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Resonant enhancement of the magnetic x-ray scattering has been observed in the ferromagnetic com-
pound CoPt. By measuring the scattered Bragg intensities upon reversal of the magnetization perpen-
dicular to the scattering plane, the asymmetry ratio has been determined for the (220), (331), and the
(440) reflections. The resonant line shape of the asymmetry ratios was investigated by tuning the photon
energy through the Ly, edge of platinum. Values, as large as —0.012, —0.07, and 0.09 for the (220),
(331), and (440) reflections, respectively, are observed at the maximum of the resonance. These values
are in agreement with the theoretical predictions made for a similar alloy Pt;Mn. The resonant line
shape of asymmetry ratios is accounted for by a single 2p<>5d dipolar electric transition and a magnetic
scattering amplitude equal to 0.8 r, per platinum atom.

INTRODUCTION

In the last several years a growing number of experi-
ments on very different magnetic systems has been under-
taken that use x-ray scattering. Owing to the high fluxes,
polarization and tunability of synchrotron radiation,
scattering of x-rays is becoming an experimental tech-
nique to investigate magnetic materials. Strong enhance-
ments of the magnetic scattering have recently been ob-
served in holmium'! and UAs,? by tuning the energy of
the incident photons through the Ly, Ly or My My ab-
sorption edges. This effect, also called resonant exchange
scattering,’ was observed in diffraction experiments on
collinear antiferromagnetic or helimagnetic compounds,
where purely magnetic superlattice peaks exist."> At the
same time, studies in ferromagnetic systems*”® by ab-
sorption spectroscopy near the L or M edges with circu-
larly polarized synchrotron radiation show important
effects of magnetic dichroism. The enhancement of the
magnetic signal, measured in both types of experiments,
arises from the same mechanism. It has been analyzed by
Hannon et al.? on the basis of electric multipole transi-
tions between an atomic core level and either an unfilled
atomic shell or a narrow band. To get a strong resonant
enhancement, the scattering must involve a low-order
electric multipole transition. The resonant exchange
scattering is also increased when the spin-orbit coupling
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splits the inner shell in a well-resolved doublet, as L;-
Ly or My-My. Due to the Pauli exclusion principle,
the transitions are allowed only to unoccupied states,
which results in an exchange interaction sensitive to the
magnetization of the f and d states.

Resonant exchange scattering can also be observed by
diffraction experiments in ferro- or ferrimagnetic systems.
An experiment was made by Namikawa et al.® at the K
edge of Ni. While it showed a very small effect, Carra,
Altarelli, and de Bergevin'® predicted larger effects at the
L edges of the 5d transition metal or of the rare-earth
systems where the inner shell is split into well-resolved
Ly, and Ly levels by a strong spin-orbit coupling. In a
ferro- or ferrimagnet, the diffracted Bragg intensity con-
tains a product of a magnetization-dependent and a non-
magnetic amplitude. The intensity of the Bragg peaks
can be changed by reversing the magnetization along a
direction perpendicular to the diffraction plane and an
asymmetry ratio R, can be then defined. A large asym-
metry ratio has indeed been observed by Kao et al.!! at
the L;; and Ly edges of iron. Since Bragg scattering is
impossible at that energy, instead the reflectivity of a thin
film was measured. The proposal by Carra et al. is to
measure the asymmetry ratio of the Bragg peaks near the
L-Ly; edges of the 5d transition metal in 3d-5d in-
termetallics. For instance, in MnPt;, where the Pt ions
carry very weak magnetic moments of the order of only
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0.26up, asymmetry ratios as large as a few percent are
predicted. We present in this paper a synchrotron radia-
tion diffraction experiment on a quite similar ferromag-
netic compound, CoPt. The evolution of the asymmetry
ratio determined for the (220), (331), and (440) Bragg
reflections has been observed near the Ly; absorption
edge of platinum.

The total coherent scattering amplitude in magnetic
materials results from different contributions: the usual
Thomson scattering, f,, and the magnetic scattering.
Magnetic scattering arises from interaction between the
electromagnetic wave and both spin and orbital magneti-
zation densities. This last contribution is smaller by
(#iw /mc?) in amplitude than the charge terms and will be
neglected in the following discussion. The amplitude of
the scattering can be expressed as a 2 X2 matrix defined
in the basis of two polarization states of the photons, re-
spectively perpendicular (o) and parallel (7) to the
scattering plane.

The scattering amplitude, choosing the unit as r, the
electron radius, is given by

f—_(A* € Mo+ f—if")+ Ares - (1

S',if" are the contributions from dispersive and absorp-
tive processes. In Eq. (1) the convention for the sign of
the imaginaries is that used in neutron diffraction. Equa-
tion (1) is written so as to represent the Thomson ampli-
tude by a positive f,. Subsequently, f' is negative and
f" positive. These quantities describe the usual resonant
charge scattering and are assumed to be magnetization
independent. Scattering from specific electric multipole
transitions between a core level and either an unfilled
atomic shell or a narrow band has been put apart in a,,,.
It contains the magnetization-dependent resonant ex-
change scattering. In the present case, we will consider
electric dipolar transitions in the absence of crystal field
effects. Indeed, at the L; edge of Pt only dipolar transi-
tions 2p; ,,«>5ds,, are expected. The resonant exchange
scattering amplitude in units of , is written as®
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In Egs. (1) and (2), the unit vector €, (&;) represents
the incident (scattered) polarization of the beam and 2
the direction of the quantization axis defined by the local
moment of the ion. The F),, terms are proportional to
the probability of a /-polar virtual transition associated
with a transfer m of angular momentum along the direc-
tion Z of the quantization axis (m =0=1 for dipolar tran-
sitions). Their magnitude depends on overlap integrals
between the atomic ground state and the intermediate ex-
cited one. In order to simplify the formulation, we use a
notation for the F),, slightly different from Refs. 3 and
10. In Eq. (2) the F,,, terms include all the constant fac-
tors. The energy-dependent factors are written as a func-
tion of x, the relative deviation from the resonance:
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x=——". (3)
rs2
E;—E, is the transition energy and 7w the energy of the
incident photons.

In a ferro- or ferrimagnetic system, the magnetization-
dependent amplitude is mixed up in the same peak with
Thomson and conventional dispersive amplitudes. It
gives rise to an interference term which contains the fac-
tor

(ef )(efxe ) (4)

Its sign changes on a magnetization reversal. Therefore
it is possible to observe an asymmetry ratio R, defined by
Tl
rR,=1"1. (5)
I'+1

I'" (I') represents the scattered intensity for spin parallel
(antiparallel) to Z. The factor (4) reaches its maximum
value for a 7-m experimental scattering geometry and Z
parallel to k xk r- Such a configuration is easily ob-
tained in a synchrotron experiment when the sample is
kept single domain with the magnetization perpendicular
to the horizontal diffraction plan. In these experimental
conditions, the contribution of a,. to the total amplitude
may be separated out in two terms. In Eq. (2), the first
term, independent of the magnetization, accounts for the
white line at the absorption edge. It can be expressed in a
simplified formulation as F,;+F,;=n,. The second
term gives the purely magnetic contribution and may also
be simplified as F|; —F, ; =n,,. for a completely in-plane
incident polarization, the third term cancels. It can be
neglected for the polarization achieved in usual cases.

In order to describe in a crude model the dispersive
amplitudes near the absorption edge we represent the
density of states by a step function and convolute it by
the factor describing the resonance

i+x
1+x2

It is assumed that the absorption edge and the white line
are centered at the same energy and have the same width
I'. While for the imaginary part the convolution is
straightforward and results in an arctangent, the real part
gives rise to an integral which diverges at high energy.
This is a nonphysical feature, coming from our model
having a constant amplitude, while the real amplitude de-
creases roughly as E 3. Being interested only in the re-
gion near the edge, we replace the divergent part by an
arbitrary constant, and obtain

. nS
f’——tf"=nc+—2—ln(1+x2)

—i|n arctan( , (6)

n
st —x)+§

where n, (the arbitrary constant) represents the value of
f' at its minimum of amplitude, n; the amplitude step of
S at the edge, and n its value below the edge. This al-
lows us to give an expression of the asymmetry ratio:
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Equation (7) takes into account the degree of linear in-
cident polarization. The incident polarization is de-
scribed with its two components P and P, related to the
corresponding  Stokes  parameter N, through
P,—P;=N, and P, +P =1. The asymmetry ratio de-
pends on the energy and on the diffraction angle 6. The
sign of O in (7) is defined as the sign of (k;,k,,Z). We
recall that in R, I' is measured for spin along Z, i.e.,
magnetization opposite to Z. R, has the sign of n,, for
scattering angles 65 <45°% it vanishes at 65 =45 and
changes its sign for 85 > 45°.

EXPERIMENT

The intermetallic alloy CoPt crystallizes at high tem-
perature in a disordered face-centered-cubic structure.
Below 1100 K it undergoes a phase transformation into
an ordered face-centered-tetragonal structure. However,
the disordered phase may be stabilized at room tempera-
ture by a fast cooling from 1300 K. Both ordered and
disordered phases are ferromagnetic at room temperature
(Tc=700 K or higher'>"!%). The present experiment is
carried out on a single crystal of CoPt in the disordered
phase (the order parameter is roughly 0.05). The magnet-
ic moments are reported as puc,=1.65up and
tp,=0.25u, in the ordered phase.'”> The same values
have been found for ordered CoPt;, which shows, when
disordered, a decrease of pc, down to 1.3up and an in-
crease of up, up to 0.45up.'® The bulk magnetization
measurements made on our sample at room temperature
show that the saturation is reached at about 0.4 T for a
magnetic applied field along an easy twofold axis (Fig. 1),
and that the magnetization is 2.08up per CoPt unit.
Since some fraction of the cobalt, of order of 15%, is ac-
tually substituted with iron, we do not draw precise
values for the moments and assume pc-,~1.65up and
0.25<pp,<0.45u5. The sample is a disk, 1 mm thick
and 10 mm diameter. It is cut along a 110 surface, which
also contains the [110] and [001] directions. The mosaic
width is in the range 0.5-1°. _

X-ray-diffraction experiments were performed at La-
boratoire  pour [I’Utilisation du  Rayonnement
Electromagnétique on the D23 beam line.!” A double

Magnetic Field (T)

FIG. 1. Magnetization measurements at room temperature of
the CoPt single crystal along the twofold [110] (full dots) and
the fourfold [001] (open dots) axes.

Si(311) monochromator allows one to tune the incident
photon energy from 11520 to 11590 eV. The degree of
linear polarization parallel to the horizontal scattering
plane has been determined from the Bragg intensities of
an aluminum powder. Five reflections, measured up to
65 =40°, give a good fit without any preferred orienta-
tion. The incident in-plane beam polarization P was
found to be 0.968. The experimental setup is drawn in
Fig. 2. A small electromagnet, able to produce a magnet-
ic field of 0.45 T, is mounted on the four circle
diffractometer. The experimental geometry is set in order
to have the axis of the ¢ circle vertical and the magnetic
field parallel to that axis (z in Fig. 2). The sample is
mounted with its face parallel to the z axis on a fifth cir-
cle. This one is a small, manually driven, goniometer and
allows one to align the [110] or the [001] directions of the
crystal parallel to the magnetic field, i.e., perpendicular
to the horizontal scattering plane. We call it ¥ circle,
though its axis, normal to z, is along the scattering vector
only for the (hh0) reflections. The evolution of the asym-

DETECTOR

INCIDENT BEAM

FIG. 2. Experimental setup. The diffraction plane is the hor-
izontal plane and the applied magnetic field is perpendicular to
it. The ¥ movement represented in the inset allows one to align
the sample with the [110] or the [001] axis vertical, i.e., parallel
to the field.
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metry ratio as a function of the incident energy was
determined by measuring the reflections (220), (331), and
(440) at the Bragg angles 23.7°, 38.3° and 53.6°, respec-
tively, with the [110] direction of the crystal parallel to
the magnetic field. For a given incident energy, the evo-
lution of the asymmetry ratio as a function of the mag-
netic field was determined by measuring the (440)
reflection with the [110] and the [001] directions succes-
sively parallel to the field. For a given reflection, the field
was set at its maximum value, 0.45 T, for 1 sec before
opening the counting gate, a counting of 5 sec was col-
lected at the peak position for one direction of the field,
then the field was reversed. This sequence was repeated
during 15 to 30 min. This fixed time operating mode
avoids possible uncorrelated drifts between monitor and
detector and limits the statistical errors to only the detec-
tor measurements. In order to get a good determination
of the peak-to-background ratio wide enough 26 scans
were made before starting the sequence at each Bragg
peak and each energy. Measurements at different posi-
tions in the background confirmed a null asymmetry ratio
in the background. The peak-to-background ratio being
strongly affected by the fluorescence, it allowed us to
check the calibration in energy with respect to the Pt L
edge. For each sequence of measurements, the set of in-
tensities counted by both the monitor and the detector
was analyzed by means of a Fourier transform. The
beam lifetime, 50 h had a negligible effect. When, for any
reason, a significant drift could be ascertained, the result
was corrected for, and when fluctuations, larger than the
statistical errors, could be detected the error bar was ac-
cordingly increased.

RESULTS

The asymmetry ratios, corrected from the background,
have been determined and are reported in Fig. 3. Beyond

0.10

T

«(220)
o(331)
J{440)

0.05

ASYMMETRY RATIO

-0.05

_OA1O 4 1 1 1
11540 11550 11560 11570 11580 11590
ENERGY (eV)

FIG. 3. Energy line shape of the asymmetry ratios for the
(220), (331), and (440) reflections. The full lines represent the fits
calculated within the assumption of electric dipole 2p —5d tran-
sitions [Eq. (7)).
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20 eV below and above the energy of the resonance the
values of the asymmetry ratio are negligible. Normal
magnetic scattering is too weak to be observed. Closer to
the resonance these ratios rapidly increase and reach at
the absorption edge values as large as —0.012, —0.07,
and 0.09 for the (220), (331), and the (440) reflections, re-
spectively. The asymmetrical shape of the curves is qual-
itatively explained by an interference between the imagi-
nary part of a, (2) (it behaves like a Lorentzian multi-
plied by x), and f"' (6). The change in sign of the experi-
mental ratio between the (220), (331), and the (440)
reflections results from the factor tan(268;) in the Eq. (7),
since for the (440) reflection, the Bragg angle is greater
than 45°. In Fig. 4 are shown the variations of the asym-
metry ratio as a function of the magnetic field. The
asymmetry ratios are determined at the maximum of the
resonance from the (440) Bragg reflection with the field
applied along the [110] and [001] directions of the crystal.
The anisotropy of the asymmetry ratio between the two
directions agrees with the bulk magnetization measure-
ments, but x-rays show a higher initial susceptibility
along both directions. This behavior may be due to both
methods probing different regions of the sample. The x-
ray beam impinges the central zone of the disk, where a
smaller density of reverse domains is expected.

We have attempted to fit experimental data using Eq.
(7) for the asymmetry ratio. As said above, a single reso-
nance energy is assumed in the calculations. Though the
incident beam is not totally polarized in the horizontal
plane, the third term in Eq. (2) remains small and is
neglected in the calculations. Expression (7) depends on
the five parameters n.,ng,n.,n,,n, [see Eq. (6) and asso-
ciated text], on the polarization P| and on the width I" of
the resonance. We also have assumed an experimental
energy resolution 0. However, the data can be well fitted
using previously determined values for some of these pa-
rameters and adjusting four of them. The values for n
and n; are taken from the work by D. H. and L. K. Tem-
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FIG. 4. Variation of the asymmetry ratio as a function of the
magnetic field at the (440) Bragg reflection. 1 A corresponds ap-
proximately to 0.1 T. Full dots are measured with the field ap-
plied along the [110] axis of the crystal and open dots with the
field along the [001] axis. Full lines represent the measured
magnetization reported in Fig. 1 and multiplied by an appropri-
ate factor.
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TABLE 1. Values of the parameters used in the fit of the
asymmetry ratios as a function of energy and Bragg angle. Only
the parameters marked by a («) were left free. The others were
obtained from a referenced work, or independently measured.

Parameter Value

Polarization
Resonance energy
Resonance width

P;=0.968 (measured)
E=11561.7 eV ()
I'=4 eV (Ref. 19)

Experimental resolution o=1.7 eV (&)
f’ minimum n,=—2lry («)
f" step n;=6.5ry (Ref. 18)
f" below edge n, =5ry, (Ref. 18)
White line n,=4.3ry (Ref. 7)

Magnetic amplitude n,=—0.8ry («)

pleton on a chloroplatinate:'® below the edge, n, =5
electrons and above n, +n,=11.5 electrons. The white
line amplitude, n,=4.3 electrons, is obtained from the
absorption measurements by Schiitz et al. on a CoPt al-
loy.” The resonance width T is fixed as 4 eV, from the
compilation by Bambinek et al.!® The values and status
of all parameters are summarized in Table I.

In the present fits the resonance is found at 11561.7
eV, with an experimental resolution of 1.7 eV. The ener-
gy is slightly shifted from the expected value, 11564 eV,
but the difference is not significant since no effort has
been made for a precise calibration. Also the resolution
is strongly correlated to the value chosen for I'. The con-
stant n_ in f"' is found to be —21 electrons, which is con-
sistent with Ref. 18. As the main result, the
magnetization-dependent amplitude n,, has been adjusted
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to —O0.8 electrons. It is in fairly good agreement with the
value (—1.1 electrons), adjusted to fit circular dichroism
experiments on CoPt alloy from Schiitz et al.’

CONCLUSION

Present experiments have shown that observable
effects, dependent on the magnetization, can be measured
on the coherent scattering amplitude by x-ray resonant
scattering in ferromagnetic systems. In CoPt the energy
line shape of the asymmetry ratios has been experimen-
tally determined near the Ly absorption edge of Pt.
Asymmetry ratios may have rather large values, up to
9% for Bragg angles in the range 35-55° even though
the magnetic moment held by Pt atoms is small. The en-
ergy line shape and the variation from one Bragg peak to
another are well fitted on the basis of a single electric di-
pole 2p-5d transitions and a maximum amplitude for
magnetic scattering equal to —0.8 electron radius per
platinum atom. This agrees with circular dichroism mea-
sured by Schiitz et al.” and the order of magnitude is
within the theoretical predictions made by Carra, Al-
tarelli, and de Bergevin!® for the similar alloy MnPt;.
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