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The thermoreflectance spectrum of LiF between 12 and 30 eV was measured and several of the structures
interpreted. The absorption-edge region is interpreted in terms of a Wannier exciton series converging to the
fundamental band gap I')s—T,. Structure associated directly with the band gap is not manifest, so the I";s-I",
energy is determined indirectly to be 14.2 +0.2 eV. The n = 1 exciton state generates the first strong structure in
A€ and we suggest that the exciton-phonon interaction, along with a central-cell correction, can give a
significant contribution to its binding energy. Structures at higher energy have been associated with the
interband transitions L,’— L, and L,"— L, between the crystal-field-split valence band at L and the lower
conduction band. The strong electron-hole interaction modifies the expected line shape and a hyperbolic
exciton, associated with the transitions at L, may exist as an antiresonance in the continuum. A strong feature
at 22.2 eV in A€ is associated with excitonic transitions at X involving the second d-like conduction band.
The corresponding peak at 26.4 eV in A[Im( — 1/é)] overlaps the “valence-band” plasmon at 24.6 eV. No
evidence for double excitations is found around 25 eV in either A& or A[Im( — 1/€)]. The A[Im( — 1/€)]
spectrum shows for the first time which structures in the energy-loss function are generated by longitudinal

excitons and which by plasmons.

I. INTRODUCTION

LiF has its absorption edge at very high energy
and is used as a window in far-ultraviolet spec-
troscopy to separate the sample chamber from
the rest of the optical instrumentation. The study
of its optical properties was delayed until rather
recently, when windowless optical systems had
been developed along with light sources emitting
in the far ultraviolet up to 400 A. Since then, the
reflectivity' - and the absorption®*” of LiF have
been measured by several groups, at first using
line sources,!”*'® then recently using the synchro-
tron-radiation continuum.® The optical data have
been augmented by electron energy-loss (EEL)
experiments.®”!! Thus the spectrum of electronic
transitions is fairly well known. The €, spec-
trum®~5 (where ¢, is the imaginary part of the
dielectric function €=¢€, + €,) shows a strong nar-
row peak at 12.6 eV, just above the absorption
edge, followed by three broad bands at 14.5, 17.5,
and 22.0 eV. (See Fig. 1.) The interpretation of
this spectrum is still rather primitive. Sharp
structures superimposed on broader features
have been used to identify particular transitions
in the case of semiconductors and other alkali
halides,'? but unfortunately the LiF ¢, spectrum
is smooth.!3

Several energy-band calculations have been
performed recently for LiF,'* using different
methods, and the results are in surprisingly good
agreement with each other for the valence bands
and the lower conduction band. However, dis-
agreement is found for the calculated band gaps.
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In particular, it was shown that ab initio Hartree-
Fock calculations describe the crystal ground-
state properties very well,'® and, when correlation
and relaxation effects are taken into account for
describing the excited crystal,*®'!” the calculated
band gap is in excellent agreement with the optical
gap.'® Thus, in the following, we shall refer to
these calculations®~'7*1®:2%which also give enough of
the higher conduction bands to make a comparison
with experiment possible.

The interpretation of the over-all spectrum
is still controversial. The excitonic nature of
the first peak in €, was recently disputed.'®* The
broad band at 23 eV was associated either with
interband transitions around®'* X or with the si-
multaneous excitation of two fundamental exci-
tons.?''22 The states at X of d symmetry, may
shift by several eV according to the computational
method employed. Perrot'® found them in the
proper energy range to account for the observed
peak while in the bands of Mickish et al.'” they
lie much higher, and the calculated ¢, is struc-
tureless around 23 eV, in support of the double
excitation mechanism.? %2

In spite of the strong electron-hole interaction
in LiF, excitonic effects have been neglected in
discussing its optical properties above the band
gap. The binding energy E, of the fundamental
exciton is about 2 eV.!® In this case the one-
electron density of states should be completely
modified by the electron-hole interaction for sev-
eral E, above the band gap,?® thus throughout the
interband absorption region. Excitonic effects
have been recognized in the interband continuum
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FIG. 1. Reflectance R (dash-dot), imaginary part of
the dielectric function €, (solid), and electron energy-
loss function EEL (dashed) spectra for LiF. R is from
Ref. 3 with data from Ref. 5 at higher energy. €, and
EEL were from a Kramers-Kronig analysis of R.

of semiconductors, where E, is only some tens
of millivolts.

Recently, the technique of modulation spectros-
copy was applied successfully to the study of
metals?*'?® and semiconductors?® in the far ultra-
violet. As is well known, features observed in
the modulated spectra can be related only to par-
ticular transitions occurring around critical points
of the Brillouin zone (or to plasma edges), while
the dc spectra are dominated by the large back-
ground of noncritical transitions.?” We thus mea-
sured the thermoreflectance (TR) spectrum of
LiF throughout the fundamental interband ab-
sorption region (12-30 eV). Several new struc-
tures were observed for the first time. Excitonic
effects have been found far above the absorption
gap, but no evidence for double excitations around
22 eV is found. The roles of oscillator and plas-
mon peaks above the interband absorption region
were clarified by studying the thermomodulation
(TM) EEL function A(-1/€).

In Sec. II we shall describe the experimental
setup and the TM results, comparing them with
other available optical data. In Sec. III we shall
discuss in detail the excitonic region (12-15 eV).
In Sec. IV we shall concentrate on the interband
transitions involving the lower conduction band
(15-20 eV). In Sec. V we shall analyze the struc-
ture at 23 eV, and finally, in Sec. VI, the longi-
tudinal spectrum will be compared with the trans-
verse one.

II. EXPERIMENTAL AND RESULTS

Synchrotron radiation emitted by the electrons
orbiting in the storage ring Tantalus I of the Syn-
chrotron Radiation Center, Physical Sciences
Laboratories, University of Wisconsin, was used
as a light source. The optical system is described
in detail elsewhere.?® A normal incidence 1-m
McPherson 225 monochromator was used with a

gold-coated 1200-line/mm grating. The radiation
reflected by the samples was detected with a
windowless electron multiplier with a Be-Cu
cathode.

It is important to note that, despite digital data
handling, the electron multiplier was used in the
current mode. In the counting mode, the limiting
count rate of ~1 MHz limits us to measuring struc-
tures no smaller than AR/R=1072 for a 1-sec
counting time. In the current mode, a greater
photon flux could be used, corresponding to count
rates of up to 100 MHz, and structures of 107*
for 1-sec integrations.

The samples were indirectly heated. A molyb-
denum film of 10-30-Q resistance was evaporated
on a quartz plate attached to the cold finger of
a liquid-nitrogen cryostat. A unipolar square-
wave current of 1.5-3.5-W peak power flowed
through the film, modulating its temperature.

The samples were either single crystals cleaved
as thin as possible prior to mounting on the heater
or thin films directly evaporated on the Mo film.
In both cases they were exposed to the atmosphere
for only a few minutes. Two different frequencies
were employed: 1.6 Hz with a conventional analog
lock-in detection system and 0.1 Hz with a digital
lock-in system. In the latter case the output of
the electron multiplier was preamplified and then
voltage-to-frequency converted. The pulses were
counted with an SSR 1110 digital synchronous com-
puter operated in the chop mode. The input signal
is split into two different channels, A and B, ac-
cording to a reference gate, properly phase
shifted, provided by the voltage supplied to the
heater. Channel A counts the pulses generated
during the time the heater was on and channel B
counts those when the heater was off. After a
predetermined number of cycles, the counter
displays the quantities A — B, proportional to the
differential signal Alg, and A + B, proportional

to 2I;. The TR spectrum is given by AR/R
=AIg/I5=2(A -B)/(A +B).?® 6-10 cycles were
enough to obtain good statistics (high signal-to-
noise ratio) in a reasonable amount of time. At
0.1 Hz we observed a background signal due to

the decay of the electron beam in the storage ring.
At 1.6 Hz TR signals of the order of 107° were
reproducible, while the sensitivity at 0.1 Hz was
about 107%. On the other hand, at 0.1 Hz the tem-
perature modulation was much larger and allowed
us to extend the measurements to higher energies,
where the light intensity was too small to use the
lock-in. The average temperature at which the
spectra were recorded was 200-250 K.

In Fig. 2 we display the TR spectra measured on
a single crystal at 1.6 Hz (solid line) and on a thin
film at 0.1 Hz. Except for the different intensities
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FIG. 2. Thermoreflectance spectrum of LiF. Solid
line: single crystal, 1.6 Hz and 3.1-W modulation power
(left scale). Dashed line: thin film, 0.1 Hz and 1.6-W
modulation power (right scale).

the two spectra are very similar. The film spec-
trum does not show all the details resolved in the
crystal spectrum and is shifted upward. The tem-
perature modulation in the case of the single crys-
tal was estimated to be about 0.4 K. Assuming
that the intensity of the TM signal increases lin-
early with modulation amplitude, the dashed curve
corresponds to a AT of about 10 K. The ideal
conditions of a modulation experiment are ap-
proached in the limit of very small temperature
variations (AT —-0). In this case the contributions
to the measured signal come only from critical-
point transitions and plasmons. When AT is large,
the contribution from general transitions also be-
comes significant, resulting in a loss of detail.
This effect is much more pronounced when the
difference between two spectra measured at two
different temperatures is calculated. The dashed
spectrum of Fig. 2 is in very good agreement
with the difference spectrum calculated by Rao.®
Our TR spectra around the exciton region are
very similar to the TR spectra of other alkali
halides measured by Nosenzo et al.?°

Comparing our TR spectrum (Fig. 2, solid) with
the reflectivity of LiF,!”® we see that the feature
between 12 and 14.5 eV corresponds to the ex-
citon peak at 12.7 eV (Fig. 1) and the onset of the

next band, both of which shift to higher energies
upon cooling. Structure between 15 and 16.5 eV
seems to be associated with the dip in reflectivity
at 16 eV. We find new features where the reflect-
ivity shows a smooth band centered at 17.5 eV.
We do not associate them with the fine structure
observed by Stephan.!®* Allthe structure above
22 eV is related to the broad band peaking at 23
eV and is present in the data of Rao.®

The TR spectrum measured on the single crystal
at 1.6 Hz was Kramers-Kronig analyzed to obtain
the TM optical constants A8, A&, and A(-1/€)
=AL. (A6 is the Kramers-Kronig transform of
AR/R.) From 25 to 30 eV we used the thin-film
data (Fig. 2, dashed curve) properly scaled.
Above 36 eV we let AR/R go to zero smoothly at
40 eV. The influence of the extrapolation is small
in differential Kramers-Kronig transformations.?’
We checked this by transforming only the data
below 17 eV. In that portion of the spectrum the
results did not change significantly. From AR/R
and A6, A€ can be easily calculated using the
normal-incidence relations

A€ =VE(€-1)d7/7, (1a)
d7? /7 =3AR/R +iA6, (1b)
AL=Im(AE /&%), (1c)
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FIG. 3. Differential optical constants of LiF obtained
by Kramers-Kronig analysis of the thermoreflectance
spectrum of a single crystal, shown in Fig. 1. From
top: A6, A€, and A€,, respectively. The dotted lines
around 22 eV in A€, and A€, are calculated spectra (see
text).
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Here we used complex notation for the optical
constants. 7 is the Fresnel coefficient for re-
flectivity at normal incidence, given by 7 = RY2e*®
=(V&-1)/(V&+1). There is some discrepancy

in the literature on the magnitude of € and on the
energy of some of the peaks.®™® This discrepancy
also affects the calculated A€. We Kramers-
Kronig transformed the LiF reflectivity data avail-
able in the literature (Fig. 1). The best results
were obtained with the data of Roessler and Walk-
er.® We therefore used their data for € in Egs.
(la=1c). The TM spectra thus obtained are shown
in Fig. 3.

III. EXCITON REGION (12-15 eV)

The TR spectrum between 12 and 15 eV is very
similar to the first energy derivative of the re-
flectivity, indicating that the main effect of tem-
perature is to shift the reflectivity structure to
higher energies upon cooling. This result is in
agreement with the measurements at different
temperatures of Watanabe et al.” and of Rao.®

A pronounced shoulder is present on the low-
energy side of the strong negative peak at 13.5
eV. The exciton peak of LiF, as well as that of
the other alkali fluorides, actually shows an asym-
metry in the reflectivity' ~ and transmission®’
(optical density) spectra. Due to this double struc-
ture, it has been speculated that two different
electronic transitions occur here.®> One of us has
shown recently that the peak at 12.62 eV of the
€, spectrum of LiF is formed by a single oscilla-
tor.'® The line shape is described by an asym-
metric Lorentzian function,

g, T+A(E-E),)

€(E)= 5%

2E (E-E,P+1°° @

above the absorption threshold. The low-energy
tail falls off exponentially according to the Urbach
rule.® In Eq. (2) E, is the oscillator energy, T

is the half width at half maximum, A is the asym-
metry parameter, o, is the line intensity, related
to the oscillator strength f by o,=f(F w, /2, and
€. is an effective dielectric constant. For a single
oscillator, €.=1. Since here we are below all
interband transitions, we use €,=€,=1.92. With
this value of €, and with I'=0.19 eV, 0,=13.13
eVZ, A =0.33, and E,=12.59 eV,'8 both the real
and imaginary parts of € can be fitted. This im-
plies that a single electronic process is respons-
ible for the reflectivity peak at 12.7 eV. The
double structure of the reflectivity peak arises
from the different energies at which €, and ¢,
peak. This result is fully confirmed by the TM
experiment. We calculated A€ and AR/R from Eq.
(2), shifting the peak energy and allowing a small

variation of the broadening, according to

0 By, 02 My

A€=€(T+AT)—€(T)=(———8E = o=
»

®)

Equation (3) actually represents the first term of
a Taylor-series expansion for € and it is valid
only for very small temperature variations. In
Fig. 4 we display an expanded plot of A& between
12 and 15 eV (solid curve). The dots correspond
to the calculated spectrum using Egs. (2), (3), with
the values of the parameters given above. In Fig.
5 we compare the experimental AR/R (solid line)
with the calculated one. The agreement between
the measured and calculated spectra is very good,
especially considering that the parameters used
in Eq. (2) were the same as those determined for
the €, spectrum of Roessler and Walker,? rather
than determined directly from the present mea-
surements. The double feature of AR/R is re-
produced even though we started with only one
oscillator. From the fit, we find that AT =0.1
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FIG. 4. A€, and A¢, for the exciton region (solid lines)
compared with the calculated spectra assuming modula-
tion occurs by a shift and a broadening of the structure.
Dotted line: contribution from the n=1 exciton state.
Dash-dot line: curves calculated including the n=2, ...,
states and the continuum with the parameters obtained
in the fit of Ref. 18. Dashed line: total contribution,
calculated using different parameters, as discussed in
the text.
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FIG. 5. Thermoreflectance spectrum around the first
exciton peak of the single crystal compared with calcu-
lated curves. Dotted line: contribution from the =1
exciton state obtained by shifting and broadening a single
asymmetric oscillator at 12.59 eV. The contribution from
the n=2,..,, © states and the continuum is included using
the parameters of Ref. 18 (dash-dot line) and a different
set of values (dashed line). The experimental spectrum
is the solid line.

meV and AE,=0.3 meV. Comparing the value
of AE, obtained for the single-crystal TR spec-
trum with a temperature coefficient of 0.8 meV/K,
which can be determined from the data of Watanabe
et al.” and of Rao,® allows us to obtain indirectly
a temperature modulation of 0.4 K on the sample
surface.

In Ref. 18 it was shown that the experimental
€, curve above 13.6 eV could be fitted with the
exciton effective-mass approximation® applied
tothen=2,...,= states and the continuum. The
strong peak at 12.6 eV was taken as the 7 =1 state,
described by Eq. (2). The nth state also was de-
scribed by Eq. (2) with an intensity o,/#* and peak
energy E, =E, - G/n®?, where G is the exciton ef-
fective Rydberg. E, and G were the free param-
eters in the fit, so that central cell corrections
for the n =1 state were allowed. Otherwise, the
relation E,-, =E, — G related £, and G. The best
fit was obtained with E,=14.5 eV and G =2.09 eV,
but the calculated 7 =2 line was resolved from the
continuum. It was observed that a smaller value
of the ratio G/T" would make the n =2 state merge
into the continuum. In such a case, the value of
g, for the higher excited states would have to be
reduced.

LYNCH, AND C. G. OLSON 13

We made use of the above results and calculated
the TM spectra for the higher excited states,
assuming that the shift was due only to a variation
AE, of the gap energy, with AE, =AE, found pre-
viously. The same AT was used as well. The
Appendix discusses the functional forms for €,
both below and above the M, critical point. In
Figs. 4 and 5 we compare the experimental Ag€,
and AR/R with the spectra calculated using E,
=14.15 eV, G =2.09 eV (dash-dot line), and E,
=14.15 eV, G=1 eV, and o, scaled by 0.5 with
respect to the # =1 value (dashed line).3® The
n =2 line is completely resolved in the former
curve, as expected, since it corresponds to the
fit of €, in Ref. 18. With this exception, the gen-
eral experimental shape is reproduced. Better
agreement is obtained for the other curve. We
therefore suggest that the structure at 12.6 eV
corresponds to only the n =1 exciton state, and
that the structure from 13.6 to 14.7 eV corres-
ponds to the continuum formed by the other ex-
citon states and the interband continuum. Due to
the uncertainty in fitting the line shape, it is not
possible to determine accurately the position of
the band gap and the effective Rydberg. According
to our model, structure associated uniquely with
the interband gap is not manifest, as in the TR3°
and electroreflectance®? spectra of other alkali
halides. Thus we cannot give an experimentally
determined value of the band gap, but we believe
that it lies between 14.0 and 14.5 eV, i.e., 14.2
+0.2 eV. The binding energy E, of the n=1 state
correspondingly ranges from 1.4 to 1.9 eV.

The use of the effective-mass approximation
is justified for the n=2, .. .states, since the hy-
drogenic radius is much larger than the lattice
constant. The # =1 state radius, however, is
comparable with the nearest-neighbor distance.
In such a case, large central cell corrections
are expected. These result in a shift of the peak
energy from the hydrogenic value E,., =E, -G,
in a shift of oscillator strength from the other
lines and the continuum into the =1 state, and
in a larger electron-phonon interaction. Assuming
that the values of E, and G used in calculating
the dashed curve of Fig. 4 are the closest to the
true values, we find that the energy difference
0E, between the true binding energy E, and the
hydrogenic binding energy G of the n=1 state is
approximately 0.5 eV, and that it also has gained
oscillator strength by a factor of (E, /G)¥?=1.7
(see Appendix), in agreement with the above con-
siderations.

Mickish et al.'” calculated the €, spectrum of
LiF. Their band-gap energy (14.3 eV) is in ex-
cellent agreement with our results. They also
included excitonic effects, using the one-band-
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one-site approximation. Their potential allowed
for only one bound state. The wave function of
this state is formed mostly from states around
L, where the conduction-band density of states
peaks. The strong electron-hole interaction
creates the bound state in the band gap, with
binding energy 1.8 eV. It is associated with the
n =1 exciton state generating the peak in €, at
12.6 eV.? Note that this result is in agreement
with the general theory of Toyozawa ef al. on the
metamorphism of critical points.?® Mickish
et al.'™ also postulated the existence of higher
excitonic states as resonances in the continuum,
the series limit being the gap at L (17 eV), in
order to explain the broad band peaking at 14.5
eV.2"% OQur interpretation, based on the TM re-
sults discussed previously, does not agree at all
with the analysis of Mickish ef al., since we find
that the whole exciton series lies below, and con-
verges to, the band gap at I'(~14.5 eV). We are
able to explain, on the same basis, part of the
structure above 13.6 eV. We note that Antoci and
Nardelli*® calculated the exciton energies of KI
and Rbl using a different single-site formalism
that that used by Mickish ef al. for the n =1 ex-
citon state, and using the effective-mass approxi-
mation for the other states. They obtain good
agreement with the TM data of Nosenzo et al.®°
The deviation from the Wannier model for the
n =1 exciton state also can be due in part to the
exciton-phonon interaction.3”*3® In the case of
weak coupling, represented by the condition
a =skT/B?<1, the exciton line shape is given by
the asymmetric Lorentzian function Eq. (2).3738
Here « is the coupling constant, B the half width
of the exciton band, % the Boltzmann constant, and
s represents the energy gain of the localized ex-
citon due to the lattice vibrations. The unper-
turbed exciton energy E, is shifted by the exciton
self-energy Z in the phonon field, so that, in Eq.
(2), £,=E,-Z. This results in stronger binding
for the exciton. Also the oscillator strength is
increased by the exciton-phonon interaction.?’
All the parameters of the line shape, Eq. (2), de-
pend on @ and thus on temperature. We shall
use here the simple expressions given by Sumi,3®
aware of the limits of his calculations:

Z/B=2a, T'/B=2a% A ~const, (4)
from which we derive the relation
(dT/dT)dz/dT)™ =2a. (5)
Using for dZ/dT half of the value determined
for dE,/dT,*® we obtain @ =0.3 for LiF. The con-
dition of weak coupling is satisfied again. We

also have B~T'/2a?=0.9 eV, and A =12. The
value of T is the same as that of 6E, as if the

exciton energy E, were the hydrogenic one. How-
ever, we believe this coincidence is only fortu-
itous. First, the value given for 6E, is not ac-
curate but only indicative. The same is true for
the value of dZ/dT used in Eq. (5). Third, in
the region of our values of @, the relations be-
tween the line-shape parameters and the tem-
perature Eq. (4) change. Nevertheless, the con-
tribution of Z to the binding energy of the exciton
might be significant, although perhaps not as large
as 0.5 eV. This effect has not been considered
previously in the interpretation of optical data
for LiF.

IV. INTERBAND REGION (15-21eV)

The TR spectrum measured on a single crystal
at 1.6 Hz revealed several new structures be-
tween 15 and 20 eV, structures not seen in the
reflectivity of LiF.'”® Stephan* observed two
peaks at 17 and 18 eV, not confirmed by other
measurements, which do not have any counter-
part in our data. The two features at 15.4 and
15.6 eV could be resolved only by averaging sev-
eral spectra taken with very small temperature
variations, and represent the limit of our sen-
sitivity. Figure 6 shows A€, and Ag, in this re-
gion. Decompositions of the structures have been
sketched in order to help in identification.

We first discuss the features D and D’ which
appear as two negative peaks in both A€, and Ag,.
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FIG. 6. Expansion of part of Fig. 2. The dashed lines
show a rough decomposition of the spectra into compo-
nents, marked by arrows at the bottom.
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Such behavior suggests that they originate from
transitions involving a Van Hove singularity,*

of the same type for both D and D’. (The energy
of the singularity is the average energy of the
negative peaks, nearly the same in A€, as in A¢,.)
For D we find 17.60 eV. D' is partially mixed
with the next feature, especially in A€,. By an-
alogy with the feature D in A€, we determine the
energy of 19.9 eV for I’. The identification of
the type of singularity is more difficult. Assuming
for the moment that the TM spectrum arises from
modulating the singularity energy rather than the
broadening parameter, we can associate D and

D’ either with two M, singularities shifting to
lower energies or with two M, singularities shift-
ing to higher energies upon cooling.*

The €, spectrum calculated by Mickish et al.'"
shows two peaks around 17.3 eV associated with
transitions along A (A;—~A,), for which a large
joint density of states exists near L. These peaks
were associated with the structures observed by
Stephan.® A much weaker “replica” around 19.5
eV, due to transitions A,—~A,, is also predicted.!”
Even if the structure D does not correspond to
any of those observed by Stephan, we associate
it with the A, —A, transitions. The energy dif-
ference between D and the energy gap is about
3.3 eV, in agreement with the theoretical val-
ue.!®"!7 Similarly, D’ corresponds to the tran-
sitions A, ~A, between the crystal-field-split
valence band and the lower conduction band. The
separation between D and D’ of 2.3 eV agrees
with the calculated splitting of the valence band
at L.'*7'"7 It also agrees with the experimental
splitting of the valence bands measured in photo-
emission.* '*

Even if an M, critical point cannot be ruled
out as a possible source for the structures D and
D', we believe it is very unlikely. The main
reason is that the energy gaps in LiF tend to in-
crease at lower temperatures, owing to lattice
dilatation.*®* The temperature behavior of the
optical properties of LiF has several points in
common with that of the other alkali halides and
zinc-blende semiconductors.*® The reason is
based on the fact that the lower conduction band
in all these materials is very similar.'? First,
for all of them it is formed mostly from s-like
states of the cation, except at L, where the wave
function is a mixture of p-like states of the cation
and s-like states of the anion, owing to inversion
symmetry. The consequence of this is that L,
tends to be pulled down with respect to I";, be-
cause it does not feel the repulsive contribution
to the pseudopotential of the s-like core states.
This repulsive term is stronger for large over-
lap of the core state with the conduction states.

Thus the conduction band along A is almost flat
near L, in LiF,'s"'" while it develops a maximum
and forms a local minimum at L in other alkali
halides and in the semiconductors.? The joint
density of states for transitions from the valence
band to the lower conduction band should have an
M, critical point along A and, eventually, an M,
critical point at L. In the zinc-blende semicon-
ductors the M, critical point was identified with
the peak E, in €,.'? Modulation experiments sup-
ported such an interpretation. In particular, TR
measurements have been interpreted assuming
only a shift of the E, structure to higher energies
upon cooling.?® In analogy with this analysis, we
neglected the modulation of the broadening, as
mentioned above. Again, in the case of the zinc-
blende semiconductors, the modulation spectra
have shown that the M, critical-point line shape
is modified by the electron-hole interaction, the
actual line shape being an admixture of M, and
M, structures,® in agreement with the theory of
Toyozawa et al.®® on the metamorphism of Van
Hove singularities. In LiF the electron-hole
interaction is much stronger than in semicon-
ductors and the metamorphism of the M, struc-
ture into an M, structure may be complete. The
structures D and D’ probably do not correspond
to real M, critical points. In addition to the theo-
ry of Toyozawa ef al.,*® it is well known that,
according to the effective-mass approximation,
the electron-hole interaction tends to wash out any
structure associated with M, critical points which,
therefore, are hard to observe, while it tends

to enhance the M, features.**

The strong electron-hole interaction might
even give rise to bound states below the M, thresh-
old (hyperbolic excitons). In the spectra of Fig.

6 we see a structure C which seems to have a

line shape similar to that of the fundamental ex-
citon, except for the inverted sign. This structure
can be reproduced by shifting either a peak in

€, to lower energies or a dip to higher energies
upon cooling. Either case seems to follow the
behavior of the D and D’ features. Thus a possible
assignment for C is a hyperbolic exciton associ-
ated with the M, critical-point transition D. Its
energy, 15.9 eV, is in agreement with the energy
of the dip in €,. A bound-state degenerate with

a continuum occurs in many physical systems

and has been extensively studied.**"*® The line
shape has a dip as a consequence of the inter-
ference of the bound-state wave function with the
continuum wave functions. If either the bound-
state lifetime or the transition probability for
exciting the bound state is small, the bound state
does not show up in the excitation process as a
peak, but the dip still remains to indicate its
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presence.*® The situation which usually occurs
is that of a bound state of a certain configuration
of the system which is degenerate with the con-
tinuum of a different configuration, such as the
discrete spectrum of double excitations degen-
erate with the single-electron ionization con-
tinuum of an atom or an exciton state associated
with the minimum of a higher conduction band.
In such cases the bound state does not lose its
identity and generates an absorption peak. The
hyperbolic exciton exists because of a topological-
ly favorable condition of the interband continuum.
In this case there are not two different configura-
tions of the system, either of which can be ex-
cited. The exciton is interacting with its own
continuum and thus its lifetime might be small
enough to almost destroy the resonance. Toyozawa
et al.®® gave, in a very general form, the con-
ditions for this to occur. We thus believe that
the bound state associated with the M, critical
point at L in LiF gives rise to the dip in €, at
16 eV rather than to a peak. Its binding energy
is 1.7 eV, comparable with that of the fundament-
al exciton. The interpretation of structure C
suggested here is again in disagreement with the
calculation of Mickish ef al. for the fundamental
exciton discussed in Sec. III.

The data presented in Fig. 6 show more struc-
tures at about 15.5 and 20.5 eV for which no as-
signment was attempted.

V. HIGHER INTERBAND REGION (20-30 eV)

The main structure in A€ at 22.2 eV (Fig. 3)
corresponds to the peak in €, at 21.7 eV.® Rep-
resenting the €, structure with a symmetric Lo-
rentzian function given by Eq. (2) with A =0 and
with E,=22.2 eV, I'=1.2 eV, and 0,=54.6 eV?,
we calculated the TM spectrum by means of Eq.
(3). The result, shown in Fig. 3 by the dots, was
obtained considering only a temperature modula-
tion of the linewidth, with AT =0.23 meV and with
no shift at all of £,. A constant positive back-
ground was added to A€, and the agreement
achieved is very good.

Miyakawa?! and Devreese et al.?? suggested that
the structure in €, at 21.7 eV, as well as the EEL
peak at 25 eV, areduetoa resonant state of the
electronic polaron, i.e., to the simultaneous cre-
ation of two excitons. This process generates
an absorption band with a steep threshold at about
twice the exciton energy E,, reaching a maximum
at about 2.2E,. The corresponding peak in the
loss function shauld lie about 2 eV above the peak
in €,, as actually occurs in several alkali halides,
including LiF. The €, spectrum calculated by
Mickish et al.'” is structureless between 20 and

25 eV, in support of this interpretation, which
however, is not totally satisfactory (Fig. 1). The
strength of the absorption structure was calculated
using different approximations? '??:* and was
found to range from being comparable with, to
being much weaker than, the strength of the first
exciton. In other words, doubt exists about the
possibility of detecting it. Moreover, at least
one of the two electron-hole pairs which are cre-
ated corresponds to a “quantum” of the electronic
polarization field, which is a longitudinal ex-
citon.’*"5! The absorption peak then should be at
E r+1.2E; =28.8 eV, while the experimental
value is 23 eV. Here E,; and E,; are the energies
of the longitudinal and transverse exciton, re-
spectively. We believe that our resulits give ex-
perimental evidence that the double excitation
mechanism?''# is not the principal source of the
structure in €, at® 21.7 eV and in EEL at 25 eV.5™"
In fact according to this model, the absorption
band should follow the behavior of the fundamental
exciton upon cooling; i.e., it should shift to higher
energy by an amount twice AE, found in Sec. III.
The change of the line width should give only a
minor contribution. This is just the opposite of
what we observe. Lapeyre et al.’* reached con-
clusions similar to ours for KCl by means of
photoemission spectroscopy.

The LiF energy bands'®~!” show that transitions
to the lower conduction band should not give any
significant structure to €, above 20 eV. The next
conduction band, of d character, has a minimum
at X (X;). Excitons associated with X, are con-
sidered responsible for several sharp absorption
peaks far in the continuum in the case of other
alkali halides.**53'5¢ In LiF X, lies fairly high
in energy and no sharp peak appears in the ab-
sorption spectrum. The identification of tran-
sitions to X; becomes a challenge. Several as-
signments for the structure at 21.7 eV in €, have
been proposed but mostly on a speculative basis.
It is difficult to support or disprove any of them.
We feel that it probably arises from transitions
at and around X;~X,. First, recently Perrot'®
and Euwema et al.,'® using the Hartree Fock meth-
od, found the X} —~X, gap at about 8.5 eV above
the fundamental gap I',,~T'}, in fairly good agree-
ment with the position of the high-energy peak
in €,.37% Second, on the Brillouin-zone boundary
around X the bands are almost flat. Thus a large
joint density of states is expected which should
approach a two-dimensional logarithmic singular-
ity. Third, we find a very small temperature
dependence of the transition energy, as in the
case of the X; excitons observed in the other
alkali halides.*'%3'%* Finally, no strong partner
structure, which might correspond to the X;~X,
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transitions originating from the crystal-field-
split valence band, is observed at higher energies.
This is in agreement with the fact that the X; -X,
transitions are dipole forbidden. Actually, two
weak minima exist in A€, at 24.6 and 26.1 eV

(G and H in Fig. 3). The first one might corres-
pond to transitions occurring at general points

of the Brillouin zone around X;—~X;, which there-
fore are allowed, but with small oscillator
strength. The 2.4-eV splitting of the X and X
levels thus determined is in good agreement with
theoretical calculations.'®™"

So far we have discussed the observed features
in terms of interband transitions only. However,
the observed line shape does not suggest critical
point transitions*® but rather the broadening of a
peaked structure, which might be due to a peak
in the joint density of states as mentioned above.
In LiF the electron-hole interaction is strong
and modifies the one-electron picture as discussed
in Sec. IV. An excitonic transition, associated
with the band minimum X,, could be responsible
for the observed features as well. Watanabe
et al.” have found the the energy of the X, exciton
observed in the other alkali fluorides is linearly
related to the inverse of the lattice constant. Ex-
tending this relationship to LiF, the exciton should
be at 21 eV, a little lower than the experimental
structure in A€, at 22.2 eV. Similarly, we can
interpret the structure at 24.6 eV as the exciton
associated with the X; ~X, gap. Most of the argu-
ments used to identify the peak at 21.7 eV in €,
with transitions at X are still valid. In the present
case, the calculated interband gap X —~X, is in
closer agreement with experiment, which now
gives the energy of a bound state below the con-
tinuum. The width of the exciton line in LiF is
rather large. But the exciton energy is very close
to the top of the conduction band, and this pro-
vides a strong decay mechanism. The lower X,
is with respect to I'; the sharper the exciton line
should appear. This trend seems confirmed by
the spectra of other alkali halides.*"+%3:5¢

VI. LONGITUDINAL SPECTRUM

The energies of the longitudinal resonances are
given by the peaks in the energy-loss function
Im[-1/€(q, w)]. In the following we shall compare
EEL data with optical data so that we shall as-
sume the limit of negligible transferred momentum
q for the former. From the spectra of €, A¢,,
and A€, we also calculated the TM differential
electron energy-loss function AL shown in Fig. 7
for LiF. This spectrum is characterized by two
main features, the first at 13.5 eV and the second
at 25 eV. A weaker negative peak appears at

0.6 .
0.4 a -
0.2+

0 1

AL

-0.2+

103

-0.4+

-0.6+

-0.8+ —
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FIG. 7. Differential energy-loss spectrum of LiF. The
dotted curve around 13.5 eV was obtained from the
calculated spectrum of A& shown in Fig. 3 for the
exciton region. The dashed curve corresponds to the
contribution given by the n=1 exciton state only. The
dotted curve around 25 eV was obtained from the calcu-
lated AZ shown in Fig. 3 (dotted line). The dash-dot
curve sketches the contribution to the thermomodulation
spectrum from the plasma resonance of the valence
electrons.

15.7 eV.

The spectrum of the longitudinal excitations in
insulators was discussed extensively by Miya-
kawa.%® Strong structures occur at the excitation
energy of the longitudinal excitons, which are
separated from the transverse excitons by®®'%®

2
E r=Ey -Ey = %‘%- (6)

€. is the same effective dielectric constant as in
Eq. (2), but evaluated at the energy E,;, w, is
the valence-band free-electron plasma frequency,
and f is the oscillator strength. The longitudinal
spectrum of interband transitions forms a band
of less prominent structures similar to those
present in the optical spectrum. In a two-band
model, a third type of longitudinal resonance may
exist above all the interband energies, provided
these are strong enough. This resonance occurs
where €, crosses zero with positive slope in a
region of low absorption. In many respects it
can be identified with the shifted plasma resonance
of the valence electrons.®® The free-electron
plasma frequency is shifted by the presence of
nearby interband transitions at higher and lower
energies.

The first structure in AL around 13.5 eV cor-
responds to the fundamental longitudinal exciton
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series converging to the band gap. Using A€
calculated for the transverse exciton structure
as described in Sec. III, we calculated the TM
AL function shown by the dotted line in Fig. 7.
The calculated AL for the first exciton state only,
which gives a structure separated from the higher
members of the series in A€,, has a dispersion-
like line shape crossing zero at 13.5 eV (dashed
line in Fig. 7). This result is expected since it
derives from the thermal shift of the #=1 line.
Only by including the higher exciton states, can
the calculated AL spectrum agree with the ex-
perimental curve. Using the optical dielectric
constant €.,=1.92 for €, in Eq. (6), the longitu-
dinal-transverse splitting for the first line is

1.0 eV, in good agreement with the experimental
value of 0.9 eV. In the effective-mass approxi-
mation, the oscillator strength of the higher ex-
citon states decreases as 1/7® and thus so does
E; ,. Finally, the interband gap should not be
shifted in the longitudinal spectrum.>*® The
longitudinal exciton series is more compressed
than the transverse one so that the » =1 structure
does not appear separated as it does in €,. The
behavior of the longitudinal spectrum gives further
support to our explanation of the absorption-edge
region of LiF (see Sec. III): The exciton states
are all below and converge to the fundamental
gap I');-T,.

The negative peak in AL at 15.7 eV corresponds
to the feature in A€, at 15.8 eV and is in agree-
ment with the peak in the EEL spectrum at 15.5
eV.!® The TM AL spectrum originating from
interband transitions shows no significant struc-
ture, while the EEL spectrum has a peak at'®
18.1 eV (see the region between 16 and 20 eV in
Fig. 7). The “strength” of the negative peak at
15.7 eV supports the suggestion of an excitonic
effect in this region. The exciton manifests itself
as an antiresonance in the continuum rather than
as a peak. The antiresonance may be considered
as a peak with a negative effective oscillator
strength®® which, introduced into Eq. (6), gives
E; ;<0 as found experimentally.

The next feature around 25 eV was discussed
in detail in a previous paper®® and we summarize
here the conclusions. Its doublet structure, ob-
served also in the EEL spectrum,!! originates
from the near degeneracy of a plasma resonance
at 24.5 eV and a longitudinal “oscillator” at 26
eV. This assignment of the two features reverses
the previous assignment of Gout and Pradal.!!
The shift of the plasma frequency to higher ener-
gy at lower temperatures gives the dispersion-
like structure, sketched by the dash-dot line in
Fig. 7. In the free-electron approximation, the
shift originates from the variation of the density

of electrons due to the lattice dilatation. Neglect-
ing broadening this yields

w? Aw w? Al
Ae=-22 8% g9 AL (1)

Al/l is the linear thermal-expansion coefficient.
In the case of LiF, Al/1=0.35X107% Zw,=22.4
eV for 6 valence electrons, so that at about

E =fw, andfor AT =0.4 K, Eq. (7) gives A€, =0.4
X107%. In Sec. V we found that, in order to obtain
best agreement between the calculated A€, and
the experimental one for the structure at 22.2 eV,
we had to add a positive background of 0.6X107%,
the origin of which is now clear.

The broadening of the peak in €, at 22.2 eV gives
the negative peak in ALat 25 eV, as shown by the
dotted curve calculated using the results of Sec.
V. Using for €, the value of 0.85, corresponding
to the constant difference between the experiment-
al €, and the calculated oscillator term above
24 eV, the transverse-longitudinal splitting of
the oscillator is in agreement with the measured
one. Once again the longitudinal spectrum seems
to support the assignment given previously to a
corresponding structure in €,. The peak in €,
at 22.2 eV originates from an exciton rather than
from a high joint density of states. The 25-eV AL
peak is the longitudinal exciton corresponding to
the 22.2-eV transverse exciton, probably associ-
ated with X/ - X,.

VII. SUMMARY AND CONCLUSIONS

We measured the thermoreflectance spectrum
of LiF between 12 and 30 eV, finding several new
structures in comparison with direct reflectivity* ~°
or absorption spectra.®*” In Table I we summarize
the energies of the features we observe in A€
and our assignment. We also give the theoretical
transition energies as obtained from band-struc-
ture calculations. In some cases we arbitrarily
shifted the bands rigidly in order to match the
experimental value of the band gap. Figure 8
summarizes the “experimental band structure.”
The first strong structure was associated with
the lowest bound state of an excitonic series. All
the other states lie below the fundamental gap
and converge to it, forming a continuum below
14.5 eV. This result does not confirm the picture!’
in which the exciton series originates from states
around L, and only the first term lies in the band
gap, all the others forming the broad peak at
14.5 eV in the €, spectrum. We could not identify
in the TM spectrum a structure associated with
just the band gap I'); ~T';,. The gap energy thus is
determined indirectly, fitting €, and TM data,
to be between 14.0 and 14.5 eV and will certainly
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TABLE 1. Energies! of the structures observed in the thermomodulation A& spectrum
(Col. 1) and our assignment (Col. 2) compared with calculated interband gaps (Cols. 3—6).
In the case of transitions terminating at the same final state but starting from the crystal-
field-split valence band, the splitting of the valence bands is given too. All energies are in
ev.

Mickish Euwema Laramore
Structure Present Perrot 2 et al.b etal.© Switendick 4

and energy assignment HFC ¢ HFC ¢ HF f HPWE

A 12.59 n =1 exciton 12.3

A" 14.0 n=2,...,% and exciton >Tys Ty

continuum
14.2+0.02 Fundamental gap 14.2 14.1 14.2P 14.2"

Ty~

B 15.0

C 15.8 Hyperbolic exciton

D 17.6 M, singularity } 17.31 16.87 16.32 16.6
et ,

D' 19.9 M; singularity ! 18.94 19.16 19.02 18.4
A=Ay
Ay A3=2.3 1.63 23 2.7 1.8

E 20.5

F 222 Exciton XX,k 22.88 25.10 22.57 23.06

G! 24.6 Exciton XX, 24.16 27.95 24.69 24.76
Xy X5 2.4 1.28 2.85 2.12 1.7
X5X, 24 .39 26.36 24 47 23.72

H! 26.1 X, X, 25.67 29.15 25.6 25.35
LsL, 26.96 26.57 25.52 -

2 Ref. 16.

° Ref. 17.

¢ Ref. 15.

d Ref. 61.

¢ HFC means Hartree-Fock calculation with polarization and relation corrections included.

f HF means Hartree-Fock calculation.

& APW means augmented plane-wave calculation.

D Adjusted to the experimental value given in column 1.

i D and D’ are attributed to transitions along A rather than at the L point. According to
Ref. 17 the conduction band at L forms a local minimum and thus the gap is smaller than at

the M;j critical point along A.

k We attributed the peak in €, to an exciton, which has a lower energy than the continuum

threshold X§—X; reported in Cols. 3-6.

1 A unequivocal assignment for structures G and H is not possible on the basis of available
band calculations. We give in Cols. 3—6 the energies of several critical-point transitions oc-
curring in that range which might be responsible for the observed features.

be the subject of some controversy. The value
given here is in much better agreement with the
theoretical one* obtained with ab initio calcula-
tions®'!” than the previous value.®™5> We also
pointed out that the exciton-phonon interaction
cannot be neglected in calculating the binding ener-
gy of the first exciton state.

Structures at higher energy have been assigned
to M, critical-point transitions at L. We em-
phasized that the electron-hole interaction changes
the expected line shape and also seems to generate
a bound state. Most of the observed peaks in the
case of core transitions in alkali halides have
been proven recently to be excitonic.**®® In such

a case it was concluded that any comparison be-
tween the experimental €, and the calculated joint
density of states becomes almost meaningless.

It seems that the same statement holds also for
the valence-to-conduction band transitions. Ac-
cording to our analysis, structures in the cal-
culated €, originating from the joint density of
states are smeared because of the electron-hole
interaction, and they may not appear in the ex-
perimental €, spectrum. Thus the important
feature above the band gap is the dip at 16 eV,
rather than the two broad bands peaking at 14.5
and 17.5 eV. We assigned the dip to an anti-reso-
nance originating from an exciton bound to the
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FIG. 8. Schematic energy band structure for LiF with
experimental energies (eV) indicated. Solid lines denote
transverse excitons; dashed lines, their longitudinal
counterparts. Valence-band spin-orbit splittings (eV)
are also shown.

A;~A, saddle-point transitions.

We have also shown that the peak in €, at® 21.7
eV is not a resonance of the electronic polaron,
but that probably it corresponds to an X exciton.
Finally, the differential longitudinal spectrum
proved to be a powerful tool for separating and
identifying structures due to plasma resonances
from those due to excitonic transitions. That so
many resonances occur in the 22-26 eV range
strongly suggests an energy gap at X, as shown
in Fig. 8. That is, X, probably lies above X,.

There are still some features which we have
not attempted to explain, mainly because they
are not in accord with the available LiF energy
bands. For the same reason, some of the as-
signments suggested here are only tentative and
they must be confirmed by new improved calcu-
lations of the optical properties of LiF with the
electron-hole and the electron-phonon interactions
fully taken into account.
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APPENDIX

We review here the expressions for the complex
dielectric function € near an M, threshold when
both the electron-hole interaction and a phenom-
enological broadening are included. A general
expression for the dielectric function of an in-
sulator, including spin degeneracy, can be written
in the form

8me?n?
€(iw)=1+ "m > 1001 (A1)
[}

7w is the photon energy, e and m are the electron
charge and rest mass, respectively, f, , is the
oscillator strength for a transition from the crys-
tal ground state to a discrete state [, and ¢, is
the line-shape function. We shall let / run over
the set of exciton states 1,2,...,* and their con-
tinuum, corresponding to interband transitions.
In the latter case, ! will be identical with the
crystal wave vector k. In the case of a weak ex-
citon-phonon interaction, ¢, is an asymmetric
Lorentzian function, Eq. (2) of Sec. III.3"**® For
the interband transitions, ¢, will be a symmetric
Lorentzian function [ E® - (fw +3T')?] ™. In the
effective-mass approximation the oscillator
strength is given by

2 2,005,
= L VN Ty ael
fl 0 3m El ’ (AZ)

where E; is the energy of the I/th crystal excited
state referred to the ground-state energy, B, .
is the dipole matrix element for transitions be-
tween the valence and the conduction band in the
absence of the electron-hole interaction, @,G)
is the exciton envelope function, T being the
electron-hole relative coordinate. In the case
of isotropic bands and allowed transitions,
12,(0)|? is

/
| ,(0)|% = #(%)3203’2, n=1,2,...,° (A3)
B nﬁewﬂ
|27 (0% = SInh(78) ’ (A4)

for the cases of bound exciton and continuum
states, respectively. In Egs. (A3) and (A4), pn
is the electron-hole reduced effective mass, G
is the exciton effective Rydberg, and B= [G/(E(E)
-E,)|¥2. E(k) is the valence- to conduction-band
energy difference given by E(k)=E, +E2kE? /2.
Substitution of Egs. (A2), (A3), and (A4) into
(A1) gives

ve

16men2 | = G¥2 [2u\%? 1 1-A mge™ 1 1
E(w)=1+ —= 2| B, |2 s 2
(w)=1+ =5 Pyl [El P <52> Aok, E,,—(h'w+z'1",,)+Z: sinh(r8) E(K) E(E)z-(ﬁwir)Z}'

k
(A5)
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The first term in brackets corresponds to discrete
exciton transitions occurring at E,=E, - G/n?,

the second term is the interband term. In the
limit of -0, which means either G~0 (no elec-
tron-hole interaction) or E(k)> E, (far from the
interband threshold), (A4) reaches the asymp-
totic value of 1, and the second term in the brack-
ets of Eq. (A5) gives the well-known expression
for the dielectric function in the absence of elec-
tron-hole interaction:

462;‘—2 <2_“>3/2 IP lz

Cro)=t+ 5 \52) Gorirp:

X[2VE, - (fw +iT + E, /2 +i (hw + iT" - E,)¥?].
(ae)

1-iA

1
n

, 262 <
é’(h‘w)—1+2K< o ;1

Equation (A8) yields both the real and the imagin-
ary parts of the dielectric function in the case of
an M, excitonic transition in the effective-mass
approximation, and it is the basic formula used
in Sec. III. The quantity o, appearing in Eq. (2),
corresponds to 8KG*2n73 and, obviously, de-
creases as 7”3, However, the 7 =1 exciton state
of LiF, as well as of the other alkali halides, re-
quires central cell corrections. Since we could
not calculate these corrections, in the fit of Sec.
III we applied the following phenomenological
procedure: We let the 7 =1 state binding energy
E, be different from the exciton Rydberg G. Ac-
cordingly, its intensity was put equal to 8KE¥?2
instead of 8KG¥2. This is justified by the fact
that the intensity for the nth state can be rewritten

As usual, the summation over k has been trans-
formed into an integral over E according to

k2 dk 1 [2u\¥2 (™
- [5F ()" [ e-npna

Let us define the constant factor in Eq. (A6) as
the intensity K of the interband transitions:

272 3/2
K= ﬂ<2“‘> |2 (A'7)

T 3m® \&? viel -

With this definition Eq. (A5) becomes

1 e fm 1 1 .
E, E, - (hw +iT) +G s, 1 —e 2"LG/(E-Eg)11/2 E[E? — (hw + il )] aE (A8)

as 8K(G/n?)*?; i.e. it can be expressed in terms
of the binding energy G/7? of the nth state. Since
E,>G, the n=1 state has an oscillator strength
larger than in the hydrogenic model.

Finally, the expected thermomodulation line
shape was not calculated using Eq. (3) of Sec. III,
which requires the analytical expressions for the
partial derivatives 8&€/8E, and 8€/8I'. These are
difficult to work with. Instead the numerical cal-
culation was performed by calculating the dif-
ference between two € curves obtained applying
Eq. (A8) for E (T') and E, +AE (T +AT), respect-
ively; i.e.,

AE=E(E,+AE,) - E(E,).
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