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We measured circular dichroism in resonant x-ray scatteditty— 2p°3d"*! — 35'34"*! with
incidence perpendicular to the magnetization where the absorption dichroism vanishes. The advantages
of photon scattering over other techniques make it possible to study a wide range of materials. The
Ni L3 dichroism in NiFgQ, is (28 * 5)% in agreement with a localized model. In the metal Co
the dichroism is reduced td0.4 = 1)% (L3) and (6.8 = 1.5)% (7.5 eV aboveL,), indicating a large
sensitivity to the nature of the valence states despite the fact that this spectroscopy is based on inner
shell transitions. [S0031-9007(99)08431-8]

PACS numbers: 78.70.En, 78.70.Ck, 78.70.Dm

In recent years there has been a considerable effoBd TM systems, and we use the inner shell excitation of
in circular x-ray dichroism on magnetic materials [1], the type3d™” — 2p°3d""! — 3s'34"*! (i.e., final state
which provides important, and in many aspects uniquewith a 3s hole due to the filling of the intermediate
information especially by the use of the sum rules [2].2p core hole state) which is an example of resonant
Much of this effort has been devoted to dichroism in x-rayRaman scattering (RRS). In Ni tHg excitation is around
absorption exploiting the difference in the number of the853 eV and the Raman photons are around 742 eV, in the
created core holes for parallel and antiparallel alignmeninetal Co the energies are 778 and 677 eV, respectively.
of the magnetization and helicity vector of the incidentPerpendicular RRS (PRRS) has the potential to give a
light. The charge distribution of the excited core hole isstrong impact on the spectroscopy of magnetic systems
not only characterized by its integral which is proportionalfor several reasons.
to the absorption but also by its spatial distribution which (i) Compared to element-specific techniques based on
is in general not spherical. Information on the deviationelectron detection, where multiple scattering effects play
from the spherical symmetry, i.e., on the core holean important role, photon scattering is much better suited
polarization can be obtained from the angular dependender bulk spectroscopy. It can be carried out on insulators
of the particles emitted by the decay of the core holewithout further complications and is not influenced by
[3,4]. Since this deviation is directly connected to theexternal magnetic fields allowing measurements in strong
ground state properties by the optical transition matrixnagnetic fields which are not possible with electron
elements of the absorption process, important informationletection.
about the material properties is laying dormant in the (ii) As we will show below, PRRS has a strong
angular emission when only absorption is measured. Thsensitivity to the nature of the valence states although
dichroism in absorption vanishes when the incident lightt is based on an inner shell process. In particular,
is perpendicular to the magnetization, i.e., in the soqgreat differences are seen between localized and itinerant
called “forbidden” geometry. Let us consider the planesystems. PRRS allows one to obtain information not
defined by the incident beam and by the emitted productaccessible to other spectroscopies as is shown here for
detected in the experiment, with the magnetization in thisCo where some nonbandlike aspects are observed.
plane (coplanar perpendicular geometry hereafter referred (iii) RRS in the soft-x-ray range is becoming accessi-
to as “perpendicular”). The detection breaks the mirrorble on an almost routine basis by exploiting modern syn-
symmetry of the system, and one obtains information orchrotron radiation (SR) sources. Dichroism in PRRS can
the nonspherical part of the core hole distribution. So fabe measured with only minor modifications of the experi-
this approach has been used only in experiments basedental setup used in valence emission dichroism [6—11]
on electron emission [3,5]. The possibility of detectingalthough the experiments are conceptually quite different.
emitted photons has never been explored. The aim of th€hus, a lot of PRRS information is often left unexplored
present Letter is not only to show that this is feasible butwhile it is at hand. The dichroic self-absorption prob-
to present original results in this field. We concentrate olems [12] limiting the use of resonantly excited valence
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fluorescence are totally absent in the present case, allovitole orbital moment is aligned along an intermediate di-
ing a very wide application of PRRS. Although this is rection which can be represented pictorially by the dashed
important, we stress that the goal of the present Letter inesa andb in Fig. 1 for the two opposite magnetiza-
to present an entirely new development and not an altettion directions. Therefore, the scattered photon spectrum
native path to a method already known. along an off-normal direction will become different when
First, we will demonstrate the feasibility of PRRS for a either the magnetization or the light helicity vector is re-
conceptually simple case. We choose magneti¢ Non  versed. Expressed in a more theoretical way [3,4], if one
in Ni ferrite (NiFe;O,4) since the ground state, which is uses a multipolar expansion of the states, the absorption
approximately3d?, is relatively easy to calculate within is related to the number of the core holes (the monopole
an ionic approach [13]. From an experimental pointterm) while the scattering dichroism integrated over the
of view, however, this choice was less convenient beemitted photon spectrum describes the departure from the
cause the Ni signal (around 742 eV) is strongly attenuspherical symmetry of the space distribution (quadrupole
ated by Fe absorption above tlig threshold (720 eV). moment which is the core hole polarization).
This nondichroic process does not generate artifacts but Measurements were done at beam line ID12B of the
strongly limits the counting rate. This limitation does European Synchrotron Radiation Facility as in Ref. [10]
not apply to Co which is discussed as a further applicausing a novel incident beam monochromator [14] (1.2 eV
tion where we studied the excitation energy dependencleandwidth) except that the light was at normal incidence
of the scattering. This case cannot be interpreted in & the sample (Fig. 1). The detector bandwidth was
straightforward manner, because neither a localized nor ah3 eV. The take-off angle wag = 20°. The Ni ferrite
itinerant picture isa priori justified. We observe strong sample was an epitaxially grown crystalline 3 micron film
dichroism at thd.; edge while the integrated dichroism at prepared on a MgO single crystal [15]. The Co sample
the L, edge disappears within the errors conformed to thavas evaporate@x situ (2000 A) on as grown Si wafer
theory [3,4]. We found also a dichroism at an excitationand capped witl20 A Au; the effect of a possible thin
energy between both edges, a result which cannot be silicide at the Si-Co interface is negligible.
interpreted in a bandlike picture. The Co spectra clearly The Ni ferrite results are given in Fig. 2. Tlg ex-
demonstrate that there are large differences in the resultstation is shown by the arrow in the absorption spec-
between localized and itinerant systems. trum [Fig. 2(a)], and the raw scattering data are given in
The geometry of the experiment is depicted in Fig. 1.
The sample is magnetized along the surface and the scat-
tered photons are detected along the direcijottake-off
angle #). The core hole polarization and the asymme-
try in the angular distribution can be understood by con-
sidering the following antagonistic effects. On the one
hand, spin-orbit interaction prefers the expectation value
of the core hole orbital moment to align along its spin ~ 1200[
direction, which tends to be oriented by the magnetiza-
tion. On the other hand, the selection rules for optical 1000
excitation result in a preferred alignment of the orbital [
moment parallel to the helicity vector of the circularly po-
larized light. Both effects are accommodated if the core
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FIG. 2. Perpendicular resonant Raman scattering atLNi

in Ni ferrite. Panel (a):L,; absorption (the arrow indicates
the excitation energy). Panel (b): Raw scattering data with
FIG. 1. Schematic geometry of perpendicular resonant Ramathe energy measured from the peak and difference curve
scattering. The direction of the incident beam is givengoy (scale:X 2) corrected for the incident polarization. Panel
and the detection direction by. The magnetizatiod/ is in (c): measurements after polarization correction and background
the surface plane. subtraction. Panel (d): Theoretical spectra.
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Fig. 2(b) with the energy of the scattered photons meaexcitation energies. The corresponding scattering results
sured relative to the peak maximum (final-Bli! state) are given in Figs. 3(b), 3(c), and 3(d) where the differ-
which is on the decreasing tail of the nonresonant Fence curves have been corrected for the polarization of the
L, signal. The Ni peak height is roughly one-third of incident light(P = 0.82). The energies of the scattering
the background, and the integrated counting rate is verlight are measured from the peak of the signal measured
low (2.6 countgmin) due to self-absorption as mentioned with L; excitation. We restrict ourselves to mention only
above. A large change in signal occurs when either théhe most interesting points about the spectra.
polarization or the magnetization is reversed. The dif- (i) Comparison between the excitation at theand L,
ference spectrum in Fig. 2(b) has been corrected for inedges. Since core multipoles above the monopole exist
complete polarization of the incident beaff = 0.84) only for a core state of total angular momentum larger
and gives, despite the error bars, clear evidence for thihan;j = 1/2 (Ref. [4]), the dichroism integrated on the
dichroism in perpendicular geometry. The Ni peak af-scattered photon energy should vanish at’thedge. The
ter polarization correction and background subtraction isneasured integrated dichroism at the edge [Fig. 3(b)]
shown in Fig. 2(c) with the curves normalized to 100 foris (11.5 = 0.6)%, while at theL, edge [Fig. 3(d)] the
the average over both helicities. The background was olintegrated dichroism i$0.3 = 1.4)%. Thus, within the
tained using a polynomial fit; the fine tuning of the pa-accuracy, theL, dichroism vanishes, which provides
rameters had very little effect on the peak dichroism (28%a strong support for the theoretical picture. We note
of the average peak height). The theoretical results arthat, because of the larggp-3d Coulomb and exchange
shown in Fig. 2(d) for a calculation performed using theinteractions, is not an exact quantum number, therefore,
model of Ref. [13] and taking into account the polariza-a small integrated dichroism can still be present at the
tion and angles in the matrix elements of the Kramers-
Heisenberg formula. The theoretical curves include the
effect of bandpasses and the final state lifetime which
is the dominant contribution to the broadening. Ligand 3000
hole effects were neglected, since their influence is small
at NP?* Lz threshold. We already showed in Ref. [13]
that this approach provides an adequate description for 2000
the RRS line shape of Ri excited at theL; peak in
NiO, so that we expect it to work also in the present
case. The theoretical peak dichroism is 31% consistent
with the measured 28% within the experimental accuracy.
In fact, at fit of the measurements with a curve having the
theoretical shape gives a peak valu@s8 + 0.05. This M ) N v
demonstrates the feasibility of PRRS and its application # , Diffx2) 1 Diffx2
to strongly correlated systems in combination with ionic OW_ — Yoty Ul
model calculations, where ligand holes can be included if o S A L b [0
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needed. However, in Ni ferrite the statistics impedes a Scattered photon energy (eV)
discussion of the line shape and energy dependence of the
observed dichroism. These effects are beyond the pur-
pose of the demonstration experiment on Ni ferrite. In
the case of a more complicated final state, which would
have been inappropriate as a starting point for this new
research, there can be a substantial increase in the count-
ing rate resulting in a reduction of the error bars. For
example, in Co ferrite the energy of the transition to Co
3s! final state is below the Fe edge which can lead to a Giff » 2
large increase in the counting rate. odulidintoliul A N A A
We now proceed by applying PRRS to Co, which, re- 780 800 5 15 25
garding its3d count between 7 and 8, is close to the pre- Incident photon en. (eV)  Scattered photon en. (eV)
ceding case. Admittedly, this metal is a more challenging-iG. 3. Perpendicular resonant Raman scattering measure-
system since the electron delocalization invalidates aents for Co metal. Panel (aJ,3; absorption with the ar-
simple atomiclike picture. Co has weak self-absorption infows indicating the excitation energies. Scattering results with
RRS, so that the integrated counting rat&0( counts' min L; peak excitation [panel (b)], with excitation 7.5 eV above

. L T L; [panel (c)], and withL, peak excitation [panel (d)]. The
with L3 excitation) allows us to study the excitation en- difference curves (scalex 2) are corrected for the incident po-

ergy dependence. The measufeddge absorption spec- |arization. The energies are measured from the peak measured
trum is given in Fig. 3(a) with the arrows indicating the with L; excitation.
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L, edge. The existence of such a small effect should b&his suggests the presence of a significant amount of
kept in mind. Despite their difficulty these measurement2p334"*! states well above the excitation threshold in the
might become technically feasible on a routine basis irintermediate state, a presence obviously not compatible

the near future. with a bandlike behavior. This would give support to
(i) Comparison between the magnitude of the dichro-results obtained by Anderson impurity calculations [20].
ism in Ni ferrite and Co at thd.; resonance. The ob- In summary, we can say that resonant inner shell

served dichroism in Co is about a factor of 3 smaller.scattering excited with circularly polarized x rays in
There can be several reasons for such a reduction iperpendicular geometry offers new possibilities to study
itinerant materials. In an ionic compound, such as Nithe valence states of magneti¢ transition metal systems.
ferrite, the valence hole spin polarizatidh = [n(}) — Despite the fact that the scattering process involves an
n(l)]/[n(1) + n(l)] will be close to 1, whereas in Co inner shell excitation in the final state, there is a strong
P can be as low as 0.65 as suggested by the MCXDBensitivity for the valence electronic structure.
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