SPECIAL REPORTS

X-Ray Circular Magnetic
Dichroism
G. Schütz, P. Fischer
Institute of Physics, University of Augsburg
There is a growing demandfor circularlypolarized x-rays at high-brilliance synchrotron-based
sources since they allowthe extension of XMCDand other spectroscopic and crystallographic
techniques involving core-level absorption to their magnetic counterparts to provide detailed
element- and symmetry-selective information about solids.
With the advent of very bright photon
sources having a high degree of polariza
tion, a variety of new methods has been
developed to investigate magnetism in sol
ids using x-rays. One technique which is
attracting steadily growing interest studies
x-ray magnetic circular dichroism
(XMCD) in core-level absorption by meas
uring the dependence, on the magnetiza
tion of a specimen, of the absorption coef
ficient of circularly polarized radiation in
the vicinity of an absorption edge. The
interest arises because dichroic effects can
provide element- and symmetry-selective
information about the polarization of elec
tronic states at the Fermi level, and about
local magnetic moments separated into
spin and orbital contributions.
Avariety of different types of experi
ments have been performed in the hard
and soft x-ray ranges since XMCD was dis
covered in 1985 at the Hamburger Syn
chrotron Radiation Laboratory (HASYLAB) at DESY, Hamburg [1]. The most
studied systems involve absorption at the
L2- and L3- edges of ferromagnetic 3d tran
sition metals [2] owing to the very large
magnetic cross-sections.
The versatility and elegance of XMCD
for solving problems in magnetism will be
demonstrated by showing that:
a) a high sensitivity to local magnetic
moments combined with element selectiv
ity and the ability to separate spin and
orbital magnet moments can be used to
probe nanoscale structures such as techni
cally important multilayer systems;

b) methods used in spectroscopy or crys
tallography involving core-level absorp
tion can be extended to their magnetic
counterparts. For instance, dichroic con
tributions in the extended x-ray absorp
tion fine structure beyond the near-edge
range (so-called magnetic or spinpolarized EXAFS - SPEXAFS) can provide
new information about short-range mag
netic structure. In particular, it is shown
that magnetic backscattering by 3d-metals
is solely determined by the outermost
spin-polarized d-shell and is unaffected by
the angular momentum of the backscatter
ing atom.
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macroscopic magnetic properties which
are technological important. Ahigh sensi
tivity to local magnetic moments com
bined with element selectivity means that
these multilayer systems are very
appropriate for XMCD studies. The tech
nique also offers a unique new possibility
for studying magnetism on an atomic
scale because it can distinguish spin and
orbital moments by comparing the dich
roic signal for both initial state spin-orbit
partners.
Fig. 1a gives the theoretically pre
dicted distribution of the induced Pt
moment for system composed of two
monolayers (ML) of Co sandwiched
between 13monolayers of Pt, as calculated
by H. Ebert. It is anticipated that exchange
effects will induce polarization in the Pt
spacer with an antiparallel coupling of the
innermost layers with respect to the Co
moments.

Multilayer Systems
Magnetic exchange phenomena arise
when non-magnetic metal spacer layers
are placed between magnetic layers. The
nature of the coupling between ferromag
netic layers through the spacer is of partic
ular interest because it determines
Fig-1. Induced magnetic moments in a 13 Pt monolayer (ML)/2 Co ML system, a: Theoretically predicted
distribution; b: distribution inferred from XMCD results
obtained using 2 Co ML/5 Pt ML/3 Ir ML/5 Pt ML/2 Co
ML repeated 30 times; c: Experimentally determined
absorption profiles for the Co/Pt/lr structure at the Pt L2and L3-edges and the corresponding dichroic signal Aµ
(the spin and orbital moments µLand µs deduced by
sum rules are given as inserts).
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It is well known [1] that in the vicinity
of ferromagnetic 3d-atoms Pt and Ir
behave very similarly with respect to their
induced magnetic moments. So it is
expected that polarization effects in the
Co/Pt multilayered systemwill not change
significantly if the three innermost Pt
layers are replaced by Ir. XMCD studies at
the Ir and Pt I2- and I3-absorption edges
with a spin-orbit splitting of about 1.6keV
in the 11.5-13.5keVx-ray energy range have
been performed using a setup installed at
the ROMOII station at Berlin’s HASYLAB
(see Fig. 2). The dichroic spectra at the L2and L3-edges of Pt and Ir in a structure
comprising 2Co ML/5 Pt ML/3 Ir ML/5 Pt
ML repeated 30 times unambiguously
demonstrate that Ir is polarized parallel to
Pt and Co (Fig. lb). The average spinµs
andµLorbital moments for Pt and Ir found
by applying sum rules (see insert) are
indicated in the figure. The data confirms
the expected occurrence of a long-range
exchange induced magnetic order, but not
the antiparallel coupling of the innermost
layers. The XMCDstudies in fact give evi
dence for a distribution of the Pt magnet
ization in the spacer (as shown in Fig. lb).
In the case of a 5C0/4Q1 multilayer
system, calculations by H. Ebert predict an
average Cu d-moment of +0.0137µ b for the
induced spin polarization in the Cu spacer
in its ferromagnetic state. Owing to the
lowL2- and L3-edge energies (952 eVand
932 eV, respectively), absorption was mon
itored by detecting the photocurrent at the
SX700/III (PM3) station at BESSY, Berlin.
The L2- and LS-XMCD spectra of Fig. 3
showthat the predicted value for the
moment is observed. Moreover, even the
measured orbital contribution µLof about
-0.0005µbis in excellent agreement with
theoretical expectations.
The validity of the simple model,
described in the insert, for calculating and
interpreting spectra as well as the sum
rules for estimating the magnetic
moments remain open problems owing to
the relatively drastic approximations (for
instance, multi-electron effects, the influ
ence of final state spin-orbit effects and the
energy and polarization dependence of
radial matrix elements for the allowed
transitions are neglected). The model also
seems to be limited to cases for which the
final state can be described either as a
well-localized atomic state (as, for exam
ple, in the final 4f-states in the M - and Mspectra of the rare earth elements) or as an
itinerant band-like state (which is approxi
matelyvalid for the d-like final states
excited in L2- and L2-absorption in the

Fig. 2. X-ray magnetic circular dichroism using the very
simple and effective inclined view transmission method.
Alarge degree (= 80 %) of circular polarization is
achieved, with a reduction of intensity relative to its
maximum in the orbital plane to typically 60-80 %, by
viewing the synchroton beam of energy Fat small
angles normal to the plane of the electron orbit.
After monochromatization in a crystal monochro
mator, the incident I0and transmitted intensities I(E) are
monitored by ionization chambers. I0/I(E) is related to
the absorption coefficient µ(E) = ln{I0/I(E))/}x for a
sample thickness x, which is typically chosen to be sev
eral microns for x-rays with an energy Elarger than 5
keV. The sample's magnetization is reversed periodically
by reversing the field of the solenoid in which it is
mounted. The dichroic signal corresponds to the differ
ence Aµ =µ+- µ- for the external magnetic field
arranged parallel and antiparallel to the photon "spin"
direction orhelicity.

Other methods to measure the absorption may br
more appropriate in the case of thicker samples, x-ray
opaque substrates or softer x-rays. For instance, the
detection of characteristic fluorescent light is well
suited for very dilute components of thin layers, where
probing depths of some tenths of a micron are needed.
Monitoring the sample's photocurrent while extracting
secondary electrons with mean-free paths of some
nanometers using an applied voltage is extremely sur
face sensitive.

Fig. 3. XMCDina CoML/4Cu
multilayer system. L2- and L3absorption profiles for Co (a)and
Cu (b)and the corresponding
dichroic profiles (c, d). The
deduced spin and orbital
moments are given as inserts.
heavier 3d-, 4d- and 5d-transition metals).
The model therefore fails at the L2- and L3edges of the rare earths because the final
state is neither pure atomic nor pure band
like in character. For atoms such as Mn
with atomic numbers below25, the L2- and
Instates are not well resolved experimen
tally soµLcan onlybe estimated.

Spin-polarized EXAFS

Measurements of x-ray magnetic cir
cular dichroism made at the L-edges of
rare-earth elements demonstrate the pres
ence of dichroic contributions even
beyond the near-edge range, i.e., in the
magnetic or spin-polarized extended x-ray
absorption fine structure (SPEXAFS). This
is shown in the absorption spectrum for
Gd metal given in Fig. 4. It is clear that the
“magnetic” oscillations in this pure system
have a frequency which is similar in mag
nitude to those found in conventional, i.e.,
spin-averaged, structures.
The ratio of the relative amplitudes of
the magnetic contribution at the L2- and
the L3-edges corresponds to about 0.02 to
0.04. This is exactly the ratio of the photo
electron polarization <σz>so it points

directly to the origin of these dichroic fea
tures: the EXAFSresult from interference
between the outgoing electron wave with a
wave number k and the incoming waves
backscattered by the nearest neighbours
located at a distance r, as illustrated in Fig.
5. The frequency of the EXAFS is thus
given by the sin(2k.r) Bragg scattering law.
Spin-polarized EXAFS can even be
observed at K-edges, but since <σz>is only
0.03 the amplitudes observed are an order
of magnitude smaller than those arising at
L-edges.
As discussed in the insert, the outgo
ing photoelectron wave created by absorp
tion of circularly polarized x-rays is spinpolarized. If the magnetic spin-moment of
the neighbouring atom, i.e., the sum of the
spins of its magnetic electrons, is also
polarized, an exchange contribution in
addition to the Coulomb scattering poten
tial takes part in the scattering process.
This results in a magnetic contribution to
the backscattering amplitude. So when the
backscattering neighbour is also spin
polarized, the backscattering amplitude
will be different for parallel and antipar
allel spin orientations of the photoelectron
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The physical origin ofXMCDand its glo
bal characteristics can be discussed in the
frame ofa simplevector coupling model [1].
The model isbased on the dipole approxima
tion for the photoelectron transition and the
constraint that with a change Am,in the orbi
tal quantumnumber m, equal to + (-)1for the
absorption ofa right- (left-) handed photon,
the photoelectron exits with a mean spin pola
rization <σz>in the photonbeamdirectionz.
Hence, for transitions frominitial p1/2-andp3/2
spin-orbit states into a d-like final state, <σz>
amounts to -1/2and +1/4, respectively. The
radial matrix elements for allowed dipole tran
sitions into final s-states are about two orders
of magnitude weaker and can therefore be
neglected.
For verylowphotoelectron energies (E<
20eV) and itinerant final states the absorption
coefficient is described byFermi’s Golden
Rule, i.e.,µl(E) =|M(E)|2pl(E), wherep,(E)
reflects the densityof states (DOS) ofthe
unoccupied bands with a defined angular
momentum/ near the Fermi level and Mis the
transition matrix element for a photon with
energyE. The final states showexchange split
ting ifthe absorbing atomhas a magnetic spin
moment. The majority (minority) bandp+(p)
is shiftedbelow(above) the Fermi level, as
illustrated in the figure for the (5)d-states ofPt
polarized byferromagnetic Fe neighbours. A
local magnetic spin moment is therefore
induced. Its magnitude corresponds to the
integrated difference µl/µB={p+(E) -p-(E)}d£
whereµBis the permeabilityofvacuum.
For the case ofabsorption of a right cir
cularlypolarized photon at the L2-edge in Pt,
a <σz>=-1/2means that three times more
photoelectrons with spin antiparallel to the
photon propagation direction z are ejected
than electrons with spin parallel. Owing to
Pauli’s exclusion principle, the photoelectrons
can be considered as a probe for the final-state
spin polarization projected onto the photon
reciprocal lattice k-vector.
An applied external magnetic field aligns
the Pt magnetic moment, i.e., the spin of the
majorityelectrons are parallel or antiparallel
to the z direction. Following Fermi’s Golden
Rule, the absorption coefficientp for the situ
ation depicted is larger than the coefficientp+
with the reversed magnetization (see Fig. I).
The difference in the absorption coefficients
Ap = |M(E)|2<σz>Ap scales with the spin den
sitydistribution ofthe unoccupied bands. In
analogyto the local spin moment given by
µs/µBB=EfAppoccupeddE, the “hole moment” can
be defined as the integralEf/ApocupieddE. It has
the same value as the actual moment, but
opposite sign, provided the occupied and
unoccupied DOScontain all ten 5d electrons.
Thus the integrated dichroic signal measures
directlythe local spin moment.
The predicted absorption profile in the
vicinityofL2-and L3-edges for an atomwith
an unfilled d-shell is sketched schematicallyin
the Fig. Ha. The high densityofstates results
in the resonantlyenhanced absorption thresh

Fig. I:The photoelectron transition in the L2-absorption of a right circularly polarized photon at a Pt impurity in a
ferromagnetic Fe host. The d-band at the Fermi energy is exchange split owing to the formation of a local magnetic
spin moment. The spin orientation of the majority-like electron relative to the photon helicity is flipped by revers
ing the external magnetic field along the photon propagation direction (see aand b, respectively).
Fig. II:Schematic L3,2-absorption profile (a)for an
absorbing atom with unfilled d-shell. b:Corresponding
XMCDsignal for a complete spin polarization of the
empty final d-states and zero orbital polarization. c:
XMCDprofile for complete final-state orbital polariza
tion and vanishing spin density.
old. Ifthe local spin moment is aligned anti
parallel to the photon beamdirection, i.e., the
final spin DOSA
dpoccupiedidonaverage aligned
parallel, then the dichroic signal is negative
(positive) at the L2(L2) -edge owingto the positive (negative) value of<σz>. Since the transi
tion probabilityis twice as large at the L3-edge
the photoelectron spin polarization vanishes
for zero or experimentallynon-resolvable
initial spin-orbit states.
However, this analysis neglects the fact
that due to the constraint Am, = + 1(for righthanded photons) the outgoing photoelectron
also has a finite orbital polarization <lz>that
depends onlyon the symmetryofthe initial
state. Thus, for example, at both L2- and I3edges, <lz>= +3/4 if the total orbital polariza
tion in the L= 2final state is defined as <lz>=
1. Accordingto this simple model, which read ing on their relative magnitudes. This picture
ilyexplains the sensitivityof the XMCDsignal describes the application of Thole and Carra’s
to the spin moment, the outgoing photoelec sumrules where the intregal∫L2+L3Ap(E)dE
tron also probes the local orbital moment. In scales with the orbital momentumand∫L2+
the (unrealistic) case that an orbital moment L3{2Aµ(E)L2- Aµ(E)L3}d£with the spin
oriented antiparallel to the photon helicityis momentum [3].
onlypresent one would expect a dichroic pro
Interpretating XMCDat K-absorption
fileof the type shown in Fig.IIc.
edges for an initial s-state is complicated since
Ifin the (realistic) case the absorbing
averysmall photoelectron spin polarization
atomcarries a magnetic moment with both
(ofthe order of 10-2) is induced byspin-orbit
spin and orbital contributions Sand L, the
splittingofthe final state, while the orbital
strength ofthe magnetic absorption should
polarization is too %. Socorrelatingthe mag
increase (decrease) at the L3-edge at the
netic absorption profile to the spin and orbital
expense of adsorption at the L2-edge for par moments ofthe p-like final states is complex
allel (antiparallel) coupling ofLand Sdepend and depends strongly on spin-orbit effects.
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and the magnetic electrons of the nearest
neighbour (so-called singlet and triplet
scattering). Moreover, the dichroic effect
in the EXAFSwill change sign if the rela
tive orientation of the spin of the photo
electron and the spin of the magnetic
neighbours is reversed, either by inverting
the photon helicity or by flipping the
direction of the external magnetic field.
The effect of the difference of the
exchange interaction between singlet and
triplet scattering is introduced in the con
ventional EXAFS formula by an additive
contribution scaling with <σz> to the Cou
lomb interaction parameters. The backscattering amplitude F0has to be replaced
by F = F0± <σz>Fc, where Fcis the mag
netic backscattering amplitude, with the
corresponding phase shift φ =φ0± <σz><φc.

Fig.4. XMCDabsorption
spectrum at the Gd metal
L2- and L3-edges with no
background subtraction.
The EXAFSstructures
beyond the absorption
edges are also magnified in
amplitude by factors of 10
and 20at the L2-and L2edges, respectively.

Fig. 5. The physical origin of mag
netic EXAFS. After absorption of a
polarized photon of energy E, the
photoelectron wave is spinpolarized in the photon propagation
direction. Ifthe backscattering
neighbour is also spin polarized the
backscattering amplitude is differ
ent for singlet (a)and triplet (b)
scattering.

Spin-polarized Backscattering
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The electronic neighbour is identical
to the magnetic one in elementary ferro
magnetic systems. Consequently, Fourier
transforms of EXAFS and of its magnetic
counterpart are nearly identical in these
systems [4]. Furthermore, it has been
shown that the relative strengths of the
lines in the transforms, whose positions
mark the separation between nearest
neighbours, are related to the spin
moments of the backscattering atoms. So
it is possible to deduce the k-dependence
of the magnetic backscattering amplitude
Fcfrom experimental SPEXAFS spectra.
Fig. 6 compares experimentally deter
mined Fcspectra for metallic Co and Ni
with the calculated Coulomb backscatter
ing amplitudes. It is evident that the ratio
of the maxima of Fcscale directly with the
ratio of the magnetic spin moment per

address this problem one can use the gar
net Ho3Fe5O12, where according to
Hund’s rules the Ho 4f-core has an orbital
moment L =6 and a spin moment S =2
coupling parallel to the orbital moment.
Fig. 7compares Fourier transforms
for Ho L2- and L3-EXAFS in Ho3Fe5O12
with the oxide’s spin-resolved EXAFS
transforms. As is typically the case for
oxides, the EXAFS Fourier transforms are
dominated by a strong first maximum
resulting frombackscattering at the oxy
gen nearest neighbours; the second peak
indicates the position of the next (four) Fe
neighbours. However, in the SPEXAFS
transforms the prominent oxygen peaks
have vanished at the expense of an
Fig. 7. The Fourier transforms of the L2 increase in the maxima identifying the
and L3-edge EXAFSof Ho in HO3Fe5O12 next and next-nearest group of unresolved
(dotted curve: left-hand scale) com
coordination shells at a distance r of 3A
pared with the Fourier transforms of
consisting of 16 Fe and 8Ho atoms. Fig. 7
the SPEXAFS magnetic contribution
therefore demonstrates that to within the
4µ(k) to the absorption (solid curve;
right-hand scale).The oxygen nearest statistical uncertainties, the ratio L/S of the
neighbours are non-magnetic so their moments does not deviate from a value of
contribution vanishes in the SPEXAFS. -2, even for the range centred on the unre-

atom. In contrast to the F0distribution
which is extended to higher k-values, the
magnetic contribution is concentrated in a
region between 2.5 Å-1and 7.5 Å-1.Acom
parison of the backscattering amplitude
within the whole 3d series shows that it is
in exactly this k-range that 3d-electrons
make the predominant contribution to the
scattering potential. Thus the different Fc
distributions in 3d-metals can be
explained solely in terms of backscattering
fromthe outermost spin-polarized d-shell.
An important question nowarises:
does the existence of an angular momen
tum in the absorbing and/or backscatter
ing atom influence the SPEXAFS ?To

Fig.6. Acomparison of the calculated Coulomb backscattering ampli
tudes F0for the 3d-transition metals Co and Ni with the magnetic backscattering amplitude Fc. The results are plotted as a function of the
reciprocal lattice vector k; F0and Fcwere deduced from the experimen
tal K-edge spin-polarized EXAFS. The shaded area marks the region
where 3d-electrons make the predominant contribution to the backscattering amplitude.

HIGHLIGHTS

Adirect image of an expanding Bose-Einstein conden
sate showing the strong asymmetry in the expansion
owing to repulsion between the condensed atoms. A
characteristic feature of the trap developed by Ketterle
and coworkers at MITis the extreme aspect ratio of the
condensate (150 µm long by 8 pm wide), which can
seen in the expansion. The images show that the
expanding cloud has both a condensed part and a nor
mal part. The latter expands isotropically like a classica
gas whereas the condensate expands into an elliptical
shape. The width of the field of view is 6 mm. In the
early phase, the cloud appears larger than the true size
owing to complete absorption of the laser probe light.
The group has also developed a non
destructive imaging technique. The
absorption of near-resonant light and
reemission in random directions which
was used previously caused the atoms to
recoil, since light was absorbed, and the
recoil energy heated up the condensate
and destroyed it. The newimaging tech
nique employs the dispersion of x-rays:
the atoms in the condensate deflect the xrays at a small angle. The recoil of the
atoms is small, and can even be trans
ferred to the magnetic trap through the
Mössbauer effect. So the condensate can
be imaged without heating to obtain spa
tially resolved images. Two images of the
same condensate have been taken, and
multiple images seempossible - a tech
nique that should open the door to studies
of the dynamics of a single condensate.
Finally, the group has taken the first
step in probing the condensate’s optical
properties, one of the mysteries of this
form of matter. Byshinning photons on
the condensate with a frequency 1.7GHz
away from the resonance frequency of the
condensate it was found that a sodium
condensate acts as a lens: indeed, it is
transparent but deflects light at a small
angle. The angular distribution of the
scattered light is anisotropic.
Nowthat there are several ways to
probe condensates one can address spe
cific aspects (e.g., superfluidity; the nature
of excited states) of the macroscopic phys
ics of Bose-Einstein condensate “superat
oms” consisting of 5million atoms . Inter
ference effects between two superatoms
can perhaps be observed by cutting the
condensate into two parts using a laser.
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solved 16 Fe/8 Ho coordination shells at 3 Large Bose Condensate Imaged
Awhere the L/S ratio for the nearest
neighbours is on average close to 1. So
The highlight of the 15th General Con
magnetic backscattering seems to be unaf ference of the EPS Condensed Matter Divi
fected by the angular momentum of the
sion: EPS-CMD’96 (Stresa; 22-25 April) was
backscattering atom.
an invited plenary talk by Wolfgang Ketterle from MITwho described major
Conclusions
advances in producing and probing a
It has been demonstrated that dichBose-Einstein condensate (BEC). His
roic near-edge effects provide a powerful group has produced a condensate of 5mil
tool for probing the magnetic characteris lion atoms, 10-times greater than the pre
tics of unoccupied density of states and
vious record it set last year. Most impor
determining, in appropriate cases, local
tantly, the group has been able to directly
spin and orbital moments separately and observe the condensate in the atomtrap,
with high accuracy. So X-Ray Magnetic
and not just the fragments of an exploding
Circular Dichroism allows one to study the condensate as was done previously.
local magnetic properties of ferro- and
The key development is a novel trap.
ferri-magnetic solids in an element- and Like previous devices, trapping uses a
symmetry-selective manner.
strong, inhomogeneous magnetic field but
Moreover, the analysis of dichroic
without a zero magnetic field near the
effects beyond the near-edge range (spin- centre of the trap, where atoms experienc
polarized EXAFS) probes magnetic short- ing this field loose their (spin) orientation
range order and the magnetic moments of and escape. The experiments that
neighbouring atoms and allows a clear
achieved BEClast year used a rotating
distinction between magnetic and non
field or optical forces to push the atoms to
magnetic atomic neighbourhoods.
locations where the magnetic field was
Every spectroscopic or crystallo
non-zero. Such tricks are no longer neces
graphic technique involving core-level
sary, because the new trap uses DCmag
absorption can be extended, in principle, netic fields which have a minimum value
to its magnetic counterpart. Indeed, pho of 1Gauss and increase in all directions
tons with energies close to an absorption from the centre. The group has also come
edge are already being applied in magnetic up with a novel “cloverleaf” winding pat
Anomalous Small Angle x-ray Scattering, tern which gives very good optical access
atomic contrast techniques and x-ray
- a crucial requirement because 11laser
microscopy and microtomography. These beams are needed for cooling and probing
innovations are made possible the devel the atoms. Trapped atoms suffered very
opment of high-brilliance x-ray sources
little heating - a condensate could be kept
and they demonstrate the growing
for more than 20 s, and the evaporative
demand world-wide for circularly polar cooling was more efficient than before
ized x-rays.
resulting in the large condensate of Na
atoms.
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