
PHYSICAL REVIEW B 1 AUGUST 2000-IIVOLUME 62, NUMBER 6
Interface magnetism in ultrathin FeÕW„110… films from first principles

I. Galanakis, M. Alouani, and H. Dreysse´
IPCMS-GEMME, UMR 7504 CNRS-ULP, 23, rue du Loess, F-67037 Strasbourg Cedex, France

~Received 28 April 2000!

An ab initio study of the magnetic properties of Fe ultrathin films on top of a W~110! substrate shows that
for one Fe layer the magnetization axis is in-plane. For an additional layer of Fe, the magnetosurface and
magnetoelastic anisotropies favor a magnetization axis perpendicular to the substrate, but the total energy
including the shape anisotropy is minimal for the spin axis in-plane. In the case of the trilayer film all
anisotropies favor an in-plane magnetization axis. The spin magnetic moment of the first Fe atomic layer is
close to the bulk value while that of the second and third Fe atomic layers are considerably increased. The W
atoms at the interface are weakly antiferromagnetically coupled to Fe. The orbital magnetic moment anisotropy
of all the atoms is shown to be directly related to the calculated x-ray magnetic circular dichroism anisotropy.
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I. INTRODUCTION

Low-dimensional systems like surfaces and films have
tracted a lot of attention during the last few years, principa
because of the enhancement of their magnetic proper
The explanation of these properties can lead to a deepe
derstanding of the mechanisms that govern the magnetic
isotropy and its connection to the magnetic moments of
atoms. Films of 3d metals on a paramagnetic substrate
one of the most studied cases, and especially Fe layers o
of a W substrate have served as a model system during
last years.

The interest on ultrathin films of Fe/W~110! is limited to
films up to two Fe monolayers because thicker Fe films sh
ferromagnetism but no striking properties.1 In the submono-
layer region, Fe islands on W~110! show a superparamag
netic behavior, except for a very narrow area around 0
ML for which magnetic percolation occurs and ferroma
netism appears.2 Fe monolayer on W~110! is thermodynami-
cally stable,3 and as shown by Mo¨ssbauer experiments th
first monolayer of Fe grows pseudomorphically
W~110!.3,4 This was recently verified by scanning tunnelin
microscopy ~STM! experiments.5 For one layer the eas
magnetization axis is a twofold in-plane axis.6,7 When mono-
layer stripes8,9 or islands10,11 are deposited on the Fe atom
monolayer the magnetization of these stripes and island
perpendicular to the surface. Their exposure to residual
rotates the magnetization in-plane.8,10 This absorption driven
spin transition is accompanied by a change of the coup
between the stripes or the islands from antiferromagneti
ferromagnetic.

For the second Fe layer the experimental situation is m
complicated. Although it was also believed that the seco
Fe layer grows pseudomorphically,9 Sanderet al. showed
that already at 1.2 ML for a temperature of 300 K, mis
dislocations are created10 and STM experiments confirme
dislocations starting from a 1.4 Fe monolayer.5 At 1.5 ML,
the misfit dislocations in the second layer serve as nuclea
centers for the third layer that grows simultaneously with
second layer.5 Elmers and Gradmann showed that such a fi
presents perpendicular magnetic anisotropy.9
PRB 620163-1829/2000/62~6!/3923~6!/$15.00
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The interpretation of the magnetic anisotropy ener
~MAE! is a difficult task because it involves a small chan
in the total energy of the order ofmeV to meV at the most,
and it was shown12 that not only states in the vicinity of the
Fermi surface contribute to the MAE, but states far aw
make an equally important contribution. In the case of film
the calculation of the MAE is even a more difficult task d
to the low dimensionality. The early phenomenologic
model of Néel13 for analyzing the MAE of ultrathin films is
still widely applied for interpreting experimental data.
1988, Draaisma and de Longe described the MAE of o
element unsupported film making use of its structure but
not take into account physical effects like the interlay
interaction.14 In the case of a monolayer of a 3d transition
metal, Bruno used a perturbative theory to express the s
orbit arising anisotropy energy.15 But the problem of the ef-
fect of the substrate on the magnetic anisotropy energy of
supported films has not been thoroughly investigated.Ab ini-
tio calculations can help to understand the interplay betw
the phenomena that are responsible for the MAE. One
ample is the case of Fe films on top of Au~001!, where
Szunyoghet al. using a layer version of the Korringa-Kohn
Rostocker method in the muffin-tin approximation predict
the spin reorientation from perpendicular to in-plane wh
one Fe layer was added to the trilayer film.16 This transition
was explained as due to the competition between the ma
tosurface and the shape anisotropy.

On the other hand, the dichroism-type spectroscopy
came a powerful tool in the study of the magnetic propert
of materials.17,18 The x-ray absorption spectroscopy usin
polarized radiation probes element specific magnetic pro
ties of alloys and compounds via the x-ray magnetic circu
dichroism~XMCD! in conjunction with the sum rules.19 The
XMCD sum rules permit the determination of the spin a
orbital moments from the integrated XMCD spectra. So,
XMCD can be used to probe the size of the magnetocrys
line anisotropy~MCA! via the determination of the orbita
moment anisotropy. Indeed, Bruno formulated a relation t
connects the orbital moment anisotropy to the MCA in t
case of the 3d transition metals.15 This approach become
valid only for systems where there are no holes in
3923 ©2000 The American Physical Society
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spin-up band and the crystalline field parameter is m
smaller than the spin-orbit coupling. van der Laan gene
ized this approach to the case where holes are also prese
the spin-up band.20 Nevertheless, a relation that strictly re
lates the MCA, or more generally the MAE, to the orbit
moments is not yet developed, and so the discussion for l
dimension systems like films or surfaces is only valid at
qualitative level.

In this work we study the magnetic anisotropy energy
one, two, and three Fe atomic layers on top of a W~110!
substrate as well as its connection to the interlayer dista
and the anisotropy of the orbital magnetic moment and of
XMCD spectrum. To perform our calculations we have us
the relativistic full-potential~FP! linear muffin-tin orbital
~LMTO! method21 in conjunction with the local spin-densit
approximation~LSDA!.22 In Sec. II we present the structura
properties of Fe ultrathin films on W~110! and in Sec. III the
magnetic anisotropy energy results. In Sec. IV the spin
orbital moments are discussed, and finally, we present
XMCD results.

II. STRUCTURAL PROPERTIES

Our study is based on a slab structure in a supercell
ometry~see Fig. 1!. We imposed symmetric slabs containin
two Fe surfaces to avoid the creation of slab dipoles.
found that five W layers are enough for convergence, i.e.,
density of central W~C! has the characteristics of bulk bc
W. Adding two more W layers increases the magnetic
isotropy energy by less than 3%, so five W layers are eno
to describe the MAE. We have also converged the vacu
spacing between two slabs to avoid interslab interactions
found a value of 3.5 times and 5.5 times the bulk W latt
parameter for the monolayer and for the bilayer system,
spectively. We have assumed that the second layer gr
also pseudomorphically and relaxed only the positions of
Fe layers. These calculations showed that the distance
tween the Fe monolayer and the W substrate„d@Fe-W~I!#…
should be reduced to 3.51 a.u. compared to the W-W in
layer distance~d@W-W#! of 4.23 a.u. to compensate for th
two-dimensional expansion of the Fe lattice. The second
layer increased thed@Fe~I!-W~I!# interlayer distance. To
compute thed@Fe(I)-W(I)# and d@Fe(S)-Fe(I)# interlayer
distances we performed total energy calculations for diff
ent sets of these values and made a least-square fit to the

FIG. 1. Slab and two-dimensional structure of one and two l
ers of Fe on W~110! systems.aW is the lattice constant for the bul
bcc W. Interlayer distances extracted by total energy calculat
are presented.
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energy surface as a function of these two parameters.
minimum of the energy surface is obtained f
d@Fe(S)-Fe(I)#53.65 a.u. andd@Fe(I)-W(I)#53.68 a.u.,
and corresponds to about 5% expansion compared to
equivalentd@Fe-W# interlayer distance in the monolayer sy
tem. This behavior is similar to that of 1 ML of Ag on top o
the first Fe layer.23 In the case of the trilayer film we did no
perform total energy calculations because we should m
mize the total energy with respect to three interlayer d
tances, which is time consuming. Instead, we assumed
first two Fe atomic layers as having the same positions as
the bilayer system and that the distance between the se
Fe layer and the surface layer is the same as that betwee
two Fe layers in the bilayer film.

Several studies have been dedicated to the calculatio
the structural properties of the monolayer Fe/W~110! system.
Tober et al. used multiple scattering calculations to repr
duce photoelectron patterns and found thatd@Fe-W(I)#
should be 3.91 a.u.4 Batirev et al. used the full-potential lin-
ear augmented plane-waves method~FLAPW! in conjunc-
tion with the Carr-Parrinelo technique and found also a va
considerably larger than ours of 3.92 a.u.24 However, Hong
et al. used a slab FLAPW method and found a value of 3
a.u.,23 close to our value of 3.51 a.u. Recently Qian a
Hübner used another version of the FLAPW and obtaine
value of 3.73 a.u.25 Albrecht et al. derived from low-energy
electron diffraction experiment a value of 3.67 a.u.,26 which
is between our value and that of Qian and Hu¨bner. The in-
terlayer distance between the two first W laye
d@W(I)-W~I21!#, does not change much among differe
calculations. Toberet al. and Batirevet al. found values that
are about 2.2%~Ref. 4! and 3.3%~Ref. 24! larger than the
unrelaxed value of 4.23 a.u., respectively. However the va
of Qian and Hu¨bner is only 1.1% larger than the unrelaxe
value, and for the next W interlayer distanc
d@W(I-1!-W~C!#, the expansion is less than 1%.25

For the bilayer system, only Qian and Hu¨bner made a full
relaxation and found that all the distances between W lay
are expanded by less than 1.5% compared to bulk W.25 The
Fe interlayer distances were found to be different from o
results. They obtained a larger interfacial distan
d@Fe(I)-W~I!# of 3.83 a.u. compared to our value of 3.6
a.u. Their calculated Fe interlayer distanced@Fe(S)-Fe~I!# is
considerably smaller than our value~3.34 a.u. compared to
our value of 3.65 a.u.! and to the value in the bulk bcc Fe o
3.83 a.u.

III. MAGNETIC ANISOTROPY ENERGY

To be consistent with previous studies on the Fe/W~110!
system, we separated the MAE into three different contri
tions: ~i! the magnetosurface anisotropy~MSA! arising from
the spin-orbit coupling that is different from the MCA due
the lower dimension of a film compared a bulk system,~ii !
the magnetoelastic anisotropy~MLA ! due to the change o
the in-plane lattice parameter of Fe compared to the b
value, and finally~iii ! the shape anisotropy~SA! due to the
many-body interactions between the spin magne
moments.27 The MSA and MLA are directly included in the
electronic structure and their sum represents our calcul
MAE, which is defined as the difference in total energy b
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TABLE I. Calculated spin magnetic moments for both Fe~I! and W~I! at the interface, the Fe~S! at the
surface and the Fe~I11! in the in-between layer for all the monolayer, the bilayer, and the trilayer syst
combined to the FLAPW~Ref. 25! and to the experimental results~Ref. 37!. The difference between the tw
ab initio methods of the values for the Fe atoms that neighbor the W atoms is due to the different va
the Fe-W~I! distance obtained by the two methods.

Fe/W~110! 2Fe/W~110! 3Fe/W~110!

mspin Fe W~I! Fe~S! Fe~I! W~I! Fe~S! Fe~I11! Fe~I! W~I!
Our work 2.12 20.08 2.82 2.07 20.10 2.80 2.61 2.04 20.09
FLAPW 2.54 20.09 2.84 2.31 20.10
Experiment 2.53 2.77
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tween the perpendicular@001# and the in-plane@100# axis.
This difference is converged up to 1mRy with the number
of k points inside the Brillouin-zone~BZ! ~up to 2662k
points in the BZ were used!. In our calculated anisotropy w
have not included the SA. The calculation of this quant
can be either estimated using the relation SA52pMV

2 in cgs
units, whereMV is the mean magnetization density28 that can
be calculated from our spin magnetic moments, or direc
calculate the anisotropy of the dipole interaction between
spin magnetic moments@as it has been already done in th
case of Fe ultra thin films on top of a Au~001! substrate16#.
The dipole interaction energy is the sum of the energy
each spin magnetic momentm i in the fieldhi created by all
the other spin magnetic moments;29 Edipole5

1
2 ( im ihi . We

can rewrite this equation in Rydberg units as30,31

Edipole5
1

c2 (
iÞ i 8

F m i•m i8

uRi2Ri8u
3

23
~m i•$Ri2Ri8%!~m i 8•$Ri2Ri8%!

uRi2Ri8u
5 G , ~1!

whereRi runs over the atomic positions andc, the speed of
light, is 274.072 in atomic units.

For the monolayer system the easy axis is found to be
in-plane@100# axis, in agreement with the experimental r
sults of Gradmannet al.6,32 The total energy for this direc
tion lies 3.63 meV lower than for the other in-plane ax
@010# and 3.35 meV lower than for the perpendicular to t
film @001# axis. Our value is considerably larger than t
MAE of Elmerset al.2 of 0.11 meV derived from the MAE
value for thick films9 using the value for one Fe layer capp
by Ag.33 We have also computed the MAE for the unrelax
system„d@Fe-W~I!#54.03a.u.… and found a value of 4.87
meV which is about 1.52 meV larger than the relaxed val
The addition of one more layer of Fe changed the sign of
calculated MSA1MLA that now favors the@001# axis ~the
converged MSA1MLA value is 20.05 meV!. For the
trilayer film we found an in-plane magnetization axis and
calculated MSA1MLA value of 1.02 meV. Using Eq.~1! we
obtained a value of 0.08 meV for the SA of the monolay
system. This value is close to the value of 0.11 meV obtai
using the phenomenological expression presented above
SA for the monolayer system is one order of magnitu
smaller than MSA1MLA. For the bilayer system the calcu
lated SA using Eq.~1! is 0.26 meV. This value is also clos
to the phenomenological SA value of 0.30 meV. The ad
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tion of the SA to the MSA1MLA changed the magnetization
axis to the in-plane position for the bilayer system. Fina
for the trilayer film the calculated SA is 0.43 meV and add
to MSA1MLA gives a total MAE of 1.45 meV.

Experimentally, an analytical investigation has been c
ried out for the magnetic anisotropy of the bilayer syste
based on a phenomenological model.34,35 But, as mentioned
in the Introduction, the second layer is far from bein
pseudomorphic, so a description of the second Fe ato
layer similar to ours is insufficient to represent the expe
mental situation,5 and, hence, both calculated MSA an
MLA cannot be directly compared to the experimental
sults. The experimental SA is about 0.26 meV in agreem
with our calculated value. The experimental MSA also
vors the in-plane axis. But the total MAE for this system
20.11 meV favoring an out-of-plane magnetization axis d
to the huge MLA of20.70 meV.34–36

IV. MAGNETIC MOMENTS

Our calculated spin moments are isotropic with respec
the magnetization axis. For the monolayer system the Fe
moment is 2.12mB , close to the FLAPW value of Honget
al.23 (2.18mB). Qian and Hu¨bner25 FLAPW calculations,
without the spin-orbit coupling, found a Fe spin moment
2.54mB , considerably larger than both our values and tha
Hong et al. Fe spin moments are different from the bulk F
due to the strong hybridization effect between the Fe and
W atoms and the surface relaxation. It seems that the or
of the discrepancy between the different electronic struct
methods is due to the small Fe-W~I! distance obtained in
both our method and that of Honget al. This assumption is
strongly supported by the 2.59mB value obtained by us and
by the 2.56mB value obtained by Honget al. for the unre-
laxed d@Fe-W~I!# distance of 4.03 a.u.23 The experimental
Fe spin moment measured by torsion oscillatory magnet
etry, is 2.53mB and is comparable to the value of Qian a
Hübner, but the interlayer distance has not been measure37

The wolfram at the interface W~I! is antiferromagnetically
coupled to Fe with a spin magnetic moment of20.08mB
~see Table I!, in agreement with the Qian and Hu¨bner W~I!
spin moment of20.09mB .25 Pizzagalli et al. have shown
using a tight-binding method that Fe-Fe interaction fav
the parallel alignment of the spin moments, while the Fe
interaction favors an antiparallel alignment.38

The addition of a second layer of Fe has complex con
quences on the magnetic properties of the Fe/W system.
surface Fe~S! atoms have now other Fe atoms as neighb
instead of W atoms and their spin magnetic moment
creases to 2.82mB . The interface Fe atoms„@Fe(I)#… show a
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slightly reduced spin magnetic moment (2.07mB) compared
to Fe atoms in the monolayer system. The absolute valu
the induced magnetic moment on W~I! is about the same
(mW(I )

spin520.10mB). The calculations of Qian and Hu¨bner25

produced a spin magnetic moment of 2.84mB for the Fe~S!
similar to our value, and a 2.31mB for the Fe~I! that is much
larger than ours as was also the case for the Fe monola
Nevertheless the W at the interface has a spin moment
20.10mB , in agreement with ours. Experimentally only th
spin moment for the Fe~S! atom is known and the value o
2.77mB is in good agreement with our results.37

We have also calculated the spin magnetic moments
the trilayer system. Our calculated spin magnetic mome
starting from the Fe layer at the interface are 2.04mB ,
2.61mB , and 2.80mB , respectively. If we compare these m
ments to the calculated ones for the bilayer system we
mark that the Fe layers at the interface and the surface h
practically the same spin magnetic moments and they are
affected by the Fe layer in between. The spin moment of
W~I! at the interface depends on the hybridization with
first Fe atomic layer and so its value for the trilayer system
20.09mB is very close to the values for the monolayer a
the bilayer system of20.08mB and20.10mB , respectively.
For the trilayer unrelaxed system we did not calculate
orbital moments because they are very sensitive to the re
ation as shown in the monolayer and bilayer systems.

The orbital magnetic moments, contrary to the spin m
ments, present a strong anisotropy~see Table II!. For 1 ML
the in-plane orbital moments are much larger than these
of-plane. This anisotropy of the W~I! orbital moment is di-
rectly observed in the x-ray magnetic circular dichrois
spectra~see next paragraph!. Fe in the monolayer system an
for the magnetization direction along the@100# axis has an
orbital moment double than of the Fe~S! atom moment in the
bilayer system and 78% larger than the Fe~I! atom. For the
@001# axis the differences are not that pronounced. The
orbital moment in the monolayer system decreases by 3
when we pass from the@100# to the@001# axis, while for the
bilayer system Fe~I! moment decreases by 22% and t
Fe~S! moment increases just by 13%. This behavior of
orbital magnetic moments is due partially to the spin m
netic moment but the principal contribution comes from t
crystal environment of each atom underlying the role of
W 5d orbitals. It is interesting to notice that the orbital m
ment anisotropy sign is the same for all the atoms@except the

TABLE II. Calculated spin and orbital magnetic moments f
both Fe~I! and W~I! at the interface and Fe~S! at the surface for both
the monolayer and the bilayer systems as a function of the ma
tization axis. The spin moments show no anisotropy whereas
orbital moments do. The Fe spin moment of the monolayer sys
is closer to the bulk bcc value, while the spin magnetic momen
the Fe atom at the surface of the bilayer system approaches
atomic limit.

Fe/W~110! 2Fe/W~110!

Fe W~I! Fe~S! Fe~I! W~I!
mspin 2.12 20.08 2.82 2.07 20.10
m [100]

orbit 0.16 20.04 0.08 0.09 20.02
m [001]

orbit 0.11 20.02 0.09 0.07 20.01
of
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Fe~S! atom# in both systems but the magnetic anisotro
energy changes sign.

van der Laan20 expanded Bruno’s MAE relation15 by tak-
ing into account the contribution of each spin-projected
bital magnetic moment via the spin-orbit coupling and t
contribution of the spin asphericity due to spin flip excit
tions but neglected the dependence of the MAE on the fi
thickness and the difference in the magnetic behavior of e
layer. These latter effects are important for Fe/W~110! and so
van der Laan’s expended Bruno’s MAE relation remains
applicable in the case of the Fe/W~110! system.

V. X-RAY MAGNETIC CIRCULAR DICHROISM

In the last part of this work we present the calculat
XMCD spectra. The XMCD is defined as the difference
the absorption coefficients for left and right circular pola
ized x-ray radiation and for theL2,3 edges it involves elec-
tronic excitations of 2p1/2 and 2p3/2 core electrons primarily
towards 3d conduction states and to a lesser extend towa
the 4s conduction states.39 Using the sum rules19 it is experi-
mentally possible to probe element-specific magnetic pr
erties of thed states. But their application especially fo
strongly itinerant electrons like the 5d of W and low-
dimensional systems is strongly debated since the sum r
are derived from an atomic formalism.

The method for calculating the electron transition mat
elements and consequently the absorption coefficient
been presented elsewhere.40 The theory based on LSDA is
known to underestimate the integratedL3 /L2 branching ratio
but it reproduces the correct trends as a function of the m
netization direction.41 For Fe, a Gaussian of 0.4 eV widt
and a Lorentzian of 1 eV width is used to broaden the spe
accounting for the experimental resolution and the core-h
lifetime broadening, respectively. In the case of W thep
states are deeper in energy than for Fe and their lifetim
smaller; so to account for the core-hole lifetime broaden
we use both a Gaussian and a Lorentzian of 1 eV width ea
The screening of the core hole is more important for W th
for Fe and so the influence of the redistribution of the el
tronic cloud~core-hole effect! on the final unoccupied state
would be less important. There is no experimental XMC
spectra for the Fe ultrathin films on W~110!.

Figure 2 shows the calculated XMCD spectra of the
and of W~I! atoms at the interface for the monolayer syste
The energy difference in the position of the two peaks giv
the spin-orbit splitting of the 2p core states, 12.5 eV for F
and 1351.4 eV for W, and as a core-electron property i
insensitive to the crystal field. The most important feature
these spectra are the large anisotropy of the XMCD spe
of the W~I! atom reflecting its large orbital magnetic mome
anisotropy. The integratedL3 /L2 branching ratio is divided
by more than 8 as we pass from the axis of the larger orb
magnetic moment,@100#, to the@001# axis (L3 /L251.68 for
the@100# and 0.20 for the@001# axis!, and both peaks chang
sign. This behavior can be explained qualitatively by mea
of the sum rules19 by showing that the decrease of the orbi
moment is related to the decrease of the integratedL3 /L2
branching ratio explaining the anisotropy of the W’s XMC
spectra. The site of Fe shows also an anisotropy in
XMCD spectra and the integratedL3 /L2 branching ratio is
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about 1.43 for the@100# axis and 1.29 for the@001#. Al-
though both Fe and W~I! atoms show roughly a similar per
centage decrease of the orbital magnetic moment, the siz
the XMCD anisotropy is quite different because of differe
~1! number of holes in thed band,~2! localization strength of
the d orbitals, and~3! intensity of the core-hole effect.

Figure 3 shows the XMCD spectra for the bilayer syste
The W~I! and the Fe~I! atoms present similar behavior as
the monolayer system. The integratedL3 /L2 branching ratio
follows the evolution of the orbital magnetic moments a
for the Fe~I! atom changes from 1.32 for the@100# axis to
1.19 for the@001# axis and for the W~I! atom from 2.06 to
0.43. The WL2 andL3 peak intensities for both magnetiza
tion axes are more important than for the monolayer sys
reflecting the influence of the crystal environment on
XMCD. Although W in both systems presents a similar o
bital anisotropy~see Table I! the XMCD anisotropy is more
important for the monolayer system. The integratedL3 /L2
branching ratio decreases by 79% in the bilayer system
by 88% in the monolayer system, while the orbital magne
moment decreases by about 50% for both systems. Th
atom at the surface shows practically no orbital moment
isotropy and this is also the case for the integratedL3 /L2
branching ratio~1.16 for the@100# axis and 1.18 for the@001#
axis!, althoughL2,3 peaks intensities change between the t
magnetization axis.

FIG. 2. X-ray magnetic circular dichroism at theL2,3 edges of
Fe and W~I! atom at the interface for the monolayer system. T
integratedL3 /L2 branching ratio follows the evolution of the or
bital magnetic moments and decreases as we pass from the@100# to
the @001# magnetization axis. The relative anisotropies are m
important for the W~I! atom but the absolute values of the diffe
ences are one order magnitude larger for Fe.
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VI. CONCLUSION

In conclusion, we have conducted anab initio full-
potential linear muffin-tin orbital calculation of the magnet
anisotropy energy, and were able to produce the correct m
netization axis for one layer of Fe on W~110! substrate, and
we predicted that for two and three Fe layers the magnet
tion axis should stay in-plane. Our calculations are not co
parable to experiments because the second Fe layer is
growing pseudomorphically and at 1.5 Fe monolayers
third Fe atomic layer starts to grow simultaneously. The s
magnetic moment behavior can be explained in terms of
hybridization between the W 5d and the Fe 3d orbitals, and
of the crystal environment of each atom. The spin mome
for the Fe atoms that neighbor the W atoms depend on
distance between the layers. There is a large orbital ani
ropy for all the atoms and especially for the W atom at t
interface. Finally, we showed that this anisotropy is direc
connected to that of the x-ray magnetic circular dichroi
spectra.
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FIG. 3. X-ray magnetic circular dichroism at theL2,3 edges of
the Fe~S! atom at the surface and of the Fe~I! and W~I! atoms at the
interface for the bilayer system. The atoms of Fe~I! and W~I! show
a similar behavior than for the monolayer system. The Fe~S! pre-
sents a very small integratedL3 /L2 branching ratio anisotropy re
flecting its very small orbital magnetic anisotropy.
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