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K-edge resonant x-ray magnetic scattering from CoO
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We report the observation of two contributions to resonant x-ray magnetic scattering experiments performed
at theK edge of Co in the antiferromagnet CoO. By using polarization analysis of the scattered x-ray beam, the
two resonances have been clearly associated to a quadrupolar resonance (1s→3d) and a dipolar resonance
(1s→4p), respectively. The quadrupolar resonance is related to the magnetization of the 3d bands and to the
existence of a net orbital moment, whereas the dipolar resonance must be related to spin-orbit splitting of the
~empty! Co 4p states.@S0163-1829~99!50538-9#
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Resonant x-ray magnetic scattering~RXMS! has become
a widely used tool for investigations on magnetic system
Resonant enhancement of the scattered intensity was
served by Namikawaet al. at theK edge of Ni~Ref. 1! more
than 15 years ago. Subsequently, large resonant enha
ments were observed in Ho,2 which were explained by Han
non et al.3 using electronic multipole transitions betwee
spin-orbit split core levels and available electronic stat
This model gives a good qualitative description of the e
perimental results obtained at theL2,3 and M4,5 edges in
lanthanide and actinide compounds. In this model
strength of the resonant enhancement is related to the
polarization and the exchange splitting of the intermedi
states. The magnetic sensitivity arises from spin-orbit c
pling in the core levels or in the intermediate states. Wh
the core level is ans state, the observation of magnetic res
nances implies the existence of spin-orbit splitting in t
intermediate states. At theK edge of 3d transition metals
two processes can take place: a dipolar resonance~E1! in-
volving the weakly polarized 4p levels and the quadrupola
resonance~E2! which involves the strongly polarized 3d
bands. According to Lovesey4 a net orbital moment in the
ground state is needed for the E2 resonance, as observ
the LÞ0 system NiO.5 It should be noted that inL50 sys-
tems like MnO~Ref. 6! and RbMnF3 ~Ref. 7! small anoma-
lies have been detected at the E2 resonance. In this pape
report the observation of both E1 and E2 resonances in C

CoO is a simple antiferromagnet~AF!, with a face-
centered cubic structure aboveTN (a54.258 Å, space group
Oh

5). The order within an AF domain is characterized by

wave vector of the form$ 1
2

1
2

1
2 %, so that there are four pos

sible directions (K domains! for this wave vector. The mo
ments (3.8mB) are approximately perpendicular (82°)
their modulation direction, and lie in one of the three plan
defined by the$111% modulation and the$001% directions.8

We refer to each of these moment directions as anSdomain.
There are thus twelve different but equivalent AF doma
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~combination ofK –modulation directions andS–moment di-
rections!, each of which possesses monoclinic symmetry.
the Néel temperature TN5292 K, CoO undergoes a larg
crystallographic distortion. The symmetry of this must
monoclinic also, but it consists mainly of a tetragonal co
ponent along that tetrad axis which is closest to the mom
direction in a given domain.

The experiments were performed at the European S
chrotron Radiation Facility~ESRF! on ID20, the magnetic
x-ray scattering beamline,9 which receives x rays from an
undulator with 42 mm magnetic period. At 7.69 keV, a ph
ton flux of 231012 ph/s has been measured at the sam
position ~for a ring current of 200 mA! with energy resolu-
tion of about 1 eV full width at half maximum~FWHM!.
The sample was mounted inside a closed-cycle refriger
on a four circle diffractometer which allows polarizatio
analysis of the scattered beam. The incoming photon be
was polarized perpendicular to the scattering plane (s polar-
ization!. Polarization analysis of the scattered x-ray beam
been performed using Bragg scattering from a PG~006! ana-
lyzer crystal, with a peak reflectivity of 12%. The broad m
saic spread of this analyzer crystal allows proper integra
of the collected intensities.

The CoO sample used in this work was a single crys
with a (001) face. Atx50 the scattering plane contained th
(001) and (010) directions. AboveTN the mosaic spread a
the (002) charge reflection was 0.15° at an energy of 7
keV. Due to theOh

5 symmetry, eachK domain can be distin-
guished according to the propagation vector. But within ea
K domain threeS domains contribute to the scattering. Ow
ing to the large tetragonal distortion of CoO, associated w
the spin directions, each Bragg position is split into thr
peaks which can be separated if the mosaic of the crystal
the resolution of the experiment is good enough. Unfor
nately, several crystal grains were present in the~paramag-
netic! CoO crystal and more than the three expected refl
tions could be found at eachK domain position.
R9912 ©1999 The American Physical Society
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Nevertheless, it was possible to study the energy depend
of the magnetic intensity for a number of reflections.

In the described experiment, eleven different magne
positions in reciprocal space have been studied. At each
sition several peaks have been found, belonging to diffe
S domains as well as different grain orientations. For
resonant studies the two most intense peaks, one nea

( 1
2

1
2

5
2 ) position and the other one near the (1

2
1
2

7
2 ), were cho-

sen. They belong to the sameK domain (12
1
2

1
2 ). No scattered

intensity could be detected at those positions at temperat
above TN . The magnetic intensity was measured in bo
polarization channels,ss and sp, as a function of energy
~7.65 keV – 7.75 keV, CoK edge at 7.709 keV!. The polar-
ization analysis is used to discriminate between E1 and
resonant process, as the scattering amplitude contains d
ent geometrical factors for the two processes.3,10 The E1
scattering amplitude is proportional to:

f E1} i ~ ê f3 ê i !• ẑ ~1!

with ê f and ê i being the direction of polarization of the ou
going and incoming photon beam andẑ the direction of the
magnetic moments. This geometrical factor gives a fin
contribution to thesp polarization channel, but no contribu
tion to the ss channel. The geometrical factor of the E
resonant process has a more complicated dependence iê f ,
ê i , ẑ and the wave vectors of the incoming and outgo
beam; its complete development can be found in
literature.10 In contrast with the E1 process, the scatteri
amplitude in an E2 process is nonzero in both polarizat
channels.

The scattered intensities presented in this work are
integrated intensities taken from rocking curves and norm
ized to the intensity of a monitor in front of the diffracto
meter. The absorption coefficientm has been deduced from
fluorescence measurements11 performed on the same sampl
Since absorption effects become extremely important in
vicinity of the K edge, we have included the absorption c
rections in the model used to simulate the experimental d

The key results of our work are described in Figs. 1 and
which represent the scattered magnetic intensity as a f
tion of energy at the two different magnetic positions in
ciprocal space. In the upper graph, we represent the m
sured intensity of thesp channel and the lower graph show
the ss channel.

First let us concentrate on the (1
2

1
2

5
2 ) reflection ~Fig. 1!.

At 7.707 keV, the intensity is enhanced by approximatel
factor of 4 over the nonresonant signal seen at lower ene
The constant nonresonant magnetic scattering amplitude
terferes with the resonant magnetic scattering in the vicin
of theK edge, which results in an increase of the intensity
lower ~higher! energy and a dip in the intensity at high
~lower! energies in thesp (ss) polarization channel.
Above the edge, the nonresonant magnetic scattering
comes weaker due to higher absorption, but is still mea
able. The presence of the enhancement in both polariza
channels identifies this resonance at 7.707 keV clearly a
E2 (1s→3d) type resonance. This is further supported
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the observation of a preedge feature at 7.707 keV in
absorption measurement~see Fig. 3!, which is associated
with 1s→3d transitions.

The energy dependence of the magnetic intensity is v

different at the second reflection (1
2

1
2

7
2 ). In the sp channel

two distinct resonances were observed. The first one is fo
at the E2 energy position of 7.707 keV similarly to th

( 1
2

1
2

5
2 ) reflection; it also appears in the second polarizat

channel, confirming its E2 character. The second resona
is found at higher energy at 7.724 keV. Since this seco
enhancement is not observed in thess channel it is identi-
fied as an E1 transition 1s→4p. The E1 resonant peak i
significantly broader (FWHM;5.5 eV) in energy than the
E2 resonant peak (FWHM;1 eV), in agreement with the
4p bands being wider in energy than the 3d bands. In the

ss channel at the (12
1
2

7
2 ) reflection, the resonant intensity a

the E2 position is three times higher than at the (1
2

1
2

5
2 ) posi-

tion, whereas the nonresonant magnetic intensity at

( 1
2

1
2

7
2 ) position is lower than at the (1

2
1
2

5
2 ) position~see Figs.

1 and 2!.
To emphasize the actual resonant enhancement at E1

display in Fig. 3 the measured intensity in thesp channel
after correction for absorption.11 The relative enhancemen
of the corrected magnetic intensity at the E1 position co

FIG. 1. The magnetic scattered intensity at the (1
2

1
2

5
2 ) magnetic

Bragg peak as a function of photon energy. The upper graph sh
the scattered intensity in thesp channel, whereas the lower grap
shows the intensity measured in thess channel. The resonant en
hancement of the scattered intensity at 7.709 keV originates f
quadrupolar transitions (1s–3d), as the enhancement is present
both polarization channels. The solid lines are simulations,
cussed in the text.
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pared to the nonresonant intensity is a factor of 16, whic
much more important than the relative enhancement o
factor of 1.6 at the E2 resonance.

The absence of an E1 resonance at the (1
2

1
2

5
2 ) reflection

can be understood when taking into account the magn
structure8 and the crystal orientation, which enter the ge
metrical factor of the E1 scattering amplitude. Using t
Herrmann-Ronzaud8 model for the magnetic moment direc
tions of CoO, the factoru( ê f3 ê i)• ẑu2 is at least ten times
smaller for theS domain for which the magnetic momen
direction is characterized by the (001) axis, compared to
two otherSdomains. In addition absorption becomes imp
tant at the E1 energy position and thus the E1 resonan
tensity becomes too weak to be detected for this reflect

On the other hand at the (1
2

1
2

7
2 ) reflection a strong E1 reso

nance is expected for theS domain with the magnetic
moment direction characterized by the (001) axis.

Now we consider the energy line shape. The magn
scattering amplitude near an absorption edge is the sum
the nonresonant scattering amplitude and resonant te
from the E2 and E1 contributions:

f mag5 i ~ f nonres1 f res
E2 1 f res

E1 !

5 iAS 11
B

x3d2 i
1

C

x4p2 i D , ~2!

FIG. 2. The magnetic scattered intensity at the (1
2

1
2

7
2 ) magnetic

Bragg peak as a function of photon energy. The upper graph sh
the scattered intensity in thesp channel, whereas the lower grap
shows the intensity measured in thess channel. The energy line
shape for this reflection is more complicated, due to the presenc
a dipolar resonance (1s–4p), which is only observable in the ro
tatedsp polarization channel. The solid lines are simulations, d
cussed in the text.
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where A is the amplitude of the nonresonant, and B and
the relative enhancement of the E2 and E1 processes c
pared to the nonresonant scattering~including geometrical
factors!. x describes the deviation from resonance in units
the core-hole lifetime,xi5(Eci

2Ea2\v)/(G/2), where

Eci
2Ea is the resonant energy. Experimentally, the co

hole lifetime G was found to be 1.7 eV from fluorescenc
measurements.12 This value includes the energy resolutio
broadening.

The scattered intensities are proportional to the modu
squared of the scattering amplitude:

I mag
sp }F11BpS x3d

x3d
2 11

D 1CS x4p

x4p
2 11

D G 2

1FBpS 1

x3d
2 11

D 1CS 1

x4p
2 11

D G 2

, ~3!

I mag
ss }F11BsS x3d

x3d
2 11

D G 2

1FBsS 1

x3d
2 11

D G 2

. ~4!

The subscriptsp ands indicate that the geometrical fac
tors contained in the scattering amplitudes of the n
resonant and E2 process are different in the two polariza
channels.

ws

of

-

FIG. 3. The upper figure shows the absorption corrected in

sities for the (12
1
2

7
2 ) reflection in thesp channel. It can be seen tha

after absorption correction the E1 resonant enhancement is m
more important than the E2 one. The lower figure shows the lin
absorption coefficient of CoO determined from the fluoresce
measurement. The inset shows the weak anomaly at the E2 res
energy.
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In order to simulate the broader 4p bands we have as
sumed a largerG, which of course is a very crude mode
More sophisticated models should take into account

band-like nature of Co 4p states. At the (12
1
2

5
2 ) reflection,

this modeling provides the following relative scattering a

plitudes:Bs52.2 andBp521.6, and at the (12
1
2

7
2 ) reflec-

tion: the E2 amplitudesBs518 andBp521.8. Its E1 am-
plitude C is found to beC54.2. These relative scatterin
amplitudes~with signs! are in agreement with the prediction
of the geometrical factors contained in the scattering am
tudes of the nonresonant and resonant processes for the
S domains as discussed for the E1 resonance. This inte
consistency supports the validity of our modeling.

In conclusion, we have reported the observation of re
nant x-ray magnetic scattering at theK edge of Co in the
antiferromagnet CoO. Two distinct resonances have been
served and it is shown that they can be attributed to qua
polar transitions to the magnetic 3d levels and dipolar tran-
sitions to the 4p bands. The origin of the E2 resonance aris
s

ls

e

hy
e

-

i-
me
al

-

b-
u-

s

from the polarization of the 3d states. As developed b
Lovesey4 the presence of an E2 resonance indicates the
istence of a significant orbital momentum contribution to t
total magnetization density, whereas in compounds with
orbital moment, such as RbMnF3,7 only small anomalies are
observed. In CoO a strong orbital moment of the order
L;1mB has been invoked to describe its insulati
character.13,14 The observation of the E1 resonance is som
how surprising as the 4p bands of Co in CoO are suppose
to be empty. The origin of the dipolar amplitude must ar
from the spin-orbit splitting of the Co 4p states accompanie
by an exchange splitting.7 Such splittings lead to a magnet
sensitivity which is in fact comparable to that observed
rare earths at theL2,3 edge; however the resonant amplitu
at the E1 threshold, which involves empty 4p states, de-
serves further theoretical treatment based on band calc
tions.

We are indebted to J. Baruchel for providing us with Co
crystals.
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