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The anisotropy of the Fe orbital moment is investigated in epitaxial ultrathin (<2 nm) FePt layers by angular
dependent x-ray magnetic circular dichroism (XMCD) for two distinct epitaxial systems, CoO/FePt/Pt(001) and
Pt/FePt/MnPt/Pt(001). Element selective hysteresis loops obtained from the XMCD signal at the Fe L3 edge are
used to quantify the anisotropy constants, which are consistent with the corresponding chemical order parameter.
A careful procedure for XMCD sum rules data analysis is set up to avoid experimental overestimation of the orbital
moment. The measured orbital moment of Fe is found comparable to theoretical values and shows a significant
anisotropy. This orbital moment anisotropy is discussed in the light of the current theoretical understanding of

magnetocrystalline anisotropy in ordered alloys.

DOI: 10.1103/PhysRevB.90.214403

I. INTRODUCTION

Magnetic materials presenting large magnetocrystalline
anisotropy energy (MAE) with perpendicular magnetization
are of great interest in ultrahigh-density magnetic recording
and spintronic devices. Systems with perpendicular magnetic
anisotropy (PMA) present lower critical current density for
magnetization switching by spin-transfer torque in magnetic
tunnel junctions [1]. The FePt ordered alloy in the fct L1,
phase, where monoatomic planes of Pt and Fe alternate
along the ¢ axis, is one of the materials with the largest
MAE [2,3]. Combined with a good resistance to corrosion and
moderate Curie temperature (T¢ ~ 750 K) this characteristic
makes L1 FePt a prime candidate for heat-assisted magnetic
recording [2]. The MAE is directly related to the order
parameter S of the alloy: The closer it is to a perfect order
(S = 1), the higher the anisotropy [3-7].

In the ultrathin limit (few nanometers), conventional ther-
mal assisted codeposition leads to poor ordering [4]. Alternate
Fe and Pt deposition [8] or postannealing of ultrathin Fe
on Pt(001) [9] are suitable methods for producing ultrathin
FePt films with PMA. In such films the order parameter S is
only roughly estimated with standard laboratory techniques.
Determinations based on surface sensitive techniques such as
grazing incidence x-ray diffraction (GIXRD) and proper data
analysis procedures are scarce [10]. Moreover, a determination
of MAE is still lacking for a few monolayers (ML) thick film.

From a fundamental point of view, the origin of the MAE
in FePt and other transition metal/noble metal alloys has been
the subject of intense theoretical research [5-7,11-15]. Even
if there is a consensus that the hybridization between the Pt 5d
orbitals with a large spin-orbit interaction (SOI) and the highly
spin-polarized Fe 3d ones is at the origin of the strong MAE in
FePt [5,6,11-13], the underlying microscopic process is still
under debate. For 3d transition metals, by using perturbation
theory, Bruno [16] showed that the MAE should be directly
proportional to the orbital moment anisotropy (OMA). Bruno’s
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theory is developed under the assumption that the exchange
splitting is larger than the bandwidth for a 3d element with
more than a half-filled d shell. Following this reasoning, it
has been calculated for FePt that a dominant contribution
to the MAE comes from the Fe atom [5,15], where the Fe
OMA would be enhanced by hybridization with Pt 54 states.
However, this dominant role of OMA in 3d metals was put into
question for binary 3d-5d alloys [17]. According to Soloyev
and co-workers [12], the MAE would be entirely related to the
Pt sublattice, while the 3d atoms would only act as a source of
magnetism by inducing exchange splitting in the Pt atom via
orbital hybridization. In this view [6], the anisotropy of the Pt
orbital moment would be the dominant factor.

Experimental determination of the orbital moment (m,)
is commonly obtained from x-ray magnetic circular dichro-
ism (XMCD) sum rules [18,19], but so far reports about
angular dependent XMCD measurements in FePt that could
provide support to either of these scenarios are still lacking.
In addition, there is a serious discrepancy between most
experimental determinations of Fe m, deduced from XMCD
sum rules [10,20-22] (0.2-0.3u) and those obtained from
ab initio calculations [6,11-13,23] (0.06-0.13 ). The large
experimental values for m, reported in the literature can be
interpreted as due to the enhancement of the orbital moment
in the ordered FePt alloy and the source of MAE [10,22].
Nevertheless, such measurements have been performed for
randomly oriented nanoparticles [22] or normally to the
films [20,21] and angle dependent measurements are missing.

We report here on a XMCD study of the FePt orbital
moment anisotropy performed on two different epitaxial
ultrathin systems whose structures (epitaxy, order parameter,
surface/interface quality/oxidation) have been previously fully
determined by GIXRD [24-26]. For each sample, angular
dependent hysteresis loops obtained from the Fe L; edge
XMCD signal allow one to quantify the strong PMA associated
with the corresponding chemical order parameter. We propose
aprocedure for XMCD data analysis limiting systematic errors
in the application of sum rules. Using this procedure, we derive
the orbital and spin magnetic moments of Fe, in agreement
with calculated values. Measurements at normal and grazing
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FIG. 1. (Color online) XAS spectra for parallel (x4 ) and antipar-
allel (u_) alignment of the photon helicity with respect to sample
magnetization and their difference (XMCD) obtained at 10 K in
normal incidence for (a) sample A [CoO(4.0)/FePt(1.1)/Pt(001)] and
(b) sample B [Pt(1.6)/FePt(1.6)/MnPt(3.0)/Pt(001)]. The vertical line
indicates the photon energy at which hysteresis loops of Fig. 2(b) are
measured.

incidence reveal a clear OMA that is discussed in light of the
current theoretical understanding of MAE in ordered alloys.

II. EXPERIMENTAL

In sample A [26]—Co0O(4.0)/FePt(1.1)/Pt(001) (nm)—the
FePt layer is obtained by evaporation of 3 ML of Fe on a
Pt(001) single crystal at 600 K, followed by 1 ML Pt deposition
to limit Fe oxidation. The Fe interdiffusion with the Pt substrate
is limited to one atomic plane. The FePt layer is in registry with
the substrate [c/a = 0.917(3)] and presents L1, order along
the perpendicular ¢ axis with § = 0.7(1). Subsequent CoO
reactive growth at 520 K gives rise to a small interface Fe oxide
equivalent to 1 Fe ML, as evidenced by the multiplet oxide
signature of the x-ray absorption spectroscopy (XAS) spectra
in Fig. 1(a). The XMCD spectrum [green dashed curve in
Fig. 1(a)] is characteristic of metallic FePt and is not noticeably
affected by this small Fe oxide content. However, a quantitative
analysis with XMCD sum rules is limited, as will be discussed
later.

Sample B—Pt(1.6)/FePt(1.6)/MnPt(3.0)/Pt(001)—is
purely metallic and was obtained by alternate layer
deposition [24]. The FePt film of 4 bilayers (BL) was grown
at 570 K on an antiferromagnetic L1, ordered MnPt layer and

PHYSICAL REVIEW B 90, 214403 (2014)

protected against oxidation by Pt. The FePt (and MnPt) layer
grows pseudomorphically, with a perpendicular L1, ¢ axis
[c/a = 0.916(2)]. The FePt/MnPt interface is very sharp and
presents a limited chemical roughness (*0.25 nm). The order
parameter [S = 0.5(2)] is tainted by a sizable uncertainty due
to the superposition of MnPt and FePt diffraction peaks and
a small lateral size of the ordered domains. The absence of
Fe oxidation, evidenced by the lack of multiplet structures
in the XAS spectra [Fig. 1(b)], enables a proper application
of XMCD sum rules. The magnetic properties and exchange
coupling of FePt with the corresponding antiferromagnetic
layer were described for both sample A [25,27] and sample
B [24]. In the case of sample B, the exchange bias field
is limited to 8 mT at low temperature and vanishes after
training. For sample A, the exchange bias is of 80 mT at low
temperature and vanishes above room temperature (RT). The
contribution of interface exchange coupling to the saturation
of the FePt along the hard axis is then expected to be small.
XMCD measurements at the Fe L; 3 edges were performed
at the IDOS soft x-ray beamline of the European Synchrotron
Radiation Facility (ESRF). XMCD spectra, acquired in a total
electron yield mode (TEY), are obtained from the difference
between several XAS spectra recorded by swapping the
photon helicity with respect to the applied magnetic field. The
spectral resolution is E/AE ~ 6000 and the degree of circular
polarization is close to 100%. All spectra are corrected for TEY
saturation effects [28] and are normalized far from the Fe L; 3
edges (Fig. 3). Samples are allowed to rotate about an axis
in the film plane, with the polar angle 6 defined as the angle
between the surface normal and the x-ray propagation.

III. RESULTS AND DISCUSSION

As a first step we investigate the magnetic anisotropy of the
samples. Element selective magnetization loops were obtained
by measuring the maximum XMCD signal at the Fe L3 edge
[vertical line in Fig. 1(a)] as a function of the external magnetic
field applied along the beam axis. For sample A the angular
dependence of the magnetization loops at 10 K are shown in
Fig. 2(a), where the sample is turned from 6 = 0° (normal
incidence) to & = 70° (grazing incidence). The square-shaped
loop at & = 0° indicates that the magnetic anisotropy of the
FePt layer is perpendicular to the surface. This PMA, with high
remanence for & = 0°, persists above RT. Figure 2(b) shows
the temperature dependence of the normalized magnetization
at saturation, M2(T)/M*(10), measured from the XMCD
maximum at normal incidence and close to remanence. Based
on Okamoto et al. [3], we use a Brillouin function with
J = 10 to adjust the data and estimate the Curie temperature
Tc ~ 450 K. Such a reduction of T¢ with respect to the bulk
value is to be expected since ferromagnetism is weakened as
the thickness is reduced.

In order to estimate anisotropy constants, the approach to
saturation of the hysteresis loops at & = 70° has been adjusted
in a coherent rotation picture, with the total energy den-
sity expressed by E = K sin? y + K, sin*y — ’“’TMJZ sin? y —
woH Mg cos(@ — y), where y is the angle between the mag-
netization and the normal (easy) axis. For the 10 K data
[inset in Fig. 2(a), blue squares] we obtained (in units of
MJ/m?) K{#(10) = 3.5(5) and K2(10) = 0.6(3) (blue line),
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FIG. 2. (Color online) (a) Angular dependence of maximum Fe
Lz XMCD as a function of the external magnetic field for sample A
at 10 K. The inset shows the approach to saturation for 6 = 70° and
the corresponding fit at 270 and 10 K and for sample B at 10 K, as
indicated in the legend. (b) Normalized magnetization at saturation
vs temperature with a Brillouin fit (J = 10) for sample A.

with M,(10) = 1.3 x 10° A/m from Okamoto et al. [3]. The
K, value is close to that observed by these authors [3]
(~4) for a 14 nm thick film with § =0.72 at 10 K. To
adjust the 270 K data (green circles), we took M*(270) from
Fig. 2(b) normalized by the value at 10 K, M;(10), which
gives Kf*(270) = 1.6(3) and K?(270) = 0.4(2) (green line).
For this single point, the expected power law behavior [29]
K(T)/K,(0) =~ [Ms(T)/Ms(0)]* would give an exponent
o = 2.8, compatible with values reported for FePt, which
range from 2 [3,29] to 3 [30]. Such a high value of MAE for
only 2-3 FePt BL thickness is consistent with recent theoretical
predictions [14].

A similar behavior has been observed for sample B, with
high remanent magnetization [24] at 6 = 0°, evidencing PMA.
At 6 = 70° the approach to saturation of the hysteresis loops
[inset in Fig. 2(a)] was adjusted with KF(IO) =1.1(2) and
K?(IO) = 0.2(1). The smaller MAE for sample B is consistent
with the smaller order parameter. Systematic temperature
dependent measurements are still missing for this sample, but
the ratio of the XMCD signal at 300 and 10 K compares well
to the expected temperature dependence of the magnetization
for thick films [3], suggesting that T¢ is above the value found
for sample A, in agreement with its larger thickness.

We then turn to the determination of the Fe orbital (m,)
and the effective spin (mfjff) magnetic moments (Table I).
m" is defined by m*™ = m; + Tmr, where m; is the spin
moment and m7 the magnetic dipole term accounting for the
asphericity of the spin density. From XMCD sum rules [19]
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TABLE 1. Fe magnetic moments (in pp) for samples A and B
and comparison with experimental (expt.) and theoretical (theor.)
data. The available experimental data are obtained with 6 = 0°, apart
from Ref. [21] with & = 30° and Ref. [22], where the nanoparticles
are randomly oriented. m?* is m*T for experiments and m for theory.

m? m, L (/1) Am, mo/my L (/)
A 0.04(1)/0.03(1)
B 2.7(3) 0.11(1)/0.08(1) 0.03(2) 0.040(3)/0.031(3)
Expt. [20]  2.40 0.21 0.087
Expt. [21] 2.45 0.24 0.10
Expt. [22] 2.38 0.20 0.08
Expt. [8] 2.7 0.05
Theor. [11] 2.7 0.13 0.02 0.048
Theor. [13] 2.89 0.110/0.096 0.014 0.038/0.033
Theor. [12] 2.77 0.058 0.012 0.021
Theor. [6] 0.088 0.004
Theor. [23] 2.87 0.072 0.025

m, = —4nyq/3r andm® = —n,(6p — 4q)/r, where ny, is the
theoretical number of d holes, taken here asn;, = 3.4[22], p =
sz(,uJr —u_)dE,andq = fL3+L2(/1,+ — nu_)dE, as indicated
in Fig. 3. The resonant intensity is given by the integral
r={ Lyar, M4+ u_)dE, where a steplike background (gray
line in Fig. 3) due to nonresonant excitation channels is
subtracted. The ratio m,/m™ = 2¢/(9p — 6q), independent
of r and ny, is reported separately.

The critical issue for the quantitative determination of the
individual values of m, and m®" is the accurate evaluation
of the integral g, which strongly depends on the procedure
of background subtraction in XMCD spectra. An improper
background may result in overestimated values for the orbital
moments. An uncorrected small vertical shift or a residual
linear background in the XMCD spectrum results respectively
in a linear or a parabolic deviation in its integral. In our data

analysis procedure, we choose a linear background subtraction

""""" B,
- B g T
5 step-like background
¥
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FIG. 3. (Color online) XAS, XMCD, and XMCD integral for
sample B, as indicated in the labels for 6 = 0° and 7 = 10 K.
Also shown is the steplike function used as the background for an
average XAS integral (charge sum rule, not shown). Inset: A ten
times magnification of the XMCD integral evidences the oscillatory
behavior coming from integration of the magnetic extended x-ray
absorption fine structure (EXAFS) oscillations, with convergence far
above 800 eV.
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in order to ensure that the XMCD integral is zero before the L3
edge (~700 eV) and that it converges far above the L, edge
(~840 eV) (inset of Fig. 3). Such a convergence test over a
broad energy range is required for a proper background sub-
traction and to obtain reliable values of the orbital moments.

The test of the convergence of the XMCD integrals, which
requires acquisition of broad energy spectra, is more sensitive
to any background and is required when looking for small
differences in the orbital moments as functions of the x-ray
incidence. The spectrain Fig. 3 were obtained at 10 K, applying
along the beam axis an external field (4 T) that is large enough
to saturate the sample, whatever the orientation. With the above
analysis procedure we obtained atd = 0° (L) and 6 = 70° (]|),
the values reported in Table I. The error bars are estimated by
the standard deviation after averaging several measurements
with opposite external fields. One should note the large OMA,
Amf)3 = mE(J_) — mE(H) =0.032)up.

For sample A, the presence of the interface Fe oxide pre-
vents us from determining the absolute values for the magnetic
moments, since the oxide contributes to the XAS but not to the
XMCD spectra (Fig. 1) and causes an overestimation of the
integral r. However, the ratio m,/m®" can still be determined
and is reported for both orientations (Table I), measured at
270 K and with an external field of 9 T. The presence of a
Co Lj; edge (~780 eV) limits the integration range to about
50 eV above the Fe L, edge. This precludes any confirmation
of the convergence of the XMCD integral far above the Fe
edge, resulting in larger error bars for the magnetic moments.
An average of two XMCD spectra acquired with opposite
magnetic fields is used to limit systematic errors.

It is noteworthy that in both samples m,/m®T(L) is equal
to 0.04. This value approximates quite well the ratio m/m;
obtained by ab initio calculations [6,11-13,23] (0.021-0.048)
(Table I). We should note that the calculations of Ravindran
et al. [13] and Daalderop et al. [11] (Table I) take into account
the orbital polarization correction to include the effects of
Hund’s second rule. Their values for m,, Am,, and m,/m; are
in the closest agreement with the experimental values obtained
in the present work. The agreement still holds if we take into
account the dipolar correction (7mr) to m®f, of the order of
2% [19] to 20% [23]. We should note that this m(,/mg’ff(J_)
ratio is smaller by a factor around 2 with respect to most of the
experimental ratios reported in the literature for FePt [20-22]
and slightly smaller than the value reported by Imada et al. [8]
(Table D).

The experimental values previously reported were given
for nanoparticles [22] or for thicker films with similar [8,21]
or higher [20] order parameters. This could explain part of
the discrepancy with our experiments. However, we claim
that the difference is likely to have its origin in systematic er-
rors. The presence of a background in the XMCD spectrum or
areduced integration range are possible sources of systematic
errors for quantifying g. This is the case of Soares et al. [10],
where a reevaluation of the data showed the presence of a
nonlinear background that overestimated m,. In the case of
Xu et al. [20], a reduced integration range (up to 735 eV)
may cause an overestimation of m,/m® by 65%, according
to the inset of Fig. 3. This last correction could reconcile the
results of Imada et al. [8] and Xu et al. [20] with our own
measurements.
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The significant anisotropy of the Fe orbital moment
observed (Am, = 0.03up) is of the same order, even if
slightly higher, as the few theoretical predictions available
(Table I). We should also note that the calculations of
Ravindran et al. [13] and Daalderop et al. [11] (Table I) take
into account the orbital polarization correction to include the
effects of Hund’s second rule. Their values for m,, Am,,
and m,/m; are in closest agreement with the experimental
values obtained in the present work. An intense theoretical
research effort has been dedicated to the study of MAE in FePt
and other transition metal/noble metal alloys using different
approaches [5-7,11-15,21]. It is a common statement that the
key for the large MAE [5,6,11,12] is the combination of the
large Pt SOI and the hybridization of Pt 5d orbitals with Fe
3d orbitals (highly spin polarized). If the Pt SOI is switched
off [5] or reduced [11], the calculated MAE drops drastically,
evidencing its major importance. The different approaches also
agree that there is an increase of the MAE with an increase
of the c/a ratio [5,7,14,15]. This feature is attributed to an
increase of hybridization between Fe and Pt with an decrease
of the in-plane lattice parameter and subsequent changes in
the band filling of Fe 3d orbitals [15]. Our highly distorted
epitaxial layers (c¢/a ~ 0.91) would, according to theory,
have a smaller anisotropy than if they were fully relaxed or
under a compressive strain. However, the c¢/a dependence of
anisotropy is irrelevant compared to the dependence with the
order parameter [7].

Beyond these agreements, the orbital magnetism of both
Fe and Pt atoms and its relationship with the origin of
MAE in FePt has been the object of intense theoretical
debate. The proportionality between the OMA and MAE [16],
AE = %Amm with &g an effective coefficient of SOI, is
known as the Bruno’s model. Such a model was questioned
for binary 3d-5d alloys [17]. Solovyev et al. [12] state that
the MAE in FePt and CoPt alloys is entirely due to the Pt
sublattice. The role of Fe and Co atoms would be only to
induce exchange splitting in Pt via orbital hybridization. In
this picture, followed by Kota et al. [6], the anisotropy of the
Pt orbital moment is dominant upon Fe OMA. Moreover, the
Pt orbital moment is larger in the direction perpendicular to
the ¢ axis [6,13] and that would give a negative &..

On the other hand, Burkert er al. [5] claim that about
70% of the total MAE originates from the Fe atom. In the
same way, Ravindran et al. [13] conclude that the magnetic
anisotropy is mainly originating from Fe atoms. Zhu et al. [15]
found a nearly linear relation between MAE and Fe OMA by
changing the c/a ratio, in agreement with Bruno’s model.
They deduce a positive & by only taking into account the
Fe contribution. An enhanced Fe OMA would originate from
the strong hybridization with the large SOI Pt atom [5,31].
Using the theoretical SOI coefficient of Fe [6] (§ge ~ 50 meV)
and the measured OMA (Am, = 0.035) in Bruno’s model,
we obtain AE A~ 2 MJ/m?. This value is compatible with the
anisotropy constants reported here for sample B.

Our experimental result supports then the scenario where
the hybridization-induced enhancement of Fe OMA dominates
the large MAE, in agreement with Bruno’s model for Fe.
In our understanding, Fe satisfies the requirement of a large
exchange splitting and narrow bandwidth for application of
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this model, while Pt shows a rather small exchange splitting
while having a widespread density of states [13] that prevents
one from using this perturbation treatment. The investigation
of Pt magnetic moments for our samples, which would fairly
complete this study, is precluded here by the presence of Pt
as the substrate and cap layer. We should also point out that
our FePt layers have an interface with an antiferromagnetic
material. An influence of such an interface on the orbital
magnetism cannot be fully discarded, even if it is expected
that its effect on the strong PMA of FePt would be minor and
vanish above room temperature [24,25].

IV. CONCLUSION

In conclusion, we have investigated the anisotropy of the Fe
orbital magnetic moment in epitaxial ultrathin (<2 nm) FePt
layers by angular dependent x-ray magnetic circular dichroism
(XMCD) at the Fe L edges for two distinct epitaxial systems

PHYSICAL REVIEW B 90, 214403 (2014)

CoO/FePt/Pt(001) and Pt/FePt/MnPt/Pt(001). We have found
anisotropy constants consistent with the corresponding chemi-
cal order parameter. The Fe orbital magnetic moment has been
deduced from a procedure for XMCD sum rule analysis with
integration over a large energy range, reducing background
errors. Our magnetic orbital moment values are found to
be lower than most of the experimental values reported in
the literature, but quite comparable to the theoretical ones.
Moreover, we have observed a significant OMA of 0.03 5.
This OMA is discussed in light of the current theoretical
understanding of magnetocrystalline anisotropy in ordered
alloys.
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