was
correct. As will be reported here, such depen-
dence has been found in TICl, although they are
not as strong as in the silver halides. As re-
ported elsewhere,® it has also been found in the
copper halides.

Anomalously large dependence of EDC’s on tem-
perature is typified in Fig. 10 by comparing EDC’s
measured at three different temperatures for
7iw=9.0 eV. Not only the peaks sharpen greatly
but also new pieces of structure emerge when the
temperature is decreased from 300 to 80 °K. As
suggested by Bauer and Spicer,** this strong tem-
perature dependence of EDC’s can be seen among
the class of materials in which (i) valence-band
wave functions are moderately localized, (ii)
valence-band wave functions are combinations of
two ionic (or atomic) orbitals whose ionic (or
atomic) energy levels are fairly close to each
other, especially after Madelung energy correc-
tion in the solids, and (iii) Debye temperatures
6 lies within the range of experimental tempera-
ture variation.

Rubloff ef al.,* in explaining the large tempera-
ture effect on reflectance of some alkali halides,
suggested that the above mechanism may be plaus-
ible for the conduction-band states as well.

In the case of thallous chloride, the valence-
band states have been shown to be a strong hy-
bridization of T1*-6s and C1™-3p orbitals®
the ionic energy levels of T1*-6s and C1 -3p have
been calculated to be only about 1.6 eV apart after
Madelung energy adjustments'®™'®; the Debye tem-
perature is somewhere between 126 and 140 °K,**""
well within the temperature range of our experi-
ment (77-300 °K); and the partly covalent, partly
ionic properties of TICI suggest that the valence
state wave functions are moderately localized.
Thus it is not surprising to see the strong tem-
perature dependence of EDC’s in TICL

To first appoximation the temperature effects
on the electronic states of TICl can be explained
as follows: When the temperature of T1Cl changes,
a static change and a dynamic change happen to
the crystal. The static change is the thermal ex-
pansion (or contraction) of the lattice; the dynamic
change is the increase (or decrease) of the ampli-
tude of lattice vibration. The thermal expansion

or contraction of the lattice alters the ionic spac-
ings, which in turn alter the Madelung energy

and the orbital hybridization of the electronic
states. The change of vibration amplitude of
lattice alters the extent to which the lattice spac-
ings fluctuate. The fluctuating ionic spacings
modulate the orbital hybridization but tend not to
affect the Madelung energy, since Madelung energy
comes from the long-range electrostatic inter-
action, any change of local contributions tends to
average out when the sum is taken. On the other
hand, the orbital hybridization being short-range
interaction in nature, its fluctuation due to fluctua-
tion of ionic spacings will not be averaged out,
and will contribute to the broadening of energy
levels. Thus the static effects of temperature on
energy levels arise both from change of orbital
hybridization and change of Madelung energy, and
cause the shift of energy levels. The dynamic
effects, however, arise mainly from change of
fluctuation of orbital hybridization, and, we sug-
gest, cause the broadening of energy levels.

In Fig. 10, the peak position shift (=0.02 eV) is
much smaller than the broadening of the peak
(taken at 90% peak height, is =0.2 eV) when
sample temperature is increased from 80 to 300
°K. This is understandable from the following
consideractions: The average mean-square am-
plitude of lattice vibration as given by Debye-
Waller theory*® is

37272 fOD/T (1 1 >
22 ———— - ——
X' TIK,03 4 2t Fo1)F% (1)
where M is the average mass of T1* and Cl~ ions.'""*°
From this we obtain the average root-mean-square
amplitude as

X(T)= 2% (0) (T/©p)'/* for T >0, (2)

where X(0) is the average root-mean-square am-
plitude at T=0 °K. Under this approximation, as
sample temperature varies from 80 to 3000 °K,
the vibration amplitude changes by

X (300 °K) —X(80 °K)
X(80 °K)

i.e., from 0.131 to 0.253 A. On the other hand,
the average linear thermal expansion coefficient of
TICl in the temperature range of 80-300 °K is
about 5x107° °K~! 22 which causes ionic spacing
to change by 1.1% as temperature varies from 80
to 300 °K. Consequently the static thermal ex-
pansion does not affect the electronic states as
strongly as the change of lattice vibration ampli-
tude does.

Since the lattice vibrations, i.e., phonons, exert
strong influence on the electronic states of T1Cl
through fluctuations of orbital hybridization, we

~93.7% , (3)
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can expect the orbital hybridization of electronic
states to have strong effects onthe vibrational spec-
trum of TICl. One may need to take this into
account for a better understanding of the lattice
dynamics of this material.

Lattice dynamics of CsCl-structured ionic
crystals, i.e., CsCl, CsBr, and CsI have been
successfully calculated theoretically®® with simple
shell model.® Unfortunately, the same cannot be
said of T1C1,°2 or T1Br, or the Ag and Cu halides.*
Both rigid ion models and simple shell models
gave poor description of the phonon dispersion
curves. Cowley and Okzaki'® resorted to a shell
model with as many as 14 parameters and still
encountered discrepancies with experimental re-
sults of TICl. The reason for the success with
Cs halides and failure with TICl in this matter
may lie in the fact that bonding in CsCl is almost
purely ionic with the valence electronic states
unhybridization with Cs states while in TICI the
hybridization occurs between the Tl and Cl valence
electronic states (although there may be hybrid-
ization in the conduction band states in Cs halides).
Lattice vibration would induce change in the val-
ence electronic states which would in turn change
the bonding strength. This makes the harmonic
approximation employed in the rigid ion models
and shell models highly inappropriate. We sug-
gest that with this taken into account, many ther-
modynamic properties of T1CI (and T1Br), in-
cluding Gruneisen parameter, dielectric constants
and phonon dispersion curves, may be understood
better. The same arguments can be made for the
lattice spectra of the silver and copper halides.>*

In essence for both optical excitation and lattice
dynamics, the electron-lattice interaction is so
strong that it cannot be treated as a perturbation
in the Hamiltonian of the electron-lattice system.
A usual perturbation treatment in the formalism
of electron-phonon interaction would give the
broadening of the EDC structure in the order of
kg AT, which is roughly 0.02 eV as temperature
increases from 80 to 300 “K. This value is an
order of magnitude smaller as compared to the
experimentally observed broadening in Fig. 10.
Therefore, a many-body formalism seems to be
demanded for this problem.

D. Chlorination of TICI]

It may also be worth mentioning here that
Tutihasi'® reported a conversion of TICI to T1,Cl,
by exposing T1ClI thin films to Cl, gas of 1-10
Torr for 10 min. In an effort to observe the
effects of decreasing number of T1* - 6s electrons
as TICl is converted into T1,Cl;, we have tried
exposing TICl thin films to Cl, gas up to 500 lang-

muir (1 L=107% Torrsec) at 1078 Torr through a
leak valve to the photoemission chamber. How-
ever, no significant differences were observed in
the EDC’s before and after Cl, exposure. We have
also tried exposure at 50 °C (TICl thin films
sublime readily for 7> 50 °C) and no effects were
found. Since the equipment forbids higher concen-
tration of Cl,, we have not tried exposure at
higher langmuir rate.

VI. CONCLUSIONS

In conclusion, photoemission measurements have
been used to determine important features in the
band structure of TICl. A valence-band width of
4.0 eV has been estimated. Evidence has been
found for two strong valence-band density of
state, locating at —1.0 and —2.2 eV (with respect
to the VBM), respectively, and weaker structure
has been located at -3.4 eV. Also deduced from
the EDC’s are a large conduction-band density of
states near 8.1 eV and a minimal density-of-state
region from 9.0 to 10.0 eV. The k conservation
rule was found to be important in the optical
transitions in TICl. Theoretically calculated
band structure compares well with the photo-
emission data qualitatively but not quantitatively
in several aspects.

Hot-electron scattering effects have been in-
vestigated by photoinjecting electrons from the
Pt substrate through TIC1 thin films into vacuum
with photon energy less than the photoelectric
threshold of TICl. By a rough exponential fit to
the photoinjection yield as a function of film thick-
ness, the electron escape length has been found
to be =~ 200 A for electrons 6.9-7.6 eV above the
VBM (0-0.7 eV above the photoelectric threshold).

Relatively strong temperature dependence of
TIC1 EDC’s has been found, as in the case of Ag
and Cu halides. All of these three classes of
materials are characterized by valence-bands
containing strong hybridization between valence
states on the cations and the anions. Likewise,
the conventional rigid ion or simple shell model
has proven inadequate to predict the dispersion
curves lattice vibration for these materials. We
suggest that these results are due to the same
phenomena: A very strong coupling between the
lattice and the electronic states which results
from the anion-cation valence hybridization being
dynamically modified on a nearest neighbor scale
by lattice vibration.

It is recognized that in regard to electron-lattice
interaction it would be interesting to examine the
problems in the high Tc superconductors where
strong coupling between lattice and electronic
states may be so important.
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