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We present a detailed analysis of the local ordering in CoPt; nanostructures epitaxially grown on
WSe,(0001) and NaCl(001) low-energy surfaces. Polarized extended x-ray absorption fine-structure measure-
ments at the Co K-edge show a local structural anisotropy in fcc CoPt; nanostructures grown at 300 K on
WSe,. It is characterized by preferential Co-Co bonding along the in-plane direction balanced with preferential
heteroatomic bonding along the out-of-plane direction and explains the unexpected perpendicular magnetic
anisotropy. Such anisotropy almost vanishes in partially L1,-ordered nanostructures grown at 700 K. In con-
trast, the short-range order is isotropic in CoPt; nanostructures grown on NaCl(001) at 370 K. These different
behaviors emphasize the favorable role of Se segregated atoms of WSe, in the dynamic segregation of Pt atoms
at the advancing surface during codeposition, which governs the local structural anisotropy. In the absence of
Se, as previously observed in epitaxial CoPt; films grown on Ru buffer layers, the development of similar

structural anisotropy requires higher growth temperatures (550-720 K).
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I. INTRODUCTION

fce binary alloys M, Pt,_, (M=Cr, Mn, Fe, and Co) pre-
pared in form of thin films may develop peculiar magnetic
properties, such as a strong perpendicular magnetic aniso-
tropy (PMA), making them good candidates for ultrahigh-
density magnetic recording media. The magnetic response of
M Pt,_, thin films can be strongly modified acting on differ-
ent parameters: composition, film thickness, deposition tem-
perature, deposition rate, and nature of substrate or by sub-
sequent annealing. It has been demonstrated that the so-
called “chemical order,” defined by the relative arrangement
of M and Pt atoms at long-range as well as short-range scale
on the fcc lattice, crucially affects the magnetic properties of
these films.'~® Molecular-beam epitaxy (MBE) is a powerful
method which allows codeposition of metal atoms with an
accurate control on several parameters. Owing the very low
rate of impinging atoms, MBE deposition allows to finely
tune the epitaxial growth and chemical ordering. Further-
more, it has been demonstrated that the growth of continuous
films and nanostructures in metastable and frozen-in states
may show properties well distinct from those of the equilib-
rium bulk phases. A remarkable example is given by CoPts
continuous films which exhibit strong PMA in a certain
range of deposition temperatures (7,=520-750 K, i.e., in
the absence of bulk mobility) and independently of the
growth direction.*” Such PMA effect, which is expected nei-
ther in disordered fcc films nor in L1,-type ordered films, has
been demonstrated to mainly originate from an anisotropic
chemical short-range order® characterized by preferential
Co-Co bonds along the in-plane direction and inversely pref-
erential Co-Pt bonds along the out-of-plane direction. In
other respects, kinetic Monte Carlo (KMC) simulations of
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the codeposition process revealed that such anisotropic order
could be induced by Co segregation to step edges and Pt
segregation to the two low index surfaces.” In agreement
with theoretical work,'® x-ray magnetic circular dichroism
(XMCD) measurements have demonstrated that the micro-
scopic origin of PMA relies on the anisotropies of
Co 3d-orbital magnetic moment and Pt 5d-orbital moment
resulting from the anisotropic 3d-5d hybridization.!!

A drastic reduction in the onset temperature of L1,-type
long-range order (LRO) was reported for CoPt;(111) nano-
structured films prepared by MBE on WSe,(0001)
substrates.'? In this system, the weak van der Waals interac-
tions between the metal adatoms and the Se atoms forming
the topmost hexagonal plane of the substrate lead to the for-
mation of epitaxially grown nanostructures. These nanostruc-
tured films also develop surprisingly strong PMA for depo-
sition temperatures below the onset temperature of ordering
(~400 K) while PMA is vanishing with the appearance of
L1, order. Understanding the relationships between growth
conditions, chemical order and magnetic response of these
nanostructures is a fundamental issue in sight of potential
applications. KMC simulations of the binary-alloy nano-
structure growth on weakly interacting substrates, such as
WSe,, were able to qualitatively reproduce the PMA re-
sponse stemming from a combined effect of Pt surface
segregation and flat cluster morphology, the pertinent aniso-
tropy being described by the difference between the numbers
of out-of-plane and in-plane Co-Pt bonds in a nano-
structure.'>!* Nevertheless, no experimental verification was
achieved.

The main goal of this work is therefore to confirm and
quantify such local chemical anisotropy in epitaxial CoPts
nanostructures on WSe,(0001). For this purpose, we have
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FIG. 1. RHEED patterns along the [112] and [101] azimuths of
the CoPt; alloy substrate before [(a) and (b)] and after deposition of
3-nm-thick CoPt; at 300 K [(c) and (d)] and 700 K [(e) and (f)]. The
arrows in pattern (e) point out the superlattice spots, signature of
L1, LRO.

used the polarized x-ray absorption fine-structure (XAFS)
technique which has demonstrated its ability in providing
valuable information on the local chemical order owing to its
directional short-range-order sensitivity and its chemical se-
lectivity. Therefore Co K-edge polarized XAFS measure-
ments were performed in CoPt;(111) nanostructures grown
at 300 and 700 K.

In order to separate the effect of the reduced size of nano-
structures from the role of the substrate on the origin of
chemical anisotropy, XAFS experiments were also per-
formed for 001-oriented CoPt; nanostructures grown on the
low-energy surface of NaCl(001) exhibiting no L1,-type
LRO up to 7,=670 K. Comparing the short-range ordering
found in these two series of nanostructures has allowed us to
highlight the role of Se atoms detached from WSe, substrate
in the atomic exchange processes occurring at the growing
facets.

II. SAMPLE PREPARATION, EXPERIMENTAL, AND
DATA ANALYSIS

CoPt; nanostructures were prepared by codeposition of
Co and Pt atoms under UHV conditions on freshly cleaved
WSe,(0001) and NaCl(001) substrates. The pressure during
deposition did not exceed 5 10~ mbar. Before deposition,
the substrates were outgased at 600 K for 1 h. The fluxes of
impinging atoms emitted from two e-gun sources were
4.6X 107> A/s for Co and 2X 1072 A/s for Pt. Depositions
were done at 300 and 700 K on WSe,(0001), and at 370 and
670 K on NaCl(001) surfaces. The nominal thicknesses of
the studied samples were equal to 3 nm.

The epitaxial growth was probed in situ by reflection
high-energy electron diffraction (RHEED). Figure 1 shows
RHEED patterns taken along the two main azimuths [112]
and [101] of the CoPty alloy before and after deposition of
CoPt; at 300 and 700 K. As previously observed,'> codepo-
sition of 3-nm-thick CoPt; on WSe,(0001) leads to the for-
mation of 11l-oriented epitaxial nanostructures with fcc
structure even at 300 K. Along the two azimuths, the super-
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FIG. 2. RHEED patterns taken along the [100] and [110] azi-
muths of the NaCl(001) substrate before deposition [(a) and (b)]
and after 3-nm-thick CoPt; codeposition at 300 [(c) and (d)], 370
[(e) and (f)], and 670 K [(g) and (h)]. The hkl indices of spots refer
to a fcc phase with the [001] axis oriented along the surface normal

[(i) and (j)].

lattice spots appearing for T,=700 K (Fig. 1) confirm the
formation of L1,-type LRO.

Deposition of CoPt; on NaCl(001) leads to the
formation of epitaxial 00l-oriented fcc nanostructures
following a cube-over-cube growth in a temperature
range of 370-670 K, as shown by the RHEED patterns
(Fig. 2). Such a growth is described by the following
epitaxial relationships: [100]NaCl1(001)I[ 100]CoPt;(001)
and [110]NaCl(001)[I[110]CoPt;, this is quite surprising
since the lattice mismatch between NaCl and CoPt; is about
30%. The separation distances between the substrate streaks
and alloy spots correspond roughly to this mismatch, sug-
gesting the formation of stress-free nanostructures. No super-
structure spots coming from L1, ordering are observed even
for the deposit at 670 K. The intermediate spots observed in
Figs. 2(g) and 2(h) are produced by diffraction on the edges
of the thick NaCl substrate. Let us mention that for a more
pertinent comparison with 111-oriented CoPt; nanostructures
on WSe,, codeposition on the NaCl(111) surface would have
been better appropriated. However the NaCl(111) surface is
heavily charged and then very unstable.'®

Superconducting quantum interference device magnetom-
etry measurements with magnetic fields applied normal and
parallel to the substrate were performed at 300 K in order to
verify the occurrence of PMA. While the CoPt5(111) film
grown on WSe,(0001) at 300 K reveals a perpendicular easy
axis of magnetization with full remanence, the film grown at
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700 K shows no PMA as discussed in detail in Refs. 15 and
17. In contrast, CoPt; alloy films grown at 370 K on
NaCl(001) show no remanence which is characteristic for a
superparamagnetic behavior of the sample as supported by
zero-field-cooling and field-cooling measurements. The in-
crease in the deposition temperature to 670 K results in a
small opening of the hysteresis loops when measured at 300
K. However, the peculiar shape of the hysteresis loops mea-
sured normal and parallel to the substrate plane indicates that
a mixture of superparamagnetic and ferromagnetic phases
coexist in the sample and show an isotropic behavior which
is rather independent of the orientation of the applied field in
agreement with the absence of anisotropic short-range order
as discussed below. The magnetic properties of the deposits
on NaCl(001) are discussed in more detail in the supplemen-
tary material to the manuscript.'®

Two series of polarized x-ray absorption spectroscopy
(XAS) experiments at the Co K-edge were performed on the
CRG-BMO8 (Ref. 19) (GILDA) and CRG-BM30 (Ref. 20)
(FAME) beamlines at the European Synchrotron Radiation
Facilities (ESRF, Grenoble). The CoPt;(111) samples grown
on WSe,(0001) at 300 and 700 K were measured on the
GILDA beamline in fluorescence geometry using a 13 ele-
ments Ge multidetector. X-ray absorption data were col-
lected at low temperature (~10 K) in order to reduce the
thermal contribution to structural disorder. Measurements
were performed with x-ray polarization vector €, oriented
nearly parallel (6~ 10° being the angle between é and the
film plane) and nearly perpendicular (6, ~80°) to the sub-
strate plane. In order to remove the Bragg peaks of the sub-
strate, several spectra have been collected tilting the sample
between #=*2.5 degrees. This movement causes a shift of
the substrate peaks on the XAS spectra which are thus well
identified and easily removed by interpolation. The
CoPt;(001)/NaCl1(001) samples deposited at 370 and 670 K
were measured in a similar way on the FAME beamline in
fluorescence mode using a 30 elements Ge multidetector.
Measurements were performed at ~10 K with the x-ray po-
larization vector parallel (6,=0°) and nearly perpendicular
(0,=80°) to the substrate plane. For each polarization, the
sample orientation was kept fixed. Owing to the large num-
ber of detectors covering a wide area, substrate peaks were
collected only by a few detectors and easily removed before
averaging.

The XAS spectra u,,,(E), were processed by the ESTRA
program?! which uses the standard method?? to extract the
XAFS structural signal x(k). The pre-edge background was
fitted by a straight line and subtracted and the postedge
atomic background, w,(E), was fitted with a smooth poly-
nomial spline through the data. The XAFS signal was calcu-
lated as x(k)=[ ey, (k) =, (k)]/ m,(k). The energy scale for
the photoelectron wave vector (k=A~'\2m(E—E,)) was
defined choosing the edge energy (E,) at the first maximum
of u,,(E) first derivative (the energy shift among the data
was less than 0.5 eV), then the energy shift, AE,, was kept
fixed during the refinement for all the spectra. The analysis
of the polarized XAFS spectra was performed by fitting
the k>-weighted x(k) to the standard XAFS formula,?? using
the FITEXA program,?! as described in detail in the
Appendix.
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FIG. 3. (Color online) Simulated Co K-edge x-ray absorption
spectra (XAS) for the L1, ordered and fcc disordered (Dis) CoPt;
phases (a); normalized experimental spectra measured for
CoPt;(111) grown on WSe,(0001) at 300 and 700 K (b) and
CoPt;(001) grown on NaCl(001) at 370 and 670 K (c), for in-plane
Il (red dots) and out-of plane L (black dots) geometries (spectra are
shifted for clarity).

The experimental spectra of the four studied samples
measured for the two polarization geometries are shown in
Fig. 3. For comparison, also presented are the spectra calcu-
lated for a perfectly L1,-ordered CoPt; structure and a ran-
domly disordered (Dis) fcc structure. The simulations were
performed using the FEFF8.2 code? for atomic clusters of
6 A radii. The Dis spectrum is an average signal obtained by
considering different disordered configurations around Co in
order to reproduce an homogeneous chemical disorder in the
alloy. The simulations demonstrate that the signals of the L1,
and fcc disordered structures are independent of the polariza-
tion direction. Therefore, any polarization dependence ob-
served on the experimental data must be the fingerprint of
structural and/or chemical anisotropy.

The spectra of the CoPt;(111)/WSe,(0001) samples
present clear differences as a function of the growth tempera-
ture and a pronounced polarization dependence for the
sample grown at 300 K. These features are also visible in the
moduli of the Fourier transforms (FTs) of the k*-weighted
XAFS signal shown in Fig. 4. For the sample grown at 300
K, the peaks are broader and weaker, close to those of the
Dis signal and the polarization effect is accentuated between
3 and 4.5 A. In contrast, the signals of the CoPt;/NaCl
samples present no clear polarization effect. An increase in
the intensities of the peaks around 2.5 and 5 A with the
growth temperature is characteristic for an enhancement of
the L1, ordering.
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FIG. 4. (Color online) Moduli of the Fourier transforms of the
k*-weighted y(k) signals of the reference structures (L1, and Dis)
and the four samples, for in-plane (red dots) and out-of-plane (black
dots) polarization geometries (k range: 4—12 A).

Thus, the FTs offer an intuitive interpretation of the local
structure around the Co atoms, keeping in mind that the pho-
toelectron phase-shift effect gives rise to an apparent con-
traction of interatomic distances around 0.3—0.6 A. The first
peak centered around 2.5 A represents the Co-(Co/Pt),
nearest-neighbor shell, and is associated with the SS; path in
Fig. 7. The structural features observed between 3.5 and 6 A
are associated to single- and multiple-scattering paths,
namely, the SS, and SS; single-scattering paths and the MS,.
The latter accounts for single- as well as multiple-scattering
contributions from colinear atomic arrangement along the
diagonals of the fcc cube faces as described in the Appendix.
The XAFS signals for CoPt;(111)/WSe,(0001) are well re-
produced by considering these four contributions in the
standard XAFS formula. For the CoPt;(001)/NaCl(001)
samples, an additional single-scattering contribution
coming from the fifth neighbor, noted SSs, is required to
statistically improve the refinement. The neighbor positions
around the absorbing Co, atom are illustrated by the
schematic top views in Fig. 7 of the Appendix. For both
polarization geometries, the best fits of the k*-weighted
x(k) signals and their corresponding FTs are shown in
Fig. 5 for CoPt3(111)/WSe,(0001) and in Fig. 6 for
CoPt;(001)/NaCl1(001).
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FIG. 5. (Color online) (a) Experimental (dots) and best-fitted
(solid lines) k*y(k) curves for CoPt;(111)/WSe,(0001) samples
grown at 300 and 700 K, for in-plane (Il) and out-of plane (L)
polarizations measurements. For each fit the residual
k2 x(k) oxp—k*x(K) i is shown (blue dots). (b) The corresponding
FT moduli of the experimental (dots) and best-fitted (solid line)
curves (k range: 3-12 A).

III. RESULTS AND DISCUSSION

The structural parameters extracted from the refinement
of the CoPt5(111)/WSe,(0001) XAFS spectra are reported in
Table 1. The analysis of polarized XAFS spectra leads to

effective coordination numbers for parallel ]\~/H and perpen-
dicular N, polarization geometries (see Appendix for a de-

k% (k) (A™2)
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FIG. 6. (Color online) (a) Experimental (dots) and best-fitted
(solid lines) k*y(k) curves for CoPty(001)/NaCl(001) samples
grown at 370 and 670 K, for in-plane (Il) and out-of plane (L)
polarizations measurements. For each fit the residual
kzx(k)exp—k2x(k) 7ir is shown (blue dots). (b) The corresponding FT
moduli of the experimental (dots) and best-fitted (solid line) curves
(k range: 4—12 A).
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TABLE L

PHYSICAL REVIEW B 81, 125417 (2010)

Structural parameters obtained from the refinement of polarized XAFS data for

CoPt;(111)/WSe,(0001) samples. For each shell (j) and each type of neighbor, the in-plane N and the
out-of-plane N°* coordination numbers (deduced from the adjusted effective numbers) are reported for
emphasizing the chemical anisotropy. For the fourth shell, only the sums of the CoyPt;-Co, and Coy-Co-Coy
contributions are given, deduced from the relation given in Ref. 24. R-factor values give a quantitative

estimation of the quality of fitting.

Signal Scatters ﬁfl le (A) ]Vﬁ Rﬁ (A) Neut N
CoPt;/ WSe,(0001)-7,=300 K
SS, Pt 10.3(3) 2.67(1) 9.3(2) 2.67(1) 5.15 4.48
Co, 1.7 2.64(1) 2.7 2.66(1) 0.85 1.52
SS, Pt, 2.6(2) 3.72(2) 2.6 372 2.6
Co, 3.4 3.79(2) 3.4 3.79 3.4
SS, Pt; 17.1(5) 4.70(3) 15.2(5) 4.65(3) 12.8 3.0
Cos 6.9 4.84(3) 8.8(1) 4.73(3) 5.2 3.0
MS,-1 Coy 9.1 5.32(3) 7.9 5.32(3) 4.55 3.75
R? 0.06 0.07
CoPty/ WSe,(0001)-T,=700 K
SS, P, 10.2(4) 2.68(1) 10.0(3) 2.68(1) 5.10 5.00
Co, 1.8 2.68(1) 2.0 2.66(1) 0.90 1.00
SS, Pt, 0.1 0.00 0.1
Co, 5.9(1) 3.75(2) 5.9 3.75 5.9
SS; Pty 19.9(8) 4.67(3) 20.9(6) 4.70(3) 14.9 5.6
Cos 4.1 4.69(3) 3.1 4.90(3) 3.1 0.4
MS,-1 Coy 9.0 5.30(3) 8.61 5.28(3) 4.5 4.24
R? 0.07 0.06

tailed description). In each shell, the total effective coordina-
tion numbers are constrained to the crystallographic values
(N,,,) recalled in Table III for the L1,-ordered CoPt; struc-
ture. Therefore, as shown in Table I, for each shell
Nip=N' =Nj with N, =N, ) pi+ NV, ) cor

For the sample grown at 300 K, the Co-Co; effective
correlations correspond to 23% of the in-plane contributions,
i.e., the percentage for a disordered alloy, and 14% of the
out-of-plane contributions. This difference is even stronger
in the third coordination shell and thus reveals an in-plane
Co segregation. For the sample grown at 700 K, this ten-
dency is vanishing in the first shell and twice smaller in the
third shell. On the contrary, the high occupancy rates of Pt in
the first and third shells as well as the one of Co atoms in the
second shell, almost independent of polarization, are charac-
teristic for a high degree of chemical order in agreement with
the isotropic L1, long-range order, observed by RHEED. Af-
ter numerous simulations, it turns out that the contribution of
the fourth shell is dominated by the almost collinear Co-
Pt-Co configurations. The effective coordination numbers for
the fourth shell is reported in Table I just for the single scat-
tering and without error since they are related to the prob-
abilities to find Co-Pt and Co-Co nearest-neighbor pairs as-
sociated with the first shell.

For the sample grown at 300 K, the first-nearest Co-Co;
distances are slightly shorter than the Co-Pt; ones while the
inverse is obtained for the second and third shells. For the
sample grown at 700 K, these differences have almost disap-

peared as expected for the Co-Co; distance from parallel
polarization data. However, since the R distances are inter-
mediate values between real in-plane and out-of-plane dis-
tances, they are difficult to be interpreted. Nevertheless, de-
viations from the ratio between the first and third distances
equal to \3 in a perfect fcc lattice are significant only for the
Co-Co pairs and can be related to the in-plane Co segrega-
tion.

The local chemical anisotropy observed only in the
sample grown at 300 K can be associated with the aniso-
tropic Co segregation forming small (nanometric and sub-
nanometric sizes) Co-rich regions in form of platelets. Such
anisotropic chemical distribution was already observed in
CoPt; continuous films® but grown at higher temperature
(690 K) and was proven to be the origin of the perpendicular
magnetic anisotropy. As a matter of fact, such anisotropic
3d-5d hybridization and the strong spin-orbit coupling of Pt
atoms lead to an anisotropy of the 3d-orbital magnetic mo-
ment and an angular dependence of the Pt orbital moment as
evidenced from angular-dependent XMCD measurements.!!

For CoPt;/ WSe,, two explanations can be put forward for
the appearance of the structural anisotropy already at 300 K.
The first one could be related to the nanostructured morphol-
ogy of the CoPt; alloy as observed by scanning tunneling
microscopy? and characterized by an average lateral grain
size of 4 nm. This morphology would favor atomic exchange
between Co and Pt atoms not only on the top facet but also
on the side-walled facets. However, the relatively low
growth temperature is not favorable for the Co segregation at
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TABLE 1L
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Structural parameters obtained from the refinement of polarized XAFS data for

CoPt3(001)/NaCl1(001) samples. For the first four shells, the definitions of parameters are identical with those
in Table I. For the fifth shell only single scattering is taken into account.

Signal Scatters N, (A) Nﬁ (A) Nout N
CoPty/NaCl(001)-T,=370 K
SS, Pt 10.8(4) 2.68(1) 10.8(2) 2.69(1) 7.20 3.60
Co, 12 2.66(1) 12 2.66(1) 0.80 0.40
SS, P, 0.9 3.65(1) 1.0 3.60(2) 031 0.64
Co, 5.1(2) 3.79(1) 5.0(2) 3.79(2) 1.69 3.36
SS; Pt; 20.1(5) 4.71(2) 20.1 4.71 20.1
Cos 3.9 4.47(12) 3.9 4.47 3.9
MS,-1 Coy 9.8 5.36(5) 9.8 1.17(4) 7.20 3.59
SSs Pt 12.0(5) 6.09(2) 12.0(2) 6.10(2) 8.00 4.01
Cos 12.0 5.93(2) 12.0 5.94(2) 8.00 3.99
R? 0.07 0.08
CoPt;/NaCl(001)-T,=670 K
SS, Pt 11.9(1) 2.70(1) 11.4(4) 2.70(1) 7.86 3.67
Co, 0.1 2.75(1) 0.6 2.69(1) 0.04 0.33
SS, Pt, 0.2 3.65(2) 0.2 3.80(2) 0.00 0.1
Co, 5.8(2) 3.79(2) 5.8(2) 3.79(2) 2.00 3.9
SS3 Pts 23.3(5) 4.72(2) 23.3 4.72 23.3
Co; 0.7 4.55(2) 0.7 4.55 0.7
MS,-1 Coy 11.8 5.40(2) 10.9 0.16 8.00 4.00
SSs Pt 14.8(5) 6.01(2) 16.2(5) 6.02(2) 9.86 5.87
Cos 9.2 6.02(2) 7.8 6.04(2) 6.14 2.13
R? 0.05 0.06

step edges which was found to be the preliminary process
before the formation of Co platelets resulting from the coa-
lescence of islands.® The second explanation would come
from a conjugated effect between Pt surface segregation
which was assumed to be the origin of PMA in continuous
CoPt; films'*!426 along the Se surface segregation. The latter
one was clearly identified by Auger electron spectroscopy on
the top layer of a 3-nm-thick FePt alloy grown at room tem-
perature on WSe,.?” For higher deposition temperatures, the
surface segregation of Se leads even to the formation of a
Moiré pattern after the deposition of 7-nm-thick Pt at 770
K.28

To disentangle these two possible explanations, the idea
was to perform a similar XAFS analysis in CoPt; nanostruc-
tures grown on NaCl(001). The experimental k>-weighted
x(k) are well represented by the contributions of neighbors
located in the first five shells and the agreement in the
moduli of the FTs is perfect up to 6 A (Fig. 3). The struc-
tural parameters obtained from the simulations are summa-
rized in Table II.

The coordination numbers as well as the interatomic dis-
tances reflect no polarization dependence, indicating an over-
all isotropic local order for the sample deposited at 370 K on
the NaCl substrate. For both samples, the numbers of Pt
neighbors in the first and third shell are much larger than
those corresponding to a randomly disordered structure, the

same feature for the Co neighbors in the second and fourth
shells. For the sample grown at 670 K, the coordination
numbers (excepted for the fifth shell rather Co enriched) are
very close to those found in a perfectly ordered structure
which is listed in Table III. Let us note that for this sample,
there are more out-of-plane Coy-Pt; pairs than in-plane
Coy-Pt; pairs, and this result would be consistent with the
relaxation behavior toward the L1, structure observed in
Cu3Au(001) oriented crystal where the relaxation time was
found 20 times faster along the normal to the surface than in
the plane.?”

Finally, for the two CoPt;/NaCl samples, the XAFS
analysis shows an overall isotropic local order with no in-
plane Co segregation in the first four shells. From these re-
sults we can exclude an effect of reduced size as the origin of
the Co platelets in the sample grown at 300 K on WSe, since
the nanostructures grown on NaCl have similar sizes.?> The
higher growth temperature (370 K) necessary to form epitax-
ial nanostructures on NaCl is still in the temperature range
for which PMA is observed in CoPt;/ WSe, nanostructures.'
Thus, a growth temperature effect can also be excluded.
Moreover, an effect of the growth direction on the formation
of Co platelets could be possible. However, this statement
can also be disproved. As a matter of fact, on the one hand,
the deposition temperature range for which PMA is observed
in disordered fcc CoPt; continuous films was demonstrated
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TABLE III. Type and number of neighbors in the Single-scattering and multiple-scattering processes for the L1,-ordered CoPt; phase.
The distances, R; are indicated as a function of the lattice parameter of the fcc lattice, a. The MS, signal is composed of single-(I),
double-(IT), and triple-(IIT) scattering processes. N,,, is the total number of paths per absorbing atoms. N is the number of independent paths

per absorbing atoms occurring strictly in the grown [(111) or (001)] plane while N°“’ is the number of paths out of the grown plane. N"'( )

is the effective number of in-plane contributions observed in perpendicular (parallel) polarization geometry, and N”j”( 1) is the effective
number of out-of plane contributions observed in perpendicular (parallel) polarization geometry.

(111) plane

(001) plane

Signal R; Ny  Scatterer(s) N N" N7 N N N NO® NMONTMNTON“ NI
SS, al\2 12 8 6 6 12 0 3 9 8 4 120 6 6
SS, a 6 Co, 6 6 0 0 2 4 6 0 0 6
SS; a\3/2 24 Pt; 18 6 24 0 15 9 24 24 0 24 6
MS, a2 112 Coy, 6 6 12 0 3 9 8 4 120 6 6

n 24 Co,-Pt, 12 12 24 0 18 16 8 24 0 12 12

M 12 Py-Co,P 6 6 12 0 3 9 8 4 120 6 6
SS5 a5/2 24 Pt 24 24 0 24 0 16 8 24 0 12 12

to be largely independent on the growth direction.” On an-
other hand, Pt was shown to segregate indifferently to the
surfaces of a (111) (Ref. 30) or (001) (Ref. 31) Co-Pt alloy.
For these reasons only segregation of Se atoms detached
from the WSe, surface can explain our experimental results.
It is noticeable here that taking into account Co-Se correla-
tions does not improve significantly the refinement of the
data in spite of an increase in adjusted parameters. This sug-
gests that Se atoms segregate continuously at the growing
surface during codeposition so that they are finally located in
the topmost layer of the nanostructures. Therefore the frac-
tion of Co-Se correlations is to low to be visible in our
XAFS spectra. Such segregated Se atoms would behave as
vacancies favoring the atomic exchanges between Co and Pt
atoms which are driven by the tendency of Pt atoms to seg-
regate to the advancing surface. These processes would lead
to the formation of Co platelets which are covered by the
successive layers and frozen in at 300 K due to negligible
bulk mobility. By increasing the growth temperature and re-
lying on a similar mechanism, Se atoms would then favor the
L1, order which is already observed in nanostructures pre-
pared at growth temperatures as low as 420 K.

IV. SUMMARY

Polarized XAFS measurements at the Co K-edge were
performed in two series of epitaxial CoPt; nanostructures
grown on WSe,(0001) and NaCl(001) surfaces. A detailed
analysis of the XAFS data reveals an anisotropic chemical
order around Co absorbing atoms extended up to the fourth
neighbors only in the CoPt;/ WSe, sample grown at 300 K.
This structural anisotropy is characterized by preferential in-
plane Co-Co bonds which suggests the existence of Co-rich
regions in form of thin disks, with nanometric diameter, par-
allel to the film plane. These disks are the source of the PMA
measured in this sample. For the CoPt;/ WSe, sample grown
at 700 K, the structural anisotropy vanishes almost com-
pletely in agreement with the observed L1, ordering which
due to its isotropic character suppresses PMA. The absence

of a structural anisotropy in the two CoPt;/NaCl samples
grown at 370 and 670 K highlights the role of segregated Se
atoms during codeposition. Conjugated with the well-
established Pt surface segregation, the Se segregation seems
to be the mechanism favoring the development of a local
structural anisotropy in CoPt; nanostructures grown on WSe,
at a temperature as low as 300 K. Furthermore, the same Se
atoms behaving as vacancies during the codeposition would
also favor the L1, ordering at growth temperature above
420 K.
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APPENDIX: POLARIZED XAFS DATA ANALYSIS

The quantitative refinement of the polarized XAFS spec-
tra recorded at the Co K-edge allow the determination of the
relevant structural parameters which describe in detail the
local order around the Co absorbing atoms. They were de-
rived by fitting the experimental spectra to the theoretical
XAFS formula,??

7
k() = 23 EgFje—Zkzgf-g-ZR/% Sin(2kR, + ¢;), (A1)
JoN

where R; is the mean distance between the absorbing atom
and the neighbors in the jth shell and o° the mean-square
relative displacement (Debye-Waller factor). F;(k), ¢;(k),
and (k) are, respectively, the backscattering amplitude, the
total phase shift and the mean-free path of photoelectron;
they are calculated by the FEFF code?® using, as models,
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FIG. 7. (Color online) Top: view of the L1,-ordered structure
and the scattering paths used in the fitting. Bottom: schematic top
view of L1, structure for (a) CoPt3(111)/WSe,(0001) and (b)
CoPt3(001)/NaCl(001). In blue, the neighbors in the sample plane
as the absorbing atom, in red and green, the atoms located in the
first and second upper planes.

CoPt; clusters with fully ordered L1, phase (shown in Fig. 7)
and randomly disordered fcc solid solution as already done
for CrPt; continuous films.* SS is an empirical parameter
taking into account losses due to many-body effects, and
kept fixed for all spectra; an optimized value of 0.75 was

thus chosen. The effective coordination numbers, I\~/j, take
into account the polarization dependence of the photoabsorp-
tion process and are given by??

N,
J
N;= 32, cos? @j;, (A2)
i=1
where «;; is the angle between the x-ray polarization vector

(é) and the bond direction between the absorbing atom and
the ith scatterer in the jth coordination shell. These numbers

PHYSICAL REVIEW B 81, 125417 (2010)

can be expressed as a function of the true in-plane, N, and
out-of-plane, N°*, neighbors, i.e., (i) atoms in the same plane
as the absorbing atom, namely (111) and (001) planes for
CoPt; nanostructures grown on WSe,(0001) and NaCl(001),
respectively, and (ii) atoms out of these planes.

In a fcc lattice, their expressions for the two polarization
geometries (N, and N,) are deduced from Eq. (A2). For a
(111) growth plane, they are calculated for each shell as
follows:

Shell N, N,

S| 2N 1.5N"+0.5N°
SH N(lut N()Ml

Sur INeu 1.5N™+0.83N"

Siy 2Neu 1.5Ni+0.5N°u

and for a (001) growth plane,

Shell N, N,

Sy 1.5N%4 1.5N"+0.75N"
Su 3Nou 1.5N

SIH N()Ll[ N()Ml

Stv 1.5N% 1.5N™+0.75N""
Sy 1.5N%4 1.5N"+0.75N"

It is worth noting that for both planes, the measurements
with perpendicular polarization probe only the contributions
of out-of-plane neighbors while the measurements with par-
allel polarization probe the contributions of in-plane and out-
of-plane neighbors. Table III shows for both polarization ge-
ometries the effective and true numbers calculated for a
perfectly ordered L1,-type structure with respect to the two
growth planes. Independently of polarization and for any
shell, ﬁﬁ? l)+1\~J""("l’) is always equal to the total number of
neighbors N,,,=N"+N°". It demonstrates that the XAFS sig-
nals of a perfectly ordered L1,-type phase or a randomly
disordered fcc phase are independent of polarization. There-
fore, any differences in the XAFS spectra with polarization
are associated to an anisotropy in the sites of Co and Pt
neighbors with respect to the growth plane.

The refinements of the experimental spectra were per-
formed through a least-squares minimization procedure, by
fitting the k>-weighted x(k) signal without Fourier filtering.
They were performed adding successively new contributions
and checking their effective statistical significance. Finally,
reduced sets of neighbor shells, four shells for CoPt;/ WSe,
(Table T) and five shells for CoPt;/NaCl (Table II) were con-
sidered. Constraints between parameters were applied, based
on the crystallographic structure and chemical composition.
For example, the total effective coordination numbers in
each shell were fixed to the values calculated in Table III.
Only the atomic fractions of Co and Pt were refined and
therefore the alloy composition can vary from one shell to
another one. In each shell, the Debye-Waller factors were
assumed to be identical for Co and Pt atoms. This choice was
mandatory, otherwise the well-known strong correlation be-
tween N and o would give less reliable results.
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The refinement of the fourth shell does require great care.
Its important contribution originates from the atomic align-
ments along the diagonals of the cube face (Fig. 7). Owing to
the collinear atomic configurations Coy-X;-Y,, the multiple-
scattering  terms, namely, the  double-scattering
(Coy-X,-Y4-Co, and Coq-Y4-X;-Coy) and the triple-scattering
(Coy-X;-Y4-X,-Coy) paths, are important and have to be con-
sidered in addition to the single-scattering path, Coy-Y,. For
a disordered configuration the X and Y can be Co or Pt,
therefore four configurations must be considered. After sev-
eral attempts, we found that the MS, contributions are
largely dominated by Co-Pt;-Co, configurations while the
Co-Co;-Co, configurations are definitively weaker. The

PHYSICAL REVIEW B 81, 125417 (2010)

probabilities of the different contributions were derived from
those of the Co-Pt and Co-Co nearest-neighbor pairs de-
duced from the coordination numbers in order to reduce the
number of parameters and the correlations among them.?*

The path lengths of MS, contributions were calculated
using the nearest-neighbor distances, the bond angles were
found close to 180° within the experimental uncertainty. The
in-plane distances and neighbors were obtained from the
simulations of the spectra measured with parallel polariza-
tion, by fixing the parameters corresponding to out-of-plane
neighbors to those deduced from the simulations of the spec-
tra measured with perpendicular polarization.
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