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Many-particle efFects at core thresholds in simple metals
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We have analyzed inelastic electron-scattering (IES) data at the Na L» and K Mz 3 thresholds in

terms of the Mahan-Nozieres-De Dominicis (MND) model. We have also obtained the absorption
coefficient IM and imaginary dielectric function e, from the IES data and analyzed them in the same
manner as the raw data. For K the peaking parameter ao obtained from absorption depends upon
whether IES data, p, or e2 is used. For Na, ao does not vary significantly among the three absorp-
tion spectral functions and has a value of 0.22+0.03 if uncertainties in the transition density of
states are included. Exchange mixing is found to be a small effect at the Na Lz 3 absorption edge.
We have reanalyzed published p-core soft-x-ray emission data from Na and K and account for the
effects of partial phonon relaxation on ao. In both cases ao is significantly less than for the corre-
sponding absorption spectra with values of about 0.15. We have also reanalyzed published Na
core-level x-ray photoemission spectroscopy data including surface contributions and for the ap-
propriate exponent obtain a=0.22+0.02. The results above taken in concert indicate a failure in

the presently accepted MND model. We suggest that previously unconsidered dynamical effects
must be included.

I. INTRODUCTION

I(E)~ g At(E)
(=0 E —ET

e(E—E,),

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

(2)

2
co 6(ct—:2 g (2l+1)

1=0 7T
(3)

Studies of electronic band structure of metals with the
use of soft-x-ray emission had been pioneered by the early
1940s,' but interpretation of the spectra was limited to
one-electron descriptions for a number of years. Some
early attempts to improve upon the single-particle picture
focused on the low-energy tail: '" the theory of that
feature has recently been advanced to give a semiquanti-
tative understanding. ' The other prominent many-body
structure in x-ray spectra of metals is the well-known
peaking at p-core thresholds in absorption and emission.
Mahan was able to account for the peaking as an exciton-
ic effect, but did not include the suppression at threshold
which is due to the many-body overlap integral discussed
by Anderson. Nozieres and De Dominicis developed a
model incorporating both effects that is valid asymptoti-
cally close to threshold, i.e., in the limit of the long-time
response. Their result has become known as the Mahan-
Nozieres —De Dominicis (MND) model. '

The MND expression for the spectral intensity at an
x-ray absorption; threshold is

al

The 5( are the phase-shift changes at EF for single-
particle conduction states of angular momentum l, evalu-
ated using the initial and final potentials. In this paper
we are considering p-core spectr6, : the dipole rule thus
selects only 1=0 and 1=2 components of the density of
states (DOS), and l =2 contributions can be neglected for
the cases considered. "' ' Hence o.o is expected to
characterize the spectra essentially completely.

Much effort has been invested in attempts to under-
stand aspects of the validity and applicability of MND
theory. When Doniach and Sunjic showed that a [Eq.
(3)] can be measured in x-ray photoemission (XPS) core
spectra, ' the stage was set for the comprehensive studies
which have been carried out through the last 15 years. '

The goals of those studies can be divided roughly into the
following three areas: (1) Determination of the range of
energy beginning at Er (or EF) to which the asymptotic
MND theory can be applied quantitatively to data; (2)
The effects of the one-electron DOS structure, phonon
coupling to the core hole, core lifetime, etc. ' on the
values of the at determined from experiment; (3) Self-
consistency checks —do absorption data provide a pic-
ture consistent with the available emission and XPS spec-
tra?

Many of the early investigations focused on the pho-
non broadening' ' and lifetime broadening' of the core
state. The transition DOS (TDOS) was considered at
about the same time (see, e.g., Ref. 16) and incorporated
into soft-x-ray absorption (SXA) and emission (SXE)
line-shape analyses soon thereafter. ' ' Attempts to
theoretically define the regime in which the MND model
is quantitatively valid led to results which were seen as
very restrictive' and alternately to results which gave
support to applicability of the power law far away from
threshold. ' Experimentalists' have made apparently ar-
bitrary and even inconsistent' ' choices in this regard.
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We have recently shown ' using a determinantal
method ' and a realistic free-electron DOS, that for Na a
range of 0.5 eV from threshold gives accurate exponents,
even though the results also indicated a slight inherent
asymmetry between absorption and emission. As shown
below, it is important to be ab1e to avoid complete reli-
ance on the first 0.2 eV or so from threshold for fitting
data, since the broadening influences dominate the spec-
tral shape in that region.

Consistency between XPS and SXA data remains as a
definitive test of the quantitative validity of the MND
model. Much the same can be said for the experimental
e6orts, with only one group claiming to have shown for
example that the Na SXA data are consistent with the
XPS results. ' There is therefore much left to be under-
stood about the validity of the MND model in describing
real spectra.

We have taken advantage of the ability of inelastic
electron scattering (IES) experiments to measure absorp-
tion over a wide range to perform Kramers-Kronig anal-
yses of K Mz 3 and Na L., q threshold data which have
been presented previously. ' We obtain and compare for
both metals the imaginary part of the dielectric constant
ez, the absorption coe%cient p, , and Im( —I/e), the first
of which can be compared directly with calculations, and
the latter two measured. ' We find that the choice of
spectral function one considers has little bearing on the
values of the broadening parameters extracted in fits.
The peaking parameter ao varies significantly among the
three response functions in the case of the K M2 3 edge
though negligibly for the Na Lz, threshold.

We have also investigated the role of partial phonon
relaxation broadening on the Na L2; emission shape
and find that it cannot account for the differences in
threshold peaking between the emission and absorption
spectra: this result was first noted in earlier v ork. In
addition we discuss how close to threshold a model can
be used to distinguish between diA'erent values of o;o in

data. Finally, we investigate and discuss the possible
influence of surface erects on the XPS data
analysis. "
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After carrying out the multiple-scattering correction
and Kramers-Kronig analysis for Na and K data' over
the energy range 0—100 eV we obtained p(E), e2(E), and

Im[ —1/e(E)] in the Na L~ 3 and K M2 3 threshold re-

gions shown in Figs. 1 and 2, respectively. In the case of

II. DETERMINATION OF THE ABSORPTION
RESPONSE FUNCTION

IES measurements, v hich can be obtained over a rela-
tively large energy range, '-' enable one to determine the
optical properties of a material through a Kramers-
Kronig analysis. All previous analyses of absorption ex-
periments have used either p(E) or Im[ —1/e(E)],
whereas the quantity evaluated using the MND model is
e2(E). Thus several steps must be undertaken before
fitting any line shape to the data. Confident multiple-
scattering removal' ' ' must be performed in order to
determine the true Im[ —1/e(E) J. After Kramers-
Kronig analysis to obtain p and e„ it is necessary to re-
move the background due to valence contributions '

which varies roughly as 1/E'. The importance of remov-
ing this background is apparent when fitting a line shape
to the data, and is discussed further in Secs. III and IV.
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old an find approximate ratios of 1.5 (0.8) for IES-derived
results divided by optical values for Na (K). This agree-
ment seems good considering the fact that the optical line

shapes vary somewhat between the two studies whic
n ublished. Our analysis also yields e,(E).have been pu is e .

r Na e (E) is insensitive to rather large variations inFor a e& is
h h
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high energies. n e caI th se of Na we see a deviation o

0,05 at threshold, while for K the difference is near
0.40. It is these deviations which are re
differences between e2(E), p(E), anand Im, —1/e(E) ]. The
efFects signified by this structure in ei(E) are analyzed in

greater detail in Sec. IV.
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III. LINE-SHAPE ANALYSIS

A. Absorption and emission thresholds

FIG. 3. e& or a anf N d K indicating the large derivatives at
threshold of the transitions discussed in the text.

Na the region between 15 and 30 eV and above 34 eV was
not measured, but was approximated based on other mea-
surements, ant, ' nd the Kramers-Kronig evaluation
should give reasonable results in the narrow threshold re-

ion. The results for p(E) in both cases are comparab egion. e resu
to the optical measurements. ' As a means33,34 means of corn ar-P
ison we take the magnitude of the rise in p, (E) at thresh- (4)

Once the background has been properly subtracted
from the data, t ehe MND line shape may be fitted. We

ut 2eV needingfind that over the short energy range (about 2 eV nee ing
background removal a linear background is no different
rom one w

'

MND ower law applied to a model TDO, a
broadened appropriately to account for tr the finite core
l'f t e Fermi statistics, phonons, and insand instrumental
effects. The model spectral function F(E) ccan be ex-

pressed as follows:

F(E)= Af(E E7 )+Bf(—E (ET+6,)),—

(E E, )' — —dE2 1

2a I—~ kT 2+exp[(Ei E2)/kT]+e—xp[(Ez E, )/kT]—

X 8(E3)E3 '(1—mE3),
(E~ E3)+(y/2)—

where A is the L3 amplitude, 8 is the L2 amplitude, 6 is

i.e., ET), ao is the threshold exponent, y is the Lorentzi-
an full width at half maximum (FWHM) corresponding
to the core i etirne, anl f t and 2.36o. is the Gaussian FWHM.

The integral over E3 was performed analytica y to
contour integra ion,

' t t'on ~6 and can be broken into two parts:
the convolution of a Lorentzian with (a) a step function
an a se
t roug eh h the origin, both of which have been mo i e y

oniach-h MND caking. The result of (a) is the Doniac-
Sunjic (DS) function, ' although calculated in a diffe rent
way; (b) provides the following similar function:

2" ~o
Izs (E,y, ao, m ) =m [E (y /2 ) ]—

7TCXp

cos +(1—ao)tan
2 r

sin( irao)

In these terms, the DS function is

2
—ao/2Is(E,y, ao) = [E + (y/2) ]

2E
cos—( 1 —ao) +aotan

2 r
sin{ era~)

(6)
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Since the Na TDOS has been calculated' ' '" we can in-
clude the slope of that function near threshold and there-
by account reasonably well for the deviation from a pure
step function. Though the integrals over E, and Ez are
easily optimized due to the nonsingular nature and rapid
decay of their integrands, it is quite important that we
can carry out the lifetime broadening analytically. We
thereby avoid errors of earlier work' due to the numeri-
cal evaluation of a singular integral. Comparison of
analytical [Eq. (7)] to numerical results of the E, integral
in Eq. (5) shows that the broadening is underestimated
immediately below threshold and the peaking at thresh-
old is overestimated by numerical evaluation. We have
taken extreme measures in attempts to improve numeri-
cal approximations of this integral, letting step sizes vary
over 30 orders of magnitude and extending the upper in-
tegration limit far above the point needed for conver-
gence to a unique result. We nevertheless find that sim-
ple methods such as Simpson's rule are inadequate, and
that the analytical result must be employed to obtain the
needed accuracy near threshold. For energies on the or-
der of O. l eV and further away from threshold in both
directions the two results are equivalent. It was this
inadequacy of the numerical integration which resulted'
in an underestimate of the 2p-core lifetime broadening
Na of y =23 rneV. Our present result is y =4+2 meV, in
excellent agreement with recent theoretical estimates.

There have been indications that simply convolut-
ing the line-shape model with the derivative of the
Fermi-Dirac function is not appropriate to take the finite
temperature of the electron gas into account. The usual
Fermi-Dirac broadening is given by the convolution func-
tion in the integral over E2 in Eq. (5). This function is
nearly Gaussian with a second moment

Sec. IV. In general, ' if a p-core absorption spin-orbit in-
tensity ratio is not 2, then the line shape developed by
Onodera or Almbladh and Hedin' must be substituted
for the pair of functions described above in Eqs. (6) and
(7). We reiterate, however, that for a proper determina-
tion of the intensity ratio a Kramers-Kronig analysis and
background subtraction must be carried out.

Onodera's expression for the line-shape presence of ex-
change mixing is as follows:

2R (E)+R (E —6)
3+3K [2R (E)+R (E—6)]

(10)

with

(Er E) ' ——1
R(E)= —sinmno

~ [2R,(E —iy/2)+RI(E iy/2 —5)—]/3, (12)

where

sin wotan —2E

where 5 is the spin-orbit splitting as in Eq. (4) and K
parameterizes the strength of the exchange mixing.

'

As we have indicated above, it is important to include
lifetime broadening analytically in the absence of an ac-
curate numerical method. Onodera's prescription for
this is to add an imaginary part to E corresponding to the
core lifetime, i.e., E~E i y /2 —To c. ompare this
method to the exact result [Eq. (7)] we set K =0 in Eq.
(10), which then reduces to

[1(E;K=0, 7 Wo)],„.„„

o„D=(mkT) /3 . R, (E iy/2—)=
[E2+ ( /2)2] 0

(13)

The closed-form theoretical result' ' in the presence of
the MND many-body effect is

2 2
+FD —MND ( 1 +0)~FD

which gives substantially less broadening with typical
values of ao for p-core thresholds. Since second moments
of Gaussians add in convolutions, it is a simple rnatter to
convert results obtained with one expression to those
which would be found using the other assuming that oth-
er broadening sources are large enough. We note that the
Fermi-Dirac derivative function has tails which extend
beyond those of a Gaussian with the same second mo-
ment, which means that use of a Gaussian to approxi-
mate its effects may not be accurate when other broaden-
ing effects are of comparable or lesser magnitude. The
extracted MND line-shape parameters do not depend on
which algorithm is chosen to describe this temperature
effect, though the phonon broadening parameters can be
significantly affected.

Several groups have previously analyzed Na Lz 3 ab-
sorption data, ' ' ' ' and at least two' ' have carefully
considered the effects of exchange mixing ' ' which
causes the L3/Lz intensity ratio to deviate from the L-S
coupling value of 2. We reconsider this effect for Na in

This function is equivalent to that in Eq. (7). A difficulty
which remains is how to properly include TDOS varia-
tions in the full Onodera line shape.

A further complication which has been discussed at
length by Fink et at (hereafter . referred to as FFF) is
the anomalous L3 /L ~ intensity ratio found in many SXE
spectra (see also Crisp, Ref. 41) which varies from about
6 in Na to more than 60 in Cs. The total lifetime of the
L~ component was found to be shortened compared to
that of the L3 component in the heavy alkali metals due
to Coster-Kronig transitions. While a difference be-
tween the Auger transition rates should strongly
influence the emission intensity ratio, causing experimen-
tally observed ' changes from the expected statistical
value of 2, the absorption intensity ratio is influence by
the ratio of the radiative transition rates. Nevertheless,
different lifetimes for each component should be included
in the model based on the emission intensity ratio and
L 3 /L p ionization cross-section ratio. The effect of this is
discussed in Sec. IV.

As noted above, the choice of energy range over which
the data are to be fitted has appeared to be quite an arbi-
trary one in the past (see, e.g. , Refs. 17 and 21 and refer-
ences therein). von Barth and Grossmann provided solid
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theoretical evidence that, aside from uncertainties about
the TDOS, the MND power law should hold quite well
for emission over ranges typically used in data analysis. '

We have confirmed this for absorption as well, ' using a
free-electron DOS. Recently Kita found that deviations
from the original result occur quite naturally within the
MND framework when less singular terms in the expan-
sion of the response function are included. Yet an exam-
ination of those results [see Fig. 1(a) in Ref. 42] for a po-
tential appropriate for Na indicates that the deviations
within 0.5 eV or so of threshold could account for no
more than about 20% of the difference noted between ab-
sorption and emission spectra of Na. Confronted with
these theoretical developments and with the ability of the
MND power law to describe experimental data well away
from the threshold, we were led to propose the inclusion
of other dynamical aspects of x-ray transitions in the
MND model. '

We will also show in Sec. IV that the fitting range
when the TDOS is linearly or at least slowly varying
must be on the order of 0.5 eV to enable a unique deter-
mination of ao. If the TDOS varies rapidly with a large
curvature or if the fitting range is too small, ambiguities
in the parameters extracted are unavoidable. In the case
of the prototypical simple metal Na the broadening
effects dominate the spectrum near threshold and can
mask deficiencies in a fit to the data in this range. Thus
the several tenths of an eV above the L2 peak in Na
represent the experimentally accessible region in deter-
minations of peaking exponents.

B. X-ray photoemission thresholds

The analysis of XPS core line shapes in terms of the
MND model was stimulated by DS (Ref. 13) and carried
out soon thereafter' for several simple metals. It was
found that the DS function described the measured line
shape excellently over an energy range on the order of
EFI2 in every case, and different core levels gave the
same value of a as well. Since several calculations of a
agreed with the empirical results, this was taken as direct
confirmation of MND theory and as the foundation for
analysis of other spectra. "'0

With the discovery of a significant surface-atom
core-level shift (SCS) in Na a reanalysis of the XPS data'5
was needed, since the surface contribution is expected to
range from about 15% to 50% for different core levels in
the available data. Citrin et al. found that the surface
and bulk core line shapes were identical within experi-
mental uncertainties for Au, and that only the outer sur-
face layer of atoms possessed a SCS. Kammerer et al.
made use of those assumptions to evaluate the SCS of Na.
Therefore we also adopt the view that the same a can
to a first approximation describe both surface and bulk
contributions to a given spectrum. Hence our line shape
consists of the one DS function per bulk core level, with a
SCS 'partner" DS function scaled in intensity and shifted
according to the results of Kammerer et al. Using Fig. 4
in Ref. 27 we assign intensities of 15%, 15%, and 48%
relative to the bulk to the surface components of the Na
2p, 2s, and 1s lines, respectively, based on the photon en-
ergy used to acquire the data. '
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FIG. 4. Fit to Na L, 3 IES data using MND line shape with
no TDOS slope.

IV. RESULTS AND DISCUSSION

A. Absorption thresholds

A typical fit to Na IES data is shown in Fig. 4. We
have used two DS functions with an amplitude ratio of
1.95, ao=0.24, and @=4 meV. The total Gaussian
broadening is given by 0 =32 meV. This fit achieved the
minimum y with this fitting range. With y held fixed we
find the g versus dependence given in Fig. 5 for various
fitting ranges. The behavior shown there is typical of all
of our line-shape analyses and indicates that fitting up to
31.2 eV, or about 0.6 eV above the p3/2 threshold, pro-
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2.5
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2.0

1.5 I ' I ' I ' I

0.22 0.23 0.24 0.25 0.26 0.27

QO

FIG. 5. g' fits to the data in Fig. 4, as ao and the fitting range
are varied. The ranges represented are 30.4 eV to (a) 30.7 eV,
(b) 31.1 eV, and (c) 31.2 eV.
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vides unique results. Much shorter ranges yield ambigu-
ous results and much longer ranges require inclusion of a
TDOS with nonmonotonic structure.

As noted by Slusky et ai. ,
' the s-like DOS of Na cal-

culated by Gupta and Freeman' has an approximate
slope above threshold of —0.2 eV ', assuming unit
height at EF. The (s,d )-like TDOS calculation of Citrin
et al. ' (CWS) is nearly the same in this regard. Unfor-
tunately both calculations relied on wave functions gen-
erated with the ground-state potential in violation of the
final-state rule' "' (FSR) for absorption, though FSR
compatible for SXE. von Barth and Grossman have cal-
culated the Na TDOS and matrix elements for both emis-
sion and absorption. " Using a repeated-cluster method
they obtained realistic results and found that the d-like
TDOS makes a negligible contribution to the spectra.
The normalized slope of the s-like TDOS above threshold
from their figures is about —0.26 eV ', about 20%
steeper than that of Gupta and Freeman. However, the
TDOS slope below EF which they obtain is close to
—0. 16 eV, which is more than twice the value indicat-
ed by the FSR-compatible calculations of the other two
groups, —0.04 and —0.07 eV '. It is therefore not clear
how to gauge the accuracy of these calculations. We take
—0.20 eV ' and —0. 10 eV ' to be reasonable upper
limits on the theoretical TDOS slopes for absorption and
emission, respectively. Upon including a TDOS slope of—0.2 eV ' in our model we find that o.o decreases from
0.24 to 0.19. If we let the slope m vary freely the best fit
is obtained when o;o=0.22+0.01 and m = —0.07, in
close agreement with earlier results. ' We thus have
three results for ao using three slopes, and find that
eo-—0.25m+0. 24 describes the trend in the Na L2 3 ab-
sorption spectra for this range of values of m. These re-
sults, as well as the results for the K M2 3 spectra, are
summarized in Table I for analysis with m =0.

In Fig. 6 we show the data of Haensel et al. ' before
and after removal of the background estimated from the
short interval below threshold, and compare the latter to
our estimate of p(E). The agreement is good, and would
perhaps be improved if the background were accurately
known. Upon fitting those data using @=4meV we find
the results shown in Table I with a best-fit Gaussian of
o. =29 meV. Our intensity ratios and threshold ex-
ponents follow fairly closely those obtained in earlier
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work, ' with the exception that p(E) and e'2(E) were not
investigated at that time. The good agreement between
our results using the IES data and using the data of
Haensel et al. indicates that the choice of spectral func-
tion does not significantly affect the results of a MND
line-shape analysis for Na, unlike the case for K. The pa-
rameters given in Table I reinforce this conclusion.

The fact that the intensity ratio is so close to 2 for the
Na data presented here indicates' that exchange mixing
is insignificant at the Na L23 absorption threshold, in
contrast to the theoretical findings' and the data analysis
of CWS. It is noteworthy that some previous workers
have estimated the intensity ratio simply on the basis of
the amplitudes at the peak maxima. When considering
peaked functions such as implied by the MND power
law, it would seem apparent a priori that such an ap-
proach is prone to error.

As noted in Sec. III A, the p, &z-core lifetime broaden-

Energy (eV}

FIG. 6. The Na L2 3 absorption data of Ref. 31 (a) before and
(b) after removing a background determined using the slope of
the data [(a)] at 30.5 eV. Also shown (c) are the IES data. A
calibration difference is apparent between (b} and (c).

TABLE I. Fitting parameters for absorption spectral functions using a step-function TDOS.

Threshold

K Mq3

Na L23

Na L23
(Data of Ref. 31)

Spectral
function

Im( —1/e)
P

Im( —I /e)
P
Ep

Spin-orbit
ratio

2.50
2.56
2.62

1.95
1.84
1.91

2.05

Ap

0. 16+0.01
0.21+0.01
0.24+0.01

0.24+0.01
0.24+0.01
0.24+0.01

0.205+0.01

208

112

77
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ing is greater than that of the p3/2 core due to Coster-
Kronig Auger processes. Since the absorption intensity
ratio is 2, and the emission intensity ratio is about 7, us-

ing the results of Ref. 28 we find that for Na the ratio of
Auger lifetime widths y, /2/j 3/p is —,. While this
difference has no effect on the value of y3/2 which corre-
sponds to the lowest y in fits to the data (y3/2 4 meV),
inclusion of the larger y»2 results in a slightly lower g .
Other parameters are unaffected.

In Table I we see again that the K M» edge is highly
dependent on the probe chosen to measure it. Though
the spin-orbit ratio is fairly constant, ao varies from 0.16
to 0.24. Thus e, (E)—1 has a dramatic eff'ect on the peak-
ing behavior detected experimentally. The reason that
e, (E)—1 is large stems from the fact that the Mz 3

threshold is low lying in energy, so that the dipole matrix
element near threshold is large. This pattern should be
followed by the heavier alkalis Rb and Cs as well, and ex-
poses the need for further theoretical work to make con-
tact between our results and the MND framework. It
seems to us that e2 is the preferred response function to
compare to calculations and other data when the three
differ in shape. However, it is not clear that the MND
model should even be expected to be accurate in cases
where this difficulty exists. We found that we could not
confidently determine y or the phonon broadening of the
K spectra.

The peaking parameter for p(E) at the K M2 3 edge
cited by Miyahara et al. is a =0.28+0.02. Apparently
this value was obtained by taking the logarithm of Eq. (1)
and evaluating the slope, equating it to ao. However,
this algorithm requires an accurate knowledge of the
threshold energy, which must be subtracted from the
abscissa of the raw data. Ishii et al. chose to use the
midpoint of the rise at threshold as the placement of Ez.
As has been shown, though, lifetime and thermal
broadening shift the midpoint of the threshold away from
E~ to lower energies when o.o is positive. Thus the Ishii
algorithm is equivalent to evaluating the slope of—aoln[E —(Eo+e)] versus ln(E Eo), where th—e thresh-
old midpoint position is Eo =Ez —e. We therefore
disagree with Miyahara et al. that this method tends to
give lower limits on ao. A valid comparison of our re-
sults to theirs must await reanalysis of their data.

B. Emission thresholds

Both Na L2 3 and K M2 3 emission spectra have been
studied by various workers recently. ' ' Crisp '
and FFF (Refs. 46 and 28) have each carefully investigat-
ed the effects of self-absorption on the spectra and suc-
cessfully eliminated them in the threshold region. This is
quite important for estimating the broadening factors and
to remove serious doubts about the influence of self-
absorption on the apparent value of ao.

We have compared Crisp's low-temperature Na Lz 3

SXE data ' with those of Callcott et al. and find that
they agree quite closely, except for a slight suppression
due to self-absorption evident in the data of Callcott
et al. above threshold. Crisp eliminated the effects of

self-absorption by going to low-energy excitation, and
found he could also correct data measured with high-
energy excitation. ' We have analyzed Crisp's Na data
with our line-shape model, using the value of y obtained
from analysis of the IES data (see Table I), y=4 meV.
Analysis of emission data is complicated by partial pho-
non relaxation, ' the effects of which have been quite
firmly established. Using Mahan's formalism we
have investigated the phonon broadening shape which
one should expect to be evident in Na L2 3 spectra. The
parameters which must be supplied to the Mahan model
are the phonon frequency (co), relaxation rate (I ), and
coupling constant ' (S), the core width y, and the tem-
perature. We obtain both the absorption and emission
broadening shapes. By calculating the first moment of
each we find the theoretical Stokes shift. ' Since the
Stokes shift and phonon broadening are known within
experimental uncertainties, we can impose needed con-
straints on the model, which is capable of generating
many different broadening profiles.

The absorption broadening line shape is determined al-
most entirely ' ' by S and co, although I exerts a small
influence. Thus temperature-dependent absorption data
can be evaluated using the following expression to deter-
mine Sand cu: '

o 2h, =S(irido) coth
2kT ' (14)

where 0. h, is the Gaussian broadening due to phonons.
Since we also obtain y from the absorption data there is
only one free parameter in the Mahan model, to the ex-
tent that experimental uncertainties in the other four pa-
rameters are small. We are implicitly assuming that
linear phonon coupling to one phonon mode is an ade-
quate description, ' which has recently received some
theoretical justification in the case of Na, as well as ex-
perimental support for the heavier alkali metals. If we
assume that the breathing mode of Na, Ace = 10 meV
(Ref. 53), is the effective mode for the problem, however,
we find that the model does not produce the correct
Stokes shift for any value of I . Choosing Ace=13 meV
allows much better agreement if I =co. Typical broaden-
ing shapes are given in Fig. 7, and are seen to be not far
from Gaussian for emission as well as absorption. Thus
the tactic of parametrizing SXE phonon broadening by
Gaussians seems reasonable in cases like Na and K, for
which the phonon and lifetime data should lead to similar
predictions within the Mahan model of phonon broaden-
ing. A typical fit to Crisp s data is displayed in Fig. 8.

A peculiar feature in the Na SXE spectra is the pres-
ence 0.4 eV above threshold of a minimum in intensity,
shown from our own measurement at about 300 K in Fig.
9. We have eliminated instrumental effects and self-
absorption as possible causes, and have learned that the
feature has been measured elsewhere. One implication
is that this effect could be influencing the measured
Stokes shift or apparent emission edge broadening, as it
has the appearance of a Fano resonance. ' Such a
minimum has not been observed in any other alkali metal
p-core spectra which are expected to be similar to Na.
One feature which distinguishes Na from the heavy al-
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fore. The results in Fig. 11 parallel to a large degree
those in Fig. 5, providing evidence of the dominance of
broadening factors near threshold common to both SXA
and XPS.

D. Phase-shift compatibility among SXE, SXA, and XPS

To summarize our results on Na, we have found
(ao)sxE= 0. 15, (ao)sx~ =0.22, and a =0.22. The dispari-
ty between emission and absorption is large, and signifies
a flaw in our present understanding of the threshold
anomaly.

As we have noted elsewhere, ' a difference between ab-
sorption and emission in the present asymptotic model
implies a change in the potential near the core between

10-
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FIG. 10. Typical fit to Na 2$ XPS data of Ref. 15 using the
model described in the text.

the two events. Such a change can occur, due to phonon
coupling. The absorption transition takes place with the
nearby ions in their ground-state equilibrium positions,
while the emission transition usually occurs after the
nearby ions have relaxed to new positions in the presence
of the core potential. Therefore the potential that is
switched off in the emission transition will usually be
different from that switched on in the absorption transi-
tion.

We have shown that in the linear phonon coupling

approximation the second moment of the SXA edge
broadening due to phonons can be directly related to the
charge-density fluctuation at the core. Using the Debye
model to sum over frequencies, we obtained o =(260
meV)(hp/po), , for Na, where cr describes the Gaussian
phonon broadening, po is the average electronic density,
and the density ratio is the root-mean-square density fluc-
tuation. The observed Stokes shift of 75 rneV for Na
implies a density change hp/po —-0.29. The local screen-

ing length is then reduced due to this increase in po, and
in the Thomas-Fermi approximation we have found '

that ao decreases by 0.03 using parameters appropriate to
Na. While this change is not insignificant, and would
perhaps be revised upward by more sophisticated calcula-
tions, at present it cannot account for the observed
discrepancy.

Another effect of the change in nearest-neighbor (NN)

equilibrium positions will be to introduce a new scatter-
ing potential, with a range on the order of the NN sepa-
ration. We have evaluated this "lattice relaxation
scattering" using its relation to the electron-phonon in-
teraction. We chose a barrier to represent the scattering
potential on the assumption that lattice relaxation
scattering should weaken the core potential. If one were
to assume that this potential is switched off rapidly when
the core hole is annihilated, the change in ao would be in-
creased to approximately —0.09. The time scale for this
potential change is much longer than for the electronic
relaxation, however, and so it should not affect ao in the
present model. Thus we find no explanation for the ex-
perimentally observed lack of mirror symmetry between
absorption and emission spectra of simple metals, in par-
ticular for the case of Na.

Since one can argue that, e.g. , TDOS uncertainties
could be the source of the apparent discrepancy between
emission and absorption exponents, we feel that it is more
important to focus on the comparison of absorption to
XPS. If the MND model as stated in Eqs. (1)—(3) was
accurate for both absorption and XPS, a common set of
phase shifts 61 would exist which would yield a=0.22
and ao=0. 22 when inserted into Eqs. (2) and (3). The
Friedel sum rule, X(21+1)5~=m./2, is a necessary con-
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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 the compatibility re-
lation of Ref. 12 is approximately 0.40; alternatively, if
one assumes co=0.22, then n is required to be 0.15. The
differences indicated by these results are far outside ex-
perimental uncertainties in the values of n and eo, which
are about 0.02 in both cases. Using the relations of Refs.
61 and 17 the two limits are even more divergent, and we
conclude that the XPS and SXA results are incompatible
for Na.

We have considered the possibility that phonon coordi-
nate averaging might contribute to this disparity as well.
Since the data represent a sampling of all available final
configurations, within the Born-Oppenheimer approxi-
mation, the local potential is not a fixed quantity. It is
apparent from Eqs. (2) and (3) that ao and a will be
affected differently by such an averaging process, because
the 5I enter their evaluation differently. However,
analysis along the lines of Ref. 21 indicates that this effect
is insignificant, and SXA and XPS results for Na cannot
be reconciled within the MND model.

This result and the spin-orbit ratio of 2 discussed above
directly convict with some conclusions of CWS. In spite
of the fact that the Na L2 3 absorption spectrum analyzed
by CWS contained a sloped background which could lead
to a slightly inAated estimate of ao, we do not understand
completely the source of the discrepancy between the
present results and those of CWS. It rather appears to us
that Ref. 12 represents an attempt to show that the data
and the MND model could be made consistent by invok-
ing a "near-edge" criterion. We find no justification for
such a criterion in fitting data or in examining the theory,
and therefore strongly disagree with CWS regarding Na
x-ray thresholds. We also note that a recent Letter by
essentially the same workers violated the near-edge cri-
terion, with no apparent justification, in fitting the K edge
of Na with a MND line shape. Furthermore, Citrin
et al. used phase-shift compatibility relations, which
were ostensibly firmly established by CWS, to conclude
that band narrowing must be invoked in order to achieve
an acceptable fit to data. The results which we have
presented so far indicate that the support for such com-
patibility relations is lacking. The dynamical band nar-
rowing should, however, be included in the data
analysis, as shown very clearly by the shift between
theory and experiment of the van Hove minimum of Na
in Fig. 8 of Ref. 32 and Fig. 1 of Ref. 20. To the extent
that it can be modeled accurately as a one-electron effect,
e.g. , a change in the slope of the TDOS or in the position
of a van Hove minimum, the band narrowing can be ac-
counted for. Yet a change in the expected TDOS slope of
20%%uo does not alter our primary conclusion, that the
MND model fails in its present form to quantitatively de-
scribe the Na threshold data. It is therefore necessary to
examine the assumptions of the model.

There are physical differences among SXE, SXA, and
XPS in Na, due to 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, Though the usual application of the

model involves using the infinite-time potential to evalu-
ate the response function, the response function at a
given time can be affected by the behavior of the potential
at earlier times. While both XPS and absorption involve
the promotion of a core electron to an unoccupied state,
and important difference between the two spectroscopies
lies in the energy of that state, i.e., in the velocity of the
active electron. In threshold absorption the relevant
speed is near the Fermi velocity, while it is many times
that in XPS. In threshold absorption the net initial po-
tential created by the transition is dipolar and weak, and
as the active electron is transported away from the core
hole the passive electrons can follow the evolving poten-
tial, keeping it nearly screened at all times. In XPS the
active electron leaves before screening takes place, result-
ing in a stronger early-time, monopolar potential. In
emission the initial potential has already been screened,
and 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. The question to be answered, then, is
to what degree the short-time potential behavior affects
quantities like a and ao.

An early discussion of the bearing of the time depen-
dence of the potential on electron-hole pair (EHP)
creation in core spectral measurements was given by
Miiller-Hartmann et al. (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 exten-
sively investigated theoretically, ' and the correlation
between photoelectron velocity and the plasmon satellite
intensity in XPS follows from considerations similar to
those of GS. Such satellites have not been observed in
absorption, but are well established in SXE. It has long
been known that the SXE plasmon satellite intensity is
much weaker than the XPS plasmon satellite intensity
due to the much slower active electron. The local poten-
tial is the same in the case of plasmon generation as for
EHP creation, so that an accurate description of the
former case should lead to a better understanding of the
latter.

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(1 —e"') following the work of MHRT,
where go-v, the velocity of the photoelectron. They
showed that a varies with photoelectron kinetic energy.
This by itself implies that there should be a difference be-
tween absorption and high-energy XPS. A potential that
can describe the XPS and SXE plasmon satellites and
which has a similar form is the following:

V(t)= Vo(1 —e ' )+ V, e ' —V~e

where g, characterizes the time dependence of the
screening of the core hole by the electron sea and q2 the
velocity of the active electron in XPS or absorption. V,
serves to approximate the unscreened potential of the
core hole, and V2 the unscreened due to the active elec-
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tron. Vo is the screened potential felt at long times.
We have constrained this model potential by using the

dependence of the XPS plasmon satellite intensity on
photoelectron velocity. This leads to the values

V, =V2=7.5, V0=0. 5, ri, =co /2n, and rial=0. 37u/A. ,
where A, is the Thomas-Fermi screening length. These
values yield a plasmon satellite intensity of about 50'Fo of
the Na main line at high velocity, and 4%%uo for u=uF
reproducing the results of Ref. 66. GS have established
that the terms containing Vo are sufficient to show
significant effects on EHP creation due to changes in pho-
toelectron velocity in XPS, and their result has received
experimental support. Since the additional terms in-
volving V& and V2 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 incompatibility of
the threshold exponents between XPS and absorption.
Unfortunately, it is not simple to extend the GS result to
the more complicated potential given above, and further
theoretical work studying the time-dependent aspects of
this problem will be necessary to quantitatively test this
assertion.

In the MND model a potential with a simple depen-
dence on the spatial coordinate ( r ) representing the pres-
ence of the core hole is turned on at t =0. We have ar-
gued here that this potential depends significantly on the
time and weakly on the NN distance R. We can express
this as V= V(r, R, t). Each of the three experiments dis-
cussed above then has its "own potential. " In emission
the transient early-time potential is different from that for
absorption, and any lattice relaxation that occurs changes
the potential even further from that for absorption. In
the case of XPS the time dependence is different from
that for either absorption or emission. Our results indi-
cate that the infinite-time response function is different
for each of the three experiments. The power-law model
remains a good description of the spectra and is able to
describe the data in an accessible energy range near
threshold. However, whenever the R and t dependence
of V are significant, the use of a compatibility relation
with a single set of phase shifts to relate one experiment
to another will fail.

V. SUMMARY

We have investigated the differences in line shape
among the three absorption spectral functions.
Im( —I/e), p, and e2, and found that they are quite
significant at the k M2 3 edge, but negligible at the Na
L2 3 threshold. We predict that the outer p-core absorp-
tion of Rb and Cs will follow a pattern similar to that of
K in this regard. We have compared the Na L2 3 data of
Haensel et al. ' with Na IES data, and find consistent ex-
ponent values. The spin-orbit ratio of 1.95+0.10 for all
the cases we have studied of the Na Lz 3 spectrum indi-
cates that exchange mixing is not significant in the Na
LQ3 data, in agreement with an earlier analysis. ' We
have used an improved line-shape fitting function, and
have confirmed the results of Slusky et al. ' with the ex-
ception that our estimate of lifetime broadening is
significantly lower. The lack of mirror symmetry be-
tween emission and absorption edges of Na and K has
also been confirmed by the present results, and asym-
metric broadening due to partial phonon relaxation has
been ruled out as a viable cause. The effect of the surface
core-level binding-energy shift on line-shape analysis of
Na XPS data has been investigated, and the asymmetry
parameter does not appear to be very sensitive to that
factor.

We therefore empirically support the view that the
line-shape parameters extracted from the different Na x-
ray core spectra are incompatible within the MND
framework. We propose that previously unconsidered
dynamical effects are the most likely cause of this incom-
patibility, and that the MND model should be extended
to include them.
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