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Lack of mirror symmetry between x-ray absorption and emission edges of simple metals

P. A. Bruhwiler, Peteris Livins, and S. E. Schnatterly
Jesse Beams Laboratory of Physics, University of Virginia, Charlottesville, Virginia 22903

(Received 13 3anuary 1989)

We have calculated core emission and absorption spectra for a free-electron metal, using a
determinantal method. The results indicate that the Mahan-Nozieres-De Dominicis model is ac-
curate near threshold to the extent testable with experimental data. Experimental data however,
analyzed using the energy range justified above, indicate that the expected mirror symmetry rare-
ly exists. Furthermore, Na core photoemission line shapes are incompatible with absorption and
emission. We suggest a possible explanation for these discrepancies.

Our present understanding of the threshold shapes of
soft x-ray core spectra is based on the work twenty years
ago by Mahan ' and Nozieres and De Dominicis (MND).
Much eAort has been expended since to quantitatively
compare the MND model with experiment. This problem
remains an important subject of study in part because it is
the only example in physics of a spectroscopically observ-
able infrared divergence. The MND expression for the
spectral intensity at an x-ray-absorption threshold is

I(E) ~ got(E) a e(E E), —
I=O E —ET

where the At(E) are the dipole transition matrix elements,
g is a scaling parameter of the order of the Fermi energy
(EF), and ET is the threshold energy. at is given by

26( 6)at= —a with a=2+ (2l+ I) . (2)
I=o 7r

The BI are the phase shift changes at EF for single-particle
conduction states of angular momentum I, evaluated using
the initial and final potentials. Many workers have calcu-
lated the phase shifts and thus the exponents, using a
screened core potential; the results vary widely and are
summarized in Ref. 4. Since the 6'I are obtained by taking
the difrerences between the phase shifts before and after
the optical event, creating and annihilating the core hole
should yield equivalent line shapes. That is, the singulari-
ties measured in soft x-ray absorption (SXA) and emis-
sion (SXE) are expected to be the same. Only for Al do
p-core thresholds data indicate such behavior; Mg (Ref.
4), Na (Ref. 5), and K, Rb, and Cs (Refs. 6 and 7) all ex-
hibit p-core absorption edges that are significantly more
sharply peaked than the corresponding emission edges.
One possible explanation for this is that the data are being
analyzed too far from threshold, so that the asymptotic re-
sult [Eq. (I)] is not appropriate. Another possibility, sug-
gested by the results of several groups, ' is that the na-
ture of the potentials in emission and absorption is not yet
fully understood.

We have calculated absorption and emission spectra us-
ing a determinantal method, " which should be accurate
both near and away from threshold for as few as 80
states. ' The work of Ohtaka and Tanabe' was incor-
porated to obtain the absorption spectrum; both spectra
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FIG. 1. Calculated emission and absorption spectra appropri-
ate for Na, with power-law fit described in the text.

were generated using 150 s waves, and first-order shake-
up'' was included. Inclusion of first-order shakeup ex-
hausted the emission sum rule' ' by 99.9%. We used the
exponential form of von Barth and Grossmann' to ap-
proximate the dipole-matrix elements of Na. EF was tak-
en to be 3.1 eV and we chose a square well to simulate the
eAect of the core vacancy, with a radius equal to the
Thomas-Fermi screening length (X, =0.67 A) and a depth
such that the phase shifts produced F0=0.22, the experi-
mentally observed value reported below. Odd-l com-
ponents of the conduction-electron wave function are for-
bidden by the dipole selection rule, and the l =2 contribu-
tions can be neglected ' so that ao should accurately
characterize the spectra. We include the appropriate den-
sity of states (DOS) by dividing the strength of each line,
one per occupied state, by the energy spacing of the states
at that point.

In Fig. 1 we show emission and absorption spectra cal-
culated as described above. As is evident, the calculated
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FIG. 2. Energy dependence of ao in the spectra of Fig. 1.

spectra are peaked quite similarly. According to a reason-
able extension' of the final-state rule"' (FSR), the
spectra are equivalent to the transition DOS (TDOS) of
the final state multiplied by the power law defined in Eq.
(1). By dividing each spectrum by the FSR TDOS and
taking the logarithm, we obtain a function whose slope at
a given energy is equivalent to ao at that point. We plot
ap(E) in Fig. 2 using the absolute value of the separation
from EF as the abscissa. It is apparent that ap(E) in
emission is fairly constant near 0.245 over a wide range,
and in absorption is accurately a linear function,
[ap(E) l,b, = 0.195 0.04E—. The lines through the points
in Fig. 1 use these two forms for ap(E) in Eq. (1).

We have repeated the calculations above with Fermi
energies of 1 and 10 eV. A criterion for evaluating a
determinantal calculation in terms of the MND model
was developed by von Barth and Grossmann. ' They pro-
posed' evaluating C(E) =I(E)/J(E)E ", where I(E)
is the calculated intensity and J(E) the FSR TDOS. If
C(E) is flat, or nearly flat, then the MND model can be
said to represent the spectral shape well.

We have evaluated C(E) for all three above values of
EF and find that it is Oat or nearly Aat in each case. The
log graphs appear to be more sensitive to the details of the
calculation; however, when ap(E) has a significant slope
C(E) deviates from flatness in the expected manner. To
explore the reliability of C(E) as a criterion for testing
the MND model we fit the spectra of Fig. 1 over the same
ranges indicated there, using an energy independent ap.
The fits, which passed through all data points within as-
signed uncertainties of 1% yielded (ap)sxF=0. 233 and
(ap)sx~=0. 217, providing striking confirmation of the
usefulness of C(E) and the validity of the MND model
over this energy range. With EF equal to 3 and 10 eV, the
results for the log graphs are very similar. For absorption
we find an intercept close to but smaller than the expected
value of ao, with slopes in the range of —0.04 to —0.10
eV . For emission, the intercept again remains as given
above with slopes in the range 0 to 0.1 eV '. With EF =1
eV, the exponents change more rapidly with energy.

The slopes we find for ap(E) are opposite in sign to
those predicted by Kita, ' who studied intrinsic aspects of
the dynamical problem. The variations we observe are
probably not inherent to the dynamical problem since we
find that we can change the slopes by altering the form of
the dipole-matrix element, e.g. , between that used in Ref.
12 and that used in Ref. 17. These small slopes of ap(E)

are not observable in experimental spectra, as we have
shown above. They do give us one measure of the uncer-
tainty in values of ao extracted from data.

An interesting aspect of the above results is that the two
intercept values of ap, 0.195 and 0.245, differ from the ex-
pected value of 0.22 but are centered about that value.
Our results are consistent with this behavior, being in-
dependent of the value of EF the form of the dipole-matrix
element, and the energy spacing of the states. It appears
from these results that this difference is inherent to the
problem and is caused by the asymmetry between occu-
pied and empty states. "

We have also analyzed' experimental spectra using the
same energy range indicated in Fig. 1 to determine ap
from the data. ' For Na, the slope of the FSR TDOS
(Refs. 4 and'21) plays only a small role in determining ap
with our line-shape analysis. ' ' We have evaluated'
the asymmetric broadening due to partial phonon relaxa-
tion ' and find that it also fails to account for the
gentler sloping of the Na L2 3 SXE threshold, since the
broadening function is less than 0.15-eV wide and resem-
bles a Gaussian in both shape and broadening effect. 's

The values we obtain are (ap) sxA 0.22+' 0.02 and
(ap)sxF =0.15+'0.02, which are consistent with those of
previous analyses ' if the slight TDOS contribution is
accounted for. ' Though Citrin, Wertheim, and Schluter
find (ap)sxA=0. 38, we feel that this discrepancy is pri-
marily due to the different fitting criteria used, and will
discuss this point further elsewhere. ' Our comparison of
data with theory confirms what seems apparent by casual
inspection, which is while the MND model accurately de-
scribes both experiments, different parameters are needed
for absorption and emission. The only way we can force
the two exponents to be equal is to assume TDOS slopes
in emission and absorption add up to about —0.3 eV
which disagrees with calculated values for Na. ' Further-
more, this explanation is unlikely to work at all for the
heavier alkali metals which undoubtedly have positive s-
wave slopes at EF.

To explain a difference between absorption and emis-
sion using the present asymptotic model requires a change
in the potential near the core between the two events.
Indeed, such a change can occur due to phonon coupling.
The absorption transition takes place with the nearby ions
in their ground-state equilibrium positions. However, the
emission transition usually occurs after the nearby ions
have relaxed to new positions in the presence of the core
potential. Thus the potential that is switched off in the
emission transition will usually be different from that
switched on in the absorption transition. We have es-
timated the effect of the lattice relaxation on ap using a
model described elsewhere, and find that it induces a
change in ao of 0.03 so that the asymmetry in the deter-
minantal result is approximately compensated. Thus we
find no explanation for the experimentally observed lack
of mirror symmetry between absorption and emission
spectra of simple metals when all known eA'ects are ac-
counted for.

The MND model can be applied to x-ray photoemission
(XPS) core line shapes as well, for which the intensity
near threshold should diverge as 1/E ' . It is therefore
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possible to extract a [Eq. (2)] from these data. Citrin,
Wertheim, and Baer carried out an extensive analysis of
XPS data from several metals and found that this power
law described the data up to a range of EF/2 away from
threshold.

In order to remove as far as possible uncertainties in the
peaking parameters determined from Na XPS spectra, we
have investigated the influence of a previously unexam-
ined effect, the surface core-level binding-energy shift
(SCS), which is 0.2 eV to higher binding energy in Na.
Since the Na XPS spectra available to date are expect-
ed to have surface contributions of 15% (2p, 2s) to 48%
(Is), it is important to determine the SCS influence on the
value of a extracted from data. We have used the algo-
rithm of Kammerer et al. to model the surface com-
ponent, but keeping the spin-orbit splitting at 0.17 eV, and
find a=0.22, near the previously determined value of
0.20.

If the MND model as stated in Eqs. (1) and (2) is ac-
curate, a common set of phase shifts 61 exist which yield
a=0.22 and co=0.22 when inserted in Eqs. (2). The
Friedel sum rule P(2l+1)8'I =a/2 is a necessary con-
straint on the phase shifts, and has been translated into
exponent compatibility relations. ' If one assumes
a =0.22, the value of ao implied by typical compatibility
relations is approximately 0.40; if one assumes ao=0.22
then a is required to be 0.15. The differences indicated by
these results are far outside experimental uncertainties in
the values of a and ao, which are about 0.02 in both cases.
Using the relation of Ref. 19, the two limits are even more
divergent, and we conclude that the XPS and SXA results
are incompatible for Na. This conclusion calls into ques-
tion the use of a compatibility relation in interpreting edge
structure.

We must therefore look to other sources for the
differences between SXE, SXA, and XPS in Na. One
possibility is that these differences represent a fundamen-
tal failure of the MND model due, for example, to ignor-
ing electron-electron interactions in the conduction band.
The fact, however, that all three spectroscopies are well
described by a power law suggests that this is not the case.
There is a physical differerice between these experiments
which has not been investigated: namely, the short-time
behavior of the local potential. In the MND model the
infinite-time response function is needed to evaluate the
spectra asymptotically near threshold. In the usual appli-
cation of the model the infinite-time potential is used to
evaluate this response function. Doing so may leave out
some of the physics, however, since the response function
at a given time can be affected by the behavior of the po-
tential at earlier times.

Both XPS and absorption involve the promotion of a
core electron to an unoccupied state. The important
difference between the two lies in the energy of that state,
i.e., in the velocity of the active electron. In threshold ab-
sorption the relevant speed is near the Fermi velocity,
while it is many times that in XPS. In threshold absorp-
tion the initial net potential created by the transition is di-
polar and weak, as opposed to the monopolar XPS poten-
tial. In emission the screened potential decays away after

the core hole is annihilated. Thus the transient potential
is strongest for XPS, intermediate for SXA, and weakest
for SXE, correlating directly with the apparent potential
strength needed to describe the three experiments.

An early discussion of the bearing of the time
dependence of the potential on electron-hole pair (EPH)
creation in core spectral measurements was given
by Muller-Hartmann, Ramakrishnan, and Tolouse '

(MHRT). Their work was later reinterpreted by Gadzuk
and Sunjic (GS) in terms of a, the singularity index, the
value of which provides a measure of the extent of EHP
creation. Plasmon creation caused by a core transition
has also been extensively investigated theoretically. It
has long been known that the SXE plasmon satellite
(PS) intensity is much weaker than the XPS PS intensity
due to the slower active electron.

The GS result was based on a relatively simple form for
the time-dependent potential, which is turned on at t =0,
V(t) = Vo(l —e "') following the work of MHRT, where

g ~ U, the velocity of the photoelectron. They showed that
a varies with photoelectron kinetic energy. This by itself
implies that there should be a difference between absorp-
tion and high-energy XPS. A potential that can describe
the XPS and SXE plasmon satellites, which has a similar
form, is

V(t) = Vo(1 —e "' )+ V~e "' —Vqe

where g~ characterizes the time development of the
screening of the core hole by the electron sea and qq the
velocity of the active electron in XPS or absorption. V&

serves to approximate the unscreened potential of the core
hole and Vq the unscreened potential due to the active
electron. Vo is the screened potential felt at long times.

In order to connect this potential with experiment, we
constrain it ising the dependence of the XPS PS intensity
on photoelectron velocity. This leads to the values
V~ = Vq 7.5, Vo=0.5, @~=co~/2x, and qq=0. 37v/X,
where k is the Thomas-Fermi screening length. These
values yield a PS intensity of about 50% of the Na main
line at high velocity, and 4% for v =UF, reproducing the
results of Ref. 33.

GS have established that the terms containing Vo are
sufficient to show significant effects on EHP creation due
to changes in photoelectron velocity in XPS, and their re-
sult has received experimental support. Since the addi-
tional terms involving. V~ and Vq are so much larger, and
vary with the electron velocity much as GS assumed, we
suggest that these terms, which are necessary to explain
the plasmon satellites, are also responsible for the incom-
patibility of the threshold exponents between XPS, ab-
sorptiori, and emission. Further theoretical work studying
the time-dependent aspects of this problem will be neces-
sary to quantitatively verify this assertion.
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