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Magnetic structure and anisotropy of thin Fe films on Cu„001… substrates

R. Lorenz and J. Hafner
Institut für Theoretische Physik and Center for Computational Materials Science, Technische Universita¨t Wien,

Wiedner Hauptstrabe 8-10, A-1040 Wien, Austria
~Received 22 April 1996!

We present a novel approach to the calculation of the spin structures and magnetic anisotropies in crystals
and in thin films. Our technique is based on self-consistent real-space recursion calculations using a tight-
binding-linear-muffin-tin-orbital~TB-LMTO! Hubbard Hamiltonian including spin-orbit coupling and allow-
ing for arbitrary orientations of the local spin-quantization axes. It allows one to scan the magnetic energy
continuously as a function of the direction of the magnetic moment and thus to avoid the computational
problems that plague other techniques for the calculation of the magnetic anisotropy energies. The method also
presents important advantages in determining the magnetic ground state in the presence of competing ferro-
and antiferromagnetic interactions. Applications are presented for bulk iron, free-standing iron monolayers and
for thin Fe overlayers on Cu~001! substrates. In the monolayer regime, we predict a perpendicular direction of
the magnetic moment for free-standing fcc Fe~001! monolayers and for fcc monolayers on Cu~001! ~with free
surfaces and covered by Cu overlayers!, with anisotropy energies of the order of 1–2 meV. We also present a
detailed investigation of the spin structures and of the change from perpendicular to in-plane anisotropy with
increasing thickness of the Fe films. We find that stable low-moment and metastable high-moment spin
structures coexist in films with more than four monolayers. With increasing thickness of the films the perpen-
dicular anisotropy decreases and for an ideal fcc geometry a transition to in-plane anisotropy can be expected
around eight monolayers.@S0163-1829~96!00446-8#
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I. INTRODUCTION

The magnetic properties of thin films are currently t
object of intense research efforts. The motivation for t
engagement is twofold: Ultrathin magnetic films epitaxia
grown on nonmagnetic substrates are prototype system
investigating magnetism in two dimensions, and the poss
ity to produce films and multilayers with perpendicular ma
netic anisotropy for magnetooptic recording applications m
tivates an important technological interest~for recent reviews
see, e.g., Allenspach,1 Heinrich and Bland2!. The topic of
perpendicular magnetic anisotropy is a very challenging o
since the magnetostatic dipolar interactions always prefe
plane orientation of the easy axis of magnetization. Since
pioneering experimental work of Gradmann3,4 and the theo-
retical predictions of Gay and Richter5 much effort has been
spent investigating Fe, Co, and Ni films grown on nob
metals substrates. Among the heteroepitaxial systems
show strong perpendicular magnetic anisotropy~PMA! are
Co/Au~111! thin films and superlattices,6 Ni/Cu~001! ~Refs.
7–9! and Ni/Cu~111! ~Ref. 8! thin films, Co/Au~111! thin
films and multilayers,6,10 bcc Fe/Ag~001! ~Refs. 11 and 12!
and fcc Fe/Cu~001! ~Refs. 13–21! thin films. In other epitax-
ial systems such as fcc Co/Cu~001! thin films,22,23 fcc Co/
Cu~111! superlattices,10 and fcc Co/Au~111! superlattices24

no evidence for a perpendicular anisotropy has been fou
In most systems perpendicular anisotropy is restricted

films with a few monolayers only. At a critical thickness th
magnetization rotates into the plane of the film. It is gen
ally accepted that the preference for a perpendicular orie
tion of the magnetic moment is due to the fact that for f
monolayers the surface anisotropy can overcome the s
anisotropy, but it is not yet clear how the change in the s
540163-1829/96/54~22!/15937~13!/$10.00
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of the uniaxial anisotropy is correlated with the crossov
from two-dimensionalXY to three-dimensional Heisenber
behavior as the film thickness increases.8 Very recently a
notable exception from this scenario has been detecte
Ni/Cu~001! films where the crossover from in-plane to pe
pendicular anisotropy occurs with increasing fil
thickness.7,9 It has been argued that this unusual thickne
dependence follows from the intrinsic uniaxial anisotropy
the face-centered-tetragonal Ni lattice growing on the
substrate. This emphasizes the importance of even slight
tortions of the pseudomorphic lattice of the film. Rece
work has also drawn the attention to the importance of
morphology of the films, which depends in turn on the prep
ration conditions.

The situation proved to be particularly complex for fc
Fe/Cu~001! films. It has been shown that the magnetic pro
erties depend very sensitively on the preparation conditio
but only slowly a consistent picture has emerged of how
differences in the preparation affect the growth, structure
morphology of the films. The recent experimental work h
established a complex structural and magnetic phase
gram, with properties depending on the Fe film thicknest
and other experimental parameters. The experiments st
ing the magnetic13–21 and the structural25–31 properties dis-
tinguish three different regions:

~i! Region I with t<526 monolayers~ML ! with a de-
creasing perpendicular anisotropy and a competition betw
a high-moment ferromagnetic14–17 and low-moment
antiferromagnetic32,33 state. The structure of the film ha
mostly been described as tetragonally distorted~c/a. 1! fcc
~Refs. 25, 28, and 20! or ‘‘anisotropically distorted fcc.’’26

On the basis of recent high-precision LEED~low-energy
electron diffraction! experiments, a complex (431) and
15 937 © 1996 The American Physical Society
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15 938 54R. LORENZ AND J. HAFNER
(531) reconstruction of films with 2 to 4 ML has bee
proposed.30,31 The fcc ~001! layers are flat only on average
the top layers show sinusoidal lateral shifts and verti
buckling. The interlayer distance is enhanced by about
between the top layer and the first subsurface layer, but
erwise bulklike. The surface reconstruction has been in
preted as representing a structural instability of the ferrom
netic fcc Fe phase. Insular growth has been observed f
and 2 ML. Layer-by-layer growth is achieved for thick
layers deposited at room temperature.21,30,31In films depos-
ited at low temperature a surface roughness increasing
the thickness of the layer has been observed,21 reflecting the
kinetic limitations of low-temperature growth.

~ii ! Films in region II~ 6–7 ML <t< 10–12 ML! remain
fcc with eventually a small tetragonal distortion and sh
paramagnetism or low-moment antiferromagnetism, depe
ing on the temperatureTprep at which the films have bee
prepared. For films prepared at low temperature, the cr
over from perpendicular to in-plane anisotropy occurs in
range of 5–6 ML.15 Films prepared at room temperatu
show PMA in region II, the magnetization rotates into t
plane of the film only after a thickness of 11–12 ML h
been reached. The low-temperature prepared films in
transition range of 5–6 ML show a reversible spi
reorientation transition as a function of temperature: the
rection of the magnetic moment changes from perpendic
to in plane and back as the temperature is increased
decreased.14 The structure of the films has been describ
variously as isotropic fcc,26,34 or as expanded35 or
compressed28 face-centered tetragonal. The most rec
high-precision LEED analysis31 describes the structure a
fcc, with a 5% expansion of the distance between the t
and the first-subsurface layer.

~iii ! In region III with t> 11–12 ML the films are bcc and
ferromagnetic with in-plane anisotropy.

Hence there is evidence that the magnetic structure of
Fe/Cu~001! films is influenced by many factors:~i! The com-
petition between the ferromagnetic bcc structure and the
tiferromagnetic fcc structure. The structural transition is b
lieved to drive the magnetic transition observed at 11–
ML. ~ii ! The possible tetragonal distortion of the fcc films.
has been shown that even small tetragonal distortions
affect the stability of the antiferromagnetic bulk fcc phase36

However, no comparable instability of the antiferromagne
moments with respect to tetragonal distortions has been
ported for thin films.~iii ! The rather strong enhancement
the magnetism observed on the free surfaces of many m
netic systems and at the interfaces with nonmagnetic ma
als. The enhanced magnetic moment can influence the c
petition between ferro- and antiferromagnetic coupling.~iv!
The competition between surface and shape anisotr
which is believed to be the driving mechanism of the reo
entation transition observed at 5–6 ML.~v! The roughness o
the films, at the free surface and at the interface between
and substrate.

In the present work we shall concentrate on those asp
that are directly related to the two-dimensional characte
the magnetism in thin Fe/Cu~001! films by performing local-
spin-density~LSD! calculations of the spin-polarized ele
tronic structure, the magnetic ground state, and the magn
anisotropy of films with up to 7 ML. We deliberately ignor
l
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for the moment all the aspects related to a distortion of
crystal structure in the films, a reconstruction of the surfa
and to the roughness of surface or interface. Our aim is
establish the behavior of an ideally pseudomorphic film w
flat surface and interface. There have been a few fi
principles calculations of the magnetic structure of this co
plex system,37–39but so far no theoretical investigation of th
magnetic anisotropy. The results of Fernando and Coop38

and of Fu and Freeman37 show that in a free-standing F
layer with the Cu lattice constant there is a ferromagne
coupling between the surface (S) and the first subsurface
(S-1) layer, but an antiferromagnetic coupling between
S-1 andS-2 layers. Kraft, Marcus, and Scheffler39 have ex-
tended the analysis to a symmetric freestanding 11-layer
and demonstrated that the antiferromagnetic coupling
tween neighboring layers continues from theS-1 layer to the
center of the slab. All calculations agree in finding a stro
enhancement of the magnetic moment at the surface, an
contrast to the studies on bulk fcc and fct iron,36 only a small
variation of the magnetic moment with a tetragonal dist
tion of the structure of the films. No detailed investigation
the magnetic anisotropy of Fe/Cu~001! layers has been pre
sented as yet.

One of the problems arising in films with competin
ferro- and antiferromagnetic interactions is that the co
verged result is not necessarily independent of the initiali
tion of the magnetic moments—it is conceivable that t
self-consistent iterations converge to a metastable magn
configuration because the flipping of a spin requires ov
coming of a non-negligible energy barrier. In our study w
use a real-space tight-binding linear-muffin-tin-orbital~TB-
LMTO! technique that allows for arbitrary orientations of th
local spin-quantization axes.40–42 With this technique, the
spins can continuously rotate from their initial directions in
the equilibrium orientations. We find that this techniq
avoids running into metastable solutions. Moreover, it allo
one to scan the magnetic energy continuously as a func
of the direction of the moments and thus to calculate
magnetic anisotropy energy very accurately. In particular
find that by performing the calculations in real space we c
avoid the serious problems with the convergence of
Brillouin-zone integrations that plague many of the tec
niques working in wave number space.

Our paper is organized as follows: In Sec. II we revie
very briefly our noncollinear spin-polarized TB-LMTO ap
proach to magnetic anisotropy and discuss briefly benchm
applications to bulk iron. In Sec. III we discuss our results
freestanding and supported monolayers, Sec. IV is devo
to the investigation of magnetic anisotropy with varying fil
thickness.

II. THEORY

As pointed out by van Vleck,43 the magnetic anisotropy
originates from the spin-orbit coupling, hence it is a relat
istic effect. In cubic crystals, due to the symmetry of t
constant-energy surfaces, the leading contribution to
magnetic anisotropy energy~MAE! is of fourth order, hence
MAE’s are very small in crystals. As first pointed out b
Néel,44 due to the broken symmetry at the surface, low
order perturbation contributions can contribute to the MA
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54 15 939MAGNETIC STRUCTURE AND ANISOTROPY OF THIN . . .
Since the pioneering studies of Takayama, Bohnen,
Fulde45 and of Gay and Richter,5 two different approaches to
the calculation of MAE’s have been developed. The fi
approach uses perturbation theory within a semiempir
tight-binding framework, justified by the argument that t
MAE is small compared to a characteristic bandwidth.45–48

The published calculations rely on parametrized non-s
consistent TB Hamiltonians, this allows the analysis
trends, but makes quantitative predictions for selected
tems quite difficult. The second approach relies onab initio
spin-polarized total-energy calculations, with spin-orbit co
pling included either self-consistently within the scala
relativistic approximation49,50 or as a final perturbation to
calculation neglecting spin-orbit coupling5,51–53 and using
the force theorem.54,55The main difficulty with this approach
arises from the fact that a change in the direction of
magnetic moment changes the occupation of the eigens
only in a narrow region of the Brillouin zone, hence th
kW -space integrations for the total energy are only very slo
convergent. To avoid the necessity to use a huge numbe
kW points, Wang, Wu, and Freeman53 introduced astate-
tracking procedure, using information on the change of t
band structure with increasing spin-orbit interaction to e
trapolate the Brillouin-zone integrals.

A. Real-space tight-binding LMTO
with local spin-quantization axes

Here we use an alternative approach based on a real-s
tight-binding formulation of the scalar-relativistic Hami
tonian including spin-orbit coupling and magnetic dipo
interactions and allowing for arbitrary directions of the ma
netic moments on each individual site. In the first step,
calculate self-consistently the direction and magnitude of
magnetic moments. This determines the magnetic struc
including the easy axis of magnetization. Compared to c
ventional spin-polarized band-structure calculations the
that we allow for arbitrary~not necessarily collinear! direc-
tions of the spins makes it much easier to find the magn
ground state. In particular the results are less dependen
the initialization of the magnetic moments, because their
rections are allowed to change continuously~like in a
Heisenberg magnet! whereas in a calculation with collinea
moments~like in an Ising magnet! a spin flip always requires
a finite energy. In the second step we can either app
magnetic field perpendicular to the easy axis and calcu
the MAE from the induced canting as a function of the a
plied field, or orient the moment perpendicular to the ea
axis and follow its relaxation into the preferred direction u
der the influence of the magnetic torque forces, this yie
directly the MAE as a function of the angle relative to t
easy axis. Preliminary results on the MAE of iron monola
ers obtained using this technique have been publis
recently.42

Our model Hamiltonian is given by

H5Hband1Hexch1Hso1Hdip ,

where Hband describes the nonmagnetic part of the ba
structure,Hexch the magnetic exchange interactions,Hso the
spin-orbit coupling, andHdip the dipolar interactions betwee
the magnetic moments leading to the shape anisotropy.
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two-center tight-binding HamiltonianHbandand the exchange
Hamiltonian Hexch are derived from self-consistent scala
relativistic spin-polarized band-structure calculations us
the LMTO method56,57 via a canonical transformation to th
most localized TB basis.58

The formulation of the exchange part is based on the
servation that the local exchange splittingD i l is exactly pro-
portional to the local moment,

D i l 5I lm i l

with an effective Stoner parameterI l if the local exchange
splitting is defined in terms of the difference in the positi
of the center of gravity of the spin-up and spin-down ban
Note that within the LMTO the center of gravity of the ban
is given by the potential parameterCil . Allowing in addition
for a noncollinear orientation of the local spin-quantizati
axeszW i we obtain a Hubbard-type exchange Hamiltonian

Hexch52
1

2(i lm D i l (
ss8

Xz i ,ss8cilms
† cilms8,

where

Xss85Dz i
szDz i

†

is the local Pauli spin matrixsz referring to the local spin-
quantization axiszW i ~the Dz i

are the rotation matrices at sit

i , thec’s are the electron creation and annihilation operat
for electrons in a state with quantum numberslms). That the
effective Stoner parameter defined in terms of the cente
gravity of the bands is a universal quantity for all transiti
metals and compounds has first been suggested by Himp59

on the basis of photoemission and inverse photoemission
vestigations of the occupied and empty bands of a w
range of magnetic systems. Subsequently we have been
to show that the effective Stoner parameterI l may be taken
directly from the self-consistent LMTO calculations.60–63For
d bands we find an almost universal value ofI d50.95
60.015 eV/mB for all 3d metals and alloys, ranging from th
ferromagnetic and antiferromagnetic crystalline metals o
crystalline intermetallic compounds to the amorphous allo
with other transition metals~including 4d metals! and met-
alloids and to spin-glass systems. The result for the am
phous alloys and spin glasses is important because it dem
strates that the effective Stoner parameter is invariant e
under large fluctuations of the local moments. Note that t
value applies also to the ferrimagnetic moments carried
4d metals in compounds and alloys that is induced by co
lent interactions.60,62Self-consistent calculations for surface
show that the universal proportionality between moment a
exchange splitting holds with good accuracy also at the s
face, eventually it is reduced by up to 5%. The universa
of the effective Stoner parameter suggests that in the itin
ant magnets the exchange interaction is essentially in
atomic and has to be identified with Hund’s rule exchan
This is also confirmed by the fact, already pointed out
Himpsel,59 that the universal proportionality also applies
the magnetic moment and the splitting of thed levels in the
free atom. For a more general discussion of the mapping



rd
n

ed

lcu
ur
us
er
t

m

ca
d
ve

de
ve
an
n

th
i

ir
rt
n

r

e

om

ce

i
th
ul

y.
e

I

-
e
a
n
o-
th

re

r
ne

the
ude

cu-

asy
the

of
r-
nal
o-
his
on
the
the
rge

ts
lar-

y
if-
e
lf-
ss.

Fe

om
the
the

-
all

nd
he
te-

the

by
iven
rete
ll

-
for

lts
in

ing
the

via
on

it

isy,
n-
e we
i-
ell.

15 940 54R. LORENZ AND J. HAFNER
the local-spin-density exchange Hamiltonian on Hubba
~or Stoner-! type models, see, e.g., Anisimov, Zaanen, a
Andersen.64

For the spin-orbit coupling we use a term given by

Hso5(
i

j isW i•LW i ,

wherej i is the spin-orbit coupling matrix element calculat
with the self-consistent scalar-relativistic wave functions.

The first step in our approach is the self-consistent ca
lation of the spin-polarized scalar relativistic band struct
for the bulk crystal or for a slab model for the thin layer pl
substrate within the LMTO technique in the atomic sph
approximation~ASA!. The local spin-orbit coupling constan
j i is calculated in the final iteration.56,51 For an LMTO with
energyE, an energy-dependent spin-orbit coupling para
eterj i(E) is defined by the expectation value ofj i(rW). In our
calculations we used the spin-orbit coupling parameter
culated at the Fermi level. Coupling constants evaluate
the band centers are usually about 10% larger. We have
fied that this difference does not affect the final results.

In the second step the self-consistent spin-depen
LMTO-ASA Hamiltonian is decomposed as defined abo
The canonical transformation introduced by Andersen
Jepsen58 leads to the two-center tight-binding Hamiltonia
Hband in the screened, most localized basis and in a Lo¨wdin
orthonormal representation. In the construction of
screened structure constants defining the TB-LMTO Ham
tonian, we consider an atomic environment up to the th
neighbors. The calculations of the ground state are sta
with a random distribution of the spin-quantization axes a
very small values (;0.05mB) of the local moments. Fo
each site we calculate the local spin-polarized densities
statenilms(E) i ,' for spins parallel and perpendicular to th
local quantization axiszW i . Integrating thenilms(E) up to the
Fermi level defines updated transverse and longitudinal c
ponents of the local magnetic moments relative tozW i , which
gives a new direction for the quantization axis. This pro
dure is repeated until a self-consistent solution~no transverse
moments relative tozW i) has been achieved. The advantage
that we essentially calculate the magnetic torque force
rotates the moments into the easy direction. For the calc
tion of the local densities of state~DOS! we use the real-
space recursion technique of Haydock, Heine, and Kell65

The recursion calculation is performed in a larger superc
for bulk iron, for example, we use an ensemble of 83838
bcc elementary cells and periodic boundary conditions.
most cases nine recursion levels were used for thes orbitals,
12 for thep, and 27 for thed orbitals, together with a Beer
Pettifor terminator66 to get a smooth density of states. W
find that this gives sufficient resolution to grasp the sm
variations in the partial DOS of the in-plane and out-of-pla
d orbitals with a changing direction of the magnetic m
ments that determine the magnetic anisotropy. To test
convergence of the MAE with respect to the number of
cursion levels, their number has been increased up to
~using the extended supercell!. Although such a high numbe
is not necessary for achieving convergence of the total e
-
d

-
e

e

-

l-
at
ri-

nt
.
d

e
l-
d
ed
d

of

-

-

s
at
a-

ll,

n

ll
e

e
-
60

r-

gies, it is advantageous for the discussion of the details of
spin-polarized DOS that determine the sign and magnit
of the MAE.

In the third step the magnetic anisotropy energy is cal
lated. This can be done in two different ways:~a! Adding a
Zeeman term with a magnetic field perpendicular to the e
axis to the Hamiltonian and calculating self-consistently
induced rotation of the magnetic moments as a function
the applied field.~b! Orienting the magnetic moments pe
pendicular to the easy axis by applying a strong exter
field. Then the magnetic field is switched off and the m
ments are allowed to relax into the easy axis. During t
relaxation the variation of the total energy with the directi
of the moments is monitored continuously. In both cases
total energies are calculated self-consistently, including
double-counting corrections with the self-consistent cha
and spin densities. The disadvantage of method~a! is that it
yields the MAE only for discrete orientations of the momen
and that one has to subtract the effect of the induced po
ization. Approach~b! allows to scan the MAE continuousl
as a function of the direction of the magnetization. The d
ficulty is that after switching off the initial magnetic field th
Hamiltonian is not completely self-consistent. Se
consistency is recovered only during the relaxation proce
Both techniques lead to consistent results.

This is demonstrated in Fig. 1 at the example of fcc
monolayers on Cu~001! and Cu~111! substrates. With the
‘‘scanning’’ approach~b! the variation of the total energy
shows small discontinuities at certain angles, arising fr
the changes in the band structure with the variation of
orientation of the magnetic moments. These are precisely
effects that make akW -space calculation of the MAE so diffi
cult. In our real-space approach the discontinuities are sm
and well controlled since we follow the changes in the ba
structure continuously as a function of the direction of t
moments. This distinguishes our approach from the ‘‘sta
tracking’’ procedure proposed by Freemanet al.:52,53 they
study the change in the band structure as a function of
strength of the spin-orbit coupling constantj at a few dis-
crete orientations of the moments and determine the MAE
fitting these values by the expression appropriate to the g
symmetry. In our case both the scanning and the disc
approach lead to a form of the MAE that follows very we
the E(q)5K01K2cos2q law for uniaxial magnetic anisot
ropy. The calculations predict perpendicular anisotropy
Fe/Cu~001! and in-plane anisotropy for Fe/Cu~111!, with
MAE’s of the order of 1 to 2 meV/atom. The detailed resu
for the iron monolayers on Cu will be discussed below
conjunction with the results for free monolayers.

Our approach is even sufficiently accurate for calculat
the very small in-plane anisotropies in a monolayer with
easy axis in the plane of the layer. This can again be done
the ‘‘scanning’’ approach by orienting the magnetizati
along an off-symmetry direction in the plane and relaxing
into the easy direction, as shown in Fig. 2 for Fe/Cu~111!.
Due to the very small MAE, the scans become more no
but it is still perfectly possible to follow the angular depe
dence and to deduce the anisotropy constants. In this cas
find an MAE of only 0.40meV/atom and an easy axis or
ented along the basis vectors of the hexagonal surface c
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B. The magnetic anisotropy of bulk iron: A test case

For bcc Fe at the experimental lattice constant we ca
late a magnetic moment ofm52.24mB with the easy axis in
~001! direction. We obtain the magnetic anisotropy ener
~MAE! as DE5E@001#2E@111#520.65 meV/atom.
These values agree quite well with the calculations of Da
deropet al.51 who foundm52.25mB and DE520.4 meV/
atom using a LMTO calculation with a set of about 500 0
kW vectors. Early calculations of Fritscheet al.67 predicted an
MAE of DE517.4 meV/atom. The large difference ha
probably to be attributed to a too coarse mesh for
Brillouin-zone integrations. Compared to the experimen
MAE @DE521.3 meV/atom ~Ref. 68!, DE521.4 meV/
atom~Ref. 69!# even the more accurate values of the pres
work and of Daalderopet al. are still too small. Very re-

FIG. 1. Variation of the total magnetic energy as a function
the angleq between the orientation of the magnetic moments a
the surface normal for fcc Fe monolayers on Cu~001! ~a! and
Cu~111! ~b!. Full lines: results obtained via the ‘‘scanning’’ ap
proach described in the text, stars: calculated for discrete orie
tions of the magnetic moments induced by applying a magn
field perpendicular to the easy axis, broken lines: cos2q fit.
-

y

l-

e
l

t

cently, Trygget al.50 argued, following similar arguments o
Jansen,70 that orbital polarization corrections to local spin
density theory accounting in an approximate way for Hun
second rule are essential for achieving in many cases q
titative agreement of the calculated MAE with experime
The polarization corrections also lead to an increase of
orbital moments, in the case of Fe from 0.05mB to about 0.08
mB .

III. MAGNETIC ANISOTROPY OF Fe MONOLAYERS

In this section we study the magnetic anisotropy of fre
standing and supported Fe monolayers. For thin layers
general we used a cell with periodic boundary conditions
two dimensions only. The two-dimensional~2D! slabs con-
sists of 25–32 layers~depending on the Fe-layer thickne
t): three layers of empty spheres to account for the spill
out of charge into the vacuum, one to seven Fe layers, 3
interface layers, and up to 19 Cu layers with the poten
fixed at the Cu bulk values. In the case of Cu-covered i
ML on Cu~001! we used a similar geometry and for th
free-standing iron layer we put three layers of empty sphe
on both sides of the iron. Each~001! layer contains 288
atoms~@a (12A2312A2) cell#, each~111! layer 256 atoms
@a (838) cell# ~set up by repeating the (A23A2), respec-
tively, (232) cell in the lateral directions!.

A. Free-standing Fe monolayer

The LMTO calculations for the free-standing fcc Fe~001!
layer with the in-plane lattice constant of Cu show a lar
moment ofm52.95mB per Fe atom. This is caused by th
missing neighbors on both sides of the layer. The enhan
moment is almost independent of the spin direction. Fr
the TB-LMTO calculation we get an anisotropy energy
DE521.95 meV per atom with the easy axis perpendicu

f
d

ta-
ic

FIG. 2. Variation of the total magnetic energy of a fcc Fe mon
layer on Cu~111! as a function of the anglef of the direction of the
magnetic moment relative to the basis vectors of the hexag
surface cell. The calculation has been performed using the ‘‘sc
ning’’ approach.
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15 942 54R. LORENZ AND J. HAFNER
to the layer. If we decompose the MAE into its contributio
from spin-orbit coupling and from the dipolar interaction
we find that the spin-orbit coupling prefers a PMA wi
DEso522.17 meV/atom, whereas the dipolar interactio
prefer an in-plane orientation of the moments w
DEdip50.22 meV/atom.

There have been a number of previous calculations of
MAE of free-standing Fe monolayers, based either on loc
spin-density calculations, but using the force theorem for
MAE or on semiempirical tight-binding techniques. Usin
the first approach, Gay and Richter5,71 found a pronounced
increase of the moment compared to the bulk and a per
dicular anisotropy for fcc Fe~001! ML’s whose magnitude
depends on the assumed lattice constant (DE520.38 meV/
atom and m53.2mB for the lattice constant of Ag
DE520.61 meV/atom andm53.04mB for the lattice con-
stant of Cu!. Li et al.52 predicted a moment ofm53.13mB
with an in-plane orientation and an MAE ofDE
510.043 meV/atom at the lattice constant of Ag. Using t
state-tracking approach Wanget al.53 investigated Fe-ML’s
with the Cu~Ag! lattice constants and predicted moments
m53.04(3.22)mB with perpendicular orientation and a
MAE of DE520.42~0.37! meV/atom. The TB calculations
are based on parametrized Hamiltonians, the results de
very sensitively on the details of this parametrization and
the filling of the d band. If the number ofd electrons is
assumed to be equal in the ML and in the free at
(Nd58 for Fe!, Bruno46 predicted essentially zero MAE fo
fcc Fe~001!, and a small perpendicular MAE (DE520.61
meV/atom! for Fe~111!. Note that Bruno predicts a relativel
large change of the orbital moment with a changing direct
of the magnetic axis, in evident contrast to our results. P
and Dreysse´47 found in-plane anisotropies for both fc
Fe~001! and Fe~111! of 0.4 meV/atom and about 0.1 meV
atom, respectively. The authors result is presented in
form of a curve showing the variation of the MAE with th
filling of the band at a fixed DOS~corresponding to a fixed
potential!, from this it is immediately clear that the result
very sensitive to the number ofd electrons. In the TB calcu
lations this is an input parameter, and not a result of a s
consistent calculation. The outcome is that both the per
bation techniques based on the use of the force theorem
the TB approaches must be considered as quite unrelia
The difference to the much larger perpendicular anisotr
found in our calculations is essential: for the thin films the
is always a competition between the surface anisotropy
eventually favors perpendicular MA and the shape anis
ropy coming from the dipolar interactions. Hence a perp
dicular anisotropy can be sustained over a larger numbe
monolayers only if the surface anisotropy is large enoug

B. Fe monolayers supported on Cu substrates

In the next step we investigate the effect of the substr
Since there is always a certain covalent coupling between
d bands of the overlayer and the substrate we expect
eventually the increase of the moment and hence the MA
weaker than for the free ML. For the Fe/Cu~001! ML we
calculate spin-orbit coupling parametersj↑(EF) 5 59 meV
andj↓(EF) 5 47 meV for the spin-up and spin-down ban
at the Fermi level. The coupling constants evaluated at
,
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band centers are about 10% larger. These values are al
equal to the coupling constants calculated by Daalderopet
al.51 for bulk bcc Fe. The spin-orbit coupling constant for th
Cu sites is larger,j↑,↓(EF)5108 meV. For Fe/Cu~001! our
calculations predict an easy axis oriented along the sur
normal. The magnetic moment in the Fe monolayer is
hanced tom52.7113mB for perpendicular orientation, the
moments changes only very little for in-plane orientati
(m52.7144mB). For comparison: Fu and Freeman,37

Fernando and Cooper,38 and Weinert and Blu¨gel72 predicted
Fe moments ofm52.68mB , m52.80mB , andm52.85mB ,
respectively, and only a rather weak variation of the mom
on relaxation of the adlayer distance to the substrate.
magnetic polarization of the Fe layer induces very small m
ments in the first vacuum layer (mvac520.02mB) and in the
first and second Cu layers from the interfa
(mCu150.007mB ,mCu2520.012mB) via the covalent cou-
pling to the Fe spin-up and spin-down bands. The anisotr
constant~equal to the MAE for in-plane to perpendicula
orientation! is DE5E'2Ei521.87 meV/atom, calculated
via a fit of a cos2q fit to the results obtained using bot
techniques~cf. Fig. 1 and Sec. II!. These values are 3 order
of magnitude larger than the bulk MAE. Varying the spi
orbit coupling by610% changes the MAE only by65%.
This corresponds to the expected result: If we
H5H01lHso, the MAE should be proportional to
l2@6O(l4)# since the linear contribution is always zero d
to time-reversal symmetry. The quadratic variation dom
nates for the monolayer and at the surface because of
broken symmetry.

For the Fe/Cu~111! monolayers, the spin-dependent d
ference in the spin-orbit coupling parameters is sligh
larger:j↑ 5 60 meV,j↓ 5 49 meV. The enhancement of th
magnetic moment in the Fe layer compared to the bulk va
is smaller,m52.561mB , almost independent of the directio
of the moment. Again small moments are induc
in the vacuum and Cu layers (mvac520.005mB ,mCu1
50.010mB ,mCu2520.002mB). For this orientation of the
substrate, our calculation predicts an in-plane orientation
the magnetic moment, with an MAE that is of the same or
of magnitude as for the Cu~001! substrate, DE5E'

2Ei51.52 meV/atom. Decomposition into spin-orbit an
dipolar contributions yieldsDEso51.32 meV/atom and
DEdip50.20 meV/atom. Compared to the layers on~100!
surfaces this means a small change in the dipolar interact
preferring in-plane anisotropy, but a change of sign in
PMA effects arising from the spin-orbit coupling.

As an additional step we calculated the magnetic prop
ties of a Cu covered single Fe ML on Cu~001!. Here we find
a smaller value of the local magnetic moment
m52.62mB ~compared to the free surface!, but also the
charge on the iron atoms are close to the bulk value. For
anisotropy we getDE521.41 meV/atom with still out-of
plane direction of the easy axis. Altogether we find that
MAE decreases from the free ML to the supported ML a
the supported and covered ML,DE521.95, 21.87, and
21.41 meV/atom, demonstrating that the surface anisotr
is larger than the interface anisotropy. Separating again
spin-orbit and dipolar contributions to the MAE we find~in
the same sequence! DEso522.17, 22.04, and21.56 meV/
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54 15 943MAGNETIC STRUCTURE AND ANISOTROPY OF THIN . . .
atom, andDEdip50.22, 0.17, and 0.15 meV/atom. This
shows that the decreasing strength of the PMA is caused
decreasing spin-orbit effects.

The contribution of the spin-orbit coupling to the MAE
has often been attributed, at least in part, to a change of
orbital moment on a reorientation of the magnetic axis.46

Here we have found that these changes are very small. He
the origin of the MAE must be associated with changes
the band structure arising from the broken crystalline sym
metry in the presence of a global axis of magnetization. Th
physical effects determining the MAE becomes clear if w
consider the change of the occupation of the out-of-plan
orbitals@d3z22r 2, dxz , anddyz for the~001! surface# and the
in-plane (dx22y2, dxy) orbitals with the re-orientation of the
direction of magnetization@see Fig. 3, Fig. 4 reports the
same information for the Fe/Cu~111! monolayer#. The calcu-
lations have been performed for a large supercell containi
more than 8000 atoms, and using sixty recursion level
achieve a good energy resolution for thed band.

We discuss first the case of Fe/Cu~100!. One of the first
points to note is that in the ML the majorityd band is always
completely filled, in contrast to bulk Fe. This is a conse
quence of the band-narrowing resulting from the reduction
the Fe-Fe coordination number at the surface or interface a
leads automatically to an enhancement of the magnetic m
ment. Hence in some sense, a ML of Fe can be considered
a strong ferromagnet. We shall find that this is important i
determining the exchange interactions close to the surfa
The partial in- and out-of-plane DOS’s of the spin-up elec

FIG. 3. Variation of the partial spin-polarized DOS of in-plane
~dashed lines! and out-of-plane~dotted lines! d orbitals of Fe mono-
layers on Cu~100! substrates: Lower panel, magnetization oriente
perpendicular to the surface~ground state!; middle panel, magneti-
zation parallel to the surface~stabilized by an external field!; upper
panels, differences in the partial spin-up and spin-down DOS’s f
in- and out-of-plane orientation of the moments, cf. text.
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trons change only little with a reorientation of the magnet
zation~except for a slight sharpening of the main peak in th
out-of-plane DOS!. Integrated up to the Fermi level the ef-
fect of the changes in the spin-up bands on the magnetic to
energy compensate completely. More distinct changes a
found in the spin-down bands. The occupied part of the spi
down bands shows a single dominant peak at a binding e
ergy of 0.4 eV for the out-of-plane, and at 0.65 eV for th
in-plane orbitals. This peak is always sharper for the orbita
extending in the direction of the magnetic moment. For th
in-plane orbitals this yields a certain redistribution of th
occupation of the states within 1 eV from the Fermi leve
without a pronounced effect on the MAE, but for the out-of
plane orbitals it means that states that are immediately
EF for the in-plane orientation of the magnetic moment ar
shifted to binding energies of about 0.2–0.3 eV.

The situation is similar for Fe/Cu~111! monolayers~see
Fig. 4!. Again we find that the changes in the occupancy o
the in- and/or out-of-plane orbitals compensate when int
grated over the occupied part of the spin-up band. The sp
down band is significantly broader for the~111! than for the
~100! films, and there are small changes in the orbital occ
pancies on a forced reorientation of the magnetic mome
pointing into the opposite direction. Both the band contribu
tion DEso and the dipolar contribution lead to an in-plane
anisotropy.

IV. THIN Fe FILMS ON Cu „001… SUBSTRATES

A. Stable and metastable magnetic configurations

For thicker films problems appear already at an even mo
elementary level. For bulk fcc Fe the antiferromagnetic typ
I ~AuCuI-type order! state has a lower energy than the fer
romagnetic state, but it is well known that the magnet

r

FIG. 4. Same as Fig. 3, but for Fe/Cu~111! monolayers where
the easy axis lies in the surface-plane.
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TABLE I. Average magnetic momentm̄ per Fe atom, layer-resolved magnetic momentsm i ~in Bohr
magnetonsmB), difference in total energyDEtot ~in eV!, change of the average magnetic moment
reorientation of the axis of magnetizationDm̄ ~decomposed into its spin and orbital contributions, inmB), and
anisotropy energyDE ~decomposed into spin-orbit and dipolar contributionsDEso andDEdip ~in meV! for
fcc Fe films oft monolayers on Cu~001!.

LMTO calculations
t 1 2 3 4 5a 5 b 6 7 a 7 b

m̄ 2.72 2.70 2.65 1.40 1.59 0.56 0.87 1.11 0.46
m1 2.72 2.86 2.87 2.86 2.92 2.79 2.81 2.85 2.79
m2 2.53 2.50 2.40 2.49 2.24 2.28 2.43 2.24
m3 2.58 -2.01 2.42 -1.68 -2.38 2.11 -1.89
m4 2.35 -2.24 1.69 -2.35 -2.19 1.61
m5 2.35 -2.26 2.32 -2.18 -1.42
m6 2.54 2.22 2.07
m7 2.54 -2.19
DEtot -0.049 -0.103

TB-LMTO-Hubbard calculations
t 1 2 3 4 5 6 7

m̄ 2.71 2.49 2.45 1.41 0.58 0.82 0.46
m1 2.71 2.76 2.82 2.81 2.75 2.77 2.77
m2 2.22 2.34 2.38 2.27 2.20 2.25
m3 2.19 -1.95 -1.70 -2.36 -1.90
m4 2.41 1.86 -2.31 1.63
m5 -2.27 2.11 -1.45
m6 2.51 2.15
m7 -2.21
Dm̄ 0.012 0.020 0.016 0.009 0.010 0.127 0.014
Dm̄spin 0.010 0.018 0.014 0.010 0.016 0.090 0.011
Dm̄orb 0.002 0.002 0.002 -0.001 -0.006 0.037 0.003
DE -1.87 -1.30 -1.15 -1.00 -0.65 -1.18 -0.33
DEso -2.04 -1.70 -2.71 -1.56 -1.25 -2.10 -1.03
DEdip 0.17 0.40 0.56 0.56 0.60 0.92 0.70

aMetastable state.
bGround state.
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ground state is a noncollinear state in the form of a s
spiral.73–75 Previous slab-calculations for free-standi
Fe-layers37–39indicate that layer-type antiferromagnetic co
pling can exist in the subsurface layers. The problem w
standard spin-polarized band-structure calculations is tha
local magnetic moments have to be initialized at nonz
values to break the symmetry of the paramagnetic state.
initialization creates a bias in a certain direction, and it is
sure that the calculation converges to the true ground s
because a spin flip always costs a finite energy. The prob
is less severe when we allow for a continuous rotation of
magnetic moments. Indeed we find that in some cases
allows us to show that the solution of the standard LMT
represents only a metastable magnetic state.

The results of the standard LMTO calculations are co
piled in the top of Table I. All calculations are initialize
with local moments ofm i50.05mB . For up to three mono-
layers the films are entirely ferromagnetic, with an enhan
moment at the surface. Fort54, the second subsurfac
(S-2) layer couples antiferromagnetically, fort55 (S-3),
and for t56 (S-2) and (S-3) show negative polarization
@i.e., the coupling is antiferromagnetic between (S-1) and
n
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(S-2), and between (S-3) and (S-4)#. Our results agree
with those of Kraftet al.39 in that the first two top layers
couple ferromagnetically, whereas the interior of the fi
shows antiferromagnetic coupling. However, there are diff
ences in the details. These are not unexpected, since
results refer the symmetric, unsupported films. Fort55 the
three top layers couple ferromagnetically and only the m
ments in the fourth layer are oriented in the antiparallel
rection. Fort56 the magnetic configuration is↑↑↓↓↑↑, i.e.,
we find an antiferromagnetic coupling between bilayers. T
type of coupling persists fort57, with the only difference
that the three top layers couple ferromagnetically. Note t
this implies that the average magnetic moment is larger
t57 than fort56.

The LMTO calculations do not necessarily find the ma
netic ground state. This appears from the comparison w
the noncollinear TB-LMTO calculations~see the bottom of
Table I!. The LMTO and TB-LMTO calculations agree fo
t5124, but for t55 the TB-LMTO predicts negative po
larization for (S-2) and (S-4) ~i.e., a spin-configuration
↑↑↓↑↓ against↑↑↑↓↑ and a lower average magnetizatio
Repeating the LMTO calculations with the moments initia
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54 15 945MAGNETIC STRUCTURE AND ANISOTROPY OF THIN . . .
ized at small values pointing in the right directions shows
new configuration to be the ground state, whereas the o
configuration turns out to be a metamagnetic state. Note
the stable solution shows relatively low moments in the
terior of the film, in contrast to the metastable solution wh
all layers have moments larger than the bulk value.
t56 we find again a good agreement between both type
calculations and a high-moment solution. The calculatio
for t57 also show a metamagnetic high-moment solution
thekW -space collinear calculation, and a layered antiferrom
netic state (↑↑↓↑↓↑↓) with low moments in the interior of
the film. For the ground-state configurations the aver
magnetic moment in the film decreases first monotonic
up to t55, but increases again fort56 and decreases furthe
for t57.

The total and layer-resolved densities of states for
three-layer film~Fig. 5! show the effects that stabilize ferro
magnetic order in the limit of very thin films: at the fre
surface and at the Fe/Cu interface the reduced numbe
Fe-Fe neighbors leads to a narrowing of the Fed band, in
particular antibonding spin-up~majority! states close to the
Fermi level are shifted to higher binding energies. The c
sequence is that the spin-up bands in the surface layer a
the interface layer are fully occupied, leading to the e
hanced magnetic moment. The effect is weaker at the Fe
interface than at the free surface because the Fe-Cu inte
tion tends to broaden the bands. As we have already m
tioned this means that we have strong magnetism in
boundary layers. In the interior of the film the band narro
ing is of course reduced and the spin-up band overlaps

FIG. 5. Total and layer-resolved spin-polarizedd-electron den-
sity of states for a three-layer film of fcc Fe on Cu~100!. Left
column, DOS for majority spins; right column, DOS for minori
spins. All three layers couple ferromagnetically.
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the Fermi edge and we have weak magnetism. Note the
nounced differences in the DOS of the minority band.

In the thicker layers@see Fig. 6~a! for t55# the DOS of
the surface layer retains the same character, but that of
inner layer is already quite close to that in bulk fcc Fe w
layered antiferromagnetism@shown for comparison in Fig
6~b!#. Note that we show in the left column the majority-sp
DOS in each layer, and in the right column the minority-sp

FIG. 6. ~a! Total and layer-resolved spin-polarizedd-electron
density of states for five-layer films of fcc Fe on Cu~100!. Left
column, DOS for majority spins; right column, DOS for minorit
spins~relative to the local spin orientation in each layer!. The spin
configuration is↑↑↓↑↓, starting from the free surface.~b! shows for
comparison the spin-polarized DOS in bulk fcc Fe with layer
antiferromagnetism. Panels labeled ‘‘up’’ refer to layers with t
spin pointing in the positive direction, ‘‘do’’ to layers with antifer
romagnetic polarization, cf. text.
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15 946 54R. LORENZ AND J. HAFNER
DOS, for a layer with both ferro- and antiferromagnetic co
ponents in the spin-polarization this makes more sense th
classification in terms of spin-up and spin-down electrons
the regions with layer-type antiferromagnetic coupling, t
DOS is characteristically different from that in the ferroma
netic regions: in both the majority and minority bands w
observe a pronounced DOS minimum atEF and a character
istic two-peak structure just aboveEF . This structure is an
immediate consequence of the layer-type interactions.
picture is even further away from rigidly shifted spin-up a
spin-down bands than in the ferromagnetic case. An imp
tant point to note is that the formation of a DOS minimum
the Fermi edge stabilizing the AFM structure depends o
relatively large bandwidth and a substantial overlap of
band with the Fermi level. The surface-induced band narr
ing is hence responsible for the existence of a ferromagn
surface bilayer. At the Fe/Cu interface the DOS is of
intermediate character, but the AFM coupling to the neig
boring layer is just marginally stable. The same conclusi
can be drawn from the discussion of the layer-resolv
DOS’s of the seven-layer film~see Fig. 7!.

The existence of an AFM bilayer coupling in a six-lay
film is a peculiar case~see Fig. 8!. The layer-resolved DOS
shows a relatively small variation across the film, with
character that is intermediate between the AFM and
DOS in the other films. The approximate inversion symme
of the film seems to be important in stabilizing this solutio

FIG. 7. Total and layer-resolved spin-polarizedd-electron den-
sity of states for a seven-layer film of fcc Fe on Cu~100!. Left
column, DOS for majority spins; right column, DOS for minori
spins~relative to the local spin orientation in each layer!. The spin
configuration is↑↑↓↑↓↑↓, starting from the free surface, cf. text
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B. Variation of the magnetic anisotropy
with the film thickness

The anisotropy energyDE ~the results given in Table
refer to the entire film! decreases nonmonotonically with in
creasing thickness of the Fe film. Fromt51 to t54 we first
observe a steady decrease reducing the MAE to about
the value it has in a supported monolayer. Fort55 the
strong decrease of the average magnetic moment due to
appearance of a second layer with antiparallel magnetiza
is accompanied by a corresponding decrease in the M
For t56 the AFM bilayer coupling and the increased ave
age moment result in a MAE that is nearly as large than i
three-layer film. Fort57 the magnetic structure of the film
returns to a layered AFM, and correspondingly to a lo
MAE.

The overall decrease of the MAE is dominated by an
creasing positive dipolar contribution and a slowly decre
ing and fluctuating spin-orbit term. While the increasing im
portance of the dipolar interactions is easy to understand,
variations in the spin-orbit energies are related in a comp
way to the variation of magnetic moments and of thed bands
on a reorientation of the global magnetic moment. As for
monolayers, we find that in all films the change in the sp
and in the orbital moments with a reorientation of the ma
netic axis is rather small. Hence the MAE is determined
band effects. In Figs. 9–12 we analyze again the sp
polarized layer-resolved DOSni ,d(E) projected on the in-
plane and out-of-planed orbitals and their variation

FIG. 8. Total and layer-resolved spin-polarizedd-electron den-
sity of states for a six-layer film of fcc Fe on Cu~100!. Left column,
DOS for majority spins; right column, DOS for minority spin
~relative to the local spin orientation in each layer!. The spin con-
figuration is↑↑↓↓↑↑, starting from the free surface, cf. text.
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54 15 947MAGNETIC STRUCTURE AND ANISOTROPY OF THIN . . .
Dni ,d(E) with the direction of the magnetization. The le
column shows the projected DOS’s for the ground state~i.e.,
with the moment perpendicular to the film!, the right column
the change of the DOS’s of the minority spins if the mome
is forced into an in-plane orientation~as for the monolayers
we find that the effect of the changes in the majority-s
DOS compensate after integration over all occupied stat!.
For the FM three-layer film we find a situation similar to th
in the Fe/Cu~100! monolayer: the changes induced in t
DOS of the in-plane orbitals largely compensate after tak
the integral up to the Fermi level. The dominant effect on
MAE is the shift of states from immediately atEF for in-
plane magnetization to higher binding energies. This eff
manifests itself in Fig. 9 by a sharp minimum inDni ,d(E)
for the out-of-plane orbitals. The effect is present in all thr
layers, but it is larger on the surface than at the interface
in the interior of the film.

For the five-layer film with two FM layers at the surfac
and three AFM layers below, this effect appears only in
FM-coupled surface and first-subsurface layer, but not in
AFM layers deeper in the film~see Fig. 10!. For the six-layer
film with the AFM bilayer coupling, strong contributions t
the MAE come from the two top layers, weaker contrib
tions from the two layers at the Fe/Cu interface~see Fig. 11!.
For the seven-layer film we are back at the situation alre
found for five layers: in the interior of the film, the reorien
tation of the magnetic axis leaves the partial projected DO
almost unaffected, contributions to the MAE come only fro
the two top layers~see Fig. 12!.

FIG. 9. Total and layer-resolved spin-polarized electronic D
of a three-layer Fe film on Cu~100!, projected on in-plane~full
lines! and out-of-plane~broken lines! Fed orbitals. The left column
shows the DOS’s for the ground state~magnetic moments perpen
dicular to the surface!, the right column the difference in th
minority-spin DOS’s for perpendicular and in-plane orientation
the moments, cf. text.
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V. DISCUSSION AND SUMMARY

We have presented calculations of the magnetic structu
and of the uniaxial and planar anisotropies of thin films of Fe
on Cu~100! substrates. Our approach exploits essentially th
magnetic-torque force restoring the magnetic moment to th
easy axis. By following continuously the changes introduce
in the electronic structure as a function of the direction of th
magnetization, it avoids the cumbersome computation

FIG. 10. Same as Fig. 9, but for a five-layer Fe/Cu~100! film.

FIG. 11. Same as Fig. 9, but for a six-layer Fe/Cu~100! film.

f



han

an-

en
rro-
e-
etic
or
ent
lo-

nce
ex-
etic
ag-

-

ent
tal
lms
d/or
to
ear

tion
the
the

c-
nd
etic
er
py.

try
Pro-
o.

15 948 54R. LORENZ AND J. HAFNER
problems that plague other techniques based on total-ene
calculations. We have shown that for the extremely sma
magnetic anisotropy energy in bulk iron, our technique lead
to good agreement with the computationally much more de
manding kW -space techniques. We have also demonstrate
that the technique is sufficiently accurate for calculating th
planar anisotropy in monolayers that is 3 orders of magn
tude lower than the uniaxial thin-film and surface anisotro
pies. The detailed investigation of Fe monolayers has led to
clear picture of the relative importance of the surface an
interface anisotropies, and of the effect of nonmagnetic co
erages of the magnetic film: replacing a free surface by a
interface always leads to a reduction of the MAE because th
hybridization of thed states across the interface limits the

FIG. 12. Same as Fig. 9, but for a seven-layer Fe/Cu~100! film.
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increase of the magnetic moment to smaller values t
those characteristic for the free surface.

We have studied in detail the magnetic structure and
isotropy of thin Fe films on Cu~100! as a function of the film
thickness. Ideal pseudomorphic growth of fcc films has be
assumed. Up to three monolayers the magnetic film is fe
magnetic, for thicker films ferromagnetic coupling is r
stricted to the two topmost layers, whereas antiferromagn
coupling dominates in the deeper layers. In films with five
more monolayers metamagnetic high- and low-mom
states have been identified. The coexistence of different
cally stable magnetic configurations is clearly a conseque
of the competition between ferro- and antiferromagnetic
change interactions. We have also shown that the magn
ground state can correspond to layer-type antiferrom
netism in the deeper layers of the film~like in the five- and
seven-layer films!, or to an antiferromagnetic coupling be
tween bilayers with parallel magnetic moments~like in the
six-layer film!.

The simultaneous occurrence of high- and low-mom
solutions might explain some of the conflicting experimen
results presented in the literature. We anticipate that in fi
with steps or with a certain roughness of the surface an
interface frustration of the exchange interactions will lead
complex noncollinear spin structures with canted spins n
the steps.

We have calculated the magnetic anisotropy as a func
of the film thickness. The results show a slow decrease of
PMA as a consequence of the shifting balance between
spin-orbit effects preferring PMA and the dipolar intera
tions leading to an in-plane ground state. In addition we fi
a pronounced dependence of the MAE on the magn
ground state of the film: low-moment states also show low
anisotropy, bilayer coupling tends to enhance the anisotro
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