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Momentum-transfer dependence of the K absorption edge of lithium
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The lithium K absorption edge has been studied as a function of momentum transfer in a
high-resolution inelastic-electron-scattering experiment and found to exhibit no significant change with

momentum transfer up to 1.2 A '. This result places severe restrictions on theories which interpret the

shape of the threshold in terms of the final-state electron-hole interaction, and compatibihty with this

experiment could only be obtained in such theories by the utilization of a range (g & 0.01 eV) or an
s-wave phase shift (60 & 0.5), values which differ from the presently accepted calculations. Our results
are consistent with an edge shape determined by a simple step function in the one-electron transition
probability convoluted with broadening due to phonon or lifetime effects.

I. INTRODUCTION

Theories which attempt to calculate soft-x-ray
emission and absorption spectra in metals fall into
two camps. There are those which maintain that
the dominant effect at threshold is the electron-
hole interaction, often resulting in an excitonic-
like enhancement of the absorption edge. Others
maintain that properly calculated one-electron
transitions neglecting this interaction are suffi-
cient. We have performed an experiment which
should clearly distinguish between these competing
theories.

The idea of possible excitonic effects at x-ray
thresholds was first proposed by Mahan' and later
greatly embellished by Nozibres and co-workers. '
Relying on a detailed perturbation-theory calcula-
tion of the final-state conduction-electron-core-
hole interaction, Nozibres and co-workers con-
firmed the earlier prediction of Mahan and cast
the theory in its presently accepted form. Near
threshold the x-ray absorption or emission rate S
has the form4

~=+
/
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Here 8', , is the one-electron x-ray transition ma-
trix element coupling the core state to the partial
wave (l, m) of the conduction-state wave function.
Eo is the experimentally determined threshold en-
ergy. $ (which we refer to as the range param-
eter) is a constant thought to be of the order of the
Fermi energy. Ef is the conduction-state energy.
The exponents a, can be calculated from the scat-
tering phase shif ts ~, associated with the scatter-
ing of Fermi-surface electrons from the potential
of the deep core hole4

(2)

These phase shifts are related by the Friedel sum
rule'

In the first of many model calculations Ausmnn
and Glick calculated the scattering phase shifts
which would arise from a screened Coulomb po-
tential. Their results for lithium and sodium were
nearly identical: &p 1 &g 0 15 and 5p 0, 02,
all other phase shifts being smaller still. Using
these phase shifts and the theory of Nozieres et al.
they deduced no = 0.4 and n, =——0. 1 for both lith-
ium and sodium (all other o's being about —0. 2).
These results are in qualitative agreement with
experiment since the L~, threshold in Na appears
quite peaked, and the K edge of Li is rounded.
L2, thresholds should be peaked because the electric
dipole operator selects the s -wave part of the
plane-wave-like conduction states near the Fermi
energy, and o,, is positive. Similarly, dipole
transitions from K shells are made to P -like con-
duction states and are rounded since n, is negative.

Several other calculations of these phase shifts
have been made, all in reasonable agreement with
those above. Mahan has used a Fredhold-type
method due to Noyes which yields essentially the
same ~t's. More recently, Longe has used a
Thomas-Fermi potential, an Ashcroft pseudopo-
tential, a modified Aschcroft pseudopotenti31, and
an orthogonalized-plane-wave (OPW) method to
determine the phase shifts. He considers his OPW
method the more accurate, with the results 60
=0. 70 and 6, =0. 14. Mahan h3s also recently cal-
culated the phase shifts using the Heine-Abrankov
model potential. His results for lithium are in ex-
cellent agreement with the values of Ausman and
Glick, although for sodium he obtains a somewhat
smaller s-wave phase shift.

The above theoretical picture has recently been
questioned by Dow and co-workers, who maintain
that the apparent agreement with experimental re-
sults is misleading and inconsistent. In a aeries
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of papers' " they suggest that the shape of the K
edge in Li is due to phonon broadening, that the K
and L2 3 edges in aluminum do not fit the final-state
interaction-theory prediction, and that in other
simple metals exponents derived from experimen-
tal data do not agree with the theoretical calculations.

The principal alternative to the theory of Mahan
and Nozihres is that simple one-electron band
structure with properly calculated transition ma-
trix elements and density of states is the dominant
factor at x-ray thresholds. Although the band
structure and density of states for the conduction
band of lithium was calculated in great detail by
Ham, "a precise calculation of the soft-x-ray emis-
sion and absorption spectra was made by
McAlister. " He showed that the shape of both
emission and absorption thresholds could be ex-
plained entirely in terms of one-electron band
theory if a Gaussian broadening function were con-
voluted with the theoretical spectra. This broaden-
ing was presumed to be due to phonons.

The difficulty in determining the detailed shape
of the x-ray threshold in lithium is that both one-
electron band theory and the final-state interaction
theory predict an absolutely sharp threshold,
whereas in reality the threshold is broadened. This
broadening could be due to many effects, the prin-
cipal ones of which are thermal smearing of the
Fermi energy, phonon modulation of the core level,
and lifetime broadening. Thermal smearing of the
Fermi energy should be small (-0.06 eV at 300 'K)
and easily calculated'. Direct phonon coupling of
the core state to the lattice should produce a broad-
ening with full width at half-maximum (FWHM) of
0. 1 eV in lithium at 300 'K. Dow et al. 0 have
argued that an indirect coupling of the core state
to the lattice via the conduction electrons could re-
sult in additional phonon broadening with FWHM of
0.46 eV, although a detailed calculation has not
yet been shown. Lastly, the lifetime of the core
hole in Li has recently been calculated. '7 The
Auger decay rate for the 1s hole in lithium was
found to be significantly larger than for other low-~
elements and should contribute significantly to the
observed edge broadening.

In the case of Li the basic question is this: Re-
gardless of phonon or lifetime broadening, is there
any evidence that the final-state electron-hole in-
teraction influences the shape of the E edges of
lithium? Recently an experiment was proposed
by Doniach, Platzman, and Yue' whiCh would dis-
criminate between the competing pictures of the
threshold shape. They proposed an inelastic hard-
x-ray scattering experiment in which the absorption
threshold should change dramatically as a function
of momentum transfer if the dominant process at
threshold were the final-state conduction-electron-
core-hole interaction. The scattering cross sec-

tion per unit energy loss per unit solid angle for
inelastic x-ray scattering is

" ' - 2 &~,IZ."'
I~,)l'6(~, -~, -~),

dEdA y
(4)

where g;, gf are the initial- and final-state many-
electron wave functions with energies E;, E&. q is
the momentum transfer and r, is the position of the
jth electron in the solid. Doniach et al. showed
that the theory of Nozi4res et al. applied to x-ray
scattering could be cast in the form

d2„„„-Z,
0 (6)

where Q&, , is the lth partial-wave component of
the one-electron final-state wave function near the
Fermi energy, with a density of allowed final
states p(E&). P, is the initial one-electron core
state and E0 the threshold energy.

The basic idea is that for small momentum
transfer (q-0), e" ' = l+ iq r. Thus dipole
transitions from the s -like core state to the P-like
part of the final state dominate, and the shape of
the Li E edge would appear just as in soft-x-ray
absorption. As momentum transfer is increased
it becomes possible to make monopole transitions
from the s core to the s-like part of the final state
owing to the increased importance of the next
higher term (q ~ r) . That is,

azs~n &z -z)
+ ~ ~ I&&f,of"'"I~;&I' p&~~).

f 0

Doniach et al. "calculate the one-electron matrix
element assuming a hydrogenic-core wave function
with a radius of 0. 196 A and a simple OP% final
state with a kinetic energy (4. 9 eV) about equal to
the Fermi energy of a free-electron gas with the
density of Li. This value was also chosen for the
range parameter $. Band structure effects were
neglected. Their results showed that at scatter-
ing angles equivalent to q =3.6 A ' the rounded
edge in Li should become completely peaked as
at the Na L2, 3 edge if the final state interactions
dominated the threshold region, and thus x-ray
scattering should provide a good test of the Mahan-
Nozibres theory.

The same test can be provided by an inelastic-
electron-scattering experiment since -the scatter-
ing cross section for fast electrons is related to
the x-ray scattering cross section by

d o 1 d g
dEdA ~g~t ~ g dEdA

CC —
~ (7)

Thus at a fixed value of momentum transfer the
shape of the energy-loss spectruxn for inelastic
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FIG. 3. Raw data, forward scattering: Arrows show
background region fit to straight line; dashed line is this
straight line extrapolated under absorption edge.

III. DATA ANALYSIS

Data were taken on several different lithium
samples prepared as described above, but with
slightly different settings of energy and momen-
tum resolution. Although the data reported here
is for one particular sample, it is completely
reproducible to within the uncertainty of counting
statistics.

Figure 3 shows the energy-loss spectrum for
forward scattering (q-0) in a region from about
53 to 58 eV measured in steps of 0.05 eV. In the
region indicated by arrows (l. 5 eV) the back-
ground was fit to a straight line by the method of
least squares. This line was extrapolated beneath
the edge, as shown by the dashed line, and then
subtracted from the raw data to produce the re-
duced data shown in Fig. 4. A similar procedure
was used at other values of momentum transfer.
Since it was quite apparent that no substantial
change in the shape of the absorption threshold
took place as a function of momentum transfer, we

energy loss by programming a digitally program-
mable power supply which is stable to 30 ppm. The
number of pulses from the electron multiplier in
a given time interval (usually about 2 sec) is
counted by a scalar capable of counting at 100 MHz.
The time interval is defined to better than 1 ppm.
The computer records the number of counts in a
time interval at a particular value of energy loss
and then chooses a new energy-loss value and the
process is repeated. The range of energy-loss
values is scanned. many times to average out beam
fluctuations, which are generally less than 1"j0.
The total beam intensity may vary by 10% over a
period of 12 h. Details of the energy-loss spec-
trometer will be published elsewhere. '
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FIG. 4. Momentum-transfer dependence of K absorp-
tion edge of Li; all data have been normalized to the data
in the forward direction; error bars indicate uncertainty
in position of each point due to counting statistics.

decided to analyze the data with the aim of putting
limits on the various parameters of the Mahan-
Nozieres theory which might bring that theory into
agreement with our experiment. We began by de-
termining in a statistically meaningful way how

sensitive our data might be to a change in edge
shape. Thus, in producing the data displayed in
Fig. 4, we chose an arbitrary scale factor by
which to multiply the data at q = 0.9 A ' and 1.2 A '
so as to give best agreement with the data at q =0
by the method of least squares. Such a factor is
necessary since the absolute number of counts in
the edge was not the same at various values of q.

The shape of the spectrum is in good agreement
with the previously measured soft-x-ray absorption
edge; however, in our data the threshold energy
(defined as the energy where absorption is half-
maximum) appears shifted about 0. 2 eV higher than
the synchrotron results. Our measured value of
the threshold energy is 55.01+ 0.02 eV at 300 'K,
and 54. 99~0.02 eV at 160 K. The reported syn-
chrotron data was taken at 77'K. Since the ther-
mal expansion coefficient approaches zero at low
temperature, it does not seem possible that a
thermal shift can explain the discrepancy.

This discrepancy is puzzling, particularly since
we agree with the DESY measurements of L, ,
threshold energies in both Na at 33 eV and Al at
72. 7 eV, values which bracket the Li energy. We
expect our measurement to be extremely precise
since it involves merely measuring a very stable
voltage to high accuracy.

If our value for the threshold energy is correct,
as we believe it to be, then it implies there might
be a Stokes shift between the absorption and emis-
sion energies. The reported emission energy is
54. 7 eV, but Arakawa's recent results indicate a
higher energy. ' We feel the resolution of this
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Fig. 5. This confirms the previous work of
McAlister, "who showed that good agreement with
experiment could be obtained by convoluting the
absorption edge calculated from a one-electron
band model with a Gaussian broadening function.

In this analysis our experimental resolution of
Fig. 2 contributes about 2% of the final broadening
and is nearly negligible. Interestingly enough, our
data is much less compatable (in the sense of
least-squares differences) with a Lorentzian line
broadening of the form

f'(z) (z'+ r')-'.
FIG. 5. Determination of broadening function by convo-

lution with step at threshold energy; solid dots are ex-
perimental data at @=0; solid curve is shape of Gaussian
convoluted with step and then with experimental resolu-
tion; Gaussian parameters deter mined by least-squares
fit in region between arrows; open circles are best fit to
Lorentzian broadening.

question awaits more precise x-ray emission mea-
surements. The existence of a Stokes shift is con-
sistent with a phonon-broadening mechanism of
the K-edge energy.

Since there are many parameters involved in
describing the threshold shape, it is important to
analyze the data carefully to extract as much in-
formation as possible. Fortunately, the lifetime
broadening of the K edge can be obtained inde-
pendently of any of the other parameters in the
following way: Both competing pictures of the
threshold predict an infinite slope at the onset of
absorption. Therefore any rounding of the onset
can be attributed to a broadening of the threshold
energy. We obtained an estimation of the level
width by convoluting various broadening functions
with a Fermi function for the appropriate tempera-
ture at the threshold energy, with height equal to
the maximum value above threshold, as illustrated
in' Fig. 5. The curve shown was obtained by nu-
merically convoluting a Gaussian broadening func-
tion of the form

f(~) =((»)'"f ] "' '"
with a Fermi function at the position of the step
function shown and then convoluting the result with
our measured energy-loss resolution function of
Fig. 2. The parameter I' was chosen by a least-
squares method to match the experimental data at
q =0 for the lower half of the threshold in the region
indicated by arrows. The value of I' so deter-
mined for the room-temperature results was 0. 16
+ 0.01 eV, resulting in a broadening function of
0.38+0.02 eV FWHM. If this broadened edge
shape is continued beyond the region of the least-
squares determination it provides a surprisingly
good description of the edge shape, as shown in

Using a double convolution and least-squares
method similar to the previous case we find that
for the Lorentzian function I' = 0. 12, and the open
circles of Fig. 5 show how Lorentzian broadening
fails to match the data before the edge. Several
methods for subtracting thy background before the
edge did not significantly change the data. The
same analysis carried out on the samples cooled to
160 'K yielded a broadening parameter I' = 0. 15
~ 0.01 eV. Therefore, although we do see a sharp-
er edge at lower temperature, most of the sharp-
ening is due simply to a sharper Fermi distribution
function. If there is any additional temperature-
dependent broadening due to phonons, its contribu-
tion to T' must change by no more than approxi-
mately 0.01 eV over the temperature range cov-
ered. In what follows we assume that I' is inde-
pendent of momentum transfer.

Having obtained a good estimate of the edge
broadening function, we calculated the shape of
the edge as a function of momentum transfer ac-
cording to Eq. (5), utilizing the parameters sug-
gested by Doniach et al. ' That. is, we used the
exponents of Ausman and Glick and convoluted
the theoretical predictions for q = 0 and q =1.2 A '
with the broadening function determined as de-
scribed above. These results are shown in Fig. 6.
Since we are only interested in the predicted change
in shape we arbitrarily choose to match the theo-
retical curves at 55. 6 eV. Matching the curves
closer to threshold would improve agreement near
threshold at the expense of greater disagreement
further on. Even when appropriately broadened,
the theory of final-state electron-hole interactions
predicts a dramatic change in shape with momen-
tum transfer. Note also the predicted shift in
threshold energy due to broadening the divergent
terms. In what follows our units are such that the
peak of the absorption at 55. 6 eV has been nor-
malized to 1.0.

In the following analysis we varied several pos-
sible parameters of the Mahan-Nozieres theory in
an attempt to show the limits which our experiment
places on these parameters. We use as a measure
of our sensitivity to shape change the sample stan-



5022 RITSKO, SCHNATTERLY, AND GIBBONS 10

1 2-

CO

1.0—
z

K

Kl
Oa
b

4-
N
~Iw

(5 5W

za
2I-

K
0
W
O. QL.

VARY P

54 4 54.6 54 8 55.0 55.2 55.4 55.6 55.8
ENERGY (eV)

FIG. 6. Predictions of final-state interaction theory;
solid curve q=0; dashed curve q=1. 2 A; dots are ex-0

perimental data at p = 0.

—2 l I I I I I

544 546 548 550 552 554 556 55 8
ENERGY ( eV )

FIG. 8. Effect of varying the s-to-p intensity ratio.

d (E;) d c(E;)
dEdQ o dEdQ o o

'

then the sample standard deviation o is

1/2

o = [D(E;)] (K- 1)

(10)

where N (= 16) is the number of points compared.
In Fig. 7 we show the spectral difference between
the data at q = 0. 09 A ' and q =1.2 A and the for-
ward direction. Also shown is a curve represent-
ing the predicted theoretical difference between the
spectrum at q =1.2 A ' and the forward direction
according to the Mahan-Nozieres theory using the
Ausman-Glick parameters. This curve is ob-
tained from Fig. 6. The dashed lines represent

dard deviation of the data at finite q with respect
to the data at q=0. We define a spectral difference
function

a difference of + 2v, two standard deviations, from
the data at q=0. We expect, therefore, to rule
out any predicted spectral difference of greater
value than 2(T with a confidence level of 90%. Note
that the uncertainty due to counting statistics at
finite q, indicated by error bars in Fig. 7, results
in a standard deviation in good agreement with the
sa,mple standard deviation defined above. Also
shown in Fig. 7 is a curve indicating that if only
10% or less of the transition strength were in-
fluenced by the final-state interaction-theory ef-
fects then the predicted spectral difference would
lie within our 2cr confidence limit. This possibil-
ity, however, is not part of the existing theory.

One possible way of explaining our experimental
results without discarding the theory of Mahan and
Nozieres is for the amount of strength going into
the s-wave final state at q=1. 2 A ~ to be much
smaller than that predicted by Doniach et al. '
One can write the ratio of s-wave to p-wave inten-
sity as a functionof q as

W
C3

X 2—
C3

CL
I—

LLI
0 e

M

-2 544 546 548 550 55 2 55 4 556 558
ENERGY {eV)

FIG. 7. Difference between experimental spectra at
momentum transfer q and q = 0 (dots). Solid curves are
predicted spectral differences in theory of Mahan-
Nozieres as shown by Doniach et al. 100% is present es-
timation of strength.

P(~) =1(6.o I
~ "'IO;&I'i I (&~, iI e"'I &;& I

'

In the calculation of Doniach, P(0) = 0 and P(1. 2 A )
= 0.43, using the Ausman and Qlick exponents and

( =4. 7 eV and putting the kinetic energy of the
final state equal to 4. 7 eV. If the energy of the
final state and $ are taken to be the experimentally
determined Fermi energy of lithium, 3.3 eV, then
P(1.2 A ') = 0. 66 and the spectral change should be
even greater. Although lithium is a reasonably
good free-electron-like metal the simple wave
functions used by Doniach may not yield an ac-
curate estimate of P. However, the effect of
arbitrarily varying P, shown in Fig. 8, is such
that an s-to-P ratio of 2% or more can be ex-
cluded by our experiment. It is unlikely that this
ratio is less than 2%.

Perhaps a better candidate is the range param-
eter (, taken by Nozieres and DeDominicis to
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FIG. 11. Effect of varying the s-wave phase shift.

be of the order of the Fermi energy. This param-
eter was actually calculated by Longe and shown
to be a function of energy with a value always
greater than the Fermi energy for absorption pro-
cesses. As illustrated in Fig. 9, this parameter
would have to be less than 0.01 eV to produce a
spectral change of less than 2cr between q = 0 and

q =1.2 A '. Here we have again assumed that
P(1.2 A ') =0.43 and that the phase shifts of Aus-
man and Glick are applicable.

As pointed out in the introduction, the phase
shifts for scattering Fermi-surface electrons from
the deep core state have been calculated in several
models with the predicted values of the s-wave
phase shift being between 0. 7 and 1.0 rad. Never-
theless, it may be possible that a set of phase
shifts can be found which would yield good agree-
ment with our experiment. In the absence of
actual model calculations we can make the follow-
ing estimates. Phase shifts for l ~ 2 are inevitably
small and could be taken as being zero. Then the
s- and P-wave phase shifts are directly related by
the Friedel sum rule, Eq. (3), so there is only one
free parameter, 50 (the s-wave phase shift), which
then determines all of the exponents. This method

was suggested by Dow and the curves of Fig. 10
are due to him. A jndicates the exponents of
Ausman and Glick and Y the exponents recently
suggested by Yue and Doniach. 2' We see in Fig.
11 that keeping the accepted values for P and (
we can vary the s -wave phase shift ~o, and find
that for 0.22( ~p( 0. 5 the predicted spectral change
lies within our 20 limits. In fact for 50= 0. 38,
Qp —Qy = 0, 12, and there would be absolutely no
predicted change with momentum transfer. The
region of experimentally acceptable values for the
s-wave phase shift is shown by arrows in Fig. 10.
In fact our data is only compatable with phase shifts
such that ~, &0, meaning that in the theory of
Mahan and Nozieres K edges are actually peaked.
This means that the observed rounding of the K
edges is not due to the Mahan-Nozieres theory as
has been thought, but to some other broadening
mechanism, which is apparently more effective for
K edges than I. edges. In fact, without any at-
tempts at adjusting parameters such as the thresh-
old, the normalization point (at 55. 6 eV), and the
density of states above the edge, we show in Fig.
12 that a reasonably good edge shape can be ob-
tained with our previous broadening function and an
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s-wave phase shift of 0. 38, which would yield no

change in the spectrum with momentum transfer.
It is interesting that Longe has calculated a value
of &~= 0. 53 for a normal Ashcroft pseudopotential,
but he discards that calculation since it does not
truly represent the effect of the deep ionized core.

We hasten to point out that the above analysis
can not be strictly true for small s-wave phase
shifts since then the Friedel sum rule will be
dominated by partial waves with l~ 2. In fact, in

Fig. 10 one might expect that for any realistic
model potential all exponents would approach zero
as &0- 0, and there would be no region in which

&o= z, except quite near 60=0.

IV. CONCLUSIONS

We conclude that the Mahan-Nozieres theory is
not important in influencing the shape of the K edge
in lithium. The edge is broadened with a Gaussian
broadening function with FWHM equal to 0. 38 eV.
The source of this broadening is yet to be deter-
mined, although both Auger decay and coupling to
phonons are possibilities. The possible existence
of a Stokes shift between emission and absorption
spectra has been raised and should be checked by
further emission work. We see no evidence for the

predictions of Mahan and Nozieres et al. which

would demand a change in shape of the absorption
edge as a function of momentum transfer. By
varying, in turn, the individual parameters of the
theory of Mahan and Nozieres et al. and computing
the predicted spec tr al change between the theoret-
ical predictions at q=0 and q=1. 2 A ', we are
able to conclude that one of the following conditions
must be met before the theory is deemed compat-
able with our experiment within 90% confidence
limits:

0. 22& 6, & 0. 5,
(& 0. 01 eV,
s/p ratio (q =1.2 A '}& 0;02,
"strength"& 0. 1 .

Of course it is possible to vary several parame-
ters so as to restore agreement with our experi-
ment, but such manipulation ought to be theoret-
ically justified.
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