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Large magnetocrystalline anisotropy in bilayer transition metal phases
from first-principles full-potential calculations
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The computational framework of this study is based on the local-spin-density approximation with first-
principles full-potential linear muffin-tin orbital calculations including orbital polarizatiof) correction. We
have studied the magnetic anisotropy for a series of bilayer QiAype materials such as Ke MnX (X
=Ni,Pd,Pt), CoPt, NiPt, MnHg, and MnRh in a ferromagnetic state using experimental structural parameters
to understand the microscopic origin of magnetic-anisotropy en@/g\E) in magnetic multilayers. Except
for MnRh and MnHg, all these phases show perpendicular magnetization. We have analyzed our results in
terms of angular momentum-, spin- and site-projected density of states, magnetic-angular-momentum-
projected density of states, orbital-moment density of states, and total density of states. The orbital-moment
number of states and the orbital-moment anisotropy fot €= Ni,Pd,Pt) are calculated as a function of band
filling to study its effect on MAE. The total and site-projected spin and orbital moments for all these systems
are calculated with and without OP when the magnetization is along or perpendicular to the plane. The results
are compared with available experimental as well as theoretical results. Our calculations show that OP always
enhances the orbital moment in these phases and brings them closer to experimental values. The changes in
MAE are analyzed in terms of exchange splitting, spin-orbit splitting, and tetragonal distortion/crystal-field
splitting. The calculated MAE is found to be in good agreement with experimental values when the OP
correction is included. Some of the materials considered here show large magnetic anisotropy of the order of
meV. In particular we found that MnPt will have a very large MAE if it could be stabilized in a ferromagnetic
configuration. Our analysis indicates that apart from large spin-orbit interaction and exchange interaction from
at least one of the constituents, a large crystal-field splitting originating from the tetragonal distortion is also a
necessary condition for having large magnetic anisotropy in these materials. Our calculation predicts large
orbital moment in the hard axis in the case of FePt, MnRh, and MnHg against expectation.

DOI: 10.1103/PhysRevB.63.144409 PACS nuni§er75.25+z, 75.30.Cr, 75.30.Gw

[. INTRODUCTION overcome the shape anisotropy due to the magnetostatic en-
ergy that favors in-plane magnetization. Many potential ap-
Ferromagnetic materials exhibit intrinsic “easy” and plications of epitaxial ferromagnetic films on semiconductor
“hard” directions of the magnetization. This magnetic an- substrates require a perpendicular component of the magne-
isotropy is, both from a technological and fundamental pointization. Such a configuration would permit perpendicular
of view, one of the most important properties of magneticmagnetic recording or magnetooptical recording employing
materials. Depending on the type of application, material€ither the Faraday effeéin transmissiopor the magnetoop-
with high, medium, or low magnetic anisotropy will be re- t!c Kerr_ effect(in reflc_ectlor) to rot_ate the plane of polariza-
quired, for respective application as, e.g., permanent mag}'—on_ of light propagatmg perpendicular to the sub_strate. Mag-
nets, information storage media or magnetic cores in trandi€li¢ layers with strong PMA are of great interest for

formers, and magnetic recording heads. Hence a bettéﬂagn?togggcégﬁl?%d'ir:]gcmr?]d':rivsv't;‘ V?I:S]d'crted ﬁ(terfo::]nr?nfes
understanding of the microscopic origin of the magnetic an?! Up 10 o ' omparison with present comme
) . . : . cial hard disks that have storage densities around 2 Gbit/in
isotropy is necessary to tailor the properties of magnetic mar, X ) o )
terials ence, the potential need for materials with higher perpen
j . . . . dicular magnetocrystalline anisotropy than the current con-
Generally, if a ferromagnetic material lacks a high degre

. ; . Sentional cobalt alloys for future high-density recording me-
of magnetocrystalline anisotropy in the bul.g., bce FE i3 i well knowr? Because the mechanisms responsible for

assuming that the structure is not greatly distorted by are so poorly understood, the search for new materials
substrate-imposed strain, the moments will lie in the layeicyrrently proceeds empirically. Hence, it is important to in-

(film) plane so as to minimize the free energy of the systemyestigate the microscopic origin of magnetic anisotropy in

(i.e., the magnetization direction is determined by shape ardetail in order to identify potential candidates.

isotropy). For some applications, an in-plane magnetization Novel phenomena such as magnetocrystalline anisotropy,
is desirable. For example, in-plane anisotropy is useful foinagnetooptical effects, magnetic circular dichroism etc.

longitudinal recording, magnetostrictive and inductive headscaused by strong coupling among spin, orbital, and lattice
and media for magnetic-field sensdvghere a small anisot- degrees of freedom are central issues in the physics of
ropy field is desirefd On the other hand, to obtain perpen- transition-metal compounds over the last few years. The en-
dicular magnetic anisotropfPMA) implies some means to ergy required to alter the magnetization direction is called

0163-1829/2001/634)/14440918)/$20.00 63 144409-1 ©2001 The American Physical Society



P. RAVINDRAN et al. PHYSICAL REVIEW B 63 144409

the magnetocrystalline-anisotropy energ§MAE). van TABLE I. Magnetic-ordering temperature, Curie of él€T or
Vleck® suggested that the origin of this anisotropy is theTn) for selected CuAl)-type phases.

interaction of the magnetization with the crystal lattice, i.e.,
the spin-orbit coupling. MAE in cubic@-transition metals is

Compound  T¢ or Ty (in K) Magnetic state Reference

a very small quantity of only a feweV/atom(Refs. 4andb  copt 1100 Ferromagnetic 103
that becomes enhanced to the order of meV/atom in mag=eNi Ferromagnetic 95
netic multi-layers>”"~° The enhancement in the magnetic Fepg 720 Ferromagnetic 88
anisotropy is believed to originate from the interface magnegept 446 Ferromagnetic 99
tism. Chappert and Brunbhave proposed that lattice-misfit pnni 1080 Antiferromagnetic 100
strain may, via magnetostriction, contribute to the volumey,pq 825 Antiferromagnetic 101
anisotropy in coherent structures. One of the interesting isg;,p¢ Antiferromagnetic 102
sues relating to the magnetism at interfaces is to understang,zy, 185 Ferromagnetic 49

what factors determine the preferred orientation of the magy,
netic moment relative to the crystallographic axes. Origi-
nally, Neel'! discussed the large anisotropy within a pair-
interaction model in which the reduced symmetry at the
interface results in anisotropies that differ greatly from thatcording media. Further, the magnetocrystalline anisotropies
of the bulk. In the itinerant electron model, the enhancedf FePt and CoPt are among the highest reported in the
magnetocrystalline anisotropy due to the altered electronititeraturé® making them attractive base materials for future
structuré®®® in a multilayer is considered to be the major high-density magnetic recording medfe?>
cause for the observed PMA in Co- or Fe-based multilayer Stoichiometric intermetallic phase of manganese with Ni,
films. Thus a positive interface contribution to overcome thePd, and Pt are antiferromagnets with unexpected higél Ne
negative volume effect results in PMA in such phases. temperaturesTy) and also the magnetic moment on Mn in
Since the discovery of PMA in metallic overlayers andthese materials are larger than expedte Table). MnNi
multilayers'*15 this phenomenon has been a subject of greais a very interesting case with the highe@mong the
interest, particularly with regard to its microscopic origin. 3d-metal alloy$ Ty (1080 K), accompanied by a 3.8
Despite numerous experimental and theoretical studies, a futhagnetic moment on Mn. MnHg and MnRh are also experi-
understanding of PMA has not yet been achieved. It ignentally found to exhibit antiferromagnetism. However, for
known that many kinds of noble metal/Co multilayers suchsimplicity we have assumed a ferromagnetic ground state for
as Pd/Co, Pt/Co, and Au/Co have large perpendiculaall these phases in our calculation. These model systems are
anisotropy’®> which depends on crystallographic studied from a fundamental point of view, in order to get a
orientation'® Especially Co- or Fe-based multilayer films better understanding of the microscopic magnetic properties
prepared by alternate deposition of transition mé@b or  and their relation to PMA. Other ordered phases considered
Fe) and nonmagnetic metéPd, Pt, Ag, Au, etg.have been here have relatively high saturation magnetization, Curie
extensively investigated. Most of these materials have strontemperatureTc), and magnetocrystalline anisotropy. Hence,
PMA when the thicknesses of transition metal layers weret is interesting to carry out systematic studies on these ma-
thinner than a few monolayetg!’~2* A multilayer consist- terials to understand the microscopic origin of their superior
ing of alternating single atomic layers of magnetic and non-magnetic properties compared with thd 8lements them-
magnetic elements is the low thickness limit of a magneticselves. This is, in fact, one of the main motivations for the
multilayer and it may be called magnetic bilayer. With a present study. A possible explanation for large PMA in this
suitable selection of nonmagnetic component one can tunelass of materials through systematic exploration of their
the magnetic anisotropy and magnetooptical properties oflectronic structure can also identify potential candidates for
magnetic bilayers. The phases considered in the present cadractical applications. One of the aims of the present inves-
culations are simple and have a bilayer nature. Hence, thiggation is to search for trends in MAE as a function of spin-
investigation of these materials is expected to contribute tarbit coupling, exchange splitting or the band fillitgumber
better understanding about MAE in ultrathin multilayers.  of valence electronsFurther, it is expected that the study on
Among the thin films and superlattice systems exhibitingthese bilayer materials may provide a better understanding of
perpendicular magnetic anisotropy, the face centered tetragihe importance of structural distortion, hybridization between
onal (fct) phases of binary alloys like CoPt, NiPt, FePd, andmagnetic and nonmagnetic materials, and thereby induced
FePt with the CuAd)-type structure, have in recent years changes in the electronic structure on the magnetic anisot-
attracted great interest. These phases can be consideredrtpy.
consist of a monoatomic, chemically modulated superlattice Magnetic anisotropy calculations for bulk Fe, Co, and Ni
of the two elements. When grown with the monoatomic lay-from first-principles spin-polarized relativistic band theory
ers parallel to the film plane, i.e., with thieaxis of the fct  have been attempté@?’ These calculations show that be-
unit cell perpendicular to the film, the material exhibits per-cause of its smallneg®f the orderueV/atom), the magne-
pendicular magnetic anisotropy. Since the first observatiomocrystalline anisotropy is a sensitive function of fine details
of perpendicular magnetic anisotropy in CoPt multilayerof the electronic structure of a solid. Consequently, the re-
films by Carcia? considerable attention has been focused orsults obtained depend strongly on the approximations made,
such phases for potential use in perpendicular magnetic rehe numerical techniques used, and whether they are con-

nHg Antiferromagnetic 104
Ni/Pt Ferromagnetic 50
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verged with respect to, e.g., the size of the basis set and the
numerical integration ik space, etc. The anisotropy energy,
caused by the spin-orbit interaction, is much smaller than
other electronic energies. This makes predictions sensitive to
subtle details of the Fermi surface. In any case, high numeri-
cal accuracy and convergences must be achieved despite the
substantial loss of symmetry caused by the spin-orbit inter-
action. Thus, the computational requirements of a first-
principles theory are demanding. Hence, so far it has been
very hard to extract a satisfactory picture of MAE for the
transition metals, both qualitatively and quantitatively. In the
case of magnetic multilayers, MAE is much larger than that
for the 3d elements themselves and as a result, reliable pre:
dictions from theoretical calculations can be made. Goo X .

. Lo etragonal structure used in our calculations are represented by dot-
agreement has been reached between first-principles Ca|C{Je-d lines
lated anisotropies and the corresponding experimental values '

in Co-based multilayer$?® Although the bicomponent and _ _ _
multicomponent phases may have larger anisotropies, thigon diffraction on single crystals. A recent development has

comparison to theory may be plagued by defects. MoreoveP€en the theoreticland experimentdf progress in the field

for the multilayers the structures are not well characterize® X-ray magnetic circular dichroistXMCD) as a chemi-
experimentally and the influence on MAE of the interface@lly specific technique for probing orbital magnetism. There
roughness and the strain resulting from lattice mismatches §@n be quite strong modifications of MAE as well as spin and
the component materials are not known. Calculations ofrbital moments when ac3element is substituted in a phase.
MAE for the phases considered here, for which the crysta_lzurther’ there is a strong connection between the. anlsotrqpy
structure is well known, will make the comparison between!" the orbital moments and MAE for ferromagnetic materi-
theory and experiment more proper. Most of the calculation&!S: Hence, it is interesting to study in detail the origin of
on MAE (Ref. 28 for multilayer materials presented in the Orbital moments in multilayer phases. It has been demon-
literature were based on the atomic sphere approximatioﬁtrated that the orbital moments in magnetic materials can be
(ASA) where spherical potentials in overlapping spheres ar&eliably predicted if one includes orbital polarizati¢®P)

used to replace the actual effective potential of the lattice irforection into the local-spin-density approximatiersDA)
combination with a minimal basis set. To our knowledge, seealculations™~*So, we have calculated the orbital moments

far no full-potential calculations have been performed forfor @ series of these phases and also as a function of band

these bilayer materials to explain the experimentally obfilling. _ _ _ _
served large magnetic anisotropy. However, several attempts 11€ rest of this paper is organized as follows. Details
have been mad&®3to estimate MAE for FePd, FePt, and about the CuAd)-type structure are given in Sec. Il. After a
CoPt from ASA methods that employed the force theoremPrief discussion of how the anisotropy energy is calculated
The reason for the lack of full-potential calculations for and other computational details in Sec. lll, the angular
MAE in multilayers is that the calculations involved not only Momentum- and site-projected DOS, total DQEDOS),
require high-precision total-energy methods, but also involvéni-Projected DOSLDOS), orbital-moment density of states
unduly large numbers & points. It is demonstrated that the (ODOS, orbital-moment number of stat¢®NOS, and dif-
full-potential total-energy calculations based upon the localférence in the orbital-moment number of statésONOS
density approximation of the density-functional theory in@re presented in Sec. V. The spin and orbital moments with
combination with an orbital-polarization correction can be@nd without OP correction and calculated MAE are com-
used to derive the magnetocrystalline anisotropy energy fopa}red W|_th avallabl_e experlme_ntal and thepretlcal values. O_n
ferromagnetic meta®. We demonstrate here that the samethis basis, a detailed analysis of the anisotropy energy is
approach can be extended to phases and multilayers that pd¥esented and the importance of factors such as orbital-
ses orders-of-magnitude higher MAE than the ferromagneti@oment anisotropOMA), exchange splitting, spin-orbit
metals. splitting, crystal-field splitting, and band filling for obtaining
The spin and orbital moments are basic quantities fo@ large PMA is discussed. Conclusions are summarized in
magnets and their separate determination is very important iR€¢- V-
clarifying electronic structure and other physical properties.
Until recently, experimental information on orbital moments
has been available only for a very small number of systems,
including the ferromagnetic 8 metals themselves, their al- A particular structure obtained by stacking of alternating
loys, and a few intermetallic phases. For some systems onlsingle-different atomic layers is the tetragonal Clldqtype
average orbital moments are known, for example, those obstructure as shown in Fig. 1. The atomic-size difference be-
tained from Einstein—de Hass experiments or ferromagnetitwveen the two atom components is less than 15% for
resonance. Atom-specific orbital moments have been me&uAu(l)-type phases, which indicates that the size factor is
sured in only a few cases, making use of spin-polarized neumportant for the stability of this structure. Importantly, re-

FIG. 1. Atomic arrangement in the Culi+type structure ex-
mplified for MnPt. The spin quantization axes used in our MAE
alculations are shown as dashed lines with arrows. The primitive

Il. STRUCTURAL ASPECTS
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cent development of sophisticated growth techniques haveonvolutes each discrete eigenvalue with a Gaussian function
made it possible to easily grow high-quality tetragonalof width 10 meV. In these calculations the MT radii are kept
CuAu(l)-type materials. In MnPt the stacking sequenceas large as possiblgvithout overlapping one anothewhich
along[001] consists of alternate Mn and Pt planes producingmeans that the muffin-tins fill about 65% of the total volume.
a tetragonal distortion along this direction. Aloftp0] and  In all cases a uniform mesh &fpoints is used, distributed as
[110] the planes have equiatomic compositions. Each Mrto fulfill the symmetry of the system for a particular direction
atom is surrounded by eight Pt and four Nin plang near-  of spin quantization.

est neighbors, with local symmetB,,, as shown in Fig. 1. Calculation of MAE requires resolving the difference in
The unit cell contains four atoms, but can be expressed itotal energy(which often is of the order of several thousands
terms of a simple tetragonal unit cell with two atoms, one atof Ry) with accuracy some times better thamRy when the

(000 and the other at ¥%3%) with a:aCuAu(l)/\/z For Mmagnetization is pointing in two different directions of the
computational simplicity we chose to use the simple tetragSClid. Compared with the non-spin-polarized total-energy
onal structure with two atoms per primitive cédlotted line calculations, the numerical diagonalization procedure when
in Fig. 1). This structure can be visualized as a tetragonallycalculating MAE is slower not only due to doubling of the
distorted version of the cubic CsCl-type structure. In thisHamiltonian matrix by the spin polarization, but also by the
description, ac/a value of 1.0 corresponds to a body- "€duction in the crystal symmetry by lifting of spin-
centered-cubic lattice whereaga=12 is equivalent to an Qegeneracy by spin-orbit interaction. I_:urther, the reduction
fcc lattice. This relationship between fcc and bec is often Symmetry makes the number &fpoints to be sampled

referred to as the Bain path. All the phases considered hef@9€r in order to have a well-converged total energy. As

; : 127,39 ;
have an axial ratio less than unity. This indicates that thdnentioned earlief/** we have performed different conver-
bonding between unlike atoms is strofige., strong inter- 9€NCe tests to ensure that the calculations have reached the

layer bonding, required accuracy. Since the anisotropy energy arises prima-
rily from the detailed electronic structure, especially energy-

band structures in the regions near band crossings and elec-
lil. COMPUTATIONAL DETAILS tron states close to the Fermi energy, it is important to have

The calculations are based on a full-potential linear2 fine mesh ok points to obtain a realistic result. One of the
muffin-tin orbital method FPLMTO) (Ref. 38 modified to problems one faces is that thg sampling of the Brillouin zone
be able to treat the MAE problefd.Since a total-energy (BZ) has to be performed with extreme care and the total
calculation of this kind requires a tremendous energy resolu€Nergy needs to be converged with respect to the number of
tion, some further details are given below. For computationak Points used for sampling the irreducible part of BZ. To
purposes, the crystal is divided into nonoverlapping spherelustrate this we show in Fig. 2 the calculated MAE as a
surrounding atomic site@nuffin-tin sphereswhere the den- function of the number of k points for XPt(X
sity and potential vary rapidly, whereas in the interstitial re-=Mn, Fe, Co, Ni). We notice that to achieve convergence in
gions between the spheres the density and potential vafAE with respect to the number & points, about 10 000—
slowly. In the muffin-tinsMT), the basis functions and elec- 15000k points in the full BZ is needed for these systems.
tron density and potential are expanded in spherical waves;
in the interstitial regions, they are expanded in Fourier series. Orbital polarization and orbital moment

In this method there is no shape approximation made for gjnce the spin-polarization and the relativistic spin-orbit
either the charge density or the potential; all electrons argeraction are taken into account in usual density-functional
involved in the self-consistent process and the core electronsy|cylations, Hund's first and third rules, respectively, are
are treated fully relativistically. The calculations include theiaken into account in the normal LDA calculation. An exact
effect of spin polarization within the local-spin-density ap- formalism for including effects responsible for Hund’s sec-
proximation and spin-orbit coupling is included self consis-onq ryle s lacking at present. Hence, the calculated orbital
tently in the same way as have been previously reported fof,oment in the systems is usually lower than the experimen-
heavy elements and compour?cr]s'l.'he exchange-correlation 5| yajues. From the analysis of experimental and theoretical
potential is calculated with use of the von Barth—Hedinyag, Janseff concluded that the energy density functional
form. Lattice harmonics with angular momentufmup to 8 (ogether with the spin-orbit coupling must contain terms that
are used to expand the charge and spin densities and waygpend directly on the orbital moment. Based on van Vleck

function.s inside the muffin-tin sphere. Moreover, the presenfnd Racha’s vector model for atomic multiplets an approxi-
calculations made use of a so-called multibasis to ensure @ate energy expression for Hund’'s second rule was

well-converged wave function. This means that several Hangeriyed343641 The orbital-polarization energy for a particu-

kel or Neumann functions depending on the sign of the ki-I . o LA
. . S . " . _lar spin-quantization direction was found to be well ap-

netic energy of the basis function in the interstitial region imated b

have been used, each attached to its own radial function witR X! y

an (n,/) quantum number. Thus threetwo p, and threed 1

orbitals appear in the expansion of the crystal wave function, Eop=— > > BL?,U, 1

each connecting to an envelope function with a unique ki- 7

netic energy for each atom. For the Brillouin zone integra-whereB (for d state$ is a Racah parameférand L, is the

tion (BZI) a Gaussian broadening method was used, whiclz component of the orbital angular momentum @fspin
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T ' T netic quantum numbers. The OP term is included in the di-
¥ NiPt agonal elements of the Hamiltonian matrix. Thus at each
atom site, orbital polarization is allowed for by means of an

0 | eigenvalue shiftAVm|= —BL,m, that depends on the quan-
tities obtained from the previous iteration step. The entire
-1} . process is self-consistent and no parameters were adjusted.

This means that the calculations incorporate all three Hund's
"t rules(spin splitting, orbital splitting, and spin-orbit splitting

a
™

CoPt and, within the stated approximations, are fully self consis-
tent. It is well known that LSDA calculations often give a
1 too small orbital momentby up to 50% for, e.g., Fe and Co

] phaseqsee Ref. 44and that the OP correction is a remedy
for this defect in LSDA. This correction yielded larger or-
B 1 bital moments for Fe, Co, and Ni and thus a better agreement

N for the calculated factors for Fe and Co with experimefit.

(=T B )

Just as the spin moment can be written as the expectation
1 value ofs, one can calculate the orbital moment. The orbital

] magnetic moment on theNth site is given by the
expressiofr

FePt

MAE (meV)

[NV TR N o B < ]
ril

Y - P
L 4 + : + } + } + <LZ>N_(2W)SQE| fdk<|k|LZ|lk>Nv (4)

MnPt

wherei refers to the occupied relativistic band states and the
Z projection of the orbital-moment operatfa;, and(} is the

unit-cell volume. The expectation valugk|L,|ik)y are cal-
culated within theNth atomic site.

IV. CALCULATION OF MAE

5000 10000 15000 _ _ , N
No. of k—points The energy involved in rotating the magnetization from a

direction of low energy toward one of high energy is called
FIG. 2. Changes in magnetocrystalline-anisotropy energymagnetic anisotropy. Various contributions to the magnetic
(MAE) from SO+OP calculation foMPt (M=Mn, Fe, Co, Ni) as  anisotropy such as the magnetic dipolar, the magnetocrystal-
a function of total number ok points used in the whole Brillouin  |ine, and the magnetostrictive contribution in multilayer
Zone. films were recently reviewetl. The total anisotropy per
monolayer in a magnetic multilayer can be written as
states(in then direction). The parameteB can be expressed

|

in terms of Slater integralsF¢,F*%) of the single-particle Ktot— keff 4 K 4 %) (5)
wave functions for altl electrons and is recalculated for each v shape™ | 'n |’
iteration step from the relatiéh )
whereK (=K .+ Ko is the sum of the magnetocrystal-
9F2—5F4 line and magnetoelastic contribution§sp,,e= —27M2,is
B= a1 (2)  the shape contribution for a uniform sheet of bulk material,
and X is the anisotropy energy density from the two
where the SlateF¥ integrals are given by interfaces/surfaces for each magnetic layer adis the
number of atomic layers in the film. The surface/interface
ork contribution to the anisotropy energy decreases with increas-
Fk=J J Ga(r1) Pa(ro)——rardridr,. (3)  ing multilayer thickness. In the majority of works ort is
r> investigated while th&®'" term is argued to be small. The

For a crystal we replace the radial-wave functipnwith the argument for neglecting,"" is often based on the fact that

d partial wave evaluated at the center of gravity of the occuMAE for thin films is much larger than that of the bulk
pied part of thed band. The physical meaning of OP is that Crystal. The main origin oK, is the spin-orbit coupling.
states with different angular momentum have different angu- N @ quadratic approximation, for a uniaxial crystal like
lar shape and hence a different Coulombic interaction, whictin€ tetragonal crystals considered in the present calculation,
are via Eq.(1) included in the energy functional. Applying theé magnetic anisotropy is described'by

this energy expression to solids one finds that it gives rise to . . )

energy shifts for the single-particle states with different mag- E=K;sir0+K,sir0+K;sin*gcos'p+---,  (6)
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TABLE II. Unit-cell parameters 4 andc in A) and axial ratios TABLE IIl. Calculated magnetic-anisotropy energi@dAE in
for the primitive tetragonal unit cell used in the present calculationsmeV) obtained from relativistic FPLMTO calculations without
(SO and with orbital-polarization correctionSO+OP). The re-

Compound a C da sults are compared with experimental and other theoretical values.
CoPt 2.6912 3.6839 1.3688 Theory
FeNi 2.5307 3.5789 1.4142 Phase SO  S®OP (others Experiment Easy axis
FePd 2.7294 3.7309 1.3669
FePt 2.7301 3.7879 1.3874 CoPt 1.052 1.642 1.50 1.451 [001]
MnHg 3.2279 3.3129 1.0263 1.782 1583 [001]
MnNi 2.6317 3.5294 1.3411 1.665 [001]
MnPd 2.8779 3.5899 1.2474 1.0 [001]
MnPt 28208 3.6647 1.2950 FeNi 0.077 0.172 0.254 [o01]
MnRh 27789 3.5599 1.2810 FePd 0.154 0.342 0.55 0.5204 [001]
NiPt 2.7032 3.5889 1.3276 0.48 [001]
0.6 [o01]
0.5898 [001]
where K is the second-order out-of-plane anisotropy con-FePt 2734 2891 28 0.8811 [001]
stant andK, andK} are the fourth-order uniaxial and basal- 2.258 [001]
plane anisotropy constants, respectivélyhe angle between 2.7 [001]
the ¢ axis and the magnetization vector, armdis the azi- MnHg —0.068 —0.069 [110]
muthal angle. Usually, the anisotropy within the plahe.,  MnNi 0.023 0.116 [001]
K, andK3) is smaller tharK,; and we have considered only MnPd 0.077  0.147
the second-order anisotropy constant in our calculationgVinPt 4.696 5.342 (oo
Hence, we will define the magnetic anisotropy energy as th&nRh —0.163 —0.285 [110]
difference in the total energy when the magnetization is oriNiPt 1.248 0.239 [001]

ented along the plane, i.e0=[110], and when it is oriented
perpendicular td001). Hence, in our definition of MAE a
positive value means that the easy axis is alongctlaeis
and the hard axis is in thab plane. Using the full-potential
LMTO method presented with the computational details,

given above we have calculat&d for the mentioned tetrag- fOpQEneeml’heor» (Ref' 33. ;
onal CuAul)-type phases. In the calculations the experimen-Pyn o et al. (Experiment (Ref. 99.

; - ) 9Kamp et al. (Experimen} (Ref. 91).
tal unitcell parameters given in Table Il were used. hMagatet al. (Experiment (Ref. 92,

'Kim and Shin(Experimen} (Ref. 50.

aSakuma(Theory) (Ref. 29.
bSolovyevet al. (Theory (Ref. 30.
“‘Maykov et al. (Experiment (Ref. 88.
dBrissoneatet al. (Experiment (Ref. 89.

V. RESULTS AND DISCUSSION

MAE from spin-orbit (SO) and SOG+OP calculations are
given in Table lIl along with available experimental and the- (AF) phase of MnRh transforms into a ferromagnetic one at
oretical values. It should be noted that for all phases the eadpw substitution levels of Bi or Te on the Rh sftéPossibly
axis is correctly predicted, both with and without OP, butone may stabilize ferromagnetism also in the other AF
only fair agreement between the experimental and theoreticahases by proper chemical substitution. For this reason it is
energies is obtained from SO calculations. The MAE ishighly interesting to perform calculations for the Mn-based
roughly doubled(except for NiPt when OP is included, AF phases in the ferromagnetic state. Our calculations show
which moves the calculated values closer to the experimentdhat NiPt possesses perpendicular anisotropy with large
ones.[001] is the easy direction for all compounds in Table MAE. The established PMA in NiPt is consistent with recent
Il except MnHg and MnRh, for which the easy direction is experimental data in the sense that Ni/Pt multilayer films
along[110]. The experimental MAE for Fe, Co, and Ni are show PMA at room temperatur@ Krishnanet al > reported
of the order of weV/atom?*” The binary layered materials that Ni/Pt multilayers with Ni layers thinner than about 2 nm
studied here have an MAE of the order of meV/f.u. indicat-show perpendicular anisotropy and ferromagnetism. Table
ing that the magnetic anisotropy of the system may be enHl shows that the Pd and Pt phases have large MAE. A
hanced by orders of magnitude in multicomponent systempossible reason is that both Pd and Pt have a large Stoner-
by the proper selection of constituents. enhanced susceptibility together with a large spin-orbit cou-

Some of the experimentally observed magnetic propertiepling. Thus they acquire a sizable spin-polarization in con-
of these materials are given in Table I. All the Mn phasegact with 3d magnets and give an important contribution to
considered in this paper are antiferromagnetic, however, it ithe anisotropy, due to their large spin-orbit coupling. This
worthwhile to note that ferromagnetic MnNi alloys have viewpoint is supported by the observatibthat suppression
been grown with the easy axis of magnetization perpendicuef the spin-orbit interaction in Pd reduces the calculated an-
lar to the layer plan&® Furthermore, the antiferromagnetic isotropy of Pd/Co/Pd films. Our prediction of perpendicular
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anisotropy in FeNi is consistent with experimental studies in FePd. ' " '
the sense that the distribution function of the magnetic hy- - MnPd
perfine fields of ultrathin Fe/Ni multilayers gives an out-of-
plane anisotropy at the interfaceThe increase in MAE
R T M
a0 4 T o 4

from FeNi to FePt in Table Il is due to enhancement of the
ENERGY (eV)

spin
S
L
—
|
L
——
1

-1

l
|

spin-orbit splitting. The calculated MAE for NiPt is only
0.239 meV, much less than that for FePt, Table Ill. There is
also a large difference in the calculated total magnetic mo-
ment in the easy magnetization direction, 3ulfor FePt
and 0.66g for NiPt, respectively. The smaller value of
MAE in NiPt compared to FePt is to some part the result of
a weaker exchange splitting. Since the full-potential calcula- FiG. 3. Total density of state§TDOS) for FePd and MnPd
tions have the most flexible basis set as well as a more exaghase obtained from SEOP calculation.
effective potential, the results reported in Table Ill must be
considered to be more accurate one that can be obtained fromommonly seen in these systems is that dhieands of Pd
the density-functional calculation. and Fe/Mn form bonding and antibonding states. In the mi-
The present total-energy results refer to 0 K, whereas alhority spin state thel bands of Pd and Fe/Mn strongly over-
measurements have been performed at finite temperaturiap in the energy region ne& . Similar to other ferromag-
Hence, the small difference between the experimental andets, the width of the majority band is narrower than the
theoretical MAE value is at least partly due to a temperatureninority band. The behavior of TDOS ne&; depends
effect. Another reason for the larger MAE value in the the-largely on the contribution of FeB3states in FX¥ phases.
oretical studies is that the calculations are made for an idefhe d bands of Pd and Pt are almost completely occupied
ally ordered lattice. Available experimental data for FePtindependently of the magnetization direction.
show that the perpendicular magnetic anisotropy increases In order to understand the role of the hybridization be-

TDOS (states eV

with the degree of layer orderirg. tween the Fe anX atoms in the electronic structure of the
Two types of contributions to the anisotropy energy canFeX phases, the site-, angular momentum-, and spin-
be distinguished. projected density of staté®DOS of FeX phases are shown

in Fig. 4. It is seen that thel states of theX atoms are

(1) A contribution induced by the spin-orbit interaction gnergetically almost degenerate with the majority spin DOS
causing splitting of partly occupied orbitally degenerate 1ev-o¢ tha Fe atom in the whole valence-band range, giving rise

els and resulting in a lowering of the total energy. Also, they, gpstantial hybridization between Fe'3andX d'! states.

spin-orbit interaction couples eigenstaigsand¢; with en- £y her thed bands of thex atoms are almost totally filled
ergiese; below the Fermi energy ané, above the Fermi o hoth spin channels. In contrast to bulk Fe, the majority-

energy. Since the spin-orbit splitting depends on the Magnésyin 39 bands of Fe is completely filled due to the conse-

tizatiqn direction, so.does .the total energy. If the spin—orbitquence of the band narrowing resulting from the enhance-
coupling paramete¢ is sufficiently small, one can use per-

: L ; ments of the Fe-Fe distance and this leads to an enhanced
turbation theory to deduce the contribution to the an'SOtromfnagnetic moment. The PDOS for FePt in Fig. 4 shows that

energy. o , . the Pt & DOS has a peak structure just abdgg in the
(2) Anather contribution induced by crystal-field splitting majority-spin state. This feature is not present in the 8o

is caused by the reduction in symmetry of the systems Whepd 4d DOS in Fig. 4. Consistent with our findings, the

going from cubic to lower symmetric structures. XMCD spectra at the PNg, edge in Fe/Pt multilayers
These contributions are discussed in detail below. Howindicaté” that the Pt-8l PDOS just above the Fermi level is

ever, first we outline briefly the details of the calculated elec—h:g?eesr for the majority-spin states than for the minority-spin

tronic structure, and spin and orbital moments, since thi$ . .
The N(Eg) values are directly related to the electronic

helps in understanding the analysis of MAE. " -
part of the specific-heat coefficient and calculated values of

N(Eg) are given in Table IV. The tabulated value NtEF)
for FePd is in good agreement with the experimental value of

The spin-polarized total density of states for FePd andl8.3  statesRyf.u.) obtained from specific-heat
MnPd are shown in Fig. 3. For all these phases the valenceeasurement®. From theN(Eg) values obtained from spe-
band is mainly constituted by bands. The profile of TDOS cific heat measurements on ordered and disordered FePd,
is structurally similar for all these phases: an almost comKuanget al>® concluded that a lower value df(E) for the
pletely occupied band of electrons with majority spin and theordered crystal structure relative to that of a disordered struc-
Fermi level Eg) on the low-energy slope of the intense peakture is due to the formation of a superlattice Brillouin zone.
of DOS with minority spin. The topology of the TDOS of From PDOS for FePd in Fig. 4 it is clear that the small value
FePd and MnPd are similar. Howev&; is located so as to  of N(Eg) is due toEg lying on a pseudogap in thed3!
reflect the one-electron difference in the valence electronstates of Fe and that the Pd 4tates have negligible contri-
between these two compounds. The rigid-band model seentmitions atEr. Our calculated value of(Eg) for CoPt in
to hold for the gross feature of DOS. A characteristic aspecTable IV agrees well with the value of 29.9 states/(Ryf.u.)

A. DOS characteristics
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TABLE IV. Calculated density of states at the Fermi level
[N(Eg) in states/(Ryf.u.)] site-projected spin moments obtained
from relativistic FPLMTO calculation with orbital-polarization cor-
rection. Spin moments are denoted by the subseriphd the total
moment byt. A denotes the first atom site §3lement, B denotes
the second atom site, and “Int” means the interstitial region. All
atomic moments are in units @fg/atom and the total moment in
pelfu.

Phase N(Eg) Ag Bs Intg ABg

CoPt[001] 21.025 1.803 0.394 —-0.051 2.146
CoPt[110] 28.527 1.809 0.398 —0.051 2.156
FeNi[001] 18.215 2.568 0.679 —0.028 3.219
FeNi[110] 18.205 2.568 0.679 —0.028 3.219
FePd[001] 20.224 2949 0.369 —0.042 3.276
FePd[110] 20.314  2.949 0.369 —0.042 3.277
FePt[001] 18.943 2.891 0.353 —0.039 3.205
FePt[110] 19.091 2.893 0.355 —0.039 3.209
MnHg [001] 34.062 3.671 -—0.034 0.038 3.675
MnHg [110] 34.733 3.671 —-0.034 0.038 3.675
MnNi [001] 39.048 3.100 0.581 0.061 3.742
MnNi [110] 39.074 3.098 0.580 0.061 3.739
MnPd[001] 13.514 3.798 0.356 0.151 4.305
MnPd[110] 13.643 3.798 0.356 0.151 4.305
MnPt [001] 20.569 3.620 0.338 0.067 4.025
-6 4 -2 0 MnPt[110] 22.487 3.613 0.335 0.066 4.014
ENERGY (eV) MnRh [001] 36.572 3.066 0.065 0.061 3.192

FIG. 4. Angular momentum-, spin-, and site-projected density ofM_nRh [110] 36314 3.066 0.062 0061  3.189
states(PDOS9 for FeX phases obtained from SEGDP calculations N!Pt (ool 44.793  0.426 0.199 -0.014 0611
with the magnetic-quantization axis alof@p1]. The left panel rep- NiPt[110] 44.822  0.378 0.180 —0.013  0.545
resents PDOS for Fe and the right panel represents the PDOS for
The T symbol means majority-spin electrorisminority-spin elec-
trons. For clarity thes andp states are scaled by factors 10 and 15,most 100%. Further, the fact that one derives almost the
respectively.Er is set to zero and represented by vertical dottedsame spin moment for both magnetization directions indi-
line. cates that the magnetic anisotropy is originating from the

anisotropy of the orbital moment. The spin moments of Mn
obtained® from the ASA calculation. From specific-heat and Fe for the Pd-based phases are larger than for the Pt-
measurement$ the electronic-specific-heat coefficient,= based phases as can be seen from Table IV. This is a hybrid-
11.6 mJ/(mol B) has been obtained for NiPt. The magneticization effect, where the largedSoverlap with the @ orbit-
properties of many of these alloys are sensitive to the locahls reduces the moment.
atomic environment. For example, ordered NiPt is an anti- In Fig. 4 the valence bands formed by the Fet &dX
ferromagnetic phasg with low N(Eg) whereas its disor- 3d, 4d, or 5d states in F¥ phases are displayed and a
dered counterpart is ferromagnetic with lafgg-) .>° For the  substantial exchange splitting between the spin-up and spin-
remaining phases no electronic-specific-heat data are avaifown subbands is found on the Fd 8tates. As a result the
able. We hope that the presently reporté(Eg) values in  Fe spin moment dominates whereas ¥ispin moment is
Table IV will motivate further experimental studies. much smaller. It is well known that the proximity of a non-
magnetic metal suppresses the magnetic moment of some
elements depending on the extent of overlap betweer the
band of the magnetic metal and conduction band of the non-

In Table IV we give the spin moments from S@P  magnetic metal. For the present systems, taking FePt as an
calculations, within each MT site and for the interstitial re- example, the reduced number of Fe neareast neighbors nar-
gion, in all cases for the moments aligned ald®@1] or  rows the bandwidth relative to that in pure Fe, which in turn
[110]. For comparison, available experimentfbm magne- increases the spin moment. However, compared to FePd the
tization, neutron diffraction, and XMCD measuremergied  moment of FePt is smaller, since, as pointed out above, the
theoretical(from ASA calculation$ values of spin and or- 3d-5d overlap is larger than thed34d overlap. In contrast,
bital moments are given in Table V. Our calculations showlike for a single Fe monolayer in noble metifshe calcu-
that the OP correction does not change the spin momerated magnetic moments in these bilayérable 1V) are sig-
significantly although the orbital moment enhancement is alnificantly enhanced from that of pure Mn, Fe, Co, or Ni. We

PDOS (state eV ™" atom™)

6 -4 -2

B. Spin and orbital moment
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TABLE V. The experimentallfExpt) and theoreticallfTheor) observed spin and orbital moments for
the CuAul)-type phases considered in the present study. Orbital moments are denoted by the sub&cript
denotes the first atom site §3lement, B denotes the second atom. All moments are in unifgg®atom and
the total moments g /f.u.

Phase ASOTOP BSOOP AS° BS° A, B,
CoPt(Expt)? 0.28 0.24
CoPt(Expt)® 0.08
CoPt(Theor)*® 0.12 0.07
CoPt(Theor)? 0.12 0.06
CoPt[001] 0.161 0.062 0.089 0.056

CoPt[110] 0.112 0.080 0.057 0.073

FeNi[001] 0.080 0.047 0.051 0.035

FeNi[110] 0.067 0.049 0.045 0.037

FePd(Expt)® 0.17 0.22
FePd(Theor)" 0.19(tot)

FePd[001] 0.123 0.029 0.073 0.026

FePd[110] 0.099 0.033 0.063 0.029

FePt(Expt,? 0.07 0.1
FePt(Theor)°® 0.08 0.05
FePt(Theor)? 0.08 0.07
FePt[001] 0.110 0.048 0.067 0.042

FePt[110] 0.096 0.063 0.061 0.055

MnHg [001] —0.004 0.014 —0.006 0.014

MnHg [110] —0.006 0.015 —0.007 0.014

MnNi [001] 0.017 0.046 0.011 0.034

MnNi [110] 0.014 0.038 0.009 0.029

MnPd [001] 0.012 0.032 0.009 0.028

MnPd[110] 0.007 0.028 0.005 0.025

MnPt[001] 0.046 0.039 0.038 0.034

MnPt[110] 0.037 0.030 0.029 0.026

MnRh [001] 0.043 -0.018 0.032 —-0.014

MnRh [110] 0.057 —0.039 0.040 —0.029

NiPt [001] 0.000 0.048 0.000 0.042

NiPt [110] —0.059 0.068 —0.033 0.056

8See Ref. 93. ®See Ref. 96.

bSee Ref. 94. fSee Ref. 97.

‘See Ref. 29. 9See Ref. 98.

dSee Ref. 9.

will outline the origin of the enhancement of the spin mo-mental studies in the sense that spin-resolved and spin-
ments in F& phases and apply this to the other systemsntegrated, angle-resolved photoemission stifdigsveal
considered here. In the Cullirtype structure, both Fe and magnetic polarization of Pd and Pt at the interface with a
X have only four nearest neighbors of the same type and thilerromagnetic substrate. The XMCD studies show induced
makes the hybridization between the same type of atomspin polarization in nonmagnetic metals for Co(Ref. 63
weaker compared with that in the fcc structure. Further, thend Fe/Pd multilayer®®° Also, Koide et al®>* measured
site-, spin-, and angular-momentum-projected DOS of theXMCD spectra for Fe/Pt multilayer films and found an in-
FeX phases given in Fig. 4 indicate that the lower energyduced moment on the Pt atoms aligned parallel to the Fe
part of the Fe 8' states are almost empty which makes moments.

one-spin channel of thd electrons not participating in the The good agreement for the orbital moment of fcc and
covalent interaction with neighboring atoms. This weakerhcp Co obtained from the present type of SOP
hybridization effect usually narrows the bandwidthand calculatiod® compared with recent XMCD measuremefits,
enhances the exchange splitting. Furthermore, the large eiadicates that the predicted orbital momefiiable V) are
change splitting is due to considerable tetragonal distortiomeliable. From Table V it should be noted that all Xin
along with the volume expansion that produces band narrowphases possess considerable orbital moments for both mag-
ing and a larger magnetic moment. The observation of innetization directions, however, the orbital moments are small
duced magnetism on the Pd/Pt site is consistent with experdue to the fact that Mn is close to a half-filled shell system.
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Furthermore, the orbital moment at the Mn site is not
changed dramatically on going to other metal components.
For CoPt we obtained from our SEDP calculations an or-
bital moment of 0.112 and 0.1@%/atom for Co, respec-
tively with spin quantization alonfl10] and[001]. The lat-

ter value agrees with the recent XMCD vdifieof 0.16
+0.01ug/atom for the Co/Pt interface layer. The larger or-
bital moment along001] compared with that of hcp Co
(0.148+0.005ug /atom) indicates that the reduced band-
width and enhanced spin moment play an important role in
MAE. Further, hybridization induces magnetism on the Pt
atoms and their orbital moments are aligned parallel to that
of Co. The considerable OMA at the Pt site in CoPt indicates
that both Co and Pt contribute to PMA. As noted by
Sakuma&® for FePt and CoPt, the spin-orbit coupling of Pt is
roughly ten times larger than that of al 3ransition metal.
Hence, the considerable orbital moment of Pt is a combined
effect of the hybridization with the neighboring magnetic
elements and its large spin-orbit interacti@0l) strength.

|
Q e i
[N} N o

ONOS (electrons)

|
e
o
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Majority
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FeNi

It is well known that the splitting of electron-energy states
in the magnetic quantum number levels ] due to SOI
interaction is the origin of orbital moment. Since the size of
the orbital moment is to a large degree caused by a redistri-
bution of electron states around the Fermi le¥et, gener-
ally scales to some degree with the value of DOEat
However, in addition the crystal symmetry is important since
low symmetric phases are usually found to have the largest
orbital moment. To improve the understanding of the orbital
moments, Fig. 5 shows the spin-projected orbital moments
for FeX as a function of band filling for the moment aligned
along[001] as obtained from S®OP calculations. Owing to ) )
the partial cancellation of spin-up and spin-down contribu- _4 i) 0
tions one finds only a very small vaI.ue of the total orbital ENERGY (V)
moment on the Fe anX sites (see Fig. 5. These results
indicate a close correlation between values for the orbital FIG. 5. Orbital-moment number of stat¢®NOS or orbital
magnetic moments and the spin-polarized electronic struanoment as a function of energy as obtained from+&IP calcula-
ture nealEg . From Table V it is seen that materials possess+ion with the quantization axis alor@01] for FeX.
ing large exchange splitting and SO strength usually have
large orbital moments. This can be understood in the followwithin perturbation theofyf the orbital angular momentum is
ing way. A spin-degenerate calculation, even if it includesproportional to the SO parametérand for the limit of large
the SO interaction, will yield a zero orbital moment. Thus, aexchange splitting a new orbital angular momentum,
spin moment that is reducddpproaches zeyproduces an =L,/(1—LB/¢), results upon including the orbital polar-
orbital moment that is also reducéapproaches zeyoCon- ization, wherel , is the orbital angular momentum obtained
versely, increased spin momentgz., increased exchange without orbital polarization. Hence, OP represents an effec-
splitting) generally produce larger orbital moments. Eventive spin-orbit coupling parametef’ =&+ BL. These fea-
though Pd and Pt are nonmagnetic in their elemental formtures cause a large value of the orbital moment and magnetic
they possess considerable orbital moments in the phases camisotropy when OP is included in the calculations.
sidered here. This is due to the combined effect of large SO The orbital moment on the Pt site is larger than that of Ni
and induced spin moments. and Pd in FX phases as given in Table V. From Fig. 4 it is

From Tables V it is clear that OP usually enhances theclear that the Pt-8& DOS is much broader in the valence
orbital moment, and these values approach the experimentaand (VB) than Ni 3d and Pd 4 DOS due to screening
ones. The origin of the enhancement may be explained asffects. Hence, the larger moment is attributed to the much
follows. The expression for the orbital-polarization energy ishigher degree of hybridization between Rij5Fe(3d) than
obtained by a mean-field treatm&huf the interactior;l; (l; Pd(4d)-Fe(3d) or Ni(3d)-Fe(3d). Apart from the hybrid-
being the orbital moment of electraf. This means that at ization effect, the large SOI of Pt also plays an important
the variational step and for ea&hpoint an orbital with azi- role in the enhancement of the orbital moment. Except for
muthal and magnetic quantum numberng) will be shifted  NiPt, MnHg, and MnRh the orbital moments of both con-
by an amounBmL. This shifting always enhances the or- stituents align parallel to the spin momegsee Table IV. It
bital moment and hence the magnetic anisotropy. Furtheiis interesting to note that except MnHg and NiPt, the calcu-
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lated orbital moments on thed3transition-metal sites are y y y y
larger than those on thed#bsd-transition-metal site¢Table ® MnPt
V). The reason is a strong mutual cancellation of the spin-up
and spin-down contribution on thed/bd site, rather than a
low value of SOI for these sitgsee Fig. 5 The small value 4r ]
of the orbital moment in transition metals compared with the
transition metal compounds considered here is a conse- I Ic
guence of the well-known crystal-field quenching of the or-
bital moment together with the fact that the spin-orbit cou-
pling parameter is relatively small. When we compare our
calculated orbital momen(Table V) with those obtained s
from ASA calculationgsee Table V, both SO and S®@OP MnPd® ('
always give smaller values of the orbital moment. For the 0 ““"'MFHE‘——‘M‘"A—'.‘NE%N-‘!EM—
SO+OP calculations a better quantitative agreement with ex-
perimental values is obtained than for the ASA calculations, I
indicating the importance of full-potential treatment. Regard- -
ing measurements of the orbital moment, the XMCD studies Hee . . . fec
have so far only been carried out for a few multilayer films. e 10 11 1213 14
We hope that our predicted spin and orbital moments for the c/a

bilayer materials given in Tables IV and V will motivate  F|G. 6. Correlation between MAE and the tetragonal distortion
further experimental measurements. for bilayered transition-metal phaseda represents the axial ratio
of the simple tetragonal structure andi@ times that of CuA(l)-
type structure.

@
FePt

MAE (meV)
o

(4
CoPt

C. MAE and tetragonal distortion

In the following section we analyze the different impor- arises from the lifting of the degeneracy of the electrons by

Yhe tetragonal crystal field. Hence, the reasons for the small
SRIAE in cubic bulk systems is the high symmetry that only
allows a fourth-order anisotropy constant. However, one
should be cautious when correlating direatha with MAE

for different phases, since MAE depends not only on sym-
metry changes but also on band filling, hybridization be-
ween constituents and corresponding changes of the elec-
Nronic structure, etc. For the Pt phases, apart from the

from surface/interface anisotropies, strain anisotropies al
induce perpendicular magnetizatith.® From the calcula-
tion of MAE along the Bain path on Ni by Hjortstaet al.”*
and on Co and Fe by Jamesal.”?it has been shown that for
cubic symmetry MAE is of the order ofteV /atom and
breaking the cubic symmetry may enhance MAE by order
of magnitude. Hence, it is interesting to study the correlatio
between MAE and the tetragonal distortion in the CtAu exchange splitting, the (§-Pt(5d) hybridization plays a
type compounds. The/a vs MAE relationship for the bi- very important role for the anisotropy
layer materials considered in the present study are shown in '
Fig. 6. It is seen that MnPt has a large tetragonal distortion
along with large exchange interaction arising from Mn and
SOl from Pt, and hence, possesses a large MAE. On the o ]
other hand, MnHg, despite a large exchange interaction AS Proposed originally by van Vlgcﬁ,thg magnetic an-
(from Mn) and large SOIfrom Hg d state$, possesses low isotropy arises primarily from the spin-orbit interaction. Re-
magnetic anisotropy due t@a close to the value for cubic Cently, angle-dependent XMCD measurements oryPCo
symmetry and a low hybridization between the Md &nd films have shown that t.he microscopic origin of PMA is
Hg 5d states. Further, Hg has filletibands and the induced "elated to & and & orbital moment anisotropies such as
spin polarization for Hg is therefore negligible for MnHg Out-of-plane components of the_orbital moments being
(see Table IV. In MnAl, none of the constituents possess Nigher than the in-plane componeﬁ‘isl.:or uniaxial layered
large SOI. Despite these features MnAl possesses a compaaterials, MAE may be defined aSE=Ei_—E”, wherel
rably large value of MAE(0.341 meV due to the fact that and|| stand for the magnetization perpendicular to an_d W|th.|n
c/a deviates substantially from cubic symmetisee Table the layers, respectlvely.. In order to understand the first prin-
I). The above results indicate the importance of larger strairiPle result, a p7)erturbat|on expression for MAE was found to
lower symmetry in order to receive large magnetic anisot?€ very helpful. Due to the large exchange splittitgbout 2
ropy. eV for Mn, Fe, and Co in these phagesontributions from
The re|ationship between reduced symmetry and enspln'orblt COUpllng(SOQ between Spln'dOWn states doml'.
hanced anisotropy is most readily seen when the spin-orbiate the SOC-induced energy changes and thus we can sim-
coupling can be treated in terms of perturbation thédfor ~ Plify MAE from the various transition metal sites to
uniaxial symmetry the anisotropy energy is proportional to
£ (instead ofé&* for cubic symmetry where ¢ is the spin- 5 )
orbit coupling constant. Wheo/a changes between (for AE=El_E' = &S [CulL | )" = Ku[Ly[ )] @
bco and /2 (for fcc), an additional contribution to MAE uf €, €¢ '

D. Orbital moment anisotropy and MAE
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whereu and f stand for unoccupied and filled spin-down y '
states, respectively. Thus, if the coupling throlghs stron- (b)
ger, perpendicular magnetization prevéjiesitive MAE en- 2t oot TR -
ergy) and vice versa. Brurld showed, using perturbation ONiPt ©

theory and assuming that the exchange splitting is larger than
the bandwidth for a 8 element with more than half-filled
shell, that the following relationship holds between MAE

and OMA:

MnHgC
or eNi .
MnNi FePd
MnPd

AE,, (meV)

MnRhO

o — _f L_ml MnPtO
AE 4,U«B[MO Mol (8)
(a)

@ CoPt
003 B 9
wi ereMO andMﬂ) are the orbital moment for magr etization

perpendicular and within the plane, respectively, &nslthe
spin-orbit parameter. The above relation states that for per-

"5 002} ®Fepd ® -

S

. . . . =
pendicular magnetic anisotropyy will be larger thanMﬂ), 5:
.J=

Iv—1

-4

-

MnPt

whereas for a preferred in-plane magnetization the reversed
situation will occur. From the theoretical study by Hjortstam
et al.”* on tetragonally distorted fcc Ni, and by Tryeg al?’

for bce Fe, hep Co and fee Ni, it has indeed been concluded i Srore
that the easy-magnetization axis coincides with the direction , ,
that has the largest orbital moment. Hence, if it is judged that -2 0 2 4 6

OMA is easier to measure than MAE, one could simply take MAE (meV)

OMA .and use Eq(8) to_estlmate MAE. _Equatlorﬁ8) has FIG. 7. (a) Anisotropy in orbital momentl{yp;— L 1,9 vS MAE
bee_n Inve_stlgated e?(perlmentally for various Co-based magaq,, bilayered materials obtained from S@P calculations. Positive
netic multilayers using the XMCD-sum rules to determine ineqative value for they axis means that large orbital moments are

- : - ~78
the Co-orbital moment in the multilayef$. pointing along thg001] ([110]) axis. (b) The AE,z vs MAE for
The relationship between OMA and MAE does not al- yjjayered materials obtained from S@P calculations.

ways hold and it is of interest to investigate how well it holds

for the present systems. In order to establi_sh t.his corr_elation AEns=AE,+AEg

we have plotted MAE vs OMA I(po;— L1109 in Fig. 7. It is

interesting to note that except FePt, all the materials that 1 o o

possess perpendicular anisotrdpg., with positive MAE in == 4_MB[§A(M001_ M110al

Fig. 7 and[001] being the easy axishe abovementioned

correlation holds well. There is, however, no straightforward 1 o o I
proportionality between OMA and the corresponding anisot- B 4_MB[§B(M001_ Miwel+Eg +Eg . (9

ropy energies. This implies that the relationship between the

orbital moments and magnetic anisotropy energies is much this equationA denotes a magneticd3element, such as
more complicated for bilayer systems than for the simpleFe, with large exchange splitting @B a ligand atom, such
cases discussed aboi’eErom the XMCD measurements of as Pt, where the exchange splitting is almost vanishing. Us-
orbital moments and the magnetic anisotropy for>Cok = ing the approximate data f@grobtained from a standard free-
Ni, Pd, P} Weller et al.’® concluded that these multilayers atom calculation and the data of orbital moments given in
possess PMA and showed that the out-of-plane orbital moTable V we have calculated th®E,g using the first two
ment of Co in Co/Pd and Co/Pt multilayers are larger tharterms in Eq.(9). From the calculated E g as a function of
in-plane. Our calculated result for CoPt is consistent withMAE obtained from the S@OP calculations shown in Fig.
these experimental results in the sense that we have fourd{b) we found that except MnPt all the other compounds fall
PMA and also the orbital moment of Co larger in out-of- closely to a straight line with slope 1:1. We note from this
plane than in-plane. The orbital moment of Co in CoPt isequation that the contribution from the magnetic atoms, e.g.,
much smaller than that in YGo(where Co has an orbital Fe, is similar to the expression for the pure elements. How-
moment of 0.24—0.265),”® which possesses strong PMA. ever, the nonmagnetic B atoms” contribute to the MAE
Hence, the large PMA in CoPt must have a substantial conboth with a term that involves the anisotropy of the orbital
tribution from Pt that exhibits a considerable induced orbitalmoment but also with two other ternis; ~ andEg * . These
moment. A recent XMCD stud§ on Co/Pt multilayers is in  represent couplings between states that are not diagonal in
support of this view and indicates that PMA is caused byspin, i.e., they couple spin-up+) and a spin-down )
anisotropy in orbital moments and originates from Pt 5d—Cacstates. For atoms with large exchange splitting this coupling
3d hybridization. A straightforward extension of E@) for ~ vanishes. Hence, if the contribution from the nonmagnetic
bilayer systems has been derifd atoms is large, as would be the case for heavy elements such

MnNi
0.01 FeNi .
MnRhe PMnPd

Man_.E @ MnAl
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as Pt and Hg, the linearity between orbital moment and MAE

should not hold, something that Fig(af shows. 05 | FeNi |
For MnRh and MnHg the calculations predict in-plane I
. . - L 0.3 .
anisotropy, but with large orbital moments pointing along I
[001] rather than along110]. This is against what may be 0.1 1
expected from Eq(8). The reason for the violation is that 0.1 :‘Hﬁ?;
although the orbital moment is large alofijLO] (easy axis
for Mn and Rh/Hg, the orbital moments are of opposite sign. -0.3 [ i
Hence, the net orbital moment becomes larger for the hard 0.5 .

[001] in MnHg and MnRh(Table V). If one believes that the
orbital-moment anisotropy of both constituents in the bilayer

materials contributes to MAE, one can expect in-plane an- <~ 0.5
isotropy in FePt since a large orbital moment is pointing > 0.3 [
along[110]. From Table V it should be noted that for FePt s T}
the orbital moment originating from Fe is larger f01] z 0.1
than for[110], indicating that if one considers OMA to arise &_0.1
from Fe alone, then the above-mentioned correlafigg. 8

|
e
w

(8)] is obeyed. Hence, we conclude that one should be cau- I
tious when applying Eq(8) for multicomponent systems. -0.5
Owing to the induced moment on Pt, the orbital moment is [
larger for [110] than [001], which makes the total OMA
negative in FeP(Fig. 7). This demonstrates that the correla- [
tion between total OMA and MAE may not hold well for 0.3
multicomponent systems where some of the constituents pos- [
ses a large induced moment originating from the neighboring
magnetic atoms. On the other hand, from Figh)7t is clear -0.1
that there is a linear relation betwedrt g and MAE. This _03 |
indicates that the MAE originating from the combined effect
of anisotropy in the orbital moment and SOI. As discussed
by Solovyevet al,* the anisotropy in FePt is mainly origi-
nating from Pt in FePt. So, large MAE in FePt is the com-
bined effect of the large SOI and the anisotropy in the orbital
moment in the Pt site in FePt. The large deviation of MNPt 15 g orpital-moment density of staté®@DOS as obtained
from the linear relation in Fig. () indicate that apart from  ¢om sO+OP calculations for B¢ (X=Ni, Pd, Pt) for the spin-
OMA the spin-flip contributions play an important role in guantization direction alonfp01].

deciding MAE in multicomponent systems.

-0.5

4 -2 0
ENERGY (eV)

FeX phases in th¢001] magnetization directiofFig. 5) are
. calculated by integration of the ODOS curve using the rela-
E. MAE and band filling tion
MAE depend® quite strongly on the unit-cell dimensions
of the structural arrangement and the location of Fermi en- ne oy ff n
L M = m,D de. 10
ergy on the DOS curve. The sensitivity of MAE upon band o) E . m/"( €)de (10

filling can be used in practice to modify the MAE by chemi- N .
cal substitution. Hence, MAE calculations as a function of ' "€ ONOS value aEg in Fig. 5 corresponds to the orbital

band filling are useful. Figure 8 shows the orbital-momentMOMents given in Table V. It should be noted that the ONOS
density of states for thg001] direction obtained from the Values increase on going from FeNi to FePt due to increased
. 2 no . spin-orbit interaction from th& atom. For cubic symmetry
relationm, ,Dy, ., whereDm/T is the density of states for the orbitals group into degeneratg (@l_,2 and da,2_,2)
orbital quantum numbem, for the atom7, spin o, and  andt,, (dyy,dy,,d,,) sets. The tetragonal distortion further
magnetization directiom. From this illustration it can be lifts the above degeneracy of tliestates and this leads to
seen that ODOS for the Fe site changes considerably wheenhancement of the orbital moment. The opposite sign of
going from FeNi to FePt, even though the Fe spin momen©ONOS in Fig. 5 for majority- and minority-spin states are
does not change significant{fable 1V). Especially the am- understood as follows. When the spin-orbit coupling is intro-
plitude of the Fe ODOS increases on going from FeNi toduced in the band Hamiltonian, there will be matrix elements
FePt. Further, the Fe ODOS in FeNi has same sign as that off the typelL,S, (andL,S_+L_S,). Hence, the spin-up
Ni, but on the other hand, it has opposite sign to that of Pt irelectron states with positivieegative quantum numbers,
FePt in most of the energy range. In order to obtain a morevill be pushed ugdown). Exactly the opposite is found for
clear picture, the orbital-moment number of states for thespin-down electrons, viz., the contribution to the total orbital

—x m/()'
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moment for the spin-ug-down) electrons is negativéosi- [ T T ]
tive). Due to exchange splitting the states for one spin direc- 60 | FeNi  SO+OP -
tion will be preferentially occupied. Hence, the cancellation [ ]
between different spins will be partially broken and an or-
bital magnetization obeying Hund’s third rule is formed.
Thus, the size of the orbital moment depends on the spin
splitting. Larger spin polarization is important for the un-
guenching of orbital moments at3sites. From Fig. 5 it is
clear that the orbital moment is formed mainly by spin-down
states and is renormalized by a smaller and opposite contri-
bution from nearly occupied spin-up states in all the cases.

[ FePd —— Majority ]

It has been shown that a rigid-band approximation works eo T4 T Minorit ]
well to describe trends in MAE and OMA for alloys involv- 40 Total ) .

ing Fe, Co, and N° Moreover, earlier studi€sndicate that
there is a simple correspondence between the anisotropy in
orbital moment and MAE for a wide range of band fillings in
Co-based multilayers. Hence, it is interesting to study the
role of band filling on the anisotropy of the orbital moment
since this will give ideas about small perturbation in MAE
caused by impurities, surfaces, interfaces, and hole/electron
doping in multilayer films. It is difficult to envisage the an-
isotropy from ONOS in Fig. 5. We have therefore calculated
the difference in the ONOSAONOS from the relation
MIl(e) —MI%U(¢) for the F&X phases as a function of
band filling obtained from SO and SEGDP calculations for
majority-spin, minority-spin, and total electrons. Due to the
space limitation we have given the®ONOS obtained from
SO+OP calculation alone in Fig. 9. The value 8#ONOS at

the Fermi energy is nothing but the difference in orbital mo-
ment and is proportional to MAE according to E§). From

our studies we found that when OP correction is included,
AONOS(E) does not change significantly for FeNi, whereas
larger changes are found for FePt. The reason is that the OP g o Anisotropy in orbital-moment number of stateONOS

correction scale witlg according to Eq(1) and hence the (gitference in orbital moment betwedd01] and[110]) as a func-

influence of OP will be larger for materials with large  tion of energy for F& (X=Ni, Pd, Pt) according to S®OP cal-
Further, the extended nature of Pd 4nd Pt 5 states over cylation.

Ni 3d states, the strong hybridization of Fd and Pd 4i/Pt
5d bands, and the large spin-orbit coupling of Pd/Pt cause afhe derived values from the S@DP calculations are almost
increase in OMA and PMA for FePd and FePt. twice those obtained from SO calculations, however, the
The band-filling dependence of OMA is quantitatively shape of the OMA curves obtained from SO and+STP
different for the FX phases although isostructural and iso-calculations are almost the same. For the latter reason, one
electronic(with respect to valence electron§ePd and FePt expects qualitatively the same MAE dependence on band
have larger OMA than FeNi. Hence, it is difficult to predict filling in both cases. Further, if rigid band-filling consider-
MAE from the simple, rigid band-filling picture, i.e., from ations work for small hole-doping one can from Fig. 9 expect
the AONOSE) curve for related systems. From Fig. 9 it is that MAE will decrease for both FePd and FePt, but increase
clear that MAE of multilayers is not solely due to the re- for FeNi. On the other hand, since OMA is increasing on
duced symmetry of the atoms at the interfaces, as’iel'le electron doping for the three phases, this will favor an in-
model of surface anisotropy, but depends also on the inteerease in MAE. From Fig. 9 it is seen that the orbital-
face electronic structure. Our calculation shows that the OPnoment anisotropy in the majority and minority spins is of
correction influences thA ONOS(E) curve in the whole en- opposite sign in certain energy ranges and of the same sign
ergy range under consideration. It is evident from the figurén others. As mentioned earlier, the orbital moments for the
that the large anisotropy in FePd and FePEatoriginates = majority- and the minority-spin states are always of opposite
from the majority-spin electrons. On the other hand in FeNisign over the whole energy rang€ig. 5. The important
the minority-spin electrons are mainly contributing to theaspect of Fig. 9 is that the contribution from minority-spin
magnetic anisotropy. Although we are unable to quantitastate at the Fermi level is almost negligible in the threX Fe
tively correlate OMA with MAE, Fig. 9 shows clearly that phases. This is due to the almost completely filled nature of
OMA increases systematically on going from FeNi to FePt.the majority-spin band. This may be the possible reason for
These factors added up to the increase in calculated MABarge MAE in these systems. Since in most of the energy
from 0.172 meV for FeNi to 2.891 meV for FePiable IlI). range the majority- and minority-spin states are of opposite

AONOS (g f.u.™)

4 2 0
ENERGY (eV)
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experiment, because the bondirg (yz) Co states are di-
rected out of plane, and thus interact strongly with the inter-

0.4 face Cu states. Kyunet al® found from electronic-structure

0.2 studies onX/Co (X is a nonmagnetic metaimetallic multi-

0.0 layers, that the strength of the hybridization of electronic
~ states at the interface determines the relative position of the
e -02 Fermi energy in the local DOS fdm,| = 2 character of Co-

g 04 d electrons in minority spin. They showed further that if

- LDOS of |m| = 2 character is large g, the system

% 0.4 should show perpendicular anisotropy. The orbital moment
in transition-metal phases originates from polarizatiordof

02 electrons inm; states due to SO and OP. Hence, it is inter-

0.0 esting to analyzen, projected DOSLDOS) in detail. Thes-

_0.2 ! andp-like electrons contribute negligibly to the spin density
o4 : : and we therefore _Conce_ntrate on the contributions frqndthe
oo o electrons. From Fig. 10 it can be seen thatrihe= *+2 (i.e.,
45 -3 15 0 15 45 3 15 0 15 dyy andd,2_,2) contributions are large & for all three
ENERGY (eV) phases. One important observation from the LDOS curves is

_ _ _ that for Fe thed,, and dy, contributions are small aE
FIG. 10. Magnetic angular momentumn)-projected density of  compared with thed,y, dy2_y2, andd,_,2 contributions.

states(LDOS) for —2, —1, and 0 orbitals for FePd phase. The left oo for the Pd atoms, the DOS Bt has large contributions
panel represent LDOS for FedZlectrons, the right represents that from the d,2_,2 orbital which indicate the importance of
for the 4d electrons of Pd. Feld,>_.2—Pdd,2_,2 covalent hybridization for the inter-

sign in AONOS, the totah ONOS will be cancelled in most face contribution to MAE. It should also be noted that al-
of the energy range. However, the negligible contribution tothough Pd is nonmagnetic, it has substantial exchange split-
AONOS of the minority-spin channel ne& brings the tmg due_ to thg induced moment originating from_ the
total orbital-moment anisotropy to a considerable value. ~ neighboring Fe in the b€ phases. Further, our calculations
The influence of spin-orbit coupling and orbital polariza- Show that due to the enhancement in SOI on going from Ni
tion on the magnetic anisotropy is expected to be maximal i@ Pt the splittings in then, levels or Pd/Pt d/5d levels are
the special situation when degenerate energy bandsrwith larger than for Ni @. In all three F& phases the minority-
— +2 character occur in the vicinity . The states with SPin state have large LDOS withy| = two-character aEr.
my=+2 character dy_,2 and dy,) have more dispersion (Fig. 10 and hence show perpendicular anisotrép§?
than the states witln==*1 character ¢,, andd,,) as a
consequence of their spatial form and a resulting greater
overlap between orbitals on neighboring atoms is expected.
The spin-orbit splitting=m,&,/2 is large for states with the Both PMA and orbital magnetic moments in solids, have
greater dispersion. From Fig. 10 it is clear that VB nEar common origins related to the spin-orbit interaction and ex-
(i.e., —0.5 eV toEg) is mainly dominated byn,= +2 char-  change splitting. In order to understand the role of exchange
acter. Hence, we believe that the large magnetic anisotropgplitting on MAE of bilayer materials, MAE vs magnetic
in the FX phases is mainly originating from states with moment forMPt (M =Mn,Fe,Co,Ni) is plotted in Fig. 11.
= =2 character. This is consistent with the conclusion ofWhen going from Mn to Ni in the Periodic Table, the
Daalderopet al®! for YCos, which is the ferromagnet with strength of the spin-orbit coupling will not change signifi-
the largest MAE among transition-metal phases. Daalderopantly. Also, the other constituent Pt will have very similar
etal?® put forward two conditions for obtaining large SO strengths for all these phases. So the change in MAE
PMA:(i) The presence of an interface between ultrathinwhen going from MnPt to NiPt is mainly due to the changes
close-packed layers artil) the total number of valence elec- in the exchange splitting. Hence, from Fig. 11 we observe
trons should be such th&y is positioned into bands with that a larger exchange splitting results in a larger MAE.
my= =2 character. Wang, Wu, and Freeffashowed that Since MAE is a result of SO coupling in combination with
strong, perpendicular magnetic anisotropy in Co-Pd arisespin polarization, the results in Fig. 11 and 12 are not too
from the hybridization between the out-of-plane Co bondingsurprising. However, it is not entirely obvious that there
states and the interface Pd atoms. Daaldezopl® also  should be a rather smooth relationship between MAE and
showed that the perpendicular anisotropy in a Ceg/Pdexchange splitting, as Fig. 11 shows. Concerning th¥ Fe
multilayer film is caused by the location & much closer and MrX phases, the SO strength will increases frém
to states that have mainly @f_,2 andd,, character than =Nito Pt, and hence one can expect an increasing trend for
in a free-standing monolayer that possesses in-plane anisdhe orbital moment. However, the orbital moment for these
ropy. Wanget al® showed that at the Co-Cu interface, the phases from S@OP calculationgsee Table IV indicates
perpendicular magnetocrystalline anisotropy contribution haghat there is no systematic changes in the orbital moment of
been drastically decreased in magnitude, in agreement witthe X atoms when going from Ni to Pt. This can be explained

F. MAE and exchangéspin-orbit interaction
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' ' y ' has been discussed by various autft$®’ who showed
that it can be approximated by a one-electron téts) were

/. MnPt ¢, the spin-orbit constant, is of the order of 0.05—-0.10 eV for
/ Fe, Co, and Ni. As shown by Daalderepal.® the magnetic
anisotropy can be related to the spin-orbit-interaction-

induced splitting and shifting of electronic states that depend
on the magnetization direction. In order to illustrate the role

.

E / of the spin-orbit coupling strength of the coordinating atom

= FePt on MAE for these phases, MAE for M and FeX (X

§ =Ni,Pd,Pt) as a function of ligand-atom change is shown in
5| i Fig. 12. It is clear that the spin-orbit coupling of the ligand

CoPt atom strongly influences MAE. A similar observation has

been made for multilayer systefi®ecause of the weaker

hybridization between atoms of the same type within the

plane, thed,2 2 andd,, components of LDOS are larger

than thed,2_,2, dy,, andd,, components. Hence, thed3

atoms induce a magnetic moment on the coordinating atoms
! 2 3 4 via strong covalent hybridization. As a result one observes a

Magnetic moment (L;/f.u.) larger MAE when the spin-orbit interaction of the coordinat-
FIG. 11. Variation in MAE as a function of magnetic moment ing atom is larger.
for MPt (M=Mn, Fe, Co, Ni) as obtained from SEDP calcula-
tions.

NiPt

VI. SUMMARY
as follows. It is well known that the orbital moment is origi- . . _ .
nating from the coupling of the spin with the lattice of the e have calculated the magnetic anisotropies and the spin
system. Our calculated induced spin momenKaftoms for ~ and orbital moments for MR, FexX (X=Ni,Pd,Pt), CoPt,

FeX and MrX in Table IV show a systematic decrease whenNiPt, MnHg, and MnRh from first principles, using full-
going from Ni to Pt due to broadening of tdeband. Hence, Potential LSDA and LSDA-OP band-structure theory. Pro-

the orbital moment for th& atom depends on the competi- Nounced anisotropies in the orbital moments are obtained, in
tion between a decrease in the induced spin morfenich ~ contrast to the spin moments. We have demonstrated that the
will decreasem,,,, on going from Ni to Ptand an increase in accurate full-potential calculations normally reproduce the

the SO strengtkwhich will increasem,,;, on going from Ni  COrrect easy axis, and even the size of MAE is close to the
to PY. experimental values when OP corrections are included. The

The spin-orbit coupling, responsible for the magnetocrys-large MAE in the bilayer materials considered here originate

talline anisotropy and the orbital moment of ferromagnetsfrom the combined effects of a tetragonal structural distor-
tion, the exchange splitting, and the spin-orbit splittindatf

leas) one of the constituents. One important conclusion of
the present study is that the often-quoted correlation between
MnP OMA and MAE for elements does not necessarily hold for
binary phases. This has been shown from our studies on
/. FePt, where the easy axis of magnetization is pointing along
/ [001], on the other hand large total orbital moment is di-
rected along the the hard axj410]. The reason for this
behavior is that the magnetic anisotropy is mainly originat-
ing from the Fe atoms, whereas the orbital-moment anisot-
ropy is dominantly influenced by the induced moment for Pt.
In most of these bilayer systems PMA results from the large
anisotropy in the electronic structure caused by hybridization
at the interface and from SOI, which overcomes the in-plane
anisotropy provided by the magnetic dipolar interaction. The
large anisotropy inMPt (M=Mn, Fe, Co, N) phases is
shown to be due to the hybridization of the Pd %nd
transition-metal 8 states, along with a large value for the Pt
5d spin-orbit interaction. Our studies show that the effect of
the coordinating atoms can be much larger than the effect of
FeNi SO strength reduced symmetry at an interface. Finally, we note that there
FIG. 12. Change in MAE upon variation of the spin-orbit inter- Will be an extremely large value of MAE for MnPt provided
action strength of coordinating atoms for Xeand MrX (X  that this material could be stabilized in a ferromagnetic con-
=Ni, Pd, Pt). dition.

~
1
L

MAE (meV)

N
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