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The 1.» soft-x-ray emission (SXE) and soft-x-ray absorption (SXA) edges have been measured. The SXE
edges were measured at temperatures between 85 and 380 K, and analyzed to obtain edge positions and
widths. The widths increased from I s« ——100 meV at 85 K to 150 meV at 320 K and to 180 meV above the

melting point at 380 K. Both SXE and SXA edges were measured at 100 K with the same spectrometer, and

the data were analyzed to obtain values of the edge widths (1,« ——100 meV and I'sxA ——64 meV), of the

many-body peaking parameter (a»E ——0.15 and a»A ——0.24), of the gap between the edges (E~ = 74 meV),
and of the excess width of the emission edge [(EI')' = I'sxs —I sxA ——5900 (meV)']. The values of Es and

(hl)' were used in the partial-lattice-relaxation theory of Almbladh to obtain a value of the core-hole
lifetime broadening (I » ——10 meV). We conclude that structure in the transition density of states, many-

body effects, and lattice relaxation all have important eAects on the edge structure, and suggest that
rounding of the SXE edge by partial relaxation accounts for the smaller peaking parameter obtained from

the SXE data as compared to the SXA data.

I. INTRODUCTION

Soft-x-ray emission (SXE) and soft-x-ray ab-
sorption (SXA) edges in simple metals have been
extensively analyzed for the information they can
provide about a variety of physical processes oc-
curring in solids. Originally an explanation of the
edge shape was sought in terms of electric-dipole
transitions of an electron between an atomic core
level and nearly free -electron conduction-band
levels. In the last decade, there has been exten-
sive discussion by many workers of the effects of
many-body processes on the edges. '~ Much aQ-

tention has also been paid to broadening proces-
ses affecting the core levels. "~Recent work in-
dicates that the phonon-core-hole interaction is
the dominant broadening mechanism affecting the
core levels and the experimentally observed edge
widths. '-" Moreover, it has become clear from
the work of Almbadh and Mahan that the dynam-
ical aspects of this interaction, due to partial
relaxation of the lattice about the core hole before
emission, may have a very large effect on the
shape of the emission edge.""

The SXE spectra of Na obtained by a number
of workers between 1940 and 1970 have been re-
viewed by McAlister. "~' The SXA spectra have
been measured by Kunz and co-workers at DESY."
The absorption data were analyzed by Dow and
Sonntag to obtain values of the edge width and of
0. , a parameter which characterizes the effect
of many-body processes on the I, , edges. '
These effects are discussed further below. Very
recently Crisp has published a careful study of

the effects of self-absorption on the emission
edge. " His results are important because self-
absorption has frequently been invoked to explain
away anomolous features of the SXE spectra. "

In this paper, we report measurements of both
the L» SXE and SXA spectra of Na. The data
are novel in several respects, though we have
published the results of a similar set of measure-
ments for Li elsewhere. " Of greatest importance
perhaps are the measurements of both the emis-
sion and absorption edges with the same spectro-
meter. This allows the widths of the edges and
the separation between them to be accurately
measured without questions about the relative
resolutions and energy calibrations of the spec-
trometers used for the two sets of measurements.
These data are critical for the analysis of partial
relaxation effects using the Almbladh-Mahan
theory. W'e have also measured the breadth and
position of the emission edge at a series of tem-
peratures between 80 and 400 K; the latter tem-
perature is above the melting point. These data
provide information about the temperature depen-
dence of the core level widths which may be com-
pared to similar information obtained from stud-
ies of x-ray photoemission and from measurements
of the temperature dependence of the shape of the
absorption edge. Finally, we present SXE and
SXA spectra extending to several electron volts
on either side of the respective edges, which is
useful for assessing the effects of band structure
on the x-ray spectra.

In a first approximation, the theoretjcal des-
cription of the I» x-ray spectra can be given in

18 6622 1978 The American Physical Society



18 THE L 2 3 SOFT-x-RAY EMISSI'ON AN D ABSORPTION. . . 662$

terms of one-electron electric -dipole transitions
between 2p core states and s- and d-like conduc-
tion-band states. Gupta and Freeman have calcu-
lated the one-electron spectra expected including
the effects of band structure on both the density
of states and on the transition-matrix elements. "
As will be discussed below, the band structure
produces important structure in the spectra away
from the band edge but does not add structural
features within a few tenths of an eV from the
band edge where the data are analyzed for evi-
dence of many-body effects and core-hole broad-
ening.

Many-body processes have an important effect
on the x-ray spectra of simple metals. Very
near the spectral edge, the complex expression
obtained from the many-body theory i.s dominated
by a term of the form (E -Ez), where n is given
by the many-body analysis of Nozieres et al. '
When Ot is negative, this term rounds off the
edges and, when positive, causes a peaking at
the spectral edge. For Na both the emission and
the absorption spectra are sharply peaked near
their edges. We analyze this peaking to obtain
values of n for comparison with theory.

Many broadening processes effect the observed
width of the edges. Among these are phonon
broadening of the Fermi edge and core level and
lifetime broadening of the core level. The ob-
served temperature dependence of the edge width
and recent calculations of Hedin and Flynn indicate
that phonon broadening of the core level is the
dominant broadening mechanism for the absorp-
tion spectra. "Almbladh" and Mahan" have re-
cently published calculations that suggest that
additional phonon-core level effects are observed
for the emission spectra when the core hole life-
time is comparable to the lattice relaxation time
so that partial relaxation of the lattice about the
core hole occurs before the emission event. In
Li this partial relaxation accounts for the pre-
mature peak and shoulder observed in the SXE
edge. ' "'2' Here we will argue that the partial
relaxation theory accounts in a satisfactory man-
ner for the excess width observed for the emission
spectrum and for the observed gap between the
emission and absorption edges. It also allows us
to derive a value of the core-hole lifetime from
our data.

Since the phonon broadening of the core level
may be described by a Gaussian function and since
this is the dominant broadening factor effecting
the edges, we have folded a Gaussian broadening
function with the single electron transition edge
spectra and the many body peaking factor in order
to fit the data within a few tenths eV from the
SXE and SXA edges. The expression used to fit

the edges was
co
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FIG. 1. Effect of many-body parameter (a) and Gaus-
sian half-width (I'f/2) on x-ray edge spectra.

where I,(E') is the single-electronedge spectrum,
(E' Ez)-— is the many-body peaking factor, and

y is related to the ful. l width at half maximum
(FWHM) value of the Gaussian by I'», = v'81n2 y
= 2.355 y.

The effects of a and l', &, on a step-function edge
are illustrated in Fig. l. In Fig. 1(a), I(E E~, n-,

F,', ) is plotted for ~ =0.25 and a range of values
for l",&, from 0.06 to 0.12 eV. In practice the
data were. analyzed with the spectra normalized
to the spectral maximum. The data of Fig. 1(a)
is replotted in Fig. 1(b) renormalized in this fash-
ion. For a given value of 0, varying I'g/2 clearly
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effects both the edge shape and the shape' of. the
spectal curves beyond the spectral maximum. In
Fig. 1(c) curves of I/I ~ are plotted for a single
broadening factor I', &,= 0.08 eV and for a range
of peaking factors, o. , between 0.10 and 0.25.
Variations of n over this wide range has only a
small effect on the edge width but strongly affects
the shape of the curve beyond the peak maximum.
Because of the small effect of n on the edge width,
we analyzed the data by first fitting the leading
edge by varying I",&, with an approximate value
of a and then by varying at to fit the shape of the
curve beyond the spectral maximum.

Several features of the curves of Fig. 1 are im-
portant for the analysis of the data. First the
edge widths determined are nearly independent
of the origin or magnitude of the peaking factor.
Second, the position of the Fermi edge is not at
the point of maximum slope of the edge but is sub-
stantially displaced toward the peak maximum.
This fact has a large effect on the value we obtain
for the separation between the SXE and SXA edges.
Finally, an analysis of curves like those of Fig.
1(b) with constant a and various values of I,&,
shows that both the position of the edge and its
experimental width I'~&, can be determined without
a detailed computer fit of each curve. In interpre-
tating the data for the temperature dependence of
the emission edge width, we used the 10%%uo-90%

width of the edge to determine I', &, and the VO%%d

point of the edge to determine the edge position.
For a =0.15 the value of e used to fit the emis-
sion data, we find that I'„~p=—0.9 F,&,. Also for
u = 0.15, the V0% point of the curves is very near-
ly independent of I', &, and lies 0.01 eV below the
true edge position.

II. PROCEDURES AND EQUIPMENT

The procedures and equipment used for these
experiments have been described in detail else-
where. "'" We will give only a brief description
of essential features here. The data were ob-
tained in two different sets of experimental ap-
paratus which are described separately below.
'The temperature dependence of the emission spec-
tra were measured in an UHV chamber at the Oak
Ridge National Laboratory (ORNL). In these ex-
periments, Na was evaporated onto a Cu anode
which was cooled by circulating coolant (liquid
nitrogen, methanol cooled by dry ice, ice water,
and compressed air). The temperature was mon-
itored by a thermocouple clamped to the emitting
surface. A 4-6-mA beam of 2-2.5 keV electrons
was incident at 45' to the anode surface. Soft
x rays emitted normally from the surface. were
measured using a 2-m grazing incidence mono-

III. EXPERIMENTAL RESULTS

In Figs. 2, 3, and 5 we plot SXE data for Na.
Figure 2 shows edge data taken at 85+ 5 K at
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FIG. 2. SXE spectrum for Na at 85 K. Dots indicate
ORNL data; crosses indicate NBS data.

chromator fitted with a 1200 lines/mm grating
and a channeltron detector. The monochromator
was calibrated against the line spectra produced
by a condensed spark discharge in air. The reso-
lution cited for these data was determined by
measuring the actual line widths observed for
narrow single lines in the spark spectra.

Measurements of the SXA spectra and of the
SXE spectra measured to establish the edge sep-
aration were made at the Nationa1. Bureau of
Standards (NBS) electron storage ring. Absorp-
tion measurements were made with thin Na films
evaporated onto 1000-A A1 substrates supported
on Ni mesh. Absorption coefficients were deter-
mined from measurements of the transmission of
the A1 substrate with and without the Na film.
The absorption films were mounted on a holder
which also had a Cu emitting anode which could
be moved into the beam line so that it faced the
spectrometer. A 5-mA beam of 2.5 keV electrons
was used to excite the emission spectra from a
Na film evaporated onto the Cu emitter. Trans-
mitted synchrotron light from the storage ring
and normally emitted radiation from the emission
anode were both analyzed using the same 3-m
grazing incidence spectrometer which was fitted
with a 600 lines/mm gold grating and a channel-
tron detector. 'The spectrometer was calibrated
before and after each experimental run using a gas
absorption cell filled with Ar or He which have
lines bracketing the region of experiment inter-
est. In Ar the single-electron excitations 3s3pSp- 3s3P'nP 'P, were used in first order, and in He
the two-electron excitations 1s"Sp—2s 2p 'P, and
1s"S,- (+ 2, 3) 'P, were used in second order. '4'"
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FIG. 3. SXE spectra for Na between 85 K and the
melting point.

FIG. 4. Temperature dependence of the edge width
and the edge position for the Na emission spectra.

ORNL (dots) and at 100+10 K at NBS (crosses).
The difference in temperature results from the
more efficient cooling geometry used in the ORNL .

apparatus. The energy scale for the figure is
that given by the calibration of the ORNL spec-
trometer. In Fig. 2 the NBS data has been shifted
to lower energies by 0.016 eV so that the two edges
are superimposed. The 0.016 eV energy shift rep-
resents primarily the difference in the calibrations
of the ORNL and NBS spectrometers, though up to
20% may be due to the temperature differences.
'The ORNL data represents the sum of 15 runs at
5 mA and 2.0 keV and the NBS data the sum of 10
runs at 5 mA and 2.5 keV. The solid line is a fit
of the ORNL data using values of E~, n, and I',&,
shown in the inset of Fig. 2. The experimentally
measured broadening of the edge given by I',&,
may be corrected for instrumental broadening
of 0.06 eV to obtain the true emission edge width

To a good approximation, for Gaussian
broadening, I'82zs ——I",&,

—(0.6)' so that I'Szs
=0.104+0.010 eV, where the error limits were
obtained from uncertainties derived from the fit-
ting procedure and an estimate of modification
of the edge shape by self-absorption.

In Fig. 2 the curve was fitted to the portion of
the emission data above the dashed line. The
shoulder in the data below this line is the L,
emission peak which is strongly depressed below
the L, peak by Koster-Kronig transitions and
self -absorption. In Koster -Kronig transitions
the more tightly bound L, level is filled by non-
radiative transitions from the L, level with ex-
cess energy being carried off by the excitation
of a conduction-band electron. According to the
recent work by Crisp, "self-absorption also has
an important effect on the L, peak when 2.5-keV

electrons are used for excitation. The self-ab-
sorption has little effect, however, on the L,
edge where the overlap from the absorption edge
is much weaker but might result in a slight under-
estimate of the emission edge width.

In Fig. 3 emission data are plotted which were
taken at temperatures between 85 K and the melt-
ing point of Na. Clearly, the edge broadens and
shifts to higher energy with increasing tempera-
ture. Information taken from these curves and
others like them were used to plot the tempera-
ture dependences of the SXE edge width and edge
position shown in Fig. 4. Data represented by 4
were taken with a resolution of 0.06 eV, by 0 with
a resolution of 0.10 eV and by 0 with a resolution
of 0.20 eV. Edge widths plotted are taken from
the higher-resolution data only (0.06 and 0.10 eV)
and are corrected for instrumental resolution.
The 0.20-eV data was used primarily for deter-
mining the position of the edge near the melting
point.

The curves labeled experiment in Fig. 5 are
plots of the complete L,» emission spectrum of
Na made with an instrumental resolution of 0.2
eV. This low resolution. was used in order to ob-
tain the emission spectrum in one pass. The data
shown was taken at 310 K on a film evaporated at
80 K and subsequently warmed up. The data for
the curve with the less prominent peak was taken
shortly before the film was melted. The other
curve was taken after the film was melted and re-
cooled at 310 K. The overall intensity observed
after melting was about 20/p smaller than before
melting. 'The film appeared shinier after melting
which suggests that the change in intensity accom-
panied a decrease in the surface area upon melt-
ing. The two sets of data are shown here to il-
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TABLE I. Values of physical parameters derived from analysis of SXE and SXA spectra.

Emission

Edge position (Ez)

Edgd width (I'sxE)

Peaking parameter (o.z)

30.532 (85 K, OHNL calibration)

30.550 (100 K, NBS calibration)

100+10 meV (85 K)

0.15 +0.03

Absorption

Edge position (E~)

Edge width (I'sxA)

Peaking parameter (n~)

l, 2lL3 ratio

Spin-orbit splitting

Emission and absorption features

30.624 (NBS calibration)

64+5 meV (100 K)

0.24 +0.04

0.37 + 0.03

155 +5 meV

Gap bebveen edges {E,)

SXE SXA
2 2 = 2

Core-hole lifetime (I'2&)

74+10 meV

5900 +1000 meV2

10.5 + 1.0 me V

shown in Fig. 7(a). The results after deconvolu-
tion are shown in Fig. 7(b). The Fermi edge po-
sition for the absorption spectrum was found at
E„=30.624+ 0.005 eV and the edge width to be
Fsx~ = 0.100+0.005 eV. These values of E~ and

Fs«obtained after the deconvolution are slightly
different, but well within the error 1imits quoted
for estimates obtained without the deconvolution
analysis in Fig. 2. 'The separation between the
edges is E,=0.074+0.010 eV. We emphasize
again that the true magnitude of this gap can only
be obtained after the effect of broadening on a
peaked edge shape is properly taken into account.
The parameters that we have obtained from our
data for both the emission and absorption edges
are summarized in Table I.

In Fig. 8 we plot an absorption spectrum (shown
as points with a solid curve drawn through the
points to guide the eye) extending to 2.5 eV above
the absorption edge and compare it to theoretical
curves based on the calculations of Qupta and
Freeman. 'The dashed curve in the figure is taken
from the transition density of states calculated
by Gupta and Freeman for transition from a single
p level to s and d like states in the conduction
band. The solid curve, labeled F,&, =0, +=0,
represents the unbroadened contribution from two

P levels separated by 0.155 eV and weighted in the
ratio of 0.4 to 1. The curve labeled F,&, =0.09 eV,
n = 0.25 is the same curve when modified by the

peaking function (E E„) an-d the-Gaussian
broadening function of half width F,&,.

Some features of the observed SXA spectrum
clearly result from the effects of band structure
on the one-electron spectrum and are qualitatively
explained by the calculations. The continued de-
crease of the spectrum for 1 eV above the edge and
the double minimum in the observed spectrum re-
f1ect the decrease in the s-like part of the conduc-
tion band density of states to a minimum when the
conduction band contacts the Brillouin-zone bound-
ary. 'The double minimum in the calculated spec-
trum falls about 0.2 eV above the same feature in
the experimental spectrum. Thus the energy of
the calculated SXA spectrum, like that of the
calculated SXE spectrum, would have to be com-
pressed to give a really good fit to the data.

The very sharp peaking of the SXA spectrum at
the edge cannot be explained by band structure ef-
fects since the one electron transition density of
states is very nearly flat at the edge and changes
s1owly over an energy range of the order of 0.10
eV. The most satisfactory current explanation
for the peaks is provided by many body theory.

In Fig. 9 we have plotted the first and second
moments of the core-hole broaderiing spectrum
of Na calculated by Almbladh for partial relaxa-
tion effects. The abscissa represents the recip-
rocal of the core-hole lifetime in energy broad-
ening units of millielectron-volts. The dashed
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FIG. 9. Dependence on core-hole lifetime of the first
and second moments of the core-hole broadening pro-
duced by partial lattice relaxation. Curves adapted
from Ref. 10. Arrows indicate values of core-hole life-
time derived from measurements of the gap between
the x-ray edges O.eft-hand scale) and from excess broad-
ening of the emission spectrum (right-hand scale).

curve and left-hand ordinate represent the first
moment or centroid of the distribution and thus
relates the shift in the energy position of the
emission edge as a function of core-hale lifetime.
For very short lifetime (large 1"») the edge is not
shifted, and for very long lifetimes (small 1 »),
corresponding to,a fully relaxed lattice, a max-
imum shift in the core-hole energy level of 160
meV is predicted. 'The solid curve and right-hand
ordinate represent the additional width of the
emission edge due to partial relaxation effects.
In the experimental data, this represents the ad-
ditional width ~I' of the emission edge as compared
to the absorption edge calculated according to the
prescription 4r' = I,"x, —I,"x„.

Thus Almbladh's version of the partial relaxa-
tion theory gives us the means of obtaining two
separate estimates of the core hole lifetime, the
first from the observed separation between the
emission and absorption edges and the second from
the excess width of the emission edge. This en-
ergy shift and extra broadening are listed as E,
and ~~r in Table I. In Fig. 9 the experimentally
determined values are indicated by arrows. The
energy gap measurement gives an estimate of
I'»= 10 meV and the excess broadening an esti-
mate of I'»=11 meV. This agreement is very
satisfactory in view of the uncertainties in both
the measurements and in the theory. A value of
I'» = 10.5 +1.0 meV accounts for the uncertainties
in the experimental data but does not reflect sys-
tematic shifts that may be introduced by varying
the theoretical parameters.

IV. CONCLUSIONS AND DISCUSSION

We conclude from our analysi. s that band-struc-
ture effects, many body processes and partial
relaxation effects all make important contribu-
tions to the observed SXA and SXE spectra of
the L» levels of Na. We note that this conclusion
differs from that reached for Li where no convin-
cing evidence for many-body effects was found in
the data.

However our results present one problem of in-
terpretation. Namely the many-body parameters
derived from the SXA and SXE spectra are 0.25
and 0.15, respectively; whereas according to
theory they must be the same. We do. not believe
that this difference reflects an experimental
problem. Both sets of data were made with the
same spectrometer and at the same resolution.
Moreover it is not a feature common to other
materials. In recent measurements of Al and Mg
with the same apparatus, both SXE and SXA edges
can be satisfactorily described with the same
peaking function.

'Two explanations of the different values of a
obtained from SXA and SXE spectra seem possi-
ble. 'The first is that the one-electron transition
density of states is decreasing more rapidly near
the Fermi level than is indicated by the Gupta and
Freeman calculation. This would tend to reduce
the peaking of the emission edge and increase that of
the absorption edge. The second explanation is
suggested by the fact that the core-hole lifetime
value of I'»=10 meV that was obtained using our
data and Almbladh's theory is comparable to the
lattice relaxation time for Na. For this case,
the core-hole broadening is not well described
by a Gaussian function but has structure that has
the effect of rounding off the emission edge. In
Li the suppression of the emission spectrum at
the edge is clearly evident. It seems likely that
a similar effect is present for Na, but that it is
masked by the many-body peaking near the edge.
If band-structure effects are responsible for the
discrepancy between the peaking factors deter-
mined from the SXA and SXE spectra, the "true"
value should lie between the values of 0.15 and
0.25 obtained by fitting the SXE and SXA data, re-
spectively. If the discrepancy results from par-
tial relaxation effects which modify only the emis-
sion edge, then the value of a = 0.25 obtained from
the SXA data would be the value which should be
compared to many body calculations.

Our values for a the many-body parameter de-
rived from the SXA and the SXE spectra are quite
different; however the value we obtain for as~
(0.24) is in good agreement with the value (0.25)
obtained by Dow using the data of the DESY group. 4
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Onodera on the other hand used his formalism to
fit the DESY data and obtained a value of ~»„
equal to 0.41. This inconsistancy we feel is more
likely due to the method employed to fit the data
rather than necessarily to a flaw in the formalism
developed by Onodera, since Dow, using Ono-
dera's formalism, obtained a value of o'.»„con-
sistant with his earlier analysis of the DESY
data. " Furthermore recent theoretical develop-
ment "' suggest modifications to the formalism
developed by Onodera. Further analysis of the
data will have to include these recent develop-
ments.
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