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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 resonswcgdjland a dipolar resonance
(1s—4p), respectively. The quadrupolar resonance is related to the magnetization af ba@s 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[S0163-182609)50538-9

Resonant x-ray magnetic scatteritXMS) has become (combination ofK —modulation directions an8—moment di-
a widely used tool for investigations on magnetic systemsrectiong, each of which possesses monoclinic symmetry. At
Resonant enhancement of the scattered intensity was othe Neel temperature J=292 K, CoO undergoes a large
served by Namikawat al. at theK edge of Ni(Ref. ) more  crystallographic distortion. The symmetry of this must be
than 15 years ago. Subsequently, large resonant enhanaaenoclinic also, but it consists mainly of a tetragonal com-
ments were observed in Hayhich were explained by Han- ponent along that tetrad axis which is closest to the moment
non et al3 using electronic multipole transitions between direction in a given domain.
spin-orbit split core levels and available electronic states. The experiments were performed at the European Syn-
This model gives a good qualitative description of the ex-chrotron Radiation Facilitft ESRP on ID20, the magnetic
perimental results obtained at the 3 and M, 5 edges in  x-ray scattering beamlinewhich receives x rays from an
lanthanide and actinide compounds. In this model theundulator with 42 mm magnetic period. At 7.69 keV, a pho-
strength of the resonant enhancement is related to the spion flux of 2x 102 ph/s has been measured at the sample
polarization and the exchange splitting of the intermediateposition (for a ring current of 200 mAwith energy resolu-
states. The magnetic sensitivity arises from spin-orbit coution of about 1 eV full width at half maximunfFWHM).
pling in the core levels or in the intermediate states. Whermhe sample was mounted inside a closed-cycle refrigerator
the core level is ass state, the observation of magnetic reso-on a four circle diffractometer which allows polarization
nances implies the existence of spin-orbit splitting in theanalysis of the scattered beam. The incoming photon beam
intermediate states. At thK edge of 3 transition metals was po|arized perpendicu|ar to the Scattering p|an@¢|ar-
two processes can take place: a dipolar reson@itein-  jzation). Polarization analysis of the scattered x-ray beam has
volving the Weakly polgrized @ levels and the quadrupolar been performed using Bragg scattering from a®06) ana-
resonance(E2) which involves the strongly polarizedd3 |y e crystal, with a peak reflectivity of 12%. The broad mo-

bands. According to Loveséya net orbital moment in the e spread of this analyzer crystal allows proper integration
ground state is needed for the E2 resonance, as observedpihea collected intensities.

theL#0 system NiC. It should be noted that ih=0 sys- The CoO sample used in this work was a single crystal
tems like MnO(Ref. § and RbMnk; (Ref. 7) small anoma- it 5 (001) face. Aly=0 the scattering plane contained the
lies have been dete_cted at the E2 resonance. In this PapPer W§n1) and (010) directions. AbovE, the mosaic spread at
report the observation of both E1 and E2 resonances in CoGhe (002) charge reflection was 0.15° at an energy of 7.69
Co0 is a simple annferromagne(AF),Awnh a face- keV. Due to theoﬁ symmetry, eaclik domain can be distin-
ce;ntered cubic str.uc_ture abovg (a—.4.?58 » Space group guished according to the propagation vector. But within each
Op). The order within an AF domain is characterized by ax qomain threeS domains contribute to the scattering. Ow-
wave vector of the forn{333}, so that there are four pos- ing to the large tetragonal distortion of CoO, associated with
sible directions K domaing for this wave vector. The mo- the spin directions, each Bragg position is split into three
ments (3.&) are approximately perpendicular (82°) to peaks which can be separated if the mosaic of the crystal and
their modulation direction, and lie in one of the three planeghe resolution of the experiment is good enough. Unfortu-
defined by the{111} modulation and thé001} directions®  nately, several crystal grains were present in (fr@ramag-
We refer to each of these moment directions aSdomain.  netic CoO crystal and more than the three expected reflec-
There are thus twelve different but equivalent AF domaingions could be found at eachK domain position.
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Nevertheless, it was possible to study the energy dependence g CoO (1/2 -1/2 5/2) T=150K
of the magnetic intensity for a number of reflections. = L B B B R B
In the described experiment, eleven different magnetic 2 TJpon §E2 —
positions in reciprocal space have been studied. At each po- E 6L B
sition several peaks have been found, belonging to different 8 5
S domains as well as different grain orientations. For the 2z B N
resonant studies the two most intense peaks, one near the € 4L —
(313) position and the other one near thes§), were cho- _ﬁ 3L P -
sen. They belong to the saredomain (%%%) No scattered ‘i 2l oes ® ~
intensity could be detected at those positions at temperatures 2 1L |
above Ty . The magnetic intensity was measured in both = ol .

polarization channelsyo and o, as a function of energy L R

(7.65 keV — 7.75 keV, C&K edge at 7.709 kel The polar- ?é’\ 5| ©S E2 _
ization analysis is used to discriminate between E1 and E2 2
resonant process, as the scattering amplitude contains differ- 2 4L -
ent geometrical factors for the two proces$¢$The E1 2z
scattering amplitude is proportional to: £ 3 -
k|
o 2L _
fer>i(erX ) -z () % 1L |
£ M?-@Q
O 11 1 | 11 1 | 11 1 11 1 1 1 1

with Ef and Ei being the direction of polarization of the out-

going and incoming photon beam amdhe direction of the 764 766 7.68 7.7 7.2 7.74 7.76

magnetic moments. This geometrical factor gives a finite Energy (keV)

contribution to ther7r polarization channel, but no contribu- _

tion to the oo channel. The geometrical factor of the E2  FIG. 1. The magnetic scattered intensity at thé ) magnetic
resonant process has a more complicated dependerge in Bragg peak as a function of photon energy. The upper graph shows
;i, 5 and the wave vectors of the incoming and outgoingthe scattered intensity in thes channel, whereas the lower graph

beam: its complete development can be found in th shows the intensity measured in the channel. The resonant en-

. 10 . . %ancement of the scattered intensity at 7.709 keV originates from
literature.” In contrast with the E1 process, the Scatte”ngquadrupolar transitions §-3d), as the enhancement is present in

amplitude in an E2 process is nonzero in both polarlzatlorboth polarization channels. The solid lines are simulations, dis-

channels. . N o ussed in the text.
The scattered intensities presented in this work are al

integrated intensities taken from rocking curves and normalghe opservation of a preedge feature at 7.707 keV in the

ized to the intensity of a monitor in front of the diffracto- absorption measuremerisee Fig. 3 which is associated
meter. The absorption coefficiept has been deduced from \ iih 15_.3d transitions.

fluorescence measureméﬁiperformed on the same sample.  The energy dependence of the magnetic intensity is very
Since absorption effects become extremely important in the  Tuq
vicinity of the K edge, we have included the absorption cor-different at the second reflectio; §). In the o channel
rections in the model used to simulate the experimental datdWo distinct resonances were observed. The first one is found
The key results of our work are described in Figs. 1 and 22t _the E2 energy position of 7.707 keV similarly to the
which represent the scattered magnetic intensity as a fung$33) reflection; it also appears in the second polarization
tion of energy at the two different magnetic positions in re-channel, confirming its E2 character. The second resonance
ciprocal space. In the upper graph, we represent the megs found at higher energy at 7.724 keV. Since this second
sured intensity of therw channel and the lower graph shows enhancement is not observed in the channel it is identi-
the oo channel. _ fied as an E1 transitionsi-4p. The E1 resonant peak is
First let us concentrate on thé ¥3) reflection(Fig. 1).  Significantly broader (FWHM 5.5 eV) in energy than the
At 7.707 keV, the intensity is enhanced by approximately 252 resonant peak (FWHM1 eV), in agreement with the
factor of 4 over the nonresonant signal seen at lower energftP bands being wider in energy than the Bands. In the
Th]? const_arr:t rr:onresonant magnetic scattering a”;]p"tlllqe.irér(r channel at the¥3 %) reflection, the resonant intensity at
terferes with the resonant magnetic scattering in the vicinity, A : : n .
of the K edge, which results in an increase of the intensity att.he E2 position is three times higher than 'at F%é D pos
lower (highej energy and a dip in the intensity at higher 1" whereas the nonresonant magnetic intensity at the
(lowen) energies in theom (oo) polarization channel. (33%) position is lower than at the;¢ 3) position(see Figs.
Above the edge, the nonresonant magnetic scattering bd-and 2.
comes weaker due to higher absorption, but is still measur- To emphasize the actual resonant enhancement at E1, we
able. The presence of the enhancement in both polarizatioisplay in Fig. 3 the measured intensity in ther channel
channels identifies this resonance at 7.707 keV clearly as aafter correction for absorptiott. The relative enhancement
E2 (1s—3d) type resonance. This is further supported byof the corrected magnetic intensity at the E1 position com-
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) ) ) - ) FIG. 3. The upper figure shows the absorption corrected inten-
FIG. 2. The magnetic scattered intensity at thé £) magnetic T

Bragg peak as a function of photon energy. The upper graph showdties for the ¢ 11y reflection in thesm channel. It can be seen that

the scattered intensity in ther channel, whereas the lower graph after absorption correction the E1 resonant enhancement is much
shows the intensity measured in ther (’:hannel The energy line more important than the E2 one. The lower figure shows the linear

shape for this reflection is more complicated, due to the presence §PSorption coefficient of CoO determined from the fluorescence
a dipolar resonance §+4p), which is only observable in the ro- measurement. The inset shows the weak anomaly at the E2 resonant

tatedo 7 polarization channel. The solid lines are simulations, dis-Sneray-

cussed in the text. ) )
where A is the amplitude of the nonresonant, and B and C

pared to the nonresonant intensity is a factor of 16, which ighe relative enhancement of the E2 and E1 processes com-
much more important than the relative enhancement of ®ared to the nonresonant scatterifigcluding geometrical
factor of 1.6 at the E2 resonance. _ factor9. x describes the deviation from resonance in units of
The absence of an E1 resonance at thg3( reflection the core-hole lifetime,x;=(E; —E,—~ % w)/(I'/2), where
can be understood when taking into account the magnetie, —E, is the resonant energy. Experimentally, the core-
structuré and the crystal orientation, which enter the geo-hole lifetime T’ was found to be 1.7 eV from fluorescence
metrical factor of the E1 scattering amplitude. Using themeasurement€. This value includes the energy resolution
Herrmann-Ronzafdmodel for the magnetic moment direc- broadening.
tions of CoO, the factof(e;X ;) -2|? is at least ten times The scattered intensities are proportional to the modulus
smaller for theS domain for which the magnetic moment squared of the scattering amplitude:
direction is characterized by the (001) axis, compared to the

two otherSdomains. In addition absorption becomes impor- ( Xaq ) Xep 2
tant at the E1 energy position and thus the E1 resonant in- Imag®| 1+ B — +C| =
tensity becomes too weak to be detected for this reflection. X3¢+ 1 Xgptl
On the other hand at the; ¢ %) reflection a strong E1 reso- 1 2
nance is expected for th& domain with the magnetic- + B,T< > > : ()
moment direction characterized by the (001) axis. X3qT 1 Xapt1

Now we consider the energy line shape. The magnetic
scattering amplitude near an absorption edge is the sum of xsq || 2
the nonresonant scattering amplitude and resonant terms Imag®| 1+Bol 5——| | +|Bs| N
from the E2 and E1 contributions: X3t 1 X3t 1

fmag=i(fronrest fE2 4 fEL The subscriptsr and o indicate that the geometrical fac-

res res
tors contained in the scattering amplitudes of the non-
: C resonant and E2 process are different in the two polarization
=iA| 1+ -+ =, 2
Xgg—i  Xgp—i channels.
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In order to simulate the broademp4bands we have as- from the polarization of the @ states. As developed by
sumed a largef’, which of course is a very crude model. Lovesey the presence of an E2 resonance indicates the ex-
More sophisticated models should take into account théstence of a significant orbital momentum contribution to the

band-like nature of Co @ states. At the %) reflection, total magnetization density, whereas in compounds without

this modeling provides the following relative scattering am-orbital moment, such as RbMQF?_ only small anomalies are
plitudes: B, =2.2 andB_ = — 1.6, and at the ¥11) reflec- observed. In CoO a strong orbital moment of the order of

. ) L~1ug has been invoked to describe its insulating
tion: the E2 amplitude8,=18 andB_,=—1.8. Its E1 am- 3,14 . : )
plitude C is found to beC—=4.2. These relative scattering charactet:>1* The observation of the E1 resonance is some

amplitudegwith signg are in agreement with the predictions how surprising as theptbands of Co in CoO are supposed

to be empty. The origin of the dipolar amplitude must arise

of the geometrical factors contained in the scattering amp“i‘rom the spin-orbit splitting of the Coptstates accompanied

e e e o e 2iFan exchange sptinch sitings lad o 8 magnetc
' gensitivity which is in fact comparable to that observed in

consistency supports the validity of our modellng. rare earths at the, ; edge; however the resonant amplitude
In conclusion, we have reported the observation of reso- : o
: ; . at the E1 threshold, which involves empty 4&tates, de-

nant x-ray magnetic scattering at thkeedge of Co in the

antiferromagnet CoO. Two distinct resonances have been ol§-§ :lvses further theoretical treatment based on band calcula-

served and it is shown that they can be attributed to quadru-
polar transitions to the magnetiad3evels and dipolar tran- We are indebted to J. Baruchel for providing us with CoO
sitions to the 4 bands. The origin of the E2 resonance arisesrystals.
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