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We present temperature-dependent soft-x-ray emission and soft-x-ray absorption measurements on

MgO, a-AlO;, and a-SiO-.

The measurements show in detail the final-state effect on phonon

broadening for transitions involving the Mg 2P core state in MgO. In addition, we report the temper-
ature dependence of emission and absorption features for MgO, a-Al;,O;, and @-SiO;. The tempera-
ture dependence of the transitions involving the valence- and conduction-band states should be an im-
portant check on band-structure calculations. These results are compared to published temperature-

dependent optical-reflectivity measurements.

Phonon effects on electronic transitions have been of in-
terest for over thirty years.' ~® Ionic solids have played a
significant role in this interest due to the simplifying as-
sumptions which can be used.>*’ In ionic solids, phonon
broadening much larger than k7T have been observed® and
described theoretically.* This broadening is due to strong
phonon coupling to the electronic excitations. Tempera-
ture-dependent changes in band gaps and other electronic
transition energies have also been observed in ionic com-
pounds.® These can be explained by lattice thermal ex-
pansion,® another phonon effect. We present tempera-
ture-dependent soft-x-ray emission (SXE) and soft-x-ray
absorption (SXA) measurements on MgO, a-Al,O3, and
a-Si0,. These measurements show, in detail, the final-
state effects on phonon coupling for transitions involving
the Mg 2P core hole in MgO. In addition, we report the
temperature dependence of emission and absorption
features for MgO, a-A1,03, and a-SiO;.

The experiments were performed on beam line U10A at
the National Synchrotron Light Source, Brookhaven Na-
tional Laboratory. Both the SXE and SXA measure-
ments were made on the same soft-x-ray spectrometer. '®
This spectrometer is a S-m-radius toroidal grating with
Rowland optics. The resolution over the range studied
was approximately 0.1 eV. Electrons of 1 keV, 10 uA,
were used to excite the cation 2P core states during the
SXE measurements. Reflectivity was measured by
reflecting white light from the synchrotron, off the sample,
and into the spectrometer. SXA spectra were derived
from these reflectivities using the approximation that
R« &3, where R is the reflectivity, and &, is the absorp-
tion. It has been shown'' that this is an accurate method
for measuring SXA. High-purity single crystals were pur-
chased from Electronic Space Products International.
The samples were firmly clamped to a Ta sheet which was
heated by electron bombardment. Sample temperature
was measured using a Chromel-Alumel thermocouple,
clamped to the front of the sample by a thin Ta bar.

When the electronic state of an atom in a solid is
changed the atomic equilibrium positions near the excited
atom are altered. The lattice cannot relax during the time

4

period of the electronic transition. This results in the
creation of phonons in the final state. In general, there is
a distribution in the number of phonons created, which
leads to a broadening of the electronic transition spec-
trum. In ionic solids the core hole interacts primarily with
longitudinal optical (LO) phonons and, since these bands
have little dispersion, an Einstein lattice is an excellent ap-
proximation. In the linear coupling approximation the
standard deviation of the phonon broadening (opn) as a
function of temperature is given by’

O'Sh =hwLoZph coth(hw o/2kT) , 1)

where I, is the relaxation energy (sometimes referred to
as the phonon self-energy) of the final state. The relaxa-
tion energy is the energy difference between the fully re-
laxed final state (atoms in new equilibrium position) and
the final state immediately after a Frank-Condon transi-
tion. All else being equal, the larger the change in atomic
equilibrium positions, the larger the relaxation energy.

As the temperature of a solid increases inharmonic pho-
non effects cause the lattice to expand. This change in lat-
tice constant has an additional effect on electronic transi-
tions. For ionic compounds, the energy position and
widths of bands are sensitive to lattice spacing.’ These
effects can be understood with the tight-binding model,
considering nearest-neighbor interactions only, although
the real situation is more complicated. Increasing the lat-
tice constant reduces the magnitude of the overlap in-
tegrals. This decreases the bands dispersion and shifts
them in energy. The direction of the energy shifts are
determined by the sign of the overlap integral.
Temperature-dependent optical-reflectivity measurements
on MgO and a-Al,03 (Ref. 8) have shown that the band
gap decreases with temperature. Also, features in the
joint density of states (optical reflectivity) of MgO and
a-Al,03 have been observed® to shift in energy with tem-
perature.

SXE and SXA spectra for MgO are shown in Fig. 1 for
two sample temperatures. The SXE spectra have been di-
vided by E*, where E is the photon energy, to approxi-
mate the density of states. The Mg 2P— 2S radiative
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FIG. |I. SXE and SXA spectra of MgO obtained at room
temperature (bottom) and at 1000 K (top). The SXE spectra
have been divided by E * to approximate the density of states.

core-core transition appears near 39 eV in the SXE spec-
tra (Fig. 1). The peak near 53.5 eV in the SXA spectra
has been identified as the Mg L, ; exciton.!' As the tem-
perature is increased, both the SXE and SXA spectra are
observed to change. In SXE the valence-band edge
(VBE) is broadened and shifted towards higher energies
while no energy shift or broadening is observed for the
2P — 2S core-to-core transition. The peak labeled A.p,
shifts towards higher energies. In SXA, the exciton (Ex)
is broadened and shifted to lower energies while the peak
labeled A, is broadened but not shifted. Other features
in the SXA spectrum, including B,,, are broadened but
not shifted.

The various features defined in Fig. 1 were fitted with a
least-squares routine to determine both their tempera-
ture-dependent broadening and energy shifts. The
2P— 2S core-to-core transition and the absorption
feature A,, were fitted with a pair of Gaussians of vari-
able but equivalent width, a spin-orbit splitting of 0.28 eV,
and the statistical 7(L3)/I(L,) intensity ratio of 2. A
linear background was used for both of these fits. The
VBE was fitted with a density of states proportional to
(Evem —E)'?, where Evgm is the valence-band max-
imum, a spin-orbit splitting of 0.28 eV, and an
I(L;)/I(L,) intensity ratio of 2, all convoluted with a
Gaussian of variable width. The exciton was fitted with a
pair of Gaussians of variable but equivalent width, a
spin-orbit splitting of 0.28 eV, and a nonstatistical
I(L3)/I(L,) intensity ratio of 0.2. This nonstatistical ra-
tio is a result of the exchange energy being similar in mag-
nitude to the spin-orbit energy.!' Varying this ratio be-
tween 0.0 and 0.5 has no significant effect on our results.
The first moments of the peaks labeled 4., and B, in
Fig. | were determined with Gaussian fits. No broadening
measurements of these peaks were attempted due to the
uncertainty in background. Likewise, no fits were at-
tempted for the other features in the SXA spectrum due
to overlap and uncertainties in background.

Temperature-dependent broadenings of electronic tran-
sitions in MgO are reported in Fig. 2. The relaxation en-
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FIG. 2. Temperature-dependent widths of spectral features,
A (A), VBE ('%), Ex (#), and 2P— 2S (@). Linear fits are
shown for A, Ex, and 2P — 28 features.

ergies for the various transitions are derived from the data
in Fig. 2 using (1) and are reported in Table I. An LO
phonon energy of 60 meV, X point, was used.'? It should
be noted that the relaxation energy, determined in this
manner, is not sensitive to the choice of wro since
coth(hwio/2kT) =2kT/hwio for hwro<2kT. The
common, T =0, intercept is due to instrumental resolution
and inhomogeneous broadening. The relaxation energies
in Table I can be understood by assuming that the MgO
lattice consists of point ions and by considering the effects
of each electronic transition on the equilibrium position of
the nearest neighbors. For the 2P — 2S transition Zyy, is
negligible (Table I). The charge of the Mg ion does not
change during this transition and therefore the nearest-
neighbor equilibrium distances are not affected. For ab-
sorption into the state Ay, (th=2.l eV), the charge on
the Mg ion changes from +2 to +3 and the nearest-
neighbor equilibrium distances are greatly affected. The
relaxation energy for the transition into the exciton state
is 0.5 eV. Here the nearest neighbors see an effective
charge of between +2 and + 3 in the final state since the
exciton is highly localized and screens the core hole.
Nearest-neighbor equilibrium distances are affected, but
not as much as by absorption into 4,,. The uncertainties
in the VBE measurements are large due to the movement
of the edge with temperature; however, the resulting value
of Zph is the same as for absorption into the A,, state
within our experimental uncertainty. It is significant that
the same temperature-dependent broadening is measured
for the VBE as for 4,,. This suggests that partial relaxa-
tion effects'? are not important for Mg 2P SXE.

TABLE 1. Phonon relaxation energies Zy, for electronic tran-
sitions in MgO, a-Al;O3, and a-SiO;. Transitions are identified
in Figs. 1 and 3; values are given ineV.

2P— 28 VBE EXcore A
MgO <0.04 1.5+0.5 0.5+0.05 2.1+0.2
a-AlO3 1.6 0.6 0.4+0.2 :
a-Si0» <10 <0.2
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We have interpreted the different relaxation energies,
obtained for absorption into the exciton and A, state, as
due to exciton screening of the core hole. The exciton
wave function should therefore be localized primarily
within one lattice spacing of the Mg ion. This is con-
sistent with the size of the exciton determined through
comparison of the exciton energy with the first allowed
2p®— 2p33s! transition in gas phase Mg2*. These tran-
sitions are within 0.15 eV of each other at room tempera-
ture,'! suggesting that the spatial extent of the exciton is
less than a lattice spacing. If the exciton were larger than
a lattice spacing, the O%~ 2P states would screen the exci-
ton, changing the energy from what is observed in the gas
phase. The screening of the core hole potential by the ex-
citon state is not complete, however. This is evident in the
slight broadening with temperature of the exciton transi-
tion.

Phonon relaxation energies in ionic crystals have been
estimated by Citrin, Eisenberger, and Hamann® (CEH)
using polaron theory,'* with reasonable success. Here the
long-range Coulomb potential of the core hole is assumed
to interact with the ionic polarizability of the lattice. The
core hole potential interacts primarily with LO phonons.
Due to the low dispersion of LO phonons, all phonons are
considered to have the same frequency. In the strong-
coupling limit, ' assuming a Debye cutoff for the phonon
wave vector, the relaxation energy is’

th=e2(6/nV,,,)'/2(l/ew—l/eo). ()

where V,, is the primitive cell volume, €. is the high-
frequency dielectric constant (n2), and € is the static
dielectric constant. For MgO we obtain Z,,=1.6 eV.
This should be compared with our measured value of
Zph=2.1 eV for absorption into state A4,, (ionized core
hole). This is consistent with the trend found by CEH
when comparing their results on alkali halides to this
model; the model underestimates the relaxation energy.
More recently, Mahan has obtained closer fits to the
available alkali halide data using a multimode model. In
his analysis, Mahan* determined that LO phonons at X
provide the important temperature dependence to the
linewidth. We are not aware of any such calculations on
MgO although Mahan’s model, which considers localized
holes in a point-ion lattice, should be applicable for MgO.

Similar measurements were made on a-Al,O3; and a-
SiO,. Shown in Fig. 3 are the room-temperature SXE/E *
and SXA spectra for a-Al,O; and a-SiO,. Relaxation
energies were determined for the VBE and exciton transi-
tions for a-Al,0;. These relaxation energies are reported
in Table I. The relaxation energy for the exciton transi-
tion, 0.4 eV, is less than the relaxation energy for the VBE
transition, 1.6 eV. This is similar to what was found for
MgO and suggests that the Al L exciton is localized pri-
marily within a nearest-neighbor distance. No changes
were observed in either the SXE or SXA spectra of a-
SiO; over the temperature range studied, 300-1000 K.
The large experimental upper limit in Z,, for the VBE
transition, 1.0 eV, is due to the broad shape of the a-SiO,
VBE.

The temperature dependence of the electronic transition
energies for MgO are presented in Fig. 4. Here the transi-
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FIG. 3. Room-temperature SXE/E? and SXA of a-SiO;
(top) and a-Al>O; (bottom). The relaxation energies and tem-
perature coefficients for the electronic transitions identified are
listed in Tables I and 11, respectively.

tion energies are shown relative to the 7=300 K values,
so that all the information can be contained on one graph.
As the temperature increases, the VBM and the A,
feature move to higher energies, while the exciton moves
to lower energies. We detect no shift for the 2P— 2§
transition or the A,, and B, features. These transitions
are omitted from Fig. 4 for brevity. The results presented
in Fig. 4 were fit with a linear least-squares routine. The
temperature coefficients are presented in Table II. Simi-
lar measurements were made on a-Al,O; and «-SiO,.
Linear temperature coefficients for the transitions
identified in Fig. 3 are presented in Table II. For a-Al,0;
the VBM and other emission features move to higher en-
ergies with an increase in temperature while the exciton
moves to lower energies. We observe no temperature-
dependent shift in the a-SiO, SXE and SXA spectra.
The absence of a temperature-dependent shift can be ex-

shift relative to 300 K (eV)
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FIG. 4. Temperature dependence of VBM (@), A.m (@), and
Ex (®) transition energies of MgO. Transition energies are
shown relative to their values at 300 K.
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TABLE II. Linear temperature coefficients for electronic transitions of MgO, a-Al,Os, and a-SiO,.
Values for Exya are from Ref. 8. Transitions are identified in Figs. 1 and 3; values are in meV/K.

2P— 28 Aem Bem VBE EXcore A B.b EXval
MgO 0+0.03 0.32%+0.03 0.45+0.1 -—0.26+0.02 0+0.05 0+0.05 —0.91
a-AlO; 0.24+0.03 0.2%+0.02 0.39+0.04 —0.49+0.05 —0.5+0.1 -+ —1.0
a-Si0O: 0+005 0zx0.05 0+0.05 0+0.05 0+0.05 s

plained by the low thermal expansion coefficient of a-
Si0,, 0.6x107%/°C, as compared to 7x10%°C and
13x10 ~%/°C for a-Al,03 and MgO, respectively. These
transition energies are all relative to the cation 2P electron
binding energy. This binding energy is also temperature
dependent. Therefore, it is the relative temperature
dependence of these different transitions that are impor-
tant when comparison is made to band-structure calcula-
tions.

For interband transitions in MgO we have temperature
coefficients of —0.32 for Aem— Aap and Aem— B,y and
—0.45 meV/K for VBM — A,, and VBM — B,,. These
values are smaller, by about a factor of 2, than values ob-
tained for features in the joint density of states by optical
reflectivity.® The reason for this discrepancy could be in
the optical data’s uncertainty. The optical data records
the joint density of states, a convolution of the valence-
band and conduction-band density of states. The features
are broad and overlap, especially at high temperatures.®
This would make it difficult to accurately determine the
energy of a transition. On the other hand, we are measur-
ing the valence-band and conduction-band density of
states separately. The features we have discussed do not
overlap significantly with other features. We are not
aware of any published temperature-dependent interband
transition energies for a-Al,O3 and a-SiO;. These optical
spectra are composed of broader features than the spec-
trum of MgO, making it more difficult to determine a
temperature coefficient. For a-Al,O3 information is avail-
able for the temperature dependence of the valence exci-
ton,® which is easier to identify since it is at the threshold.

The temperature coefficient for the Mg L exciton, rela-
tive to the VBM, is —0.71 =0.1 meV/K. This is identi-
cal, within experimental uncertainty, to the temperature
coefficient of the MgO valence exciton, —0.91 meV/K.?
(Unfortunately, no uncertainty was given for the valence
exciton’s temperature coefficient. However, inspection of
the &, results published in Ref. 8, especially at higher
temperatures, suggest an uncertainty at least as large as

ours.) For a-Al,03, the temperature coefficient for the Al
L exciton, relative to the VBM, is —0.88 +0.07 meV/K.
This is also identical, within experimental uncertainty, to
the temperature coefficient of the a-Al,O; valence exci-
ton, —1.0 meV/K.* Now the valence exciton is nearly de-
generate with the fundamental band gap, so that the tem-
perature dependence of the band gap and valence exciton
should be identical. This implies that the core exciton fol-
lows the conduction-band minimum, i.e., it has a tempera-
ture independent binding energy. This information leads
us to regard the Mg L (Al L) exciton in MgO (a-Al,O3)
as a state pulled down from the bottom of the conduction
band, I" point, by the core hole potential. Other evidence
for this is the similarity of the exciton energy to the
2p®— 2p°3s ' transition in gas phase Mg?* (AI’*) (Ref.
11) and calculations which show that the bottom of the
conduction band has a high percentage of Mg (Al) 3s
character.'®

In summary, we have quantified the phonon effects on a
number of electronic transitions of MgO, a-Al,O;, and
a-Si0,;. We have shown, in detail, that the final state has
a strong effect on the phonon broadening in MgO. This
broadening can be understood with a simple model which
considers the change in effective charge on the Mg site
during an electronic transition. Temperature-dependent
shifts of electronic transition energies of MgO, a-Al,O3,
and a-SiO; were presented. For MgO (a-Al,03) the Mg
L (Al L) exciton follows the conduction-band minimum.
This suggests that these excitons are derived from
conduction-band states associated with the TI-point
minimum. For «-Si0;, we observe no temperature-
dependent changes in SXE or SXA. The lack of
temperature-dependent shifts is due to the thermal expan-
sion coefficient of a-SiO, being much less than the
thermal-expansion coefficients of MgO and a-Al,Os.
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