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Orbital effects in the inelastic magnetic scattering of x rays
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The cross section for the inelastic scattering of circularly polarized x rays from a spin-polarized electron,
bound to a hydrogen atom, is calculated using the exact final electron wave function. In the total amplitude,
charge and spin scattering are treated to first order and orbital effects to second order in perturbation theory for
the vector potential of the photon field. The matrix element for orbital scattering is calculated with two
methods:(a) the exact calculation in second-order perturbation theory using Green's function techiijues,
the quasielastic approximation. The validity of the latter is discussed. It is shown that as the energy transfer to
the atomic system increases the orbital effects decrease relative to spin effects in the magnetically scattered
intensity. For large energy transfers compared to the electron binding ef@ogypton limiy the orbital
effects are approximately two to three orders of magnitude smaller than their spin counterparts. Our results are
in agreement with recent experimentS0163-18207)02442-9

The possibility of experimental determination of the spin-the orbital magnetic density is not detectable in a conven-
polarized momentum distribution in solids by means oftional Compton experiment. Theoretical support to the latter
Compton scattering of circularly polarized x-rays has beerexperimental findings was given on the basis of the impulse
predicted a long time ago and subsequent measurerient@pproximation (IA), that predicts identically zero orbital
have verified this prediction. Furthermore, the possibility ofmagnetic intensity®
separating the spin and the orbital contributions to the mag- [N the spirit of the IA one refers to large primary photon
netization density by exploiting the photon polarization ef-energies and assumes that the energy transfer to the target is
fects was theoretically analyzed and experimentally demonlarge compared to the electron binding energy. Conse-
strated in early magnetic diffraction experimehts. quently, the initial and final electron states are plane waves,

However, the Bragg condition that governs a diffractiont0 @ good approximation, and the momentum of the electron-
process imposes restrictions on the scattering geometry to f10ton system is conserved. While very appealing on the
implemented in an experiment and could also make the degrounds of physical intuition, the theoretical approximations
tection of the magnetically scattered intensity practically im-involved in the 1A merit a more careful examination with
possible. This is, for example, the case of simple ferromagtespect to whether they correspond to the actual experimen-
nets like Fe, where magnetic reflections are hidden under thi@! conditions. In a previous wofkKirst-order corrections to
superimposed strong charge reflections. Thus, in practicéhe IA for orbital scattering have been estimated of the order
terms, the detection of magnetic peaks is possible for sysf the ratio €, /% w), whereE, is the electron binding en-
tems where the crystallographic and magnetic structures a9y andiw the energy transfer.
different, as is the case of antiferromagnets likedor a The recent experimerftsvith hard x-rays add weight to
ferromagnetic material, the magnetic contribution to the scatthe case to examine in detail a well-defined and realistic
tered signal can be isolated by use of circular polarization ifmodel of the Compton scattering by an unpaired bound elec-
the primary beam, which induces an interference between thigon. The purpose of our present work is to provide a quan-
charge and magnetic contributions to the cross section. THéative estimate of the orbital effects in the inelastic process
latter can be modulated in sign by either reversing the helicby performing anexactnumerical calculation for a model
ity of the primary beam or by reversing the net magneticSystem. Our calculation is exact in two aspe¢isthe final
moment of the Samp|e by app”cation of an external magneti@lectron state is the Coulomb continuum wave fUnCtion, and
field. (ii) the matrix element for orbital scattering is given by the

On the other hand, in an inelastic-scattering process, thKramers-Heisenberg dispersion formula. Therefore, both the
Bragg condition is not present and the momentum transfer i¥alidity of the IA is tested and the assumption usually made
determined by the choice of the energy of the incident phoin Compton scattering that it is mildly inelastic.
ton beam and the angle of scattering. A variation of these AS @ model system we have chosen a hydrogen atom in
two parameters could in principle lead to observable magthe 2p state. Since we are mainly interested in high-energy
netic effects, away from any diffraction peak. This idea mo-Photons(>10 keV) the photon wavelength is of the order of
tivated recent Compton measurements of magnetization ithe Bohr radius(A<1.2 A) and, consequently, scattering
ferromagnetic iron and cobaltDespite the fact that in these €events from different atoms are to a good approximation
materials the orbital magnetization density is about one téncoherent. Furthermore, many electron effects within the
two orders of magnitude less than the spin counterpart, thame atom can be incorporated in a more realistic single-
results of this work indicated that both the magnetic com- electron atomic potential. Therefore the choice of a single-
ponents could be measured. However, more detailed expef@lectron system as a model is justified.
ments by the same group of scientiétsn HoFg, which has We consider a photon of energy, wave vectork,, and
a dominant orbital magnetization, clearly demonstrated thapolarizatione, that is scattered off the atomic electron with
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energyE,. The secondary photon has energy, momen- Where,r, is the classical electron radius. The total transition
tum k,, and polarizatiors,, while the electron is scattered OPeratorM (Refs. 10 and Iilis a linear combination of
into a state in the continuum with energy and momentum  charge Mc), orbital (Mo), and spin W) amplitudes. The

p. The differential cross section for this event is given bycharge scattering is given by the Thomson term

Fermi's Golden Rule

do Mc=et1k2 (g5 5,). (2a)
dwdQdQ’|,
_ . 2[ @2 2 The orbital term is described by the well-known Kramers-
re( wl) [(2IMIDI (B~ Eat w1~ o), @ Heisenberg dispersion formula
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Finally, for the spin term we use an approximate expressiolfQA) to the orbital amplitude. The validity of the QA in the
that is valid for high photon energies relatively to the elec-interpretation of Compton scattering events is discussed be-
tron binding energtf low.

In a Compton scattering experiment the polarization of
the secondary photon beam as well as the direction of the
ejected electron are not recordtiConsequently, Eq1) is

first integrated over the final photon polarizatien and the
photon polarization density matfix? for the primary photon
beam is introduced. Second, an average over the final elec-
tron direction and spin polarization is performed. The result-

w .
Msz—i(—l) glki—k2)rg. B, (20
me
whereSis the electron spim, the electron rest mass, aBd
the polarization factdr’

B=(e,X 1)+ (kiX£1) X (kyX &)+ (kyX £5) - (Ky- £1) ing double differential cross section is written in the form
—(kyxe1): (ky-22). (2d) 2o ,
] . . . dw,dQ =S¢+ Scst Scot O(77). 4
The first term in Eq(2d) comes from the first-order term in w0322

the perturbation expansion for the vector potential of th%agnetic effects, to leading order in=(w,/m,), are de-

electromagnetic field. To obtain the last three terms in Eqgcrined by the interference cross sections between charge-

(_2d) the vector poteptl_al is t_reated in second—order. perturbag it (Sco) and charge-spin amplitude$ds). The inter-

tion theory_ an_d the limit o_f high photon energy relative to thefsrence terms are nonvanishing when the photon beam is

electron binding energy is assumed,(|E;|>1). The va-  ¢jrcylarly polarized. Polarization analysis of the double dif-

lidity of the latter approximation for spin scattering iS not ferential cross section has shofthat both these terms have

discussed in this work. Natural units=c=1 are used in Eq. pe formSe=a+ P,b, whereP, is the mean helicity of the

(2) and further on.. _ _ primary beam, while the charge cross section is independent
The full calculation of the orbital term, Eg2b), involves of P,. Thus, reversing the primary beam polarization and

the sum over intermediate states, labeled’bthat it is quite g hiracting the corresponding spectra, one obtains the asym-
cumbersome. However, felasticscattering of photons with  atric cross section. defined by

energy much higher than any atomic resonanes,{»
iéE\}L)h,Jérae orbital amplitude in Eq2b) tends to the limit- Sa=[ S5 — SLd 1+ S5 — S5y 1=Sacs+ Saco,  (5)
which does not contain the undesired charge t8sm Thus
A SR o A A magnetic effects can be extracted from the spectrum. Experi-
Z(ky ko) (€2 €1)=—1| — 2 € (kXp)-(e2Xe4), mentally, the asymmetric cross section can be measured by
e 3) reversing the magnetization of the sample with the aid of an
external field, which is in principle equivalent to reversing
wherek=k,;—Kk, is the momentum transfer. Despite the factthe polarization of the beam. The central problem is there-
that the approximations involved in EB) are strictly valid  fore the computation of the asymmetric cross sections, Eq.
for elastic scattering, it has been argtiBthat Eq.(3) de-  (5), for charge-orbital and charge-spin scattering.
scribes correctly the orbital effects in a Compton scattering In the present calculation, the charge-orbital asymmetric
process, because the latter is ontyldly inelastic, i.e.,w;  cross section has been calculated using two schefingbe
~w,. We refer to Eq(3) as the quasielastic approximation full orbital amplitude, Eq{(2b), and (ii) the gquasielastic or-
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FIG. 1. Comparison of the quasielastic approximation with the  FIG. 2. Comparison of orbital and spin scattered intensities of
exact theory for orbital scattering of 10 and 45 keV bea(@®). 10 and 45 keV beamgl) Spin scattering intensity(2) Orbital
Quasielastic approximatiorill) exact theory. The lines serve only scattering intensity, magnified by a factor of 10. Scattering geom-
as a guide to the eye. Scattering geometry: incoming beam alongtry: incoming beam perpendicular to the magnetization axis, out-

the magnetization axis, outgoing beam perpendicular to the magngpoing beam along the magnetization axis. Circular polarization of
tization axis. Circular polarization of primary beam: 100%. primary beam: 100%.

bital amplitude, Eq(3). The main ingredients of the calcu- gjon of the Compton peak the Lauricella function arguments
lation procedure are the following: The initial and final elec- ¢ross their circle of convergence, and the analytic continua-
tron states have been expressed in momentum space. For #i¢n schemes converge very slowly. Therefore only a few
continuum state a contour integral representation has begfgicative points are shown. Notice in Fig. 1 that as the pri-
used:® The momentum space integrations required for themary energy increases, the predictions of the QA deviate
charge matrix element, E(Ra), the spin matrix element, Ed. from the exact result. We attribute this feature to the increas-
(20), and the approximate orbital matrix element, E8),  ing inelastic character of the process. In particular, the en-
have been done analytically using expressions for a genergygy loss of the 10 kev primary beam is approximately 2%,
two-denominator integréf! The calculation of the full or- \yhile for the 45 keV beam this is increased to approximately
bital matrix element, Eq(2b), has been done along the lines gos. However, for photon energies in the range 10 keV
of Ref. 13, extended to the case of the-@lectron state. The <, <45 keV, the predictions of the two calculations agree
final result for the matrix element was expressed in terms ofyithin an order of magnitude. Therefore, the quasielastic ap-

hypergeometric functions of four variablésauricella func-  proximation describes adequately the orbital contributions to
tions that were expanded in power series and were coMhe magnetic intensity.

puted numerically. Analytic continuation schertiesvere In order to estimate the importance of orbital effects with

used to ensure convergence of the series. respect to their spin counterpart, we choose next a scattering
In the numerical results presented below, we constantly

assumed that the electron is initially at th@ 2tate of a 1.0
hydrogen atom ;= — 3.4 eV) with initial spin-polarization
and orbital angular momentum along the positivexis (s,
=+3, m,=+1). The primary photon beam is 100% circu-
larly polarized P,==*1).

First, we compare the predictions of the exact perturba-
tion scheme for orbital scattering, E@b), with those of the
guasielastic approximation, E@3). In Fig. 1 we plot the
orbital part of the asymmetric cross sectidBy§o) for pri-
mary photon beams with energy 10 and 45 keV. In the scat-
tering geometry assumed in Fig. 1, the incoming photon
beam is along the magnetization agsaxis) and the outgo- -0.5 — T
ing beam perpendicular to the magnetization axis. This ge- 0.5 1.0 1.5
ometry is known to maximize orbital effects, while spin scat-
tering is absent?® Both curves exhibit the well-known sharp
peak around théfree) electron recoil energydf,), given as

0.5

Sico (mbarns)

FIG. 3. Decay of orbital effects with incident photon energy.
wo=w1(1—cosh) +m— \/m2+ 2Maw,(1—cos) — ‘Ui Sirfo, The horizontal axis is the_ ratio of the energy transfer to the atomic
(6) glectron(a)) over the r_ec0|l energy of a fr_ee electron). Scatte_r- _
ing geometry: incoming beam perpendicular to the magnetization
where@ is the scattering angle. The calculation using the fullaxis, outgoing beam along the magnetization axis. Circular polar-
expression is extremely time consuming, because in the rezation of primary beam: 100%.
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geometry in which both contributions are present. In particufew tens of keV, the orbital intensity is vanishingly small
lar, the incoming beam is perpendicular to the magnetizatiori10 *-~10 ° b) and the impulse approximation regime is
axis and the outgoing beam is along the magnetizationeached.

axis®®In Fig. 2 the line shapes for orbital and spin scattering |n conclusion, we have used a hydrogen atom and an
are shown for a 10 and a 45 keV beam. By comparison of th@xact calculation method to study the magnetic intensity of
peak values we can conclude that the orbital contribution isnelastically scattered hard x rays. The description of the
smaller than the spin contribution by a factor o#0C".  compton process as mildly inelastic was shown to be a rea-
This result supports the conclusions reached in recent ComRgnaple approximation for photon energies in the range
ton measuremerftsbout the smallness of the orbital term. 10-45 keV. In the same energy range orbital effects in the

To demonstra_te the gradual dlsapp_ea_rance of the Orb't?ll]agnetic intensity were found to be approximately two to
effects as the primary photon energy is increased, we hay

lotted in Fia. 3 th bital ¢ of th i firee orders of magnitude smaller than spin effects, therefore
P otien Ifnr blg. m ne roir ! af Fi%r 2% ned jssyrknrce rr'fé ?r?fsthe prediction of the IA that orbital effects are not present is
section for béam energies o , <Y a ev and 1o gatisfactory. Extensions of the calculatiordtor f electrons,

same scattering geometry as in Fig. 2. At this point, we Wlsr1hat are responsible for the magnetic properties of solids, are

to make a connection with the IA that predicts identically : o ;
o ; ) . ; I ly th .
zero orbital intensity. In particular, the height of the orbital not expected to modify qualitatively the above picture

peaks in Fig. 3 could be thought of as corrections to the IA  We would like to thank S. W. Lovesey for many useful
up to all orders in the electron binding energy. From thisdiscussions. This work has been supported by the Human
figure we conclude that for photon beams with energy of &apital and Mobility Project No. CHRX-CT930135.
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