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In the three potassium halides KCl, KBr, and KI, longitudinal excitations are precisely studied
by the method of oblique-incidence absorption spectroscopy (OIAS) in the vacuum ultraviolet
(10-20 eV) utilizing synchrotron radiation as a light source. Transverse absorption spectra of the
halides are also observed in this energy region for comparison. A differential transmission ratio
(DTR) of linearly polarized radiation is derived from the OIAS studies. In it, a longitudinal ab-
sorption appears as a positive peak and a transverse absorption as a negative one. The DTR spec-
tra of these halides clearly show a prominent positive peak which has been ascribed to the
plasmon. These results confirm the previous ones also measured by the present author. Several
fine features superimposed on the plasmon peak are well resolved. The profiles of the plasmon
peaks could be accurately analyzed by using the Lorentz model. The fine structure of the plasmon
peak is successfully interpreted in terms of longitudinal-transverse splittings of a large transverse
absorption peak and several fine structures on it in these halides.

I. INTRODUCTION

It is well known that, at photon energies higher than
the exciton region in the fundamental absorption spectra
of potassium halides, there exists a large and rather
broad absorption band.!~® The broad band has been in-
terpreted in terms of interband transitions from the
valence band to the upper conduction band’ or of the
bound electron-polaron complex.® This energy region is
also known as the plasmon region because a large longi-
tudinal excitation peak has been detected there by many
optical measurements of dielectric parameters'~%° as
well as by electron-energy-loss (EEL) experiments.’~!*
The longitudinal peak is located at a little higher energy
than that of the transverse absorption band and has
commonly been interpreted in terms of a plasmon.’ The
electron-polaron model® has also predicted the existence
of a longitudinal polaron absorption there.

Oblique-incidence absorption spectroscopy (OIAS) us-
ing linearly polarized radiation is well known as a
powerful tool to detect longitudinal excitation in homo-
geneous substances.'>!® Successful applications of OIAS
to studies of longitudinal electronic excitation in alkali
halides were performed by the present author'®—!° for
the first time. Longitudinal excitons in several alkali
halides were well demonstrated!®!*?° by OIAS with
better resolution than that of EEL experiments.’~!* In
the previous OIAS study of the plasmon in potassium
halides,!” the differential transmission ratio (DTR) for s
and p waves was successfully introduced by the present
author. The DTR, AT /T, where AT=T,—T,, and T,
and T, are s-wave transmittance and p-wave transmit-
tance, respectively, in the oblique-incident configuration,
shows longitudinal excitations as positive peaks and
transverse as negative peaks. The plasmon was observed
as a prominent positive peak in the DTR spectra. The
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plasmon peak reproduced well the loss function (LF)
peak derived from optical measurements and the EEL
peak in their gross features and energies. Furthermore,
several fine structures superimposed on the broad
plasmon peak have been found in KClI in the previous
study.”” Two or three substructures superimposed on
the plasmon peak of K halides have already been found
in the EEL'"!* and in the LF!'~%%2! optically derived
by other authors, but those fine structures have not been
resolved completely because of poorer resolution in those
measurements. The present author has interpreted these
fine structures in terms of longitudinal excitons since
they well correspond energetically to the three peaks
which had been found by Piacentini et al.?? in their
thermo-modulated-energy loss experiment of KCl and
proposed as longitudinal excitons by them.

The present studies are intended to measure the DTR
of plasmon loss more accurately in KCl, KBr, and KI,
and to improve the resolution of previous results by the
use of vuv synchrotron radiation from the electron syn-
chrotron (INS-ES, Institute for Nuclear Study, Tokyo)
as a continuum polarized light source. An attempt is
made to analyze the DTR spectra as well as that of LF
with a Lorentz oscillator model. Accurate spectra of
transverse absorption in this region will be also demon-
strated since they are necessary for comparison with an
analysis of the longitudinal spectra.

II. EXPERIMENTAL PROCEDURE

Oblique-incidence amplitude transmittance of a plane
parallel thin film specimen is given from the classical
electromagnetic theory as?’

111, exp(i8)
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where (r,7;) and (r,,t,) are the Fresnel coefficients for

the first and second surfaces of the film, and 0 is a factor
including attenuation and phase shift within the film.

When the Fresnel coefficients for p and s waves are

|
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used, Eq. (1) becomes the amplitude transmittance
coefficients for p and s waves, ¢, and ¢, respectively,
given by?*

= . 2 R N
P 2é(é— sin%0)'"2 cosO cosd —i (€2c0s’0+€— sin?0) sind

2(€— sin’0)'"% cosO

I

where 6 is the angle of incidence, and &€ (=¢;+i€;) is
the frequency-dependent dielectric function. & is given
by

8=(2md /1) (€—sin%0)'? |

where d is the thickness of the film and A is the wave-
length of the radiation.

The intensity transmittances for p waves, T,, and for s
waves, T, are given by T, = |1, |?and Ty=|t, |2 On
the assumption of 27d << A, an approximate relation for
the differential transmission ratio (DTR), AT /T,, was

derived by the present author in the form'®!”
. 2 E
AT/ TSm0 € 3)
cosd | e2+€3

where 6 =2mwd /A.

Equation (3) indicates that longitudinal excitations are
detectable directly by an oblique-incidence optical mea-
surement on a thin-film specimen, even of an isotropic
substance and that they appear as positive peaks in the
DTR spectrum. It means that a specimen having a finite
thickness much less than the wavelength of light plays
the role of a specimen having an anisotropy in its nor-
mal direction for oblique-incident p waves.

The ratio of transmittances T, /T, was directly mea-
sured by using a sample chamber rotatable around the
axis of the incident radiation in the photon energy re-
gion of 10-20 eV. The angle of incidence can be varied
from outside the vacuum by rotating specimen around
an axis perpendicular to the incident radiation. The
thin-film specimen was deposited on a collodion (cellu-
lose nitrate) thin-film substrate by evaporation in vacu-
um. The thickness of each thin-film specimen was mea-
sured with a calibrated quartz thickness monitor. De-
tails of the procedure for sample preparation are identi-
cal with those of the previous work,!” but the present
measurement was done in situ after the deposition at
room temperature. It has already been confirmed!” that
the collodion substrate is insensitive to the polarization
direction of incident radiation. A vertical dispersion
type VUV monochromator,?®> which was newly con-
structed and designed to enhance the polarization of syn-
chrotron radiation and to have a high throughput and
resolution, was utilized for this measurement. Resolu-
tion was kept at 1 A during the measurement. A Bendix
306 electromagnetictype photomultiplier was used as a

2(é— sin%0)'"? cos6 cosd —i (6+1—2sin20) sind

photon detector. The degree of polarization of the syn-
chrotron radiation emerging from the exit slit is shown
in Fig. 1.2> Correction of the observed DTR spectra for
partial polarization of radiation was not performed be-
cause a degree of polarization higher than 90% is
achieved in the photon energy region on the present
measurement.

In the present photon energy region, transverse ab-
sorption spectra of these halides for normal incidence
were also measured separately from the oblique-
incidence measurement for similar but different speci-
mens by using an ordinary 50 cm Seya-Namioka mono-
chromator, the resolution of which was kept at 3 A dur-
ing the measurement.?® The measurements were also
performed in situ after deposition of the specimens. The
thickness of the specimens was not measured accurately.
The effects of the substrate on absorption spectra were
compensated with signals from radiation passing
through an undeposited substrate. The synchrotron ra-
diation was also used as a light source, and a windowless
Be-Cu photomultiplier was utilized as a detector in this
measurement. Optical density curves of KCl, KBr, and
KI at room temperature (RT) and at liquid-nitrogen
temperature (LNT) were obtained.

SR for £0.7 mrad.
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FIG. 1. Polarization of the synchrotron radiation (SR) used
for £0.7 mrad to the orbital plane. Observed values are of the
radiation emerging from the exit slit of the monochromator,
and theoretical curve is of the original SR.
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III. RESULTS AND DISCUSSIONS
A. KCl1

1. Experimental results

DTR, AT /T, spectra obtained in KCl at angles of in-
cidence 30°, 45°, and 60° are shown in Fig. 2.20 Normal
incidence transverse absorption spectra obtained at RT
and LNT are indicated in Fig. 3. The transverse absorp-
tion peak around 13 eV at RT is also shown in Fig. 2
for comparison. The present absorption spectrum at
LNT shown in Fig. 3 is connected with the low-lying ex-
citonic spectrum which is referred to the results of Eby
et al.?’ in the same optical density scale for comparison
of intensity. The observed large absorption peak at 13
eV not only has an intensity comparable with the first
exciton as well as with the second one (peak c of Fig. 3)
but also has a large width and three shoulders (e, f, g).
Peak d and shoulders e and f show a large enhancement
upon cooling, whereas shoulder g does not vary. A
curve of the joint density of states that has been theoreti-
cally derived by Overhof’ without taking exciton effects
into account is also indicated in Fig. 3. From the com-
parison between the experimental spectra and the
theoretical curve, excitonic transitions also seem to con-
tribute to the absorption spectrum in the 12-14 eV re-
gion. The DTR spectra shown in Fig. 2 have a broad
peak around 14 eV that becomes more prominent as the
angle of incidence increases. Five fine structures, 4 —-E,
are superimposed on the peak, and a shoulder 4 (12.4
eV) and peaks D (14.0 eV) and E (15.0 eV) become prom-
inent at 6=45° and 60°, whereas peak B (12.8 eV) is,
however, more distinguishable in the spectra of 6=30°
and 45°. Peak C (13.3 eV) appears at all angles.

The broad positive peak and three fine structures (C,
D, and E) refine and confirm our previous results,!” and
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FIG. 2. DTR spectra ( ) observed at angles of in-
cidence, 30°, 45°, and 60° and transverse absorption spectrum
(— — —) observed at room temperature in KCl. The latter is
the same spectrum as the one shown in Fig. 3. Thickness of
the film specimen used for DTR measurement is 200 A. Fine
structures corresponding to each other in these DTR spectra
are connected by vertical dotted lines, respectively.
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FIG. 3. Absorption spectra of KCl observed at room
(- - - -) and liquid nitrogen (——) temperatures. A curve of
the density of state (— — —) (Ref. 7) and the low-lying exciton
peaks (—-—.—-) (Ref. 27) are also illustrated for comparison.
Peaks A, and A, are known as the doublet of K *3p core exci-
ton at the I' point in Brillouin zone.

the shoulders 4 and B are found for the first time. The
energies of these structures are listed and compared with
data presented by other authors in Table I. The present
DTR spectrum at 6=60° is shown in Fig. 4 together
with the LF spectrum obtained from dielectric analysis
of optical reflection measurements by Stephan?! and with
the result of EEL by Creutzburg.!> Two shoulders can
be seen on the EEL peak at both sides of the main peak.
Similar structures are also seen on the LF peak. This
comparison clearly indicates that the DTR spectrum
reproduces well the other loss spectra and shows the best
resolution of them and that the shoulders A4 and B are
missed in the others.

2. Lorentz oscillator model

In order to reveal the details of the interrelation be-
tween the transverse and the longitudinal spectra, those
spectra and the dielectric parameters are analyzed with
Lorentz oscillator model. It is assumed that the absorp-
tion peak around 13 eV consists of resonance absorp-
tions caused by several oscillators. Based on the model,
dielectric parameters concerning the m oscillators in the
real system are given by

3 In @
T 2 Fipioimy,
where €7 is the total dielectric function and €, the back-
ground value. E, is the energy of the nth oscillator, and
¥, is its full width of half maximum. o, is proportional
to its oscillator strength.
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TABLE 1. Energy positions of longitudinal transverse structures in KCl (in eV). Letters mp, p, and
s mean a main peak, peak, and shoulder, respectively. Observed L-T splittings #icw; 1 are indicated in
the third column. Oscillators used in the Lorentz model fittings are also shown in the last column.
Experimental and theoretical n.g, fiw,, and #iw, are listed on the bottom.

Present study

Absorption (RT) DTR fiwy 1 Optical LF?* EEL® TML® Oscillators
4 124 s
d 12.7p B 128 s 0.1 12.5
e 13.1s C133p 0.2 132 p 13.2 s 1335 p 13.1
f13.8s D 14.0 mp 0.2 139 p 14.0 p 1425 p 13.7
g 14.7s E 150 p 0.3 150 s 147 s 150 p 14.6
N fia)p ﬁwobs
Experimental® 4.0 13.9
Theoretical® 4.0 9.4 12.7 (fiwg =8.5)
6.0 11.6 14.4

*References 3 and 21.
"Reference 12.
‘Reference 22.
dReference 29.

One main oscillator and three subsidiary ones located
on the upper side of the main oscillator are taken into
account. The Lorentz model calculations to reproduce
the observed absorption spectrum as well as the observed
DTR spectra are performed by using Eqgs. (1) and (2)
with the total dielectric functions derived from Eq. (4)
for the four-oscillator model. The calculated results, the
best fit absorption peak and DTR spectra, use the pa-
rameters shown in Table II. The calculated DTR
(6=60°) and optical density spectra for a specimen with
thickness of 200 A are compared with the corresponding
experimental spectra in Fig. 5. Each of the calculated
spectra reproduced well the profile and energy of experi-
mental spectrum, respectively. Disagreement in intensi-
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FIG. 4. The plasmon peaks in the present DTR spectrum at
6=60° (— — —), in the EEL ( ) (Ref. 12) and in the LF
(=--—---) (Ref. 21) spectra.

ties is, however, found between the experimental optical
density and the calculated one. This may be mainly due
to an error in the thickness of specimen. Another
disagreement found in gross intensities between the ex-
perimental DTR peak and the calculated one may be
mainly due to some influence of the substrate film.!”
The present analysis, however, predominantly concen-
trates on obtaining coincidence of spectral profiles be-
tween the experiments and the calculations.

All calculated DTR, ¢,, and loss function spectra are
shown in Fig. 6. The four components of the €, spec-
trum are also shown in the same figure as dotted lines.
From the Lorentz model analysis, the following facts are
confirmed. (1) A prominent positive peak on the DTR
spectra and a loss function peak around 14 eV are as-
cribed to the oscillators located around 13 eV. (2) Each
of the four fine structures on the DTR peak has its coun-
terpart in the loss function peak at nearly the same ener-
gies, as can be seen in Fig. 6. (3) The fine structures on
the DTR or on the loss function are caused by the pres-
ence of subsidiary oscillators located on the higher ener-
gy side of the main oscillator. In Fig. 6 a shoulder at
13.0 eV in DTR corresponds to the main oscillator peak
(12.5 eV), and small peaks at 13.4, 14.0, and 14.8 eV in
DTR correspond, respectively, to three shoulders which
originate from the three subsidiary oscillators at 13.1,
13.7, and 14.6 eV. They indicate the longitudinal-
transverse splittings of magnitudes 0.5, 0.3, 0.3, and 0.2

TABLE II. Numerical parameters of the oscillators fitted to
the observed spectra in KCI.

Oscillators E (eV) Y (eV) o €0
1 12.5 1.0 15
2 13.1 0.5 1.5 1.0
3 13.7 0.8 3.0 :
4 14.6 1.0 2.0
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FIG. 5. Comparison between the experimental results and
the Lorentz model calculations in KCl. DTR (60°); experimen-
tal, - . . .; calculated, —.—.—.. Absorption spectra; experi-
mental, — — —; calculated, . Pairs of vertical lines indi-
cate longitudinal-transverse pairs for the experimental results.
Thickness of specimen is 200 A for both calculations and for
the experimental DTR.

eV, respectively. In the Appendix the contributions of
fine structure closely located on the higher energy side of
a larger absorption peak to the loss function spectrum
are generally examined with the Lorentz model.

By analogy with the Lorentz model analysis, it can be
stated that the existence of the broad positive peak in
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FIG. 6. Theoretical curves calculated from the multioscilla-
tor model fitted to the present experimental results of KCI.
Curve 1 indicates three DTR spectra (- - - -, 30% —.—. —-,
45° , 60°); curve 2 indicates the €, spectrum which is di-
vided into four components (. - - .); and curve 3 indicates the
loss function (— — —). Numerical parameters used in the
model are shown in Table II and the thickness of specimen for
DTR spectra is 200 A.
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DTR around 14 eV or the existence of the large loss
function peak is essentially attributed to the existence of
the large absorption band at about 13 eV and that the
observed fine structures B, C, D, and E in the DTR spec-
tra are corresponding longitudinal counterparts of the
main absorption peak and of the three shoulders on its
higher energy side. These longitudinal-transverse pairs
are indicated by pairs of vertical lines in Fig. 5. The
statements essentially ‘'support our previous proposall’
but improve the assignment of the longitudinal counter-
parts of the main absorption peak on shoulder B which
was not found in the previous work. The present results
tabulated in Table I improve also the previous proposal
by Piacentini et al.?> who have incorrectly assigned a
peak of the thermo-modulated energy loss corresponding
to peak C to the longitudinal counterpart of the main
absorption peak. The shoulder 4 and other structures
on the DTR at energies lower than 12 eV are longitudi-
nal counterparts of transverse structures on the lower
energy side of the main absorption peak that are not our
present concern.

In the present calculations of the Lorentz model men-
tioned above, the background dielectric parameter €, has
unity as the best choice. The €, value which reflects the
influence of electronic transitions other than the oscilla-
tors employed may, in fact, be complex. Several itera-
tions of the best fitting calculation show the choice to be
best with an allowance of =0.1 in both real and imagi-
nary parts.

3. Discussions

It has already been confirmed by the present author
that the positive peaks in the DTR spectra attributed to
plasmon excitation for the following reasons.!” (1) Equa-
tion (3) indicates that a longitudinal excitation appears
as a positive peak in the DTR spectra. (2) Exact calcu-
lation of DTR spectra by Eq. (2) utilizing available opti-
cal constants?® in KCI shows a positive peak at the same
energy as a loss function peak obtained with the same
optical constants. Furthermore, the observed positive
peak agrees well with the calculated positive peak and
also with the peak of EEL experiment in its energy and
gross feature. (3) The presence of such longitudinal ab-
sorption (plasmon) has theoretically been predicted by
Horie?® and Miyakawa.>®

Horie?® has theoretically derived an approximate for-
mula for the plasmon energy to be observed in insulators
(Fiw ps) as

2 2 2
Oops ~ 0y + 0 (5)

where fiw, is band gap energy and 7w, is the free elec-
tron plasma energy. Subsequently, Miyakawa®® has
theoretically investigated interrelations among longitudi-
nal excitons, Van Hove singularities, and the plasmon in
alkali halides, and predicted the existence of the plasmon
at the M; edge of the density of states. He has also de-
rived an approximate expression for the plasmon energy
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to be observed in alkali halides #iw,,, as
wﬁppgw,zn +a),2,(neﬁ/n) , (6)

where w,, is an average frequency of interband absorp-
tions. By using the free electron plasmon fiw,=11.6 eV
for n =6 and the band gap energy fiw, =8.5 eV, Horie’s
predicted fwy,, becomes 14.4 eV from Eq. (5) which
agrees very well with the experimental value of 14.1 eV.
On the other hand, the effective number of electron n.4
exhausted at 14 eV in KCI is available from Stephan’s
work as about 4.0. Then n =6 is too large to compare
with the Stephan’s value. This discrepancy may be also
ascribed to the existence of the fine structure which
shifts the plasmon appreciably to higher energy. Expres-
sions (5) and (6) are very similar to each other but have
different meanings in both terms on the right-hand side.
If the experimental value 14.1 eV is put into #iw,p, in Eq.
(6), the #iw,, is derived as 10.4 eV by the use of the same
fiw,, neg=4.0, and n =6. The #iw,,(10.4 eV) is located
in the interband absorption region, but this expression
gives a rather loose restriction. Thus, the present results
seem to support essentially Miyakawa’s theory, but the
observed phenomena are complicated because of the ex-
istence of fine structures near the edge as seen in the
above analysis. Then, the approximate expression de-
rived by Miyakawa, in which the contribution from
higher energy bands are assumed to be negligible, may
not be utilized for numerical analysis of the plasmon en-
ergy. Therefore, Horie’s values are indicated together
with experimental results in Table II for comparison.

On the other hand, the bound electron polaron com-
plex model, which consists of an electron and a hole,
each dressed with virtual longitudinal excitons, has also
been proposed theoretically for the longitudinal peak by
Collins et al.?® In their work, the energy positions of the
transverse peak are predicted with the model for several
alkali halides. The predicted position for KCI (13.8 eV)
is larger by 1 eV than the experimental value but that
for KBr (11.7 eV) agrees well with the experiment. The
polaron model, however, has not derived the energies of
the longitudinal peak and has nothing to do with the ob-
served fine structure on the longitudinal peak. Then, it
is impossible to compare the model with the present ex-
perimental results of the longitudinal excitation.

Thus, it can be said that the positive peak of the DTR
or the loss function peak in KCl is attributed to both the
plasmon at the M; edge and excitons existing around the
edge,22 and that the longitudinal modes of the latter con-
tribute predominantly to the determination of the profile
of the peak and appreciably to its shift toward the upper
energy. Generally, the plasom in alkali halides seems to
appear just above the largest and prominent interband
absorption peak, contrary to the plasmon in the free
electronlike metals in which the plasmon appears at fiw,
very far from the interband transition. This difference is
due to a large difference in intensities of the interband
transitions between alkali halides and metals, because
the longitudinal-transverse (L-T) splitting is generally
proportional to oscillator strength. If the prominent
peak is absent, the plasmon does not appear near there
as can be seen in the case of potassium fluoride.?!
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B. KBr

1. Experimental results

The observed DTR spectra in KBr at angles of in-
cidence, 30°, 45°, and 60°, and the observed absorption
spectra in KBr at RT and LNT are shown in Figs. 7 and
8, respectively. In Fig. 7 the absorption spectrum at RT
is also shown for comparison. In Fig. 8 a curve of the
joint density of states derived by Overhof’ and the re-
sults of Eby et al.?” at the lower energy region are also
illustrated in a similar manner with the case of KCI
The large absorption peak around 12 eV has a compara-
ble height with low-lying exciton peaks and has a much
greater width composed of several fine structures (d —i).
Peak f and shoulders g, A, and i are remarkably
enhanced upon cooling. Although the curve of the joint
density of states shows that the large peak predominant-
ly consists of interband transitions, contributions of
several excitonic transitions to the absorption peak seem
to exist in the 12—14 eV region. The DTR spectra in
Fig. 7 have a prominent positive peak around 13 eV.
Several fine structures are superimposed on the positive
peak and are indicated by 4, B, C, D, and E on the 60°
spectrum.

The observation of the prominent positive peak in the
higher energy region of the large absorption peak
confirms the previous results!’ obtained by the present
author in KBr similarly to the case of KCIl. This means
that the positive peak corresponds to the LF peak de-
rived by other authors? and also to the results of EEL
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FIG. 7. DTR spectra ( ) observed at angles of in-
cidence, 30°, 45°, and 60° and transverse absorption spectrum
(— — —) observed at room temperature in KBr. The latter is
the same spectrum as the one shown in Fig. 8. Thickness of
the film specimen used in the DTR experiment in 170 A. Fine
structures corresponding to each other in these DTR spectra
are connected by vertical dotted lines, respectively.
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FIG. 8. Absorption spectra of KBr observed at room
( ) and liquid-nitrogen ( ) temperatures. A curve of
the density of state (— — —) (Ref. 7) and the low-lying exciton
peaks (—-—.—.) (Ref. 27) are also illustrated for comparison.
Peaks 4, and A4, are well known* as the K *3p core exciton at
the I point in BZ.

experiments.'""!2 The fine structures observed on the pos-
itive peak, however, differ from the previous results ob-
tained by the present author,!” and improve them appre-
ciably.

2. Discussions

Transverse absorption and the DTR spectra for a
thin-film specimen are exactly calculated using Eq. (2)
and the optical constants in KBr derived by Stephan.?!
The results of the calculations and the LF spectrum ob-
tained by Stephan are shown in Fig. 9. It is also
confirmed for KBr from the calculations that a positive
peak in the DTR spectra and the LF peak, both of
which are calculated with the same optical constants,
have a similar profile in each other as the case of KCIl.

Previous work on the LF by Stephan® and the EEL
experiment by Keil!! are compared with the present
DTR experimental result in Fig. 10. The present experi-
ment shows the best resolution of them and resolves the
small shoulder 4. Thus, the analysis of the DTR spec-
tra with the Lorentz oscillator model becomes possible
and effective.

The four-oscillator fit using the parameters in Table
III produces comparable agreements with the KBr data
as in the case of KCl, which was shown in Figs. 5 and 6.
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FIG. 9. DTR’s (— — —, 30% . . . . 45% , 60°) and LF
(—+—-—-) in upper part, and absorption spectrum (— — —)

in lower part calculated by using the a\:ailable optical constants
of KBr (Ref. 21) for a thin film of 200 A in thickness.

Also found from the Lorentz model analysis of KBr as
in the case of KClI, that the positive peak in the DTR
spectra is essentially caused by the presence of the large
absorption peak, but its profile is predominantly
influenced by the presence of the small subsidiary struc-
tures on the absorption spectrum and that the observed
fine peaks B, C, and D on the DTR are just the longitu-
dinal counterparts of the three shoulders located on the
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FIG. 10. The plasmon peaks in the present DTR spectrum
at 6=60° (— — —) in the EEL ( ) (Ref. 11) and in the LF
(—-—-—-) (Ref. 3) spectra.
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TABLE III. Numerical parameters of the oscillators fitted
to the observed spectra in KBr.

Oscillators E (eV) vy (V) o €
1 11.5 0.8 18
2 11.9 0.7 2
3 12.5 0.7 2 10
4 13.2 1.0 3

upper side of the main absorption peak (g, k, i), respec-
tively, and the shoulder A4 is the counterpart of the main
peak. The results of the present work in KBr are listed
in Table IV together with those of previous works.

The present results qualitatively support the
Miyakawa’s theory’® which has predicted the existence
of a plasmon at an M; edge of the density of states. On
the other hand, Horie’s theoretical value?® of #iw.,s be-
comes 13.3 eV by using the band gap energy fiw, =7.8
eV and #iw, =10.7 eV for n =6. This value is very close
to the present result of about 13.5 eV. However,
effective number of electron n.; exhausted at about 13
eV in KBr is available from Stephan’s work?! as about
4.5. This discrepancy also resembles the case of KCIl.

In this way, the situation in KBr is very similar to
that of KCI1. Thus, it can be also stated that the positive
peak of the DTR or the loss function peak in KBr is at-
tributed to both plasmon loss at the M; edge and the ex-
citons existing around the edge and that the longitudinal
modes of the excitons contribute predominantly to the
determination of the profile of the broad positive peak
and appreciably to its shift toward upper energy.

C. KI

1. Experimental results

The present results of the DTR spectra are shown in
Fig. 11. The DTR spectra of KI are observed for the
first time, although they are limited to 10 eV as a lower
limit to the energy. On the DTR spectra, a broad posi-
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FIG. 11. DTR spectra (-——) at angles of incidence, 45°
and 60°, and transverse absorption spectrum (— — —) ob-
served at room temperature in KI. The latter is the same spec-
trum as the one shown in Fig. 12. Thickness of the film speci-
men used for DTR measurement is about 200 A. Fine struc-
tures corresponding to each other in the DTR spectra are con-
nected with vertically dotted lines, respectively.

tive peak appears at around 12 eV. Four fine structures
A, B, C, and D are superimposed on the positive peak.
Other small peaks E, F, and G are also observed clearly
at high energy region.

In Fig. 12 the absorption spectra obtained at RT and
LNT are shown and compared with the joint density of
states obtained by Overhof’ and with the results ob-
tained by Eby et al.?’ in the same manner with the cases
of KCl and KBr. A large absorption band around 10 eV
has a much lower height than the exciton peaks at the
interband threshold and has an appreciably greater

TABLE IV. Energy positions of longitudinal and transverse structures in KBr (in eV). Letters in

the table similarly mean those in the Table I.

Present study

Absorption DTR fior T Optical LF* EEL® Oscillators
f11.7p A 12.0s 0.3 11.5
g 12.0s B 12.3p 0.3 122 s 11.9
h 12.4s C 12.6 p 0.2 12.6 p 12.6 s 12.5
i13.1s D 13.5mp 0.4 134 p 13.7 p 13.2
Ner 'p ﬁwobs
Experimental® 45 12.6
Theoretical® 4.5 9.3 12.1 (fiwg =17.8)
6.0 10.7 13.3

2Reference 21.
bReference 11.
°Reference 29.
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FIG. 12. Absorption spectra of KI observed at room
(- - - +) and liquid nitrogen ( ) temperatures. A curve of
the density of state (— — —) (Ref. 7) and the low-lying exciton
peaks (—.—.—.) (Ref. 27) are also illustrated for comparison.

Peaks A; and A, are known (Ref. 4) as the doublet of K *3p
core exciton at the I' point in BZ.

width being composed of several fine structures (d —4).
The calculated joint density of states’ seems to repro-
duce the experimental peak in its energy and fine struc-
tures in the 9-15 eV region, but the experimental curves
are rather complicated around the 9-11 eV region. The
fine structures e, f, and g on the absorption peak show
remarkable temperature effects of enhancement and blue
shifts upon cooling, whereas the main peak d shows no
such effects. Another shoulder e’ also appears between e
and f only in the LNT spectrum. The absorption spec-
trum at RT is also illustrated in Fig. 11 in the energy
range of 9—17 eV for comparison with the DTR spectra.

2. Discussions

The present experimental DTR spectrum at 60° is
compared with the previous EEL experiment by
Creutzburg!? in Fig. 13. The loss function spectrum de-
rived from optical measurement is not available. The
present DTR peak around 12 eV shows good resolution
and reveals the existence of four fine structures, whereas
the EEL peak is rather broad but indicates two shoul-
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FIG. 13. The plasmon peaks in the present DTR spectrum
at =60° (— — —) and in the EEL ( ) (Ref. 12) spectrum
of KI.

ders between 10 and 11 eV. The upper of the two shoul-
ders coincides with shoulder 4 (10.7 eV) on the DTR
peak, but the lower one is beyond the present measure-
ments. The present numerical results are compared with
the work of other authors in Table V.

Five oscillators are employed in the Lorentz model
analysis of the experimental results in KI. Best-fit calcu-
lation which reproduce the experimental absorption
spectrum and DTR spectra use the numerical parame-
ters shown in Table VI. The ¢ is chosen as 1.0+0. 1/ in
the fitting process. The calculated DTR (6=60°) for a
spectrum with thickness of 150 A and the calculated op-
tical density spectrum for a specimen of 600 A are com-
pared with the corresponding experimental results in
Fig. 14. As can be seen in the figure, the profile of the
calculated DTR spectrum reproduces well that of the ex-
perimental one. Also, the calculated optical density
reproduces very well the experimental spectrum in the
energy positions of the fine structures and in the intensi-
ties. Thus, the analysis reveals several facts similar to
the cases of KCl and KBr: The existence of a prominent
positive peak on the DTR spectra around 12 eV is due
to the large absorption peak around 10 eV; and the fine
structures A4, B, C, and D are the longitudinal counter-
parts of the subsidiary structures e, e', f, and g, respec-
tively. The longitudinal counterpart of the main peak d
at 9.5 eV seems to exist at about 10 eV which is beyond
the present measurements. These assignments of
transverse-longitudinal splittings are tabulated numeri-
cally in Table V and indicated by pairs of vertical lines
in Fig. 14. Theoretical plasmon energy to be observed is
calculated and indicated at the bottom of Table V.

For the three potassium halides, a separation between
the main absorption peak and the main DTR peak can
be termed by a total longitudinal-transverse splitting be-
tween the large absorption peak and the DTR positive
peak. The splittings for KCl, KBr, and KI are obtained
as large as 1.3, 1.8, and 2.4 eV, respectively. The ten-
dency for an increase in the splitting from KCI to KI



36 OBLIQUE-INCIDENCE ABSORPTION SPECTROSCOPY ...

4955

TABLE V. Energy positions of longitudinal and transverse structures in KI (in eV). Letters in the

table similarly mean those in the Table 1.

Present study

Absorption DTR fiort EEL? Oscillators
d9.5 p 9.4
e 10.3 s A 10.7 s 0.4 10.1 s 10.3
e’ 10.9 s B 11.5s 0.6 10.6 s 10.9
f11.3s C 11.9 mp 0.6 119 p 11.3
g 12.3s D 12.6s 0.3 12.4
h 13.4p E 13.8s 0.4 13.8 s
i15.2p F155p 0.3 155 p
j16.2 p G 16.6 p 0.4 16.5 p
R ﬁa)p ﬁfoobsb
Theoretical 6.0 9.75 11.6 (fiwy =6.3)
6.4 10.1 11.9

#References 10 and 12.
YReference 29.

can be explained by terms of the increase of the oscilla-
tor strength for the absorption peak in the same manner.
The numerical parameters of the Lorentz model used in
the three halides support the explanation.

IV. SUMMARY AND CONCLUSION

High-resolution longitudinal excitation spectra of
three halides KCl, KBr, and KI in their plasmon regions
were investigated by using oblique-incidence absorption
spectroscopy with polarized VUV synchrotron radiation.
Absorption spectra of these halides at both room and
liquid-nitrogen temperatures were also measured in rath-
er high resolution in 10-20 eV region for comparison.
A prominent positive peak was demonstrated in the
differential transmission ratio (DTR) spectra for various

T ] T T T T [ T
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FIG. 14. Comparison between the experimental results and
the Lorentz model calculations (five oscillators) in KI. DTR
(60°), experimental, ; calculated, Absorption
spectra, experimental, — — —; calculated, - -- . Pairs of vert-
ical lines indicate longitudinal-transverse pairso for the experi-
mental results. Thickness of specimen is 600 A for the calcu-
lated optical density curve and 150 A for the calculated optical
density curve and 150 A for the calculated DTR.

angles of incidence at the higher energy side of a large
interband absorption peak in each halide. Fine struc-
tures superimposed on the positive peak were discovered
in each halide. This discovery not only improved and
refined the previous work of the present author in KCl
and KBr but also made it possible to reveal the complete
interrelations between the transverse absorption spec-
trum and the longitudinal spectrum in these halides.
For the analysis of the interrelations, the Lorentz oscilla-
tor model was applied, and the experimental results of
DTR and absorption spectra were well reproduced by
the calculation based on the model.

Exact calculations of the transverse and longitudinal
spectra using available optical constants as well as the
Lorentz model calculations confirmed that the positive
peak in the DTR spectra and the loss function peak
nearly completely correspond to each other in their
profile and energy positions. Thus, the phenomenologi-
cal origins of the positive peak in the DTR spectra or of
the loss function peak in the three halides were given as
follows.

(1) For the appearance of the plasmon loss peak, it is
essential that a fairly large transverse absorption peak
exists in the energy region where the oscillator strength
of valence electron is mostly exhausted, but not neces-
sarily completely exhausted.

(2) The profile of the plasmon peak is predominantly
influenced by the fine structure located at the high-
energy side of the absorption peak. The respective fine
structure on the plasmon peak is the longitudinal coun-
terpart of the transverse main peak and its fine structure.

(3) The total longitudinal-transverse splitting is
affected by the oscillator strength for the absorption
peak and, furthermore, the longitudinal peak (plasmon)
is appreciably shifted toward higher energy by the
influence of the existence of the fine structure on the
high-energy of the transverse absorption peak.

Those statements may apply in other alkali halides
and insulators as general properties. Each of these other
substances, however, must have other unique properties.
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TABLE VI. Numerical parameters of the oscillators fitted
to the observed spectra in KI.

Oscillators E (eV) vy (eV) o €
1 9.4 1.3 23
2 10.3 1.2 4.4
3 10.9 0.9 2.3 1.0+40.1:
4 11.3 0.9 2.5
5 12.4 1.0 0.5

The above three statements also mean that the present
results qualitatively support the Miyakawa’s prediction
concerning the existence of the plasmon in alkali halides
as well as Horie’s prediction.

Finally, the plasmon in the alkali halides differs re-
markably from the one in the free-electron-like metals.
This may be due to a large difference in the oscillator
strength of the interband transitions, or in other words,
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APPENDIX: LOSS FUNCTION OF
MULTIOSCILLATOR

By using the Lorentz formula given by Eq. (4), the
real and imaginary parts of dielectric parameter, €, and
€,, respectively, and loss function Im(—1/¢) for a single
oscillator (m =1, €;=1) are as follows:

o(E?—E?)

of the longitudinal-transverse splitting between them. e(E)=1+ - s (A1)
(E1—E°) " +yiE
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FIG. 15. Curves of the dielectric parameters: €, (—-—-—-), €, (— — —), and the loss function — Im(1/¢) (——) for a single

oscillator (a) (0 =18 and y =1 eV); and for three-oscillator models (b) (c,=18 and 0,=03=1), (c) (0,=18 and o,=03;=3), and
(d) (,=50 and o0y=03=35). A dotted line in (d) indicates a loss function for the single main oscillator.
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Numerical calculations of (A1)-(A3) are performed for
values E;=12.7 eV, ;=18 and y;=1 eV that are ex-
pected to reproduce closely the experimental absorption
intensity in KCIl. In Fig. 15(a) are shown the results of
the calculation. The longitudinal-transverse (L-T) split-
ting is found to be about 0.4 eV. Next, three oscillators
are taken (m =3, €5=1.0) in which » =2 is the main os-
cillator and the remaining two (n =1 and 3) are small
subsidaries located 1 eV distant from the main oscillator,
one on the high-energy side and one on the low. Two
cases for the three-oscillator system are illustrated in
Figs. 15(b) and 15(c). In the case of 15(b), o,=03;=1,
0,=18, y1=73=0.5 eV, and y,=1 eV. In the case of
Fig. 15(c), o0;=03=3, and the others are same as in
15(b). Lastly, similar calculations are performed on a
condition that o, is very large (0,=50, o;=03;=5), but
that other values are same as in 15(b) or 15(c). Results
of these calculations are illustrated in 15(d). The L-T
splitting of the main oscillator in the last case is about
2.2 eV which is much bigger than those in the other
three cases.

From these calculations and results of the typical four
cases the following facts are confirmed.

(1) When the intensity of the main oscillator is ap-
propriate, the longitudinal peak corresponding to a
higher energy subsidiary oscillator is remarkably
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enhanced whereas a lower energy one is suppressed, and
the L-T splitting is larger for the higher energy band
than the lower energy band.

(2) When the main oscillator has a much larger inten-
sity, the L-T splitting of the main peak is very large,
whereas the longitudinal counterparts of both subsidiary
oscillators have very small intensities and L-T splittings.

(3) The intensity and profile of €, for multioscillators
are additionally determined from those for each oscilla-
tor, but intensity and profile of Im(—1/¢€) are not addi-
tional.

From fact (1), it can be said that the longitudinal
counterparts of the subsidiary oscillators located at
slightly higher energy from the main oscillator deter-
mine the dominant profile of the loss peak, whereas the
longitudinal counterpart of the main oscillator contrib-
utes weakly to it. This tendency reflects the character of
rapidly changing dielectric parameters in the energy re-
gion. The case noted in fact (2) does not fit the present
experimental results and rather corresponds to the phe-
nomena in the free-electron-like metals. Fact (3) indi-
cates that in the oscillator model, either the peak in the
loss function spectrum or the positive peak in the DTR
spectrum cannot be divided into components which con-
tribute to the formation of the peak.
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