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Decay process of the Mg 2p core exciton in magnesium halides studied
by photoelectron spectroscopy
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The decay of the Mg 2p core exciton in MgF2, MgC12, and MgBr2 was investigated by use of the
technique of resonant photoemission. The constant-initial-state (CIS) spectrum with the initial state
at the peak of the valence band and the constant-final-state (CFS) spectrum with the final state cor-
responding to the kinetic energy of the Auger electron were measured at photon energies around
the Mg 2p core-exciton excitation in these substances. The resonant enhancements were observed in
the CIS and CFS spectra of MgC12 and MgBr2, whereas in MgF2 only the Auger-electron peak
shows resonant behavior. These resonant enhancements are interpreted in terms of the nonradiative
decay of the Mg 2p core exciton through the L2 3(exciton)- V and the L2 3(exciton)- VV processes, re-
spectively, where L(exciton) denotes the initial state with the L hole accompanied by a bound elec-
tron (L core exciton) and V denotes the final state with a hole in the valence band. The shapes of
the valence-band energy distribution curves obtained at the photon energies of the L2 and the L3
core-exciton excitations are diA'erent in MgC1& and MgBr2. This is attributed to the diA'erence in the
relaxation of the L, and the L3 core excitons.

I. INTRODUCTION

The decay mechanism of the core exciton in alkali
halides has been investigated by several groups. ' ' We
investigated the nonradiative decay process of the Li 1s
core exciton in lithium halides and also of the Na 2p
core exciton in sodium halides' ' by using the experi-
mental technique of resonant photoemission first intro-
duced by Lapeyre et al. ' We observed resonant
enhancement in the constant-initial-state (CIS) spectrum
with the initial state at the peak of the valence band and
in the constant-final-state (CFS) spectrum with the final
state corresponding to the kinetic energy of the Auger
electron, and proposed the following two decay processes
of the core exciton: (1) a core hole and a photoexcited
electron that form the core exciton recombine directly
with energy transferred to a valence electron, and (2) the
core hole forming a core exciton recombines with a
valence electron, transferring energy to another valence
electron which is excited to the continuum. The former
process is called the IC(exciton)-V process in lithium
halides or the L2 3(exciton)-V process in sodium halides,
where E(exciton) or L2 3(exciton) denotes the initial state
with the K hole or the L2 3 hole accompanied by a bound
electron (K core exciton or L2 3 core exciton' ), and V
denotes the final state with a hole in the valence band.
The latter process is called the K(exciton)-VV process in
lithium halides or the L2 3(exciton)-VV process in sodium
halides. The kinetic energy of the Auger electron is
slightly greater than that of the ordinary Auger electron
because in the final state of this decay process two
valence holes and one electron can be attracted to one
another to result in a bound state. ' '

In the previous study we found two peaks in the CIS
and CFS spectra of NaC1 and NaBr. " ' The intense

peak on the higher-energy side coincides in energy with
the L2 core-exciton peak in the respective absorption
spectra, but the lower-energy peak does not coincide in
its shape and in energy with the L3 core-exciton peak in
the respective absorption spectra. Moreover, the lower-
energy peak shows the strong dependence on the incident
angle of the polarized light on the sample surface, ' but
does not show the clear dependence on temperature. '

Since the photoelectron spectrum of sodium halides
suffers the surface effect owing to the short mean free
path of the photoelectrons (about 8 —20 A) obtained at
the photon energy of the Na 2p core-exciton excitation, '

and the evaporated films used for that study had a surface
with strong preferred orientations which were ( 100) and
(110) for NaC1 and (100) and (111) for NaBr, the
lower-energy peak was assigned as the peak due to the
surface core exciton. Moreover, the dependence of this
peak on the incident angle of the polarized light was in-
terpreted as being due to two kinds of surface core exci-
tons, which are formed in the crystal field of the C4, sym-
metry at the surface, ' '~ ' excited with the parallel and
the perpendicular components of the electric field vector
of the polarized light to the sample surface. ' ' On the
other hand, the higher-energy peak in the CIS and CFS
spectra of NaC1 and NaBr shows no remarkable change
in its shape and in excitation energy as a function of the
incident angle of the photon beam. This feature in the
CIS and CFS spectra also shows temperature dependence
similar to that of the L2 core-exciton peak in the absorp-
tion spectrum. Thus this higher-energy peak was attri-
buted to the decay peak of the ordinary bulk L2 core ex-
citon. The surface core exciton is usually observed on the
lower-energy side of the bulk core exciton with an energy
difference of a few tenths of an eV, which is accidentally
comparable to the spin-orbit splitting of the Na 2p level.
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Since the L3 core-exciton peak is less intense than the L2
core-exciton peak in the absorption spectra, the decay of
the bulk L3 core exciton was not clearly observed in the
CIS and CFS spectra, owing to the overlap of the decay
peak of the surface core exciton.

The optical properties of magnesium halides were in-
vestigated by several authors' and the peaks observed
in the Mg Lz3 absorption spectra were ascribed to the
core excitons. ' The purpose of the present study is to
study the characteristics of the decay processes of the
bulk L2 and the bulk L3 core excitons in magnesium
halides with less disturbance by the surface core exciton,
because the mean free path of the photoelectrons in mag-
nesium halides in this energy region is longer than that in
sodium halides. Besides, even if structures due to the
surface core exciton appear, they would be weak and
complicated and would not be distinguishable as clear
peaks since the surface structure of evaporated films of
magnesium halides is very complicated.

monochromator equipped with a Ni-coated cylindrical
focusing mirror and a Pt-coated toroidal refocusing mir-
ror was used for the present measurement. The spectral
width was about 0.1 eV at the photon energy of 54 eV
with a 1200-groove/mm grating and a 100-pm exit slit,
which is almost the same as that of the monochromator
used for the measurement of the photoelectron spectra.
The prefilter made of aluminum film was used to suppress
higher-order light from the grating below 70 eV. Ab-
sorption films were prepared in situ by evaporation onto
collodion substrates coated with a thin aluminum film.
The pressure in the sample chamber was about 10 Pa
during the evaporation and dropped immediately to 10
Pa after the evaporation. To obtain the absorption
coeScients, the thickness of the samples was measured
with an oscillating-quartz thickness gauge calibrated by
Tolansky interferometry.

III. RESULTS AND DISCUSSION

II. EXPERIMENT A. Decay of the Mg 2p core exiton

Photoelectron spectra were measured at room temper-
ature (RT) and liquid-nitrogen temperature (LNT) by us-
ing an ultrahigh-vacuum photoelectron spectrometer
with a 2-m grazing-incidence monochromator of a
modified Rowland-mount type. Synchrotron radiation
from a 400-MeV electron storage ring at the Institute for
Solid State Physics of the University of Tokyo was used
as a light source. The spectral width was about 0.1 eV at
the photon energy of 54 eV with 100-pm entrance and
50-pm exit slits and a 1200-groove/mm grating. The en-
ergy of the photoelectrons was measured with a double-
stage electrostatic electron-energy analyzer of the cylin-
drical mirror type. The analyzer resolution was constant
with a full width at half maximum (FWHM) of 0.4 eV.
The angle between the incident photon beam and the
ejected electron (the entrance axis of the electron-energy
analyzer) was fixed. The incident angle of the photon
beam on the sample surface was at first set at O'. In this
case the electric field vector of incident photons is paral-
lel to the sample surface. Subsequently the incident angle
was set at 45 so that the angle between the electric field
vector of incident photons and the sample surface was
the same as in the previous experiments on sodium
halides. "'

Since charging of the sample may result in a shift and a
broadening of the structure in the photoelectron spec-
trum, samples with a thickness of about 100 A were
prepared in situ by evaporation onto gold substrates.
MgI2 was not investigated because this substance decom-
posed during the evaporation. The base pressure in the
sample chamber was about 3X10 Pa and rose to the
10 -Pa range during the evaporation. The pressure in
the analyzer chamber was 4X10 Pa during measure-
ments. The spectral dependence of the radiation incident
on the samples was determined from the photoelectric
yield spectrum of gold.

The absorption spectra were measured by using syn-
chrotron radiation from a 750-MeV electron storage ring
at the Institute for Molecular Science. A plane-grating

Figures 1 —3 show sets of energy distribution curves
(EDC's) of photoelectrons for MgFz, MgC12, and MgBrz,
respectively, which were obtained at various photon ener-
gies around the Mg 2p core-exciton excitation. These
EDC's were obtained at RT with an incident angle of 45'.
The excitation photon energies are given on the right-
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FIG. 1. Set of EDC's of MgF& obtained at photon energies
around the Mg 2p core-exciton excitation. These spectra were
measured at RT with the incident angle of 45. Intensities are
normalized to the incident photon fiux. The Auger-electron
peaks are indicated by arrows.
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FICx. 2. Set of EDC's of MgC12 obtained at photon energies
around the Mg 2p core-exciton excitation. These spectra were
measured at RT with the incident angle of 45 . Intensities are
normalized to the incident photon flux. The Auger-electron
peaks are indicated by arrows.

hand side of each spectrum. The binding energies are
given relative to the top of the valence band. The ordi-
nate is proportional to the number of photoelectrons per
incident photon Aux.

The valence-band EDC's of MgFz show a single peak,
whereas those of MgC12 and MgBr2 consist of a main
peak and a peak on its higher-binding-energy side. The
binding energies of these peaks are listed in Table I, to-
gether with those of the outermost s levels of the anions
and the Mg 2p levels. The valence-band EDC's of MgC12
and MgBr2 are resonantly enhanced at the photon ener-
gies of the Mg 2p core-exciton excitation, whereas the
valence-band EDC's of MgF2 do not show such an
enhancement. It is noticed that the valence-band EDC's
of MgC12 and MgBr2 are different in shape with the
change of photon energies around the core-exciton exci-
tation.

The Auger-electron peak, which is shown by arrows in
Figs. 1 —3, is observed in every case when the excitation
photon energy is greater than about 53 eV. This result
indicates that the Auger decay process of the Mg 2p hole
state occurs before the ionization threshold of the Mg 2p
electron (the threshold energy from the Mg 2p level to
the conduction band is about 55 eV), and suggests that
the Mg 2p hole produced by the formation of the Mg 2p
core exciton (the excitation energy is about 53 eV) decays
through the Auger process [the I.z ~(exciton)-VV pro-
cess]. The Auger-electron peak is also enhanced at the
photon energies of the Mg 2p core-exciton excitation in
all the magnesium halides studied. The kinetic energy of
the ordinary Auger electron excited at photon energies
greater than the threshold energy of the Mg 2p level is
also listed in Table I. The kinetic energy is represented
with respect to the top of the valence band for conveni-
ence.

These resonant phenomena are more visual in the CIS
spectra with the initial state at the peak of the valence
band and in the CFS spectra with the final state corre-
sponding to the kinetic energy of the Auger electron.
The CIS and CFS spectra obtained at RT with the in-
cident angle of 45' are shown in Figs. 4—6 together with
the Mg L2 ~ absorption spectra. The absorption
coefficient is given on the right-hand side of the figure.
The CFS spectra show the resonant behavior at 54.19 eV
in MgF2, at 53.44 and 53.87 eV in MgC12, and at 52.97

TABLE I. The binding energies of valence band, outermost s
level of the anion, and Mg 2p level, and the kinetic energies of
the ordinary Auger electrons. Energies are given relative to the
top of the valence band in electron volts.

~%st 50.0eV MgF2 MgC12 MgBr2
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FIG. 3. Set of EDC's of MgBr& obtained at photon energies
around the Mg 2p core-exciton excitation. These spectra were
measured at RT with the incident angle of 45'. Intensities are
normalized to the incident photon flux. The Auger-electron
peaks are indicated by arrows.

Valence band
peak
shoulder
full width

Anion ns level

Mg 2p level
FWHM

L2 g-VV

2.5
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FIG. 4. CIS spectrum measured at the initial binding energy
of 2.5 eV, CFS spectrum with the final kinetic energy of 36.9 eV,
and the Mg L» absorption spectrum of MgF&. These spectra
were measured at RT.

FIG. 6. CIS spectrum measured at the initial binding energy
of 3.1 eV, CFS spectrum with the final kinetic energy of 40.0 eV,
and the Mg L» absorption spectrum of Mgar&. These spectra
were measured at RT.
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FIG. 5. CIS spectrum measured at the initial binding energy
of 2.0 eV, CFS spectrum with the final kinetic energy of 40.1 eV,
and the Mg L& z absorption spectrum of MgCl&. These spectra
were measured at RT.

and 53.37 eV in MgBrz. The energy positions of these
peaks in the CFS spectra agree well with those of the Mg
2p core-exciton peaks observed in the absorption spectra
(54.17 eV in MgFz, 53.44 and 53.86 eV in MgClz, and
52.93 and 53.36 eV in MgBrz). The FWHM values of the
peaks in the CFS spectra of MgC1~ and MgBrz are in
good agreement with those of the exciton peaks in the ab-
sorption spectra, whereas the FWHM value of the peak
in the CFS spectrum of MgFz is greater than that of the
exciton peak in the absorption spectrum.

The CIS spectrum of MgFz does not show remarkable
enhancement in the excitation-photon-energy range
shown in Fig. 4 compared with the case of the other mag-
nesium halides. This feature is similar to the case of the
Na Lz core exciton in NaF, in which the CIS spectrum
showed the dip rather than the enhanced peak. We inter-

preted it as being due to the anomalies of the escape func-
tion of the photoelectron and the reAectivity of the in-
cident photon on the sample surface. ' ' Though similar
consideration may be available for the case of MgFz, de-
tailed analysis is necessary in the future.

On the other hand, a prominent peak and a small peak
are observed in the CIS spectra at 53.89 and 53.45 eV in
MgClz and at 53.37 and 52.92 eV in MgBrz, respectively.
The energy positions of these peaks coincide well with
those of the peaks in the respective absorption spectra.
The shape of the CIS spectra is in agreement with those
of the absorption and CFS spectra as seen in Figs. 5 and
6.

The energy positions of the main peak and its lower-
energy peak in the CIS and CFS spectra of MgClz and
MgBrz coincide well with the respective exciton peaks in
the absorption spectra which show the bulk properties.
The CIS, CFS, and absorption spectra resemble one
another except for the slight difference in the intensity ra-
tio of the lower-energy peak to the main peak among
these spectra. In addition, no clear dependence of the
spectral shape on the incident angle of the photon bears.
was obtained in the CIS and CFS spectra of magnesium
halides. Thus the main peak and the lower-energy peak
in the CIS and CFS spectra are ascribed to the decay
peak due to the bulk Lz and the bulk Lz core excitons,
respectively.

Upon cooling the sample to LNT, the main peak and
the lower-energy peak shift to the higher-energy side by
the same amount as the energy shift of the respective
peaks due to the bulk Lz and the bulk L~ core excitons in
the absorption spectrum, and their widths become nar-
rower, like those of the core-exciton peaks in the absorp-
tion spectrum. As an example, the CIS and CFS spectra
of MgClz measured at RT and LNT with the incident an-

gle of 0' are shown in Fig. 7 together with the absorption
spectra. In this figure solid and dashed lines represent
the spectra obtained at LNT and RT, respectively. This
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FIG. 7. CIS and CFS spectra of MgC1& measured at RT
(dashed lines) and LNT (solid lines) with the incident angle of
O'. The Mg 1.& 3 absorption spectra measured at RT and LNT
are also shown in the bottom.

temperature dependence is further evidence that the
lower-energy peak, as well as the main peak, in the CIS
and CFS spectra is due to the bulk core exciton and not
due to the surface core exciton. Peaks due to the surface
core excitons, which were observed in sodium halides,
were not clearly observed in magnesium halides as ex-
pected from the reason mentioned in Sec. I.

From the resonant behavior in the CIS and CFS spec-
tra one infers that the bulk L2 and the bulk L3 core exci-
tons in magnesium halides decay through the
L2 3(exciton)-V and the L2 3(exciton)-VV processes
However, the Mg 2p core exciton in MgF2 does not decay
noticeably through the Lz 3(exciton)-Vprocess.

B. Energy shift of the Auger-electron peak
through the L ~ 3 (exciton}- VV process

%'e investigated the energy shift of the Auger-electron
peak in the L2 3(exciton)-VV process of the Mg 2p core
exciton. To determine the energy position of the Auger-
electron peak, we subtracted the components due to the
outermost s level of the anion, the valence band, and its
secondary electrons from the raw photoelectron spectra.
The Auger-electron spectra of MgC12 thus obtained are
shown in Fig. 8 for various excitation photon energies.
When the excitation photon energy is around the energy
of the core exciton, the kinetic energy of the Auger-
electron peak shifts to the greater kinetic energy side of
the ordinary L-VV Auger-electron peak obtained at a
photon energy far from resonance. The dependence of
the kinetic energy of the Auger electron on the excitation
photon energy could not be obtained for MgBr2 because
the additional peaks due to the secondary electrons or the
photoelectrons excited from the Br 4d level by the

53.5'
~~~hh~e

30 40 50
RELATIVE KINETIC ENERGY(eV)

FICr. 8. Auger-electron spectra derived by the subtraction of
the valence band, its secondary electrons, and the Cl 3s band
from the raw photoelectron spectra. The dashed line shows the
energy position of the Auger-electron peak appearing in the raw
photoelectron spectrum measured at the photon energy of 69.8
eV. The intensity of the Auger-electron peak is normalized at
the peak.

second-order light (with a photon energy twice as much
as the first-order photon energy} appear in the spectra.
Since the Auger-electron peak shows a broad peak, it was
difficul to distinguish the peak due to the L3(exciton)-VV
process from that due to the L2(exciton)-VV process.
Figure 9 shows the results of the peak positions of the
Auger electron for (a) MgF2 and (b) MgC12. The ordinate
in this figure indicates the increment of the kinetic energy
EEL from that of the ordinary L2 3-VV Auger electron.
The arrows indicate the thresholds for the transition
from the Mg 2p level to the conduction band obtained
from the binding energies of the Mg 2p level given in
Table I and the band-gap data. ' ' As seen in this figure,
the kinetic energy of the Auger electron in the
L2 3(exciton)-VV process is greater by 0.5 —0.8 eV than
that of the ordinary L2 3- VV Auger electron in MgF2 and
MgClz.

Energy shifts of the Auger-electron peak were inter-
preted as the eff'ect of postcollision interaction (PCI) in
inner-shell ionization in some gaseous and solid materi-
als. ' In the case of the PCI, the Coulomb repulsion
between a slow photoelectron receding from the atom
and a fast Auger electron emitted in the decay of that
atom can produce an upward shift of the kinetic energy
of the observed Auger electron. It was reported that the
shift of the Auger-electron peak due to the PCI is about
0.3 eV at the ionization threshold of the core level, and
is still observed with the excitation energies up to several
hundreds of electron volts above the threshold. In the
present case, the upward energy shift of the Auger-
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the Na 2p core exciton in sodium halides. ' In a similar
manner we estimated the decay probability of the Mg 2p
core exciton in magnesium ha)ides through the
L 2 3 (exciton)- V and the L 2 3 (exciton)- VV processes. The
decay probability I' through the L 2 3 (exciton)- V process is
given by the equation '
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FIG. 9. Peak positions of the main Auger peak of (a) MgF&
and (b) MgC1& as a function of photon energy. Ordinate indi-
cates the increment of the kinetic energy from that of the ordi-
nary L2 3-VV Auger peak. Arrows indicate the thresholds for
the transition from the Mg 2p level to the conduction band
which were obtained from the band-gap energies (Refs. 20 and
21) and the binding energies of the Mg 2p levels measured in the
present study.

electron peak is observed when the photon energy is
below the excitation energy of the Mg 2p electron to the
bottom of the conduction band. When the Mg 2p core
exciton decays through the Lz 3(exciton)-VV process, the
Anal state consists of the two holes in the valence band,
one electron in the bound state, and one electron in the
continuum state. Therefore, it is considered that the
correlation energy among two holes and a bound electron
in the final state plays an important role in the present
case.

The three-body problem including two valence holes
and a single conduction electron, which appears in the
study of the Gnal state of the resonant photoemission in
insulators and semiconductors, has been theoretically in-
vestigated by Igarashi. According to his result, the ki-
netic energy of the Auger electron increases from that of
the ordinary Auger electron when the photon energy is
near the excitation energy of the core exciton and this en-
ergy shift is related to the formation of the trion state
(the two-holes-and-one-electron bound state). Recently
Watanabe, Kuramoto, and Kato calculated the binding
energy of the trion state to be 0.4—0.8 eV in lithium
halides. This binding energy is close to the increment
of the kinetic energy of the Auger electron observed
around the excitation photon energies of the core exci-
tons in lithium halides, sodium halides, ' and the present
case of magnesium halides. Thus, the energy shift of the
Auger-electron peak may be interpreted by the formation
of the trion state in the final state of the L2 3(exciton)-VV
process.

C. Decay probability of the Mg 2p core exciton

AUgS
SvB

(2)

Here, SA„g and SvB are the integrated intensity of the
Auger peaks due to the L2 3(exciton)-VV process and the
increase of the valence-band intensity due to the
L2 3(exciton)-V process at the photon energy of the core-
exciton excitation. The decay probabilities of the Mg 2p
core exciton through the L2 3(exciton)-V and
L2 3 (exciton)- V processes are shown in Table II.

The decay probabilities of the L2(exciton)-V and the
L3(exciton)-V processes are almost the same in the
respective materials and those of the Lz(exciton)-VV and
the L3(exciton)-VV processes are also nearly the same in
the respective materials. The decay probabilities of the
Mg 2p core exciton through the L2(exciton)-V and the
L3(exciton)-V processes increase in going from chloride
to bromide. Since the ionicity of these substances de-
creases in going from MgC12 to MgBr2, the delocaliza-
tion of the valence-band wave function in magnesium
halides seems to play an important role in the decay

TABLE II. Decay probabilities of the Mg 2p core exciton
through the L2 3(exciton)- V and the L2 3(exciton)- VV processes.

MgF2
L2 L3

MgC12
L2 L3

MgBr2
L2 L3

where I,„and IvB are the area of the enhanced part of
the valence-band EDC obtained at the photon energy of
the core-exciton excitation and the integrated intensity of
the valence-band EDC obtained at a photon energy far
from resonance, respectively. The quantities p,„and pvB
are the parts of the absorption coefficient due to the
creation of the core exciton and due to the excitation of
the valence electron at the photon energy of the core-
exciton excitation, respectively. The ratio p„/pvB was
derived from the EDC obtained at the photon energy of
50 eV and the absorption spectrum, under the assump-
tion that the ratio of the integrated intensity of the
valence-band EDC to that of the outermost s level of the
anion observed in the photoelectron spectrum is the same
as the ratio of the absorption coe%cients pvB/p, at the
photon energy of the core-exciton excitation, where p, is
the part of the absorption coeKcient due to the electronic
transition from the outermost s level. The decay proba-
bility I" through the Lz 3(exciton)-VV process is ex-
pressed as follows: '

Previously, we estimated the nonradiative decay proba-
bilities of the Li 1s core exciton in lithium halides and

L(exciton)- V
L(exciton)- VV

0.20
0.10

0.20
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0.26
0.24

0.29
0.30
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probability of the core excitons as the decay probability
of the Na Lz core exciton in sodium halides.

It is noted that the decay probability through the
Lz 3(exciton)-VV process is comparable to or less than
that of the Lz 3(exciton)- V process in magnesium halides.
This results is contrary to the cases of lithium halides and
sodium halides in which the decay probability through
the K(exciton)- VV process in lithium halides or the
Lz(exciton)-VV process in sodium halides is greater than
that through the K(exciton)- V process or the
Lz(exciton)- V process, respectively.

D. Valence-band EDC's measured at the photon energies
of the core-exciton excitation

The shape of the valence-band EDC's of MgClz»d
MgBrz changes drastically with the change of the excita-
tion photon energy around the core-exciton excitation.
The valence-band EDC's of MgClz measured at the pho-
ton energies of the Lz core-exciton excitation (53.9 eV),
the L3 core-exciton excitation (53.5 eV), and 56.0 eV (off'

resonance) are shown by solid, dashed, and dotted lines in
Fig. 10(a), respectively. Those of MgBrz measured at the
photon energies of the Lz core-exciton excitation (53.4
eV), the L3 core-exciton excitation (53.0 eV), and 56.0 eV

(a) Mg

- ~9=56.0eV
53.9eV
53.5eV

N

C

0- s 1 s ( ( ~ l s & s

~ ~ ~ ~

53.4eV
53.0eV

l ) i & ) I s s ~ i l

10 5 0 -5
RELATIVE BINDING ENERGY(eV)

FIG. 10. (a) Comparison of the valence-band EDC's of
MgC1&. Dotted, solid, and dashed lines indicate the EDC's ob-
tained at 56.0 eV, 53.9 eV (L~ core-exciton excitation), and 53.5
eV (L3 core-exciton excitation), respectively. (b) Comparison of
the valence-band EDC's of Mgar2 ~ Dotted, solid, and dashed
lines indicate the EDC's obtained at 56.0 eV, 53.4 eV (I.~ core-
exciton excitation), and 53.0 eV (L3 core-exciton excitation), re-
spectively. Intensities are normalized at the peak in the respec-
tive figures.

(off resonance) are also shown by solid, dashed, and dot-
ted lines in Fig. 10(b), respectively. These spectra are
normalized at the peak. As seen in these figures, in the
valence-band EDC measured at the photon energy of the
Lz core-exciton excitation the main peak is more
enhanced than other parts of the valence band, whereas
the part in the higher-binding-energy region of the main
peak is more enhanced in the valence-band EDC mea-
sured at the photon energy of the L3 core-exciton excita-
tion.

In the decay process of the Li 1s core exciton in lithi-
um halides it was proposed that the probability of the ex-
citation of each valence electron due to the K(exciton)-V
process is not the same as that due to the direct photoex-
citation, and electrons existing at some singular points in
the valence band are selectively excited by the annihila-
tion of the core exciton. The width of the valence-band
EDC's of MgClz and MgBrz observed at the photon ener-
gy of the Lz core-exciton excitation is narrower than that
obtained at a photon energy far from resonance. This
suggests that the particular states are more enhanced
than the other states in the valence band in the decay of
the Mg 2p core exciton through the Lz 3(exciton)-V pro-
cess.

However, the part in the higher-binding-energy region
of the main peak in the valence-band EDC obtained at
the photon energy of the L3 core-exciton excitation is
broader and more enhanced than that obtained at a pho-
ton energy far from resonance. This difference in the
enhancement of the valence-band EDC's between the
Lz(exciton)-V and the L3(exciton)-V processes is inter-
preted as being due to the difFerence in the relaxation of
the core exciton under the nonequilibrium condition.
This mechanism was proposed in the case of the annihila-
tion of the Li 1s core exciton in lithium halides, owing to
the interaction between the electron system and the lat-
tice system. By the Franck-Condon principle, the optical
excitation transfers an electron from the ground state in
equilibrium into a nonequilibrium excited state. Then,
the exciton thus formed in a nonequilibrium condition re-
laxes into the equilibrium excited state through the in-
teraction between the exciton and the lattice. As a result
of this relaxation, the energy transferred to the valence
electron through the L3(exciton)-V process under this
condition is reduced from the energy necessary to create
the L3 core exciton. Because the system might relax
while reaching equilibrium, the energy transferred to the
valence electron during the annihilation of the core egci-
ton is equal to, or less than, the creation energy of the
core exciton. This gives rise to the broadening of the
enhanced proNe of the valence-band EDC due to the
L 3 (exciton)- V process to the higher-binding-energy side.
That is, the L3 core exciton may sufter the interaction
with the crystal lattice and cause the relaxation with pho-
Iion emission to bring the system into thermal equilibri-
um during the annihilation of the core exciton.

This consideration is supported by the fact that the
F%'HM value of the peak due to the L3 core exciton in
the absorption spectra is wider than that due to the Lz
core exciton. That is, the FWHM values of the Lz and
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the L3 core-exciton peaks in the absorption spectrum of
MgClz are 0.27 and 0.32 eV, respectively, and those of
MgBr2 are 0.23 and 0.32 eV, respectively. According to
Toyozawa, the FWHM value of the absorption peak
due to the exciton is a measure of the strength of the
electron-lattice coupling in the exciton system. In fact,
the width of the absorption peaks due to the L2 and the
L 3 core excitons in MgC12 and MgBr2 becomes narrower
upon cooling the sample to LNT. The reason why the
electron-lattice interaction is different between the L2
and the L3 core excitons is not clear yet, but it should be
noticed that the exciton state relating to the excitation of
the Mg 2p electron should be treated with the intermedi-
ate coupling scheme, as remarked in Ref. 14. According
to Onodera and Toyozawa, ' the exchange interaction be-
tween the electron and the hole mixes two exciton states
of ( —,', —,

'
) and ( —,', —,

' ), where the first number in the
parentheses indicates the total angular momentum j of
the hole and the second specifies j of the electron. The
coupling would produce an admixture of states different
from those produced by the spin-orbit interaction only.
This admixture gives rise to changes in the intensity ratio
and the doublet splitting from the expected values for the
( —', , —,

'
) and ( —,', —,

'
) excitons. It would give rise to a

difFerence in the electron-lattice coupling, causing the
difFerence in the extent of the relaxation between the L2
and the L3 core excitons. As a consequence of this
difference in relaxation, one observes the resonant
enhancement of the valence-band EDC's at a binding en-

ergy greater than that of the main peak.
Moreover, there is a possibility that the electrons in the

different states in the valence band are selectively excited
by the annihilation of the L2 and the L3 core excitons,
because the core-exciton wave function describing the L2
and the L3 core excitons is modified by the coupling be-
tween the exciton state and that of the valence electron.
However, to assure this situation it is necessary to calcu-
late the matrix elements describing the overlap between
the exciton system and the valence state in the many-
electron system.

are interpreted in terms of the nonradiative decay of the
Mg 2p core exciton through the Lz 3(exciton)-V and the
L2 3(exciton)-VV processes. The correlation between two
holes and one electron in the final state of the core-
exciton decay through the L23(exciton)-VV process,
which was suggested in the cases of lithium halides ' and
sodium halides, ' was confirmed by the energy shift of the
Auger-electron peak in magnesium halides.

In MgClz and MgBr2 the energy positions and the
shapes of the peaks in the CIS and CFS spectra are al-
most the same as those of the bulk L2 and the bulk L3
core excitons in the absorption spectrum. Upon cooling
the sample to LNT these peaks shift to the higher-energy
side by the same amount as the energy shift of the respec-
tive core-exciton peaks in the absorption spectra mea-
sured at LNT. Also, these spectra did not show any
dependence on the incident angle of the polarized light
on the sample surface. Thus the peaks observed in the
CIS and CFS spectra of magnesium halides are ascribed
to the decay of the bulk I2 and the bulk L3 core excl-
tons.

The decay probability of the Mg 2p core exciton
through the L2(exciton)-V and the L3(exciton)- V process-
es increases in going from chloride to bromide, and thus,
it was found that the delocalization of the valence-band
wave function seems to play an important role in the de-
cay process of the Mg 2p core exciton in magnesium
halides. The decay probabilities of the L2(exciton)- V and
the L3(exciton)-V processes are almost the same in the
respective materials and the decay probability of the
Lp 3(exciton)-VV process is also nearly the same between
the Lz and the L3 core excitons in the respective materi-
als.

The shape of the valence-band EDC of MgCl2 and
MgBr2 was found to change drastically with the change
of the excitation photon energy around the core-exciton
excitation. To interpret this change, it was proposed that
the relaxation of the L3 core exciton occurs during its de-
cay through the L3(exciton)-Vprocess but the L2 core ex-
citon does not suffer this type of remarkable relaxation.
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