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Abstract. Polarized X-ray absorption fine structure (XAFS) measurements at the Co K and Pt L3z edges
show that the perpendicular magnetic anisotropy found in epitaxial fcc CoPts (111) films stems from
the existence of anisotropic local ordering. Such ordering, induced during the codeposition process and
dependent on the growth temperature, is characterized by preferential CoCo pairs in the film plane,
balanced by preferential CoPt pairs out of the plane, resulting from some Co 2D-segregation. Polarized
XAFS at the Pt edge reveals similar anisotropic local ordering in epitaxial hcp CosPt (0001) films exhibiting
a larger magnetocrystalline anisotropy compared to that of bulk hep Co. Besides, a polarization dependence
of the Co XANES profile is observed only for the CosPt films exhibiting hcp symmetry.

PACS. 75.70.-i Magnetic films and multilayers — 78.70.Dm X-ray absorption and absorption edges —

75.30.Gw Anisotropy

1 Introduction

Over the last few years, the Co-Pt alloy films have been
extensively studied. Owing to their strong perpendicular
magnetic anisotropy (PMA) and their enhanced Kerr ro-
tation at short wavelengths compared to the Co/Pt multi-
layers or the currently used TbhFeCo films, they are poten-
tial materials for high density magneto-optic recording [1,
2]. Therefore, the understanding of PMA which stems
from an intrinsic magnetocrystalline anisotropy overcom-
ing the extrinsic shape anisotropy, is a prerequisite to use
the Co-Pt alloy films in magneto-optic industry.

Near the CoPt3 composition, the magnetic anisotropy
of alloy films, prepared by molecular beam epitaxy [3,4] or
sputtering [5], is strongly dependent on the growth tem-
perature. The strongest PMA is found in MBE-films code-
posited near 690 K; this temperature is lowered of 100 K
in sputtered films. X-ray diffraction measurements have
shown that the epitaxial CoPts (111) films with strong
PMA, grown on mica substrates with a Ru (0001) buffer
or sapphire substrates, present a disordered fcc struc-
ture. In contrast, the disappearance of PMA in CoPt3
(111) films grown at temperatures higher than 750 K is
clearly related to the existence of a Lls-type long range
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ordering. In fully Lls-ordered films, all (111) planes have
the same composition CoPts3, and the nearest neighbor
environments of Co and Pt atoms are isotropic (i.e. a Pt
atom is surrounded by 2 Co atoms and 4 Pt atoms both
in the same (111) plane and out of this plane, and a Co
atom is surrounded in and out of the plane each by 6 Pt
atoms).

The occurrence of strong PMA with 100% remanence
in disordered fcc CoPt3 films indicates that the magneti-
zation along the [111] growth direction is easier than along
the three other axes, namely [111], [111] and [111], which
in a perfect disordered fcc lattice are equivalent to [111].
The discovery of chemical long-range ordering(LRO) along
the ¢ axis in hep CosPt (0001) films grown on sapphire [6]
or mica substrates [7,8] which enhances PMA, suggests
the existence of similar effects as a structural source of
PMA in fcc CoPts (111) films. But these effects would be
restricted on a local range since no X-ray diffraction inten-
sity was measured at the half of the q;;; scattering vec-
tor. Such anisotropic ordering has been already proposed,
steming either from heterogeneities creating boundaries
between Co-rich and Pt-rich regions [2] or from a mag-
netically driven miscibility gap leading to Co clustering
[3].

Here, the objective of the X-ray absorption fine struc-
ture (XAFS) measurements is to probe such anisotropic
local order effects in fcc CoPts (111) and also in hcp
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~ Co3Pt (0001) films, and to relate them to the appear-
ance of PMA. The polarization sensitivity of the XAFS
signal [9] allows us really to sort out neighbor atoms
that are located in the same (111) plane as the absorb-
ing atom or out of this plane. Such technique was already
used for investigating structural anisotropy in amorphous
rare earth-transition metal alloys as a source of mag-
netic anisotropy [10], and recently in a thin polycristalline
CoagPtrs film grown at 573 K [11]. However, in the lat-
ter work, the analysis of the XAFS spectra is not fully
convincing; on the one hand, the differences between the
in-plane and out-of-plane CoPt (or PtCo) pair coordina-
tion numbers extracted at both Co-K and the Pt-L3 edges
are comparable, even though they should be in the ratio
of the atomic concentrations, on the other hand the con-
tribution of the isotropic term [9] at the Pt-L3 edge is not
considered.

In this paper, we present, first, the measurements per-
formed at the Co-K and Pt-L3 edges in two fcc CoPts
films exhibiting different magnetic behaviours. Due to
the enhancement of atomic changes around the minor-
ity atoms and as already mentioned to the weakened
polarization sensitivity of XAFS at the Pt-L3 edge, chem-
ical anisotropic ordering is clearly evidenced from the
Co-K edge spectra measured under glancing and normal
incidences (a part of these results was shortly presented
n [12]). Then, we analyze the XAFS spectra performed
in hcp ~ CoszPt films, among which only one presents a
chemical long-range order along the c axis. The higher
magnetocrystalline anisotropy of no long-range ordered
CosPt films compared to that of bulk hcp Co is shown
to be also related to anisotropic local ordering similar to
that found in CoPt3 films. Such order is characterized by
homoatomic and heterotamic pairs preferentially oriented
in the film plane and out of this plane, respectively. It
differs from those established in the fcc L1s or hep DOqg-
type ordered AsB bulk crystals, where A and B atoms
have the same nearest neighbours in the (111) or (0001)
planes than out of these planes. Such anisotropic order-
ing is really induced by the MBE technique and would
be essentially driven by two effects during co-deposition:
one relying on Pt segregation at the advancing surface
and the other related to dominant surface diffusion com-
pared to bulk diffusion in a growth temperature range
around 690 K.

2 Sample preparation and characterization

Co,Pt1_; films of 400-500 A thickness were deposited at
different temperatures, T, ranging from 500 to 750 K in
a 10719 torr vacuum onto a 150 A Ru (0001) buffer grown
at 900 K on mica (001) substrate. Electron gun sources
were used for both Co and Pt with deposition rates in
the range 0.05-0.2 A/s monitored by two quartz balances.
The alloy films were covered by a 20 A protective Pt layer
deposited at room temperature.

The structure of epitaxial films was previously in-
vestigated by X-ray diffraction measurements and their
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magnetic properties investigated using a SQUID mag-
netometer [4,7]. From the parallel and perpendicular
magnetization hysteresis loops measured at 30 K, the ef-
fective and uniaxial anisotropy energies (K g and K, =
Keg +0.501,M, s2 ) were determined. Here, we summarized
the main features of the films studied by polarized XAFS.

In the Pt-rich epitaxial films grown at 690 and 800 K,
the Pt atomic fractions are equal to 0.75 and 0.68 (£ 0.02)
respectively, i.e. within the stability range of the Llg
structure [13]. The stacking sequence is fcc with some
stacking faults, but only the film grown at 800 K exhibits
partial L1s-type ordering, characterized by a chemical
LRO parameter close to 0.2 [14]. The effective magnetic
anisotropies (K.g) and the shape anisotropies (0.5u,M?2)
are 0.8 and 0.2 MJ/m3 for the film grown at 690 K and
—0.03 and 0.2 MJ/m? for the film grown at 800 K. There-
fore only the film grown at 690 K presents strong PMA.
X-ray asymmetric reflection measurements have shown a
deformation of the fcc stacking observed in the film grown
at 690 K. Strain relaxation was mostly achieved after ex-
situ annealing for one day at 690 K, related to an increase
of the interatomic distance between (111) planes together
with a complete disappearance of PMA.

In the Co-rich films grown between 650 and 750 K,
the stacking sequence is predominantly hcp with a vol-
ume fraction close to 90%, while the minority fcc stacking
includes many stacking faults. One film of composition
CogaPt1s, grown at T, = 690 K and exhibiting a mo-
saic spread of 1.1°, presents a chemical LRO only along
the [0001] growth direction, steming from alternate Co-
enriched and Pt-enriched planes. The chemical LRO pa-
rameter, associated to this uniaxial ordering, is defined as
(11 — 12)/2xpt, where 71 and 75 are the occupancy rates
of Pt atoms on the Pt-rich and Pt-poor alternate (0001)
planes and xpy is the Pt alloy fraction. It was deduced
from the ratio of the 0001 and 0002 reflection intensities
and equal to 0.54, i.e. corresponding to Pt compositions
of the two alternate planes equal to 28 and 8%. The struc-
tural quality of three other studied films of composition
CorsPtos is significantly lower with a mosaic spread of
1.9°, resulting from the lower quality of a Ru buffer. We
suggest that the presence of an increased number of steps
related to a larger mosaic spread reduces the spatial co-
herence of the Co-rich and Co-poor planes stacking. This
would explain the absence of the (0001) superstructure
peak in the X-ray patterns of these Cor5Ptos films.

All the K. constants given in Table 3 are positive
indicating an easy axis of magnetization along the [0001]
growth direction. But the PMA is really enhanced by the
chemical long range ordering along the ¢ axis, character-
ized by heterotamic pairs preferentially out of the film
plane, between Co atoms of large atomic moment and Pt
atoms of strong spin-orbit coupling. The K, values, de-
duced from the effective and shape anisotropies, are equal
to 1.5 MJ/m? for the films grown at 650 and 700 K and
then significantly larger than that for the film grown at
750 K, equal to 1.1 MJ/m? (i.e. close to that of the pure
hep Co equal to 1 MJ/m?). This difference could be also
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attributed to the existence of anisotropic local order in
the films grown below 750 K.

3 Experimental technique and data analysis

Three series of polarized XAFS measurements were per-
formed under glancing and normal incidences. The first
series was carried out at the European Synchrotron Radi-
ation facilities (ESRF, Grenoble) on the bending magnet
CRG-IF, at both Pt Lg (E, = 11563 ¢V) and Co K (E, =
7720 eV) edges, with a Si (311) double-crystal monochro-
mator. XAFS spectra were collected using a total electron
yield (TEY) detector with He gas flow working at liquid
nitrogen temperature (described in [15]). In order to avoid
Bragg peaks the samples were mounted on a special 360°
rotating plate using an Ag lake to ensure the electrical
contact. The sample holder is inclined of 8° with respect
to the incoming beam direction. It can be oriented with
the electric field vector E strictly in the film plane for the
in-plane polarization measurements, or it can be rotated
by 90° around the incoming beam direction to realize the
out-of-plane polarization geometry with E at 8° from the
surface normal.

The second series was performed at the “Laboratoire
pour I'Utilisation du Rayonnement Electromagnétique”
(LURE, Orsay) on the XAFS2 beamline at 10 K at the Co
K edge and the third series at the ERSF beamline CRG-
GILDA [16] at 70 K at the Pt L3 edge. In these two series,
the alloy films are vertical and the spectra are collected
in fluorescence mode using 7-elements Ge detectors, for
different angles v between the surface normal and the in-
cident photon beam; namely on XAFS2 + is equal to 0 and
84° and on GILDA ~ equal to 15 and 75°, corresponding
to the in-plane and out-of-plane polarizations respectively.

XAFS spectra were analyzed using the software pack-
age for Exafs Data Extraction and Modeling written by
Aberdam [17]. XAFS spectra are first renormalized ac-
cording to the edge jump and the atomic absorption
computed with the Cromer and Liberman fPrime pro-
gram [18]. The fine structure signal x(k) is given by
((k) — po(k))/1o(k), where k is the photoelectron wave
vector, k = \/(2m/h?)(E — E, ;), E,; the energy origin
varying from shell to shell and p,(k) the atomic absorp-
tion simulated by cubic splines above 2 A~!. Fourier trans-
forms of the k-weighted function y (k) were calculated us-
ing a Kaiser apodization function. The nearest neighbour
XAFS oscillations are isolated by back Fourier transform-
ing the first F.T. peak and the structural parameters are
obtained by fitting such filtered signal to the standard
XAFS formula [19]:

N*
x(k) = Z k—l-%sz (k) exp(—2k2(7]2»)
7 J

2R,
X exp (—ﬁ) sin(2kR; + ¢, (k)) (1)
where R; is the mean distance between the absorbing
atom and the jth shell, F;(k) the backscattering ampli-
tude of the jth neighbor atom, o; the rms deviation from
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the average distance R;, A(k) the mean free path of photo-
electron varying as A(k) = I'/k and ¢, (k) the total phase
shift. For nonisotropic systems N is the polarization de-
pendent effective coordination number [20]:

N;
Ni=3 Z cos’aj; for Co K edge, (2)
i=1
N;
N} =0.7N; + O.QZCOS2 a; for Pt Lg edge.  (3)

=1

At the Pt L3 edge, the polarization sensitivity of XAFS
is thus weakened by the isotropic term 0.7N; and oy; is
the angle between E and the bond between the absorbing
atom and the ith neighbor atom of the jth shell.

For the study of the first neighbor shell in epitaxial
(111) or (0001) films, under glancing incidence (i.e. E very
close to the surface normal and large + values) it can be
assumed that only the first neighbors out of the (111) or
(0001) plane containing the central atom, denoted N]-L,
contribute to the Co-edge filtered signal, thus:

N = Nj-. (4)

Under normal incidence (i.e. E in the film plane (CRG-
IF) or 7 equal to 0 in vertical geometry (XAFS2)), 75%

in-plane (IV ]”) and 25% out-of-plane first neighbors around
the central atom participate in the Co-edge filtered signal,
giving:

* Il 1L
N7 =0.75N; + 0.25N;". (5)
On GILDA, for v = 15°
* Il 1L
N7 =0.695N; + 0.305N;". (6)

The transferability of the backscattering amplitudes and
phase shift functions calculated by McKale et al. [21] were
tested on the XAFS filtered signal of the first coordina-
tion shell for two reference compounds, a fcc disordered
CosPt bulk alloy (af.. = 3.644 A) and a fcc partially L1o-
type ordered CoPts alloy (afc. = 3.854 A). The chemical
LRO parameter in bulk CoPt3 equal to 0.63 was deduced
from the X-ray integrated intensities of the 100, 110, 200
and 220 reflections, corrected for Lorentz polarization and
Debye-Waller factors. The average short-range order in
the ordered CoPts is deduced from this LRO parameter
which is related to the occupancy rates of each species
in the four sublattices describing the L1y structure (see
Ref. [14]): i.e. a Co atom is surrounded by 1.8 Co and
10.2 Pt atoms, while a Pt atom is surrounded by 3.4 Co
and 8.6 Pt atoms. In the disordered CoszPt, Co and Pt
atoms have the same first neighbour environment, 9 Co
and 3 Pt atoms. Furthermore, the analysis of the bulk fil-
tered signals, expected as independent on the polarization
geometry, allows the determination of E, ; for each shell
7 and the I' parameters at both edges which are are kept
fixed in fitting the filtered signals of the corresponding
films to improve the reliability of the extracted structural
parameters.
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Table 1. Interatomic distances rj, in-plane and out-of-plane coordination numbers, N]“ and NJ-J‘, around an atom in
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(111)

and (0001) film planes; the equivalence between the two perfect fcc and hep stackings is straightforward from the normalized
distances with respect to the first nearest neighbor distance, r;/71.

fcc phase hcp phase
T ri/r1 NJH N]-l T ri/T1 N]“ Nji
a’*/V/2 1 6 6 aher 1 6 6
afcc \/ﬁ o 6 ﬂahcp \/ﬁ o 6
- - v BB - 2
V3/2a' V3 6 18 V3aher V3 6 12
- - - - V11/3a"? /1173 - 12
V2a'* 2 6 6 2a"P 2 6 -
Based on the McKale’backscattering amplitudes and 1.0 T T
phase shift functions, it is worth describing the simulated
Fourier transforms corresponding to a first shell of 12 Pt 0l }
atoms (or 12 Co atoms) located at the same distance from
a central Pt atom (chosen equal to 2.6 A, with a Debye-
Waller equal to 0.05 A) and the same shells around a Co . 08p 1
atom. As seen in Figure 1, the first peak of the Fourier E
transform corresponding to the CoPt (PtPt) pairs is split- S o4
ted into two components separated by about 0.4 (0.5) A; S 1
this splitting is artificial and typical of heavy backscatterer
shells. In contrast, the FTs for the PtCo and CoCo first 0.2} i
pairs present a simple peak. Consequently, a strong split-
ting of the first peak found in the FTs of the alloy films ok

will be the signature of dominant Pt nearest neighbors.

4 Results and discussion

Figure 2 shows typical Co and Pt X-ray absorption near
edge spectra (XANES), for in-plane and out-of-plane po-
larizations, measured for the hcp CosPt and fcc CoPtg
films, both grown at 690 K. A significant change in the Co
K edge profile with photon beam polarization is observed
for the LRO hcp CosPt film. The same feature was also
observed for a disordered hcp CozPt grown at 700 K, but
neither for the two studied fcc CoPt3 films grown at 690 K
and 800 K, nor for the fcc CogPt reference compound. In
contrast, the Pt XANES spectra of the fcc CoPt3 and hep
CosPt films are not very sensitive to polarization and it
is certainly related to the isotropic term in the effective
coordination number.

The strong polarization dependence of the XANES
spectra observed only at the Co edge appears to be char-
acteristic of the hcp symmetry rather than related to dif-
ferent in-plane and out-of-plane chemical environments.
The comparison of the Co XANES spectra between the
hcp and fcc films indicates that the strong differences are
essentially between the two out-of-plane spectra. This re-
sult agrees with the fact that the atomic environments in
the (0001) or (111) planes are identical, while they differ
out of these planes, as indicated by the distances and num-
bers of in-plane and out-of-plane neighbors in the fcc (111)

r(ang)

Fig. 1. Simulated Fourier transforms corresponding to first co-
ordination shells of 12 Co atoms (solid curve) and 12 Pt atoms
(dotted curve) around a Pt atom, and the same shells of 12
Co atoms (dot-dashed curve) and 12 Pt atoms (dashed curve)
around Co atoms, calculated from the McKale backscattering
amplitudes and shift functions.

and hep (0001) films listed in Table 1. However, the anal-
ysis and interpretation of the XANES spectra overcome
the target of the present work, but these observations sug-
gest some future research development.

4.1 CoPt; films

Figure 3 shows the Fourier transforms (F.T.) of the in-
plane and out-of-plane spectra measured using TEY de-
tection at the Pt Lz edge for the polycrystalline L1s-type
ordered bulk alloy and the two MBE-grown (111) CoPt3
films. The expected superimposition of both spectra ob-
served for the isotropic bulk alloy probes that changes in
the XAFS spectra with X-ray polarization measured for
the MBE-grown films can be firmly attributed to different
in-plane and out-of-plane atomic arrangements. For the
two films (T; = 690 and 800 K) the differences between
the in-plane and out-of-plane F.T. are rather small. How-
ever, for the film grown at 690 K with strong PMA, they
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Fig. 2. Pt L3 and Co K XANES spectra measured in a LRO hcp CosPt (0001) film and a fcc CoPts (111) film grown at 690 K,
for out-of-plane (dotted curves) and in-plane (solid curves) polarizations.
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Fig. 3. Pt L3 edge Fourier transforms of the kx(k) spectra measured using TEY detection in a fcc L1a-type ordered CoPts bulk
alloy and two epitaxial fcc CoPts films grown at 690 and 800 K, for out-of-plane (dotted curves) and in-plane (solid curves)
polarizations.
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are slightly larger. The best fitting of the nearest neigh-
bour filtered XAFS signals requires two sub-shells (PtCo
and PtPt) whose parameters are summarized in Table 2
The error bars on the coordination numbers and disorder
factors result mainly from strong correlation effects be-
tween these two parameters, shown by the normalized co-
variance matrix calculated by the modeling program; they
are estimated from several satisfying fits by varying one
of the parameter in a reasonable range. The differences
between the out-of-plane and in-plane coordinations for
each atomic pair, listed in Table 2 and characterizing the
structural anisotropy, are obtained by taking account of
the contributions of the out-of-plane atoms under normal
incidence in equations (5, 6) and the isotropic term in
equation (3), and normalizing the effective partial coor-
dination numbers with respect to the real total numbers
of in-plane and out-of-plane first neighbors equal to 6, as
follows:

_ (ﬁJ)E ] /0.9 % 0.75 (7)

on Pt edge

where the sums, N* = Zj:Co,Pt N7, for out-of-plane
(EL) and in-plane (E)) polarization are equal. Conse-
quently, the isotropic term is simply eliminated by making
the differences between normalized effective coordination
numbers. On GILDA beamline, the factor 0.75 is replaced
by 0.67.

It turns out that the differences are really significant
for the film grown at 690 K with strong PMA, such as
the number of PtCo pairs is larger out-of-plane, while the
number of PtPt pairs is larger in the film plane. For the
film grown at 800 K, exhibiting L1s-type ordering and
magnetically isotropic, the weak differences between in-
plane and out-of-plane coordinations are smaller than the
uncertainties on the effective numbers, but the decrease of
the disorder factors o observed for the in-plane pairs is in
agreement with the decrease of static disorder found in the
L1s-type ordered bulk alloys [23]. The extracted distances
which exhibit no significant polarization dependence are in
agreement with the average nearest neighbor distances de-
duced from our previous X-ray diffraction measurements
equal to 2.724 and 2.71 A for the films grown at 690 and
800 K, respectively.

As shown in the following, the analysis of the Co K
spectra has allowed us to confirm the weak structural
anisotropy extracted from the Pt edge data and to relate
it with the occurrence of PMA. The Fourier transforms
of the Co edge spectra are shown in Figure 4. For the
film grown at 690 K, two series of XAFS spectra were col-
lected using TEY and fluorescence detection on the CRG-
IF and XAFS2 beamlines respectively. For the bulk alloy,
the in-plane and out-of-plane Fourier transforms are sim-
ilar emphasizing the accuracy of our measurements at the
Co edge and the correctness of the data analysis. The in-
tense F.T. peak observed at about at 5 A stems from the
contribution of the fourth neighbors located at a distance
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of afcc\/i. This is a multiple scattering effect character-
istic of fcc structures in which first and fourth shell are
lined up with the absorber: the fourth shell XAFS signal
is enhanced by the large forward scattering amplitude (fo-
cusing) at the intermediate first shell. In the bulk ordered
alloy, this effect is well marked at the Co edge since Co
atoms have 10.2 Pt first neighbors.

A strong polarization dependence of the Co F.T. spec-
tra is now observed for the film grown at 690 K, clearly
enhanced using TEY detection. The deviation between
the two detection modes must be related to the differ-
ent sampling depths. Using fluorescence mode, the whole
thickness of the film (500 A) is probed, while using TEY
mode only the upper part of the film layer contributes to
the XAFS signal, estimated from [22] at 200 A. For the
film grown at 690 K, strong changes are visible in both
the first and the second neighbour regions and can be
qualitatively explained. The marked splitting of the out-
plane TF in the first neighbour region is the signature of
dominant Pt first neighbours. Consequently, as shown by
the increase of the peak at 5 A when changing from in-
plane to out-of-plane polarization, such Pt first neighbors
enhance the focusing effect in the fourth neighbor shell.
In contrast, the strong difference between the numbers of
in-plane and out-of plane neighbors at a real distance of
\/3/2a from the central atom (see Tab. 1), induces no
significant change in the TF around 4.2 A. A compari-
son of the Fourier transforms measured for the two films
obtained by fluorescence shows an anisotropy in the first
neighbour distribution clearly stronger in the film grown
at 690 K.

The structural parameters corresponding to the best
fits of the filtered signals by two subshells CoCo and CoPt
are listed in Table 2, together with the differences between
the out-of-plane and in-plane coordinations calculated us-
ing equation (7) but without the factor 0.9 related to the
Pt edge. A structural anisotropy, characterized by a higher
number of CoCo pairs in plane together with a higher
number of CoPt pairs out-of-plane, is clearly observed for
the film grown at 690 K, and still more marked using
TEY detection (values in parentheses). This enhancement
of the anisotropy between the two detection modes indi-
cates that the upper layer of the alloy film (about 200 A)
probed by TEY is more anisotropic than the lower layer
also detected by fluorescence.

This structural anisotropy gradient through the layer
would be driven by the bulk diffusion that becomes
the single diffusion process in the buried layers during
the total codeposition time and tends to destroy the
atomic arrangements built at the advancing surface. In
fact the atomic arrangements at the advancing surface re-
sult mainly from Pt segregation, which as shown by the
XAFS analysis yields the creation of Co enriched pla-
nar local regions alternated with Pt enriched local re-
gions. Such stacking of compositionally different alter-
nate planes along the growth direction [111] is absent in
the Lls-type equilibrium phase since all the (111) planes
have the same composition. This point is also supported
by the disappearance of chemical long range order along



Table 2. Structural parameters deduced from modeling Pt L3z and Co K edge filtered XAF'S signals, found in the two studied
epitaxial fcc CoPts films grown at 690 K and 800 K. At the Pt edge, data are obtained using TEY; at the Co edge, data are

obtained using FY, and also using TEY for the film grown at 690 K (values in parentheses). The differences le — N]H are
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deduced from the effective coordination numbers using equation (7).

out-of-plane polarization in-plane polarization
r; (A) N} oj(A)x10~2 i (A) N} o;(A)x1072 N} — N]
Pt-edge CoosPt7s grown at 690 K
PtCo 2.68 + 0.01 32+ 03 6.3+ 0.2 2.68 + 0.01 2.8+ 0.3 70+ 0.3 0.4
PtPt 2.73+ 0.01 8.1+ 04 6.5+ 0.2 2.74+ 0.01 8.9+ 04 6.5+ 0.2 —-0.4
Co-edge
CoCo 2.69 + 0.01 1.5+ 0.5 3.0+ 0.5 2.62 + 0.01 25+ 0.5 40+ 2 -1.0
(~2.69) (<£0.6) (~6.3) (2.68+ 0.01) (3.7 0.3) (6.3 0.3) (-2)
CoPt 2.685 + 0.005 9.3+ 0.5 75+ 0.5 2.715 + 0.005 7.1+ 0.5 70+ 0.5 1.0
(2.71+ 0.01) (10.5+ 0.5) (6.8+ 0.2) (2.71+ 0.01) (8.3+ 0.5) (6.9 0.2) (2)
Pt-edge  Cos2Ptes grown at 800 K
PtCo 2.69 + 0.01 3.8+ 0.3 6.8+ 0.2 2.68 + 0.01 3.7+ 0.3 6.6 + 0.2 0.15
PtPt 2.73+ 0.01 7.6+£ 0.4 6.1+ 0.2 2.72+ 0.01 8.0£ 04 6.3+ 0.3 —0.15
Co-edge
CoCo 2.69 =+ 0.005 22+ 0.5 4.0+ 0.5 2.71 + 0.005 26+ 0.5 40+ 1.0 —-0.3
CoPt 2.69 + 0.005 9.1+ 0.5 7.0+ 0.5 2.675 + 0.005 84+ 0.5 7.0+ 0.5 0.3
0.7

Fig. 4. Co K edge Fourier transforms of the kx(k) spectra, measured using TEY detection in a fcc L1a-type ordered CoPts
bulk alloy and the CoPts film grown at 690 K , and using fluorescence yield (FY) detection in the two fcc CoPts films grown

Mod. F.T.

r(ang)

at 690 and 800 K, for out-of-plane (dotted curves) and in-plane (solid curves) polarizations.
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the ¢ direction in (0001) hep CosPt films after ex situ an-
nealing treatments performed at the same temperature as
they were deposited. For the film grown at 800 K, a similar
anisotropy but largely reduced is found at the Co-edge.

In contrast with the Pt-edge data, by changing the X-
ray polarization, we observe significant variations of the
CoCo and CoPt distances. For the film grown at 690 K,
the CoCo distance extracted from fluorescence data is sig-
nificantly smaller in the film plane in agreement with Co
segregation, while the CoPt distance is somewhat larger
in-plane. Such local shortening of the in-plane CoCo dis-
tances could explain the deformation of the fcc stacking
measured by X-ray diffraction, revealed by an increase of
the angle between the [111] and [113] directions with re-
spect to that found in a ideal fcc phase [4]. For the ordered
film grown at 800 K, the variations are smaller and of op-
posite sign compared with the other film; these results are
consistent with the isotropic Lla-type ordering and the
quasi absence of Co segregation in plane.

Finally, in agreement with the Pt edge results, the
analysis of the Co-edge data reveals that the strong PMA
found in the film grown at 690 K is related to the exis-
tence of a well-defined anisotropic chemical local order,
while in the film grown at 800 K magnetically isotropic,
such structural anisotropy is markedly reduced.

4.2 ~ Co;Pt films

Using total yield detection, only the LRO hcp CogaPtig
film grown at 690 K were measured at the Co-K and Pt-
L3 edges on the CRG-IF beamline (ESRF). Using fluores-
cence detection, Co XAFS spectra were recorded on the
XAFS2 beamline (LURE) for a polycrystalline fcc CozPt
bulk alloy, and Pt spectra on the GILDA beamline (ESRF)
for three predominantly hcp CosPt films grown at 650, 700
and 750 K, one mostly fcc CoszPt film grown at 500 K and
the polycrystalline fcc CosPt bulk alloy. The k-weighted
F.T. of the in-plane and out-of-plane Co spectra are shown
in Figure 5. For the bulk alloy, the two spectra obtained
using fluorescence detection are not identical, contrary to
its isotropic structure; under glancing incidence the XAFS
oscillations and consequently the peaks in the F.T. are
clearly attenuated compared to the normal incidence. This
deviation is related to self absorption effects under glanc-
ing incidence, occurring in the bulk alloy whose thickness
is much larger than the penetration depth of the incoming
photons. In contrast, such effects are not expected in thin
films, 500 A thick.

For the LRO film grown at 690 K measured using TEY
detection, the differences observed in the first neighbor
shell are small, however a slight narrowing of the first
peak can be noted when changing from out-of-plane to
in-plane polarization. In contrast, in the second neighbor
shell, the peak at 4.1 A is more pronounced under nor-
mal incidence. As seen in Table 1, this latter feature is
specific to the hep stacking sequence and results from the
presence of in-plane next neighbors at a distance of 2ap,
from the central atom and whose XAFS signal is amplified
by the focusing effect at the intermediate first neighbors
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located at apcp; such collinear configurations are absent
out of the film plane. The structural parameters extracted
by modeling the filtered signal on the first coordination
shell by two sub-shells CoCo and CoPt, using equation (1),
are summarized in Table 3 for the two polarizations, to-
gether with the differences between the in-plane and out-
of-plane coordination calculated as for the Pt rich films.
In agreement with the existence of LRO determined by
X-ray diffraction, a larger number of CoCo first neighbor
pairs together with a smaller number of CoPt pairs are

observed in the film plane. The difference, N. jJ- - N “, es-
timated at 0.25 is between the value deduced from the
chemical LRO parameter (0.15) and that calculated for
a fully ordered film consisting of alternate Co pure and
Cog4Ptss planes (0.47). The narrower first peak observed
in the in-plane F.T. compared with the out-of plane F.T.
is thus related to a smaller number of in-plane CoPt first
pairs which produces a splitting of the first peak, as men-
tioned in Section 3.

The k-weighted F.T. of the Pt-L3 spectra measured for
the LRO film grown at 690 K (using TEY detection) and
those obtained for three CosPt films exhibiting no LRO
from X-ray diffraction and grown at 650, 700 and 750 K
(using fluorescence detection) are shown in Figure 6. For
comparison, we present the curves for a mostly fcc (111)
CosPt film grown at 500 K and a polycrystalline fcc CozPt
bulk alloy, obtained only under normal incidence by fluo-
rescence mode. The strong enhancement of the F.T. peak
at 4 A when changing from out-of-plane to in-plane po-
larization observed previously for the LRO film at the Co
edge and characteristic of its hcp stacking, is only observ-
able for this film (slightly shifted at 4.15 A) and can be
related to a larger number of in-plane PtPt pairs result-
ing from the chemical LRO along the ¢ axis. As expected
from the environments in the (0001) or (111) planes, the
in-plane F.T. for the fcc or hcp alloy films are rather simi-
lar. The differences between the first neighbor shells of the
in-plane and out-of-plane F.T. are small. For the LRO film
a broadening of the first peak on its right side is visible
when changing from out-of-plane to in-plane polarization,
and can be attributed to a larger number of in-plane PtPt
pairs, as confirmed by modeling the nearest neighbour fil-
tered XAFS signal by two subshells PtCo and PtPt. The
structural parameters extracted from the best fits are sum-
marized in Table 3 together with the differences between
the out-of-plane and in-plane atomic pair numbers. Except
for the film deposited at the lowest temperature (650 K),
we observe larger PtPt distances in the film plane than out
of the plane; this trend, also true for the CoCo distances
measured in the LRO film, is less marked for the PtCo
pairs. Besides, these distances are in a good agreement
with those deduced from the X-Ray diffraction measure-
ments. The lattice parameters of the LRO CogaPt1g film,
a =26 A and ¢ = 4.18 A, lead to in-plane and out-of-
plane first distances equal to 2.6 and 2.573 A respectively,
and for the CorsPtas film grown at 700 K, slightly richer
in Pt, @ = 2.615 A and ¢ = 4.205 A correspond to in-
plane and out-plane first distances equal to 2.615 A and
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Fig. 5. Co K edge Fourier transforms of the kx(k) spectra, measured using FY in a fcc CozPt bulk alloy and using TEY in a
long-range ordered hcp CogaPtis film grown at 690 K, for out-of-plane (dotted curves) and in-plane (solid curves) polarizations.

Table 3. Structural parameters deduced from modeling the XAFS filtered signals for a LRO hcp CogaPt1s film grown at 690 K
(at both Co and Pt edges) and three hep CorsPtas films grown at 650, 700 and 750 K (at the Pt edge); the differences Nf‘ — NJ“

are reported together with the effective and shape anisotropies,

K. and 0.5p,M?2.

out-of-plane polarization

in-plane polarization

Tj (‘&) N; U]'(A) Tj (‘&) N; U]'(‘&) N]'J_ - N]“ Keﬁ/0-5NoM52
x1072 x1072 (MJ/m?)
Co-edge Cosg2Ptig grown at 690 K
CoCo 2.554+0.005 80+02 80403 2574+0.005 84+02 83+0.3 —0.25 1.6/1
CoPt 2.56 £0.005 4.1+03 7.54+0.5 2554+0.01 374+03 76=£05 +0.25
Pt-edge
PtCo 2.5854+0.005 80+0.2 6.7+03 259+0.005 87+04 7.6+0.3 +0.45
PtPt 2.57 £ 0.01 30£05 12.£0.5 2.59+0.01 424+05 11.8+0.5 —0.45
Pt-edge  CorsPtas grown at 650 K
PtCo 2.614+0.005 87+03 794+04 2614+0.005 85+£03 7.7+0.3 +0.15 0.85/0.7
PtPt 2.58 £0.01 55+£04 10.0+0.5 2.58+0.005 5.7+04 10.0+0.5 —0.15
Pt-edge CorsPt2s grown at 700 K
PtCo 2.605+0.005 9.0+0.2 73+£03 261+£0.005 88+02 7.84+0.3 +0.25 0.8/0.75
PtPt 2.5754+0.01 46+04 9.04+0.3 25954+0.01 50+£05 88+0.3 —0.25
Pt-edge CorsPt2s grown at 750 K
PtCo 2.605+0.005 8.0+0.2 70£03 261+£0.006 9.0+02 8.0+0.3 —0.1 0.5/0.6
PtPt 2.58 £ 0.01 51+04 10.0+0.5 2.595+001 554+05 11.0+0.5 +0.1

2.588 A. For the films grown at 650 and 750 K only the ¢
parameters were determined, equal to 4.209 and 4.125 A.

The Kcg and N]»J- — Nj“ values in Table 3 probe
that the enhancement of perpendicular anisotropy in the
hcp films is correlated with an increase of structural
anisotropy characterized by CoCo and PtPt pairs, pref-
erentially in the film plane as already observed for the
fcc Pt rich films. For the films grown at 650 and 700 K
and exhibiting an uniaxial magnetocrystalline anisotropy
(Ky = Keg + 0.5u,M2) larger than the Co pure hcp

phase (as given in Sect. 2), the differences N]»J- — N]“
related to the PtCo pairs are positive, while for the film

grown at 750 K, magnetically closer to the Co hcp phase,
a small negative value is measured. In spite of the signifi-
cant errors in the extracted coordination numbers mostly
related to the strong correlation with the disorder factors
0j, the use of the same detection mode and the same pro-
cedure for extracting the structural parameters give some
reliability in the correlation established between the lo-
cal structural anisotropy and the enhanced magnetocrys-
talline anisotropy found in the hcp CosPt films.

A comparison with the Co data obtained for the LRO
film indicates that as expected the structural anisotropy
is clearly more marked at the edge of the minority atoms.
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Fig. 6. Pt L3 edge Fourier transforms of the kx(k) spectra, measured using FY in a fcc CozPt bulk alloy, a fcc CosPt film
grown at 500 K and three hcp CoszPt films grown at 650, 700 and 750 K and using TEY in a long-range ordered hcp Cog2Ptis
film grown at 690 K, for out-of-plane (dotted curves) and in-plane (solid curves) polarizations.

However, the ratio between the differences measured at
the two edges close to 2 is lower than that expected from
the ratio of the atomic concentrations equal to 4.5. This
deviation could be related again to the uncertainties in
the extracted coordination numbers, but could really stem
from an anisotropic local order around Co atoms enhanced
with respect to that deduced from the LRO parameter and
a weakened anisotropic order around Pt atoms.

5 Conclusions

The polarized XAFS measurements performed in two epi-
taxial fcc CoPts (111) films, one grown at 690 K with
strong perpendicular magnetic anisotropy and another
grown at 800 K exhibiting a L1s-type order and magnet-
ically isotropic, reveal the existence of a local structural
anisotropy strongly marked in the film grown at 690 K,
characterized by preferential CoCo pairs in the film plane
balanced with preferential heteroatomic pairs out of the
plane. As expected, such effects are more pronounced at
the edge of the minority atoms. In the film grown at 800 K,
such structural anisotropy is attenuated and agrees with
the appearance of the L1s-type order, which is isotropic
in the first coordination shell. Therefore, subtle changes
at a local range can affect greatly the magnetic properties
of these films.

The polarized XAFS measurements performed in an
epitaxial hcp CogaPt1s (0001) film, grown at 690 K and
developing strong PMA, provide a description of the local

anisotropic orders around the two species, associated with
the chemical long-range ordering (LRO) along the growth
direction measured by X-ray diffraction.

A last series of polarized XAFS measurements, per-
formed in epitaxial hcp CorsPtas (0001) films grown at
650, 700 and 750 K and exhibiting no LRO, has al-
lowed to correlate the growth temperature dependence of
their magnetocrystalline anisotropy with the importance
of anisotropic local order effects, similar to that found in
the Pt-rich films.
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