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Li K soft-x-ray emission spectra excited with monochromatic synchrotron radiation have been mea-

sured for LiBr and LiC1. The white-light reAectivity of these samples has also been recorded as a mea-

surement of the Li K excitation spectra. The phonon relaxations involved in Li K excitations to the con-
duction band were determined to be 1.0 and 1.2 eV in the LiBr and LiC1, respectively, based on the ener-

gies of the valence band maxima in the x-ray emission spectra and their comparison to the energies of
the valence band maxima and the Li 1s core levels as measured by photoemission. On the other hand,

energy offsets between the Li K exciton features in the emission and the excitation spectra provided a
measure of the phonon relaxations for these localized excitations: the relaxations were found to be 1.0
eV in both materials, similar to the values determined for excitations to the delocalized conduction band
states. The energies of the x-ray-emission-based valence band maxima following excitation of the Li K
exciton are infiuenced not only by this phonon relaxation but also by the necessity to promote the
initially-excited electron into another level when the valence electron recombines with the hole. The
measured promotion energies are compared to the experimentally determined core-exciton binding ener-

gies.

I. INTRODUCTION

A recent application of soft-x-ray emission (SXE) spec-
troscopy has been the study of phonon relaxation in insu-
lators. ' Phonon relaxation refers to the rearrangement
of the host lattice ions following formation of a core hole,
with the energy liberated by this rearrangement being re-
moved by phonons. This phonon relaxation was first
measured in Li (Ref. 5) and Na (Ref. 6) metals by careful-
ly comparing the energy positions of the Fermi edge in
SXE and soft-x-ray absorption (SXA) spectra recorded
with the same spectrometer. The measured offset is re-
ferred to as the Stokes shift; it equals the energy removed
by phonons as the ions first rearrange to their new
configuration around a core hole and then return to their
original positions following annihilation of this hole. The
full relaxation energy is quantified as 2Xph, ' where Xph is
a measure of the strength of the lattice coupling to the
core hole and is referred to as the phonon relaxation en-
ergy or phonon self-energy. The measured Stokes shift
will equal this full 2Xph if relaxation of the lattice is com-
plete before the hole is annihilated, whereas in the case of
partial relaxation, the measured Stokes shift falls short of
2Xph. The degree of relaxation depends on the balance
between the hole lifetime v and the phonon relaxation
time 2m. /coo. The phonon relaxation rate is argued to be
well characterized by the frequency of the fastest coupled
phonon mode in the material. The relaxation rate may be
slowed down by bottlenecks, in which case this frequency

represents an upper limit on the rate. For various metals,
beginning with Li and Na, the measured shifts are well
described by theoretical calculations. ' ' '

For semiconductors and insulators one might in princi-
ple attempt an analogous measurement of the Stokes shift
in which the energy of the conduction-band minimum
(CBM) as measured with SXA is compared to the energy
of the valence-band maximum (VBM) as measured with
SXE. The offset of the VBM below the CBM could then
be compared to the band gap of the material, and any ad-
ditional separation between the measured levels would be
attributed to phonon relaxation. In practice the core-
level absorption spectra frequently have excitonic struc-
ture at the threshold which obscure the onset of absorp-
tion to continuum states, and thus the CBM cannot be re-
liably extracted from these SXA measurements. Another
difficulty with this approach is that band gaps are not
straightforward to determine from optical absorption
data, due largely to valence excitonic features.

An alternative means of measuring the Stokes shift in
insulators was recently applied by O' Brien et al. ' to the
cation L23 edges for several oxide insulators: A1203,
MgO, and Si02. The binding energies of the relevant
core levels (in that instance, 2p ) were determined relative
to the valence-band maxima from photoemission spectra,
and these binding energies were then compared to the en-
ergies of the band maxima as measured in valence SXE
spectra. The final states in core-level and valence-band
photoelectron emission represent, respectively, the initial
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and final states of the x-ray emission process, but in the
absence of the lattice relaxation that precedes x-ray emis-
sion. As a consequence the difference between the VBM
energy in SXE and the photoemission binding energy
provides a measurement of the Stokes shift. Substantial
shifts, on the order of a volt, were measured in A1203,
MgO, and Si02. The Stokes shifts of these oxides are
much larger than the shifts in Al, Mg, and Si for three
reasons: the cation excitations in the ionic insulators are
characterized by (1) a larger phonon coupling strength
X „,(2} a faster phonon relaxation rate coo, and (3) a
longer hole lifetime ~.

The alkali halides represent a class of materials in

which the measurement of phonon relaxation is of funda-
mental interest. Being prototypical ionic compounds,
these materials are anticipated to exhibit strong relaxa-
tion effects for the same reasons just described in regard
to the oxides. The SXA profiles of the alkali halides have
been measured and discussed in detail, ' ' and these ab-

sorption spectra are characterized by a wealth of exciton-
ic features. As mentioned above, such excitonic structure
at threshold precludes the extraction of the Stokes shift

by comparing the SXA to the SXE spectra. Neverthe-
less, these excitonic phenomena turn out to yield addi-
tional information about phonon coupling in the alkali
halides. Excitons screen the hole from the lattice ions,
thus altering the phonon-coupling strength X h, and addi-

tionally the excitons may influence the lifetime of the
core hole ~. Indeed such effects have been measured for
B K excitations in the insulators B203 and hexagonal-
BN. In Ref. 2, monochromatic-photon excitation was

employed to selectively excite the core-exciton state in

these materials. The valence-band SXE spectra in the
presence of the exciton were measured and compared to
the spectra produced for the higher excitation energies at
which no exciton is generated. K excitations are advanta-

geous in such studies: spin-orbit splitting in the core lev-

el of interest necessitates deconvolution of the spin-orbit
contributions when analyzing the absorption or the emis-

sion spectra. Finally, it should also be mentioned that in

materials with strong excitonic features in absorption,
such as the alkali halides, SXE due to direct recombina-
tion of these localized excitations can be detected. As de-

scribed below the energy positions of these excitonic
emission features can be compared to the positions of the
corresponding excitonic absorption features, thus provid-

ing a measure of the phonon relaxation around the exci-
ton.

Li ls presents a cation E level in the range of our spec-
trometer' and beamline monochromator, ' and hence Li
halides were chosen for the present study. The Li I(

valence emission was observed to decrease in intensity
with increasing sample ionicity LiBr offered the most
intense emission, while LiC1 was somewhat weaker, and
Lip was not readily measurable with monochromatic-
light excitation. As will be detailed below, the Li K
valence emission from all of these Li halides was surpris-

ingly weak when excited with monochromatic light. On
the other hand, previous measurements of these materials
using electron-beam' ' or white-light' ' excitation
have suffered from sample decomposition problems.

The most successful of these previous studies is the
electron-beam-excited measurement of Arakawa and Wil-

liams for each emitted photon energy these authors
recorded the emission as a function of exposure time to
the electron beam and then extrapolated the emission in-

tensity to zero time in order to eliminate the influence of
the beam.

The present measurements using monochromatic-light
excitation suffered from low count rates but were feasible
for LiBr and LiCl when performed with our high-

efBciency spectrometer, ' which employs a two-

dimensional multichannel detector. %e found that data
could be collected without appearance of any metallic Li
emission. Photoemission experiments ' have also
been performed successfully on these materials when us-

ing monochromatic-light excitation. On the other hand,
our electron-beam-excited emission spectra were dom-

inated by the metallic signal even for the shortest expo-
sure times. In addition to reduction of the sample
decomposition problem, tunable monochromatic-light ex-

citation was also required in this study to selectively ex-

cite core excitons for the purpose of investigating their
role in phonon-coupling effects.

II. EXPERIMENTAL

The measurements were performed at Beamline U10A
of the National Synchrotron Light Source. ' The fiuores-
cence spectrometer consists of a toroidal grating and a
two-dimensional array detector that is scanned along the
Rowland circle defined by the entrance slit and grating. '

The entrance slit was fixed at 125 pm, yielding a resolu-
tion of 0.16 eV, while the resolution of the beamline
monochromator was measured to be 0.2 eV at 60 eV exci-
tation energy and 0.25 eV at 70 eV excitation energy.
The energy and bandwidths of the excitation light were

directly determined from the light scattered elastically by
the sample into the spectrometer. Thus the excitation en-

ergy was measured with the same calibration as the x-ray
emission. Additionally, the Li E excitation spectra were
recorded on this same energy scale by measuring the
white-light reflection from the samples, again using the
fluorescence spectrometer. At near-normal incidence (15
degrees of-normal was employed in the present measure-
ments) the reflection varies as [(n —1) +k ]l[(n
+1}+k ], where n+ik is the complex index of refrac-
tion. For soft x-rays we may usually assume

(n+1) »k »(n —1); then the reflectivity follows k
and is proportional to the square of the absorption.
Such measurements have been reported previously for
samples of LiF '8'9

The emission and reflectivity spectra are plotted in this

paper as photon counts per unit energy interval, and no
quantitative compensation for self-absorption has been

attempted with the emission spectra. Because of the sub-

stantial band gaps in LiBr and LiCl, 7.6 and 9.4 eV," re-

spectively, self-absorption should not strongly influence

the valence spectra. As will be shown in Sec. III, the ex-
citon emission is partially offset in energy below the exci-
ton feature in absorption, but some self-absorption effects
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may in6uence the upper-energy part of the exciton emis-
sion features.

The samples of LiBr and LiC1 were bulk crystalline ag-
gregates about 1 cm in diameter. After extended expo-
sure to the beam, these samples showed visible signs of
decomposition, but only after prolonged exposure times
or excitation with the electron beam could Li K emission
from Li metal be observed. Nevertheless, the excitation
point on the sample was frequently changed.

III. RESULTS AND DISCUSSION

A. Line shapes of the soft-x-ray emission spectra

LiBr emission spectra for excitation photon energies of
72.3 and 79.0 eV are plotted in Fig. 1 as (a} and (b}, re-
spectively. The features at roughly 51, 59, and 65 eV are
the Li K valence emission, the Li K exciton emission, and
the Br M4 5 valence emission, respectively. The Br M4 5

emission is not generated by the 72.3 eV excitation ener-

gy. The emission spectra in Fig. 1 are in qualitative
agreement with the electron-beam-excited spectrum of
Arakawa and Williams. ' The overall resolution of the
present photon-excited data is improved: the Li K
valence, Li K exciton, and Br M4 5 valence emission
features have full widths at half maximum of about 3, 2,
and 2.5 eV, whereas the features of Arakawa and Willi-
ams are roughly 25% wider. For comparison, the width
of the LiBr valence band as measured by photoemission
is about 3 eV. The enhanced resolution of the present
emission measurements will prove useful below when we
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FIG. 1. In (a) and (b), the soft x-ray emission from LiBr is
plotted for excitation energies of 72.3 and 79.0 eV, respectively.
The two spectra are normalized to equal intensity of the Li E
valence feature at 51 eV. The sharp peaks observed at 48.2 eV
in (a) and 52.7 eV in (b) lie at exactly two-thirds of the excitation
energy and are due to second-order light from the beamline
monochromator, seen in third order in the spectrometer. In (a),
this feature has been reduced using an Al filter in the beamline
monochromator to attenuate the second-order excitation,
whereas in (b), this strategy was not used because the primary
excitation energy was itself above the Al edge. In (c), the
white-light reflectivity from the same sample is plotted. In the
inset the exciton features extracted from spectrum (a), filled cir-
cles, and spectrum (c), open triangles, are compared as de-
scribed in the text.

will wish to precisely quantify the energy positions of
various spectral features.

Valence emission spectra represent the local partial
density of states (DOS} based on the dipole selection rule

governing the radiative transition of a valence electron
dropping to fill a core hole. The Li K emission from LiBr
is based on the weak overlap of the Br-4p-derived
valence-band states with the Li K hole, whereas the Br
M~s emission involves a stronger direct overlap. The
valence photoelectron emission process is governed by the
matrix element between the valence electronic states and
the delocalized states of the outgoing photoelectrons, and
thus valence photoemission spectra represent a nonlocal
DOS. It is of interest to compare the three LiBr
valence-band DOS measurements: valence emission spec-
tra for both Li K and Br M4 5 excitations and a valence
photoemission spectrum.

In the valence photoemission spectra of LiBr a
double-humped line shape is observed, ' and in Fig.
1, a similar structure is seen in the Li E valence emission
feature. In Fig. 2, Li K valence emission spectra for three
different excitation energies are superimposed for com-
parison on a photoemission spectrum taken from
Johansson and Hagstrom. The photoemission spectrum
was excited with Mg E radiation at 1253.6 eV. The
SXE spectra have been converted to DOS through
division by photon-energy-cubed, and they were then
matched to the photoemission spectrum by normalizing
the intensities, adding the same background as in the
photoemission spectrum, and aligning the valence-band
maxima. The overall similarity in the DOS as derived
from photoemission and Li K emission is apparent in Fig.
2, with all spectra exhibiting a main peak at —2 eV bind-

ing energy and a more-negative-binding-energy shoulder.
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FIG. 2. Li E valence emission spectra from LiBr taken with

excitation energies at 72.3 eV (closed circles), 67.5 eV (open tri-
angles), and 59.7 eV (crosses) are superimposed on a valence
photoemission spectrum from Ref. 24 (solid gray line) as de-
scribed in the text.
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The photoemission spectrum is somewhat wider due to
the greater instrumental broadening, 1.3 eV versus the
0.16 eV bandwidth of the spectrometer used in the SXE
measurement.

The Br M45 emission feature in Fig. 1 involves the
complication of a 1.05 eV spin-orbit splitting in the core
level, and deconvolution of the M4 and M5 emission
components was carried out using a standard pro-
cedure. This procedure requires the intensity ratio of
the M5 to the M4 emission component. A ratio of 1.5,
the statistical value, was initially tried, but the only sensi-
ble decompositions were achieved with nonstatistical ra-
tios in the range of 0.7 (Fig. 3). The basis of this nonsta-
tistical ratio is now considered. As detailed below, the
thresholds for excitations of the M5 and M4 electrons to
the continuum are 74.3 and 75.3 eV, respectively, and as
the excitation energy is raised above these thresholds, the
M5 and M4 absorption decreases rapidly. ' For a 79.0 eV
excitation energy the M5 and M4 electrons are excited
4.7 and 3.7 eV above threshold, respectively; this one volt
separation relative to threshold rr.ay account for the
suppressed intensity of the M5 emission with respect to
the M4. On the other hand, this excitation is sufficiently
high in the s-p-derived conduction band of LiBr that it
should not be influenced by intermediate coupling effects
such as are seen to reduce branching ratios in 1.2 3 exci-
tonic absorption features. Self-absorption may in gen-
eral also influence measured branching ratios; however,
in the case of LiBr, the absorption does not appear to
vary substantially across the energy range of the Br M4,
emission (Fig. l).

In Fig. 3, the extracted M5 component of the Br M4 ~
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valence emission is shifted to align its VBM with that of
the valence photoemission spectrum, analogous to Fig. 2.
The Br M5 x-ray emission spectrum consists of two peaks
at the same locations as the peaks in the photoemission
and Li K emission spectra, supporting the validity of the
procedure used to dec on volute the spin-orbit com-
ponents. The Br spectrum is also in qualitative agree-
ment with the two-peaked 4p valence band calculated by
Kunz and Lipari. On the other hand, this Br spectrum
is substantially narrower than its Li K counterpart. As
will be detailed below, the lifetimes of the Br M~ and Li
K excitations are difficult to measure for LiBr, but rough
estimates indicate that the Br M5 lifetime width should
be greater than that of Li K. We will also show that the
phonon broadenings for these two levels are expected to
be similar. The width of emission spectra may also be
influenced by self-absorption, but as noted above, self-
absorption is not anticipated to substantially distort the
line shape of the Br M4 ~ emission. Thus, the narrowness
of the Br M5 spectrum relative to the other valence spec-
tra is a bit surprising.

The emission spectrum for LiC1 taken with an excita-
tion energy of 72.3 eV is plotted in Fig. 4(a). Here the
features at roughly 50 and 60 eV are the Li K valence and
Li K exciton emission, respectively. In general for this
study, the LiC1 emission data are noisier than the LiBr
data because the emission intensity of the chloride is only
about half that of the bromide. The Li K emission from
both LiBr and LiC1 is weak relative to the B K emission
from BN and Bz03 even though B is a comparably low-
atomic-number element. The particularly low intensity
of the Li K SXE in the Li halides may be a consequence
of the strong ionicity of these materials: the valence elec-
trons can virtually be treated as Br 4p and Cl 3p electrons
in LiBr and LiC1, respectively. The limited overlap of
these valence electrons with the Li 1s hole is anticipated
to suppress both the radiative and nonradiative decay
rates, whereas the low SXE intensities are indicative of a
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FIG. 3. A Br M, valence emission spectrum from LiBr taken

with an excitation energy of 79.0 eV is superimposed on a
valence photoemission spectrum from Ref. 24 (solid gray line) as
described in the text. In the inset the decomposition of the Br
M4 5 valence emission spectrum into its M4 (open circles) and
M5 (closed circles) components is shown.
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FIG. 4. In (a), the soft x-ray emission from LiCl is plotted for

an excitation energy of 72.3 eV. Also, the sharp two-thirds peak
lies at 48.2 eV. In (b), the white-light reflectivity from the sam-
ple is plotted. In the inset the exciton features extracted from
spectrum (a), filled circles, and spectrum (b), open triangles, are
compared as described in the text.
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low Suorescent yield, i.e., a low ratio of the radiative rate
relative to the total decay rate. It is diScult without a
detailed calculation to estimate the influence of the sam-
ple ionicity on the fluorescent yield. However, the fact
that the cation E valence emission intensity drops in go-
ing from LiBr to LiC1 to LiF (Ref. 15) as well as in going
from the boron to the lithium compounds provides
empirical evidence that the fluorescent yield falls with in-
creasing ionicity.

As with LiBr the agreement of the LiC1 emission with
the electron-excited data of Arakawa and Williams' is
good. The full widths at half maximum of the valence
and exciton emission features are 3 and 2 eV; again the
line shapes of the electron-beam-excited features in Ref.
17 are not as well resolved. The width of the valence
band as measured with photoemission is about 3 eV. In
Fig. 5, Li E valence emission spectra from LiC1 are su-
perimposed on a photoemission spectrum taken from
Johansson and Hagstrom in the manner described
above for LiBr. Again, the overall similarity between the
Li E SXE and photoelectron emission spectra is ap-
parent, with a main valence peak and a more-negative-
binding-energy shoulder. In both the photoemission and
the SXE spectra the shoulder is higher in intensity for
LiC1 than for LiBr.

B.Excitation spectra from white-light reflectivity

The white-light reflectivities for LiBr and LiC1 are
plotted as Figs. 1(c) and 4(b), respectively. The features
of these excitation spectra lie at nearly the same energies
as the features in the transmission absorption measure-
ments of Haensel, Kunz, and Sonntag (see Table I).'

Common to the reflectivity and transmission measure-
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FIG. 5. Li K valence emission spectra from LiCl taken with

excitation energies of 72.3 eV (closed circles) and 60.4 eV (open
triangles) are superimposed on a valence photoemission spec-
trum from Ref. 24 (solid gray line) as described in the text.

TABLE I. Near-threshold peak positions in the reflectivity
and transmission measurements of Li K excitation spectra. All
energies are given in eV.

Sample Feature Reflectivity Transmission (Ref. 10)

LiBr A
B
C

60.4+0.07
61.7+0.2
63.2+0.2

60.44+0.07
61.68+0.07
62.96+0.07

LiC1 A
B
C

60.75+0.07
62.4+0.2
63.7+0.2

60.75+0.07
62.27+0.07
63.54+0.07

ments of both LiBr and LiC1 is a dominant excitonic peak
at the absorption threshold. Adopting the labeling of
Haensel, Kunz, and Sonntag, this main exciton feature is
designated A, and two weaker, higher-energy features are
designated B and C. Peak A in the Li E excitation spec-
tra as measured by either reflectivity or transmission ex-
hibits a distinct low-energy shoulder, and as seen in Figs.
1 and 4, an analogous shoulder appears on the low-energy
side of the emission excitonic features. However, the
emission features are located at lower energies than the
respective excitation features. In the insets to these
figures, the excitonic features are compared by shifting
the excitation peaks onto their emission counterparts.
The shifts demonstrate a good match in line shape, in-
cluding the main peak and its low-energy shoulder. In
these insets the emission spectra have been divided by
photon-energy-cubed, while the reflectivities have been
converted to absorption by subtracting the background
and taking the square root.

Pantelides" established the position of the CBM in the
absorption spectra of various alkali halides by taking the
binding energy of the relevant core level with respect to
the VBM as measured by photoemission and adding the
band gap as measured by optical absorption. Johansson
and Hagstrom have since measured Li 1s binding ener-
gies in LiBr and LiC1, specifically to calibrate core excita-
tions, and they have determined these energies to be 54.1

and 53.2 eV, respectively. Adding the LiBr and LiCl
band gaps of 7.6 and 9.4 eV," we arrive at 61.7 and
62.6 eV for the location of the CBM with respect to the
Li 1s core levels. These thresholds for excitation to the
continuum are marked by arrows on Figs. 1 and 4. So,
based on the ls binding energies of Johansson and
Hagstrom together with the peak-A-energy positions in
our absorption spectra (or equivalently those of Haensel,
Kunz, and Sonntag), the Li E exciton binding energies
are determined to be 1.3 and 1.85 eV for LiBr and LiC1,
respectively. An independent measurement of these bind-
ing energies cannot necessarily be derived from the Li K
valence and Li K exciton emission features in Figs. 1 and
4 because, as explained below, the exciton and valence
emission features can exhibit different phonon relaxation
shifts. The various excitation thresholds and binding en-
ergies for LiBr and LiC1 are summarized in Table II.
Note that the error range for the entries in rows 1, 3, 5,
and 6 of this table exceeds plus-or-minus 0.3 eV. These
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TABLE II. Excitation thresholds and binding energies for LiBr and LiC1. All energies are given in eV.

R1
R2
R3
R4
R5
R6

Threshold or binding energy

Band gap
Li K binding energy relative to VBM
Threshold for Li E excitations to CBM
Main Li K exciton creation energy
Exciton binding energy relative to CBM
Threshold for Li K exciton creation via shakeup

Source

Optical absorption'
Photoemission
R1+R2
Reflectivity, Table I
R3-R4
R1+R4

LiBr

7.6+0.3
54.1+0.1

61.7+0.4
60.4+0.07

1.3+0.47
68.0+0.37

LiC1

9.4+0.3
53.2+0. 1

62.6+0.4
60.75+0.07

1.85+0.47
70.15+0.37

'References 11 and 33.
Reference 24.

errors derive primarily from the uncertainty in the band
gap.

Now that the excitation spectra have been presented,
we observe that the Li EC exciton feature is present in the
emission spectra of Figs. 1 and 4 despite the fact that the
excitation energy is not set at the value for direct exciton
creation. The absorption measurements have established
the main exciton-creation energies to be 60.4 and 60.75
eV in LiBr and LiC1, respectively. The emission from the
exciton cannot be measured when the excitation energy is
set at this creation energy because the emission then coin-
cides in energy with the substantially more intense elasti-
cally scattered excitation radiation which is also mea-
sured in the spectrometer. This problem complicated
earlier e8orts to measure Li K exciton emission in LiF us-

ing white-light excitation. ' ' However, O' Brien et al 2.
have demonstrated that when the monochromatized
excitation-phonon energy exceeds the exciton-creation
energy by an amount equal to or greater than the band

gap, the exciton can once more be populated through
multielectron shakeup processes; then its decay through
radiative emission may be observed. For LiBr this
threshold for exciton population through shakeup is 68.0
eV (60.4 eV plus the band-gap energy of 7.6 eV}, while for
LiC1 this threshold is 70.15 eV. The excitation energies
used to generate the emission spectra of Figs. 1 and 4
exceed these thresholds. In Fig. 6, the onset of the exci-
ton emission in LiBr as the exciton energy is increased
through the 68.0 eV shakeup threshold is illustrated. It is
not presently understood why the exciton emission inten-
sity is diminished for the 79.0 eV excitation energy.

C. Nature of the shoulder on the main exciton

We consider now the low-energy shoulder observed on
the Li K exciton features in the emission and excitation
spectra (Figs. 1, 4, and 6). The shoulder is also clearly
present in the Li K SXA data of Haensel, Kunz, and
Sonntag' which include the LiF spectrum. In both the
emission and excitation spectra the shoulder is separated
from the main exciton peak by about 1 eV.

Ichikawa et al. also observed a low-energy exciton
shoulder in their Auger yield and constant-initial-state
(CIS) measurements of Li K absorption in LiBr and LiC1.
Variations in the LiC1 shoulder intensity as a function of
incident-light angle led these authors to conclude that the
lower-energy peak in their surface-sensitive measure-
ments is a surface exciton. However, the transmission
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FIG. 6. The Li E-exciton soft x-ray emission from LiBr is

plotted as the excitation energy is varied through the threshold
for exciton population via a shakeup process, 68.0 eV. The six
spectra are normalized to equal intensity of the Li E valence
feature, which lies below the energy range of this figure at 51
eV.

absorption measurements of Haensel, Kunz, and
Sonntag' and the present reAectivity and emission exper-
iments are manifestly bulk sensitive. Ichikawa et al. may
very well have observed a surface exciton, but this must
be distinct from the shoulder of interest here: indeed the
low-energy shoulder in the CIS spectra of Ref. 35 has a
separation from the main peak that exceeds 1 eV, and its
strong intensity is likely obscuring the bulk-derived
shoulder.

A low-energy component has also been observed in the
B K exciton emission of B203 (Refs. 2 and 4) and BN
(Refs. 2, 36, and 37},but in these materials a correspond-
ing component does not appear in the absorption spec-
tra. The shoulder on the B K exciton emission
features was interpreted in terms of phonon ringing,
motivated by the absence of the shoulder in SXA and the
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large (2 eV) component separation in SXE. In the case
of the present Li E data, the shoulder does appear in the
absorption spectra, and in addition the smaller 1 eV sepa-
ration of the Li E exciton components suggests that the
phonon ringing interpretation does not apply to the Li
compounds.

The exciton shoulder most plausibly corresponds to the
lowest-lying s-symmetry exciton, which in an atom is
dipole-forbidden for E excitations. Fields, Gibbons, and
Schnatterly have recorded the Li E absorption spec-
trum of LiF using inelastic electron scattering. With this
technique the same dipole selection rule applies at low
transferred momentum q, but at higher q these rules
break down. Observing that the shoulder peak is
enhanced at high q, the authors argue that this peak is
indeed the dipole-forbidden exciton. Zunger and Free-
man ' have calculated in the local-density formalism the
ground-state energy levels of LiF as well as its Li E exci-
tations. Their results support the identification of the
main exciton and its shoulder in the excitation spectrum
as the lowest-lying p and s excitons. Furthermore, they
point out the similarity of the SXA exciton energies to
the excitation energies of the isolated Li'+ ion: 60.8 and
62.2 eV for the transitions to 2s 'So and 2p 'Po states, re-
spectively. Fields, Gibbons, and Schnatterly have
suggested that the strength of the forbidden transition in
the absorption spectra is another manifestation of pho-
nons, which break the symmetry underpinning the dipole
selection rules.

The onset of the Li E exciton emission feature in LiBr
following shakeup excitation, shown in Fig. 6, must now
be considered. It appears that the exciton emission
shoulder may turn on simultaneous with the onset of the
main peak, in apparent contrast to B E emission. ' For
multielectron excitations the dipole selection rules are ap-
plied to the quantum numbers of the full initial and final
states, and the excitation of the s-symmetry exciton is no
longer necessarily forbidden. However, the shoulder in
emission is still weaker than the main line intensity be-
cause the emission transition is still dipole-forbidden. If
indeed the shoulder peak does not turn on by itself at 1

eV lower excitation energy than the main peak (the onset
of the shoulder had been anticipated at roughly 67.0 eV
excitation energy), this observation demands further in-
terpretation. The primary excitation of the s-exciton may
occur via initial p-exciton creation followed by a fast p-
to-s exciton transition radiating in the infrared. Such a
transition has been suggested by Jackson and Pederson
in the context of the C E exciton of diamond. Quantita-
tive theoretical evaluation of the s and p exciton picture
with respect to the results of Figs. 1, 4, and 6 is beyond
the scope of this present study.

D. Energy positions and Stokes shifts of emission spectra

For LiBr the match between the emission and absorp-
tion exciton features (Fig. 1, inset) was achieved by shift-
ing the absorption profile 1.0 eV to lower energy, while
the match for LiCl (Fig. 4, inset) was also achieved by a
1.0 eV shift. For these two Li halides this 1.0 eV shift is
the Stokes shift for the main localized Li K excitation.

Arakawa and Williams' in their electron-beam-
excitation study, first pointed out the energy offset be-
tween their SXE excitonic features and the SXA excitons
measured by Haensel, Kunz, and Sonntag. ' In the
present paper the offset can be precisely quantified for
two reasons. First, the exciton line shape that had been
observed in the absorption is now resolved in the emis-
sion as well. Second, the absorption and emission mea-
surements presented in Figs. 1 and 4 were made consecu-
tively on the same spectrometer to avoid relative calibra-
tion errors. These 1.0 eV Stokes shifts reflect the phonon
relaxation that takes place between creation of the exci-
ton and its subsequent recombination. Analogs to peaks
B and C in the LiBr and LiC1 absorption are not observed
in the emission spectra. These peaks, like the main peak
A, have been attributed by Pantelides" to excitonic phe-
nomena. Localized excited states associated with these
peaks may decay to the lowest-energy exciton state before
recombining; another possibility is rapid autoionization
to continuum states.

Figures 7 and 8 show the dependence of the Li E
valence emission on excitation-photon energy for LiBr
and LiC1, respectively. The LiC1 data exhibit poorer
statistics than the best LiBr data, largely because of the
lower emission intensity from the LiC1. The emission
spectra in these figures are normalized to equal intensity
in order to facilitate comparisons of line shape and ener-

gy position. The measured intensities exhibited a gradual
systematic rise as a function of excitation energy and
showed no discontinuous jump as the excitation energy
was raised from the exciton-creation values at threshold
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to conduction-band-transition values. The Li K valence
emission for excitation energies set at exciton-creation
values will be termed spectator emission. On the other
hand, when the excitation energy is raised above these
creation energies, the valence emission occurs without an
exciton, and this process will be referred to as normal
emission. As mentioned above, when the photon energy
is raised above an exciton-creation energy by more than
the band gap, the exciton can again be populated through
shakeup processes. For excitation energies above this
second threshold, the valence emission will consist of a
combination of spectator and normal emission.

For Li K emission from LiBr, the range of excitation
energies yielding normal emission extends from 61.7 to
68.0 eV (Table II) and is thus represented by spectra (e)
through (h) in Fig. 7. The absorption features B and C lie
at the beginning of this range (at 61.7 and 63.2 eV, re-
spectively}, but Pantelides" has attributed these features
to excitonic phenomena because of their strong intensity
relative to the calculated conduction-band DOS. The
valence band spectra (e) through (h) are essentially identi-
cal in line shape and energy position. The Stokes shift of
these normal emission spectra can be determined in the
manner described in Sec. I: by comparing the position of

the valence-band maxima in these spectra to the Li 1s
binding energy as determined from photoemission. As
mentioned in Sec. IIIB, Mg K -excited valence and
core-level photoemission spectra were measured by
Johansson and Hagstrom for this purpose of calibrating
core excitations. The extraction of the VBM from either
SXE or photoemission spectra typically involves fitting
the data near the top of the band with some DOS func-
tion convolved with instrumental and lifetime broaden-
ing. To avoid a discrepancy between our method of
SXE-VBM extraction and the method used by Johansson
and Hagstrom for photoemission-VBM extraction, we es-
tablished the VBM of the SXE spectra by directly align-
ing these spectra to the photoemission spectrum (repro-
duced in Fig. 2), paying particular attention to the align-
ment at the maxima. The valence-band maxima of the
normal Li K valence emission spectra from LiBr were
determined in this manner to lie at 53.1 eV. On the other
hand, the binding energy of the Li 1s core level as mea-
sured with photoemission is 54.1 eV. The di8'erence be-
tween these two values, 1.0 eV, represents the Stokes shift
of the normal Li K valence emission in LiBr.

Spectra (a) through (d) in Fig. 7 represent spectator
emission: the excitation energies for (a), (b), and (c) lie on
the main exciton peak A of the absorption profile, while
that for (d) lies on the smaller peak B. A measurement of
the valence emission for an excitation energy on the SXA
excitonic-shoulder component at 59.3 eV was also at-
tempted, but the emission intensity was insufficient to
yield a result. The spectator Li K valence emission spec-
tra corresponding to excitations on peak A exhibit a shift
to lower energy, while spectrum (d} is unshifted with
respect to the normal spectra. Spectrum (a}, taken with
the excitation energy toward the low-energy edge of peak
A, exhibits the greatest shift, about 1.2 eV, but in line
shape it closely resembles the normal valence emission
spectra, as shown in Fig. 2. Spectra (b) and (c) exhibit an
intermediate shift and are additionally somewhat
broadened relative to spectra (a) and (e) through (h). Ap-
parently (b) and (c}constitute a mix of spectator and nor-
mal emission in which the center of the excitation band
yields spectator emission while the high-energy tail of the
exciting radiation still produces significant normal emis-
sion. We will consider spectrum (a) to represent a rela-
tively pure spectator emission spectrum. Aligning it with
the photoemission valence band spectrum, a VBM energy
of 51.9 eV is determined, and the total shift for the spec-
tator emission spectrum is thus established to be 2.2 eV.
Both the normal and spectator shifts of LiBr are entered
in Table III.

TABLE III. Li K spectral shifts between excitation and emission. All energies are given in eV.

Spectral feature Source LiBr shift LiCl shift

R1
R2
R3
R3a
R3b

Exciton
Normal valence
Spectator valence
Spectator: phonon relaxation
Spectator: promotion

SXE and reflectivity
SXE and photoemission
SXE and photoemission
R1
R3-R1

1.0+0.05
1.0+0.15
2.2+0. 15
1.0+0.05
1.2+0.20

1.0+0.05
1.2+0. 15
1.9+0.15
1.0j0.05
0.9+0.20



PHOTON-EXCITED SOFT-X-RAY EMISSION FROM LiBr AND. . . 5937

As mentioned above, spectra (d), (e), and (I) were gen-

erated with excitation energies in the range of peaks B
and C of the absorption profile. Pantelides" suggested
that these are excitonic in origin, but it was noted above
that unlike peak A, no features appear in the emission
spectra that can be attributed to direct recombination of
localized excited states B and C. At first it was suggested
that these higher-energy localized states might decay rap-
idly to the primary exciton associated with A. However,
we now observe that the Li E valence spectra generated
by excitations B and C are indistinguishable from normal
emission spectra. If peaks 8 and C do indeed represent
localized excited states, as suggested by Pantelides, these
states must rapidly autoionize to continuum states.

Spectra in Fig. 7 taken with excitation energies exceed-
ing the threshold for shakeup exciton creation, 68.0 eV,
are anticipated to consist of both spectator and normal
emission. In fact, however, spectra (i) through (I} are
very similar in line shape and position to the purely nor-
mal emission spectra of (e) through (h). Figure 2 demon-
strates the similarity between spectra (h) and (j},both of
which were shifted a total of 53.1 eV to appear on the
binding energy scale of the figure. From the dominance
of the normal-emission contribution to the spectra in the
shakeup regime, (i) through (I), we conclude that the
shakeup excitations of the core exciton are not very prob-
able; those excitations that do occur must decay largely
by direct recombination to yield the exciton emission
features seen in Figs. 1 and 6.

For LiC1 the range of excitations corresponding to nor-
mal excitation is 62.6 through 70.15 eV, and none of the
data in Fig. 8 were taken in this range. However, the fact
that the emission spectra recorded with excitation ener-
gies of 62.35 and 72.3 eV have essentially identical spec-
tral line shapes and positions suggests that, analogous to
the LiBr data, the spectra (c) and (d) accurately represent
normal valence emission. The valence-band maxima of
these spectra are determined by aligning them with the
LiC1 valence photoemission spectrum of Johansson and
Hagstrom, as shown in Fig. 5, and these maxima are es-
tablished to lie at 52.0 eV. Since the photoemission-based
Li 1s binding energy in LiC1 is reported by these authors
as 53.2 eV, the Stokes shift of the normal emission is 1.2
eV. The spectator emission spectra (a) and (b) are shifted
to lower photon energy with respect to the normal spec-
tra, and again spectrum (a), with its excitation energy to-
ward the low-energy edge of the main exciton peak, is
taken to represent a relatively pure spectator emission
spectrum. Its valence-band maximum is determined to
lie at 51.3 eV, thereby yielding a spectator shift for LiC1
of 1.9 eV.

The binding energy of the Br 3d core level is given by
Johansson and Hagstrom without discriminating the two
spin-orbit components. Their Br 3d core level spectrum
is plotted in this reference, and we reanalyzed it with a
spin-orbit splitting of 1.05 (Ref. 29) and a statistical
branching ratio of 1.5, yielding a Br 3d~&z binding energy
of 66.7 eV. Adding the LiBr band-gap energy of 7.6 eV,
it is concluded that the threshold for transitions from the
Br 3dz&2 level to the conduction band is 74.3 eV. An ex-
citation energy of 79.0 eV promotes Br 3d~&z electrons to

4.7 eV above the CBM, and this excitation gives rise to a
normal Br M5 valence emission spectrum. In Fig. 3, this

emission spectrum was shifted by 66.0 eV to align its
VBM with that of the valence photoemission spectrum of
Johsnsson and Hsgstrom; 66.0 eV is thus the position of
the VBM in the Br M5 emission spectrum. Comparing
this 66.0 eV value to the Br 3d5&2 binding energy, 66.7
eV, a Stokes shift of 0.7 eV is established for normal Br
M4 5 excitations.

E. Interpretations of spectral shifts: phonon relaxation

and promotion energies

The Stokes shifts for normal Li E excitations were
found to be 1.0 and 1.2 eV in LiBr snd LiC1, respectively.
These shifts characterize the phonon relaxation that
takes place between the normal excitation and emission

processes, and they can be evaluated in the context of pa-
rameters that determine the phonon coupling,
specifically, the phonon relaxation energy X», the hole

lifetime ~, and the phonon relaxation rate coo. Citrin,
Eisenberger, and Hamann demonstrated that phonon
coupling also influences the width of core-level photo-
emission spectra, and they related this phonon broaden-

ing to the phonon-coupling parameters. These authors
assert that the longitudinal optical (LO) phonon mode
dominates the phonon-coupling process in the ionic alkali
halides, and since this mode generally exhibits little
dispersion, a single-frequency Einstein model of the pho-
nons was used to evaluate this coupling. Then the follow-
ing formula for the standard deviation cr h of the phonon
broadening can be employed:

o ~z
=ficoLoX~h coth(f2coz o/2k T )

where co„~is the frequency of the LO mode. These au-
thors furthermore used the following formula for X h, de-
rived from an electron-phonon interaction Hamiltonian:

X „=e(6/m V )' (I/s„—I/eo), (2)

where V is the volume of the primitive unit cell, and c„
and e.o are their high-frequency and low-frequency dielec-
tric constants. Based on formulas (1) and (2), Citrin,
Eisenberger, and Hamann calculated phonon broaden-
ings that accurately reproduce the temperature depen-
dence of K 2p core-level widths from KF, KC1, and KI,
although the absolute magnitudes of the calculated oph
were systematically smaller than the measurements.
Mahan later recalculated X h and o.

h for various alkali
halides based on summations over all phonon modes, and
his o.

h agree closely with the measurements of Citrin,
Eisenberger, and Hamann. Mahan observed that the
values of X~h based on formula (2) are generally too small
by s factor of 2.

In Table IV, values of X h based on formula (2) are list-
ed for LiF, LiC1, and LiBr. Mahan could perform his
more sophisticated computations of X h and 0» only for
alkali halides which had had their phonon dispersion
characterized, for example by neutron scattering. While
the phonon dispersion of LiF hss been measured by Dol-
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TABLE IV. Parameters related to phonon broadening and relaxation in the Li halides.

Sample

LiF
LiCl
LiBr

Cation-anion
distance (A)

2.014'
2.570'
2.751'

1.92b

2.75
3.16

9.01'
11 95
13.25'

&ph (e )

formula (2)

2.89
1.54
1.24

Xph (eV)
scaled by 1.7

4 99'
2.7
2.15

Acuo (eV),
ficoLoat X

0.057'
0.029~

0.023~

'Experimental, Ref. 47.
Experimental, Ref. 48.

'Experimental, Ref. 49.
Experimental, Ref. 50.

'Theoretical, Ref. 46.
'Experimental, Ref. 51.
'Theoretical, Ref. 52.

ling et al. ' no such studies of LiBr and LiC1 appear to
be available, even up to the present time. Mahan's results
for X h are slightly different for cation and anion holes,
unlike values based on formula (2), and his X h for Li
holes in LiF, 4.99 eV, is entered in Table IV. This is
larger than the 2.89 eV derived from formula (2) by 1.7
times, nearly the factor of 2 specified by Mahan. In
Table IV, adjusted estimated of X~h for LiBr and LiC1 are
given, scaled by this rnultiplicative factor of 1.7. Then
2X„his approximated to be 4.3 and 5.4 eV in LiBr and
LiC1, respectively, and these values can be compared to
the measured phonon relaxations for normal Li E excita-
tions in these two materials, 1.0 and 1.2 eV. This sug-
gests that partial relaxation takes place in these ionic ma-
terials, similar to the finding for the oxide insulators.

Partial relaxation occurs when the hole lifetime ~ and
the phonon relaxation time 2n/coo are roughly equal.
For the alkali halides the fastest coupled mode is again
the LO mode appearing in formula (1), and hence coLo is
the relevant estimate of coo. Mahan has observed that
the frequency BIO at the X point in the Brillouin zone ac-
curately represents the average of this rather nondisper-
sive mode over the zone. In Table IV, ficoto(X) is listed
for the three Li halides. The value for LiF is taken from
the neutron scattering study of Dolling et al. ,

' while the
values for LiBr and LiC1 are based on calculations by
Sanjeeviraja et al. , whose theoretical results exhibit
good agreement with all of the measured alkali-halide
dispersions. It remains to compare the phonon relaxa-
tion times to the hole lifetimes or equivalently to compare
the phonon energies %coro in Table IV to the lifetime
widths I (equal to h/~) for Li K excitations. Unfor-
tunately, the Li 1s lifetimes in the Li halides are difficult
to measure. As Citrin, Eisenberger, and Hamann point
out, the strong phonon broadening of photoemission core
levels in these ionic materials precludes an accurate ex-
traction of the lifetime width. However, I has been ex-
tracted precisely for the Li ls core level in Li metal,
which has a smaller phonon broadening. This lifetime
width of 0.04 eV is not directly applicable to Li halides:
the valence electron density around the Li atom is sub-
stantially reduced in the ionic compounds, thus increas-
ing the lifetime and reducing I . We can only conclude
that for Li A excitations in the Li halides, I is less than
0.04 eV. Considering the values of %coo in Table IV, nor-

mal Li E excitations in the Li halides are expected either
partial or complete relaxation. Our above measurements
indicate that partial relaxation takes place in LiBr and
LiC1.

The phonon relaxation shift for the normal Br M4 5 ex-
citation in LiBr is 0.7 eV, 0.3 eV less than the shift for the
normal Li K excitation. To first order the phonon relaxa-
tion energy X h is the same for the Li E and Br M4 5 exci-
tations in LiBr. This is the prediction of formula (2) and
is roughly supported by the more detailed calculations of
Mahan. The phonon relaxation rate coo is also antici-
pated to be nearly the same for the two excitations since
in either case LO modes are anticipated to dominate.
However, the hole lifetime will depend on both the
specific elemental level in which the hole is created and,
as mentioned above, chemical e6'ects in the valence elec-
tron density around the hole. The lifetime width I for
M4 5 excitations in atomic Br is interpolated from the
calculations of McGuire to be 0.08 eV. For Br in LiBr,
the valence electron density is enhanced relative to the
atomic state, and thus, opposite to Li, the lifetime width
I should increase. Hence, it makes sense that the pho-
non relaxation for normal Br M4 5 excitations in LiBr is
less complete than for normal Li E excitations.

The shifts of the spectator Li K valence emission are
2.2 and 1.9 eV in LiBr and LiC1, respectively. However,
unlike Stokes shifts in the normal valence emission spec-
tra, these values represent more than just the phonon re-
laxation between exciton creation and spectator valence
emission. Indeed the relaxation shift itself should be the
same as that measured from the exciton emission and ab-
sorption features because the same phonon-coupling
strength X h, hole lifetime ~, and phonon relaxation rate
coo apply, independent of the fina1 decay process of the ex-
citon. However, there is an additional source of shift in
the spectator valence emission spectra, which O' Brien
et al. first pointed out in B K emission from B2O3 and
BN. When the spectator valence emission transition an-
nihilates the core hole, the electron in the exciton state,
i.e., the initially-excited electron, can no longer remain in
this state. This electron must be promoted to the con-
duction band or to a valence exciton state involving the
valence hole in the emission final state. The energy re-
quired for this electron promotion accounts for the addi-
tional energy shift in the spectator valence emission ener-
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gy. In Table III, the promotion energy is computed as
the difference between the measured shifts for the specu-

lator valence spectra and the exciton spectra: 1.2 and 0.9
eV for LiBr and LiCl, respectively.

Since the measured binding energies of the core exci-
tons are 1.3 and 1.85 eV in LiBr and LiC1 (Table II),
these are the expected shifts for promoting the electron
to the bottom of the conduction band. These values may
be reduced by as much as the valence exciton binding en-

ergy in these materials, which are approximately 0.3 and
0.6 eV. The LiBr promotion energy corresponds closely
to the core-exciton binding energy; however, the LiC1
value exhibits a sizable discrepancy, possibly due to the
higher valence exciton binding energy in LiC1. The un-

certainty of almost 0.5 eV in the core-exciton binding en-

ergies of Table II can also account for much of the
discrepancy. Both the core- and valence-exciton binding
energies are subject to large errors originating from un-

certainty in the band gap. The uncertainties of the mea-
sured promotion energies listed in Table III are smaller

by nearly a factor of three. Accurate core-exciton bind-

ing energies, derived from precise measurements of the
band gaps, would present a useful upper limit on the pro-
motion contribution to the spectator emission shift.

Having separated the phonon relaxation and promo-
tion contributions to the spectator shifts, we find that the
phonon relaxation itself does not change very much in

going from normal to spectator valence emission. In
LiBr the phonon relaxation is 1.0 eV in either case, and
in LiC1, the relaxation drops slightly, from 1.2 to 1.0 eV.
This absence of substantial change is surprising since the
phonon coupling strength X~h was anticipated to decrease
for localized excitations because the exciton screens the
hole charge as seen by the lattice ions. O' Brien et al. 3

determined X~h in certain oxide insulators for both local-
ized and continuum excitations by measuring as a func-
tion of temperature the widths of excitonic and bulk-
derived features in SXE and SXA spectra. In MgO they
measured X h values of 0.5 eV and 1.5 to 2.1 eV for local-
ized and continuum excitations, respectively.

The absence of a difFerence in the phonon relaxation
shift between normal and spectator excitation may be in-

terpreted by first assuming that the hole lifetime is not
influenced by the presence of the exciton. Then the local-
ized excitations exhibit partial relaxation, following the
same arguments made above for the continuum excita-
tions. For partial relaxation, when the full 2Xph Stokes
shift is not achieved, the shift may not be proportional to
X~h but may instead be fairly independent of this parame-
ter. One may also consider the possibility that the hole
lifetime ~ is in fact influenced by the presence of the exci-
ton, which simultaneously screens the hole from the
valence electrons and provides new hole decay paths via

direct recombination mechanisms. The former screening

efFect can increase ~, thereby allowing more complete re-

laxation to take place. This would partially compensate

any reduction in the excitonic relaxation shift due to a
lowering of X h. In any case, the 1.0 eV phonon relaxa-

tion shifts measured for localized Li K excitations in LiBr
and LiC1 represent a lower limit on the 2X&h values for
these localized excitations.

IV. CONCLUSIONS

The excitation and emission spectra of LiBr and LiC1
have been measured around the Li E edge. Energy posi-
tions of the Li E exciton and Li K valence emission
features were carefully quantified, and offsets relative to
excitation-derived energies were analyzed and interpreted
in terms of phonon relaxation. The Li E valence emis-

sion spectra for localized excitations were also shifted by
the energy required to promote the localized electron
when the core hole is annihilated. The comparison of
phonon relaxation shifts for normal Li K excitations to
estimated values of the complete 2X~h suggests that par-
tial relaxation takes place. The occurrence of partial re-
laxation for normal excitations is plausible when values

of the hole lifetime and phonon relaxation time are com-
pared. The relaxation shifts are found not to change sub-

stantially for spectator Li E excitations, indicating that
Stokes shifts for partial relaxation are not proportional to
X~h. The phonon relaxation shift for the normal Br M~ 5

excitation in LiBr was also briefly analyzed. The strong
valence charge transfer from Li to Br in this ionic com-
pound contributes to a lowering of the Br excitation life-

tiine and subsequent reduction of the phonon relaxation.
Overall, these various Stokes shifts provide a second ap-
proach to characterizing alkali-halide phonon coupling,
which heretofore had been examined through phonon
broadening of core-level and excitation spectra. These
shifts yield further insight into the role of excitonic
screening and chemical valence-charge-density efFects in
both the degree of phonon coupling and the balance be-
tween the phonon relaxation and excitation decay rates.
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