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Effects of Cu coverage on the magnetic anisotropy of Co/Cu„001…

V. I. Gavrilenko and Ruqian Wu
Department of Physics and Astronomy, California State University, Northridge, California 91330-8268

~Received 1 December 1998; revised manuscript received 26 April 1999!

Using the full-potential linearized augmented plane wave method, the magnetocrystalline anisotropy~MCA!
energies of the Co/Cu~001!, Cu/Co/Cu~001!, and 2Cu/Co/Cu~001! systems are investigated. With the general-
ized gradient approximation for the exchange-correlation energy/potential, the optimized atomic structures are
remarkably improved from those obtained with the local-density approximation. The negative uniaxial MCA
energy of Co/Cu~001! (20.61 meV per Co adatom! changes to positive for Cu/Co/Cu~001! ~0.54 meV per Co
adatom! and for 2Cu/Co/Cu~001! ~0.21 meV per Co adatom!. This indicates that the Cu overlayers turn the
magnetization of Co from the in-plane direction to the perpendicular axis, a conclusion which agrees with
experiments. By contrast, the in-plane coefficient of MCA energy appears to be quite stable in these systems.
@S0163-1829~99!03737-6#
py
s

g
i

e
om

by
dis
C

ge
d

y

rg

ab
om
a
or

r-

he
io

in

e
o
t

-
io
xi

s

on-
s.
all
im-
sity

ic,

a-
re
A
re

ts.

-
tic
the

n
ing
and
rela-

tial,
ed
-tin
o-
tial,
ith

nces
be-
I. INTRODUCTION

The determination of magnetocrystalline anisotro
~MCA! energies in various transition metal ultrathin film
has attracted extensive attention in the last decade.1–6 Recent
experiments found that magnetic anisotropy energy stron
depends on change in environment. For example, the
plane easy axis of Co films on Cu~001!, Cu~110!, and
Cu~111! can be turned to the perpendicular direction wh
they are capped by a few monolayers of nonmagnetic at
such as Cu, Pd, Ag, or Au.2,3 Weberet al. reported that mag-
netic anisotropy of Cu/Co thin films is strongly affected
the nonmagnetic vacuum/Cu interface even when it is
placed by as much as 16 atomic monolayer from the
layers.5 Hopeet al. found that a submonolayer Cu covera
can completely reverse the in-plane 90° easy axis when
positing Cu overlayers onto the Co gas-dosed Co/Cu~110!
surface.6 By growing fcc Co films on a curved Cu~001! sub-
strate, Kawakamiet al. found that the magnetic anisotrop
strength depend almost linearly on the step density.7

It is known that the magnetocrystalline anisotropy ene
results mainly from spin-orbit coupling~SOC! interactions
among the occupied and unoccupied states. Highly st
results of uniaxial MCA energies can be obtained now fr
the first-principles electronic structure calculations by tre
ing the SOC Hamiltonian either self-consistently
perturbatively.8 By using the state-tracking9 and torque
approaches10 based on the local-density full-potential linea
ized augmented plane wave~FLAPW! method, Zhonget al.
and Kim et al. successfully reproduced and explained t
effects of Cu coverage on the magnetic anisotropy behav
of Co/Cu~110! and Co/Cu~111!.11,12 Szunyoghet al., with
the local-density screened Korringa-Kohn-Rostoker
atomic sphere approximation~SKKR-ASA! and the force
theorem, studied the magnetic anisotropy energies of sev
Co/Cu~001! systems capped by an additional monolayer
Cu, Ag, Rh, Au, or Pt.13 A large magnetostrictive coefficien
is found (l001 is 25731026) at the Co/Cu~001! interface in
previous calculations,14,15 which indicates that the MCA en
ergy strongly depends on the interfacial structural relaxat

Due to the known deficiency of the local-density appro
PRB 600163-1829/99/60~13!/9539~6!/$15.00
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mation~LDA !, the Co/Cu interlayer distances in all previou
calculations were underestimated by several percents.11,14,15

This certainly makes the calculated MCA energies questi
able with geometries optimized through LDA calculation
In addition, since the MCA energy is very sensitive to sm
changes in the band structure near the Fermi level, it is
portant to investigate effects of the charge- and spin-den
corrugations.

In this paper, we report results of structural, electron
and magnetic properties of Co/Cu~001!, Cu/Co/Cu~001!, and
2Cu/Co/Cu~001!, using the generalized gradient approxim
tion ~GGA!.16 The Co/Cu and Cu/Cu interlayer distances a
found to be significantly larger than the corresponding LD
results. The calculated uniaxial MCA energies a
20.61 meV,10.54 meV, and10.21 meV for Co/Cu~001!,
Cu/Co/Cu~001!, and 2Cu/Co/Cu~001!, respectively. Reliable
results are also obtained for the in-plane MCA coefficien

II. METHOD

The FLAPW method17 solves the single-particle Kohn
Sham equations self-consistently, with a fully relativis
treatment for both core and valence states. To simplify
calculations, the SOC Hamiltonian (HSOC5js•L ) for the
valence states is invoked second-variationally, withz-spin
magnetization. Since the strength ofHSOC is much weaker
than that of the crystal-field interaction i
3d-transition-metal systems, we neglected the spin-flipp
effect and projected the wave functions, charge densities,
potentials to two separate spin channels as done in semi
tivistic calculations.8

No shape approximation is assumed for charge, poten
and wave functions. The GGA formula of Ref. 16 is adopt
to describe the exchange-correlation effects. In the muffin
region, spherical harmonics with a maximum angular m
mentum of eight are used to expand the charge, poten
and wave functions. In the interstitial area, plane waves w
energy cutoffs of 150 Ry~for the charge and potential! and
14 Ry ~for the variational bases! are employed. Self-
consistency is assumed when the root-mean-square dista
between the input and output charge and spin densities
9539 ©1999 The American Physical Society
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come less than 1.031024 electrons/a.u.3 300 k points in the
1/8 irreducible part of the two-dimensional Brillouin zon
are used for integrals in the reciprocal space.

The Cu~001! substrate is modeled by a five-layer Cu~001!
slab. We studied~1! the clean Co/Cu~001! surface,~2! the
Cu/Co/Cu~001!, and ~3! the 2Cu/Co/Cu~001! systems to in-
vestigate the effects of the Cu cap layers. Co and Cu adat
are placed pseudomorphically on both sides of the slab
retain the inversion symmetry. The equilibrium atomic stru
tures are determined through total energy and atomic fo
calculations, with a criterion that requires the force on ea
atom to be smaller than 231023 Hartree/a.u.

For a system with fourfold symmetry with respect to
surface normal, the magnetocrystalline anisotropy ene
EMCA , can be expressed in the lowest nonvanishing orde
the polar and azimuth angles (u andf, respectively! as2,18

EMCA5K1 sin2 u1K2 sin2~2f!sin4 u. ~1!

HereK1 andK2 are the coefficients of the leading uniaxi
and in-plane contributions toEMCA , respectively. They can
be determined through angular derivatives ofEMCA (T
5dEMCA /du, whereT is the torque! as

K15T~u545°,f50°!, K25T~u545°,f545°!2K1 .
~2!

Here, T is calculated through the expectation value of t
angular derivative ofHSOC as

T~u,f!5 (
i Pocc

K iU]HSOC~u,f!

]u U i L ~3!

and

HSOC5S HSOC
↑↑ HSOC

↑↓

HSOC
↓↑ HSOC

↓↓ D . ~4!

Here HSOC
↑↑ 5cosuLz1sinu(A1B)/2; HSOC

↓↓ 52cosuLz

2sinu(A1B)/2; HSOC
↑↓ 5cos2(u/2)A2sin2(u/2)B2sinuLz;

and HSOC
↓↑ 5cos2(u/2)B2sin2(u/2)A2sinuLz ~with A

5eifL2 and B5e2 ifL1). The spin-flipping terms~i.e.,
HSOC

↓↑ andHSOC
↑↓ ), do not affect charge density much but m

contribute significantly to the MCA energy.8

K1 can be determined quite satisfactorily for most ma
netic thin films through the first-principles calculations usi
torque, force theorem, or total-energy approaches.8 By con-
trast, K2 is very small~a few meV/atom) and thus is very
difficult for force theorem and total-energy approaches.

III. ATOMIC STRUCTURE AND MAGNETISM

To demonstrate the advantages of the GGA approach
structural optimizations, we first calculated the fcc bulk C
using both GGA and LDA density-functional formulas. Th
calculated ratios of theoretical and experimental lattice c
stants (r 5atheo/aexp, with aexp56.83 a.u.! are 1.004 with
GGA and 0.975 with LDA, respectively. Clearly, the GG
result~0.4% larger! is much better than the LDA counterpa
~2.5% smaller! compared to the experimental data. Our t
calculations indicated that GGA systematically improves
reliability of the calculated lattice constants, cohesion en
gies, and bulk moduli for all 3d transition metals.19 For ex-
ms
to
-
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-
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-
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ample, the calculated bulk modulus~B! for the bulk fcc Cu
with GGA, BGGA , is 132.7 GPa, a value that agrees exc
lently with experiment for fcc bulk Cu, 134.3 GPa.20 By
contrast, the bulk modulus calculated using LDA for the f
bulk Cu is 161.7 GPa, which is obviously much too large

For all the thin films, we used an in-plane lattice consta
4.83 a.u. ~corresponding toa56.83 a.u. in the cubic fcc
cell!. The vertical positions of all the atoms in the unit ce
were adjusted according to their atomic forces. The cal
lated equilibriumz coordinates are presented in Table I. A
expected, the Cu/Cu interlayer distance in the interior reg
remains constant, 3.47–3.48 a.u., in all the systems stud
This value is slightly larger than the measured value, 3
a.u., since the GGA-optimized lattice constant for bulk C
~6.86 a.u.! is 0.4% larger than that used in the lateral plan
By contrast, the average Cu-Cu interlayer distance fr
LDA calculations is 3.25–3.32 a.u. for Co/Cu~001!.14

Clearly, GGA is more suitable than LDA to optimize th
atomic structure of magnetic thin films.

The Cu-Cu interlayer distance at the interfacial region
pears to be 1% larger than that in the interior region~3.51
a.u. versus 3.47 a.u.!. This indicates that Co induces a slig
lattice expansion in the adjacent Cu layers. Here, the sur
Co-Cu interlayer distances in Co/Cu~001! and Cu/Co/
Cu~001! are 3.43–3.45 a.u. This value is about 10% larg
than that obtained in previous LDA calculations, 3.08–3.
a.u.14,15 Interestingly, the surface Cu-Cu interlayer distan
3.50 a.u. expands by 1% from that in the interior region. T
result agrees excellently with a low-energy electro
diffraction ~LEED! experiment that found a slight expansio
~1.5%! at the Cu~001! clean surface.21

In Figs. 1–3, the calculated valence charge and spin d
sities of Co/Cu~001!, Cu/Co/Cu~001!, and 2Cu/Co/Cu~001!
are presented, respectively. Strong Co/Cu interfacial inte
tion can be seen from the charge-density contours around
Co atoms. The profile of contours in the region below the
plane in Co/Cu~001! is already very similar to that aroun
the interior Cu atoms. Directional bonds are shown betw
Cu~4!-Co atoms in both Cu/Co/Cu~001! and 2Cu/Co/
Cu~001! systems. From the spin-density contours, the Cu-

TABLE I. The calculated equilibrium vertical positions (z, in
a.u.! spin (M ), and orbital (Lz) magnetic moments~in mB) of the
Cu/Co/Cu~001! systems.

Cu~1! Cu~2! Cu~3! Co Cu~4! Cu~5!

Co/Cu5

z 0.0 3.47 6.98 10.43
M 20.001 20.01 0.017 1.92
Lz 0.00 20.004 0.002 0.118

Cu/Co/Cu5
z 0.0 3.48 7.00 10.50 13.93
M 0.002 20.007 0.02 1.74 0.025
Lz 0.00 20.005 0.001 0.117 0.002

Cu2 /Co/Cu5

z 0.0 3.48 7.00 10.49 13.95 17.45
M 0.001 20.008 0.02 1.74 0.03720.004
Lz 0.00 20.002 0.001 0.099 0.002 0.00
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hybridization can be found to be detrimental to the spin
larization of the Co atom. The area of positive spin dens
~solid contours! on top of the Co atom in Co/Cu~001! is
significantly depressed by the Cu coverage, especially in
Co/Cu~001!. The induced spin density in the Cu laye
change quickly from thed-like to sp-like away from the
interfacial region. Quantitatively, the calculated spin~orbital!
magnetic moments of the Co atom are 1.92 (0.118)mB ,
1.74 (0.117)mB , and 1.74 (0.099)mB in Co/Cu~001!, Cu/
Co/Cu~001!, and 2Cu/Co/Cu~001!, respectively. The orbita
magnetic moments calculated here, with contributions fr
the SOC only, are somewhat smaller than the measu
value (0.18mB) using the x-ray magnetic circular dichrois
sum rules.22

Curves of the calculated density of states~DOS! shown in
Figs. 4–6 indicate more clearly the interfacial hybridizati

FIG. 1. The calculated valence charge~a! and spin~b! densities
of Co/Cu~001!. Contours start from6131023e/a.u.3, and increase
successively by a factor ofA2. Solid and dashed contours in pan
~b! denote positive and negative spin densities, respectively.

FIG. 2. As in Fig. 1, but for Cu/Co/Cu~001!.
-
y

u/

ed

between the Cu and Co atoms. For the majority-spin part,
Co d band overlaps with that of Cu in energy and thus Co-
interaction is very similar to Cu-Cu interaction. For th
minority-spin part, Cu and Cod states hybridize mainly in
the occupied region. The Cod band in Cu/Co/Cu~001! is
significantly broadened from that in Co/Cu~001!. Even the
DOS of Cu~3! is noticeably affected. From Cu/Co/Cu~001!
to 2Cu/Co/Cu~001!, the Co-Cu~4! hybridization appears to
be weakened by the additional Cu~5! overlayer, which broad-
ens and shifts the Cu~4! d band to the low-energy region.

IV. MAGNETOCRYSTALLINE ANISOTROPY

In Fig. 7, the calculated values of bothK1 andK2 coeffi-
cients for Co/Cu~001!, Cu/Co/Cu~001!, and 2Cu/Co/Cu~001!
are given versus their numbers of valence electrons~obtained
by varying the position of the highest-occupied energy le

FIG. 3. As in Fig. 1, but for 2Cu/Co/Cu~001!.

FIG. 4. The calculated density of states for each atom of
Cu~001!. Solid and dashed lines represent majority and mino
spin parts, respectively. Zero on the energy scale represents
Fermi energy.
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for each system!. For all the systems, bothK1 andK2 curves
are quite smooth—indicating the numerical stability of t
present results of MCA energy determined through
FLAPW method. Test calculations indicated thatK1 (K2) is
converged to better than 0.05 meV (3meV) with 300 k
points in the 1/8 irreducible two-dimensional Brillouin zon

As was discussed by Zhonget al. for Co/Cu~111!,11 the
calculated results of K1 change drastically, from
20.61 meV per Co atom for Co/Cu~001! to 10.54 meV per
Co atom in Cu/Co/Cu~001! and, finally, to 0.21 meV per Co
atom in 2Cu/Co/Cu~001!. These results explain previous e
perimental observation by Kramset al.2 for Cu/Co/Cu~001!
and Engelet al.3 for Co films in other structures, that th
nonmagnetic Cu coverage alters the Co magnetization f
the lateral plane to the perpendicular axis.

The mechanism of this ‘‘anomalous perpendicular anis
ropy’’ was discussed by several authors for differe

FIG. 5. As in Fig. 4, but for Cu/Co/Cu~001!. Thin lines indicate
the LDA results.

FIG. 6. As in Fig. 4, but for 2Cu/Co/Cu~001!.
e

m

t-
t

systems.11,13 For Cu/Co/Cu~001!, we can start from why
Co~001! film has a negativeEMCA ~i.e., in-plane magnetic
anisotropy!. From band structure analyses for a free Co~001!
monolayer, we pointed out that this was mainly due to
SOC interaction between the occupieddxz,yz states (m5
61, wherem represents the magnetic quantum number! and
the unoccupieddz2 (m50) anddxy (m562) states at the
M̄ point in the minority-spin channel. This interaction
drastically weakened when the Co thin film is deposited
the Cu~001! substrate or sandwiched by Cu cap layers.
discussed above, the Cud states are far below the Ferm
level and thus only affect the Codxz,yz states with minority
spin. Effectively, Co-Cu hybridization drags down the C
dxz,yz states and enlarges the energy separations betwee
Co dxz,yz states and the unoccupied Cod states. As a result

FIG. 7. The calculated MCA energy coefficients for~a! Co/
Cu~001!, ~b! Cu/Co/Cu~001!, and~c! 2Cu/Co/Cu~001! versus band
filling. Thin lines in panel~b! stand for LDA results using the
equilibrium atomic structure optimized through GGA calculation
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the negative contributions toEMCA are reduced. Meanwhile
the positive contributions toEMCA are mainly from the in-
plane Codxy anddx22y2 states, and thus are quite insensiti
to the presence of Cu neighbors and finally prevail the ne
tive contributions in Cu/Cu/Cu~001!.

This mechanism is clearly shown in Fig. 8 by th
m-projected density of states in the Co muffin-tin sphe
Since the Cu states are far below the Fermi level, th
mainly hybridize with the occupied Co states. As expect
the DOS curve for the Codxz and dyz states (m51) is
strongly affected by the surrounding Cu layers. The pea
21.2 eV in Co/Cu~001! of the minority spin Cod band@cf.
Fig. 8~b!# is split into three peaks at20.6 eV,22.2 eV, and
23.0 eV in the Cu/Co/Cu~001! and 2Cu/Co/Cu~001! sys-
tems, respectively. Meanwhile, the minority spin Codz2 sur-
face state in Co/Cu~001! gains some electrons and shift
the low-energy region. The SOC interaction between
minority-spin Codz2 and Codxz,yz states~through theLx

FIG. 8. Them-projected density of states for the Cod bands in
Co/Cu~001! ~dotted lines!, Cu/Co/Cu~001! ~solid lines!, and 2Cu/
Co/Cu~001! ~dashed lines!. The majority- and minority-spin parts
are given in panels~a! and ~b!, respectively.
a-

.
y
,

at

e

operator! is reduced whereas that between the minority s
Co dxz and Codyz states~through theLz operator! is en-
hanced. This thus results in a positive MCA energy. T
second Cu overlayer, however, weakens this effect since
m-projected DOS curves of 2Cu/Co/Cu~001! are always be-
tween those of Co/Cu~001! and Cu/Co/Cu~001!.

The calculated values ofK2 are positive for Co/Cu~001!
(6 meV) and Cu/Co/Cu~001! (11 meV), which indicates
that the easy axis is along the~110! direction in the cubic
unit cell. In 2Cu/Co/Cu~001!, K2 changes to negative
(21 meV). This means that the in-plane MCA energy
very sensitive to the environment even in the second ne
bors. Experimentally, Kramset al.2 found that theK2 coef-
ficient is almost independent of the Cu coverage. By c
trast, more recent experiments by Weber and Hopeet al.5,6

observed significant changes inK2 with the Cu coverage,
even when it is as thick as 16 ML.

By comparing LDA and GGA results, we found that th
gradient corrections affect the MCA energy strongly. Usi
the same atomic structures, LDA produces uniaxial MC
energies of20.36 meV and10.69 meV for Co/Cu~001!
and Cu/Co/Cu~001!, respectively. With the LDA-optimized
structure, the value ofK1 for Co/Cu~001! is only
20.12 meV.14

From the LDA and GGA DOS curves for Cu/Co/Cu~001!
in Fig. 5, the gradient corrections appear not to change
band structure much, especially for the Cu atoms. For
GGA slightly enhances the exchange splitting~by 0.1–0.2
eV! and weakens the Co/Cu interfacial interaction~cf. the
reduction for the peaks at20.6 eV, 21.3 eV, and
23.2 eV in the minority-spin DOS curves!. By contrast, the
calculated values ofK1 and K2 for Cu/Co/Cu~001! in Fig.
7~b! appear to be very sensitive to the gradient correctio
Using the same atomic structure optimized through GG
calculations, LDA results ofK1 andK2 curves deviate mark-
edly from the GGA counterparts. Although the trends ofK2
curves appear to be very similar, LDA gives a very sm
in-plane anisotropy energy (1.2meV per Co atom!. This is
understandable since MCA energies mainly depend on
Co d states near the Fermi level. In our recent calculatio
we also found significant discrepancies between LDA a
GGA results of MCA energies in the free Ni and F
monolayers.8

Clearly, the gradient corrections in GGA not only im
prove the results of structural optimizations for 3d-transition
metals, but alter their band structures also. Both effects h
significant consequences for the determination of MCA
ergies. Comparing to the measured uniaxialEMCA available
for Co/Cu~001!, 0.38 meV per Co atom,2 it appears that LDA
produces a better agreement. However, one must view
agreement very cautiously since this value was extrapola
from data for samples with thicker Co layers. Further expe
mental measurements forEMCA of the Co/Cu~001! systems
in the monolayer regime are desired.

V. CONCLUSIONS

The FLAPW method with GGA is applied for the dete
mination of structural, electronic, and magnetic properties
Co/Cu~001! systems with Cu cap layers. The GGA is foun
to improve the reliability of first-principles structure optim
zations for 3d metals and to strongly alter results of MC
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energies. The calculated uniaxial MCA energies
20.61 meV,10.54 meV, and10.21 meV for Co/Cu~001!,
Cu/Co/Cu~001!, and 2Cu/Co/Cu~001!, respectively. This ex-
plains the ‘‘anomalous perpendicular anisotropy’’ observ
in Co/Cu and other systems.
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