[STITUTO NAZIONALE DI FISICA NUCLEARE

To be submitted to Laboratori Nazionali di Frascati
Riv. Nuovo Cimento

LNF-80/45(P)
30 Luglio 1981

(Revised Version 15 Luglio 1981

M, Piacentini:
MODULATION SPECTROSCOPY WITH SYNCHROTRON RADIATION.

Servizio Documentazione

dei Laboratori Nazionali di Frascati
o Doadola 122 Eenemall (Reamal




INFN - Laboratori Nazionali di Frascati
Servizio Documentazione

LNF-80/45(P)
30 Luglio 1980

(Revised Version 15 Luglio 1981)

M. Piacentini®: MODULATION SPECTROSCOPY WITH SYNCHROTRON RADIATION.

ABSTRACT

Modulation spectroscopy performed using synchrotron radiation as a light source in the vacuum
ultraviolet and soft x-rays regions has been reviewed critically, Particulat”emphasis was given to the
experiments performed on insulatdrs and metals; since semiconductors have been dealt with in detail by
other authors. For each experiment o gtoup of experiments, we tried to give a picture of the status of
the research before the experiment was perfomed,; and then to déscribe the new results. In some cases

they could enlighten some controversies, in other cases they opened new questions and new fields of
research,

1. - INTRODUCTION

The study of the optical properties of solids in the far ultraviolet and soft x-ray regions received a
steong push by the spread.and development of syrichrotron radiation facilities. The continuous and intense
nature of synchrotron radiation allowed studying with great accuracy a large variety of materials and the
discovery of the main phenomena dssociated with phctoabsorption(l). In. the lowest energy region, up to
about 20-25 eV, the excitation of the valence electrons still gives strong structures, while at higher
energies the core electrons also are excited. The absofption spectra of the core electrons extend several
tens or hundreds of eV beyond threshold with significant, but broad, structures, mostly originating from
atomic effects. Instead, rather sharp features appear within the first 10-15 eV beyond the threshold,
features associated with solid state excitationst interband transitions with critical point and density of
states structures, excitons, many-body effects. But even if "sharp", these fe&é’tures are rather broad,
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typically 0.5-1.0 eV wide, in comparison with the valence band features (usually of the otder of 0.01 eV).
Thus, in many cases a detailed and unambiguous interpretation of the spectra could not'be carried out in
spite of the large wealth of data accumulated.

In the quartz optic region (from infrared to ultraviolet), modulation spectroscopy has proven to be of
invaluable help for refining and improving our understanding of the electronic processes underlying the

optical spectra(z’z).

The reason stems from the simple fact that, by applying a small periodic
perturbation to a sample (for example, an electric field) and by measuring directly the induced change of
its optical properties, one is capable of enhancing weak structures, of resolving closely spaced
transitions, and of being sensitive only to some types of transitions that often are blurred in the strong
background of all other types of degenerate transitions. In addition, the proper choice of the external
perturbing field is important for extracting certain characteristics of the transitions.

The extension of modulation spectroscopy to the far ultraviolet was then looked forward to by
scientists, even if some skepticism about such a possibility was widespread. In fact, the feeling was that
the broadening due to the shorter lifetimes of the excited states would tend to wash out any structure
and make modulation spectroscopy unimportant at higher energies. Only with the recent advent of
storage rings as stable sources™"’, modulation spectroscopy was attempted in the far ultraviolet, above 10
eV. The first results were striking and promising. In fact, the thermoreflectance spectrum of gold,
measured by Piacentini et al,(s’é) showed severdl sharp structures, up to about 35 eV, The width of these
structures was limited by the monochromator resslution of 0,1 eV, In the same region the reflectivity of
zold is rather smooth, the only significant feature being a & eV wide peak at 22 eV,

The full potentiality of. modulation $pectroscopy was thus extended also to the synchrotron radiation
spectral range. Since then, it has become a routinhe technique and already it has given a great deal of new
information on the photoabsorption processes in seveéral classes of materials. In some cases it helped to
discriminate between different interpretations given to the same spectral feature; in other cases it
opened new-questions,

Modulation spectroscopy with synchrotton radidtion has been reviewed recently by A:spnes(7), who
stressed the applications to semiconductors, ‘Lynch(g"9) reported the results obtained with the modulation
technique as a contribution to the more general field of synchrotron radiation spectroscopy. In this paper
we shall review the main results obtained by modulation spectroscopy expecially on insulators and
metals. We shall try to give a picture of the general understanding of the electronic properties of the
investigated materials when the modulation experiment was performed, and then we shall discuss the new
contributions and the studies that have heen stimulated. This review will deal only with proper
modulation experiments, i.e. with those in which one of the parameters defining the state of the sample,
such as the temperature or an external field, is periodically changed. "Differential" spectra are available
from the literature too, spectra that have.been obtained by subtracting from each other the spectra
measured on samples under different conditions, for example, at different tempera’tuwres‘(m). In these
very last years another form of "differential" spectra have been reported: they are first and second-
energy (or wavelength) derivatives calculated numerically from very precise transmission or reflectivity
spectra’ "', Sirce both types of spectra are derived off-line from the experiment and serve only to

enhance weak structures already present in the direct measurements, they will be not considered in this
review,



2. - EXPERIMENTAL

Modulation spectroscopy is a well khown tecf1nique(2"3) and we shall not enter into the details here,

except for those developments required for working in the far ultraviolet. Let us recall briefly some
consideratisns oh the opti¢al constants of solids(lz’n), with the main purpése of introducing the
nomenclature to be used later on.

The response of a medium to an éxternal electromagnetic wave of angular frequency w can be
described by its complex dielectric function % ()= &, (@)+i ez(a)). The knowledge of ¥ (o) allows one to
obtain all the other optical constants of the medium according to Table I,

_TABLE I
Optical constants of an isotropic medium and their relations. @ and A correspond to the angular frequency
and the Wivelength of the radiation respectively; q is the excitation transferred momentum ; is the
angle of inéidence of the radiation, that can be linearly polarized either parallel (s) or perpendicular  (p)

to the plane of incidence; d is the thickness of the sample.
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(x) - Complex; (+)-Real; (o) - The electron energy logs function found in texbooks c¢orresponds to
- .??(w,g) defined here; (%) - The expression for transmigsion reported here neglects multiple re-
flections inside the sample,

The real and the imaginary parts of ¥ (@) are connected with each other by the Kramers-Kronig
relations:
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and thie knowledge of either one (over the entire spectral range) allows the calculation of the other, The
same holds also for the real and imaginary parts of the other complex optical constants listed in Table 1.
Thus, from the measurement of one of the optical constants, in principle all the others can be derived.

sz(w) is related t6 the microscopic properties of the medium and represents the probability that a
photon of frequency w is absorbed in the medium by exciting an electron to an empty state:
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where the integration is over the entire Brillouin zone and the sum extends over all. valence and

conduction bands.
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crystal
volume

is the {(momentum) transition matrix element between an occupied valence state wv(_[g, 1) and an empty
conduction state Y (k, £). e is the unitary polarization vector of the radiation.

It is straightforward to realize that & 2(m) depends not only on the photon frequency, but also on the
state of the medium: €,= ez(co,T,F,...), where T represents the temperature, and F an external applied
field (electric, magnetic, stress,...). Modulation spectroscopy consists of changing periodically one of
those parameters and in measuring directly the variation Al of the optical response [ of the medium,
where 1 is either the reflectivity R or the transmission T of the medium. Since the Kramers-Kronig
relations are valid also for the variation of the optical constants, usually, from the knowledge of Al/I, it
is possible to derive the variation, 4%, of the dielectric function. In the limit of very small modulating
amplitudes, the derivative of § with respect to the modulating parameter is medsured directly.

Several modulation techniques, according to the parameter that one wants to change, have been
developed in the quartz optic region 2’3), and most of them can be applied in the far ultraviolet as well,
A sensitivity better than 10'4 can be easily achieved. In Table II we summarize the various modulation
techniques and the materials that, to our knowledge, have been studied with synchrotron radiation
modulation spectroscopy. .

TABLE It

Materials studied with the different modulation techniques uging syn-
chrotron radiation. The last two methods are not proper modulation
experiments, since intheir case no parameter of the sample is chan-
ged, and thus they are not reviewed in this paper.

Insulators Metals Semiconductors

Thermo- alkali Nobel metals 51
modulation halides Transition metals

Alloys
Electric field ni-v, si
modulation
Magnetic field Gd, Ni
modulation
Stress
modulation
Composition Alloys
modulation Adsorbates on

metal surfaces w
Wavelength alkali
modulation halides
Energy or yes yes yes
wavelength
derivative




A few comments are necessary. Although synchrotron radiation from electron-synchrotrons has been
used since 1966 for solid state spectroscopy L4 , the discontinuous operating method-of these machines
resulted in very unstable sources that prevented the development of modulation spectroscopy beyond the
LiF cutoff, Only storage rings, where the electrons orbit at a constant energy for several hours inside the
vacuum chamber; provide a sufficiently stable source of vacuum ultraviolet radiation to make modulation
spectroscopy feasable. The necessity of keeping the radiation path in a vacuum enviroment does not
allow some modulation techniques that are applied succesfully below 6 eV, such as electrolyte
electroreflectarice, or hydrostatic pressure modulation. At very high energies, far above the plasma
frequency of materials, the reflectivity drops to very small values, less than 1%. In such a case, Al may
become of the order of, or smaller than the noise. Aspnes et al.(1 5) have shown that, by working at an
angle of incidence near the critical angle for total external reflection (if n ¢ 1), the best conditions for
signal-to-noise ratio are obtained and high resolution modulation spectra can be measured. Another way
to overcome this difficulty is to work in transmission on self supported thin films, following a technique
developed by Rosei et al.,(lé'). This method has the advantage that, at high energies, since n» 1,-AT/T is
proportional directly to Aez.

Piacentini et al. 17) used a digital lock-in system at very low modulation frequencies, ~ 0.1 Hz,
schematically shown in Fig. 1. The photomultiplier was operated in the analog mode and the signal
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FIG, 1 - Diagram showing the low-frequency digital lock-in detection system
used by Piacentini et al. (ref. 17) for thermoreflectance measurements.



amplitude was voltage-to-frequency converted and then fed into two gated counters. The gate, taken
from the modulating field signal and properly phase-shifted, inhibited either counter according to the
condition of field "on" or "off", After a pre-fixed number of modulating cycles, the ratio between the
difference and the sum of the two counters gave the signal 2x Al/1, This technique, which substituted for
a conventional analog lock-in, can be applied easily to the photon counting detection method.

3. - INSULATORS

3.1, - LiF

LiF is the material with the widest energy gap and is commonly used as a window between discharge
vacuum ultraviolet sources and the experimental equipment. Only with the advent of synchrotron
radiation could its optical properties (reflectivity and-or absorption) be measured reliably with high
resolution through all the valence(lo’lg) as well as the Li’ls core excitation regions, up to about 200

ev(l9’20). Previously, the use of conventional s;ources(ZI”zz), as well ‘as electron energy loss
experiments(za’za’z”, allowed only a rough and controversial knowledge of the electronic transitions in
LiF.

From the theoretical point of view, LiF has the simplest electronic configuration of all the alkali
halides. For this reason, it has been the subject of several theoretical investigations, performed mainly
for the purpose of testing different approaches to the Hartree-Fock method for calculating the electron
energy bands of insulators. Thus, several energy band schemes are available for Li.F(26_‘32), but their
agreement with each other and with experiment is not very good. As a matter of fact, the Hartree~Fock
calculations - performed for the system in its ground state - yield enérgy differences between bands that
are too large compared with experiment. By including correlation corrections, that account for the
effects due to the electronic relaxation, polarization and electron-hole interaction in the excited crystal,
the Hartree-Fock conduction and valence bands shift almost rigidly towards each oth<er'(27’30’32) « In this
way the calculated energy of the fundamental gap is in good agreement with the experimental one, but
the same does not occur for higher energy valence band thresholds. These corrections are not the same
for the various core levels and are very difficult to calculate(zg’zo) . Any consequent intetpretation of
the core spectra could not be considered conclusive due to the nature of the approximations. that were
used, Finally, the broad, experimental €, peak at 21.7 eV(Zl) was missing in the ‘spec'tru'rn of &y
calculated by Mickish et al.(ao) and was inté:\rpreted.usr.ing a rmultiple-excitation model(Bo’”).

In the last few years photoemission, electron energy loss measurements at different values of the
transferred momentum, and thermoreflectance measurements have given new insight on the above
problems. By means of photoemission, in conjuction with optical spectra, the excitation threshold for the

Li'ls state was determined accurately(zo’ju)

- The electron energy loss experiments helped to identify
unequivocably some dié)ole-forbidden transitions, that become allowed for increasing values of thg
transferred momentum 3 5). Thermoreflectance experiments allowed the discrimination between one-
electron and multiple~electron excitations, the resolution of new structures, and led to the appearence of
new problems(l7’36’37).

The first prominent absorption structure in LiF is a rather sharp peak at 12.6 eV (see Fig. 2), curren-
tly interpreted as the first line of an exciton series converging to the fundamental gap 1115 e
1’1(10’18’21). The absorption line shape was reproduced by Piacentinﬁos), who used the Wannier model

for excitons, modified to allow central cell corrections for both the energy and the oscillator strength of
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the localized n=1 exciton state. He found that the 12,6 eV peak corresponds to the n=! state with a
binding energy of 1.5 1 0.2 eV. The higher excited states, converging to the fundamental pap, and the
continuum generate the following weak, broad ¢, structure peaking at about 15 eV. The band gap was
located at 14.2 £0.2 eV and the exciton effective Rydberg was found of 1.0 eV,
_—r (30)
Mickish et al.

exciton wavefunction is formed mostly from states associated with a strong feature in the conduction

s Instead, used the localized formalism for the exciton series. They found that the

band density of states, arising near the Brillouin zone boundary (L states), about 3 eV above the
conduction band minimum. Only the n=1 line lies in the forbidden gap with an apparent binding energy of
1.8 eV, because of the strong electron-hole interaction., All the other states lie above the fundamental
threshold and converge to the L point density of states structure at 17 eV. In such a way, the
experimental broad structure at 15 eV, lying in a region where the (:a.lculated(3 0 spectrum of €5 is flat,
was explained,

The thermoreflectance spectrum by Piacentini et al.(n’%) around the fundamental gap, as well as
the thermo-modulated optical constants Ael, A.‘sz and A,sz that have been derived from AR/R,
could be fit very well using the same equations as those used by Pia.centini(jg) to describe the absorption
spectrum, with the same parameters for the exciton series, as shown in Fig. 3. The main contribution to
the thermomodulation spectra was found to arise from a small shift to higher energies of the band gap
for decreasing temperatures, in agreement with the measurements at different temperatures of
Watanabe et al. and of Rao et al.,(lo). The variation of the line width with temperature gave only a
very small contribution to the total line shape. The consistency of the fit of different experiments with
the same parameters supports the modified Wannier model proposed by Piacentimi(:”;) for the LiF
fundamental excitons., This model has been confirmed recently by Zunger and Freeman(”), who obtained
the excitation energies of LiF as differences between separately calculated ground and excited state
configurations of a locally excited atom, viewed as a point defect placed at the center of a large unit
cell. They found that the exciton series would converge to the botton of the conduction band. Similar
conclusions where reached also by Fields et al.(35) from the analysis of the dispersion of the fundamental
exciton as a function of the transferred momentum obtained with electron energy loss experiments,

Besides supporting the correct interpretation of the LiF fundamernital exciton region, the
thermoreflectance measurements gave a new contribution. In fact, Piacentini et al.“]), from the
(40) in the formulation proposed by Sumiml), found that
the exciton self-energy in the phonon field could be a significant fraction, as large as 30%, of the exciton
binding energy,

exciton-phonon interaction theory of Toyozawa

The assignment of the next (and last) prominent valence band structure at 21.7 eV in the €y
spectrum of LiF to a particular transition or to a joint density of states peak is very hard, since in this
region energy band calculations differ from each other. Modulation spectroscopy seems to be of little
help for this purpose. But it has been very succesfull in clearing up a different interprétation based on
multiple-electron excitations, and to clarify the interpretation of the electron energy loss spectra.

According to Miyakawa(QZ) and to Devreese et '&11.(33)’ the &, structure at 21.7 &V, as well as the
electron energy loss peak at 25 eV, are due to the simultaneous creation of two excitons, In particular,
the theory by Devreese et al.(33), based on the electronic polaron model, ptedicts resonant states with a
peak energy, a line shape and an oscillator strength that are in fairly good adgreement with the
experimental absorption and electron energy loss spectra, not only of LiF, but also of several other alkali
halides, The ¢, spectrum of LiF, calculated by Mickish et al.(BO) in the one-electron approximation, is
structureless between 20 and 25 eV, in support of this interpretation, as shown in Fig. 2d.

The thermomodulation spectrum of ¥ showed a strong feature at 22.2 eV, corresponding to the €y
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peak at 21.7 ev(17,36)

. Unlike the fundamental exciton at 12.6 eV, its lineshape could be fit by
considering only a modulation of the line width without any shift of the peak energy (see Fig. 3). As long
as no detailed calculation on the temperature dependence of the double excitation is performed, one
should expect a shift of the energy of the resonance of the same order as that of the fundamental
exciton, but this-was not the experimental result.

The longitudinal counterpart of the &, structure at 22.2 eV occurs at 25 eV in the
thermomodulation electron energy loss spectrum, as indicated in the fit shown in Fig. 3d. This structure
overlaps a second feature at 24.5 eV that has not a transverse counterpart. This second feature has the
characteristic line shape of a peak shifting to higher energies with decreasing temperature. Piacentini et
al.(%) assigned the 24.5 eV structure to the modulation of the valence-band plasmon due to a change of
the electron density. This mechanism gives also a positive background to the Ael function, that is
actually observed(n’a‘s). This degeneracy of the longitudinal one-electron structure with the plasmon
peak clearly shown by the thermomodulation spectra, accounts for and settles the controversy between
the interpretations of the electron energy loss experiments(”’zq’zs), but it opens a new question on the
co-existence of the two mechanisms. Such a degeneracy seems to be a feature common to several other
atkali halides, as has been found by measuring their therrr\orezflectiviti«es(36). In their cases the interband
transitions contribute with a multiplet structure degenerate with the plasmon feature,

The interpretation of the Li'ls excitations between 50 and 75 eV, shown in Fig. 4, has been another

subject of controversy. At the beginning the most prominent peaks in this region were attributed to
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exciton formation, in analogy with the fundamental absorption spec:trumma’w)m In particular, the strong
peak at 61.9 eV, present in all the Li halides at almost the same energy, was assigned to the Lit atomic-
like transition Is — 2p. Later, a good correspondance between the experimental structurés and the
calculated density of states of the conduction bands was found not only in LiF but alsc in the other Li
halides and the absorption spectrum was interpreted only in terms of ore-electror tran-
sitions(19’28’29'45). The calculated absorption threshold, associated with the bottom of the conduction
band of Li* s-like symmetry, was found around 54 e\/(28’29). The calculated density of states was small
and the oscillator strength was weak up to a Tirst, strong p-like peak at about 63 eV, that was associated
with the absorption peak at 61.9 ev(28,29,u5). Accurate absorption measurements performed by



Sonntag(‘lf;) showed weak features starting at 54 eV, in support to such an assignment.

By adding the fundamental optical gap to the Li*ls binding energy relative to the top of the valence
bands, as measured by photoemission, Gudat et al, 20 determined experimentally the onset of the core to
conduction band transitions at 63.8 eV, in the deep absorption minimum following the most prominent

peak at 61.9 ¢V, This proc‘edure is represented in Fig. 5. All the structures below threshold consequently
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were excitonic, The 54 eV weak threshold observed by Sonn*tag(”) was assigned to the dipole fotbidden
Li*1s - 25 transition, with a strong electron-hole interaction, and the strong 61.9 eV peak with the Li*ls -
2p transition. Similar conclusions were reached by Pantelides and Brown(%). In electron energy loss
experiments, when the transferred momentum g is large, the "optical” dipole selection rules are relaxed
and "forbidden" transitions become allowed. Fields et al, found a growing structure for increasing g
around 35 eV, in correspondence of the forbidden F~ 2s threshold. Instead, they did not find any structure
between 50 and 60 eV, where the forbidden exciton should occur. But the weak shoulder at 61 eV, on the
low ‘energy side of the main peak at 61.9 eV, showed the proper behavior of a forbidden transition and
thus it was identified as the Li' s - 25 atomic transition. It is worth noting that the energies of the Li*
free ion 1s - 2s and 15 - 2p tranlsi‘tions(%‘) are close to the 61-62 eV features in LiF.

Olson and Lynch(37) gave new insight to this quite ambiguous situation performing thermotrans-
mission experiments on LiF between 50 and 72 eV at several temperatures between 20 and 300 K. The
300 K spectrum is shown in Fig. #. The strongest structure corresponded to the 61.9 eV exciton peak. The
thermotransmission line shape was accounted for by a shift of the exciton to higher energies upon
cooling, with a small contribution from the modulation of the line width. The core exciton temperature
coefficient & Eip/ 3T is almost the same as that of the fundamental exciton., On the low energy side of
the exciton feature, a weaker structure is well resolved. Its line shape suggests an increase of the
oscillator strength of the associated transition with increasing temperature. Olson and Lynch(37), in
agreement with Fields et al.(zml, assigned the 61 eV structure to the Li*1s - 2s transition. The atomic
dipole-forbidden transition becormes allowed in the solid because of the coupling with odd~parity phonons.
This effect increases with temperature and so does the oscillator strength. In support of the above
assignment, also the thermotransmission experiment did not give any structure below the exciton peaks,
where the transmission measurements by Sonntag(”) showed weak features. Superimposed on the main
feature of the allowed exciton, Olson and Lynch 37)‘res‘olved a very weak, negative peak, similar to the
forbidden exciton, that was interpreted as the n=?2 line of the 1s - 2s exciton series. Applying the Wannier

model to the exciton series, the interband gap was calculated to be 62.5 eV, in good agreement with that
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determined by Gudat et al.(zo) and by Pantelides and ESro»wn(Em). Much weaker structures are present in
the thermotransmission spectra at higher energies, of difficult assignment, In particular, at 70 eV a
feature, similar to that at 22 eV already discussed, was aﬁsociated by Olson and Lync}h(w) to interband
transitions, probably to the L3 conduction final states, in agreement with the energy barid calculation by
Zunger and Freeman(‘w). Also for the structure at 70 eV, the electron-polaron model progosed by
Devreese et al.(3 ) does not seem to be responsible for the observed feature,

3,2, - Other Alkali Halides

Thermoreflectance measurements have been performed on KCl and the Rb halides approximately

between 10 and 30 eV by Piacentini(3 6,47)

« All these compounds have a core threshold associated with
the K* 3p or Rb* hp states in the 17-20 eV region(us"s 2). Up to about 15 eV the &, spectra originate
from the excitation of the valence electrons and show a strong peak, similar to the one at 22 eV already
discussed for LiF. The temperature modulation of this region allowed Piacentini et al.(%') to generalize
the LiF result, that in the electron energy loss spectra the plasmon is almost degenerate with sevetal
structures due to interband transitions.

In the Rb halides five well separated peaks occur between 15 and 19 ev(5 0-5 2). Their enérgies do
not change much upon changing the halogen ion. Their interpretation as atomic-like transitions of the
type 4p6-~l;p55s and ap‘;- l&p54d localized on the Rb* ion is almost straightforward, since the free ion also
shows the same features at approximately the same nenelrgies(%). A similar situation is encountered in
KCI(49’5 0) between 17 and 22 eV and its discussion follows the same scheme. By using the ligand field
theory, including Coulomb and spin-orbit interactions, Satoko and Su-ganoU 3) calculated the energies and
the oscillator strengths of the Rb* transitions t;p6 = 4p555 and 4[:6" - l&p"slﬁd modified and split by the
cubic field. The Rb* ion has been treated as a deep impurity. The five strongest lines of the nine possible
transitions fitted the five absorption structures observed at 77 K by Watanabe et al.(so). However, the
theory predicts at least a sixth strong line (for istance the line labelled I i Fig. 6a), not observed
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experimentally, and it does not predict the correct temperature dependence of the exciton lines(53)

Zierau and SkxboWskn 52) performed wavelengh-modulated experiments at 8 K on the Rb halides, and
observed some new featurées lying between the exciton peaks, labelled x'y x, and y in Fig. 6c, t that did not
cortespond to any of the other lines predicted by the ligand field model. The new structures were
interpreted either as the onset of the continuum transitions, or as possible excited states of the excitons,
or as bu:)tlh(sz’5 4). The higher sensitivity offered by the thermoreflectance technique allowed
Placentmx(l‘m to resolve at 200 K some of the new structures found by Zierau and Skibowskl( 52) at 8 K.
Nevertheless the missing lines were not found (cfr. Fig. 6). A tentative separation of the A82 spectrum
of RbBr into the single lines(w), suggested that the lowest and the highest energy exciton lines, that are
well separated from the others, follow the temperature dependence that can be inferred from the
absorption spectra measured at different temperatures, i.e. a main contribution from the thermal shift of
the energy of the peak and a smaller contribution from the variation of the width. Instead, for the other
lines, the line shape corresponds either to a modulation of the line width or to a modulation of the exciton
oscillator strenght. Pnacentlmw') suggested that exciton-phonon interaction in this case tend to scatter
the exitons between each other and to mix the various spectroscopic terms of the ligand field theory. In
such a case, different energies and oscillator strenghts can be expected from the ligand field model.

By analogy with the LiF thermomodulation line shape around the fundamental threshold, the
_fonization continuum threshold was also determined for KC1 and the Rb halldes(lﬂ)

and indicated by the
arrows in Fig. 7, that refers to the thermoreflectance spectrum of KC1(5 5

. The threshold energy of 21.8
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eV for the 3Lp3 /z-conduction ba:r;;)transition in KCl determined in this way is in good agreement with
that determined by Pantelides™ ’, who added the fundamental gap to the K* 3p binding energy as
measured in photoemission. In addition, the thermoreflectance spectra clearly display the spin orbit
splitting of 0.9 eV for the Rb* 4p states and of 0.3 eV for the K" 3p states, in agreement with the free
ion value':s;(%).{ Finally, it must be noted that the temperature coefficient of the core excitons need not
be the same as that of the fundamental gap. Instead, the temperature coefficient of the cote threshold
for the metal ion has opposite sign with respect to that of the fundamental gap, because of the different

cmté(:bu)hon i the Madelung potential to the energy of the valence bands with respect to the alkali core
LY4
state

4 - METALS
The vacuurm ultraviolet absorption or reflectivity spectra of most metals(l’j §,59) show broad

structures, associated with either density of states features involving a large volume of the Brillouin
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zone, or with the effects due to the atomic-like transition matrix element. Only at the absorption
thresholds of core transitions and at very low temperatures sharp structures occur, expecially in the case
of light metals. The type of modulation that can be applied most. readily to metals is therrnomodulation
and, from the above considerations, it is not expected to give significant new contributions. Indeed, such

has been the case for molybdenum(6o)

up to about 35-eV. Instead, all the other metals investi-
(5,6,61,62,63)

gated have shown very sharp and strong features, the interpretation of which in many cases
has posed new questions, rather than answering old ones.

In spite of the smooth reflectivity, the thermoreflectance spectrum of gold revealed several new

sharp features between 10 and 30 eV,(5’6) as shown in Fig. 8. Olson. et al, 6‘ assigned these structures to
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critical point transitions mostly connecting the Au -d bands with high-lying conduction states, The

assignment was based on the energy band calculation by Connolly and Johnsor, 64)

but an empirical shift
of some tenths of eV was applied to some of the calculated final states in order to bring into agreement
the theoretical and experimental transition energies. By comparing the thermoreflectance spectrum with
first and second energy derivatives of the reflectivity, Olson et al.(6) found thermal brc»adeﬁ\ing'; to be. the
main source of the measured signals. The broad features between 28 and 35 eV were assigned to the
.-temperature modulation of the two plasmon peaks observed in the electron energy loss spectra of Au at

25.8 and 32.6 ev{6?,

A strong interest developed later for the region between 18 and 25 eV, where the reflectivity, as
well as &y Shows only a broad peak, some 6 eV wide. Such a peak can be reproduced with an atomic
calculation of the photoabsorption cross section of the Au 5d stan:es(ss) even with a simplified free-
electron final state model(67). This result seems to support the widespread believe that , far away from
the Fermi surface, the joint density of states becomes smooth and almost structureless, converging to
the free electron situation. The work by Piacentini et al.(5 6) has shown clearly that critical point
transitions contribute significantly to the optical spectra even at high energies. In addition, for the first
time, energy band calculations were subjected to a test far from the Fermi energy. In fact, the three
strong structures at 19.9, 21.2 and 22.6 eV in the thermoreflectance spectrum of Fig. 8 were assigned by

Olson et al.'® 1o MO critical point transitions beginning in the spin-orbit and crystal-field split d states
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at I’ and terminating at an f-like F; conduction state, The discrepancy of about 1.3 eV between the
theoretical and the experimental positicn of the F; level with respect to the Fermi energy,E;,was of
minor concern and implicitly was attributed to the inaccuracy of the theory in calculating energles so far
(about 16 eV) from Er. Instead, the d to f-like state transitions account well for the strength of the
critical point transitions as well as of the broad ¢, peak at 21 eV,

By means of constant initial state photoelectron spectroscopy, Hermanson et al.(68) found a peak at
15-16 eV above Ep in the tonduction band density of states, almost at the predicted energy, invalidating
the assumption of raising the fina! state 1".; by 1.3 eV. 1Piacentini(u7) reanalyzed the thermoreflectance
spectra, obtaining by Kramers Kronig transforms the spectra of Ae 1 and 4ds 2> He showed that only the
first two structures at 19.9 and 21.2 eV dominate the A_ez spectrum in the 18-25 eV region, and that the
corresponding transitions occur at points of the Brillouin zone other than I According to the new band
structure calculation by Christensen(ss'), large regions of the Brillouin zone contribute to the total
density of states in this energy range, probably with several, almost degenerate critical point transitions.
Recently, Olson et al.(el) were able to resolve several new structures between 18 and 25 eV by means of
thermotransmission measurements on unsupported Au films at 52 K, as shown in the upper curve of Fig.
9. In an attempt to assign them, they used a band-fitting procedure to the bands by Christensen 69 and

FIG. 9 - Thermotransmission spectra (4T/T=-dAp) for Au, Ag,
Pd and Cu,and for - Ay for Pt. The latter was obtained by a
Kramers Kronig analysis of the thermoreflectance spectrum.
The ambient temperatures are 52K for Au and about 200K for
the other metals. AT/T is in arbitrary units and the magni-

tudes of two spectra cannot be compared {after ref. 61). Lo e g L T
0 [ 20 25 30 5
ENERGY (eV)

found over 40 critical point transitions along the symmetry lines A and 2 and the points I' and L in this
enérgy region. The identification became almost impossible. The strength of the thermotransmission
structures was attributed to the degeneracy of several transitions. This interpretation did not require a
shift of the final states, as it was suggested originally by Piacentini et al.(j’s). However, recent
photoemission measurements indicate that experimentally determined bands lie at higher energies than
the calculated ones, the discrepancy increasing as the bands lie further from the Fermi surface(m).
Olson et al.(sl) measured also the thermotransmission of unsupported films of Ag, Pd and Cu, and

the thermoreflectance of Pt at about 200 K, that are shown in Fig. 9. All these metals show strong
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structures, which actually are multiplets, that correspond to the Au "d-to-f" transitions between 18 and
25 eV, General trends of these transitions have been determined, that support the previous interpretation
for Au, and the analyses was based on available band structure calculations as well as on photoemission
data. An Interesting point is about the very narrow width (less than 0.1 eV) of the structures, which is in
contradiction with the measurements of | to 2 eV performed by Knapp et al.(ﬂ) in going from 10 to 20
eV above EF along the Al free electron-like band of Cu. This difference, even if not yet thoroughly
understood, was attributed to a possible selection rule in the decay via electron-electron scattering for f
electrons.

The importance of the localized f-like character of the final states for the transitions at 19.9 and
21.2 eV suggested by Olson et al. 6) is now fully recognized. Further support was given by the reflectivity
and composition-modulated reflectivity measurements performed between 18 and 35 eV by Beaglehole et
al. on Au-Cu alloys(n’n’m). The gold spectrum was found to be rather insensitive to alloying with Cu,
and this was taken as evidence for localized 5f final states in the case of gold.

With the composition modulation technique, Beaglehole et a.l.(72) measured also the optical
properties of surface films, i.e. of Cu covered -with a layer of Pb or Au (25 l: and 2.5 /“: thick
respectively), prepared in situ, using clean Cu as reference. In both cases the bulk properties of the
covering metal could explain the surface layer spectra, but some discrepancies, probably due to the
interaction with the Cu substrate, have been observed.

The composition modulation technique has been used also by Cunningham et al.(””?,é’) to study the
spectra of adsorbates on metals and oxide surfaces. They could achieve a sensitivity as low as 0.02
monolayer coverage of rare gases on substrate surfaces. For high coverages the differential spectra
reserbled those of the bulk spectra of the adsorbate species. Instead, for low coverages, two different
behaviours were found. In some cases either the ground or the excited state switched to a new
configuration and the spectra changed dramatically. Otherwise, only the local chemistry influenced the

spectra. (see Fig, 10).
2 ﬁv{l?)
4N
s I VU O N N |
o] 386 81012191618 3 o e ™ ~-;;1
H Fole

: ¥
= K]
e £
5 : i
5 5 ‘
] < -
o «?’ - "’y)" L] ol P p— o
2 2 N 4
€ o} ;L—"“' . R
5 —’OP [ 8 ° /E( 7%
b F 1,95 4 o0 i .
z 3 X mmer 19
Z s it e85 s -
k! *
H] & ol ~..~v\..-~w.,, <, 3t // ) *
3 3 0.8t /
[ 5 7 s
K] G Vot dy bt 2} /
2 ] ., ot ,
: ¥ e oz i .
o . s 1
H . 4 ,
* N .
2t e tor ,r/
. / €T
L 1 L L ! ¢ I & : n 1
8 10 12 1“4 16 I8 20 -
Nw{eV) Tw eV P lev)

FIG. 10 - a) Fractional reflectivity changes observed for Xe on MgO substrates with p-polarized
Tight {coverages indicated in monolayers). JThe data are normalized to show the effect per
adsorbed atom. The lowest curve is for 130 A of MgO on Au and the remainder are for 220 A of
MgO on Au. The sensisivity is photon limited beyond 9 eV with the filter, grating, and sburce
used. (after ref. 75). b) Fractional reflectivity changes in p-polarization for Kr on Au at the
coverages indicated (data normalized as in a). Analogous data for Ar on Au are shown in the
inset, twice enlarged. (after ref. 75). ¢) Cases of persistent excitation are marked by open
circles and ionic cases by full circles. The role of the excited state ionization potential 1" and
the work function ¢ are clearly displayed. (after ref. 76).
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Olson and Lynch measuréd the thermotransmission of the Al L2 3(62)
e

and Ni M2,3(63) absorption
spectra.

The one-electron density of states just above Ep is obscuted at the absorption edges of both metals
by atomiic effects in the case of Ni(5 9’7/), and by many body effects in the case of Al(59’7‘8). Thus,
mechanisms other than a therrnal shift or a broadening of the structures associated with critical point or
to Fetmi surface transitions must underlie the strong thermomodulation signals.

Considerable controversy exists on whether many body interactions affect the K and L absotption
and emission thresholds of the light metals Li, Na, Mg, and Al This subject has been réviewed and
reanalyzed in detail very receritly by Citrin et al. 78) and we shall refer to their paper for a complete list
of references. From their analysis, these authors concluded that many body effects, desctibed properly
by the Mahan-Nozieres-De Dominicis theory(m’go)

, givé significant contributions to the x-ray edges of
the light metals.. Olson and Lynch(62)

have showri By means of a line shape fitting of the
thérmotransmission medsurement, that the broadening of the Fermi function is the dominarit mechanism
for the temperature dependence of the edge. But the region near the spike could not be fit well and
several mechanisms were discussed as responsible for the discrepancy. Some could be ruled out easily -
for instance, a temperature shift of the edge may give the correct contribution to the line shape, but it
requires a shift three orders of magnitude higher than the one that might actually occur - but for the
,others the question is left open.

(77,81,82)

The Mza absorption threshold of metallic Ni is interpreted in terms of the atomic-like
1] 1 9

transition 3p 3d"- 3p‘53dw, which is degenerate and interferes with the continuum of the 3p63d9~

3p63d861E tralnsitions(n’g""gu). The lineshape has the well known Fano resonance structure(85 ):
(E) s )2 %)
W(E) = p_smsmmmse | 4
0 ( + 8)‘2

Here u is the absorption coefficient for the unperturbed continuum, &= (E-E(p - FX I’/Z)"l is the
reduced energy ( I' is the line width parameter, Eq5 is the energy of the discrete level and F is its self-
energy due to the interaction) and q is the interference parameter between the discrete line and the
continuurn. The experimental value of q determined from the fit was a factor 2-2.5 times smaller than
the theoretical one, This discrepancy is not yet understood and is attributed to possible solid state
effects. Composition modulation experiments were petformed by Gudat and Kunz(86) on a Cu-Ni 1:1
alloy versus a sandwich film containing both constituents on top of each other. Within the experimental
accuracy no difference could be detected; showing that in the alloy both atoms behave independently
from each other, in support to the atomic picture. Instead, in the case of Ni-Al alloys, a remarkable
difference could be observed around both the Al L, , and the Ni M edges(86’87’88). The comparison

2 (77,39)
spectra are sufficiently similar to favor the atomic mechanism, but differences must be attributed to
solid state effects. Thus, the role of solid state effects on the M2,3 absorption threshold of Ni is not yet
understood.

between the Ni thresholds measured in the metal and in the vapor is of little help, since the two

. The thermotransmission measurement by Olson and Lynch(Gl)

, displayed in Fig. 11, showed that the
M2,3 edge of Ni depends strongly on temperature, which is indeed a solid state effect. The experimental
spectrum could be fit by the temperature derivative of the Fano line shape eq. (3), using the parameters
known .from static measurements. The dependence from temperature of the structure enters through the
reduced energy ¢ and the interference parameter q. Both terms depend from a common microscopic
parameter, the square of the interaction matrix element between the discrete line and the continuum, In

addition to it, the strongest temperature dependence of & was found to originate from the resonance
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FIG. 11 - Optical density and thermotransmission at
300K for Ni in the region of the M, , edges. The dots
are a fit to the temperature derivdtive of the Fano
line shape, representing the M, edge only, for q=0.9,
T'=2.0 eV. The plot is ~(0.6 du/dg + L4 du/ds) in
arbitrary units. The coefficients 0.6 and L. represent
the temperature derivatives of q and & , réspectively.
. 2 (Note that for I1:2.0 eV, one unit in ¢ corresponds 1o
60 65 70 1.0 eV). (after ref.63),
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energy E_ - F. It is not clear why these atomic parameters should be so sensitive to temperature.
P (90} (90,91) )
and Gd . In the case
the purpose of the research has been to pin-point the absorption threshold of the localized 4£

P/ U

Magneto-optical measurements have been performed by Erskine on Ni
of 62091
electrons., The 4f states can be excited to either 5d final states or to g states. The former have a smaller,
but more co(r;c;c;ntrated oscillator strength and generate a broad bump in the conductivity of Gd between
5and Il eV

at threshold it is very weak, XPS measurements

. The oscillator strength of the latter is spread and delayed over a wide energy range and
3) yield a binding energy for the 4f states of about 8 eV,
which sets the excitation threshold at energies too high with respect to the conductivity feature. On the

other hand, an analysis of the sum rules performed on the conductivity spectrum séts the threshold at 6.1
eV(91’92). 4f electrons are strongly spin polarized, and should give strong magneto-optical signals(%).
The magneto-optical spectra were obtained by measuring, at several angles of incidence, the reflectivity

of p-polarized radiation from a sample magnetized in the surface plane and perpéndicular to the plane of

(90,91)

incidence . A change of the reflected intensity occurs upon magnetization reversal because of the

different absorption of left and right circularly polarized light. This different absorption is represented
(2)
Xy
sign of the magneto optical structures are directly related to the degree and to the sign of the spin-

polarization of the electrons in their initial state, Below (6 e)V 0(2)
94

, the imaginary part of the off-diagonal term of the conductivity tensor(gj). The intensity and

shows weak structures associated
with the excitation of the p bands to empty d-like states'” ', The ratio betweeh peak intensities is in
agreemerit with theoretical estimates, Unlike the p electrons, 4f electrons are essentially 100% polarized
and much stronger structures of the same sign as the p structure are expected, even if the oscillator
strength is weak, Two strong peaks occur at 6,1 and 8 eV respectively, showing even very fine structures,
as shown in Fig. 12. The first one is in agreement with the previous determination of the *threshold(gg)n
The superimposed fine structure is attributed to the final state configuration 1+f65d, that gives a
multiplet spread over about | eV, The threshold determined by the magneto optical methbd is about 2 eV
lower than the binding energy of the 4f states as measured by XPS(93). This difference, as well as the
presence of a second threshold at 8 eV, has been explained in terms of different screening configurations

around the 4f hole.
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5, - SEMICONDUCTORS

More than for the other groups of materials, modulation spectroscopy has been applied to
.semiconductors for a systematic study of the electronic properties of IlI-V compounds. Electroreflectan-
ce measureménts have been performed by Aspnes et al. on GaAs, GaP and GaSb from 6 to 30 eV with the
Schottky barrier technique under different experimental conditions(%"lgz)l.o'_lj;l)we GaAs spectrum is shown

,103

in Fig. 13. A detailed review of these experiments has appeared recently , 50 that we shall limit our

discussion to only the most significant results obtained from the electromodulation spectra of the Ga 3d
core states,
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FIG,.13 - a) Electroreflectance of GaAs 5-14 eV. b) Electroreflectance of
GaAs 1427 eV, (after refs. 7, 97).

Since the width of the Ga 3d bands is approximately 0.1 meV(IOM, within the one-electron
approximation electroreflectance structures can be related directly to the conduction band critical
points, The assignment of the electroreflectance structures to the lowest conduction band minima has
been rather straightforward in the case of GauF’(%’g?), but for GaAs there has been some difficulty. Only
after high resolution experiments at 60° and a detailed calculation of the transition matrix elements,
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Aspnes et al.(99) could assign the first three structures at 20.02, 20.32 and 20.76 eV to the T’:g s Lg and
Xg minima respectively. In fact, from the calculation of the transition matrix elements and the use of
the density of states effective masses, the electroreflectance structure associated with X:; should be the

strongest, the LS about half as large and the I' g quite small, Such a trend is followed by the first three

6
structures with the above order, as shown in Fig. 14, This result was very important, since it reversed the
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(105) and it has been supported by recent calculations of

ordering. previously accepted for several years
(106,107)

the band structure using a non-local pseudopotential scheme . In addition, many recent

experiments could find a rather simple explanation, as discussed thoroughly by Aspnes(loz).

From the electroreflectance spectra, Aspnes et al, (100) obtained Asl in the region of the core
transitions. The As spectrum was separated into two components originating from the d‘S/Z and d3/2
levels respectively, wnh the latter structures shifted by the spin-orbit splitting of 0.45 ~ % 0.02 eV of the
Ga 3d level, and with an intensity reduced by a factor of 2/3, corresponding to the statistical ratio
between the two levels. Finally, the spectrum of A@ from the d5/2 level only was fit using the Franz-

(108

parameters obtained from the fit were the lifetime broadening of (60 meV and the exmtorx effective

Keldysh formulas of Blossey 8) for an exciton assoc lated with a three dimensional M smgularlty. The

Rydberg -R =l60 meV. The fit was very good, as shown in Fig. 15 and the second zero crossing at 20,48
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eV was associated with the energy E ~R . In this way the exciton effective Rydberg was obtained
directly, with a single measurement, 1he determmanon of excitonic effects, suggested by Gudat et
::11.(20 tor LiF and already discussed, requires the addition of the core level binding energy (referred to
the top of the valence bands) to the optical fundamental gap, in order to obtain the threshold energy E
for a free core-hole electron pair. Any structure in the photoabsorption spectrum associated with that
patrticular core state lying below E T is c{ssng,ned to core excitons. This method, dpplied to the III-V
compounds using the XPS data of Ley et axl( % and compared with the electroreflectance X feature,
yielded exciton binding energies of 170 - 150 meV for GaP and 90 ¥ 250 meV for GaAs (76“0)
GaSh (7,101, 110). The large error, mainly due to the determination of the top of the valence bands in the
XPS spectra, makes the excitonic effect rather dubious, even if confirmed by later determinations. The
main point Is the value of R ob tained, which is much larger than the value for the excitons associated
with the fundamental gap, as well as than any reasonable determination from the effective mass
app\roxlma’cmh“7 s111) . The value obtained by Aspnes et al, (100) from the fitting of the electromodulation
At | line shape is in perfect agreement with the previous determination and confirms it Large excitonic
effects havé been observed also in the case of other seminconductors, but not yet explamed(l 1 l)

Additional evidence for large values of R, has been given by Bauer et a.l.(uz)

in the case of the Si
L2 3 threshold at about 100 eV. Around threshold, the S5i spectrum is completely different from the one-
b4

“electron density of states(MB’l M'). Alt (115) could fit its lineshape within the effective

arelli and Dexter
mass theory for excitoms, obtaining an effective Rydberg of 40 meV. Instead, Bauer et al. (112) derived an
exciton Rydberg of 0.6 - 102 ev comparing the L., , binding energy that they measured with available
absorption da1ta(113 1 }). Margaritondo and Rowe 2(’131 compared electron energy loss and XPS data
measured on the same reconstructed 7 x 7 5i surface, and found R —0 9 ¥ 0.4 ev. But, with such a large
binding enérgy, one should be able to resolve the n=! and the n= 2 exciton lmes(l”)

, which is not the
case. Bauer et al.(llz)

measured the electroreflectance at the Si L2,3 edge, but they could not detect
any signal within the experimental sensitivity. This null result was interpreted as due to exciton
formation with a binding energy larger than 300 meV, in agreement with the previous determinations.
These large values of the binding energy imply that the excitation is strongly localized around a single

atom. In support of this point, the absorption measurements by Brown et al, 17)

on the L2 3 threshold of
heavily doped Si samples (up to 102 donars per cm3) did not show any change in position or line shape,
suggesting that the excitation should be localized within the 20 A screening length in those samples(1 12).

Thermomodulation e:xperiments‘“g), as well as electroflectance measurements at different

tempera1:ux'e:s(98)

, have furnished valuble information on the temperature behavior of core level
excitations, In the case of the Ga 3d transitions in GaP, the thermal shift of structures was attributed to
the temperature dependence of the final states only(g‘g). Instead, the Si 2p levels seem to be strongly
affected by temperatu’re“lg). The core level shift' was attributed to the change of the electrostatic
potential at the 2p core as a result of a temperature induced redistribution of valence charge. The
different behavior between the two materials was ascribed to the larger volume occupied by the Ga 3d

levels, which féel a more averaged potential.

CONCL USIONS

ARt it o et sl

Modulation spectroscopy using synchrotron radiation as a light source in the vacuum ultraviolet and
sofi x-ray regions has been. reviewed. Even if this type of experiments started several years ago, not
much work has been done. The reason may stem on the difficulty of having the light source available, or
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on the difficulty in interpreting the results. As a matter of fact, the optical measurements suffer by the
limitation that several transitions, degenerate in énergy, take place at the same photon energy and it is
very difficult to separate them. Instead, angle resulved photoemission spectroscopy is much more
powerful from this point of view, and thus presently it is preferred to optical measurements,

Nevertheless, the results obtained until now have shown clearly the full potentiality of modulation
spectroscopy also above 10 eV, in particular in the case of core transitions. Several problems have been
cleared, such as the controversy on the double-excitations versus one-electron excitdtions in alkali
halides (cfr. Sect. 3.1. and 3.2.), or the ordering of the conduction bands of GaAs (cfr, Sect. 5.). In other
cases new problems have been opened, onto which a great deal of new studies have been performed, as in
the case of the Au "d-to-f" transitions. Finally, there are still some results which are not understood in
detail.

Thus, we feel that modulation spectroscopy with synchrotron radiation is still a very important tool
for studying the electronic properties of solids. Beyond an extensive application of the techniques already
employed to a variety of samples, new experiments, for instance of crossed etfects, should be developed
in order to clear some open questions. The technique of composition modulation seems particularly
promising, since it opens the field of surface studies also to the optical method.
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