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Ab initio magnetocrystalline anisotropy calculations for F&W (110 and F&Mo (110
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First-principles full-potential linearized augmented plane-wave calculations were performed to evaluate the
magnetocrystalline anisotropy energy for Fe monolayers and bilayers dfhl®loand W110 substrates.
In-pIane[lTO] easy axes were found for these systems due to the large in-plane interface anisotropy. Our
theoretical results compare well with previous experimental observations.
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Magnetic anisotropy is of great interest in the magneticntermediate coverage of 1.2—1.5 ML when the second layer
recording industry. It is also scientifically challenging andis still grown pseudomorphically to the substrate. This subtle
demanding to compute the magnetic anisotropy energy dudependence of magnetic properties on the experimental con-
to the fact that this quantity is usually on the order of 1ditions indicates a strong interplay between magnetism and
meV/atom or less for the uniaxial systems.It is even structure. A theoretical study of magnetism by am initio
smaller(on the order of 1ueV) for higher-symmetry bulk method has to rest on a reliably optimized structure of the
materials such as Fe and f{i.The magnetic anisotropy en- system.
ergy consists of contributions from the magnetocrystalline In this paper, theviEN97 code®® adopting the highly ac-
anisotropy energy mainly arising from spin-orbit coupling curate and reliable full-potential linearized augmented plane-
and the shape anisotropy energy from the magnetic dipolawave (FP-LAPW) method, was employed for calculating the
interaction. For magnetic thin films such as Fe, the magnemagnetocrystalline anisotropy energies. The structures of 1
tocrystalline anisotropy energMAE) competes with the and 2 ML Fe/5 ML W110) and Fe/5 ML M@110 were first
shape anisotropy energy, thereby making the perpendicul@ptimized with the scalar-relativistic calculatiois®® The
easy axis a possibility. However, shape anisotropy eventuall{otal energy of the system with a specific magnetization di-
will dominate for the thicker films, and the easy axis will lie rection was calculated, incorporating spin-orbit coupling for
in the film plane. Due to the delicate balance between thesthe valence electrons based on the optimized and converged
two contributions as a function of the lattice parameter andlab structures. The spin-orbit coupling was implemented
film thickness, it is nearly impossible to predict the magneticwith the second-variational procedure without self-
easy axis without detailed and precise calculations. The regonsistency. The general gradient approximati®eA) was
son for a specific easy axis for a particular system is evetised for the exchange potentials. Throughout this paper, the
more elusive. It is still unresolved whether the contributiondefinition used for the MAE is
to the MAE is mainly due to the lifting of degeneracy at
high-symmetry points in the Brillouin zon@®Z) or the non- MAE(m/2,¢)=E(6=0,0)—E(0=7/2,0),
high-symmetry points in the BZ making an equally impor- _ i _
tant contribution to the MAE. A further question concernsWhered is the polar angle and is the azimuthal angle as
the contribution from bands away from the Fermi surfaceShown in Fig. 1. In our calculations, the total energy was
The relative significance of these contributions will dependuSed to determine the MAE, while the earlier calculations
on the detailed electronic structure of the system. The eledhainly adopt the force theorefn!®!"' neglecting the
tronic structure is a function of the atomic configuration, the€lectron-correlation energy differences for different magneti-
in-plane and vertical lattice parameters, and the thickness di@tion directions. The theoretical bulk bce (WO and
the thin films. The impact of the surfaces and interfaces oMo(110 lattice constants were used as the in-plane lattice
the MAE comes from their modification of the electronic constants for the slabs of 1 and 2 ML Fe/0 and Fe/
structure due to the missing bonds at the surface and tH¥0(110, respectively:*'® The magnetic dipolar energy is

hybridization of the bands at the interface. not included in our MAE’s. This part of the contributions had
The experimentally observed magnetic properties of Fe
thin films on W(110 substrates strongly depend on the cov- Z10) 1 M

erage of Fe thin films and their preparation conditions. The
Fe films are ferromagnetic when the Fe coverage is between
0.6 monolayer(ML) and 1.2 ML®° An in-plane easy axis
was observed in this regime. When the Fe coverage is be-
tween 1.2 ML and 1.5 Ml(sesquilaye), an out-of-plane easy
axis was found for the double-layer islands by Elmetral1®

and Pietzsclet al.,*! while Sandeet al®**?found an in-plane
easy axis under all coverages. This difference in the magne-
tization direction needs to be understood, especially in this FIG. 1. Schematics of the b@d 0 surface.
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MAE vs. in-plane azimuthal angle
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FIG. 2. MAE for the 1 ML free-standing F&10 with 420 k ] 1 MLz ‘3ML
points in the IBZ and with an in-plane lattice constaat a=3.163 A b=4.473 A
=3.163 A,b=4.473 A. The in-plan¢001] is the easy axis. 1.2.

been calculated previoust§.The dipolar energy is 0.08 meV 8] : :

for 1 ML Fe/W(110) and 0.26 meV for 2 ML Fe/Ma10). g“ | ~ 3MLFe(110)
The dipolar energy will make the magnetization direction 04 : : (c)
slightly more favorable to the in-plane direction. The MAE g

energies for the free-standing thin films with bcd ) and I I_

Fe(100) orientations were also calculatgd) to compare 0.0 j j

with the previous available results a2) to determine the #3163 A F3.054A

effects of the film thickness, the symmetry of the thin films, b=4473A b=4.319A

and the lattice-constant chan@eagnetoelastic effecon the FIG. 3. Comparison of the MAE values for bcc(E80) 1 and 3
MAE. ML thin films with the same in-plane lattice constant. Comparison

The numbers ok points in the irreducible Brillouin zone  of the MAE values of bcc R@10) 1 and 3 ML thin films. Variation
(IBZ) are 528, 435, 465, and 465 for 1 and 2 ML Fe/of MAE's for bcc F€110 3 ML thin films with different lattice
Mo(110), 1 and 2 ML Fe/W110), respectively. The reduc- constants.
tion of the symmetry due to the magnetization was taken into

account. The total energy is converged to better thag . -_ 5598 A andb=3.674 A toa=3.237 A andb

20 ueV. . o .
. =4.578 A, keeping thé/a ratio fixed aty2. A systematic
The MAE for the free-standing bec 840 monolayer trend is not found for the MAE value with respect to the

was calculated first. The in-plane lattice constant was Choselrﬁ-plane lattice constant. The magnitudes of the MAE’s are

:\c/l)ok()flz)?esjﬁgreatzs J\?S};rfgrfggakeiﬂgbg Er} 4\/72!ui 105f th(?/ery similar to one another. It shows that the magnetoelastic

Figure 2 plots the MAE value as a function of the in-planeeﬁeCt is a very complicated function of the electronic band

azimuthal anglep. The easy axis is found to be in the in- structure. Its effect on the MAE energy for the free-standing
olane[001] direction. Due to the in-planB ,;, symmetry, the Fe(110) monolayer is small when th&/a ratio is fixed. This

N . ; agrees with previous theoretical results on free-standin
MAE has a 180° period. If the free-standing monolayer car]:ge(loo) monolgyer systemSWhen the symmetry is differ- 9

be con_sldered to have_ two Fe/UHV interfaces, the phenomént as in the RA.00) case or when thb/a ratio varies, more
enological surface anisotropy constaff.¢ can then be

tak ter of the MAE Th It dramatic changes in the MAE values are expected due to the
axken as one-quarter ot the energy. 1hese resulls aligeant splitting and degeneracies of the valedagbitals.
shown in Table I. Th&q ¢+ values are in agreement with the

values determined by Fritzscle¢ al® In addition, the MAE In contrast to an in-plane easy axis for the(F) free-

I ¢ this f tanding FELO) | funct standing monolayer, an out-of-plane easy axis is found for
value ot this free-standing monolayer as a function - 4, corresponding F&00) monolayer in agreement with pre-
of the in-plane lattice constant was calculated in the rang

ious calculations:!’

The effect of symmetry and thickness of the Fe thin films
on the value of the MAE is shown in Fig. 3. In this figure we
compare the MAE for 1 and 3 ML F&00) and Fe¢110

TABLE I. Fe(110/UHV interface MAE results.

Kser(m/2,mi2) Kseri(m/2,0) free-standing thin films. It is evident that @€0 and
(meV) (meV) Fe(110 have very different MAE behaviors due to their
Fe/UHV (Ref. 19 -0.35 0.08 symmetry differences. Moreover, the thickness of Fe thin
Fe/UHV (this work) -0.23 +0.007 films affects the two systems in very different ways. For the

Fe(100) thin films, the thicker film only increases the MAE
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magnitude. The MAE values are-0.8704 meV and

—1.02 meV, respectively, for 1 and 3 ML systems with an

in-plane lattice constant of 2.645 A shown in Figaj3 This <05 |

result confirms earlier calculatiot{sfor the free-standing £ o [ Fe(t10/Molt10)
2

5
Ez)}E(x)
E(2)-E(y)
E@)EX)
Ez}E(y)

Fe(100 monolayer. However, these MAE values are quite
different from the 1 ML and 3 ML F&10 free-standing

monolayers as demonstrated in Figb)3 For F€110), the 19 MR M.F
additional layer of Fe enhances the overall trend of the per- © °

pendicular magnetization. Further, the hard-axis direction 0.8 I

switches from the out-of-plarjd10] direction to the in-plane S 00 Fe(110)WV(110)
[001] direction. Varying the in-plane lattice constant for the 3 ;g, 0.8 I I

ML Fe(110) free-standing thin films changes very little of the E li

MAE magnitude as shown in Fig.(@ when the in-plane
lattice constant is decreased frona=3.163 A, b 32
=4.473 A toa=3.054 A ,b=4.319 A with the samé/a 47 ML Fe 2MLFe
ratio of 2. Once again we see the magnetoelastic effect on
the MAE is small when théb/a ratio is fixed for 3 ML
free-standing FE.10) thin films.

From the above results, it is apparent that the thickness = . . . .
affects the MAE values much more than the sheer Iatticém'ar'zed and contribute very little to the induced moment on

stretching with the same symmetry abda ratio in these tr;e s{ubstrattes. It:r:thher, the .fﬁm %ola'iﬁan:)tr;]forﬁarzﬂd » fh
systems. This difference is probably due to the fact that th&'€Crons stays the same with and without (n€ presence ot the

electronic structure changes are quite different in these twéubstrate. Thus all our data point to the fact that th? Interac-
tion between the Fe overlayer and the substrate is via the

instances. Obviously the electronic structure is only slightly" a-d | . babl ia the delocalized
affected when the lattice constant varies, particularly for th rectd-d interaction, pro ably not V'a.t € delocaiized va-
ences and p electrons. This directl-d interaction has al-

very thin films (1 and 3 ML hergé However, the change in ) i 3 ;
atomic environment and consequently the electronic strucr-eady been prgd|cted |2§)the rand observed in MXCD re-
ture is more dramatic when the thickness of the film in-SUItS for Co/Pt mterfaq :

Based on the optimized and converged structures of 1 and

creases from 1 to 3 ML.
The MAE’s for Fe thin films on the substrates are ex-2 ML Fe/5 ML Mo(110 and 1 and 2 ML Fe/5 ML W110,

pected to behave differently due to the Fe-W and Fe-Mc}he total energy was calculated including spin-orbit goupling
interface interaction. The interface W and Mo atoms ard®' the valence electrons. The results are shown in Fig. 4
found to have an induced moment of A which is antifer- Where a comparison between 1 and 2 ML Fe overlayers is
romagnetically coupled to the neighboring Fe overlayéfs. made. For the Fe overlayers on M0 substrate, §110]

This induced moment is most likely caused by the exchang#-plane easy axis was found for both the 1 ML and 2 ML Fe
interaction between the FedZlectrons and W & (Mo 4d) coverages. However, the magnitude of this in-plahé0]
electrons. The charge transfer is found to be very small beMAE is much reduced when there is an additional layer of
tween the Fe and \Wo) interface atoms. The presence of Fe on top. Furthermore, the hard axis switches its direction
the interface(one consequence is symmetry breakirgto  from the out-of-plang110] direction for the 1 ML Fe over-
cause a charge redistribution between the various valendayer to to the in-plang001] direction for the 2 ML Fe
5d(4d) orbitals. We found that the overall out-of-plane va- coverage. In short, the overall strong in-plane surface anisot-
lenced charge @,,+d,+d,2) is reduced, while the in-plane ropy was compensated by the additional layer of Fe on top.
valenced charge (,,+d,2,,2) is enhanced. This agrees This tendency towards a more out-of-plane magnetization
with the intuitive understanding that the overall in-planedirection when the Fe film is thicker is the same as for the
bonding is strengthened and the out-of-plane bonding i$ree-standing Fe thin films if dipolar anisotropy is not taken
weakened due to half of the missing bonds in the verticalnto account. However, eventually the dipolar anisotropy will
direction. But the total number a electrons remains un- dominate and the magnetization direction will lie in plane if
changed. However, the valenckspin polarization is in- the film is thick enough. For Fe, the perpendicular magneti-
creased for the interfacial substrate atoms, but not for theation only occurs with ultrathin films as has been demon-
inner substrate atoms which have no direct contact with thetrated experimentally already. The MAE for the Fe overlay-
Fe overlayers. This induced moment on the neighboring sukers on the W10 substrate reveals a very similar
strate atoms could also be possibly caused bystietorbital ~ characteristic except that the in-plane surface anisotropy is
hybridization between the Fe overlayer andM@) sub-  much stronger. As in the Mo case, the presence of the second
strate. However, there is very little charge transfer observedayer of Fe reduces dramatically this in-plane MAE value.
Orbital hybridization is a necessary but not sufficient condi-The hard axis also switches its direction fr¢i0] to [100]

tion for charge transfer for these metallic systems. The vaas in the previous case. Since Mo and W belong to the same
lences andp electrons may still play a role in the interaction group and have very similar mechanical, atomic, and elec-
between the Fe and ¥Mo) substrate. However, we found tronic properties, it is puzzling to understand why in the case
the valences andp electrons of the substrate are only slightly of W there is a much more stronger interface anisotropy. The

FIG. 4. MAE for the 1 and 2 ML Fe on MA10 (upper panel
and W(110 (lower panel substrates.
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answer may lie in the fact that W is a heavier atom than Movalenced orbital contributions. Since magnetic anisotropy is
The W &d electrons are farther away from the nuclei com-mostly from valencel electron contributions, it is expected
pared to the Mo 4 electrons; consequently, thel ®rbitals  that the anisotropy is stronger for Fe(¥0 than Fe/

are more influenced by and influence more strongly theMo(110. There is another factor, i.e., a lattice misfit that
neighboring atoms, as in this case the Fe atoms. The crystakay cause this differenc@ The theoretical misfits are 10.5%
field splitting and the spin-orbit interaction for the Wi5 and 11.6% between the Fe overlayer and Mo, W substrates,
orbitals are larger than the Mo one. As a result, the anisotrespectively. The Fe film is stretched slightly more on the W
ropy effect is stronger in W than in Mo. The origin of the substrate than on the Mo substrate. This may affect the MAE
magnetic anisotropy is the anisotropy of the lattideto-  values. But our earlier results of the MAE for free-standing
gether with spin-orbit coupling. The magnitude of the orbital Fe thin films show very little dependence on the lattice varia-
moment and its anisotropy directly reflect the anisotropy oftion if the symmetry and b/a ratio are fixed.
the crystal environment and the further distortion due toExperimentally?~'%it was found that 1 ML Fe/M110) has a
spin-orbit coupling. In agreement with the above argumentyery strong in-plane anisotropy with an easy-axis in the
an increased orbital moment for W systems is observed conf110] direction. Our theoretical results agree with this ex-
pared to the Mo one due to the more anisotropic environmerierimental observation. Further, our calculation results show
in W and stronger spin-orbit coupling. The orbital momentsthat for 2 ML Fe on the W110) substrate, the easy axis still
are found to be 0.095 and—0.018ug, respectively, for the jigs in the in-pland 110] direction. However, the magnitude

neighboring Fe and W atoms in 1 ML Fe/5 ML(20) when ¢ this Jarge in-plane anisotropy is reduced significantly.
the magnetization direction is perpendicular to the film plane

in agreement with recent calculatiolfsThe orbital moments

are 0.067Z.z and —0.005ug for the neighboring Fe and Mo The authors are indebted to the generous support of J.
atoms, respectively, for the corresponding 1 ML Fe/5Kirschner and many insightful discussions with O. Fruchart,
Mo(110). Further, almost all of the orbital moments are from U. Gradmann, J. Kirschner, and D. Sander.
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