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MODULATION SPECTROSCOPY IN THE VACUUM ULTRAVIOLET 

D. W. LYNCH 

Ames Laboratory-ERDA and Department of Physics, 
Iowa State University, Ames, Iowa 5001 1, U.S.A. 

RCsumC. - Cette revue est consacree a la spectroscopie UVL utilisant les techniques de modu- 
lation. La thermomodulation a et6 employee pour l'ktude des metaux et la modulation de composi- 
tion pour les alliages. Les semiconducteurs ont ete etudies par thermomodulation et Clectromodu- 
lation ; quand les niveaux de cceur sont utilises comme etats initiaux, cette dernikre methode apporte 
de nombreuses informations sur les bandes de conduction. Les isolants ont et6 6tudii.s par klectro et 
thermomodulation (la modulation en longueur d'onde et la derivation par rapport a l'energie ne 
seront que britvement Cvoquees). Dans tous les cas, des materiaux simples ont Cte Ctudies, les avan- 
tages et inconvenients des differentes m&thodes etant soulignes. 

Abstract. - A  review of modulation spectroscopy in the vacuum ultraviolet is presented. Metals 
have been studied by thermomodulation spectroscopy and alloys by composition modulation 
Semiconductors have been studied by thermomodulation and by electromodulation, the latter 
revealing a great deal about the conduction bands when core levels are used as initial states. Insulators 
have been studied by electro and thermo-modulation. (Wavelength modulation and energy derivative 
modulation are not discussed extensively.) In all cases simple materials have been studied and the 
advantages and disadvantages of the methods delineated. 

1. Introduction. - Modulation spectroscopy [l] is' 
a technique whereby a solid sample is subjected to 
a periodic perturbation which alters its electronic 
structure, resulting in a small, but detectable, periodic 
change in the optical properties of the sample. The 
resultant modulation or differential spectrum has 
two advantages over conventional spectra : it usually 
resembles a derivative of the ordinary spectrum, 
making small structures enhanced, and it contains 
information on how the electronic structure of the 
sample is altered by the perturbation, information 
which aids in the elucidation of the electronic structure 
itself. We outline briefly a typical experiment and the 
data treatment, then discuss applications in the 
vacuum ultraviolet. 

2. Methods. - An incident beam of intensity I(,?) 
is reflected (or transmitted) by the sample. A pertur- 
bation, e.g., F, cos wt, is applied to the sample and 
AR(,?), a small change in the reflectance, R(,?), may 
result. It will occur at the frequency w or a harmonic, 
and may be shifted in phase by y  with respect to the 
perturbation. The reflected beam, 

Z(L) [R(,?) + AR(A) cos (wt + y ) ]  , 

is detected and the d.c. and a.c. components separated. 
The latter, typically I O P 3  to 10-5 of the former, 
is rectified synchronously with the perturbation. The 

ratio of the a.c. to d.c. signals is ARIR, independent 
of the wavelength dependence of the incident flux 
and of the response of the detector. 

Continuing with reflectance as our example, for 
only thin films transmit well into the vacuum ultra- 
violet, we begin with the Fresnel coefficients which 
give the ratio of reflected to incident electric fields : 

v", = (EaL - Zl)/(Eal + El) (la> 

r", = (FEa1 - El, jil)/(E"Ea, + E", El) , (lb) 

with cp the angle of incidence from the ambient 
medium a and 

li,, = Ea cos cp ( 2 4  
- 
it, = (E" - E", sinZ . (2b) 

The complex dielectric functions and refractive 
indices E", = N2 and .F = flZ = + ic2 characterize 
the ambient and sample, here taken to be a cubic 
crystal or isotropic sample. The measured reflectances 
are R, = I v", l 2  and RP = 1 v;, 12.  The applied pertur- 
ba!ion causes E" to change to E" + AE: The change will 
be a tensor for someperturbations, even for a scalar E: 
Straightforward differentiation of the expressions 
above leads to 
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where 6 is the unit polarization vector of the incident of N ' I L ,  with a factor of the order of unity accounting 
beam and a - ip are the Seraphin coefficients [2, 31 : for the modulation waveform. If R and AR are fixed, 

the signal-to-noise ratio can be increased only by 
(a - = (2 Ea cos cp)/EL(E" - E",) (4a) increasing the intensity of the incident beam. Hence 

2 Ea(E" - 2 E", sin2 cp) cos cp intense, stable (to avoid additional noise), conti- 
(a - ip), = . (4b) nuous light sources are necessary. 

cos2 (P - Ea + sin2 (P) In fact, ARIR is not fixed, because one can vary 

All of these have been generalized to the case in 
which there is an intermediate layer of another mate- 
rial between the sample and the ambient, a layer 
representing an oxide, or a film that has been delibe- 
rately applied to the sample [3, 41. 

A measured ARIR spectrum does not allow the 
recovery of a spectrum of AE; for the real and imaginary 
parts of the latter are mixed in the former. It is possible 
to make a second measurement, e.g., of modulated 
transmission through a thin film, or of modulated 
reflectance at another angle of incidence, but the most 
widely used method is to Kramers-Kronig analyze 
the measured modulated reflectance spectrum [5]. 
Since 

0 can be obtained from In r = ln R by a Kra- 
mers-Kronig integral. With a perturbation applied, 
v"+ v"+ AKwithr -, r + Arand8 -P 0 + A0.Finally 

With the measured ARIR and calculated A0 spectra, 
one can obtain the modulated dielectric function 
spectrum via equation (3). However, this requires 
the spectrum of E" for the substrate itself, as well as 
for any intervening layer of a third material. Thus 
modulation spectroscopy is a second generation 
measurement, requiring previous or simultaneous 
measurements leading to the dielectric function of 
the sample. It is also useful to compute A  [Im (- 1/g], 
the differential electron energy loss function, from 
AE; for the former represents the effect of the pertur- 
bation on longitudinal excitations, and the latter, 
its effect on transverse excitations. AE" or A ( -  113 
can be calculated from microscopic models for the 
solid, and are the spectra one should interpret. 
(One rarely, if at all, should interpret ARIR, for the 
positions, shapes, and numbers of peaks in it and 
in the AE, and A&, spectra may be different.) 

Because AR is small, the a.c. signal, I AR, is small, 
and care must be taken to eliminate all spurious 
contributions to it, e.g. those arising from sample 
vibration or noise in the electronics. If this is done, 
the remaining source of noise is shot noise in the 
incident beam and from the photocathode. If N 
photons are counted to determine a point on the ARIR 
spectrum, the signal-to-noise ratio will be of the order 

the angle of incidence and the polarization of the 
measuring light. The effect of so doing has been 
discussed by Aspnes [3, 41. For shot-noise limited 
detection, the signal-to-noise ratio is proportional 
to the sensitivity function, S = R''2 ) a - ip 1. which 
depends on the angle of incidence, the polarization, 
and the dielectric functions of the sample and ambient. 
Given a wavelength, this can be plotted as a function 
of angle of incidence, and a maximum sought. For 
absorbing media in the visible, there is not much 
angle dependence, except for a fall-off to zero at 
grazing incidence, where there can be no modulation 
of the constant unit reflectance. In the vacuum 
ultraviolet 1 E" 1 approaches unity and S exhibits a 
maximum (Fig. 1) which may be several times larger 

FIG. 1. - Dependence of the sensitivity function S upon polari- 
zatlon and angle of incidence for Gap at five photon energies. 
The crosses indicate the angles at which the p-polarized reflectance 

is a minimum. (From Ref. [4].) 

than the value at normal incidence. It should be noted 
that the maxima occur at angles considerably larger 
than the angles at which R, has a minimum. This 
minimum increases ARIR, but the reflected beam is 
then weak and the shot noise is therefore high. 
Moreover, there is no reflectance minimum for 
S-polarization but there is an angle at which S can 
have an appreciable maximum. For further details 
and other examples, consult reference [4]. 

In general, the larger contributions to a modulated 
dielectric function come from groups of states which 
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all respond in the same way to the applied pertur- 
bation. These usually are found at and near critical 
points in the band structure. The critical points lead to 
characteristic structures in AE, and As,. If the pertur- 
bation shifts the energy of the interband critical point, 
the modulated A2 spectra have characteristic shapes, 
those of the energy derivatives of the critical point 
contributions to AL These well-known shapes are 
sought in the measured spectra. If the perturbation 
broadens the transitions at critical points (or excitons). 
The characteristic signatures of these appear as first 
(or second) derivatives of their contributions to A?. 
(Electroreflectance can give third derivative spectra.) 
Both first and second derivatives may occur together, 
or neither may occur if the critical point states are 
not affected by the perturbation. Other types of inter- 
band transitions may contribute to the A I  spectrum. 
In these cases one must calculate or estimate the 
effect on these transitions to obtain the lineshape 
in As and the expected strength. The sharpness of 
the structures in A&, the occurrence of some charac- 
teristic lineshapes, and the fact that some expected 
features are very large or missing lead to the great 
utility of modulation spectroscopy in understanding 
the band structure of solids. We comment below on 
some of the types of modulation that can be applied. 
Some of their advantages and limitations are summa- 
rized in table I. 

resistive heating, by infrared heating, or by electron 
beam heating. Long thermal time constants require 
modulating at low frequencies ( 5  15 Hz) where l l f  
noise may dominate shot noise. Interpretation of 
the scalar A8 spectra is more complicated than for 
other perturbations because the temperature change 
has many effects. In semiconductors and insulators 
the dominant mechanism is usually the modulation 
of band gap energies, while in metals, thermal broaden- 
ing and the broadening of the Fermi function edge 
commonly contribute as well [7]. 

2 .2  STRESS MODULATION. - [8-101 U S U ~ ~ ~ Y  means 
uniaxial stress, and it may be applied, in principle, 
to any sample. By the use of single crystals and 
polarized radiation, considerable symmetry infor- 
mation may be obtained about the interband transi- 
tions. Because elastic strain limits on single crystals 
are so low, signals are small. It is common to apply 
a static stress and use another modulation technique 
to obtain the spectra at different static stresses. 
Metals exhibit little critical point structure, and their 
corresponding stress modulation spectra are very 
small and broad, only Cu [l11 and Au [12], with 
relatively sharp structures in their E" spectra having 
yielded stress modulation spectra to date. No vacuum 
UV stress modulation spectroscopy has yet been 
carried out. 

2.1 TEMPERATURE MODULATION. - [6] may be 2.3 E L E C ~ I C  FIELD MODULATION. - 11 3-20] may 
applied to any sample. Such measurements are be applied to non-metals. For insulators the technique 
easy to carry out by modulating with direct or indirect is uncertain, for there can be large stresses intro- 

Modulation spectruscopies 

Perturbation 
- 

Temperature 

Hydrostatic pressure 

Composition 

Uniaxial stress 

Electric field 
Magnetic field 

Wavelength 

AE" 
- 

Scalar 

Scalar 

Scalar 

Tensor 

Tensor 
Tensor 

Scalar 

Typical spectra 

1st and 2nd deri- 
vatives 

1st derivative 

N 1st derivative 

l st derivative 

3rd derivative 
1st derivative in 
paramagnetics, 
complicated in 
ferromagnetics 

l st derivative 

Advantages 

Universal 

Gives deformation 
potentials 

Gives symmetry in- 
formation, defor- 
mation potentials 

High resolution 

Universal 

Energy derivative Scalar l s t ,  2nd, 3rd deri- Universal 
vatives 

Disadvantages 
- 

Higher noise, interpretation 
may be complicated 

Pressure medium required 

Surfaces may limit sensiti- 
vity 

Difficult to do except on 
some semiconductors 

Limited types of samples 
Small signals except for ferro- 
magnetics 

Give no response to pertur- 
bation 
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duced by the electric field, leading to a mixture of 
two modulation spectra. (The samples tend to move 
as well.) For semiconductors one cannot use the 
electrolyte method in the vacuum ultraviolet for 
lack of a transparent electrolyte. The reverse-biased 
Schottky barrier method, utilizing a thin semi- 
transparent metal layer on the surface, can be used 
for electroreflectance (ER) measurements on those 
semiconductors on which suitable barriers can be 
made. The modulating fields must be uniform over 
the penetration depth of the radiation in order to 
obtain simple lineshapes. This puts some restriction 
on the materials that can be studied this way, but it 
leads to very high resolution spectra in many cases, 
for the low-field spectra are third derivative, not 
first, spectra of the dielectric function [16]. For high 
resistivity semiconductors, the field can be applied 
in the plane of the surface between two stripe elec- 
trodes, but the fields obtainable are usually smaller 
than for the Schottky barrier method. 

2.4 MAGNETIC FIELD MODULATION. - [21] usually 
leads to very small signals, which, in opaque samples, 
are very difficult to detect. Considerable ampl$cation 
of the applied modulating field occurs in ferromagnetic 
materials, and the internal magnetization is modu- 
lated, leading to detectable signals. This is the 
magneto-optic Kerr effect, to date applied to several 
ferromagnetic metals in the vacuum ultraviolet. 

2.5 WAVELENGTH MODULATION SPECTROSCOPY. - 

[22] and other methods to be reported below are not 
strictly modulation spectroscopies in that the samples 
themselves are not subjected to perturbations. In 
wavelength modulation spectroscopy, one installs 
an oscillating mirror or other device in the mono- 
chromator so that the emerging wavelength is 
1 + A1 cos at. Then conventional lock-in techniques 
can give dR/dR, if the wavelength dependence of the 
incident spectrum, the transmission of the optical 
system, and the detector sensitivity can be divided 
out. The increase in resolution of the derivative 
spectrum can be useful by itself, and by measuring 
spectra under various static conditions, e.g., at 
different temperatures, modulation spectra, e.g., 
thermoreflection spectra, can be simulated. 

2.6 ENERGY DERIVATIVE SPECTROSCOPY. - [23] 
involves taking numerically the first and second 
derivatives of the measured spectra. This can be done 
almost on-line if the data are fed into a small on-site 
computer. In order to obtain a good derivative 
spectrum the signal-to-noise ratio of the original 
spectrum must be very high - far higher than needed 
for utilization of just the original spectrum. Again, 
spectra can be taken under various static conditions. 

2 .7  ~ 0 ~ ~ 0 ~ 1 ~ 1 0 ~  MODULATION. - [24] ~ ~ V O I V ~ S  
two samples, e.g., one pure and one doped or alloyed. 
The beam strikes them alternately and the ratio of the 

difference in the two reflected or transmitted beams 
to their average is recorded as ARIR or ATIT. This 
represents the derivative of R or T with respect to 
composition. In a variation of this methbd, the 
transmission of an alloy film is compared with compo- 
sition-weighted thicknesses of its unalloyed cons- 
tituents. 

We now describe some of the results of modulation 
spectroscopy in the vacuum ultraviolet. Several recent 
reviews have appeared [25-271. We will not cover 
energy derivative spectroscopy, only for lack of 
space, rather than lack of merit. There were a few 
measurements made before the advent of synchrotron 
radiation, although above about 6 eV, conventional 
continuum sources become relatively weak and good 
signal-to-noise ratios take a long time to obtain. 
Synchrotron radiation from synchrotrons is difficult 
to use for modulation spectroscopy, for each injection 
contains a diRerent number of electrons, leading to 
a noisy amplitude of the monochromated beam 
on the- sample. This has been removed successfully 
by proper beam monitoring and division of the 
reflected or transmitted signal by the monitor signal. 
Electron storage rings are almost ideal sources for 
modulation spectroscopy above 6 eV. The basic 
limitations to modulation spectroscopy as the photon 
energy increases are in the samples themselves. At 
high energies the reflectance falls so much that the 
reflected beam is too weak for measurements on a 
reasonable time scale. Modulated transmission holds 
some promise, however, and preliminary measure- 
ments have been encouraging. The other limitation 
is that at high energies the electron or hole lifetime 
often becomes short, broadening the spectrum to 
the point that derivative spectra are too small and 
broad to separate from the background. At high 
enough energies this limitation obtains for all 
materials, but for some selected transitions, the 
spectra at high energy are unexpectedly sharp. 

3. Results. - 3.1 METALS. - The first VUV 
modulation spectroscopy was Scouler's thermomodu- 
lation study of Au to 10 eV [28], followed by similar 
spectra on Ni [29]. The measurements on Au were 
later extended to 30 eV using synchrotron radia- 
tion [30]. Figure 2 shows the measured ARIR spectrum 
and the differential dielectric function derived from 
it. Several of the structures have been assigned 
tentatively to critical points, but a definitive assign- 
ment is not yet at hand, for we are dealing with 
states many eV above the Fermi level, where band 
structure calculations often have convergence 
problems. Notable in figure 2 are the three structures 
just above 18 eV. These were originally interpreted [30] 
as transitions from the crystal-field and spin-orbit 
split d-bands to a flat band composed of p- and f-like 
states. Subsequent ultraviolet photoemission measure- 
ments resolved only two peaks [31], and the diffe- 
rential dielectric function [26] indeed shows only 
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FIG. 2. - Thermoreflectance spectrum of Au and the differential 
dielectric function and differential loss function derived from it by 

Kramers-Kronig analysis. (From Refs. [26, 301.) 

two peaks. (However, see later discussion.) The 
interpretation of these peaks is still tentative. Recent 
band calculations [32] show that there are a number of 
possible transitions for each, although a few can be 
ruled out by line shape considerations [26]. The 
calculation of electric dipole matrix elements should 
assist considerably in the interpretation. The observed 
peaks are surprisingly sharp, with a width of about 
100 meV. They occur at the onset of d-to-p and 
d-to-f transitions, the majority of whose oscillator 
strength is delayed several eV, giving rise to the 
reflectance peak which makes Au an effective coating 
for gratings in the vacuum ultraviolet. Such reflectance 
peaks occur in other fcc 5d and 4d metals, and, 
to a small extent in Cu, but not in 3d transition 
metals. All of these peaks show some changes in 
slope near their onsets, at least for those metals 
measured. Thermomodulation measurements on Ag 
and Pt show structure comparable to that of Au, 
but not as sharp [33]. Evidently, as the d-band rises 
toward the Fermi level, the lifetime of the holes in 
it is reduced. The complete analysis of the ARIR 
spectra to give AE is in progress [33]. 

corresponding transitions occur in bcc and hcp 
transition metals but at lower energies. Thermo- 
reflection measurements were carried out on MO [34], 
but structures as numerous and sharp as those for 
Au in the corresponding region were not found. 
The early measurements were made on thin films, 
but for Pt, better-resolved structures were found on 
annealed foil specimens. 

These AE" structures arise from d-electrons excited 
to final states which are probably fairly well localized, 

at least in Au. Additional measurements carried out 
by composition modulation on Au-Cu alloys confirm 
this for the Au-rich end of the composition range [35]. 
In these measurements, the spectra of alloys were 
essentially weighted sums of the spectra of the consti- 
tuents, implying localized transitions because the 
initial states, the d-bands, are known to form a 
common d-band in these alloys. 

Recently Rosei et al. [36] have demonstrated that 
thermotransmission measurements on unsupported 
films of Au gave spectra in the visible that were 
better resolved than those taken by thermoreflectance 
on films on quartz. This work was soon extended 
to the vacuum ultraviolet, where well-resolved thermo- 
transmission spectra of Au and Ag were obtained to 
30 eV [33]. This method has several advantages. 
The mass of the sample is very small, resulting in 
small time constants. Modulation frequencies of 
100 Hz are possible and very large signals result, 
more than 10 times larger than in thennoreflection 
on similar films that are supported. The observed 
spectrum for Au in the 18-30 eV region is close to 
that of - A E ~ ,  but three sharp peaks are resolved 
just above 18 eV. Neglecting multiple reflections 

(This leads to an optimum signal-to-noise ratio 
for a film thickness d = 2/u, at normal incidence.) 
Then 

That the observed spectra are nearly identical to 
the - Ac2 spectra obtained from Kramers-Kronig 
analysis on other samples means the second term, 
not measurable on these samples, is nearly negligible 
for these samples and the measured spectra may be 
interpreted directly. Moreover, AT/T spectra on Au 
films of different thicknesses give identical spectra, 
showing the dominance of the first term in equa- 
tion (7). (Caution is necessary before neglecting 
ARIR with other materials or other wavelength 
regions.) 

Kunz et al. [37-391 have carried out composition 
modulation measurements on ordered and disordered 
alloys of A1 with several transition metals and on 
Cu-Ni, all in the soft X-ray region. The measurements 
on Cu-Ni [37] showed clearly that the M,,, absorption 
of each constituent is localized on a single site. The 
AI L,,, (an example is in figure 3) and transition 
metal M,,, edges shifted upon alloying, and there 
were changes in the region several eV above the 
edges. The interpretation of the shifts could not 
be made on a single model, although density of 
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FIG. 3. - Absorption coefficient p (solid) and a differential absorp- 
tion coefficient p* (dashed) for NiAI. The latter is the difference 
between the absorption coefficient for NiAl and that of a film of Ni 
with the same number density of Ni atoms per unit area as in the 
alloy film. p* represents the absorption of the Al in the alloy if the Ni 
absorption is unchanged upon alloying, so that the Al L,,, edge 
in the alloy may be compared with that of Al. (From Ref. [39].) 

states effects could account for the region above the 
edges in the ordered alloys. 

Erskine has carried out-magneto-optic Kerr effect 
measurements on ferromagnetic Gd [40] and Ni [41]. 
For a cubic metal the dielectric function is a diagonal 
tensor with one independent component. (Gd films 
may be considered cubic for our purposes.) The 
application of a magnetic field introduces off-diagonal 
components linear in the magnetization M. For 
simple geometries there is only one such component 
whose real part is proportional to the difference 
in absorption of left- and right-hand polarized 
radiation. Figure 4 shows such a spectrum for Gd 

I , I , I , l I I 6'-1.0 
0 2 4 6 8 10 12 

ENERGY ( e V )  

FIG. 4. - Conductivity (dashed) and absorptive component of the 
off-diagonal component of the magneto-conductivity tensor (solid) 
for Gd. The inset shows additional fine structure in the directly 
measured spectrum (solid), attributed to multiplet structure. 

(From Ref. [40].) 

except that here the conductivity is displayed and the 
aforementioned absorption difference is described 
by the imaginary part of the off-diagonal conductivity 
tensor. 

The microscopic calculation of this component 
is not physically transparent [42]. The transitions 
giving large magneto-optic absorption are not those 
contributing strongly to the conductivity ; they are 
from states with large spin-polarization and spin-orbit 
splitting. In ferromagnetics, these usually are the d- 
and f-electrons. The peak in Im o,, in figure 4 was 
attributed to the onset of transitions from the filled 
4f states to empty d-like conduction band states. 
This structure is more manifest in the magneto- 
optic spectrum than in the accompanying spectrum 
of the optical conductivity, Re a,,. 

3.2 SEMICONDUCTORS. - The first VUV modu- 
lation spectra on semiconductors were thermoreflec- 
tion measurements to 9 eV on several group IV and 
111-V semiconductors [43-451. These were compared 
and similar transitions identified, making use of the 
Phillips-Van Vechten spectroscopic model for bands 
of partly ionic semiconductors. These spectra should 
resemble wavelength derivative spectra, and where 
they overlap with wavelength derivative spectra 
made below 6 eV [46, 471, they do, except for more 
small structures being resolved in the latter. 

Schottky barrier electroreflectance measurements 
on Gap, GaAs and GaSb in the 5-30 eV region gave 
spectra rich in sharp structure [48-501. Below about 
20 eV these structures arise from transitions between 
the valence band and conduction band. Many could 
be identified from calculated bands as arising from 
critical points, but others remain unidentified. Repeat- 
ing these measurements under uniaxial stress could 
assist in the assignment. 

At about 20 eV the Ga 3d electrons can be excited 
to the conduction bands. The case of Gap is the 
simplest, for the transitions are to the X, conduction 
band minimum at threshold and do not overlap 
transitions to higher conduction band minima. The 
ARIR spectra were Kramers-Kronig analyzed to 
give Ae [51]. See figure 5. The A E ~  spectrum was 
decomposed into two spectra, identical in shape, 
but shifted and weighted by the expected effect of 
the spin-orbit interactior). This also gave the best 
least structure fit. The shape of one resulting compo- 
nent could be fit well (Fig. 5) by a theory of electro- 
reflectance via the Franz-Keldysh effect at an exciton- 
enhanced MO critical point with broadening [52-541. 
Estimates of the electric dipole matrix elements 
for transitions to r, X and L, along with knowledge 
of the line shape for the X transitions in Gap, were 
used to interpret the corresponding spectra in GaAs 
and GaSb. In GaAs, the transitions to are weak, 
but detectable. The transitions to L occur below those 
to X [55], meaning that the previous ordering of the 
X and L conduction band critical points had to be 
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FIG. 5. - Electroreflectance spectrum of Gap obtained at  two 
angles of incidence (top). Each was Kramers-Kronig analyzed to 
give the A&, spectrum shown in the center. Finally, this was decom- 
posed into two spin-orbit components, one of which was fitted to 

theory (bottom). (From Ref. [51].) 

incorrect [56]. (Subsequent resonant Raman scattering 
measurements [57] confirm this.) 

The line shape fit of the A&, spectrum for Gap 
gave a value of 160 meV for the core exciton binding 
energy and 160 meV for the broadening parameter. 
A comparison of XPS data with the electroreflec- 
tance data gave Ga 3d'core exciton binding energies 
of 170,90, and 90 meV for Gap, GaAs, and GaSb [58], 
respectively, considerably larger than the effective 
mass energies of 38, 16, and 16 meV. (Larger values 
of the core exciton binding energies have been obtained 
using other criteria [59].) 

The Gap spectra show no crystallographic aniso- 
tropy [51] which usually arises for valence band to 
conduction band ER spectra. The temperature depen- 
dence of the structures in Gap has also been measured 
and can be explained as arising solely from the tempe- 
rature dependence of the final states. High resolution 
reflectance measurements recently yielded, when diffe- 
rentiated, structures corresponding to those in 
figure 3 [61]. 

Thermomodulation and electromodulation measu- 
rements were made on the L,., edge of Si [62]. The 
latter yielded no spectrum, which result was inter- 
preted as arising from a core exciton binding energy 
of at least 300 meV, although a value of 40 meV 

had been used to fit the shape of the absorption 
edge [63]. The former yielded spectra which could be 
interpreted. It proved easier to measure energy 
derivative spectra at several temperatures rather 
than direct thermoreflection spectra. The spectra 
arose from the temperature dependence of the final 
states only. 

It is clear that modulation spectroscopy of core 
transitions can be used to learn a great deal about 
the conduction bands, for the core levels exhibit no 
dispersion. The problem is to find a technique that 
works for a given core level. The Ga 3d excitations 
do not occur strongly to final states localized on the 
group V atom. Attempts to measure ER spectra on 
GaAs in the region of the As 3d excitations failed 
because of low sample reflectivity at about 38 eV. 
A transmission method would be more appropriate. 

3.3 INSULATORS. - The first VUV modulation 
spectra obtained out on insulators were by electro- 
transmission on several alkali iodides, carried out 
to 8.2 eV by Menes [64, 651. The samples were thin 
films between semitransparent electrode films, and 
the field was longitudinal. Large signals due to the 
excitons were obtained. This was followed by thermo- 
reflectance measurements on MnS). COO and N i O  
to 8 eV [66]. The TR spectra revealed more structure 
than the reflectance spectra, except for MnO. They 
were used to assign temperature dependences to the 
structures found in the reflectance spectra. 

These were followed by thermoreflectance measure- 
ments on a number of alkali halides to 9 eV [67, 681. 
The spectra were collected into groups of structures 
with similar line shapes and temperature coefficients, 
for the spectra were measured at two temperatures, 
and these groups of structures were assigned to 
excitons at r, X and L. 

Wavelength modulation spectra on the Rb 4p 
core excitations in Rb-halides were taken at two 
temperatures using synchrotron radiation [64]. In the 
range 15-19 eV there are more than 10 sharp structures. 
These were interpreted with a crystal field model 
of cation core excitons. The high resolution obtained 
made a study of the temperature dependence of these 
transitions easier to carry out. 

Thermoreflection spectra were made to 30 eV on 
LiF, KC1 and several Rb-halides [70-721. The reflec- 
tance spectrum of LiF is quite simple, but inter- 
pretation has not been easy. Moreover, at about 
25 eV there is a peak in the electron energy loss 
function and the imaginary part of the dielectric func- 
tion which has been given a variety of interpretations, 
including the simultaneous excitation of two valence 
band excitons. The valence band exciton gives a 
A&, spectrum primarily due to the shift of the band 
edge with temperature (see Fig. 6). The A&, structure 
at about 22.2 eV, roughly twice the valence exciton 
energy, has a completely different shape, arising from 
the temperature dependence of the broadening, so it 
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energy loss function, A Im (- l/.$), is more compli- 
cated, but it can be decomposed into two structures. 
One, like the structure inSA&,, is broadened by tempe- 
rature. It is the longitudinal counterpart of the peak 
in A&, and represents a longitudinal exciton or group 
of interband transitions. The other, overlapping, 
structure has the appearance of a valence band plas- 

o mon, shifted in energy by thermal expansion. This 

-o,2Nm overlapping of a plasmon and a longitudinal interband 
excitation or exciton appears in other alkali halides 
as well, both longitudinal excitations falling at a 
gap or minimum in the interband transverse inter- 
band excitation spectrum [70]. 
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