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High magnetic moments and anisotropies for Fe,Co;_, monolayers on Pt(111)
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The magnetism of 1-ML-thick films of Fe,Co,_, on Pt(111) was investigated both experimentally, by x-ray
magnetic circular dichroism and magneto-optical Kerr effect measurements, and theoretically, by first-
principles electronic structure calculations, as a function of the film chemical composition. The calculated Fe
and Co spin moments are only weakly dependent on the composition and close to 3up/atom and 2up/atom,
respectively. This trend is also seen in the experimental data, except for pure Fe, where an effective spin
moment of only Sei=(1.2%£0.2) g/ atom was measured. On the other hand, both the orbital moment and the
magnetic anisotropy energy show a strong composition dependence with maxima close to the FejsCoyg s
stoichiometry. The experiment, in agreement with theory, gives a maximum magnetic anisotropy energy of 0.5
meV/atom, which is more than 2 orders of magnitude larger than the value observed in bulk bcc FeCo and
close to that observed for the L1, phase of FePt. The calculations clearly demonstrate that this composition
dependence is the result of a fine tuning in the occupation number of the d,>_,> and d,, orbitals due to the

Fe-Co electronic hybridization.

DOLI: 10.1103/PhysRevB.78.214424

I. INTRODUCTION

Exploring the ultimate density limits of magnetic infor-
mation storage requires elaborate tuning of several magnetic
properties, such as the easy magnetization axis, the magnetic
anisotropy energy (MAE) K, and the saturation magnetiza-
tion (My) of the recording medium.! In order to inhibit ther-
mally activated magnetization reversal the MAE has to be
1.2 eV/bit. Reducing the bit size therefore requires higher
MAE per atom. At the same time, the magnetization density
of the recording medium must increase in order to stay with
technologically available write fields. In order to reduce di-
polar magnetic interactions between adjacent bits the easy
axis has to be perpendicular to the plane, and finally narrow
switching and stray field distributions are required.

Extensive theoretical and experimental efforts have been
devoted to develop new materials that meet these require-
ments. Examples are patterned media, exchanged-biased
multilayers, and self-assembled monodisperse and equidis-
tant nanoparticles. Bimetallic alloys represent a viable route
to tune both My and the MAE, as these quantities are
strongly influenced by compositional effects and lattice dis-
tortions. While the MAE of ferromagnetic transition metals
in their cubic structures is on the order of a few tens of
pmeV/atom, structurally distorted alloys, such as FePt in the
L1, phase>™* or bct-FeCo,>” may have MAE values close to
1 meV/atom. Moreover, the total magnetic moment can be
tuned by choosing the two elements of the alloy. FePt and
FeCo are good examples of alloys with comparable MAE but
with, respectively, lower and higher magnetic moments with
respect to Fe and Co bulk values.

As the typical size of nanoparticles and the thickness of
thin films approach a few atomic lattice distances, electronic
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interactions between the magnetic medium and the support-
ing substrate play an increasingly important role and lead to
new properties opening up a new degree of freedom. The
effect of electronic hybridization with the substrate is well
exemplified by the magnetic behavior observed for surface-
adsorbed individual atoms. Giant magnetic anisotropies have
been found for single Co atoms on Pt(111),® a 54 transition
metal, while vanishing MAE values have been observed for
single Co atoms when deposited on alkali metals where only
3d-sp hybridization is possible.” In addition to electronic
change via hybridization, in thin films the lattice mismatch
between film and substrate can induce modifications of the
crystallographic translational symmetry, which can result in
additional modifications of the magnetic properties.'”

Here we report on the magnetic properties of 1 ML
(monolayer) (1 ML is defined as 1 film atom per substrate
atom) thick films of Fe,Co,_, deposited on a Pt(111) surface.
Among ferromagnetic materials, FeCo displays the highest
saturation magnetization,5 while Pt is known to induce large
MAE in both Co (Refs. 11 and 12) and Fe.!> A combination
of large Mg and MAE is required to push the superparamag-
netic limit to smaller sizes and higher densities while keep-
ing the writing field (H,,=~ K/My) in the technological limit.
Until now, large MAE values have been predicted and ex-
perimentally observed only in distorted FeCo-bct bulk, re-
spectively, several monolayers thick films.>”’ In a combined
experimental and theoretical study we demonstrate that
1-ML-thick Fe Co,_, films grown on Pt(111) possess both
very large M ¢ and MAE values compared to most ferromag-
netic materials.'* This result is a consequence of the elec-
tronic hybridization between Fe and Co atoms in the mono-
layer and between the FeCo layer and the Pt(111) substrate.

©2008 The American Physical Society
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We find in our calculations in agreement with experiment
spin moments of about 3ug/atom for Fe and 2ug/atom for
Co. These values are only weakly composition dependent,
namely, they show a monotonic increase in My in going from
Co to Fe. This is in contrast with the well-known Slater-
Pauling behavior,!> showing a maximum of Mg at interme-
diate composition. We attribute this to the reduced film di-
mensionality which, narrowing the d-density of states
(DOS), produces a clear splitting of the Fe 3d] and 3d| spin
bands. Contrary to the behavior of the spin moments, both
the orbital moment and the MAE are found to strongly de-
pend on the alloy composition, with a maximum around the
equiatomic stoichiometry. The experiments, in agreement
with theory, give a maximum MAE value of 0.5 meV/atom,
which is more than 2 orders of magnitude larger than the
value measured in bulk bcc FeCo alloy'® and similar to the
values observed in the highly ordered L1, phase of FePt.!?
Calculations of the element and orbital-resolved DOS clearly
demonstrate that the observed composition dependence is the
result of Fe-Co electronic hybridization, namely, a fine tun-
ing of the occupation number of spin-down d,>_,» and d,,
in-plane orbitals, both for Fe and Co, while the population of
the ds2_p2, d,,, and d,, out-of-plane orbitals remains nearly
stable. Moreover, we show that the Pt substrate plays an
important role in the Fe-Co hybridization, as well as in de-
termining the MAE and M of this system.

II. EXPERIMENT

Fe Co,_, films were grown by atomic beam epitaxy from
thoroughly outgassed high-purity rods (99.995%) using a
commercial electron-beam evaporator. The Pt(111) substrate
was prepared by repeated cycles of Ar*-ion sputtering [1.3
keV at 300 K to remove magnetic layers and at 800 K once
the substrate was clean (20 min)], followed by annealing at
800 K at an oxygen partial pressure of P02=6 X 1078 mbar
(10 min) to remove carbon impurities, and final annealing to
1100-1300 K. This preparation procedure gives chemical de-
fect densities below 2 X 1073 ML and typical terrace sizes of
about 1000 A. Fe and Co atoms were codeposited on the
surface. The film coverage and chemical composition were
adjusted by varying the Fe and Co fluxes, which were previ-
ously calibrated by scanning tunneling microscopy (STM)
and x-ray-absorption spectroscopy (XAS) within =0.05
ML. The evaporation rate for Fe and Co was in the range of
0.1-0.6 ML/min. During deposition the pressure inside the
UHV chamber was below 1 X 1071° mbar. To investigate the
effect of the film morphology on the magnetic properties,
two types of monolayer films were grown with either a
granular or continuous structure.

Granular films have been deposited at 7<50 K, where
surface diffusion of both species is frozen. Their morpholo-
gies have been investigated in detail by variable temperature
scanning tunneling microscopy (VI-STM) at the Ecole Poly-
technique Fédérale de Lausanne (EPFL). Analog growth
conditions were used to deposit and investigate in situ the
granular films by XAS using synchrotron radiation at the
IDO8 beamline of the European Synchrotron Radiation Fa-
cility (ESRF) in Grenoble. XAS experiments were per-

PHYSICAL REVIEW B 78, 214424 (2008)

formed in the total electron yield mode using 99 = 1% circu-
larly polarized light and a =5 T magnetic field generated by
a split coil superconducting magnet. The x-ray beam and
magnetic field are parallel to each other and form an angle 6
with the surface normal. The out-of-plane vs in-plane mag-
netization was investigated by tilting the sample position
from #=0° to 70°, corresponding to normal and grazing in-
cidences of the x-ray beam, respectively. All XAS measure-
ments presented here have been performed at 10 K in less
than 2 h for each freshly prepared sample. The coverage
calibration at the ESRF has been carried out in situ by STM
after warming up the samples and transferring them from the
cryostat to the STM of the IDO8 beamline.

Continuous films were investigated by VT-STM and
magneto-optical Kerr effect (MOKE) measurements at
EPFL. The films were grown at 35 K and then annealed at
300 K for 5 min. MOKE measurements were performed in
both polar and transversal configurations as a function of the
stoichiometry in the temperature range 35—-400 K. An elec-
tromagnet with magnetic poles, and a coil inside the vacuum
system were used to produce magnetic in-plane and out-of-
plane fields at the sample position up to 50 mT. The light
source was a p-polarized and temperature-stabilized 780 nm
laser diode. The angle between the incident beam and the
surface normal was 35°. Magnetization curves were acquired
by MOKE in temperature intervals of 10 K. A complete char-
acterization of the magnetic properties was always per-
formed in less than 2 h after sample preparation and at a
pressure of 4X 10~'" mbar. A maximum variation in the co-
ercive field of =1.5 mT was measured when the MOKE
experiments were repeated after 2 h. We have taken this
value as error bar for the measurements of the coercive field.

III. EXPERIMENTAL RESULTS
A. Structural results: Granular and continuous films

Figure 1(a) shows an STM image of the granular film
structure obtained after deposition of 0.6 ML of Co on
Pt(111) at 35 K. The observed morphology was independent
of the film stoichiometry and of the deposition temperature
up to 50 K. Up to this temperature the surface diffusions of
Co and Fe are frozen giving rise to statistical growth of is-
lands with density, size, and morphology being independent
of composition.'"® From the STM images, we estimated a
mean grain diameter of about 20 A which corresponds to a
grain size of about 50 atoms. The grain thickness is one
atomic layer; only 0.02 ML is in the second layer. This value
implies a low activation energy for interlayer diffusion which
is reasonable for the small island sizes of only 8 atoms in
diameter. The lattice misfit between Fe and Pt is —10.3% and
the one between Co and Pt is —9.4%. Despite these large
values STM measurements do not reveal surface partial dis-
locations in the islands for all stoichiometries, suggesting
pseudomorphic growth of the Fe,Co,_, alloy islands. This
can be rationalized by stress relief at the steps,'® which leads
for Co/Pt(111) to an island diameter of 30—-40 A up to
which the islands are pseudomorphic and beyond which they
have partial dislocations, where the stacking changes from
fcc to hep or vice versa.?? For Fe on Pt(111) pseudomorphic
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FIG. 1. (a) STM image of 0.60 =0.05 ML Co/Pt(111) deposited
and imaged at 7=35 K. The surface exhibits monolayer-thick
grains containing on average 50 atoms each. (b) STM image of
1.00+0.05 ML Co/Pt(111). (c) STM image of 1.00*+0.05 ML
Feg 40Cog 6o/ Pt(111). Growth conditions for (b) and (c): deposition
at 7=35 K followed by annealing for 5 min at 7=300 K.

growth has been observed up to completion of the first
monolayer.?! This is surprising in view of the large misfit and
implies large tensile stress.

Continuous films were grown by depositing 1 ML of
Fe Co,_, at temperatures lower than 50 K followed by an-
nealing at 300 K. This procedure presents two advantages in
comparison with deposition directly at room temperature.
First, the film morphology is composition independent as
diffusion is entirely frozen for both elements during deposi-
tion, and second the morphology is coming closest to an
ideal flat and defect-free single layer. Examples are shown in
Fig. 1 for monolayers formed of pure Co and of Feg 40Coy ¢-
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FIG. 2. (Color online) XAS and XMCD spectra recorded at the
Co L, 5 edges for a 0.83+0.05 ML film of Fe35Cog 45 (T=10 K,
moH=5 T, field and beam normal to the sample corresponding to
0=0°). (a) Absorption spectra normalized to the incident photon
flux (/) for parallel (u,=1,/Iy) and antiparallel (u_=1_/1I) align-
ment of photon helicity with respect to the field. The shown back-
ground signal corresponds to the XAS acquired on the clean Pt(111)
surface. (b) XMCD spectrum with the corresponding integral cal-
culated from spectra shown in (a). (c) Total XAS spectra with the
corresponding integral calculated from spectra shown in (a) after
subtraction of the background signal and of the two-step function
accounting for nonresonant absorption (full gray line).

Second layer coverage represents less than 4% of the total
coverage [for comparison second layer coverage amounts to
about 30% in room temperature deposited 1 ML of Co (Ref.
22) and 1 ML of Fe (Ref. 21)]. The density of second layer
islands and first layer vacancies was only 8 X 10~ ML, and
this is independent of stoichiometry. This allows minimi-
zation of the effect of film roughness on the magnetic
properties.>»?* Randomly distributed partial surface disloca-
tions are observed for all compositions, except for pure Fe.
The dislocations are the domain walls separating fcc from
hcp staking areas and appear in pairs due to the energy dif-
ference between the two stacking sequences. Depending on
the tip conditions, these pairs appear as a bright double line
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TABLE 1. Element-resolved orbital and spin moments (in units of wg/atom) estimated from XAS data acquired along the easy axis
(6=0°) with upH=5 T.m; and m §,qp ATC the average orbital and effective spin moments per atom in the alloy. The saturation magnetization
M and the total magnetization at 5 T, M5 1, are estimated from the magnetization curves in Fig. 3. The values for pure Co correspond to
1-ML-high Co islands with an average size of 40 atoms and are taken from Ref. 8.

(G)

(ML) L, (Settdre  (L/Sefr)re Leo (Sedco (L7 Sefr)co my mg . Mst/Ms
Co Ref. 8 0.31x0.06 1.8*0.1 0.17=0.02 0.31*=0.06 1.8*0.1 1
Feg3sCopes  0.83%£0.05 030+0.03 3.0+03 0.10£0.02 0.50+0.05 2202 023+0.04 043+0.08 2.5+0.5 1
Feg5,Cogsg  0.7320.05 0.24*=0.02 2.1x0.2 0.11x0.02 040x0.04 1702 024=0.03 032*0.06 19*04 0.85
FepssCopss 1.17%0.05 029+0.03 29+03 0.10+0.02 048+0.04 22+02 022+0.03 038+0.07 2.6*0.5 1
Fe 0.79x0.05 0.14x=0.02 12%=02 0.12x0.04 0.14x0.02 1.2%x0.2 0.85
or as a depression, as in Fig. 1. In both cases the positive or
negative apparent height amounts to 0.25+0.05 A. Al- f (4 = p)dE
though surface dislocations have been observed for pure Co L= 4 4 Latls =———h dz, (1)
(Ref. 22) but not for pure Fe,?! a clear correlation between 3 f (i, + 1 )dE 3t
dislocation density and film chemical composition could not Lyl Ko T 1
be detected. This finding is in agreement with the random
chemical order due to the growth by codeposition at tem-
per]a;:tures. low enough to suppress surface diffusion. 6 f (s — 1 )dE -4 f (s — 11 )dE

xperiments carried out above room temperature revealed . Lol

structural evolutions such as segregation of adatoms on top S+7D=—h;— —
of the first layer. Previous experimental and theoretical stud- J (s + p)dE
ies were focused on the structural evolutions occurring above Ly+L,y
room temperature, e.g., insertion of atoms in the substrate,?? 6p — 4
intermixing,>~2” or adatom segregation at the film surface.”® =—hy P~ 74 , (2)

In order to have monolayers of well-defined composition and
structure we restrict ourselves to the temperature range
where structural evolution is absent.

B. X-ray-absorption spectroscopy on granular Fe,Co,_, films:
Magnetic moments versus stoichiometry

We investigated four different compositions, all of them
showing intense dichroic signals. XAS spectra were acquired
at the L;, edges of both Fe and Co. As an example, Fig. 2
shows the XAS spectra recorded at the Co L;, edges for a
0.83-ML-thick granular film of Fe(35Co¢s for both helici-
ties in a magnetic field of uoH=>5 T. Figure 2(a) represents
the raw absorption spectra normalized to the incident photon
flux for parallel (u,) and antiparallel (u_) alignment of pho-
ton helicity with respect to the applied magnetic field. Spec-
tra recorded on the Pt(111) substrate are shown as back-
ground in Fig. 2(a). Figures 2(b) and 2(c) show the resulting
x-ray magnetic circular dichroism (XMCD) (u,—u_) and
XAS (u,+p_) intensities together with their integrals. In
addition to the substrate contribution, a two-step function,
taking into account nonresonant absorption shown in Fig.
2(c), has to be subtracted from the XAS signal in order to
isolate the contribution of the 2p — 3d transitions. According
to the XMCD sum rules, the projections of the orbital L (Ref.
29) and effective spin S.z=S+7D magnetic moments*’ onto
the incident light direction can be determined from the
XMCD and XAS spectra as follows:

t

where 5, is the number of holes in the 3d states, D is the spin
magnetic dipole moment, and the integrals p, ¢, and ¢ are
labeled in Fig. 2. The resulting out-of-plane magnetic mo-
ments for Fe and Co are shown in Table I for the different
stoichiometries. For the evaluation of L and S, we assumed
h,=2.4 for Co (Ref. 8) and h,=3.4 for Fe.3! This assumption
simplifies the comparison of the magnetic moments with pre-
vious literature values. The uncertainty on the number of
unoccupied 3d states can generally be quite large. Variations
on the order of 10% can arise from the i, dependence on the
alloy stoichiometry®? and from the reduced dimensionality.??
However, our calculations give with h,;=2.3 for Co and h,
=3.4 for Fe (see Sec. IV) values in excellent agreement with
the two previous values from literature. In addition, these
values vary by less than 2% with the alloy composition.
Therefore we estimate in the present case the uncertainty on
h, to be small, and the error bars for L and S.; have been
derived taking into account only the experimental errors.
The orbital moments of Co and Fe show a strong depen-
dence on the alloy stoichiometry. This dependence is even
larger when considering the mean orbital moment per alloy
atom, defined as m; =xLg.+(1—x)Lc,, with a minimum of
(0.14£0.02) ug/atom for pure Fe and a maximum of
(0.43+0.08) up/atom for x=0.35 and (0.31 = 0.06) uz/atom
for pure Co (see Table I). In contrast, the mean effective spin
moment mg_ shows only a slight dependence on the film
stoichiometry and tends to increase moving from Co to Fe.
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The only exception is the pure Fe film for which we measure
a strongly reduced effective spin moment of S
=(1.2%+0.2) ug/atom (see Sec. V B).

C. Granular films: Magnetization curves and magnetic
anisotropy energy

The magnetization curves in Fig. 3 represent the peak of
the Fe (Co) Ly XMCD intensity at 707.2 (777.3) eV divided
by the pre-edge XAS intensity at 704.0 (773.0) eV as a func-
tion of the external magnetic field for #=0° and 70°. Nor-
malization to the pre-edge intensity compensates for the an-
gular and field dependence of the total electron yield of the
sample, which strongly affect the absolute photocurrent.

The shape of the M(H) curves measured with #=0° and
70° shows that all the samples exhibit an out-of-plane easy
axis. Figures 3(a) and 3(b) show magnetization curves of
pure Fe and Fe 5,Coy 45, both are not saturated at the maxi-
mum available magnetic field of 5 T. In order to estimate the
saturated magnetic moment per atom, we linearly extrapo-
lated M(H) above 4 T and defined the intersection point of
the magnetization curves measured along the two directions
as M. For the nonsaturated samples we found that the mag-
netization at uoH=5 T is about 85% of M. Note that the
effective spin and orbital moments reported in Table I are the
ones measured at uoH=5 T. In alloy samples we find that
the Fe and Co magnetization curves coincide, as expected
because of the strong ferromagnetic exchange coupling be-
tween the two species [see Fig. 3(b)].

It is interesting to compare Figs. 3(b) and 3(c), which
refer to samples with very similar chemical compositions but
different coverages. The film with ©=0.73+0.05 ML
shows reversible magnetization curves, while the one with
®=1.17+0.05 ML shows hysteresis with a coercive field
H, of about 1 T. The origin of this difference resides in the
film morphology. As pointed out above, the growth condi-
tions of the granular films are to a good approximation ideal
statistical growth with frozen surface diffusion. In this case,
island percolation occurs at a coverage of @ =0.9 ML.** In
other words, for coverages below this value the film can be
seen as an ensemble of monolayer-high magnetically inde-
pendent particles, while for coverages above the film be-
comes a continuously connected structure. Because in ultra-
thin films with out-of-plane easy axis the critical single-
domain diameter is on the order of 1 wm (Refs. 35 and 36),
one expects that the morphological percolation is accompa-
nied by the onset of irreversible mechanisms of magnetiza-
tion switching, such as nucleation of reversed domains and
domain-wall propagation.

The films with coverage below the coalescence threshold
have the advantage that the mechanism of magnetization re-
versal is the rotation of the magnetization vector of each
island, and therefore one can straightforwardly derive the
MAE from the angular dependence of the magnetization
curves M ,(H) using the following equation:3”-3

Mg Mg
moHdM p — f MoHdM )
0 0

MAE = R 3
sin?(6, — 6,) ®)

where H is the applied magnetic field, #;=0° and 6,=70°.
Mg is shown in Table I as a multiple of M5 1, the total
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FIG. 3. (Color online) Magnetization curves M y(H) of granular
films measured at the Fe edge at T=10 K, =0° (solid circles), and
0=70° (open circles) normalized to Mg (see text). (a) O
=0.79=0.05 ML pure Fe; (b) ©=0.73%=0.05 ML Fe 5,C0 43,
crosses represent the Co edge data; (¢) ®=1.17+0.05 ML
Fe( 55Co0q 45. Dotted lines are linear extrapolations of the experimen-
tal data when saturation is not reached. (d) MAE vs stoichiometry
calculated from Egs. (3) and (4). The value for pure Co is taken
from Ref. 8 and corresponds to one-monolayer-thick Co islands
with an average size of 40 atoms. The dotted line is a guide for
the eyes.
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magnetic moment estimated at 5 T following

Ms 1 =x[Lge + (Ser)pe] + (1 = X)[ Lo + (Segr) col + iy
(4)

Equation (4) takes into account the orbital and spin moments
of Fe and Co, weighted by the film stoichiometry, and the
magnetic moment induced in the substrate Pt atoms. Our
calculations (see Sec. IV B) give mp=(0.25%0.03)up/
atom, slightly decreasing when moving from pure Co to pure
Fe. These values are consistent with previous studies which
found mp,;=0.2uz/atom (Ref. 25) and mp,=0.27 ugz/atom
(Ref. 39) for the induced Pt moment in Co/Pt(111) and Fe/
Pt(111), respectively.

A strong dependence of the MAE on the alloy composi-
tion is observed in Fig. 3(d). We find a maximum of
0.50*+0.05 meV/atom for close to equiatomic stoichiom-
etry. This value is about three times the values measured for
pure Fe (0.1 +0.05 meV/atom) and Co (0.15+0.02 meV/
atom) monolayers on Pt(111).

D. Continuous Fe,Co,_, films: Coercivity versus stoichiometry

The magnetization of continuous films deposited at 35 K
and annealed to room temperature was studied by means of
in situ MOKE. In large islands or continuous films, magne-
tization reversal does not take place by coherent rotation but
by the energetically favored nucleation and growth of re-
versed domains. Consequently, the measured coercive fields
H.(T) may be orders of magnitude smaller than the values
estimated from the MAE assuming coherent magnetization
rotation. However, because the continuous films investigated
here all have similar morphology (see Sec. III A), H, may be
used to monitor relative changes in the MAE as a function of
film stoichiometry.

All the measured samples showed square-shaped hyster-
esis loops for the out-of-plane magnetization measured by
polar Kerr effect [Fig. 4(a)]. Using transverse Kerr effect no
in-plane signal was observed within the detection limit. From
these observations we deduce an out-of-plane easy axis of
magnetization and a single-domain remanent state, indepen-
dent of film stoichiometry.

The coercive field measured at =240 K is shown in Fig.
4(b) as a function of stoichiometry of the monolayers. For
pure Co (x=0), the coercive field amounts to uoHc
=24.5+1.5 mT and for pure Fe (x=1) to 4.5+ 1.5 mT.
Mixing the two elements produces an increase in the switch-
ing field up to a maximum of uyH-=43.5%1.5 mT. The
H _(x) trend is very similar to the one observed for the MAE
of granular films with the maximum reached in both cases at
x=0.40.

Magnetization curves at different temperatures for a pure
Fe film are shown in Fig. 5(a). The coercive field vanishes at
260 K and the loops become s shaped at 270 K, suggesting
the occurrence of a magnetic phase transition associated with
the Curie temperature 7. At T the susceptibility y=M/H
diverges. Therefore 7 can be determined by linearly ex-
trapolating the magnetization curve data represented in an
Arrot plot M?(H/M) to zero.**-*> From Fig. 5(b) we deduce
T-=270*=5 K for the pure Fe film. For all the other stoichi-
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FIG. 4. (Color online) (a) Polar MOKE magnetization curve
recorded at T=240 K for 1.00*+0.05 ML Co (red), Fe (black), and
Feg 40Cog ¢p alloy (blue). (b) Coercive field vs stoichiometry for 1
ML of Fe,Co,_, measured along the easy axis (7'=240 K). The
dotted line is a guide for the eyes.

ometries, T is above 300 K but below 400 K as inferred
from extrapolating from the temperature dependence of
H, (T). We already discussed the impossibility to experimen-
tally verify these results because the samples undergo struc-
tural changes when annealed to temperatures higher than
320-340 K (see Sec. IIT A). As expected due to the low
dimensionality of the studied films, the measured values of
Tc are strongly reduced with respect to the bulk values of
1043 K for Fe and 1388 K for Co.*? Alloying Fe and Co has
been shown to increase T¢.*** Finally, we note that the ob-
served behavior differs from what has been reported for
Fe,Co,_, monolayers on W(110). In that case the authors
observed a monotonically decreasing Curie temperature with
increasing the Co concentration.*® This was ascribed to the
Fe-Co hybridization which, in this peculiar system, reduces
the tendency toward ferromagnetic ordering with increasing
Co content.*’

IV. THEORY
A. Computational method

In order to gain further insight into the magnetic proper-
ties of this system we performed first-principles electronic
structure calculations using the screened Korringa-Kohn-
Rostoker (SKKR) Green’s-function method.*® In this ap-
proach a surface is described as a system with two-
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FIG. 5. (Color online) (a) Polar MOKE magnetization curves
recorded at 7=260 and 270 K for 1.00*=0.05 ML Fe deposited on
Pt(111) at 35 K and annealed to 300 K. (b) Arrot-Kouvel plot for
the same sample at 7=260 and 270 K. The Curie temperature 7 is
determined when the linearly extrapolated high-field data intercept
the origin (solid line).

dimensional translational symmetry. In the third direction it
consists of a semi-infinite bulk on one side and of a semi-
infinite vacuum region on the other. The relativistic scatter-
ing solutions, and consequently the Green’s functions, are
obtained by solving the Dirac equation, whereby spin-orbit
coupling is automatically included in the calculations. Wave
functions and scattering matrices have been calculated up to
an orbital momentum quantum number of €., =2. This
choice of €,,,=2 means that s, p, and d valence electrons
have been taken into account. The potentials are described in
the atomic sphere approximation (ASA) and within the local
spin-density approximation (LSDA). When calculating the
electrostatic potential by solving Poisson’s equation, mo-
ments of the charge density up to €,,,,=4 have been consid-
ered in order to realistically describe the potentials and en-
ergies in the layers at and near the surface. For the self-
consistent calculations, 80 k; points have been used in the
irreducible surface Brillouin-zone (ISBZ) integrations and 16
energy points for the energy integrations along a semicircular
contour in the complex energy plane by means of a Gaussian
quadrature. The magnetocrystalline anisotropy energies have
been obtained by means of the force theorem as the corre-
sponding difference in band energies*” which have been con-
verged in terms of k points in the ISBZ (for details see Ref.
50).

The geometry of the studied system was chosen such that
1 ML of Fe,Co,_, has in a first approach been placed onto
positions following the stacking sequence of the Pt(111) sur-
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FIG. 6. (Color online) Geometry of the system studied by means
of SKKR calculations. 1 ML of FeCo with varying composition has
been placed on top of an ideal Pt(111) surface.

face; cf. Fig. 6. As lattice constant the experimental value for
Pt (ap=3.92 A) was used. Since a considerable mismatch
between the lattice constants of Pt and Co and Pt and Fe of
about 10% exists, the influence of the relaxation of the inter-
layer spacing between overlayer and substrate on the magne-
tocrystalline anisotropy energy has been investigated.

All calculated quantities have been studied as a function
of the composition of the Fe,Co,_, monolayer by employing
the coherent-potential approximation (CPA), which treats the
Fe-Co system as a disordered alloy. The effects of interdif-
fusion and roughness have not been considered in the theo-
retical investigations.

B. Spin and orbital magnetic moments

The spin and orbital magnetic moments have been calcu-
lated as a function of Fe concentration x. Figure 7 illustrates
that the average spin magnetic moment, mg=xSg.+(1
—x)S¢, is a linear function of the Fe concentration, which is
a characteristic that has previously been documented for
monolayers of Fe,Co,_, on a Cu(100) substrate.’! The indi-
vidual Fe and Co spin moments are only a very weak func-
tion of the alloy composition. This is in contrast to a bulk
Fe-Co alloy where the average magnetic moment, accord-
ingly to the Slater-Pauling model,'> exhibits a maximum at
about 30% of Co content because of the strong concentration
dependence of the local Fe moments. In comparison with the
bulk, the magnetic moments of both Fe and Co are consid-
erably enhanced in the monolayer on Pt(111). The spin mo-
ment of Fe is about 3.0uy (2.2 in bulk) and that of Co is
about 2.0 (1.6 in bulk).

Turning our attention to the orbital magnetic moments
one finds, in contrast to the spin moments, a strong depen-
dence on the alloy composition. Furthermore, a considerable
enhancement of the orbital moments in comparison to the
respective bulk values is predicted. The LSDA bulk values
for the orbital moments of Fe and Co are 0.043up and
0.078 wp, respectively. The values shown in Fig. 7 corre-
spond to an increase in the moments by a factor of approxi-
mately 2 for the Co atoms and by a factor of 3 for the Fe
atoms compared to these bulk values.

The deposition of magnetic atoms induces magnetic mo-
ments in the Pt substrate, known to be highly polarizable.
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FIG. 7. (Color online) Spin and orbital magnetic moments as
functions of Fe concentration x. Individual and averaged values are
plotted. m; values are the ones calculated along the easy axis (see
Sec. IV C). Note the linear dependence of the average spin mo-
ments on x in contrast to what is observed in the bulk bcc FeCo
alloy. The lines are guides for the eyes.

The total induced moment per Pt atom of the topmost layer
ranges from about 0.23 up for a pure Fe layer to 0.28 u for a
pure Co layer (Fig. 8). Both orbital and spin Pt moments are
collinear with the magnetization of alloy film.

C. Magnetocrystalline anisotropy energy

The magnetocrystalline anisotropy energy has been calcu-
lated as the difference in band energy, E, (0, ¢), for two mag-
netization directions, #=0° and 90°, corresponding to easy
and hard magnetization axis. For §=90° there exists a depen-
dence of the band energy difference on the azimuthal angle
¢, which is, however, several orders of magnitude smaller
(on the order of a few ueV). In order to determine the MAE,
we have therefore calculated

MAE = AE}“=E,(90°,0°) — E,(0°,0°). (5)

The resulting MAE is plotted in Fig. 9 as a function of Fe
concentration. Note that the dipolar energy is not taken into
account. The maximum energy appears at Fe, sCo s and the
easy axis is parallel to the surface normal, as long as the
concentration of Fe atoms is below approximately 75%. Be-
yond this concentration the calculations predict in-plane
magnetization with a total MAE of —0.71 meV for the pure
Fe film.
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= 020 -M—
g
i) —A— my(PY)
S 0asfp —F— m(PY ]
= —0— m (Pt)
-5
g o.10f .
0.05F -
L L 1 L L L L L L N
0.0 02 04 0.6 0.8 1.0

Fe Co,

FIG. 8. (Color online) (Bottom) Induced spin and orbital mo-
ments in Pt atoms of the topmost substrate layer as a function of Fe
concentration x. Lines are guides for the eyes. The layer-resolved
induced spin (top) and orbital (middle) moments (in units of up) in
Pt atoms up to the fourth substrate layer for the FesCoqs mono-
layer are shown.

D. Contribution of the Pt substrate

It is of interest to assess the contribution of the substrate
to the total MAE. According to the calculations, this contri-
bution is always favoring in-plane magnetization and it has
an almost linear function of the Fe concentration (see Fig. 9).
The energy attributed to the Pt substrate is by a factor of 10
larger for a pure Fe than for a pure Co monolayer. Except for
a pure Fe film the Fe,Co,_, film contributes with positive-
energy values, hence favoring perpendicular magnetization.

E. Effect of layer relaxation

Because of the about 10% lattice mismatch between Fe
and Co bulk nearest neighbor distance and the one of Pt one
might expect a contraction of the distance between the last
layer of the Pt substrate and the magnetic overlayer. Techni-
cally this has been realized in the simulation by changing
only the distance between the last Pt and the overlayer, cf.
Fig. 6. Consequently the volume of the Wigner-Seitz cell—
and hence that of the ASA sphere—of the Pt atoms in the
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FIG. 9. MAE as function of Fe concentration x. The separated
contribution of the Pt substrate, per Pt surface atom, (filled circles)
and of the Fe Co,_, overlayer (empty circles) to the total MAE
(gray circles: dashed line) are also shown. Lines are guides for the
eyes.

topmost layer were reduced, and those of the Fe and/or Co
atoms remained unchanged. The influence of a successive
change in this interlayer distance on the MAE is illustrated in
Fig. 10. The results suggest that the MAE is strongly affected
by changes in the interlayer distance. In particular, in the
regime between 40% <x<80%, the MAE can even change
its sign depending on the relaxation value. Generally, the
MAE is more positive when the film is outward relaxed
which is expected since the Pt substrate induces in-plane
MAE.

V. DISCUSSION
A. Experiment versus theory

Rather good agreement is found for all compositions apart
from clean Fe between experimental data and theoretical cal-
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FIG. 10. Total MAE as function of the interlayer distance be-
tween the magnetic film and the topmost Pt layer. The interlayer
distance is expressed in percentage of the substrate interlayer dis-
tance. Lines are guides for the eyes.

PHYSICAL REVIEW B 78, 214424 (2008)

culations for the magnetic moments. This is surprising since
theory treats a perfect monolayer, whereas the XMCD mea-
surements have been performed on granular films. The spin
moment (per alloy atom) is predicted by theory to linearly
increase from mg=2.0up to mg=3.0up while moving from
pure Co to pure Fe. XMCD data give an effective spin mo-
ment of S.=(1.8+0.1)up for pure Co which increases by
increasing Fe content. For Fejs5Coy45 we measure mg
=(2.6=0.5) up, in coincidence with theory and similar to the
bece bulk value (2.3up). Slightly smaller values were recently
reported for Fe(ssCog4s/Pt superlattices (2.5ug),>* three-
dimensional (3D) crystalline Fejs5,Cogqs nanoparticles
(2.3up),>® and a significantly smaller one for 6-ML-thick
FeCo films on Rh(100) close to the equiatomic composition
(1.8up).”

An evident discrepancy between theory and XMCD data
exists in the case of pure Fe for which we measured a
strongly reduced effective spin moment of S
=(1.2%=0.2)up vs 3.0up found by theory. The experimental
value is also substantially lower than 2.5up reported in FePt
nanoparticles’>> and multilayers.’® Low spin values have
been reported for 1 ML of Fe on Cu(111) (Refs. 57 and 58)
and on Au(111).% This is probably the consequence of com-
plex magnetic structures with prevalent antiferromagnetic
(AFM) order characterizing thin Fe film with strained fcc
structures, as recently observed for the Fe ML on Ir(111).9°
Because the lattice constant of Ir and Pt differs by only 2%
and because they are both highly polarizable, it is possible
that similar AFM structures also form on the Pt(111) surface.
Our calculations assumed ideal flat films pseudomorphic
with the Pt(111) surface and cannot account for such low
moment structures. When adding Co atoms, the strong ferro-
magnetic behavior of Co on Pt(111) and the strong hybrid-
ization between Fe and Co restore the ferromagnetic order at
the Fe sites.

The orbital moment is seen in experiment and theory to
have a maximum close to x=0.5. The exact composition
where this maximum is taken on varies slightly between
theory, x=0.6, and experiment, x=0.4. Moreover, theory sub-
stantially underestimates m; with respect to experiment. This
is not surprising because the local-density approximation
used for the present calculations typically underestimates the
orbital magnetic moments of 3d metals by about a factor of
2. Arguably, correlation effects may play a prominent role in
correctly predicting the magnitude of the orbital
polarization.! However, the general trend observed as a
function of the film stoichiometry should not be affected.
Comparing again with the 6-ML-thick FeCo films on
Rh(100) we note that also in that case a similar behavior for
m; was observed with a maximum at x=0.4."

The MAE also shows minima for pure Fe and pure Co
composition and has a maximum value of about 0.5 meV/
atom for a film stoichiometry close to the equiatomic com-
position. It is worth nothing that this value is orders-of-
magnitude enhanced compared with the bcc Fe and hep Co
bulk values of 5 and 45 ueV/atom, respectively.'*%? The
observed bell-shaped behavior as a function of the film sto-
ichiometry is very similar to what has recently been pre-
dicted and measured in films of a few nanometer
thickness.”” Our experimental and theoretical results dem-
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onstrate an out-of-plane MAE for the FeCo films. However,
a clear discrepancy exists for the pure Fe film MAE which is
found out of plane in the experiments and predicted in plane
by the calculations. This is predominantly due to the strong
in-plane contribution of the Pt substrate found in the calcu-
lations (see Fig. 9). Figure 10 also shows that the interlayer
relaxation of the Fe film with respect to the Pt(111) substrate
is not responsible for the predicted in-plane easy axis. The
calculations find for the Fe monolayer much higher spin mo-
ments than the experimentally observed ones, which cer-
tainly affects the spin-orbit interaction between film and sub-
strate and consequently the MAE of the system.

B. Electronic structure analysis

The bce FeCo alloy is one of the most studied B2 alloys.
Its magnetization as a function of the Co concentration is
well described by the Slater-Pauling curve which shows a
maximum at about 30% of Co and then a decrease by further
increasing the Co content.!”> This can be understood, taking
into account that Fe is a weak ferromagnet with the Fermi
level intersecting both the 3dT and 3d] spin bands, while Co
is a strong ferromagnet having holes only in the 3d| band.
The strong hybridization of Fe and Co in the alloy produces
two concomitant effects. The first is an increase in the Fe
exchange splitting relative to pure Fe. The second is that the
large Co electron-electron interaction to bandwidth ratio as-
sists and strengthens the weaker Fe electron-electron interac-
tion by saturating the Fe moment. The net result is a redis-
tribution of 3d| electrons to the 3d7 states at the Fe sites
while adding Co up to a concentration of about 30%. After
reaching the maximum magnetization value, the total num-
ber of 3d| electrons remains constant, whereas the number
of 3d| electrons increases in order to accommodate the ad-
ditional electrons coming from Co.3%63-63

Our experimental and theoretical data support a different
behavior for the Fe,Co,_, monolayer film on Pt(111). Calcu-
lations predict a linear decrease in the average spin moment
mg moving from pure Fe to pure Co, as illustrated in Fig. 7.
The spin-resolved DOS of Fe (Co) demonstrates that the
spin-up band is almost completely filled, with about 4.8 elec-
trons, while about 1.8 (2.9) electrons are localized in the
spin-down band, independently on the Co concentration.
Consequently, the spin moment at both the Co and Fe sites is
composition independent, and the alloy magnetization is
simply given by the weighted mean of Fe and Co spin mo-
ments. This is also partially seen in the experimental data
giving a spin moment S.=(1.8+0.1)up for Co which in-
creases to mSCff=(2.6iO.5),uB for Fe(s5Cog4s. The reason
for this different behavior with respect to the bulk can be
easily understood by comparing the d band of the Fe mono-
layer (see Fig. 11) with that of bulk Fe [see Fig. 2(b) of Ref.
65]. Two features in the bulk DOS are evident: a small peak
at the Fermi energy Ej in the majority states (absent in the
film) and a clear peak below E in the minority states (cross-
ing Ep in the film). This strong superposition of minority and
majority states is responsible for the reduced spin moment
observed in bulk Fe. In the monolayer film, the d-band nar-
rowing due to the reduced symmetry produces a clear split-
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FIG. 11. (Color online) Calculated Fe DOS for Fe( 5¢Co, 5o and
for pure Fe monolayer films. The inset shows the corresponding
integrated DOS (1 Ryd=13.6 eV).

ting of majority and minority states, forcing the Fe to behave
as a strong ferromagnet. Adding Co atoms strengthens the
d-band narrowing, as seen in Fig. 11 by comparing the DOS
of pure Fe and Fe(sCo,s films. However, because the Fe
spin moment is already close to the maximum value given by
a completely filled 3d7 shell, adding Co atoms plays only a
fractional role.

Let us now consider what happens for the orbital moment
L and the MAE, related to L via the spin-orbit interaction. In
bulk, the high symmetry of the bcc structure strongly
quenches L with the consequence that also the MAE is close
to zero. Large MAE values can only be observed in highly
strained bct structures which destroy the translational sym-
metry of the bce structure. The unquenched orbital moment
due to the reduced symmetry is accompanied by an aniso-
tropy of the orbital moment itself which in turn generates a
large value of the MAE via the spin-orbit coupling. In par-
ticular for bulk FeCo alloys it has been shown that a tetrag-
onal distortion of the bcc structure produces a reduction in
the energy difference between occupied and unoccupied
states. Because in second-order perturbation theory the MAE
is inversely proportional to the energy separation between
occupied and unoccupied states, a strong MAE is predicted
and experimentally observed for the ¢/a ratio minimizing
this energy separation.>’

This picture changes completely when considering a
single Fe,Co,_, layer on the Pt(111) surface. In this case, the
c¢/a ratio is not even defined. The symmetry breaking arises
from coordination reduction, strain due to lattice mismatch
between monolayer and substrate, and electronic hybridiza-
tion with the substrate. The calculations evidence a charge
transfer from the Pt substrate to the Fe Co,_, film, changing
more or less linearly from about 0.08 electrons for pure Co
to 0.06 electrons for pure Fe. The effect of the electronic
hybridization with the substrate can be qualitatively under-
stood by comparing each of the five orbital-resolved DOS
calculated for the Co/Pt(111) monolayer film (Fig. 12) with
the equivalent calculated for the free-standing Co monolayer
(see Fig. 2 of Ref. 66). The most visible difference concerns
the DOS widths of the two systems. For m;= =2 the DOS

214424-10



HIGH MAGNETIC MOMENTS AND ANISOTROPIES FOR Fe...

DOS (1/Ryd)

DOS (1/Ryd)

L

-0.4 -0‘.2 0 0‘.2 0.4
E-E, (Ryd)

DOS (1/Ryd)

L

L

-04  -02 0 0.2 0.4

E-E, (Ryd)

FIG. 12. (Color online) Orbital-resolved Co DOS calculated for
Fe(5Cog 5 and for the pure Co monolayer films.

widths are very similar, while for m;==*1 and m;=0 the
DOS widths are about 3 and 4 eV, respectively, larger in the
Pt(111) supported Co monolayer. In the independent electron
ligand field picture a larger DOS width implies stronger elec-
tronic hybridization or bonding with the neighboring
atoms.%” Because orbitals with m,=0 (ds,2_,2) and m;=*1
(d..d,,) describe out-of-plane bonding, while orbitals with
m;=*2 (do_p,d,,) describe in-plane bonding, the previous
observation on the DOS widths immediately highlights the
formation of a strong vertical Co-Pt bonding and a substan-
tially unmodified in-plane Co-Co bonding. In the same
ligand field picture, the formation of a strong directional
bonding generates a reduction in the component of the or-
bital moment perpendicular to the bonding direction. In our
case, this implies a strong reduction in the in-plane compo-
nent of the orbital moment in the Co/Pt(111) monolayer in
comparison with the free-standing monolayer. Coherently,
our experimental data show highly unquenched out-of-plane
orbital atomic moments of L=(0.31%=0.06)uz and
(0.14+0.02) up for pure Co and Fe, respectively.

A second strong hybridization is seen between Fe and Co
atoms when they are mixed in the alloy. Because the Co
DOS is narrower than the Fe DOS, increasing the Fe percent-
age in the alloy leads to the spreading of Co and Fe DOS
(Fig. 13). However, the orbital-resolved DOS for Co are al-
ways narrower than the corresponding one for Fe. In the
ligand field picture this implies larger L values for Co than
for Fe, in agreement with the experiment.

The Fe-Co hybridization is also responsible for the ob-
served composition dependence of the MAE. To highlight
this point, we compared the anisotropy of the orbital moment
(AL=Ly;, —Lyy) with the anisotropy in the occupation of
each minority 3d| orbitals (AN, | =Ny 3 —N4.) calculated
for the magnetization oriented out of plane (M L) and in
plane (Mll) (Fig. 14). In order to simplify the comparison we
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FIG. 13. (Color online) Orbital-resolved DOS for Fe and Co as
a function of the alloy stoichiometry. Reducing the Co content pro-
duces for both elements the broadening of in-plane (d,,) and out-
of-plane (dyz) orbitals. A similar trend is also observed for the other
d orbitals.

weighted the differences in the occupation of the minority
3d| orbitals with the corresponding orbital quantum num-
bers. This way, for the d,>_,2» and d,, in-plane orbitals the
anisotropy reads AN, | =2(AN,,—AN,2_,2) while for the d,,
and d, out-of-plane orbitals reads AN, | =AN,.—AN, . The
ds2_2 (m;=0) out-of-plane orbital gives no contribution to
the orbital moment and was therefore left out. Because the
majority states give only a minor contribution, this allows
direct linking of the occupation number with the orbital mo-
ment. We also note that the pure d orbitals have m;=0. How-
ever, the spin-orbit interaction produces a mixing of the d
orbitals which lifts the m; degeneracy. The resulting curves
clearly suggest that the maximum of the orbital moment an-
isotropy occurs at equiatomic composition as a result of the
occupation change in the d,2>_2 and d,, orbitals, both for Fe
and Co, while the in-plane orbitals give an almost composi-
tion independent contribution. Because in the Bruno® and
van der Laan® models the MAE is directly linked to AL, we
can argue that also the maximum MAE observed for the
same composition is a strict consequence of this fine tuning
of the occupation in the 3d| orbitals.

As a final remark we want to stress the relevant role
played by the substrate. The Pt surface, transferring charge
and forcing a morphological strain in the overlayer FeCo
film, completely modifies the film electronic structure. This
means that the system has to be described as a whole and
trying to extrapolate general trends could be misleading. In
the previous discussion, when attributing to the Fe-Co hy-
bridization the bell shape of the MAE vs stoichiometry
curve, we intended to highlight that the major effect of the
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FIG. 14. (Color online) Anisotropy of orbital moments (top)
compared to the anisotropy of the occupation of spin-down orbitals
of Fe (middle) and Co (bottom). Lines are guides for the eyes.

electronic hybridization involving Fe, Co, and Pt atoms is
seen in the in-plane d orbitals of Fe and Co even if the Pt
plays a non-negligible role. This is clearly seen comparing,
for example, our results with similar ones for an FeCo mono-
layer on Cu(100).7° In this last case the MAE is found to
have a linear dependence on the film composition.
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VI. CONCLUSIONS

The magnetic moments, magnetic anisotropy energies,
and coercive fields of monolayer-thick granular and continu-
ous Fe,Co,_, films deposited on a Pt(111) surface have been
investigated by XMCD and MOKE, as well as by first-
principles electronic structure calculations. XMCD data
show that the effective spin moment of Co and Fe is not
correlated with the stoichiometry in granular films, contrary
to the orbital moment, which shows a maximum at x=0.35
for both Fe and Co. The calculated atomic spin moments of
Fe and Co are close to 3.0up and 2.0uy, respectively, and
only weakly composition dependent. The calculated orbital
moments of Fe and Co are shown to depend on the stoichi-
ometry, with a maximum around x=0.6 for both species. The
total (spin plus orbital) magnetic moment of the alloyed film
does not follow the well-known bell-shaped Slater-Pauling
curve' observed in bulk bece FeCo alloys due to the mono-
tonic linear dependence of the average spin moment on the
film composition. The calculated DOS shows that this behav-
ior is due to the reduced film dimensionality which, narrow-
ing the d-DOS, produces a clear splitting of the Fe 3dT and
3d| spin bands. The MAE strongly depends on the alloy
composition and follows the orbital moment trend, with a
maximum around x=0.4 (experiment) and x=0.6 (theory).
The largest MAE value is 0.5 meV/atom, which is more than
2 orders of magnitude greater than the MAE of bcc FeCo
alloys and similar to the MAE of the highly ordered L1,
phase of FePt. The element and orbital-resolved DOS clearly
demonstrate that the observed composition dependence is the
result of fine changes of the relative population of spin-down
d>_y2 and d,, in-plane orbitals, both for Fe and Co, while the
dyp2 2, d,, and d,, out-of-plane orbitals play no role. Charge
transfer from the Pt substrate to the overlayer film, together
with spin and orbital moments induced in the Pt atoms, are
found to affect both the Fe-Co hybridization and the overall
magnetic properties.
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