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First-principles calculations of the magnetic anisotropy energies of Pd/Co metallic multilayers have been
performed to investigate the effect of strain on the interface magnetic anisotropy. Also, to clarify the contri-
bution of the interface to anisotropy, the anisotropy energies of an unsupported Co monolayer and bulk Co
have been calculated. These two systems have different interfaces compared to the Pd/Co multilayer in the
sense that an unsupported Co monolayer and bulk Co can be considered as vacuum/Co and Co/Co multilayers,
respectively. A Pd/Co multilayer is predicted to exhibit a perpendicular magnetic anisotropy in accordance
with experiment. Bulk Co shows perpendicular anisotropy, but the anisotropy energy is quite small compared
to that of Pd/Co. On the contrary, an unsupported Co monolayer shows an in-plane anisotropy. These differ-
ences suggest the importance of the existence of the interface for perpendicular magnetic anisotropy, which
originates from the modification of the local electronic structure of a Co layer due to the presence of the
interface. The strength of the hybridization of electronic states at the interface determines the relative position
of the Fermi energy to the position of the local density of states~LDOS! of umu52 character of Cod electrons
of minority spin. If the LDOS ofumu52 character is large at the Fermi energy, the system shows a perpen-
dicular anisotropy. As for the effect of strain, the anisotropy energy of Pd/Co increases as a function of
interatomic distance in the in-plane direction, while that of a Co monolayer decreases. Compared to these two
systems, the magnetoelastic constant of bulk Co is considerably smaller. These results suggest that the effect
of strain on the anisotropy energy is strongly correlated with the type of atomic species adjacent to the Co layer
and cannot be determined solely from the value of strain introduced in the Co layer. In the case of a hetero-
interface, the strength of hybridization between the orbitals inside the monolayer and that between the orbitals
in adjacent monolayers are quite different and this fact leads to the large strain dependence of the anisotropy.
@S0163-1829~96!02426-5#

I. INTRODUCTION

The realization of sophisticated techniques for ultrahigh
vacuum deposition of magnetic materials has inspired many
studies in recent years.1–4 In particular, perpendicular mag-
netic anisotropy of metallic multilayers is currently of great
interest in relation to high-density magnetic recording.5–7

There have been many experimental5–8 and theoretical9–l2

studies related to perpendicular magnetic anisotropy. It has
been established phenomenologically that perpendicular an-
isotropy is associated with the interfaces between different
metals, since the effective uniaxial anisotropy energyKu can
be expressed as a function of magnetic layer thicknesst,

Ku5Kv12Ks /t. ~1!

HereKv andKs represent a volume and interface contribu-
tion to magnetic anisotropy, respectively.Kv contains con-
tributions from shape, magnetocrystalline, and magnetoelas-
tic anisotropy, whileKs is interpreted as the interface
anisotropy, which results from the broken symmetry of in-
terface atoms, Ne´el’s surface anisotropy.22

There is currently a great deal of activity in attempts to
understand the relationship between interfacial structures and
the magnetic properties of ultrathin epitaxial layers. One im-
portant question relates to the role of elastic strain in influ-

encing magnetic anisotropy. Recently it has been pointed out
by several authors that magnetoelastic energy, which is
caused by the lattice mismatch strain at interface, is large
enough to realize a perpendicular magnetic anisotropy.23,24

A large lattice mismatch between adjacent layers leads to
the formation of misfit dislocations at the interfaces, which
reduce the coherency strains. Recently, Chappert and
Bruno,23 in a model of a single magnetic layer of thicknesst
on a rigid substrate, found that in the incoherent state re-
sidual misfit strains give rise to an anisotropy that is propor-
tional to 1/t. This implies that lattice misfit strain may con-
tribute not only to the volume anisotropy (Kv) in coherent
structures but also to the interface anisotropy (Ks) in inco-
herent structures, via the magnetoelastic effect. That is to
say, the interface anisotropy consists of a Ne´el-type and a
magnetoelastic anisotropy. Victora and MacLaren16,17 also
showed that strain was an important part of the interface
anisotropy. It is to be noted that Ne´el interaction parameters
can be expanded in a Taylor series as a function of strain and
thus provide a magnetoelastic anisotropy. The term ‘‘Ne´el-
type anisotropy,’’ in the following, is taken to mean the mag-
netic anisotropy induced purely by the broken symmetry of
the interface atoms.

Experimentally, however, the results for the contribution
of the magnetoelastic anisotropy to surface anisotropy are
rather controversial. Recently, Leeet al.8 explained the per-
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pendicular magnetic anisotropy of Au/Co and Cu/Co multi-
layers in terms of strain-induced anisotropy without the use
of Néel-type anisotropy. In addition, Nakamuraet al.25 also
claimed that the perpendicular anisotropy of sputtered Pd/Co
multilayers is caused mainly by interface strain anisotropy of
interface alloys. On the other hand, Engelet al.27 have syn-
thesized Pd/Co multilayers with various crystal orientations
and found thatKv could be fully accounted for by magneto-
elastic and magnetocrystalline anisotropy contributions and
thatKs was due only to Ne´el-type anisotropy. Awanoet al.

28

have measured the magnetostriction constants of Cu/Co, Cu/
Fe, Ag/Co, Pd/Co, and Au/Co multilayers. Their results sug-
gest that the magnetic anisotropy cannot be explained only in
terms of the stress-induced anisotropy. Since the atomic
structures at the interfaces of metallic multilayers are not
well known, the importance of the magnetoelastic contribu-
tion to the interface anisotropy is still unclear.

Therefore, to investigate the effect of elastic strain on
interface magnetic anisotropy, we have performed a first-
principles calculation of the magnetocrystalline anisotropy
energies of Pd~2 ML!/Co~1 ML!~111! metallic multilayers.
Also, to clarify the contribution of the interface to anisot-
ropy, the anisotropy energies of an unsupported Co mono-
layer and bulk Co have been calculated. These two systems
have different interfaces compared to Pd/Co multilayer in the
sense that an unsupported Co monolayer and bulk Co can be
considered as vacuum/Co and Co/Co multilayers, respec-
tively.

II. METHOD OF CALCULATION

The calculation of the electronic structure has been done
from first principles using the linear muffin-tin orbital
method within the local spin-density approximation.29 The
magnetocrystalline anisotropy energyDE, which is the dif-
ference of the total energies for perpendicular~@001#! and
in-plane~@100#! orientation of the magnetization, is given by
the difference of sums over Kohn-Sham eigenvalues

DE5(
i ,k

occ

« i~@100#,k!2(
i ,k

occ

« i~@001#,k!. ~2!

Here «i~@001#,k! and «i~@100#,k! are the Kohn-Sham eigen-
values calculated with@001# and @100# spin polarization, re-
spectively. Since the position of the Fermi level is an impor-
tant factor, we evaluated the Fermi energy seperately for
different magnetization directions. The details of the calcu-
lation have been described in our previous papers.20,21

The calculation has been done for three systems, i.e., the
Pd/Co multilayer, the unsupported Co monolayer, and bulk
Co. The model structure is illustrated schematically in Fig. 1.
As mentioned earlier, the latter two systems have different
interfaces compared to the Pd/Co multilayer in the sense that
an unsupported Co monolayer and bulk Co can be consid-
ered as vacuum/Co and Co/Co multilayers, respectively. We
will frequently denote the three systems as theX/Co
multilayer ~X5Pd, vacuum, and Co! in the following.

To analyze the results in terms of the different interfaces,
the interatomic distance of Co in the in-plane direction (a) is
assumed to take a common value for the three systems. In
order to avoid extended computations the interface is as-

sumed to be coherent. The interatomic distance of Co in the
in-plane direction is taken to be equal to the bulk value of
Pd. One period consists of two monolayers ofX and one
monolayer of Co. Each layer is a hexagonal plane and the
atoms in theX layer are closely packed. The stacking se-
quence of these hexagonal planes isABCABC. . . , like the
close-packed planes of a face-centered-cubic structure.

The structure of an unsupported Co monolayer is equiva-
lent to that of the Pd/Co multilayer, except that the atomic
sphere of Pd is substituted by an empty sphere with the same
radius. The effect of Pd on the magnetic anisotropy can be
checked by the comparison of these two systems. The inter-
planar distances ofX(dX2X) of these two multilayers are
equal to the bulk value of Pd. The interplanar distance of the
interface between Co andX(dCo2X) is the average of the
bulk values of Co and Pd.

We have constructed the structure of bulk Co~the Co/Co
multilayer! by expanding fcc Co isotropically in the close-
packed plane so that the interatomic distance in the in-plane
direction is equal to that of bulk Pd. The interplanar distance
(dX2X5dCo2X) is contracted so as to keep the volume per
atom equal to that of fcc Co. By considering the result of this
system, we can clarify whether the interface region of the Co
layer or the region far away from the interface is important
for the perpendicular magnetic anisotropy in the case of a
multilayer in which the Co layer thickness is more than 1
ML. This is because the electronic structure of bulk Co re-
sembles the local electronic structure at the Co atom, which
exists far away from the interface. The structure parameters
~a, dX2X , anddCo2X) and atomic sphere radii~RCo andRX!
adopted in the calcualtions are summarized in Table I.

As for the calculation of the elastic strain dependence of
the anisotropy energy, the structure has been expanded in the
in-plane direction isotropically. At the same time, the inter-
planar distance is contracted to keep the volume unchanged.

FIG. 1. Schematic illustration of the model structure adopted in
the calculations.
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III. RESULTS AND DISCUSSION

The results of the calculated anisotropy energies ofX/Co
(X5Pd, vacuum, and Co! multilayers are also shown in
Table I. All the calculations are done with 92l6k points in
the whole Brillouin zone, which is sufficient to achieve a
convergence better than 0.1 meV/unit cell. WhenDE is posi-
tive, the system shows a perpendicular anisotropy. Although
the interatomic distances of Co in the in-plane direction are
equal for the three systems, the calculated results are quite
different. As in the previous calculations,20 Pd/Co shows a
perpendicular anisotropy in accordance with experiments. By
using the experimentalKv value,

27 Ks can be calculated as
1.42 ergs/cm2. This is somewhat larger compared to the ex-
perimental values 0.92 and 0.63 erg/cm2 by den Broeder
et al.6 and Engelet al.,27 respectively. Engelet al.27 found
that the in-plane Co lattice constant is quite close to a com-
positional average of the Co and Pd lattice constants that is
smaller than the lattice constant we assumed in our hypo-
thetical model. As will be shown later, the anisotropy energy
of the Pd/Co multilayer increases as a function of in-plane
lattice constants and the difference in structure could be the
origin of the discrepancy. As for bulk Co, the calculated
anisotropy energy is positive, but the absolute value is
smaller than that of the Pd/Co multilayer. On the contrary, an
unsupported Co monolayer exhibits an in-plane anisotropy.
The absolute value of the anisotropy energy is more than
three times larger than that of the Pd/Co multilayer.

From these results, it can be concluded that the effect of
the interface betweenX and Co on the magnetic anisotropy,
i.e., interface anisotropy, depends strongly on the type ofX
layer adjacent to the Co layer. The small anisotropy energy

of bulk Co suggests that in the case of a multilayer in which
the Co layer thickness is more than 1 ML, the contribution of
the Co atoms far away from the interface to the perpendicu-
lar anisotropy will be small even if the Co layer is stretched
in the in-plane direction. Therefore the interface between dif-
ferent metals is necessary to realize a large perpendicular
anisotropy.

To find the origin of the interface anisotropy and to un-
derstand the reason why the anistropy energy differs so much
as toX, we analyzed the electronic structure of the three
systems. The magnetic anisotropy originates from the spin-
orbit interaction, which couples eigenstatescnk and cn8k
with eigenvaluesenk below the Fermi energy~eF! and en8k
aboveeF . Here n(n8) and k label the energy band and a
point in the Brillouin zone, respectively. If the level splitting
enk2en8k is much larger than the spin-orbit coupling param-
eter j, perturbation theory can be used to calculate the an-
isotropy energy. The corrections to the energy levelenk due
to the spin-orbit coupling are given as

Denk5 (
en8k.eF

n8 u^cnkuHs.o.~u,w!ucn8k&u
2

enk2en8k
. ~3!

The expression is given within the lowest order, i.e., second
order, because the diagonal matrix elements ofHs.o.~u,w! are
zero. HereHs.o.~u,w! is a spin-orbit coupling matrixj ls and
the magnetization is oriented along the~u,w!. u and w are
polar coordinates with respect to a rectangular coordinate
system. Thez axis of the coordinate system is chosen normal
to the film plane and thex axis is chosen along a nearest-
neighbor direction.

From Eq.~3! the magnetic anisotropy can be expressed as

DE5(
k

(
enk,eF

n

(
en8k.eF

n8 $u^cnkuHs.o.~p/2,0!ucn8k&u
22u^cnkuHs.o.~0,0!ucn8k&u

2%

enk2en8k
. ~4!

The negative and positive values of the element$u^cnkuHs.o.~p/2,0!ucn8k&u
22u^cnkuHs.o.~0,0!ucn8k&u

2% contribute to perpendicular
and in-plane anisotropy, respectively. The explicit form of the spin-orbit matrix elements betweend orbitals as a function of
magnetization directionu andw are explained in detail by Takayama, Bohnen, and Fulde.31 As for the interaction between the
orbitals of the same spin, the matrix elements^dxzuHs.o.udyz& and^dxyuHs.o.udx22y2& contribute to perpendicular anisotropy and
^dx22y2uHs.o.udyz&, ^dxyuHs.o.udxz&, and ^d3z22r2uHs.o.udyz& contribute to in-plane anisotropy. The relative value of these ele-
ments arêdxzuHs.o.udyz&:^dxyuHs.o.udx22y2&: ^dx22y2uHs.o.udyz&:^dxyuHs.o.udxz&:^d3z22r2uHs.o.udyz&521:24:1:1:3.These ma-
trix elements exist only between eigenstates at the samek point. However, since the absolute value of the matrix element
^dxyuHs.o.udx22y2& is the largest, and this element contributes to perpendicular anisotropy by the lifting of the degeneracy at
high-symmetry points in the Brillouin zone, the origin of the perpendicular anisotropy can be discussed qualitatively from the
relative position of the Fermi level to the local density of states~LDOS! of umu52 character of Co minority spind electrons.

TABLE I. Structure parameters used in the calculations and results of the magnetocrystalline anisotropy
energies.

System a ~Å! dCo2X ~Å! dX2X ~Å! RCo ~Å! RX ~Å! DE ~meV/unit cell!

Pd/Co 2.7505 2.1465 2.2458 1.4107 1.5480 1.12
Co monolayer 2.7505 2.1465 2.2458 1.4107 1.5480 24.03
bulk Co 2.7505 1.6995 1.6995 1.3853 1.3853 0.13
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Figure 2 shows the~LDOS! of the three systems. The
majority spin band is almost filled in all systems. The width
of the LDOS of Co becomes larger on the order Co mono-
layer, Pd/Co multilayer, and bulk Co. The LDOS of Co in
the Co monolayer is very narrow because the coordination
number of Co atom is smaller than in the case of the Pd/Co
multilayer or bulk Co. The hybridization of the orbitals is
almost restricted inside the atomic plane of Co. The width of
the LDOS of Co in the Pd/Co multilayer is larger than that of
the Co monolayer, but smaller than that of bulk Co. This is a
consequence of the fact that the orbitals of Co can hybridize
with the orbitals of Pd, as can be seen from Fig. 2, but the
hybridization is smaller than in the case of bulk Co.

Figure 3~a! shows the magnetic anisotropy energy of
Pd/Co as a function of band filling. Band filling is the num-
ber of valence electrons per unit cell. The anisotropy energy
shows an oscillatory behavior. The peak near the Fermi level
causes perpendicular anisotropy. This peak near the Fermi
level is characteristic in the sense that it appears also in the
cases of Pt/Co, Cu/Co, Ag/Co, and Au/Co multilayers.20 Fig-
ure 4~a! shows them-decomposed LDOS of Co. The LDOS
is plotted as a function of band filling to see the correspon-
dence to Fig. 3 easily. The increase of the magnetic anisot-
ropy from a band filling of about 25–29 can be attributed to
the large LDOS ofumu52 character of minority spin below

the Fermi level. This is the origin of the characteristic peak
of DE as a function of band filling near the Fermi-level.

The dependence of the anisotropy energy on the band
filling of a Co monolayer is shown in Fig 3~b!. There is a
very sharp negative peak near the Fermi level and a Co
monolayer exhibits a strong in-plane anisotropy. This sharp
peak corresponds to the large LDOS of thed3z22r2 orbital
near the Fermi level@Fig. 4~b!#. This results from the small
hybridization of thed3z22r2 orbital with other orbitals be-
cause this orbital extends perpendicularly to the film plane
into the vacuum region. Thed3z22r2 orbital contributes to
in-plane anisotropy because of the matrix element
^d3z22r2uHs.o.udyz&.

The results for bulk Co are shown in Fig. 3~c!. Although
there is a positive peak near the band filling of about 29, just
as in the case of Pd/Co, the Fermi level comes right at the
crossover from in-plane to perpendicular anisotropy and this
system exhibits a small perpendicular anisotropy. The peak
above the Fermi level originates from the fact that the LDOS
of the dxy anddx22y2 orbitals is large just above the Fermi
level @Fig. 4~c!#.

From these results the difference of the anisotropy of
these three systems can be explained systematically. In Fig. 5
the LDOS of the Co minority spin is illustrated schemati-

FIG. 2. Local density of states~LDOS! for the three systems. The vertical broken lines represent Fermi energies.~a! Pd/Co multilayer
~solid line, LDOS of Co, broken line, LDOS of Pd!, ~b! Co monolayer, and~c! bulk Co.

FIG. 3. Magnetic anisotropy energy as a function of band filling. The vertical broken lines represent Fermi levels that correspond to 29,
9, and 27 valence electrons per unit cell for the~a! Pd/Co multilayer,~b! Co monolayer, and~c! bulk Co, respectively.
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cally. As for the bulk Co, the LDOS is divided into the
bonding and antibonding states. In the case of Pd/Co the
Fermi level moves closer to the peak above the Fermi level
compared to the case of bulk Co. This is caused by the de-
pression of the LDOS in the lower-energy region, which
originates from the reduced hybridization at the interface. In
the case of a Co monolayer the Fermi energy moves much
closer to the peak. This also originates from the depression
of the LDOS in the lower-energy region because there are no
orbitals to hybridize with in the vacuum region.

In Fig. 6 the relation between them-decomposed LDOS
of Co minority spin @Fig. 6~a!# and the anisotropy energy
near the Fermi energy@Fig. 6~b!# is schematically illustrated.
The position of the Fermi energy changes according to the
strength of hybridization at the interface as shown in Fig. 5.
If the LDOS of umu52 character,dxy anddx22y2 orbitals, is
large at the Fermi energy, the system shows perpendicular
anisotropy. In the case of Pd/Co, since the LDOS ofumu52
character is large at the Fermi level, this system exhibits
perpendicular anisotropy. By substituting the Pd layer by a
Co layer, the hybridization at the interface is enhanced,

FIG. 4. m-decomposed LDOS of Co. The vertical broken lines represent Fermi levels.~a! Co in the Pd/Co multilayer,~b! the Co
monolayer, and~c! bulk Co. Thick solid, thin solid, and dotted lines correspond todx22y2(dxy), dxz(dyz), andd3z22r2 orbitals, respectively.

FIG. 5. Schematic illustration of the LDOS of Co minority spin
for the three systems.

FIG. 6. Schematic illustration of~a! the LDOS ofumu52 char-
acter of Co minority spin near the Fermi level and~b! the depen-
dence of anisotropy energy as a function of band filling and strength
of hybridization.
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which leads to the position change of the Fermi level and
hence to the decrease of anisotropy energy. On the other
hand, if the Pd layer is substituted by a vacuum layer, the
hybridization at the interface is reduced and the anisotropy
energy becomes smaller. In this way, the anisotropy can be
explained in terms of the strength of hybridization at the
interface.

In previous studies we have plottedDE of Pt/Co, Cu/Co,
Ag/Co, and Au/Co as a function of band filling and showed
that there is a characteristic peak near the Fermi level also
for these systems.20 The peak is just the one illustrated in
Fig. 6~b! and those systems previously studied are also plot-
ted at the corresponding band fillings. The hybridization at
the interface of Cu/Co, Ag/Co, and Au/Co multilayers is
smaller than that of Pd/Co because the energy levels of thed
electrons of Cu, Ag, and Au are deeper than that of Pd. As a
consequence, the Fermi level is located on the right-hand
side of the peak in theDE-band filling plot. A Co monolayer

can be thought of as the limit of weak hybridization at the
interface. It can be concluded that the perpendicular anisot-
ropy originates from the hybridization at the interface.

The anisotropy energies of the three systems are shown in
Fig. 7 as a function of elastic strain in the in-plane direction.
There are a few noticeable features, which can be seen in
Fig. 7. The first one is that the dependence of anisotropy
energy on strain is opposite for a Pd/Co multilayer and a Co
monolayer. Although the anisotropy energy of the Pd/Co
multilayer increases as a function of strain, that of a Co
monolayer decreases. This fact suggests that the effect of
strain on the anisotropy energy is strongly correlated with the
type of atomic species adjacent to the Co layer and cannot be
determined solely from the value of strain introduced in the
Co layer.

The second feature is the strong strain dependence of the
anisotropy energy of Pd/Co and Co monolayers in contrast to
the weak strain dependence of bulk Co. By the least-squares
fit of the anisotropy energies as a function of strain, we have
evaluated the magnetostriction constants. The magnetostric-
tion constant is calculated assumingKu523

2ls for strain-
induced magnetoelastic energy,24 with the biaxial elastic
modulus of bulk Co, 4.131011 N/m2. l ands are the mag-
netostriction constant and stress, respectively. The calculated
value of the magnetostriction constants are23.131024,
6.131024, and 1.431025 for the Pd/Co multilayer, the Co
monolayer, and bulk Co, respectively. The value for Pd/Co is
more than one order larger than that for bulk Co. Recently,
Takahashiet al.26 have investigated the magnetostriction
constants of a PdCo alloy and a Pd/Co multilayer by mea-
suring the magnetic anisotropy energy induced by the appli-
cation of in-plane uniaxial strain. As in our calculations, the
magnetostriction constant of the Pd/Co multilayer is much
larger than that of bulk Co. The magnetostriction constants
of fcc Co was obtained to be 0.231024 from the extrapola-
tion of the data of alloy films, while the value of Pd/Co
multilayers with a Co layer thickness of 2.5 Å was
0.931024. The magnetostriction constant of Pd/Co measured
by Hashimoto, Ochiai, and Aso30 is 21.531024, which is
closer to the theoretical value.

To find the origin of the strain dependence of the anisot-
ropy energy, we calculated the anisotropy for various band
fillings. The result for Pd/Co is shown in Fig. 8~a! for each

FIG. 7. Strain dependence of the magnetocrystalline anisotropy
energy. Dashed curves are the least-squares fit.

FIG. 8. Anistropy energy as a function of band filling. The vertical lines represent Fermi levels.~a! Pd/Co multilayer,~b! Co monolayer,
and ~c! bulk Co. Values of strain in the in-plane direction are indicated.
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strain. We can see that the broad peak near the Fermi level
approaches the Fermi level as the strain increases and the
increase of anisotropy energy results. In Fig. 9~a! the
m-decomposed LDOS of Co minority spin is shown as a
function of band filling. As the value of strain increases, the
hybridization in the in-plane direction becomes weaker and
consequently the width of the LDOS becomes smaller. At
the same time, the region where the LDOS ofdxy and
dx22y2 orbitals is large, which corresponds to a band filling
of about 20–25 in the210% case, moves towards the Fermi
level. This is strongy correlated with the movement of the
peak ofDE in Fig. 8~a!.

The results for the Co monolayer are shown in Figs. 8~b!
and 9~b!. The negative peak near the Fermi level in Fig. 8~b!
becomes larger as a function of strain. This corresponds to

the increase of the LDOS of thed3z22r2 orbital near the
Fermi level as a function of strain shown in Fig. 9~b!. This
tendency is caused by the reduced hybridization of the
d3z22r2 orbital with other orbitals as the interatomic distance
in the plane direction increases.

The results for bulk Co are shown in Figs. 8~c! and 9~c!.
The anisotropy energy is nearly constant at zero near the
Fermi level in the case of210% and110% strain. For the
25%, 0%, and15% systems, the Fermi level comes near the
position where the anisotropy energy changes from a nega-
tive to a positive value. The relative position of the Fermi
level to the LDOS ofumu50, 1, and 2 character does not
change as drastically as a function of strain as in other two
systems and this fact leads to the small strain dependence of
anisotropy energy. By increasing the strain, which accompa-
nies the contraction of interplanar distance, the hybridization
between the orbitals in the in-plane direction becomes
smaller. But in the case of bulk Co, the species in the adja-
cent layers are also Co. Therefore the reduced hybridization
in the in-plane direction can be compensated by the increase
in hybridization between the orbitals in adjacent monolayers.
This is the origin of the small changes of the relative position
of the Fermi level to the LDOS ofumu50, 1, and 2 character.
This is in contrast to systems where the atomic species in
adjacent monolayers are different. In the case of a heteroint-
erface, the strength of hybridization between the oribitals
inside the monolayer and that between the orbitals in adja-
cent layers are quite different and this fact leads to large
strain dependence of anisotropy.

IV. CONCLUSION

In summary, we have calculated the magnetocrystalline
anisotropy energies of the three systemsX/Co ~X5Pd,
vacuum, and Co! to investigate the origin of the interface
anisotropy and effect of elastic strain. The calculated results
are dramatically different for these three systems. The Pd/Co
multilayer shows a perpendicular magnetic anisotropy that is
in good agreement with experiments. Bulk Co also exhibits a
perpendicular anisotropy, but the anisotropy energy is about
one order smaller than that of a Pd/Co multilayer. On the
contrary, a Co monolayer shows a very large in-plane anisot-
ropy. It is concluded that the interface anisotropy originates
by the electronic hybridization at the interface.

As for the effect of strain, the anisotropy energy of Pd/Co
increases as a function of interatomic distance in the in-plane
direction, while that of a Co monolayer decreases. Compared
to these two systems, the magnetoelastic constant of bulk Co
is considerably smaller. These results suggest that the effect
of strain on the anisotropy energy is strongly correlated with
the type of atomic species adjacent to the Co layer and can-
not be determined solely from the value of strain introduced
in the Co layer. In the case of a heterointerface, the strength
of hybridization between the oribitals inside the monolayer
and that between the orbitals in adjacent layers are quite
different and this fact leads to the large strain dependence of
the anisotropy.
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FIG. 9. m-decomposed LDOS of the minority spin of Co. The
vertical broken lines represent Fermi levels.~a! Co in the Pd/Co
multilayer,~b! the Co monolayer, and~c! bulk Co. Thick solid, thin
solid, and dotted lines correspond todx22y2(dxy), dxz(dyz), and
d3z22r2 orbitals, respectively. Values of strain in the in-plane direc-
tion are indicated.
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