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Ka1,2 x-ray emission and Doniach-Sˇunjić -type line shapes
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TheKa1,2 x-ray emission spectra of potassium chloride as well as metallic potassium, calcium, and iron have
been measured and analyzed. A Doniach-Sˇunjić-type line shape is introduced in order to find well-behaved
Lorenzian-like tails for the spectra. Furthermore, the obtained many-body effects and lifetime broadenings are
considered in the light of theoretical estimates.@S0163-1829~99!04305-2#
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I. INTRODUCTION

The earliest high-resolution x-ray emission~XES! Ka1,2
lines of calcium have been measured by Parratt.1 However,
so far the corresponding potassium spectra have been
tained from compounds only.2 From the point of x-ray mi-
croanalyses theKa1,2 lines are the most important one
Also, other fields of applied as well as basic sciences
using this spectroscopy.3 Therefore, it is worthwhile to con-
sider these spectra in order to find an analytic expression
the line shape. In the case ofKa1 and Ka2 spectra the 1s
hole moves to the 2p3/2 and 2p1/2 states, respectively, and a
x-ray quantum is emitted. If one does not take into acco
the interaction between the created core hole and the con
tion electrons, the XES line would be of the form of Loren
zian. However, in metals the response of the conduc
electrons to the deep hole makes the line shape asymm
cal. The spectrum has a tail on the low energy side of the
because a part of the photon energy goes into excitatio
electron-hole pairs at the Fermi surface.4 The main question
is, whether we can obtain an adequate description of
effect of the many-electron screening response on the x
emission line shape. The Doniach-Sˇunjić expression5 has
been shown to give reliable life-time widths for the co
holes, but less successful results for the asymmetry of
spectrum.6,7 The observation that theKa1 line of metallic
iron is strongly asymmetrical seems to be difficult to und
stand. This property has been ascribed to the many-b
screening effects,5 due to the 2p core hole in the final state
PRB 590163-1829/99/59~5!/3265~5!/$15.00
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or to the intra-atomic exchange interaction between thep
hole and the partially filled 3d level, which causes a splitting
of the line.8 It is now shown that the spectrum is well de
scribed by the former phenomena, which was originally s
gested by Parratt.5 The tails of the line-shape function pla
an important role in the determination of the singularity i
dex, which is associated with the asymmetry of the line.4,5 If
these tails are not properly considered, the extraction of
parameters from the experiment is not unambiquous.6,7

II. EXPERIMENTAL DETAILS

The measurements were made with a two crystal vacu
spectrometer using two Si~111! crystals.9 The emission ex-
periments were performed with a Cr tube~30 kV, 30 mA!.
The radiation was detected by means of an argon-meth
gas flow proportional counter. The potassium and calci
samples were made of high-purity metals. To ensure cle
liness of the specimen, it was covered by a thick~20 mm!
polypropylene foil on both sides. This film was the
mounted on a water-cooled sample holder that had two g
kets between which the sample was pressed. After three
in the pressure of 1023 Torr there were no detectable sign
oxidation. The KCl and Fe samples were commercial on
In the case of iron the full width at half maximum~FWHM!
of the rocking curve in the~3,23! position was less than 0.0
eV, whereas for potassium and calcium it was~in the ~1,21!
position! 0.40 and 0.45 eV, respectively. The shape of
instrumental function is usually assumed to be betwe
Lorentzian and Gaussian.10 In the following, the latter one is
3265 ©1999 The American Physical Society
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supposed to be small and therefore pure Lorentzian sha
used for the instrumental broadening. This approximation
motivated by the high resolution of the measurements.

III. LINE SHAPE

A many-body spectrum for soft x-ray emission valen
bands of simple metals, close to the Fermi level, has b
suggested by Mahan,11 which turns to a one-body expressio
at lower energies from the threshold. This means that
effect of the core-hole would have a very small contributi
to the shape of the x-ray emission bands away from
neighborhood of the Fermi level.12,13 The exponential,
energy-dependent ‘‘cutoff’’ function, which is multiplied b
a power-law singularity due to the electronic many-body
fect, is caused by the joint density of states and transi
matrix elements.11 The later ones are often assumed to
constants.14 Using the arguments given by Hopfield15 as well
as Combescot and Nozie`res16 the power law with the effec
of the joint density of states, due to electron-hole p
excitations,11 can be converted to theKa1,2 line spectra, too.
Roughly speaking, the atom~with the core hole! in the
ground state does not affect much the conduction elect
whereas the excited atom in the final state will create a s
tering potential, which gives phase shifts2d l for these
electrons.15 The asymmetry of theKa1,2 line is caused by
Auger-like excitations at the Fermi level.16

The power law can be generalized to include the Lore
zian broadening, which describes the life-time effect of
core holes.5 Hence, using the Gadzuk-Sˇunjić integral,17 the
obtained many-body spectrum can be written as the follo
ing convolution:

I ~E!}E
0

` 1

p

g

~E1E8!21g2

e2E8/j

E812b dE8, ~1!

where 2g denotes the lifetime width andj is a cutoff energy,
which is of the order of magnitude 6–8 eV.18,19Furthermore,
Combescot and Nozie`res have shown that

b52(
l 50

`

~2l 11!Fd l

p G2

~2!

describes the singularity index16 and the phase shifts obe
the Friedel sum rule

p

2
5(

l 50

`

~2l 11!d l . ~3!

Since integral~1! has been difficult to solve analytically,17

we assume narrow x-ray emission lines in the sense
g/j→0 and that the high-energy side of the spectrum i
Lorentzian. The line shape is now of the approxima
Gadzuk-Šunjić ~Ref. 17! form

I ~E!}e~E2uEu!/2j0
G~12b!

~E21g2!~12b!/2

3cosH pb

2
1~12b!arctanS E

g D J , ~4!
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wherej0>j. On the low energy side of the line, the effect
the joint density of states, which is included ine(E2uEu)/2j0,
makes the tail, far away from the neighborhood of the s
gularity, more Lorentzian as compared with the stand
Doniach-Šunjić line shape.5,17 The reason is that the singu
larity index has been approximated by the expression11,14

b(E8)5be2E8/j, for E8.0 and approaches zero forE8
→`. Hence,b(E) will decrease on going to lower photo
energies. One can say that by introducing a cut off factor
exponent~2! will be energy dependent.14,20 The integral~1!
takes now the form

I ~E!}E
0

` 1

p

g

~E1E8!21g2

1

E812b~E8!
dE8, ~5!

In the case ofb(E)5const the usual Doniach-Sˇunjić line
shape5 is found. The asymmetry of the line is due to the fin
state effect, because there exists a more pronounced ta
the low-energy side of the spectrum.

IV. RESULTS

The potassiumKa1,2 line from KCl is shown in Fig. 1. On
the high-energy side of the spectrum a satellite is fou
which is largely caused by the 1s213p22→2p213p22

transition.2 The fitted Lorentzians for the main lines poss
the full width at half-maximum ~FWHM! 2g51.35
60.10 eV and that of the satellite 3.4060.20 eV. Subtracting
the instrumental broadening from the spectra, a natural w
of 0.9560.1 eV is obtained for theKa1 andKa2 lines, which
is only slightly larger than the theoretical one 0.87 eV21

Moreover, constant background subtraction has been us
Figure 2 shows theKa1,2 lines for metallic potassium

Although these lines are somewhat broader than those
KCl, the lifetime widths are still the same. The reason is
extra broadening on the low energy side of the spec
which is caused by the many-body effect. Table I gives
parameters in question. Our experimental indexb50.14
60.02 is in good overall agreement with the theoretic
estimate22 0.12 as well as with the recent x-ray photoem
sion ~XPS! result 0.1460.01 for the K 3p lines.23 It should
be noted that the high-energy satellite is assumed to have
same singularity index as the main lines. The small deviat

FIG. 1. TheKa1,2 spectrum of K in KCl. The fitted Lorentzians
are shown, as well. The spin-orbit splitting energy is 2.8 eV.
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in the middle between theKa1 and Ka2 lines as far as the
fitted curves and the measurements are concerned, is du
small satellite,24 which is, however, not visible in the case
the KCl spectra in Fig. 1.

Our experimental calciumKa1,2 spectrum is very similar
to that measured by Parratt.1 The spin-orbit splitting energy
is 3.6 eV. The estimated lifetime width is now 1.060.1 eV,
which agrees well with the corresponding theoretical on21

0.95 eV. The singularity indexb50.1560.02 is in good
agreement with the spin symmetric calculation25 for the Ca
2p line, which gives 0.146.

The ironKa1 emission line is shown in Fig. 3. The fit i
excellent and givesb50.3660.03, which is much large
than those obtained for simple metals. The reason is scr
ing of the 2p hole due to more localizedd-like electrons.
The lifetime broadening is now 1.8260.10 eV, which can be
compared with the theoretical estimate 1.58 eV.21 One
should note the very Lorentzian-like tail on the high-ener
side of the spectrum.26 It is evident that the many-body effec
gives a strong contribution to the asymmetry of the line. T
deviation from the asymptotic power law is not solely due
the energy dependent exponentb(E), but also to the core-
hole potential strength. Coxet al.27 have shown that a stron
ger potential gives rise to a larger deviation from the st
dard Doniach-Sˇunjić line-shape function.

V. COMPARISON WITH THE FELDKAMP-DAVIS
LINE SHAPE

Some years ago Feldkamp and Davis proposed a disc
solution for the x-ray edge model.28 In the case of XPS core
level spectra, their result is different from the usu

FIG. 2. TheKa1,2 doublet for metallic potassium. The spin-orb
splitting energy is 2.9 eV. The asymmetric line shapes exhibit
many-body effect.

TABLE I. The singularity indexb, broadening 2g and constant
j0 , which is connected with the joint density of states, are sho
for KCl, K, Ca, and Fe.

KCl K Ca Fe

b 0 0.1460.02 0.1560.02 0.3660.03
2g ~eV! 1.3560.10 1.3560.10 1.4560.10 1.8260.10
j0 ~eV! ` 6.5 7.0 6.2
to a
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asymptotic power law in the sense that they introduce
negative step function below threshold of the line. By co
voluting the line with a Lorentzian, one finds a spectru
which has the property that the tail on the low-energy s
decreases more rapidly than that of the standard Donia
Šunjić form.28 The convoluted Feldkamp-Davis~FD! expres-
sion can be approximated by subtracting from the Donia
Šunjić ~DS! spectrum a background, which actually is
Lorentzian broadened step function.29 @Another way to have
formally the same result is to assume thatj@E andb→0 in
~1!.# The line shape is now of the form

I FD~E!>I DS~E!2
1

jp Fp22arctanS E

g D G , ~6!

where j is a constant, which is connected with the cuto
distance of the low-energy tail in the spectrum. For the
Ka1 line the fitted spectrum is shown in Fig. 4. The obtain
parameters areb50.3360.03, 2g51.8660.10 eV, andj
55.8 eV, by assuming the area of the Feldkamp-Davis sp
trum I FD(E) to be one. The singularity index is just slightl
smaller than that in Table I. The fit is also similar to that
Fig. 3, except for far away on the low-energy side of the lin
where a small deviation can be seen. It is evident that va
of b are not very dependent on the model function, which

e
FIG. 3. TheKa1 line for iron with the fitted line shape.

FIG. 4. The FeKa1 spectrum fitted with the Feldkamp-Davi
line shape.
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used to fit the data provided the approximate line shap
question is sufficiently accurate.

VI. DISCUSSION

One can consider the XES line spectra as being due
two step process.16 During the ionization of the atom in th
metal, a core-hole potentialVi is created for a deep leve
The next step will be the transition of the hole from t
deeper level to the higher level and the x-ray quantum
emitted. After the x-ray emission the dynamical scatter
potential is of the formVf5Vi2V in the final state, whereV
is the transient potential that will change the phase shifts
conduction electrons16 and causes the asymmetry of th
spectrum. The latter one takes now the formVf2Vi5(Vi
2V)2Vi52V, which is in line with Hamiltonian~5! in
Ref. 16. In the case of theKa lines the scattering potentialVi
is caused by the 1s core-hole andV is due to the 2p core-
hole. The final state potentialVf is just the difference be
tween the 1s and 2p scattering potentials. Since there exis
initially the 1s hole, only the 2p core-hole gives the scatte
ing phase shifts, which are included in Eqs.~2! and~3!. One
can assume the many-body line sha
e2E/j(j/E)12(d f /p2d i /p)2

for E.0,14 in which the scattering
phase shiftd i for ans wave (l 51), without spin, is due toVi
and the final-state phase shiftd f in the same way is assoc
ated with the dynamical scattering potentialVf ,
respectively.15 In the case of the XES line-emission spect
the ‘‘initial’’ state also has a core hole. Since the final sta
perturbing potential is equal to the ‘‘initial’’ state potenti
minus the scattering potential,16 one has the phase shiftd f
5d i2d, whered is caused by the scattering potentialV. The
asymmetry of the emission line arises, because the influe
of the initial core hole, which is assumed to be present all
time, is subtracted from the difference between screen
charges, when the core hole moves from a deeper level
higher level in the final state. Therefore, the singularity ind
can be written asb5(d f /p2d i /p)25(2d/p)2. This is in
contrast with the weak-coupling result of Doniach-Sˇunjić5

neglecting the effect of the initial core hole by consideri
the screening charge differences between the two deep h
only.
l,
in
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A distinction between the XPS and XES line-emissi
processes can be considered.16 The former one has no cor
hole in the initial state, which means that the deep levels
fully occupied by electrons and therefored i50, whereasd f

5d because of the screening cloud in the final state. T
XPS singularity index a takes now the form (d f /p
2d i /p)25(d/p)2 for s-phase shifts, which is very simila
to b. Although the dynamical process for the XPS and XE
line spectra deviate from each other, the singularity indicea
andb, nevertheless, are not very different.

Considering the exponents of the absorption~or emission!
and line emission spectra, one can writed l5p/2 (a l1b) for
the scattering phase shifts.30,16 As far as potassium is con
cerned, the extracted threshold exponenta050.23 from the
soft x-ray absorption spectrum31 can be combined with the
singularity index b50.14, which givesd050.58 for the
s-wave scattering phase shift being only slightly smaller th
the corresponding theoretical estimate22 d050.63. This good
overall agreement between theory and experiment cle
shows the importance of thes-wave scattering in the case o
metallic potassium.

For the iron emission line, one can conclude that a c
siderable part of the FWHM is ascribed to the many-bo
screening effect, since beta is so large in this case. Also,
obtained lifetime broadening agrees reasonably well with
previously found theoretical estimate.21 Regarding the devia-
tion between the true line shape and the asymptotic po
law, our study finds evidence that not only the energ
dependent singularity indexb(E), but also the increasing
core-hole potential strength lowers the tail on the low ene
side of theKa1 spectrum.27

As a conclusion we emphasize that in many cases i
possible to extract many-body singularity indices from t
experimental x-rayKa1,2 spectra of metals, provided the 2p
spin-orbit splitting energy is sufficiently large. XES is a bu
sensitive method, which allows reliable estimates for th
parameters.
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