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TheKe, , x-ray emission spectra of potassium chloride as well as metallic potassium, calcium, and iron have
been measured and analyzed. A Doniacinjis-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 estimatg30163-182@9)04305-2

[. INTRODUCTION or to the intra-atomic exchange interaction between tphe 2
hole and the partially filled 8 level, which causes a splitting
of the line® It is now shown that the spectrum is well de-
scribed by the former phenomena, which was originally sug-

far th di . h b Eested by ParrattThe tails of the line-shape function play
SO far the corresponding potassium spectra have been off;, important role in the determination of the singularity in-

tained from compounds onfyFrom the point of x-ray mi- dex, which is associated with the asymmetry of the fiRé.
croanalyses the&Ka, lines are the most important Ones. yhese tails are not properly considered, the extraction of the

Also, other fields of applied as well as basic sciences arBarameters from the experiment is not unambigfdus.
using this spectroscopyTherefore, it is worthwhile to con-

sider these spectra in order to find an analytic expression for
the line shape. In the case Kfx; and Ka, spectra the &

hole moves to the 3, and 2p,, states, respectively, and an  The measurements were made with a two crystal vacuum
x-ray quantum is emitted. If one does not take into accoungpectrometer using two @il1) crystals’ The emission ex-

the interaction between the created core hole and the condugerimems were performed with a Cr tut@0 kV, 30 mA).

tion electrons, the XES line would be of the form of Lorent- The radiation was detected by means of an argon-methane
zian. However, in metals the response of the conductiogas flow proportional counter. The potassium and calcium
electrons to the deep hole makes the line shape asymmetgamples were made of high-purity metals. To ensure clean-
cal. The spectrum has a tail on the low energy side of the linéiness of the specimen, it was covered by a thi2R um)
because a part of the photon energy goes into excitation qfolypropylene foil on both sides. This film was then
electron-hole pairs at the Fermi surfdc&he main question mounted on a water-cooled sample holder that had two gas-
is, whether we can obtain an adequate description of thkets between which the sample was pressed. After three days
effect of the many-electron screening response on the x-raiy the pressure of 1C° Torr there were no detectable sign of
emission line shape. The Doniack#8ic expression has  oxidation. The KCI and Fe samples were commercial ones.
been shown to give reliable life-time widths for the core In the case of iron the full width at half maximu@wWHM)
holes, but less successful results for the asymmetry of thef the rocking curve in thé3,—3) position was less than 0.05
spectrunf:” The observation that thEe, line of metallic eV, whereas for potassium and calcium it wasthe (1,—1)

iron is strongly asymmetrical seems to be difficult to under-position 0.40 and 0.45 eV, respectively. The shape of the
stand. This property has been ascribed to the many-bodystrumental function is usually assumed to be between
screening effects,due to the P core hole in the final state Lorentzian and GaussidfiIn the following, the latter one is

The earliest high-resolution x-ray emissiOdES) Kay
lines of calcium have been measured by Pafratawever,

II. EXPERIMENTAL DETAILS
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supposed to be small and therefore pure Lorentzian shape is ‘ ‘ ' ‘ '
used for the instrumental broadening. This approximation is 400004 K¢l -
motivated by the high resolution of the measurements.

30000 -
lll. LINE SHAPE

A many-body spectrum for soft x-ray emission valence
bands of simple metals, close to the Fermi level, has been
suggested by Mahalt,which turns to a one-body expression
at lower energies from the threshold. This means that the 10000 - .
effect of the core-hole would have a very small contribution
to the shape of the x-ray emission bands away from the
neighborhood of the Fermi lev&t'® The exponential, 0
energy-dependent “cutoff” function, which is multiplied by
a power-law singularity due to the electronic many-body ef-
fect, is caused by the joint density of states and transition gy 1. TheKa, , spectrum of K in KCI. The fitted Lorentzians
matrix elementé! The later ones are often assumed to begre shown, as well. The spin-orbit splitiing energy is 2.8 eV.
constants: Using the arguments given by Hopfitlds well
as Combescot and Nozés® the power law with the effect \hereg,=¢. On the low energy side of the line, the effect of
of the joint density of states, due to electron-hole pairie joint density of states, which is included efF ~1ED/2é0,
excitations;" can be converted to tHéa , line spectra, t00. makes the tail, far away from the neighborhood of the sin-
Roughly speaking, the atorfwith the core holg in the  gylarity, more Lorentzian as compared with the standard
ground state does not affect much the conduction electrorgoniach_smjié line shape:'” The reason is that the singu-
whereas the excited atom in the final state will create a scafarity index has been approximated by the expredsith
tering potential, which gives phase shiftss, for these E(E')Zﬂe{’/g for E'>0 and approaches zero f@&'
electrons® The asymmetry of théKa,, line is caused by " Hence,,B(iE) will decrease on going to lower photon

Auger-like excitations at the Fermi level. energies. One can say that by introducing a cut off factor the

The power law can be generalized to include the Lorent- ; 20 ;
zian broadening, which describes the life-time effect of theglfec;nﬁg\t/(vzihvgll:o?; energy dependentThe integral(1)

core holes. Hence, using the GadzukiSjic integrall’ the
obtained many-body spectrum can be written as the follow-

. o ©1
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4 e Flt In the case ofB(E)=const the usual Doniachugijic line

*]
H(E)ex jo 7 (E+E)2+42E'1°B dE’, D shapé is found. The asymmetry of the line is due to the final
state effect, because there exists a more pronounced tail on
where 2y denotes the lifetime width anglis a cutoff energy, the low-energy side of the spectrum.
which is of the order of magnitude 6—8 é¥°Furthermore,
Combescot and Nozies have shown that IV. RESULTS

512 The potassiuniKa; , line from KCl is shown in Fig. 1. On
—} (2)  the high-energy side of the spectrum a satellite is found,
& which is largely caused by thesI!3p 2—2p 13p~2
transition? The fitted Lorentzians for the main lines posses
the full width at half-maximum (FWHM) 2y=1.35
+0.10eV and that of the satellite 3.4@.20 eV. Subtracting
o the instrumental broadening from the spectra, a natural width

(214+1)5 (3) of 0.95+ 0.1 eV is obtained for th&«a; andKa; lines, which

|- . . .

=0 is only slightly larger than the theoretical one 0.87 2V.
] . o . Moreover, constant background subtraction has been used.
Since integral(1) has been dlfflcqlt to.solvg analyticafly, Figure 2 shows theKa, , lines for metallic potassium.
we assume narrow x-ray emission lines in the sense tha{jthough these lines are somewhat broader than those for
y/§—0 and that the high-energy side of the spectrum is &, the lifetime widths are still the same. The reason is the
Lorentzian. The line shape is now of the approximateextra broadening on the low energy side of the spectra,

ﬁ=2|20 (21+1)

describes the singularity ind¥and the phase shifts obey
the Friedel sum rule

7T_
2

Gadzuk-$injic (Ref. 17 form which is caused by the many-body effect. Table | gives the
parameters in question. Our experimental ingéx 0.14

| (E)ocelE-[ED2%G I'(1-p) +0.02 is in good overall agreement with the theoretical

(E2+y2)1-A)2 estimaté” 0.12 as well as with the recent x-ray photoemis-

sion (XPS) result 0.14-0.01 for the K P lines?® It should
4) be noted that the high-energy satellite is assumed to have the
' same singularity index as the main lines. The small deviation

w3 VEE
X co 7+(1—,8)arcta ;
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FIG. 2. TheKa; , doublet for metallic potassium. The spin-orbit FIG. 3. TheKe, line for iron with the fitted line shape.
splitting energy is 2.9 eV. The asymmetric line shapes exhibit the
many-body effect. asymptotic power law in the sense that they introduced a

negative step function below threshold of the line. By con-

in the middle between thK«; andKe, lines as far as the voluting the line with a Lorentzian, one finds a spectrum,
fitted curves and the measurements are concerned, is due tavhiich has the property that the tail on the low-energy side
small satellit€?* which is, however, not visible in the case of decreases more rapidly than that of the standard Doniach-
the KCI spectra in Fig. 1. Sunijic form .28 The convoluted Feldkamp-DaviED) expres-

Our experimental calciurka;, , spectrum is very similar  sion can be approximated by subtracting from the Doniach-
to that measured by ParratThe spin-orbit splitting energy Sunjic (DS) spectrum a background, which actually is a
is 3.6 eV. The estimated lifetime width is now ¥0.1eV, Lorentzian broadened step functi&t{Another way to have
which agrees well with the corresponding theoretical?bne formally the same result is to assume tatE and8—0 in
0.95 eV. The singularity inde3=0.15+0.02 is in good (1).] The line shape is now of the form
agreement with the spin symmetric calculafibfor the Ca
2p line, which gives 0.146. 1 E

The ironKey emission line is shown in Fig. 3. The fit is — R =
excellent and giveg3=0.36+0.03, which is much larger 'ro(E)=los(E) gw{z arctarEy } ©®
than those obtained for simple metals. The reason is screen-
ing of the 2 hole due to more localized-like electrons.
The lifetime broadening is now 1.820.10 eV, which can be
compared with the theoretical estimate 1.58 %2\One

should note the very Lorentzian-like tail on the high-energy
. ) . arameters argg=0.33+0.03, 2y=1.86-0.10eV, and
side of the spectrur‘?ﬁblt is ewderr:t that the manyf-blil)dyl/ effec:] 25 8eV, by asfuming the areagf the Feldkamp-Davisgspec-
gives a strong contribution to the asymmetry of the line. T : 4 . o L .
deviation from the asymptotic power law is not solely due tstrum”I FD(E) tohbe one. ;he smhgu:cgr!ty Tdex. 'S.|JUSt Sl'ﬁhtly
the energy dependent expongd(E), but also to the core- smaller than that in Table I. The fit is also similar to that in
' Fig. 3, except for far away on the low-energy side of the line,

hole potential strength. Coxt al*” have shown that a stron- where a small deviation can be seen. It is evident that values
ger potential gives rise to a larger deviation from the stan- ) . Lo
dard Doniach-8nji¢ line-shape function of 8 are not very dependent on the model function, which is

where ¢ is a constant, which is connected with the cutoff
distance of the low-energy tail in the spectrum. For the Fe
Kea; line the fitted spectrum is shown in Fig. 4. The obtained

T T T T T
V. COMPARISON WITH THE FELDKAMP-DAVIS 120009 i
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Some years ago Feldkamp and Davis proposed a discrete
solution for the x-ray edge mod&l In the case of XPS core- 8000 ]

w
level spectra, their result is different from the usual £ 5000
o - -
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TABLE _I. The smgularl_ty |nde>_<ﬁ_, broadgnlng 2 and constant 4000 4 _
&o, Which is connected with the joint density of states, are shown _ ]
for KCI, K, Ca, and Fe. 2000 4 4
KCI K Ca Fe 0 . , T T . T T
6396 6400 6404 6408 6412
B 0 0.14-0.02 0.15-0.02 0.36:0.03 ENERGY [eV]
2y (eV) 1.35£0.10 1.35-0.10 1.45-0.10 1.82:0.10
& (eV) 0 6.5 7.0 6.2 FIG. 4. The FeKay spectrum fitted with the Feldkamp-Davis

line shape.
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used to fit the data provided the approximate line shape in A distinction between the XPS and XES line-emission

guestion is sufficiently accurate. processes can be considelédhe former one has no core
hole in the initial state, which means that the deep levels are
VI. DISCUSSION fully occupied by electrons and therefofie=0, whereass;

. . . = 6 because of the screening cloud in the final state. The
One can consider the XES line spectra as being due to 2ps singularity index o takes now the form &/
f

two step proces¥ During the ionization of the atom in the _ 5 17)?= (61 m)? for sphase shifts, which is very similar

metal, a core-hole potentid; is created for a deep level. .
The next step will be the transition of the hole from theto A. Although the dynamical process for the XPS and XES

deeper level to the higher level and the x-ray quantum iéme spectra deviate from each other, the singularity indices

emitted. After the x-ray emission the dynamical scatteringan%'g ’n2%\garir:]he,:ﬁzséXargng?]i:i;%hde'f?kggg:' {ionemission
potential is of the formV;=V;—V in the final state, wher¢ nd line emisgion s egtra one can wiile 5’2 (a,+ ) for
is the transient potential that will change the phase shifts o P 1 mela

conduction electrot§ and causes the asymmetry of the clini%atiﬁgngxtengeedStEIri%s.ho'?dS ;‘;’(‘r :r?epiztgszséug]oﬁ tc;]c;n
spectrum. The latter one takes now the fovfn-Vi=(Vi  goq ' o0 ansorption s ectrlfﬁ]canpbe c%mﬁined with the
—V)—=V;=—-V, which is in line with Hamiltonian(5) in y P P

Ref. 16. In the case of th€a lines the scattering potentisl Z—I\rI]v%l\JllerI%/atltré?i?] xp Egs.?s’h;lf\'lthl;(;?n g'(\)/ﬁls 6§"= gi?8srfr(1)arlllter;ethan
is caused by the d. core-hole andV is due to the p core- gp 9,9y sightly

hole. The final state potentidl; is just the difference be- the corresponding theoretical estintdté,=0.63. This good

. ) . . ._overall agreement between theory and experiment clearly
tween the 3 and 2p scattering potentials. S_lnce there exlsts’shows the importance of treewave scattering in the case of
initially the 1s hole, only the » core-hole gives the scatter-

. . : . . metallic potassium.
ing phase shifts, which are included in E¢g) and(3). One For thpe iron emission line, one can conclude that a con-
can assume the many-body line shape ’

el 1 (8 fm— 5, /)2 1. ] i siderable part of the FWHM is ascribed to the many-body
e “E(&/E)”TmmAT™ for E>0, in which the scattering  screening effect, since beta is so large in this case. Also, the
phase shifi; for answave (=1), without spin, is due t%;  optained lifetime broadening agrees reasonably well with the
and the final-state phase shéf in the same way is associ- previously found theoretical estimateRegarding the devia-
ated with the dynamical scattering potentidVy, tion between the true line shape and the asymptotic power
respgc_tl_velyl. In the case of the XES line-emission spectra,jaw, our study finds evidence that not only the energy-
the “initial” state also has a core hole. Since the final statedependent singularity inde@(E), but also the increasing
perturbing potential is equal to the “initial” state potential core-hole potential strength lowers the tail on the low energy
minus the scattering potentifl,one has the phase shif side of theKa; spectrunt’

= 6;— 6, wheredis caused by the scattering potentialThe As a conclusion we emphasize that in many cases it is
asymmetry of the emission line arises, because the influenggossible to extract many-body singularity indices from the
of the initial core hole, which is assumed to be present all th%xperimental x-rajKey » spectra of metals, provided the 2
time, is subtracted from the difference between screeningpin-orbit splitting energy is sufficiently large. XES is a bulk

charges, when the core hole moves from a deeper level to gnsitive method, which allows reliable estimates for these
higher level in the final state. Therefore, the singularity indexparameters.

can be written ag@=(8;/7— & /7)?>=(— &/m)?. This is in
contrast with the weak-coupling result of Doniachr$c®
neglecting the effect of the initial core hole by considering
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