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Final-state interaction in Compton scattering from electron liquids
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We present Compton profild€P’s) of Li measured with momentum space resolution of 0.02 a.u. and 8—9
keV incident photon energy. The valence CP’s are found to be asymmetric in shape and the predicted sharp
features at the Fermi break are drastically smeared out. The observed additional broadening of the CP beyond
experimental resolution is predominantly attributed to the finite width of the spectral density function of the
excited particle. The asymmetry agrees well with calculations using a many-particle scheme, which will be
useful for interpreting final states in soft x-ray and photoemission.

Inelastic x-ray scattering spectroscof}SS), when per- We have found strong indications of final-state interac-
formed within a regime of momentum transfgand energy tions in the experimental CP data of Li metal measured with
transfers w, where the so-called impulse approximatidh)  incident photon energies somewhat below 10 keV, so that we
is assumed to be vali@Compton regimg yields information have to conclude that the prerequisits for the 1A are not ful-
on fundamental ground state properties of the scattering eledilled for CP experiments on valence electrons in the corre-
tron system, namely on the projection of the electron mospPonding range of energy and momentum transfer. In detail,
mentum densityEMD) on q referred to as Compton profile the CP’s exhibit an additional broadening which could
(CP).1 The application of high intensity synchrotron radia- cleafly be separated from the expe.nmental broadening due to
tion especially makes feasible a momentum space resolutidh€ finite momentum space resolution. The features of the CP

Ap, down to a few percent of the Fermi momentupy) of at pg, which have to be attributed to the finite step of the
simzple metals, thus opening a unique possibility to investi_occupation number density, are still smeared out, especially

gate experimentally correlation-induced features of the EmDNCE NO sharp Fermi break can be resolved. This broadening

near Nevertheless. such a high momentum space resol will be interpreted as a convolution of the CP with the spec-
Pe. NEV » SU '9 um sp Yral density function'SDF) of the excited particle. Moreover,

tion together with an appropriatg sftati_stical accuracy hag,o found the asymmetry of the CP’s to be correctly pre-
been achieved until now only with incident x-ray photon gicteq by the first and second order vertex correction. This
energies around 10 ke¥/At those relatlyely low energies the asymmetry could clearly be separated from an asymmetry
validity of the IA becomes a potential problem, since thegsed by the deviations from the IA of the cores) Ton-
application of the IA requires, crudely speaking, that theyipytions. Based on our many-particle calculation scheme
transferred energy should be much larger than the characte@e”ium GW approximatiof we interpret this asymmetry as
istic energies of the scattering systéomnding energy for the  an indication of an incomplete cancellation of the self-energy
core and Fermi energy for the valence electjondeed, (SE) correction and the vertex correction. The good agree-
deviations from the IA have been found, for instance, in thement between experiment and these calculations in this par-
1s core contribution of CP’s of graphite measured with anticular case encourages their extension to a wider rangge of
incident photon energy of 12.8 keéVVA lot of theoretical in IXSS and their application to the interpretation of final-
effort has been brought into play to describe these deviationstate effects in other excitation studies.

properly®> On the other hand, based on an early work of The relation between the double differential scattering
Platzman and Tzoa&rit was generally assumed so far that the Cross section and the imaginary part of the total electron
CP of a nearly free electron system measured at 10 keV capplarization functiony(q,w) (Ref. 10 is given by

fully be interpreted in terms of the IA, so that it represents

the valence EMD. However, it has been pointed out by d“o ~—£Im (9 0) 1)
Schilke et al.” that, even under the above conditions, final- dQ dw X

state interaction effects on the CP must be taken into ac- ,
count. Therefore, it seems to be urgently requested to inves- N

tigate more systematically how a deviation from the ZEf ‘<f|; e'dnli)| S(hw—Ei+E), 2
prerequisits of the IA may influence a CP measurement

along with the information about EMD drawn from it. This is where thej sum is over the electrons with position. As
more important since significant discrepancies between thpointed out by Eisenberger and Platzniahe essence of the
local density approximatiofLDA) (Ref. 8§ and quantum |A consists in neglecting the influence of the potential energy
Monte Carlo CP calculatio®n the one hand and experi- part of the total system Hamiltonian on the energy difference
mental CP’s of L{® have been found as far as the trace ofin Eq.(2) between the energy; of the many-particle ground
the Fermi break is concerned. state|i) and the energ¥; of the final states$f) in the scat-
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FIG. 1. Calculated Feynman
P pP+q 1 P+q p+a graphs, for details see the text.

tering process, which mean§(fw—E{+E;)— [ hw—(p mum. More detailed descriptions of the experimental setup
+0)?/2+p?/2], and |<f|Zjexpaq-rj)|i>|2H|<p|i>|2:p(p), can be found elsewheté!® The Li single crystal was a
thus ending up with cuboid with 6.5 mm side length and 9 mm height for the
HASYLAB experiment. At NSLS three identical discs with
d?o diameter of 20 mm and a thickness of 4 mm were cut having
mfv\](p-q/q)fvf dp p(p)8(hw—q?/2—p-q) (3)  the surface normal along direptions gf00], [110], and
[111]. All samples were etched just before the measurements
whereJ(p,) with p,=p-g/q is the CP anch(p) the EMD. and fix_ed ir_1to a vacuum chamber to avoid oxidation. For
In terms of the jellium model, this interpretation of the IA each direction several smgle spectra were measured. After
means that we have to neglect all final-state interaction<€N€rgy dependent correcudnﬁqe data were cpnverteyd to
more precisely, to neglect both all interactions of the excitedomentum scale and normalized to theoretical CP's. The
particle with the many-particle system mediated by the poPz=0 position could be fixed to better than0.005 a.u. The
larization of this medium due to the existence of the excitednultiple scattering contribution to the CP was calculated and
particle (theoretically described as SE correction to the freefound to have no significant influence on the presented re-

particle polarizability and the interaction of the excited par- SUltS:
ticle with the hole left behindparticle-hole vertex correction ~ Within the range of energy and momentum transfer under

to the free-particle polarizabilily SE correction would ~consideration,x(q,«) of Eq. (1) can be rely())Iacgd' by the
cause, due to the imaginary part of the SE, an additionaPfoper polarization functioPPh xsd(q,w).” Within the
broadening of the imaginary part of the polarizability and!imits of the jellium model we have calculated the PPF ac-
therefore, an additional broadening of the CP. Moreover, dug°rding to the graphical representation in Figa)1where the

to the combined effect of the real and imaginary part of thesolid lines g’nean either the free-particle Greens function thus
SE, the CP both can be shifted on tescale relative to its  Obtainingxsd(d, ), the well known RPA(Lindhard} result,
pure kinematicallA) position and can become asymmetri- Of _the fully dressed Greens function, ending up with
cally shaped with respect to its IA shape, which is symmetri-xSa(d,®), which by using self-energies within the standard
cal to p,=0. The vertex correction, which is known to can- GW approximation and by screening the Coulomb potential
cel to a certain extent the SE correction to theby the RPA dielectric functiol contains the SE correction
polarizability* will also cause an asymmetry of the profiles of x24q,w) to all orders of the screened Coulomb
but opposite to the asymmetry produced by the SE corregpotential’® so that its imaginary part reads

tion. Thus the fingerprints of final-state effects one has to be

aware of are the following: additional broadening of the CP, SE d*p (Er dE
shift of the CP on th i Imysdd.0)== | —— 27 APE)
@, scale, and asymmetric shape. S (2m)3) —wrg2m
In order to exclude possible systematic experimental un-
certainties two fully independent experiments were per- XA(p+q,E+o—wy), 4

formed, one at the beamlin@3 of DESY/HASYLAB and
the other at the beamling21 of NSLS. The radiation was
monochromatized utilizing a Ge311 double crystal mono
chromator(single reflection bent triangular Si220 crystal at
NSLS) and the scattered photons were analyzed within Row

whereA(p,E) is the SDF® and the adjustable parameteg
takes into account approximately deviations of the excitation
energies from the jellium model induced by the lattice
potential.

Therefore the special shape of both, the hole-SDF with its
ell-known two-peak structurgplasmaron and quasiparticle

16 ; h i ;
ing the so-called inverse geometry, i.e., scanning the incide eag, ™ and the particle SDF with its asymmetrical shape

energy and keeping the analyzer energy fixed at 8.789 ke\z?nd finitg Widinyare inf!uencing the P.PF apcording o the
(7.921 ke\f corresponding to a Bragg angle of 86° (86.80).convolutlon expressed in E@4). Especially, if we neglect
Directional CP’s were measured with scattering vectdt s together_wnh the real part of the pn-shell SI.E correspond-
[100], [110], [111], and[311] at a scattering angle of 164° |r3)g top+qin Eq.(4_) and replace E in the partl_cle SDF by
(160°) with an overall energy resolution of 2.3 ¢1.8 e\). €(p), the free-particle energy, one ends up with

The total momentum space resolution taking into account the

uncertainty of the scattering angle due to the finite size of the |mX§E(q,w) - f
analyzer crystal was 0.02 a.(0.03 a.u). at the CP maxi-

3

(Zwi3p<p>A(p+q,e°<p>+w> ®)
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| FIG. 3. Valence CP asymmetry compared to the calculation tak-
. 40k ing into account only the full SE correctigshort dashed lineand
_g.“ i in addition the firs{long dashed lineand the first together with the
N_?\) second order vertex correctid@aolid line). The jellium pg is indi-
cated by the arrows and the core asymmetry is plotted as dashed
dotted line.
particle SDF, the FWHM of which is=0.07 a.u. in strong
contrast to an estimate in Ref. 6, which would result in a

FWHM of ~10™ % a.u. Nevertheless, an additional smearing
P, [a.u] of the Fermi break remains as found in CP measurements at
higher incident energie’s® We have made a careful analysis
FIG. 2. CP's of Li and the corresponding second derivatives.also for the other directions with similar results.
Experiment compared to LDA thedhand LDA theory convoluted The measured CP asymmetries can be separated into two
with the particle SDF according to E¢p). All calculations include  different regimes(i) For |p,|>pg (=0.589 a.u. for jellium
the experimental resolution. The arrows indicate the LDA Fermithe core asymmetry dominates. The shape of the experimen-
momentum pg=0.576 a.u.). tal asymmetry is in good agreement with the shape of the
theoretical core asymmetry utilizing the first correction to the
Er nonrelativistic Compton cross section in the IMeviations
p(P)= f_xZA(p,E), ®  for|p,|>1.2 a.u.0.9 a.u. at NSLBare due to the influence
of the Li K edge to the CRi) For|p,| <pg the shape of the
which tells us that one ingredient of the SE correction to theotal asymmetry changes rapidly due to the valence CP con-
CP, built up by the fully correlated EMDp(p) of Eq. (6)], tribution. To extract the valence CP asymmetry for both ex-
consists in convoluting the CP with the particle SDF, so thaperiments the core contributigdashed dotted line in Fig.) 3
the resulting smearing of the Fermi break must be consideredas subtracted by fitting the shape of the theoretical core
as a unique fingerprint of the interaction of the excited elecasymmetry to the experimental asymmetries in the range of
tron with the rest of the system. 0.6 a.u<|p,/<1.2 a.u.(0.9 a.u) where the amplitude of
Finally we have added the particle-hole vertex correctionthe core asymmetry was the fitting parameter. The asymme-
first and second ord¥rin the screened Coulomb potential, to tries exhibit no significant differences concerning the direc-
the fully SE corrected PPF by calculating the graphs of Figstion of g within the experimental error and the experimental
1(b) and Xc) and those with time reversed inner lines, whereresults achieved at HASYLAB and NSLS show good agree-
the Coulomb interaction between particle and hole is dy-ment which emphasizes the reliability of our experimental
namically screened by the RPA dielectric function. findings concerning the sign, the shape and even the ampli-
The experimental CP of Li fog || [100] (NSLS datais  tude of the valence CP asymmetry. Therefore, the average of
presented in Fig. 2 in comparison with a Lam-Platzmanthe valence CP asymmetry over all directionggadind over
corrected® LDA calculatiorf without and with the SDF con- the experiments is plotted in Fig. 3. The asymmetry of the
volution. The experimental profile shows clear asymmetrycalculated fully SE corrected PPF is shown as short dashed
and the Fermi breaks are significantly smeared comparelhe and disagrees in sign and also in amplitude with the
with the LDA calculation. This is emphasized at the bottomexperiment. When the first orddong dashed line in Fig.)3
panel of Fig. 2 which shows the second derivatives for theand the first together with the second order particle-hole ver-
experiment and the theories, all convoluted with a Gaussiatex correction is adde(solid line in Fig. 3, the sign of the
of 0.05 a.u(FWHM) to reduce the numerical noise. One canasymmetry changes and one ends up with a good qualitative
clearly see that the major part of the observed extra broadagreement between experiment and calculation which gives a
ening can be attributed to final-state effects due to the corstrong indication for the incomplete cancellation of the SE
volution according to Eq(5) with the Lorentzian shaped correction and the vertex correction. We estimate that the
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third order vertex correction will contribute to the asymme-yond 0.05 a.u. requires incident photon energies at least
try by less than the experimental error. This way the CRarger than 30 keV. Furthermore, the valence CP’s exhibit an
asymmetry is a direct evidence of the electron-hole interacasymmetry which agrees in sign, shape and even amplitude
tion in the course of the Compton scattering process. Theo the predictions of the first and second order vertex correc-
parametefws was estimated to-3.5 eV by fitting the en-  tion to the fully SE corrected PPF. Therefore, it is clearly
ergy positions of the Fermi breaks of the calculated CP’s ta&hown that the requirements of the IA are not fullfilled for
the experimental peak positions of the second derivatives &p measurements of valence electrons in the considered re-
Pe, which are symmetric with respect ;=0 (see Fig. 2 gime of incident energy and momentum transfer. The suc-
within the experimental error. cess of our many-particle calculation scheme supports its va-

We have to conclude that the predicted sharp features Gjyi for a wide field of application ranging from final- state

Fhe Fermi brea!<, which shoul'd be resqlved with the We”effects in photoemission and soft x-ray emission till to par-
improved experimental resolution, are still smeared out. Thc?iCIe migration in solids

additional broadening of the CP is attributed to the convolu-
tion of the CP with the excited particle SDF, which results in
an intrinsic resolution limit for CP experiments performed at  This work was supported by the German Federal Ministry
low incident energies. The Lorentzian contribution of theof Education and Resear¢d5 ST8 HRA, the Academy of
particle SDF to the momentum space resolution for CP meaFinland (7379/40732 the DAAD (313/SF-PPP-PZ/
surements at 30 and 60 keV incident photon energy is calcl8724260 and the U.S. Department of EnergpE-AC02-
lated to 0.009 and 0.002 a.u. FWHM, respectively, indicatingf6CH00016. We have to thank A. Stewart for the Li
that at higher energies the influence of the SDF becomesamples used at NSLS and A. Bansil for giving us the LDA
more and more negligible. This claims that the highly de-calculation8in numerical form. R. Heise is thanked for valu-
manded improvement of the momentum space resolution bexble help with the measurements.
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