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A multiple-scattering theory of circular and the origin will be of the centrifugal type<r —2) even for the spin—orbit
linear dichroism for photoemission and potential. Allowing for spin-polarized potential the equation reads, in
photoabsorption -t

{7+ = Vo(r) = Va(r)s; — (1) - 8} thres(r) =0,

supplemented by scattering wave boundary conditions
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that the final density of states is much like the initial unperturbed One.Writing for brevity L = |, m. With a proper normalization of the radial

It is shown how to eXplOit this pOint of view to obtain in favorable functionsRLo(ri) to one state per Rydberg, the Scattering amp"tudes

cases separated orbital and spin moment radial (surface) distributioBiLo(ke, s) obey the MS equations (Gunnetiaal, 1998),
maps from dichroic magnetic EXAFS spectra (photoelectron diffrac-

tion patterns) related to the ground state. Dichroic natural spectra, both Z Z MI Bl (KeS) = dsi'Y (Ke)d*e ™,
in photoemission and absorption, are shown to be sensitive only to J 7
atoms in chiral geometry.
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1. Introduction is the usual MS matrix generalized to spin variables Bhdenotes

In recent years, circular and linear dichroism in core-level excitationsth® posit(ijc_)n ?f theth atom in the cluster with respect to the origin of
e coordinates.

have received increasing attention due to the availability of polarizedth : g ] -

synchrotron radiation in the soft X-ray regime and the realization that BY introducing as usual the scattering path operafor,, as the
dichroic spectroscopies have the power to increase our selectivity ofverse ofM', ,, the solution for the scattering amplitudBs, is
the physical quantities we want to study. Therefore it would be use-given by

ful to have a theoretical scheme to use as a guidance in planning the ) - .

experiment, all the more that the same scheme can provide the nec- BL,(Ke, ) = Z Z 0 Ld Yo (ke)ge, ®3)
essary tools for analyzing the experimental results and extracting the i

maximum of information there contained. In the following we shall .

show that this framework is provided by the multiple-scattering (MS) AS is well known, ", is the probability amplitude for the excited

theory as a unifying language to interpret the various spectroscopiesPhotoelectron to propagate from sitestarting with angular momen-
tumL around sité and spins, to arrive at sitg with angular momen-

tumL’ and spins’. It is the obvious generalization of the correspond-
) ) ] ] _ing spin-independent quantity (Natoli, 1995).

Since we want to derive expressions for the cross sections for circu- ajsg it is worth noting that the scattering amplit8g, satisfies a
lar (natural and magnetic) and linear dichroic spectroscopies valid fofyeneralized optical theorem (Natelial, 1986) 7

the many-body case and in extended systems, we work in the second

guantization scheme. Our one particle basis will comprise spin—orbit ~ i

coupled core states of the form Z dkeBis (ke, S)By/,s (K, S)
S

2. The multiple-scattering basis

=1Im TII_JU.L’U’ (4)

oyie(r) = Re(r)]evile) = Re(r) Zchchcr (lemel/20|cy), (1) which can be used to relate averages of operators in the final state to a
meo density of states in case of absorption.
Since we shall be concerned with transition from localized core
(wherex,, are the usual spin functions) and valence occupied andstates which project the properties of the final state onto an atomic
excited states which are MS solutions of the $dmger equation,  sijte, we shall consider for convenience the following fermionic field,
obtained from the Dirac equation by working with the upper compo-

nent of the wave-function after eliminating the lower one (Wood & Y(r) = Z Rime (F)Yim(F) X o-@ime + Z @5, (F)acy, (5)
Boring, 1978). This will ensure that the singularity of the potential at S '

Imo
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where the operatorsym, annihilates an electron in the extended

valence states anat, annihilates an electron in the core states. In
this representation the independent particle basis for excited states [g.9. T, =

given by

[Wees> = Y _ Bimo (Ke, S)af, 840> (6)
Ime
where|0> is the Slater determinant of the occupied states.
3. The expression for the magnetic dichroic signal
In the dipole approximation the transition operator is
w1 = (4m/3)r Z Yix (7)Y (7), @)

wherer is the complex polarization of the incident light. The cross-
section for the ejection of an electron along kalirection with spin
sis given by

dO"s

k. (w, ) = 4n’ahw EYlH

pv

Yo (e ®)

)O'I“’(w; S)a

wherehw is the energy of the incident photon and, by definition,

ouv(w;s) = (g) <glzrnm

x < Fidl Z Yo (PG> -
m

kes

)

Here the sums ovar, m run over all the electrons in the system and

| f\..s> is the many-body time-reversed scattering state, normalized to

one state per Rydberg, as appropriate for photoemission so tlat, if
is the time reversal operator, th¢f) > = O|fi.s>. Note that the

total cross section is obtained by summing over all steftgs > with

the same final energy (elastic and inelastic channels), integrating over

putting for brevityC(w) = 4r2ahw(8r)Y2.

Writing the transition operators in Eq. (9) in second quantized form
(4m/3) [dr @t (r)Yy, (r)®(r)] and picking out only the
matrix elements related to the physical process of interest we find,
after some tedious angular-momentum algebra,

T = (2D ()*(2c+ 1)Y*Df, > (2 + 1)

Imo jiz

X{I 1Ic}<cl j><|1/2j>
c 1/2 j I A P m o

X a;:rwalmva (13)
where

, . o le 11
<ww>eﬂum+mm+m“<o oo)“ﬂ$

andDf,, = fdrrSRc(r)R.ma(r) is the dipole radial matrix element
of the transition. Notice that in the recoupling of the 3-j symbols to
derive the above equation, the sum oweis never used, so that we
can retain for the moment tmeands dependence ddy,,,. A similar
expression is found fof, except for the replacement pf— —v and
the disappearance of the facter1)”, as appropriate for the complex
conjugate matrix element.

Inserting these espressions in Eq. (12) and using Eq. (6.2.8) of
Edmond (1974) we finally find

d‘;ﬁ:" ZYu o ZZ (L)Y (-1
I iziz
I j " 12
XEZ(m —sz>(nf ({’ —Jj;>

moe mo’
10

X<A !

x <T dal . alg>,

) D|Cma' D|C'I‘T'|’a" < g|a;3ralmo- |?ke.s>

—lz

(14)

all escape directions and summing over the photoelectron spin vanwheref(q ji’; 11"y is a symmetric expression ifj’ andll’ given by

ables. In the independent particle approach the final st@&¥g, s >

so that to obtain the total cross section it is sufficient to integrate overf (q; jj’;1l") = (I¢||1||1)’ ( C||1|||’)’ (2c+1)(2j + 1)(2]' +1) x

the directions of the ejected photoelectron and sum over the final spin.

This is the one-particle description of the photoemission process.

From Eg. (8) one immediately derives for the magnetic circular

dichroic (MCD) signal the expression

= 4n’a ﬁwz [Yi,, (m

domcp

dke

)Y (7") = Yiu (7 )Yi (7)] o (w)

(10)

as the difference of the cross section with different heligitgnd .
Using the relation (see Varshaloviehal., 1988, p. 66)

Yl,u,( )Ylu( ) Yl#«( )Yll’( )7
k( 11 1
Y

A

(8m) 1/22

WhereRph is the direction of the incident photon, we easily find for the
MCD signal

> Yua(kpn), (1)

domcp
dke

)m&m@mm (12)

|I
Cc

1 I
12 f

I 1 I 1§

c 1/2 | c q 1

In deriving Eqg. (14) we have assumed that the matrix element
<7ke_s|a1f,m,6,ac7|g> does not depend crucially on the magnetic quan-
tum numbery, so that we could recouple the 3-j symbols with the help
of the appropriate 6-j symbol. In keeping with this we have dropped
in the formula the indexy of the annihilation operator of the core
hole. This assumption is obviously valid when the interaction of the
core hole with the photoelectron in the final state can be neglected,
but can remain equally valid in the presence of such interaction. This
is the case, for example, if the interaction reduces to a static spherical
Coulomb potential felt by the photoelectron or if one can perform an
average over the two spin—orbit split edges of the multiplet structure
between the photoelectron and the core hole.

} (_1)c+j+j’_

4. The MCD signal in photoelectron diffraction

Eq. (14) is the general many-body result for the MCD photoemission
cross section we wanted to arrive at, valid for extended systems and
general direction of the incoming photon with respect to the quantiza-
tion axis. Its content is best illustrated in the case of the one-particle
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picture. Indeed, if we take the photon direction parallel to the quanti-known that the diffraction patterns of the photoemitted current, as a
zation axis, so thak = 0, evaluate the various three and six j sym- function of the escape direction of the photoelectron, allows a sort
bols and use Eq. (6) for the final state, assuming only transitions toof holographic reconstruction of the environment of the photoemitter.

| =
Ame = DFmJBImo(ke, 3)

e for transitions from thé. = Ic + 1/2 edge

dowvcp _ C(w)
dke Y= A T @1 3)
X o [Ga(M) (A Armt = Ay Amy)

+ Ga(M) (A Amt — A1 A-my) |, (15)

e for transitions from the. = | — 1/2 edge

9 = s TS
X Yo [Go(M) (A Armt = Ay Ay
— Ga(M) (A Amt — Ao A-my) |, (16)

where
Ga(m) = 2{m(2lc + 1)(lc + 1) — le(le + 1) + 2’}
Go(m) = 2{m(2lc + 1)lc + le(lc + 1) — 2en?’}
Gi(m) = —[le(le + 1) — 2 — m(m+ 3)]"2(lc — m)[(Ic — m)® — 1]*/2

Hle(le + 1) = m(m— 1)]%(le + m+ D)[(le + m)(le + m+ 2)]V2.

If one can neglect then dependence of the radial dipole matrix ele-
mentsDy,.., Eq.s (15, 16) show that the photoemission cross section is

proportional to theé-projected average in the final stéi&..s> (Eq. 6)
of the operators

> { Gs(m)

(amram — & ma-m) +

Gi(m) (ai*m+ua'mT - al*—m—nal—ml) 1,

that is to say to a linear combination of the averages of the operators

sandt; =s,—3{s- 7, éz}+ /[21(21 +1)]. This latter is better known
under the forn, = s,—3(3- ) r,/r to which it is proportional by use
of the Wigner—Eckart theorem.

By way of example,

> m(@mam — d-ma-m) = > Mdnams

o /dr Oi(r)Lwe(r),

and similarly fors andt.

lc + 1 orbital angular momenta, we obtain, writing for short Such an interpretation is based on the expression (3) for the scattering

amplitude as a function of the scattering path operatBunnellaet

al., 1998, and references therein), where the reduction from the many-
channel case to the picture of one particle moving in an effective op-
tical potential for the elastic channel has been described. As apparent
from the above derivation and in analogy with the use of photoelec-
tron diffraction for surface structural analysis (Gunneital., 1998),
magnetic circular dichroic photoelectron diffraction would allow for

a sort of holographic surface reconstruction of the spatial density of
the spin and orbital moment. As for the MCD sum rules one can take
particular combinations of the spin—orbit split edge spectra in order
to isolate one particular operator. For dichroism at khedge, one

has to deal only with the average of the angular momentum operator
< YPkes| lz|tkes >, but for Ly, Ly edges, for example, it is necessary

to separate the contributions from the two levels at energies above the
Ly edge. This separation is possible if the two edges are so separated
in energy that the dichroic signal of thg, has died out at energies
above thel; edge. Alternatively, one can use an interplay of theory
and experiment in order to carry out such separation.

5. Photoabsorption and sum rules

Photoabsorption is obtained by integrating the many-body photo-
emission cross section over all event at a given excitation energy. In
the effective one particle picture this is obtained by integrating Egs.
(15, 16) overke and summing over the spiUse of the generalized
optical theorem in Eq. (4) leads to the following expression in the case
of a transitions from thé. = I + 1/2 edge,

R N —
TMeRl) = 22l + 1)(2e + 3)

X Im Zm{ G3(m) (pFnQT.ImT - pF£m¢.I—m¢)

+ G1(m) (P|Om0+1¢.|m¢ - pFSm—lT.I—nu) 1, 17
defining

00 — DS 00 DS
Pime. ' o’ = Yime Time )’/ o’ PI'ny o

and assuming that the absorber is located at GitA similar ex-
pressionmutatis mutandisholds for theJ. = I — 1/2 edge. Since

Im 759 1mo IS Proportional to the local projected density of states we
see that the MCD signal in absorption is proportional to the local den-
sity of the various operator?s§andf in the final state, again neglecting
themando dependence d¥;,,,, . By developing the scattering path op-
erator in terms of multiple scattering paths in the EXAFS region one
can perform the same analysis as for the more conventional EXAFS.
In particular, in favorable cases one can now access radial distribu-
tion functions either of the density of orbital or spin moment by per-
forming the same combinations of the spectra, as discussed above for

In the many-particle case the same property still holds since eaclphotoemission (see Natoli, 1995, for more details) and with the same

operatoraym, (aﬁmg) picks out in the respective matrix element that limitations. With respect to this latter spectroscopy there is obviously
particular amplitude of the final state wave function as appropriate toa loss of information, since we have integrated out two of the three
its character. Then such amplitudes are multiplied and combined irdegrees of freedom of photoelectron diffraction spectra (energy and
the way dictated by the various three j symbols appearing in the expolar angles oke).
pression for the cross section, which do not depend on the particular Up to now we have deliberately avoided the question of whether the
approximation for the final state. local density of the operators probed by MCD spectroscapy 4 §

Of particular importance in photoemission is the elastic channel inandt’) has anything to do with the properties of the ground state, which
which the ejected photoelectron is scattered coherently by the atomge are interested in. At first sight the presence of the core hole in the
surrounding the photoemitter. In the normal (non-magnetic) case it isfinal state would prone to give a negative answer to this question.
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There exist sum rules involving all possible transitions that relatedeep core transition, this is a highly excited state that can be ex-
them to averages of operators over the ground state. One of them jganded in terms of the stationary statds of the Hamiltonian of
the generalized sum rule {.e. for oscillator strengths) for circularly ~ the system|g'> = 3" anW, so that, assuming that the cross terms

polarized light (Smith, 1976, Eq. 70). Defining < Wn|Om|Wyy > with n # 1’ are negligible, one obtains
2, = (Es — Ea) |< ®s|RT| Do > |2,
; b ;< 5 = Ea) [< @5 |R¥|0o>| <gIOnlg > = 3 02 <W,On ¥y >

n

whereR™ = X +Y is the many electron dipole operator for circularly

polarized light, one can show that In this sum one expects that the terms having the most important

overlap with the statéy’ > are those describing an excited state re-
laxed around the core hole and thek should be identified with the

- 2
Z(f;ﬂ — fap) = p(< Pa|Ls|®a > many-body reduction factd®. It is hoped that the sum over all these
B configurations will cancel the effects of the perturbation of the core
+(1/2m@) < Dy |S(XVx + YVy)V|D,>) hole and restore the properties of the ground state. However, a direct

proof to our knowledge has not been given. An alternative possibility
whereV is the spin orbit potential. Another one is the so called Kuhn might be to assume that this perturbation is not so drastic.
sum rule stating that the net transition rate for right- and left-hand light ~ From this point of view, whenever sum rulasa Tholeet al. work
are equal (Smith, 1976, Eq. 66), which is here rederived for later use(in the sense that one obtains ground state values for the averages of
From the definition of the absorption cross section in the many-bodythe various magnetic operators as checked against independent exper-

case for opposite photon helicity, imental findings), we should assume that the perturbation of the core
hole in the final state is negligible so that the final density of states is
o (w) xw Z <gR'|f><f|R"|g> d(Aw — Et + Ey), much like the initial unperturbed one. This assumption should not be

p far from reality since in correlated electronic systems presenting mag-
B netic phenomena the processes of screening and relaxation in response
ot (W) xw Y <gR[F>< IR g> (A — Er + Ey), to the sudden creation of the core hole might not be so drastic as in
f other cases (semg.the 7* resonance in diatomic molecules!) due to
the autoscreening action of the excited photoelectron. Looking for in-
(wheree.g. R = 3" ri), one easily obtains stance at thé., Ly absorption edge of Ni with its sharp white line
just at the edge, it is apparent that the excited photoelectron is seeing a
final 3d hole (there are only 0.6 holes in thd Band), since its screen-
ing by the other electrons would cost too much energy to the system
ot (w) . B . and this energy is not available near the edge. On the other hand, stud-
/ o — = = <gIR"R'[g> — <g|R"[g><g|R"|g>, ies by some authors (Nesvizhskii & Rehr, 1999) onlthely edges
0 of Cu and Cr show that the use of a self-consistent ground state poten-
tial gives much better agreement with experiments than the one with
the core hole. Itis clear that in the case of correlated systen¥-tie
/“dw 0 (w)—o"(w) 0 (18) final state rule, which in any case was based on simple metals (von
o w o Barth & Grossman, 1982), has to be revised and more investigation is
needed on this problem.
However they obviously cannot be used at particular edges to help in This alternative point of view allows to relate integrated spectra to
the analysis. ground-state properties in a different way. Making the reduction from
At a particular edge the integration over energy of MCD spectrathe many-body case to the one-particle model moving in an effective
(Carraet al, 1993) has been devised as a means to cope with this probeptical potential we can again use Eq. (18). However, now the inte-
lem, in the hope of obtaining averages of magnetic operators related tgration is over transitions to all states, either unoccupied or occupied.
the ground state. As a matter of fact, if one eliminates the intermediateSince the Pauli principle forbids these latter, we have
states in Eq. (14) by dividing hy and integrating over ake and ener-
gies one would formally obtain the average of the magnetic operators
over the ground statéor the particular edge consideredHowever, /mdw o (w) — o (w) ~ /Ef W o (w) — U+(w)7 19)
E¢ 0

/ dw UT(UJ) = <gR'R7|g> — <gR"|g><gR|g>,
0

so that

underlying such aresult is the implicit assumption that different edges
do not interfere, since we have arbitrarily neglected in the transition
operatoiT, all other transitions not coming from the particular edge of
interest. This fact might affect the spin sum rules in the presence of thaevhere E; is the Fermi level. In an independent electron model the
exchange interaction of the core hole with the valence electrons whiclaverage of the magnetic operators over the states lying below the
mixes the two corg. levels (Thole & van der Laan, 1988) and affects Fermi level is nothing else that their value on the ground state. If this
their statistical branching ratio. By summing over the spin—orbit split point of view is correct far-reaching consequences can be derived for
edges it is possible to derive an orbital sum rule valid in the presencehe analysis of magnetic EXAFS and photoelectron diffraction in all
of such interaction, as done by Thaeal. (1992) in the framework  those cases where a separation of the dichoic signal from the two spin—
of an ion model in a crystal field of arbitrary symmetry. orbit split edge is possible, as discussed at the end of the previous sec-

In the derivation of these edge-specific sum rules, what one action. Indeed, these spectroscopies might then be used to obtain density
tually obtain is the average of certain combinations of the magnetianaps of the various magnetic operators referring to properties of the
operatorsOn over the statdg’ > = adg>: < ¢'|Om|g >. For a ground state.

w
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6. Natural circular dichroism in photoemission and absorption a subset of MS paths transforms into itself under the reflection. In this

For non-magnetic materials the differential absorption of right- and €€ _the set does not contribute_to the dichroic signal._This_is easily
left-handed circular polarization is called natural circular dichroism S€€n in the case of single scattering paths. Hence the dichroic absorp-
(NCD). It can be shown that in the case of absorption the only way tol1on reflects only higher-order MS processes and only those processes
observe a dichroic effect isa an interference between electric dipole that involve subsets of atoms in chiral geometry. Therefore, in a path
and magnetic dipole and/or electric quadrupole matrix elements. |nalysis the dichroic effect brings about a drastic simplification that

fact, in the absence of magnetic fields one has can be exploited to the benefit of structural analysis. This aspect is in
fact common to all dichroic spectroscopies.
Z(Eﬁ — E.) [<®s|RT | Do >|? = Z(Eﬁ — E.) [<®|R | Da>] As in the case of MCD, a sum rule can be established that measures

the degree of mixing of even and odd parity compoments of the wave
function of the system. The relevant operator is easily seen to be
since the intermediate states can be taken to be real. While in the opti-

cal regime E1-M1 interfence is preponderant, in the X-ray regime this

effect is depressed by two or three order of magnitude with respect to G = — Z(_l)mm' | I’ 2 " am -+ hoc.

E1-E2 (Alagnat al, 1998). This effect has been recently measuredat " m —m oy ) G @m

the NdL,; of an hexagonal crystal of N@Nd(digly)s]-2NaBF-6H,O
(digly = the dianion of diglycolic acid)@; symmetry) (Alagnaet al.,
1998) and at théy, Ly, Ly edges of a non-linear crystal LikdNatoli
etal, 1998). The effect is small\g /o =~ 10~2 — 10~3) but definitely

B B

mn!

wherel andl’ differ by 1. Its expression in configuration space has
been given by Carra & Benoist (2000) for= 0 in their Eq. (12):

measurable on third-generation synchrotron radiation rings and inser- —i(A— AL, (20)
tion devices. We give here only the final result, referring the reader to
Natoli et al. (1998) for details of the derivation. One finds whereAq in polar coordinates is given b§o = (I cosd — sine%)

o \1/2 and is such thaloYim = (1> — n?)Y2Y,_1 . There is no guarantee in
onp(Kph) = 11673 (Aw)’a® (—) Z f(n" ZYzﬁ,(kph)al‘,’, (w), this case that its average refers to the ground state of the system, due
15 I 5 to the core hole and the fact that we might deal with non-correlated
systems. However, since the mixing of odd and even components in
where the wavefunction is not a local property of the system, one might hope
o 1 to access ground state information.
f(7) = (el (e’ { L1 2 } Natural dichroism in photoemission introduces a new degree of
¢ freedom into the effect, namely the escape direction of the photoelec-
tron. Considering also the incident photon direction and a third direc-
tion describing the orientation of the system under study (a molecular
- . I I 2 axis in case of oriented molecules on a surface, the normal to a surface
o (w) = = Z m —-m etc), the combined system of photon plus target can exhibit a defi-
nite handedness. More important, since the final-state wave function
x 3" DIQ\ <dlalam|f > < fla,a.lg>, is a scattering state and therefore complex, the argument used in the
case of photoabsorption does not apply here, so that one can observe
whereDy (Q7) are dipole (quadrupole) radial matrix elements and, ascp in the angular dependence of photoemission with the sole dipole

before, the sum is only over statds> at the same final energy inthe  gperator. Obviously the angle-integrated signal averages to zero. The
many-body case or should be replaced by an integrationkavarthe relevant formula is

one-electron case. Specializing to this latter case and t&ginalong
the direction of quantization, remembering Eq. (4) and calculating the
relevant three j symbol, we obtain

and

mnf

dtcfil\lzZD () = 4n’ahw Z gl Z Yr, (Kph)orl (),

i ~
1/2 00 00
Im("'lm.l’m’ - 7'I—m.|’7m’)

I<

ono(Kpn || Z w) o Z m[3(12 — nf)]

m=1 where

wherel- (I.) is the lesser (the greater) bfand!’. This expression 10

lends itself to a MS path analysis of the signal. Examination of the g(ll"y = (lellLm (Ic||1||l’) { 11 }

various ingredients entering into the above equations shows that the ¢

signal is zero if the system under study has a local symmetry pOimand

group containing an inversion center and, for particular incidence ge-

ometries, a reflection plane or a roto-reflexion axis, so that a mixing of [ o1

both dipole and quadrupole allowed wave function components is not o (w) = Z < m —m 5 >

allowed. Stated in more physical terms, one observes that an absorp- mnf

tion experiment conserves parity, therefore in particular is invariant x DfDf, <g|a11am|?ke.s> <Tke_s|af,ma40|g> .

to a mirror reflection containing the incident photon direction. Since

this operation interchanges the hands of circular polarization the abPuttingy = 0 and specializing to the one-particle case, one sees from
sorption does not depend on the helicity of the photon if the systenthis last formula that in this spectroscopy one measures the average of
is invariant under the same operation, hence there is no dichroism. IE; in the final state. This is the exact analog of the MCD case if one
instead the system as a whole is not invariant, it may well happen thagliminates the spin.

J. Synchrotron Rad. (2002). 9, 9-16 Di Matteo and Natoli + Circular and linear dichroism 13



research papers

7. The expression for linear dichroism (LD) e The rank-2 time-reversal even irreducible tensor is responsible
for LD, as shown below, and its components, apart from a com-

Within the same framework used for MCD and NCD, we can 3 ]
mon factorz, are given by

also study the linear dichroism, in both dipole—dipole and dipole—
quadrupole channels, in order to derive the expressions of the physical

2 *
observables that are measured in these processes. We limit ourselves TiZ = T+,
to the case of absorption and photoemission, neglect the spin and do T2 _ i(ﬂ*ﬂ + i)
not treat the quadrupole—quadrupole (QQ) channel. The extension of +1 V2 Lo oY,
this formalism to the case of diffraction up to the QQ channel includ- 2 1, . N N
ing the spin variables will be treated in a forthcoming publication. T = %(Wl ™1+ 2momo + m_y7m1)

Let us start from the dipole—dipole channel. In principle, to treat
the LD we could follow the same procedure already described in the

case of MCD up to Egs. (7), (8) and (9) and then adapt Egs. (10) and . . S ' . . .
(11) to the case of two linear polarizations. But we prefer to choose The linear dichroism is defined as the differential absorption of two

an alternative more general method, which unifies the treatment ofi ifferent linear polarizations that are real and conventionally chosen
circular and linear dichroism and can be extended to treat resonan‘?rth()gonalI to each other, say. andmg. From the definition we
diffraction. The idea is to recouple the two polarizatienand =™ to obtai
arank-2 tensor after Eq. (8), as done by latal.(1993) and write this
tensor in terms of its irreducible components. In this way the MCD is a = W(w, Ta) — dke —
expressed by the antisymmetric time-reversal odd part of the tensor € €
while the LD is given by its symmetric time-reversal even part. Note that it is convenient to choose at this point a reference frame for
The absorption signal for a given polarization is expressed througtthe irreducible tensors where the quantization axis coincides with the
Eq. (8), which can be rewritten, by recoupling the two spherical har-direction of propagation of the light. We can choose, for simplicity,

= 3mymo— 7 - .

dop _ | do do

w ﬂﬁ) (26)

monics, to give ma = (1,0,0) andwg = (0,1, 0) in the frame wheré = (0,0, 1).
i i 1,0,0) andwg = (0,1,0) in the f her& = (0,0,1
In this case onlyT\J andT,? survive and this latter cannot be respon-
do (w, ) = dn’afw Z 11 q TO (7, 7)o sible for LD as it reduces to a scalar product due to the factithat 0
dke —~. A e for both polarizations
sing this reference frame, we obtain, from Egs. an ,
- 21) Using this ref fi btain, from Egs. (25) and (26)
where the irreducible tensor of raqkT(q’(‘rr, "), is defined as
g owo ) — an2afioL 2 [M‘2’+M‘2’] 27)
dke \/— A 2 —2|>

Z C{ 1w, mYlu YlV( ) (22)

where the expression f(WIiz can be obtained from Egs. (13) and
(14), substituting 2 to 1 andt? to X in the last 3-j symbol of Eq. (14).
Moreover, we can introduce another tensor of rgmkepresenting the  Explicitly,
properties of the system through the recoupling,

MO =3 CD 0 (23) M, = ZZ (231510 (-n*
"

18 iziy

H ! H
Using the relation between 3-j symbols and Clebsch—Gordan ZZ( I 1/2 ! ><r|n’ 1/,2 J., >
coefficients Vo —k 7 Tk
H mo
11 q — (_)X CCI*X 24 X ( :|:22 _JII J ) chmach’m’a’ <g|aCTa|mJ|Tke.S>
pov X)) T (2q+ e w (24) 2 Iz

x < Ty dlal o acdg> . (28)
we find that Eq. (21) can be interpreted as a scalar product between ) _ _
two irreducible tensors, one representing the properties of the lightAt this point we can follow the same steps made in section 4, to ob-
T9(mr, m*), and the other showing the response of the syské{, tain the expression for LD in terms of an effective operator acting on
the final states. We give, as an example, just the case where we sum

do ) (=) @ R up over the two partner functiords + 1/2, thus eliminating the spin
gic @) = drtahw > W'ﬂq (m, 7 )ME. (25)  variable. The final result is

q.A

If we write down the first tensor explicitly, we have, for the three pos- 1 1. | el I I 2
sible values of, Z(Zl +D3 1 () m+2 -m -2
Im
o 7%, m*) = —(1/V/3)(3/4n)n"* - m: being a scalar product
between the two polarizations, this term cannot give rise to any
kind of dichroism.

x (afyams2 + 8 _na-m—2) o /dr ()2 = 2)w(r),

and the signal is proportional to the average in the final state of the

. Til)(r,w*) = (i/V2)(3/4m)(m* x m)x: this is the axial  operator/z — 5. The directionsc andy appear explicitly because we
vector responsible for MCD, as seen before. This tensor isalready chose a specific reference frame. The general result must be
sensitive to time-reversal odd observables. read as follows: the LD in the dipole—dipole channel allows to see the
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difference of the projections of the square of the magnetic momentsn striking similarity with the analogous equation for natural dichro-

along the directions of the two polarizations. In the reference frameism (Eq. (20), with the obvious difference that now the tensor is time-

chosen,z has no particular meaning for the crystal, that can be ori- reversal odd.

ented with its symmetry axes (if it has any) along the directioz of A similar result was found by Carrat al. (2001), but apparently

or not. What is important for detecting a signal is that the point groupwithout the contribution of the rank-two time-odd orbital ten3gf).

associated to the crystal space group be sufficiently low to admit as Fhis contribution is essential to obtain the simple form of the opera-

totally symmetric representation the combinatidmy”’ + M'2)). tor in Eq. (30) and also provides an exception to the usual statement
The same procedure can be followed in the case of the dipole-that odd-rank irreducible tensors are time-reversal odd and even-rank

qguadrupole channel. We report only the final results omitting the ratheiirreducible tensors are time-reversal even.

tedious details of the derivation. As in Eq. (21), the signal is given by  Eq. (30) constitutes the basis for the analysis of the tranverse X-ray

the scalar product between a tensor representing the light propertidfear dichroism at the \K-edge of \603 observed by Gouloet al.

and one that is related to the properties of the system. In this case th@000), measuring non-reciprocal gyrotropy in this system. A more

irreducible tensors involved are of rank 1, 2 and 3. If we choose thedetailed investigation will be given elsewhere.

same reference frame used previouss,with thez axis in the direc-

tion of the wave vector, then some of the components of these tensors - usions

are zero and the only different from zero are
We have presented a unified approach for calculating magnetic and

-|"-O<1) - iko(wfw_l + 7% m), natural dichroism (both circular and linear) in (spin resolved) photo-
V2 emission and absorption as well as linear dichroism valid for extended
~0<2) — ko(mimo1— 7 am) systems a_nd the mar)y-body case. The reduc_tion of this_ scheme to
V2 ’ a one-particle model in the framework of multiple-scattering theory
22 _ :I:iko(w* ) shows their intimate relatiovia the generalized optical theorem
2 V2 +17+1), Eq. (4). In photoemission the circular dichroic cross section is propor-
-3 1 tional to linear combinations of the averages of the various operators
T = ﬁk()(ﬂ";ﬂ"—l + 7lym), 7, 3andt in the final staté¥y. (1) selected by the experimenter, with
= (3) . simple coefficients that depend on the initial spin—orbit split edge. By
T = k(mhime). suitable linear combination of the two edges one can select one or

L . - . the other of such operators. Under the assumption that the final state
From these formulae it is simple to derive the conditions under which_ . o
. . . L . . optical potential is similar to that of the ground state due to corre-
it is p0355|ble to detect a dichroic signal: the irreducible ten§éf’§ lation effects, this spectroscopy as a surface technique provides the
andT;* cannot give rise to any dichroism as they are symmetric in maimum of selectivity to explore the properties of the ground state
the exchanger® «  (this prevents from having circular dichroism) f the system under study. On the other hand, what is observed in
and they go into themselves by interchanging two linear polarizationsyhotoabsorption is substantially an average of the same expression
mo and g (this forbids linear dichroism). The time-evay® is re-  over all photoelectron directions. There is a loss of information with
sponsible for NCD as already analyzed in the previous paragraph angkspect to photoemission since we have at our disposal only the pho-
the time-odd tensor‘ﬁfz) andez) are those responsible for LD in the ton energy. We can now access bulk properties and in principle radial
dipole—quadrupole channel. Again, starting from definition (26), we distribution functions. Integrating over energy there is a further loss
obtain that the signal in this case is proportional to of information and we probe the average of the same operators over
the ground state, under the assumptions discussed above. For LD we
doto I, 1 e o havg shgwn what type of operatgrs are obse.rved t?oth.in o!ipole—dipole
i & ik{[M2 + M, - h.c.] +— [MZ -MZ - h.c.]} . (29) andin dipole—quadrupole transitions. More investigation is needed to
€ V2 understand their role in the description of the various physical sys-
The expression for thil can be derived in the same way as done pre- tems.. The above quctroscop!es .c.onstitute a poyverful new clgss of
viously for the dipole—dipole channel. We limit ourselves here to give, techniques that exploit the availability of tunable circularly polarized

as an example, the expression for the effective operators that are sedirays with high brilliance coming from third-generation synchrotron
in LD spectroscopy at thié-edge radiation sources. Combined with elemental selectivity they have the

Summing again over the spin variables, the expression in secondotentiality to probe element-specific magnetic moments, exchange
quantization is (omitting the imaginary unit) and spin-orbit splitting and atomic-scale magnetic structure especially
in the study of nanoscale materials.

I I 3
GII’ X Z(_l)H—m 2 _ -2 . Lo
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