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The magnetocrystalline anisotropy energy of a free-standing [111]Co monolayer has been cal-
culated &om Srst principles by means of the linear mufBn-tin orbital method in the atomic-spheres
approximation. The results are used to analyze those obtained previously for [111]Co&/Pdz and
Coq/Ag2 multilayers. Although the magnetization of both mnltilayers is predicted to be oriented
perpendicular to the plane of the multilayers, the easy axis of the Co monolayer is predicted to lie in
plane. These results can be understood in terms of the energy bands at the high-symmetry points
of the Brillouin zone only. Co&/Pdz is found to have a perpendicular anisotropy because the Fermi
energy is located much closer to states which have mainly Co d ~ „~ and d „character than it does
in the free-standing monolayer. These states are degenerate in the absence of spin-orbit coupling as
a consequence of the threefold symmetry. The anisotropy energy is enhanced by the hybridization of
the Pd d and Co d states and the large value of the Pd d spin-orbit coupling parameter. The smaller
perpendicular magnetic anisotropy of a Co&/Agz multilayer can be attributed to the increased band
6lling of the Co d band structure, as well as to a smaller hybridization between Ag and Co d states.

I. INTRODUCTION

It has been established for a considerable number of
[ill]-oriented Co/X magnetic multilayers that the mag-
netization is oriented perpendicular to the multilayer
planes when the cobalt layer is sufliciently thin. ~ s An
indication of the origin of this phenomenon is found in
the results of measurements of the anisotropy energy den-
sity, K, carried out as a function of the thickness of the
Co layers, t The an. isotropy energy density varies ap-
proximately with the inverse of the Co layer thickness
and can be expressed by the relation Kt 2Ks + Kv t
Because the demagnetization energy of bulk hcp or fcc Co
in thin film form is larger than the intrinsic magnetocrys-
talline anisotropy energy (MAE), the volume anisotropy
energy density, K&, is negative and perpendicular mag-
netic anisotropy (PMA) will only occur if the interface
anisotropy energy density, Ks, is sufficiently large and
positive.

Various explanations for the origin of the interface
anisotropy have been put forward. Neel4 predicted that
the anisotropy energy density would change markedly
if the dimensions of magnetic particles were reduced to
about 100 A. . He argued that the surface atoms of the
particles should contribute difFerently to the anisotropy
energy since the local synUnetry of these atoms is differ-
ent from that in the bulk and he developed a quantitative
model based upon the assumption that the anisotropy
energy can be expressed in terms of pair interaction en-
ergies between localized moments on magnetic atoms,
where the parameters can be obtained &om bulk mag-
netoelastic and elastic constants. Using this model for
Co/X multilayers where X is a nonmagnetic atom, the
interface anisotropy is implicitly expected to depend on
the I atom layers only through their in8uence on the

structure of the Co layers. 5

The efFect of the synnnetry reduction at a surface on
the anisotropy energy was also examined for an itiner-
ant electron (band) models and it was concluded that
large surface contributions could also be expected for
band electrons. The relationship between the reduced
symmetry and enhanced anisotropy is most readily seen
when the spin-orbit coupling can be treated using per-
turbation theory. For uniaxial synUnetry the anisotropy
energy is proportional to (2/W (instead of $4/Ws for cu-
bic symmetry) where ( is the spin-orbit coupling constant
and W is of the order of the Bd-band width.

More recently it has been pointed out that magne-
toelastic energy could manifest itself as an interface
anisotropy if the lattice misfit strain of the Co layer were
inversely proportional to its thickness. s Experimentally
however, the structures of the multilayers are not well
known, so that the importance of the magnetoelastic
contribution to the measured interface anisotropy is still
unclear.

Quantitative evaluations of the MAE have been re-
ported for Co/X multilayers where X=Cu, Ag, and Pd, ~o

X=Ni X=Pd, Pt, Cu, Ag, and Au, ~ X=Pd, as well
as for Fe/X multilayers where X=Cu, Ag, and Au. ~4

Prom these and other 6rst-principles calculations it
can be concluded that the anisotropy energy depends
on the type of X atom in the (substrate) layer adja-
cent to the magnetic layer. Apparently Neel's theory
is too simple or incomplete. In this paper a detailed ex-
planation of the size and magnitude of the anisotropy
energy of a free-standing Co monolayer and of the Co-
monolayer-containing Coq/Pdz and Coq/Ag2 multilayers
will be given, based on the itinerant electron picture. The
threefold symmetry of the [111] multilayers is found to
be important because it gives rise to numerous twofold
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degeneracies in the absence of spin-orbit coupling. The
lifting of these degeneracies by the spin-orbit interaction
depends on the magnetization direction and favors PMA.
In order to prost &om this, the Fermi level should be po-
sitioned so that a degenerate level is half-occupied. This
is not so for the free-standing [111]monolayer whose mag-
netization is found to lie preferentially in plane. The im-
portance of the substrate will be demonstrated by show-

ing that for the Coq/Pd2 multilayer the hybridization
of the Pd d levels with the Co monolayer levels posi-
tions the Fermi level very favorably at a maximum of the
anisotropy energy as a function of the band Glling.

The paper is organized as follows. After a brief discus-
sion of how the anisotropy energy is calculated in Sec. II,
the band structure, magnetic moments, and anisotropy
energy of a free-standing Co monolayer are presented in
Sec. III. These results show that the qualitative depen-
dence of the anisotropy energy on the band filling may
be obtained by considering the effect of the spin-orbit in-
teraction on the exchange-split electronic levels at a very
small number of high-symmetry points in the Brillouin
zone. In Sec. IV we make use of this knowledge to carry
out a detailed analysis of the anisotropy energy and to
identify those factors which are most important for ob-
taining a large PMA. In Sec. V we consider the particular
cases of the Coq/Pd2 and Coq/Ag2 multilayers and show
how their anisotropy energies are related to one another
and to that of the Co monolayer. Some conclusions are
drawn in Sec. VI.

II. METHOD

In a previous publication~s where the anisotropy ener-
gies of bcc Fe, hcp Co, and fcc Ni were calculated from
first principles, the underlying approximations were stud-
ied at length; we refer the interested reader to this publi-
cation for a detailed discussion and further references. In
this section we summarize the most important approxi-
mations and outline the procedure adopted to study a
free-standing Co monolayer.

with empty spheres serving as expansion centers for the
mufBn-tin orbitals. The empty spheres in the plane ad-
jacent to the Co monolayer are denoted El, in the next
layer by E2, and in the layer furthest &om the Co layer
by E3. The stacking sequence of the spheres is chosen
to be ABCABC, so that the lattice is close packed and
has inversion symxnetry. As a result of using the atomic
spheres approximation and the ABC stacking sequence,
the monolayer is not a mirror plane (the pointgroup sym-
metry is Dsq) Th.is artifact of the ASA could be shown
to be entirely negligible by performing the calculations
with an ABABAB stacking sequence in which case the
monolayer is a mirror plane and there is no inversion
symmetry.

Calculations were performed for three diff'erent lattice
parameters. We denote these separate calculations as I,
II, and III and they correspond to in-plane lattice con-
stants of, respectively, 4.74 a.u. , (as in a [111] plane of
hcp Co), 4.92 a.u. , and 5.15 a.u. (as in a [111] plane
of fcc Pd). The unit of length in a.u. 's (atomic units)
is the Bohr radius, ao ——0.529 A. . The corresponding
atomic sphere radii are S=2.621 a.u. , S=2.730 a.u. , and
S=2.845 a.u. respectively. S=2.845 a.u. corresponds to
the in-plane lattice parameter used for calculations of the
anisotropy energy of Co„/Pd multilayers. ~

The muffin-tin orbital basis contains 8, p, d, and f
partial waves on the Co site, s, p, and d partial waves
on the empty sphere sites adjacent to the Co sites, and s
and p partial waves for the other empty sphere sites. For
the latter spheres this small basis is sufficient since the
charge density on the empty spheres furthest from the
Co monolayer (the E3 spheres) was negligible. Includ-
ing higher order partial waves in the bases at the empty
sphere sites did not inHuence the calculated properties.
The large separation between the Co monolayers resulted
in a dispersion along the z direction in reciprocal space
which was less than 4 peV for all energy bands within 8
eV of the Fermi energy. This very small dispersion could
be safely disregarded in the calculation of all properties
to be discussed here, including the anisotropy energy. As
a result only two-dimensional Brillouin zone integrals had
to be carried out.

A. Computational framework

The ground state properties of the Co monolayer and
of the Co/X multilayers are calculated within the local-
spin-density approximation (LSDA).~~ The one-electron
Kohn-Sham equations for the scalar-relativistic spin-
polarized Hamiltonian are first solved self-consistently
using the hnear muffin-tin orbital (LMTO) method in the
atomic-spheres approximation (ASA); the spin-orbit
interaction is treated in a subsequent step. The cal-
culated properties of a monolayer will not be different
&om those of a periodic sequence of monolayers, provided
that the distance between the monolayers is suKciently
large. This makes it possible to use a band-structure
method that is normally used for three-dimensional crys-
tal structures. We describe the monolayers as a sequence
of [111] lattice planes of a fcc lattice. The Co layers
are separated by five layers of vacuum which are filled

B. Anisotropy energy

When both exchange interaction and spin-orbit cou-

pling terms are included in the Hamiltonian, then the
total energy depends on the direction cosines of the mag-
netization vector. We will define the magnetic anisotropy
energy as the difFerence in the total energy when the mag-
netization is oriented along a direction n = n(8, P), and
when it is oriented perpendicular to the Co plane. 8
and P are polar coordinates with respect to a rectangu-
lar coordinate system which is de6ned with respect to
the crystal structure. The z axis of the coordinate sys-
tem is chosen normal to the plane of the Co monolayer,
and the y axis is chosen along a nearest-neighbor direc-
tion. After the one electron Kohn-Sham equations for the
scalar-relativistic spin-polarized Hamiltonian have been
solved self-consistently the spin-orbit coupling is then
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included and new Kohn-Sham one electron eigenvalues
are obtained by diagonalizing the full Hamiltonian. ~s

The magnetic anisotropy energy is conveniently approx-
imated by the di6'erence in the sums of the Kohn-Sham
eigenva, lues:

AE(n) = E(n) —E(z)
e~(n) ey (s)

cD e, n — eD e,z, 1

where D(e, n) 'is the density of states when the magne-
tization is directed along n. We will not consider the
dependence of the magnetic anisotropy energy on the
orientation of the magnetization within the plane of the
monolayer, i.e., we will neglect the dependence on the
azimuthal angle P, as it is expected to be very small be-
cause of the high in-plane symmetry. We choose n in
the x, z plane (/=0). In particular, we are interested in
the anisotropy energy when the magnetization is rotated
from x to z, and this energy is denoted by b,E = b,E(x).

Using the band structure of the Co monolayer, the
Fermi energy sz(q, n), can be calculated as a func-
tion of the band filling q of this band structure. M An
anisotropy energy curve b,E(q) can then be obtained
from Eq. (1) with n = x. Alternatively, we may con-
sider the anisotropy energy curve as a function of the
Fermi energy corresponding to a band filling of q states,
i e, ~E(sF) = +E[sF(q)].

tion later on (but not for the full calculations) we will
assume that the spin-orbit coupling parameters for the
radial d wave functions are both energy and spin inde-
pendent. Apart from the terms in the matrix elements
that are independent of 8, the matrix elements between
states with antiparallel spins are then identical to the ma-
trix elements between states with parallel spins, provided
that the magnetization is rotated through 90', i.e., &om
n to n~. The explicit dependence of matrix elements of
&so on the magnetization direction n has been given for
d orbitals in the form of tesseral harmonics in Ref. 21.

III. RESULTS

We begin this section by s»mmarizing briefly the re-
sults of the spin-polarized (no spin-orbit coupling) cal-
culations for Co monolayers with three different lattice
parameters (Sec. III A). In Sec. III B the band structures
with and without the spin-orbit interaction are compared
and the most important features of the band structures
identified. In Sec. III C we consider the convergence
of the anisotropy energy as a function of the density of
points used to calculate the single-particle eigenvalue sum
in reciprocal space and show that the most important fea-
tures of AE(q) are obtained using a very small number
of sampling points in the Brillouin zone summation.

C. Spin-orbit coupling matrix

The dependence of the Hamiltonian on the direction of
the magnetization can be implemented in several ways.
The foHowing choice is particularly convenient. ~s The
exchange splitting, b(r)n ~ o with respect to the real
space coordinate system, is diagonalized by minority-spin
("up") and majority-spin ("down") spinors which are the
columns in the Wigner rotation matrices D * (P, 8, 0). By
this transformation, the z axis of the spin coordinate sys-
tem is chosen along the direction of the magnetization;
the exchange splitting is given by b(r)0'„and the spin-
orbit interaction by

D t($, 8, 0) —l crD ($, 8, 0).

b(r) is given by the functional derivative of the exchange
correlation energy functional with respect to the spin
density, b(r) = bE /hm(r). More details and further
references may be found in Ref. 16.

For our later analysis it is helpful to note here that the
spin-orbit interaction matrix has the transparent form

~so() 0( n I—
2 l~n& . 1 ——,'(I —I+)

ng I + 2 (I —l+ ))-n. i

(2

where n is chosen in the x, z plane (P = 0); n
(sin8, 0, cos8) and where n~ is normal to n in the x, z
plane; n~ = (cos8, 0, —sin8). To simplify the interpreta-

A. Magnetic moments

TABLE I. Number of majority- (ng) and minority- (nt)
spin electrons as well as the spin contribution to the magnetic
moment (in p&) for hcp Co and Co monolayers with three
different lattice parameters. Values are only given for the Co
atomic sphere and the neighboring empty sphere (E'1); the
charges in the other empty spheres (E2 and E3) are of order
10 or less, and have therefore not been listed.

hcp Co
Mono I
Mono II
Mono III

Co ng
5.28
5.24
5.29
5.34

Co nt
3.72
3.36
3.35
3.34

E1 ng E1 n~

0.20
0.18
0.16

0.20
0.18
0.16

XIlo

1.57
1.87
1.93
1.99

The number of majority- and minority-spin valence
electrons in the Co atomic sphere and neighboring empty
sphere are presented in Table I together with the results
for the spin contribution to the magnetic moment, mo.
The magnetic moments of the monolayers are strongly
enhanced with respect to hcp Co and they increase to-
wards the value of the spin contribution to the magnetic
moment of a free atom which is 3@~. There are approx-
imately 5.3 majority-spin electrons per Co sphere in the
monolayers, just as in hcp Co. The enhancement of the
magnetic moments is mainly due to a transfer of 0.3—
0.4 electrons with minority-spin per Co atom from the
Co atomic spheres to the adjacent empty spheres which
have no net magnetic moments.

It appears that the magnitude of the charges in the
empty spheres decays exponentially with the distance of
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2 m
d2 „2;d„+2
d, ; dy, +1
d32 „2 0

'+dig

0.90
0.96
0.96
4.69

'+dig

0.62
0.52
0.52
2.80

mdi ~mdi
0.28 -0.09
0.44 0.06
0.43 0.06
1.87 0.00

ndi bndi
1.52 0.02
1.49 -0.01
1.48 -0.02
7.49 0.00

TABLE II. Orbital projected number of majority-spin and
minority-spin d electrons for Co monolayer I for orbitals with
angular character i, denoted by ndig and ndit, respectively.
The number of electrons, ndi, and spins, mdi, with angular
character di as well as the deviations from spherical symme-
try, bm«and bn«, are also given. P.bm«and P.bn«are
zero by de6nition.

cal to mo from Table I confirming that the sp (and f)
contribution to the spin density is negligible. The d spin
density deviates strongly Rom spherical symmetry. If it
were spherically symmetric, then mp; would be equal to
mg/5 = 0.37 and m(r) = P„(r)mo/4x where Pg(r) is the
appropriate d radial wave function. The deviations of m«
from the value giving the same total spin but a spherically
symmetric spin density, bm« is given in Table II. The
first nonspherical term in the spin density, m2o(r) Y2 (r),
can be written ae p (rre))t Amrre(r) where

1am = m„. . .+ -(m~. , + m„„,) —(m~, , + m~. „)
= 0.31.

the empty spheres to the nearest Co atom. Whereas
the empty spheres adjacent to the Co monolayer (El)
contain 0.3—0.4 electrons, the charge in the empty spheres
in the next layer (E2) is less than 10 se or a factor of
300 smaller. In the third-layer empty sphere (E3) it is a
factor of 10s smaller. The magnetic moment of the El
empty spheres adjacent to the Co layer is of the order of
10 p,~.

The symmetry of a [111] monolayer is such that the
spin density m(r) [and also the electron density n(r)]
has the form

The value of the analogous quantity An for the electron
density is only —0.06. Thus the majority-spin density
is strongly prolate having the shape of a cigar oriented
along the direction normal to the plane of the monolayer
while the minority-spin density is strongly oblate and has
the shape of a pancake in the plane of the monolayer.
The two effects cancel for the electron density but add
up for the spin density. The origin of this effect can be
understood very simply in terms of the band structure
and the corresponding partial state densities D«(e). '

m(r) = moo(r) Yo (r) + m2p(r) Y2 (r) + m4p(r) Y4 (r)
+mso(r) Ys (r) + mss(r)Ys (r) + . (3)

The s- and p-like electrons contribute negligibly to the
spin density; we therefore only consider the contributions
of the d electrons to m(r) and further, only the diagonal
contributions of the density matrix n~; .p; which, in
the absence of spin-orbit coupling, is diagonal in the spin
indices. For spherical harmonics i = m = —2, —1,0, 1,2;
for real cubic harmonics i = d~2 y2& ly& diaz& lyzcp or
d3 2 2 ~ We use the shorthand notation n~;~ = n~;~, ~;~
for the number of electrons with orbital character li and
spin o. Values of n~; and of mg; ——n~;~ —n~,t are given
in Table II for the Co monolayer with lattice constant I.
The total d spin, mg = Pm« = 1.87 is almost identi-

B. Band structure

The band structure s„~ along the high-synnnetry
lines I'-K-M-I' in the two-dimensional BZ is shown
in Fig. 1 for the majority-spin (dashed curves) and
minority-spin bands (solid curves). Here n is the band
index and k is the two-dimensional Bloch wave vector.
The results shown are for the Co monolayer with lat-
tice parameter I. Only the energy range of the d bands
has been shown and the Fermi energy (corresponding to
nine valence electrons) is denoted by the horizontal solid
line. At the high-symmetry points the dominant angu-
lar dependence of the d partial waves contributing to the
eigenstates is indicated. Taking an average of the ex-
change splitting, bs„g = e„~~ —s„q~, over the d bands

X P'z

—' Ix —y ),xy—

Z

FIG. 1. Majority-spin (dashed} and mi-
nority-spin (solid} band structure of Co
monolayer I along the high-symmetry lines
of the two-dimensional Brillouin zone in the
energy range of the d bands. The Fermi en-

ergy is denoted by the horizontal line. The
predominant character of the minority-spin
eigenstates at the high-symmetry points is
indicated.
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at the points of high symmetry, we find a value of 1.6 eV
corresponding to a Stoner exchange parameter,

I
XIlg

of 0.86 eV where the d spin moment mg ——1.87. This
value of I, is about 15'%%uo smaller than the values cal-
culated for bulk Co;2 the same seems also to be true
for a Ni monolayer. 2s The exchange splitting is largest

( 1.8 eV) at the top of the d-band complex and small-
est ( 1.3 eV) at the bottom refiecting the energy de-
pendence of I,. z Because the radial d wave function
contracts with increasing energy, the exchange integral
increases (decreases) going towards the top (bottom) of
the d band. Corresponding to this energy dependence,
the width of the minority-spin d band is larger than that
of the majority-spin d band. z

The d band which is singly degenerate at I', which dis-
perses upwards in the directions of K and M and which
is essentially fiat between K and M, has mainly ds, *
character (E = 2, m = 0). The small dispersion is caused
by the small overlap of ds, i „s orbitals on neighboring
Co atoms. In contrast, the bands with mainly d ~

and d „character (l = 2, ~m~ = 2) show the largest dis-
persion. The dispersion of the bands with d, and d„,
character (l = 2, ~m~ = 1) is intermediate. Because the
plane of a monolayer is a mirror plane, the eigenstates
of the bands are either odd in z (with d „d„,character,
~m~ = 1) or even in z (~m~ = 0, 2). These eigenstates be-
long to different representations and do not hybridize;~4
the d-band structure can be simply calculated by diago-
nalizing a 2 x 2 and a 3 x 3 matrix. 2s

The orbital (~m~) projected densities of states cor-
responding to the band structure shown in Fig. 1 are
shown in Fig. 2 for the majority-spin (dashed curves)
and minority-spin (solid curves) states. The bandwidths
for the three types of orbitals difFer considerably as a
consequence of the directionality of the orbitals. The
m = 0 density of states is extremely narrow and exhibits
a peak originating in the nearly dispersionless portion of
the band around K-M. The ~m~ = 1 density of states
consists of two peaks; the bonding states are located in
a region of the Brillouin zone away from I' but including
K and M; the antibonding states in a region containing
I' and M but not K. The ~m~ = 2 density of states is
very broad, without any pronounced structure.

The origin of the difFerent spatial distribution of the
majority- and minority-spin densities now becomes ap-
parent. The m = 0 and ~m~ = 1 majority-spin states
are completely filled. The large dispersion of the ~m~ = 2
states combined with the hybridization with the free elec-
tron&Ike states leads to a tail in the majority-spin density
of states with ~m~ = 2 character above the Fermi energy;
all the holes in the majority-spin bands have ~m~ = 2
character so that Ln~ ——0.13 where Ln is defined anal-
ogously to b,m in Eq. (4). For the minority-spin states,
the situation is reversed. There are peaks in the minority-
spin densities of states for both m = 0 and ~m~ = 1 above
the Fermi energy whereas the broad peaks in the ~m~ = 2
density of states are below e~. Thus L~ = —0.19.

In Fig. 3 the band structure including spin-orbit cou-
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FIG. 2. Majority- (dashed) and minority-spin (solid) or-
bital projected d density of states with m = 0 (top), ~m~ = 1
(middle), and ~m~ = 2 (bottom), corresponding to the band
structure shown in Fig. 1. The density of states was calcu-
lated using 816 irreducible k points and broadened using a
Gaussian with width 0.05 eV. The Fermi energy correspond-
ing to an occupancy of nine electrons is indicated by the ver-
tical lines.

pling is shown along the high-symmetry lines I'-K-Mz-
i'-Mr, where n = x (dashed curves) sud rr = s (solid

~ e&e 2 2 2 an 1 2 1 y
~ &&e 1,2

are the reciprocal lattice vectors and Gs
~~

x. These M
points are equivalent in the absence of spin-orbit cou-
pling. The most obvious, visible efFect upon rotating
n is the changed splitting of energy bands which were
degenerate (either accidentally or by symmetry) in the

LLJ

—10

K M

FIG. 3. Band structure of Co monolayer I along
high-symmetry lines of the two-dimensional Brillouin zone,
where spin-orbit coupling has been included. Solid curve,
magnetization parallel to s; dashed curve, parallel to x. M~
and Mq are the M points along the reciprocal lattice vectors
Vi and Cq, respectively, where Gg (( x.
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absence of spin-orbit interaction. However, all energy
bands change on a scale of 10o—10i meV and this will be
important when we investigate the anisotropy energy.

1.7
T T T T T

144 96 48 24 12

8.2 e

C. Anisotropy energy

0.7

-1.0

I I I I I I III I I I I I I III I I I I I I III I I I I I I II

The anisotropy energy of a Co monolayer is shown as a
function of the band filling in Fig. 4 for the three different
lattice parameters I, II, and III; it has been smoothed
using a Gaussian with a width n = 0.2 eV, whereby the
function b.E(s) is replaced by

E
LIJ

-2.0
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OO I 2
bE(e')e l - l dr'.
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10

The demagnetization energy, which is ~0.1 meV per
Co, is negligible on the scale of the figure and has
therefore been omitted. Whereas a perpendicular
anisotropy was calculated for Coi/Pd, Coi/Ag, and
Coi/Cu multilayers, an in-plane anisotropy is seen to
be found for a Co monolayer for a Fermi energy cor-
responding to nine electrons. Although the anisotropy
energy depends quite strongly on the lattice parameter
and the position of the actual Fermi energy, the func-
tional form of all three anisotropy energy curves is very
similar. There are four distinct regions: for a band filling
between 8.5 electrons and a filled d band, the anisotropy
energy is negative favoring an in-plane magnetization; for
a band filling between about 5.5 and 8.5 electrons, the
anisotropy energy is positive corresponding to perpendic-
ular magnetization; for a band filling of between 8 and
5.5 electrons, the anisotropy energy is again negative; for
a smaller band filling, the anisotropy energy is small and
slightly positive. These are the main features which we
will seek to understand in the next section. To do so, it
is sunicient to analyze one case only and we will discuss
the monolayer with lattice parameter I.

In Fig. 5 the anisotropy energy at a band filling of
8.2, 9.0, and 9.4 electrons is shown as a function of the
area s of the surface element used to perform the inte-
gration over the two-dimensional BZ. The corresponding
number of divisions of the reciprocal lattice vectors is
denoted at the top of the figure. Using 96 divisions, the
anisotropy energy is converged to within 50 peV. Where

r
O
Q)

-2—
U

LU -4

-6

-8 I I I 1 I 1 I I I & I I I

1 3 5 7

Bandfilling q

FIG. 4. Anisotropy energy vs band 611ing for Co monolay-
ers at three difFerent lattice parameters: monolayer I, solid
curve; II, dashed curve; and III, dotted curve.

2s SBz

FIG. 5. Convergence of the anisotropy energy of monolayer
I at three band Sllings, 8.2, 9.0, and 9.4 electrons, as a func-
tion of the area, 8, of the triangular surface element used to
perform the two-dimensional BZ integral, given as a fraction
of the total area of the 20 BZ, Spz. The number of divisions
of the reciprocal lattice vectors corresponding to each surface
element is indicated at the top of the Sgure. The horizontal
lines were obtained by a least squares fit through the data
points using a weight 1/s for each data point and denote the
converged value.

the anisotropy energy does not vary much with the band
filling, e.g. , at a band filling of 8.2 electrons, the con-
vergence is even better. We note that even though an
accurate value of the anisotropy energy can only be cal-
culated with a quite dense integration mesh, the sign and
the order of magnitude are already obtained using a small
number of k points.

Assuming that the anisotropy energy is an analyt-
ical function of the direction cosines of the magneti-
zation, it follows from the symmetry of an hexagonal
lattice that the anisotropy energy can be expanded as
b,E(n) K2sin 8+ K4sin 8 = bE(8). K2 and K4
are second- and fourth-order anisotropy constants, re-
spectively. Sixth- and higher-order anisotropy constants
(which also depend on P) have been ignored. The mag-
nitude of K4 has been investigated for the band fillings

given above. In Fig. 6, b,E(8)/sin 8 is shown as a func-
tion of sin 8. K2 is given by the intercept with the verti-
cal axis, K4 is given by the slope of the line. For the band
fillings of 8.2 and 9.4 electrons, K4 is less than 3%% of the
value of K2. This is of the same order of magnitude as
the numerical accuracy of the calculation. At a band fill-

ing of 9.0 electrons the expansion does not appear to be
adequate. We have not investigated this further, but it
may be related to the existence of accidental degeneracies
along the high-symmetry lines F-E and X-M.2 From
arguments based on perturbation theory, ~ one would ex-
pect the higher order anisotropy constants to be smaller
than K4.

In Fig. 7 the anisotropy energy curve calculated for
the Co monolayer I using a small number of k points is
compared to that obtained from a calculation employing
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FIG. 6. b E(8)/sin 8 as a function of sin 8. AE was calcu-
lated using 144 divisions of the reciprocal lattice vectors. The
second order anisotropy constant K& is given by the intercept
of the line, obtained by a least squares fit, with the vertical
axis. The fourth-order anisotropy constant K4 is given by
the slope of the line. For a band filling of 9.0 electrons, the
expansion does not appear to be adequate.
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a much larger number; the solid curve was calculated
using 144 divisions of the reciprocal lattice vectors, the
dashed curve using only 6. In the latter calculation only
seven irreducible k points are used if n = z. The curve
has been broadened using a Gaussian with a width of 0.2
eV to smear the discrete energies into bands. We will
now show that the most important qualitative features
of the anisotropy energy curve of a monolayer can be
understood by analyzing the eigenstates and energies at
an even smaller number of lr points, namely, the high-
syrnmetry points I', K and M only.

The contributions to the anisotropy energy from these
lr points are shown in the top three panels of Fig. 8. The
anisotropy energy at each lc point is broadened using a

-+&+a

-10

I: (ev)

FIG. 8. Top three panels: anisotropy energy contributed
by I', K, and MI (solid curve) and Ms (dashed curve), as a
function of the energy corresponding to variable band filling of
the fixed band structure. The weight factor, toy, is included.
The arrows indicate the position of the energy levels; a double
arrow is used to denote doubly degenerate eigenstates. Up-
ward (downward) pointing arrows indicate minority- (major-
ity-) spin eigenstates. The dashed curve in the bottom panel
is the result of adding the contributions of these k points.
The solid curve was obtained by broadening the dashed curve
using a Gaussian with a width of 0.4 eV. The actual Fermi
energy is indicated by the vertical lines.

-10 -9 -8

e (eV)
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FIG. 7. Anisotropy energy curve as a function of an energy
corresponding to variable band filling of the band structure,
calculated using two difFerent Brillouin zone samplings. The
solid and dashed curves were calcu1ated with 144 divisions
and 6 divisions of the reciprocal lattice vectors, respectively.
The dashed curve has been broadened using a Gaussian with
a width of 0.2 eV. The actual Fermi energy is denoted by the
vertical line.

Gaussian with a width of 0.2 eV, and multiplied with
a weight factor IIII, . The total anisotropy energy curve,
shown in the bottom panel, is obtained by sun+ning the
weighted contributions from each Ir point. The weight
factors for the k points F, K, and M are determined by
their number density in the BZ. If n = x (parallel to the
reciprocal lattice vector R2), the two K points in the BZ,
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tion of the energy, analyzed using perturbation theory in the
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where IpI = 2x 2, ho~, ~i~ ———2.81 eV, and ( = 72 meV.
Despite the fact that 6;~ is larger than the d-band width,
the contributed anisotropy energy is large, of the order
of iiir x 1.4 meV = 0.23 meV and favors a perpendicu-
lar magnetization. In the following, each high-symmetry
point will be discussed brie8y.

A. F

The five d states (per spin) split at I' into a singly
degenerate state with m = 0 character and two doubly
degenerate states with m = +2 and m = +1 character,
respectively; see Figs. 1 and 9. The m = 0 and m = +2
states have bonding character and are well separated in
energy from the antibonding m = kl states. Because
the smallest exchange splitting, which is 1.3 eV for the
m = 0 states, is larger than the energy spread of 1.1
eV for the majority-spin states (1.5 eV for the minority-
spin states), there is no overlap between the uppermost
J.-spin and lowermost t-spin states at I'. The spin-orbit
interaction between the states at 1 is such that -an in-
plane magnetization is favored for a Fermi energy located
between the even (m = 0, +2) and odd (m = +1) states

coupling between states on either side of the Fermi en-

ergy can give a large contribution to the anisotropy en-

ergy. Consider the Imo) = IO $) and
I
+ 1 t) eigenstates

at I'. The relevant matrix elements for the anisotropy
energy are

(«I&"(~)1+11)= -(01-sinHL, +cosel +il„I +1)
2

= —(cos8 p 1)
3

2 2'

Therefore,

of either spin. A perpendicular magnetization is favored
for Fermi energies at the top, the middle, or the bottom
of the energy range shown in Fig. 9. This behavior can be
simply understood by referring to the form of the spin-
orbit interaction in Eq. (2) and the lower panel of Fig. 9.

(i) The coupling ~2n I between even and odd states
of the same spin is zero if n = z and nonzero if n = x.
Thus this interaction favors an in-plane magnetization for
Fermi energies located in between even and odd states of
the same spin.

(ii) The coupling between even states of opposite spin
(and also odd states of opposite spin) is nonzero if n = x.
Thus this interaction also favors an in-plane magnetiza-
tion for Fermi energies located in between even (and odd)
states of opposite spin.

(iii) The coupling between even states of one spin and
odd states of the opposite spin is nonzero if n = z. The
contribution from even $-spin states interacting with odd
g-spin states is dominated by the large denominator and
very small. By contrast, the odd $-spin states are very
close in energy to the even 1'-spin states and for Fermi
energies in between the $-spin and g-spin states there is
a large contribution favoring a perpendicular magnetiza-
tion.

(iv) The remaining contribution coming from the lift-
ing of degeneracies also favors a perpendicular magneti-
zation, so that for a Fermi energy between —7.4 and —7.9
eV, contributions (iii) and (iv) prevail. The degeneracy-
lifting contribution also dominates at the bottom of the
g-spin states and at the top of the g-spin states.

B. K

A similar analysis can be carried out for the anisotropy
energy curve of the K point, shown in Fig. 10. The condi-
tions for the existence of nonzero couplings are the same
as for the I' point; the principal difference lies in the
difFerent positions of the energy levels. The smallest ex-
change splitting at K (1.4 eV for the m = +2 states)
is larger than the energy spread of the $-spin states (1.0
eV) so there is again no overlap between the $-spin and
t-spin states. At the K point, the Sve d states (per spin)
split into a singly degenerate state with m = 0 char-
acter and two doubly degenerate states with m = +1
and m = +2 character, respectively. As a consequence
of the phase factor introduced in the Bloch wave, the
m = +1 states now have mainly bonding character while
the m = 0 state is antibonding. The m = k2 states are
strongly bonding. Thus for each spin, the lowest eigen-
states have m = k2 and m = +1 character and the
highest antibonding eigenstate has m = 0 character. If
the Fermi energy is situated in the lower part of each spin
subband, the degenerate states will favor a perpendicu-
lar orientation of the magnetization which, however, is
reduced by the coupling between m = k2 and m = kl
orbitals. In the middle of the spin subband, an in-plane
orientation is favored, as at I'. The couplings between
the uppermost majority-spin states and the lowermost
minority-spin states favor a perpendicular orientation of
the magnetization for a Fermi energy lying between —7.5
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In the middle of each spin subband, an in-plane
anisotropy is generally favored, because the couplings
between bonding and antibonding eigenstates within
one-spin subband favor the in-plane orientation. The
anisotropy energy is thus expected to oscillate with the
band filling. On general grounds this has been proven for
a tight-binding d band. 2s
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MULTIL AYERS

A. Coi/Pdq

FIG. 11. Anisotropy energy contributed by Mz as a func-

tion of the energy, analyzed using perturbation theory in the
bottom panel. See caption to Fig. 9.

and —8.3 eV coinciding with the position of the degen-
erate m = k2 and m = +1 t'-spin states. There is there-
fore a strong preference for perpendicular magnetization
in this energy range.

The situation at the M points is more complex, as can
be seen from Fig. 11. No true degeneracies exist because
all representations at the M point are one dimensional.
We simply note here that all couplings cancel to a large
extent, except where eigenstates are close in energy.

Thus the mechanisms by which perpendicular
anisotropy occurs are (a) through the lifting of degen-
eracies at I' and K and (b) through the couplings by the
spin-orbit interaction of even states of one spin with odd
states of the opposite spin. The latter type of contri-
bution is important when, as a result of a decrease in
the bandwidth and an increase in the exchange splitting,
the top of the majority-spin subband and the bottom
of the minority-spin subband are close in energy, and
the actual Fermi energy is located at the bottom of the
minority-spin band. There is then a large contribution
to the magnetic anisotropy energy favoring perpendicular
magnetization kom the coupling by the spin-orbit inter-
action of even states with odd states of the opposite spin.
This situation can occur in layered structures, when the
number of equivalent nearest neighbors is small (narrow
bandwidth), and when the center of the d bands of the
nonmagnetic transition metal element is sn%ciently low
in energy. As an example of where this occurs, we have
considered compounds with the AuCu (Llo) structure,
where the constituent elements are Fe or Co and Pd or
Pt.2~ The perpendicular orientation is then favored if the
Fermi energy is at, or above, the top of the majority-spin
subband and in the bottom of the minority-spin subband.

In an earlier publication, we calculated the magnetic
anisotropy energy for a number of Co„/Pd multilayers
and found the largest perpendicular anisotropy energy for
the Coi/Pd2 multilayer. In this section we will use the
results of the previous section to relate the anisotropy
energy of the Coi/Pdz multilayer to that of the free-
standing Co monolayer. We will demonstrate that, just
as in the case of the monolayer, the dependence of the
anisotropy energy on the band filling can be understood
by considering the contributions from the high symmetry
points only. 2s For the multilayer, the dispersion perpen-
dicular to the multilayer plane must be taken into consid-
eration. We will analyze the Coi/Pd2 multilayer in two
steps. . In the first step, we neglect the spin-orbit interac-
tion on the Pd atoms so that only the efFect of hybridiza-
tion between the Co and Pd levels and the repositioning
of the Fermi energy are taken into account. In the second
step, the efFect of the large Pd spin-orbit coupling is con-
sidered. The analysis, though straightforward, is compli-
cated by the large number of levels and high-syrrirnetry k
points which must be treated so that we will only outline
the most important elements in what follows.

For the structure of the Co/Pd multilayers an ABC
stacking sequence of [111] (close packed) planes of a fcc
lattice was assumed. The crystal structure has trigonal
syrrirnetry (point group DM). It is convenient to choose
the hexagonal lattice vectors as primitive vectors. The
reciprocal lattice is then described by hexagonal lattice
vectors as well, and the high-symmetry lines and points
of the Brillouin zone are the same as those for the (pe-
riodically repeated) monolayer. The parameters in this
pseudomorphic model for the multilayers were evaluated

by total energy minimization as described in Ref. 10,
using the full potential implementation2s of the LAPW
method &8

In Fig. 12 we show the anisotropy energy as a function
of the Fermi energy, calculated using a grid of 9408 k
points in the full BZ (solid curve). This grid corresponds
to 28 divisions along the in-plane reciprocal lattice vec-

tors and 12 divisions along the perpendicular reciprocal
lattice vector and we call it, for short, a 28-28-12 grid. An
oscillatory dependence on the band 6lling is found, and
a maximum occurs at the actual Fermi energy, denoted
by the vertical line. The sign of the anisotropy energy
corresponds to a perpendicular magnetization. The dot-
ted curve indicates the results of a calculation using a
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FIG. 12. Anisotropy energy curve of a Co&/Pdq multilayer
as a function of the energy, calculated using 28 and 12 divi-
sions along the in-plane and perpendicular reciprocal lattice
vectors, respectively (solid curve), 6 and 1 divisions (dotted
curve), and 6 and 2 divisions (dashed curve). The latter two
curves are broadened with a Gaussian with a width of 0.4 eV.
The actual Fermi energy is denoted by the vertical line.

6-6-1 grid, which was broadened using a Gaussian with a
width of 0.4 eV. Although an oscillatory dependence on
the band filling is found, an in-plane anisotropy occurs
over too large a region of the band filling. A calcula-
tion using a 6-6-2 grid, in which two divisions along the
perpendicular reciprocal lattice vector were chosen, gives
results in better agreement with the more extensive cal-
culation. This shows that the dispersion of the energy
bands in the k, direction cannot be neglected.

We have examined the contributions to the anisotropy
energy curve from the six k points I', K, M, A, H, and L
The latter three high-synnnetry points correspond to the
I', K, and M points with k, = n/c. The anisotropy en-

ergy contributed by each k point is shown in Figs. 13 and
14; in Fig. 13, jcpa has been set to zero. Adding the contri-
butions of all k points, the dashed curves in Figs. 13(a)
and 14(a) are obtained. Broadening the curves with a
Gaussian of width 0.4 eV yields the dashed curves in
Figs. 13(b) and 14(b), which have a similar functional
dependence on the band filling as the full calculation,
represented by the solid curves. At the actual Fermi en-

ergy in Fig. 14(b), the correspondence is not so good; this
will be explained later. At each k point the position of
the majority- and minority-spin d bands is indicated by
arrows pointing downwards or upwards, respectively. Ar-
rows at the top (bottom) of the panel indicate eigenstates
which have more than 50%%up Pd (Co) character. Because
of the low synunetry of the Bravais lattice (there is no
niirror-plane parallel to the multilayer planes), the eigen-
states contain, in general, a mixture of odd and even (in
z) states. If an eigenstate has a dominant m partial wave
character, the absolute value of m is indicated in the fig-
ure as well.

6a =o

If we compare the bottom panel of Fig. 8 (from —6 to
—9 eV) with Fig. 13(b), then we see a striking similarity
in the behavior of the anisotropy energy. Starting from
an energy where all the d bands are filled, an in-plane
magnetization is first found. At lower energies, perpen-
dicular magnetization is preferred and at still lower en-
ergies, in-plane magnetization is again favored.

In Fig. 13(a), the preferred in-plane magnetization for
—1.75 eV arises from the interaction between anti-
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FIG. 13. Anisotropy energy of Co&/Pds
contributed by the high-symmetry points F,
K, M, A, H, and L as a function of energy
corresponding to variable band 6lling. The
Pd spin-orbit interaction has been switched
off. The actual Fermi energy is denoted by
the vertical line at —2.2 eV. Arrows at the
top (bottom) of the panels indicate the po-
sition of the energy levels with predominant
Pd (Co) character; a double arrow is used
to denote degenerate eigenstates. Upward
(downward) pointing arrows indicate minor-
ity- (majority-) spin eigenstates. The pre-
dominant m partial wave character is de-
noted by the labels where applicable. For
the M and L points, the subscripts 1 and 2
refer to the solid and dashed curves, respec-
tively. The dashed curve in (a) is the result
of adding the contributions of these k points.
The dashed curve in (b) is obtained by an ad-
ditional broadening using a Gaussian with a
width of 0.4 eV. The solid curve results from
a calculation where 9408 (= 28 x 28 x 12) k
points in the BZ were used.
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bonding minority spin states with lower-lying minority
spin states at K, H, and L.

For s —2.5 eV the dominant contribution to the
preferred perpendicular magnetization comes from lifting
the degeneracy of the Co +2 g states at I', A, and H.
The positive plateau at —3.25 & e & —2.5 comes Rom
the coupling of even states of one spin with odd states of
the opposite spin at K, M, and L.

For —3.7 & s & —3.25 there are contributions favoring
in-plane magnetization from the K, M, H, and L points.
Part of this contribution comes &om the coupling of even
and odd states of the same spin (K and L), the rest comes
&om coupling between even states of opposite spin as well

as from coupling between odd states of opposite spin (M,
H, and L).

A more detailed comparison of the monolayer and mul-
tilayer is rendered difBcult by the strong Co-Pd d-band
overlap and strong hybridization; see the atom projected
d densities of states in Fig. 15. At I', the ordering of the
uppermost four states in Fig. 8 and Fig. 13 is the same.
The anisotropy energy is similar but because the +2 t
state has been pushed to higher energy in Coq/Pd2, a re-
gion where an in-plane magnetization is favored appears
between the 0 t and +2 t states. In addition, the size
of the contribution of I' to the anisotropy energy has de-
creased by a factor 2 because of the reduced weight of I'
in the three-dimensional structure.

The e6ect of having a three-dimensional structure with
CoI /Pd2 can be seen by comparing the level structure at
I' and A in Fig. 13. Although the ordering of the highest
four levels is the same, the four levels at A are spread over

an energy range which is almost twice as large as that at
I'. The second-order perturbation theory contributions
to the anisotropy energy which scale inversely with the
energy separation of the levels, are reduced correspond-
ingly. As a result of the strong adzrIixture of Pd character
into the twofold degenerate states and of setting (pq to

-2[

-10 -8 -6 -4 -2 0
Energy (eV)

FIG. 15. Majority- and minority-spin densities of states for
CoI/Pdq in the absence of spin-orbit coupling. The solid line
is the total state density for a given spin, the dotted lines are
the Co and Pd d state densities. The Co d densities of states
are shaded.
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zero, the contributions favoring a perpendicular magne-
tization from lifting these degeneracies are reduced. The
most important contribution &om I' and A to the total
anisotropy energy is the peak at —2.5 eV favoring per-
pendicular magnetization, which results &om lifting the
degeneracy of the k2 g state.

At K the most significant change in the energy level
structure of Co&/Pd2 compared to that of the Co mono-
layer is the displacement of the doubly degenerate k2 f
level by hybridization with Pd so that it is positioned at
the Fermi energy (corresponding to 29 valence electrons).
The location of this degenerate state at the Fermi energy
is confirmed by full potential calculations. ~ Because of
the strong admixture of Pd d character and because (pa
has been set to zero, the contribution of this state to the
anisotropy energy is only moderate. When the Pd spin-
orbit interaction is switched back on, however, we shall
see that this state provides the single most important
contribution to the perpendicular magnetization found
in Co/Pd multilayers.

The interaction between the Co 0 f and kl f states
at K favors in-plane magnetization for e —1.8 eV. The
interaction between the Co 0 $ and kl $ states leads
similarly to an in-plane contribution for e —3.5 eV.
For —3.2 & s & —2.5 eV, the interaction between the Co
0 $ and kl g states favors a perpendicular magnetization.

Although the contributions to the anisotropy energy
&om the H point in Fig. 13 are comparable to those &om
the other k points, when the Pd spin-orbit interaction is
switched back on, all that remains is a small contribution
favoring a perpendicular magnetization &om lifting the
degeneracy of the k2 f state which lies 0.3 eV below the
Fermi energy.

The analysis of the contribution &om the M point to
the anisotropy energy of the Co monolayer was compli-
cated by the lack of threefold synnnetry and the resulting
large number of nondegenerate eigenstates. The same is
true of the M and I points for the Co&/Pd2 multilayer.
The most important point to be noted is that the states
close to the Fermi energy at these k points have mainly
Pd character so that we expect a big change in anisotropy
energy when the large Pd spin-orbit interaction (pa 0.2
eV is switched on. The preference for in-plane magneti-
zation for e' —1.75 eV at I j comes &om the interaction
between the Co ~m~ = 2 t and ~m~ = 1 g states which
straddle this energy. For —3.25 & e & —2.5 eV, there are
contributions both from M and L favoring a perpendic-
ular magnetization. These contributions come &om the
coupling of even Co states of one spin with odd Co states
of the opposite spin. The large contribution &om the Lq
point to an in-plane magnetization for —3.7 & e & —3.25
eV is largely attributable to the interaction between the
Co ~m~ = 2 states of opposite spina.

&. 6aWo
We now switch the spin-orbit interaction back on on

the Pd atoms. Comparing Figs. 13 and 14 the most sig-
nificant efFect is that the peak at —2.5 eV in Fig. 13(b)
is shifted to —2.25 eV in Fig. 14(b) to straddle the Fermi
energy (corresponding to 29 valence electrons). The mag-
nitude of the anisotropy energy at the Fermi level fa-

voring perpendicular magnetization is thereby doubled.
In the calculations based on the high-symmetry points
only [dashed curves in Figs. 14(a) and 14(b)) this peak is
placed too high in energy.

The anisotropy energy curves at I' and A are qual-
itatively unchanged but the amplitudes have increased
strongly. The largest changes can be seen to correlate
quite well with the presence of states with predominantly
Pd character.

At K the infiuence of the Pd spin-orbit interaction is
very large. The most significant feature is the increase
in the contribution at the Fermi energy favoring perpen-
dicular magnetization which is directly attributable to
the hybridization of the Co +2 g state with Pd d states
which displaced it up to the Fermi energy. At lower en-

ergy, —3.2 & e' & —2.5 eV, an in-plane magnetization is
favored and for s & —3.2 eV, perpendicular magnetiza-
tion. This reverses the situation in Fig. 13.

The effect of the Pd spin-orbit interaction on the situa-
tion at M is equally dramatic. The largest changes occur
for —2.8 & s & —1.5 eV and, as noted above, are directly
related to the states with mainly Pd d character in this
energy range. The plateau in the anisotropy energy for
—2.25 & s' & —1.5 eV is an important contribution to the
peak in the anisotropy energy at the Fermi level favoring
perpendicular magnetization. The origin of this plateau
can be fairly easily understood. The lowest Pd major-
ity spin state shown at the top of the M panel has 13%
d„, (~m~ = 1) and 19% d „(~m~ = 2) character per Pd
atom. The middle state of the three uppermost minor-
ity spin states shown at the bottom of the M panel has
13% ds, ~ „i (m = 0) character per Pd atom. The en-
ergy separation between these two states is 1.2 eV. With
(pa = 0.23 eV, we estimate a positive contribution of 0.7
meV favoring a perpendicular magnetization.

The net effect of the negative anisotropy below and the
positive plateau above the Fermi energy at M is to dis-
place the peak (favoring perpendicular magnetization) in
the dashed curve &om —2.75 eV in Fig. 13(b) to —1.75
eV in Fig. 14(b). Because the discrete states at I', A, K,
H, M, and L in reality form bands (which is taken into
account only very approximately by the Gaussian broad-
ening) a smaller number of electrons actually contribute
to the anisotropy energy in the calculation with a better
Brillouin zone sampling. This efFect explains the incor-
rect location of the maximum in the dashed anisotropy
energy curve of Fig. 14(b).

Sumznarizing, the single most important contribution
to the perpendicular magnetic anisotropy of Co/Pd mul-
tilayers is the presence of states close to the actual Fermi
energy with mainly Co d ~ „~ and d „character. These
states are positioned at the Fermi energy by hybridization
with the neighboring Pd atoms and their contribution to
the anisotropy energy is enhanced by the resulting Pd
character in the eigenstates and the large Pd spin-orbit
interaction.

B. Coi/Agg

A comparison between the anisotropy energies of
Coq/Ag2 and Coq/Pd2 multilayers is interesting because
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unlike the Co monolayer and in corrunon with Coq/Pd2,
Coq/Ag2 has a perpendicular anisotropy even though it
is much smaller than that of Coq/Pd2. ~o In Fig. 16 the
anisotropy energy curve is shown calculated using a 28-
28-12 grid [solid curve in Fig. 16(b)j, and analyzed in
contributions from the high-synUnetry points. The cen-
ter of the Ag majority-spin d bands is 2.7 eV below that
of the Co majority-spin d bands and the Ag and Co band-
widths are 3.4 and 2 eV, respectively, so that the Ag and
Co majority-spin d bands are separated by an energy gap;
see the atom projected densities of states in Fig. 1?. The
minority-spin band centers are separated by even more,
4.1 eV, and because the bandwidths are essentially the
same the gap between Ag and Co minority spin d bands is
even larger. As a result, all eigenstates shown in Fig. 16
have predominantly Co character, with only a little Ag
d character mixed in by hybridization. The effect of the
large Ag spin orbit is correspondingly reduced and the
amplitudes of the anisotropy energy curve at the separate
k points are smaller than in Coq/Pd2. If the Ag spin-
orbit interaction is switched o6; the anisotropy energy
at the actual Fermi energy is only reduced by 0.06 mev.
Compared to Coq/Pd2 the actual Fermi energy (corre-
sponding to 31 valence electrons) is at a higher energy
in the Co d band structure. Compared to the Co mono-
layer, however, it is much closer to the energies of the
d~~ „~ and d~„eigenstates which are largely responsible
for the positive amplitude in the anisotropy energy curve.
It is therefore concluded that the smaller perpendicular
anisotropy energy of Co&/Ag2 multilayers (compared to
Coq/Pd2) is due to a larger band filling in the Co d band

cn 0
O

Q

-10 -6 -4
Energy {eV}

FIG. 17. Majority- and minority-spin densities of states for

Col/Agq in the absence of spin-orbit coupling. The solid line

is the total state density for a given spin, the dotted lines are
the Co and Ag d state densities. The Co d densities of states
are shaded.

structure as well as to a reduced Ag d and Co d hy-
bridization. Nevertheless, a perpendicular orientation of
the magnetization is found because the actual Fermi en-

ergy lies lower with respect to the important Co d bands
than in the monolayer.



50 MAGNETIC ANISOTROPY OF A FREE-STANDING Co. . . 10 003

VI. CQNCLUSIONS

We have shown that the anisotropy energy curves of
a Co monolayer and Coi/Pdz and Coq/Agz multilayers
can be largely understood by analyzing the eigenstates
and energy bands at a few high-symmetry points in the
BZ only. The anisotropy energy was found to oscillate
with the band filling in all cases. The most important
factors leading to perpendicular magnetic anisotropy in
the Coq/X2 multilayers were found to be (i) the position
of the Fermi energy close to doubly degenerate states
with mainly Co d ~ „i and d „character, (ii) strong hy-

bridization between Co d states which have a large ex-
change splitting but a small spin-orbit interaction and X
d states which have a small exchange splitting but a large
spin-orbit interaction.

The Co&/Pdz multilayer is found to be particularly fa-
vorable because there is a large overlap and hybridization
between the Co and Pd d bands and the total number
of valence electrons is such that the Fermi energy is lo-
cated at the maximum in the anisotropy energy curve
calculated as a function of the band filling. The smaller
magnetic anisotropy energy of Co&/Ag2 compared to
Coq/Pd2 is caused by a larger band filling as well as a
smaller hybridization between Co and Ag d states.
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