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Magnetic x-ray Compton scattering

Paolo Carra
European Synchrotron Radiation Facility, BeiPostale 220, F-38043 Grenoble @, France

Michele Fabrizio
Scuola Internazionale Superiore di Stuslianzati (SISSA), via Beirut 4, 1-34014 Trieste, Italy

Giuseppe Santoro
European Synchrotron Radiation Facility, BeiPostale 220, F-38043 Grenoble d&x, France
and Scuola Internazionale Superiore di Stédanzati (SISSA), via Beirut 4, 1-34014 Trieste, Italy

B. T. Thole
European Synchrotron Radiation Facility, BeiPostale 220, F-38043 Grenoble d&x, France
(Received 28 November 1995

A theory of magnetic Compton scattering is formulated. The cross section is found to be insensitive to
orbital effects, in agreement with recent experiments on transition-metal and rare-earth ferromagnets. When the
transferred energy is sufficiently small to generate substantial corrections to the impulse approximation, the
sensitivity to orbital moments of ordinary nonresonant magnetic scattering is recovered.

In x-ray Compton scattering from bound electrdrighe o
size of the momentum transfey=k, —k,, is large with re- —iyed
spect to the reciprocal of th@verage interparticle separa- 1
tion: q|r;—r,|>1; coherence effects are therefore negli-with k;—Kk,w;/w,=q, andy=(fw;)/(mc?). As shown by
gible, and one-particle properties are probed. Also, théframmell®
energy transferi o =% (w,— w,), greatly exceeds the outer-
electron binding energy; the impulse approximatith) ap- e gxp=g(q-r)axp+g’'(q-r)gx[r(q-p)+(Lxq)],
plies, yielding the double-differential cross secfion )

with g(x)=(e*—1)/(ix), displaying the angular momen-

d’c ez . L[ dp ) tum contribution to the current.

dQ do, _row_1|€2 gt f (277)3|<p(p)| Such a feature of expressi¢®) has led to the theoretical
predictiort®! that magnetic Compton scattering should pro-
(ha)? _hQ-p vide information on both spin and orbital magnetization den-
2m  m |’ sities; including the possibility of a separation of the two
contributions. The technique could thus complement mag-

directly related to the Compton profile, that is, the projectionnetic x-ray diffraction®**and dichroismt*

of the electron momentum density along the scattering wave Experiments aimed at verifying these theoretical ideas

vector. Hereg(p) stands for the electron ground-state wavewere reported by Collingt al!° Data collected on metallic
function in momentum space; and e, denote photon po- iron and cobalt were shown to agree well with the predic-
larizations. For simplicity, the cross section has been writtertions. (Notice that in these systems the orbital contribution to
out for a single electron. the magnetic moment is small with respect to its spin coun-

Equation(2) is obtained by considering th&? term (the  terpart) However, significant departures from the expected
coupling to the electron diamagnetic curneint the interac- values were observed in Hokea ferrimagnet with domi-
tion Hamiltonian, which is taken in the weakly relativistic nant orbital magnetization. This ambiguous outcome was
limit* and treated in the lowest order Born approximation.clarified by further experimental work showing that magnetic
[The coupling is weak:,=e?/(mc®) = aX,.] Correctionsto  Compton scattering arises solely from the spin magnetization
the A2 scattering arise from the couplings of radiation to thein the samplé>'® These experiments detected the charge-
electron paramagnetic current, theA term, and spin. The magnetic interferencésee beloy, by employing 45-50 keV
latter is known to result in a cross section proportional to thengoing circularly polarized photongiw=5 keV, and re-
spin-polarized momentum distribution in a ferromagneticversing the direction of the extern@ligning magnetic field
solid, as predicted by Platzman and TZoand observed by (asymmetric ratip To date no satisfactory theoretical expla-
Sakai and Oné. nation for the lack of orbital information in magnetic Comp-

The paramagnetic term enters the scattering amplitude twn scattering has been put forward.
second order in perturbation theory and, far from an absorp- For weakly bound electrons, those that determine the
tion threshold, can be written as a transverse currenmagnetic properties of the material, the IA yields accurate
operatof8 results®> As will be shown, this approximation severely re-
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stricts the form of the electron current operator. As a resultjg) does not have a definite parity; this is the case of non-
the scattering response function is seen to contain no inforeentrosymmetric structures. The antisymmetric geircular
mation on the orbital magnetization density. Corrections tgolarization yields a nonvanishing asymmetric ratio, irre-
the IA, which are very small for magnetic Compton scatter-spectively of the properties of the ground state under parity
ing, can be calculated by time-dependent perturbationransformations; ifg) has definite parity, the matrix element
theory!’ The potential the electrons are moving in, absent inchanges sign upon field reversal and we have a genuine mag-
the IA, comes into play; its action results in a “bending” of netic effect (orbital magnetisth The foregoing derivation
electron motion, thus displaying the onset of an evolutionformalizes and adds to Blume’s rematks the symmetry of
towards the nonresonant x-ray scattering regime, where thiq. (3).
orbital momentum is indeed observabfe. Compton scattering.Magnetic Compton scattering is
X-ray scattering.Neglecting the coupling of radiation to best analyzed by rewriting the interference cross section,
electron spin, the cross section for nonresonant x-ray scatteiq. (3), after discarding the terms proportional to
ing is given by® exdiq-(rj—rj)1,j#j’, as their contribution can be ne-
glected at large momentum transféfaVe have

d’c _2®2 iqri| x
dQ—dwz_rO“’_lZ ‘(H; el e € d?o w2 Y 1 2 Jd ei(w—hq2/2m)t|:
iqxp, : 40 da | Ows 1K 277 | i@,
_'y(h—kf €& X e |0) @)
with the response function given by
X 8(Eg—Et+ho), (3

, _ . iR +q-p; /M)ty a—i(H/h+q-p; fm)t
wherej runs over all electrons in the target. Fi(a,)=(glm-axp;e 7 re 7
In momentum space, the intensity of interference scatter- Xpi- 7 |g) @)
. Pj-7" 19
ing takes the form _ .
(gXp commutes withe'd"). Here, H=H—Ey, with H the
M, . D, (D4 D5) - ( + 7 electron HamiltonianH = 2,;pj/2m+V, whereV includes
p%,f g-1(P1.P2. LAX (P1+P2)- (7t 77) one- and two-body potentials, neglecting the spin-orbit inter-
action.
+aX(p1—=p2) - (p—17%)], (4) In the Compton regime, the energy transfer is much larger
than any energy associated with the ground-state magnetic

where electrons; the “collision time” ¢~ 1) is, therefore, very
Mgﬂf(plipz’q):<g|p1—ﬁq><pl|f><f|p2><p2—ﬁq|g> short. A suitat_JIe 'Fime-de_pendent perturba_tion expansion of
the cross section is obtained from express®nwhen com-
X 6(Eg—Eft+ho), (5 bined with the identity

with 7= (€, X €} ) (€ - €1). (To simplify the notation, the ex- )
pression has been written for a single electron, omitting ung—i(H/i+q-p;/mt_
essential factors.General features of the scattering process
upon reversal of an external magnetic field can be deter- X e-ia-pit/m ©)
mined by analyzing the behavior of E@). '

When an external magnetic field is reversed, the eigento first order, the response function is then given by
states of the system are turned into their complex conjugates
with the same eigenvalue$As we are dealing with spin- Fi(a,)=F2(q,t)+F{"(q,b), (10)
diagonal matrix elements, spin labels are omitted throughout
this work) Then the property{* |p)=(—p|#) results in ~ With
Mg« 1+ (P1,P2,d)=Mg _¢(=P2,—P1,—0). In a system igep:
with inversion symmegtrythe ground state has and the final Fi%a,H)=(gle”'*Pi"gx pj|g)- (p+ "),  (11)
state can be taken to hawgfinite parity Using the relation ;.4
(=ply)==(ply), we have Mgy (—pz,—p1,—0q)
= Mgﬂf(p2!p1!Q)! that iS,

. ; o '
1— ;i_f e—i(H/h+q~pj/m)t’Helq-pjt Imdt’
0

- o ,
FiY(a,t)=— %‘J dt’[(g]n-qx p,e Pt /mpgid Pyt —0/m
Mgs .+ (P1,P2,9) =Mg_+(P2,P1,d)- (6) 0

Notice that in Eq.(4) the terms proportional tap+ %* and +e IRt myelapt bimg e p . ¥ g)].  (12)

n— " contain factors which are, respectively, symmetric )

and antisymmetric under exchangepfandp,. From Eq. Centrosymmetric  structures. The zeroth-order term,

(6), we immediately conclude that, if parity is a good quan-F{(a.t), readily yields the scattering intensity in the 1A; we

tum number, the + »*) term remains unchanged, whereasfind (again, unessential factors are omiited

the (y— 5*) term changes sign upon reversal of an external 5

magnetic field. f dp(alp)(pla)axp- (7+ 77) 3 hw_(ﬁQ) _hq-p
The symmetric partpresent for arbitrary polarizatiprof PLaIP/(PI)a P (o 7 2m m /)’

Eqg. (4) gives a nonvanishing asymmetric ratio only when (13
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When |g) is an eigenstate of the parity operatove are e ia-pit/m_ a=ig-pot/m
seeking a genuine magnetic effedhen the reversal of an fa(P1,P2,d,1) =X (p1—P2) — ,
o . 2hq-(p1—p2)/m
external magnetic field results in (18)
(g*[p)(plg*)=(glp){pl9). (14 with fa(p1,p2,0,t) = —fa(p2,p1,0,t). (The explicit form of

) ) . o ) the symmetric part is not required in the following.
The asymmetric ratio vanishes in this case;orbital mag- IpDy = |p(11)- ] _p(N1)> denotes ailN-particle plane-wave state.
netism is detectable in the 1A, irrespectively of the experi-" cqnqider the case of a ground state with definite parity.
mental_ conditionsi.e., choice pf photon polar|_zat|on and_ By applying the rules previously given, it is readily shown
scatterln_g geometry. The physmal content of this result YVI||that the antisymmetric part of Eq17) changes sign upon
now be illustrated by analyzing the structure of the orbltalﬁe|d reversal §—g*), thus describing a genuine magnetic

current n thehIA reglme.l f ion for interf effect. The result is interpreted as follows. Adding
scit%?ﬁwlgez;ttla(raggenqg;r?er:'?jr?wotrr]sﬁsfg?scuon or Inter erenc%}l)(q,t) to the cross section amounts to considering the
probability that the elect{on is scattered by the potential
502 within a lapse of timew™ . As Compton scattering is ver
e "IV () = -(glax Jj(a,t)p (a)|g) fast, the er:)babiIity is very sma(bor?ections are 0? the orY
+n*~<g|p,-(q,t)q><J;r(q)|g), (15  der ae|/sq~10*3,_ that is, the ratio between a magnetic-
electron characteristic energy and the recoil energy, as shown
with J;(q,t)=e"""3;(q)e """, and similarly for p;.  below) and the effect not observable in practice. The anti-
Transverse-current and charge densities are given by symmetric part(circular polarization of Eq. (17) has, how-
. ever, an important meaning: the functinis nonzero only
axJj(q)=e 'Migxp;, for py#p,, thus displaying the “bending” of electron mo-
tion. Upon reducing the photon energy transfer, higher order
terms become significant in EQ); when% w is of the order
g of the magnetic electron ground-state characteristic energies,
pi(@)=e h the complete time-evolution operator is required to describe
respectively. its propagation; bound electr.on. motion and full orbital mag-
The nature of the current operator is determined by itd€tization are recovered. This is the case of x-ray magnetic
time evolution. As observed, the interaction time is veryScattering. . o
short in the Compton regime; the potential terids,do not Noncentrosymmetric structure€ompton scattering in
play any role and the time dependence of operators is cofloncentrosymmetric structures, as describe& 8¥(q,t) for
trolled by the kinetic part of the Hamiltonian: a parity-broken ground state, remains to be discussed. Equa-
H_)Hozszj2/2m_ We have tion (14) is no longer valid in this case; the asymmetric ratio
(for arbitrary polarizationreads

and

eiHot/ﬁquj(q)e—iHot/ﬁ:e—iq-rj(t)qxpj , (16)
with d?o »
AT 222 Y [ o ipD) gy |2
p_t dQ de A rOw1 ﬁkif dp [|<p |g>|
rO=ri(0)+
, , ~[(=pMI@)1X axp?- (gt %)
that is, the current generated by freely moving electrons. It )
contains no orbital magnetism. The angular momentum part ()2 fg-p
of Eq. (2) is lost; this can be checked by substituting Edf) % 5( how— e ] ) (19)
into (15); r, drops out of the expressions and we recover the 2m m
matrix element of Eq(11) The quantity|(p™)|g)|? is not invariant upon reversal of or-
ihdPtom o at/m . bital motion when parity is broken, and the cross section
e "N gle” P Mg X pi|g) - (n+ 7 ), provides information on the asymmetry of the electron wave

function (projected along the scattering wave vegtormo-
mentum space.

Moment analysisThe accuracy of the IA in centrosym-
metric structures can be assessed by evaluating the exact
momentsM , of the dynamic structure factor for interference
scattering; they are given by

which is invariant upon field reversal whég) has definite
parity!®

The first order term, as from Eq12), is conveniently
split into symmetric and antisymmetric components

Fh@n= 3 (glp®)pMVIp?)p®lg)

p'p
o
X[ (gt 7*)-f(pY .pj? 1) Mn(q)=i”ﬁe*'ﬁqzt’2m2 Fi(a.t)
J t=0
+(—9*)-fa(pi” p{? ,q,0)], 17)

Assuming inversion symmetry to hold, we find that
where M= 0; furthermore, we have
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. ratio in centrosymmetric systems, can be inferred from
Mi=m (n+11*)-(g|§j: axpj(a-pplg), (200 M., taken in the larget limit. We find

and Mo—Mz' 1 A%(GXV(@-VV)) eq 22
M2 eq (Gxp@-Pp) o
with e, a magnetic-electron characteristic energy. The same
Mo=(2/)eqMy+Aam~1g-(g| X ax V(q-V;V)|g) result can be obtained by evaluating the corresponding quan-
J tity for higher momental.Notice that the correction to the 1A
for pure gharge scattering are found to be of the order:
Him =) (9|2 (@-VVIaxple), @D (ealsg)®’]
] To summarize, this work has provided an explanation for
with gq:(ﬁq)Z/Zm, the recoil energ§® For interference the absence of an orbital contribution to magnetic Compton
scatteringM , is the lowest moment containing the potential Scattering. Within the IA, very accurate in describing the

V. (In the case of pure charge scattering, &feterm alone, ~Process, orbital magnetic effects are seen to vanish. Correc-
V makes its first appearance iMs.5) M, and the tions to the IA cross section bear a reminiscence of bound

V-independent terms d¥l,,, with n=2, are correctly repro- €lectron orbital motion, however, as shown by the moment
duced by the IA, that is, b, It is straightforward to analysis, these contributions are very small and not observ-
1 1 J "

verify that first-order corrections to the IA, as given by aPle in practice.
Fl(l), correctly reproduce th¥-dependent part d¥,. We are grateful to M. Altarelli and F. de Bergevin for
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