PHYSICAL REVIEW B VOLUME 54, NUMBER 22 1 DECEMBER 1996-II

Magnetic structure and anisotropy of thin Fe films on Cu001) substrates
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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-orbita 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 G001 substrates. In the monolayer regime, we predict a perpendicular direction of
the magnetic moment for free-standing fcd®&l) monolayers and for fcc monolayers on(G01) (with free
surfaces and covered by Cu overlayewsith 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 monolayer§S0163-18206)00446-§

I. INTRODUCTION of the uniaxial anisotropy is correlated with the crossover
from two-dimensionalXY to three-dimensional Heisenberg

The magnetic properties of thin films are currently thebehavior as the film thickness increa8egery recently a
object of intense research efforts. The motivation for thisnotable exception from this scenario has been detected in
engagement is twofold: Ultrathin magnetic films epitaxially Ni/Cu(001) films where the crossover from in-plane to per-
grown on nonmagnetic substrates are prototype systems fgendicular anisotropy occurs with increasing film
investigating magnetism in two dimensions, and the possibilthickness7.'9 It has been argued that this unusual thickness
ity to produce films and multilayers with perpendicular mag-dependence follows from the intrinsic uniaxial anisotropy of
netic anisotropy for magnetooptic recording applications mothe face-centered-tetragonal Ni lattice growing on the Cu
tivates an important technological interéflr recent reviews substrate. This emphasizes the importance of even slight dis-
see, e.g., AllenspachHeinrich and Blanf). The topic of tortions of the pseudomorphic lattice of the film. Recent
perpendicular magnetic anisotropy is a very challenging onework has also drawn the attention to the importance of the
since the magnetostatic dipolar interactions always prefer inmorphology of the films, which depends in turn on the prepa-
plane orientation of the easy axis of magnetization. Since theation conditions.
pioneering experimental work of Gradmarirand the theo- The situation proved to be particularly complex for fcc
retical predictions of Gay and Richtemuch effort has been Fe/Cu001) films. It has been shown that the magnetic prop-
spent investigating Fe, Co, and Ni films grown on noble-erties depend very sensitively on the preparation conditions,
metals substrates. Among the heteroepitaxial systems thhtit only slowly a consistent picture has emerged of how the
show strong perpendicular magnetic anisotr¢pWlA) are  differences in the preparation affect the growth, structure and
Co/Au(111) thin films and superlatticésNi/Cu(001) (Refs. morphology of the films. The recent experimental work has
7-9 and Ni/Cu11]) (Ref. § thin films, Co/Au11]) thin  established a complex structural and magnetic phase dia-
films and multilayer$:'° bcc Fe/Ag001) (Refs. 11 and 12 gram, with properties depending on the Fe film thickness
and fcc Fe/C(001) (Refs. 13—21thin films. In other epitax- and other experimental parameters. The experiments study-
ial systems such as fcc Co/@01) thin fims?>% fcc Co/  ing the magnetit=2* and the structurd~3! properties dis-
Cu(111) superlatticed® and fcc Co/Al111) superlatticed  tinguish three different regions:
no evidence for a perpendicular anisotropy has been found. (i) Region | witht<5—6 monolayersML) with a de-

In most systems perpendicular anisotropy is restricted t@reasing perpendicular anisotropy and a competition between
films with a few monolayers only. At a critical thickness the a  high-moment  ferromagnetft’’ and low-moment
magnetization rotates into the plane of the film. It is gener-antiferromagneti®>® state. The structure of the film has
ally accepted that the preference for a perpendicular orientanostly been described as tetragonally distoft#d > 1) fcc
tion of the magnetic moment is due to the fact that for few(Refs. 25, 28, and 20or “anisotropically distorted fcc.®
monolayers the surface anisotropy can overcome the shafgn the basis of recent high-precision LEE®w-energy
anisotropy, but it is not yet clear how the change in the sigrelectron diffraction experiments, a complex ¢41) and
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(5% 1) reconstruction of films with 2 to 4 ML has been for the moment all the aspects related to a distortion of the
proposed®! The fcc (001) layers are flat only on average, crystal structure in the films, a reconstruction of the surface,
the top layers show sinusoidal lateral shifts and verticaBnd to the roughness of surface or interface. Our aim is to
buckling. The interlayer distance is enhanced by about 59stablish the behavior of an ideally pseudomorphic film with
between the top layer and the first subsurface layer, but otHlat surface and interface. There have been a few first-
erwise bulklike. The surface reconstruction has been interPrinciples calculations of the magnetic structure of this com-
preted as representing a structural instability of the ferromagPlex systent”~**but so far no theoretical investigation of the
netic fcc Fe phase. Insular growth has been observed for T'@gnetic anisotropy. The results of Fernando and .Cﬁﬁper
and 2 ML. Layer-by-layer growth is achieved for thicker 21d Of Fu and Freemahshow that in a free-standing Fe
layers deposited at room temperat&té®3tin films depos- layer .Wlth the Cu lattice constant there is a ferromagnetic
ited at low temperature a surface roughness increasing withoUPling between the surfaces) and the first subsurface

the thickness of the layer has been obseRleeflecting the  (S°1) layer, but an antiferromagnetic coupling between the
kinetic limitations of low-temperature growth. S-1 andS-2 layers. Kraft, Marcus, and Scheffléhave ex-

(il) Films in region 11( 6—7 ML <t< 10—12 ML) remain tended the analysis to a symmetric freestanding 11-layer slab
fcc with eventually a small tetragonal distortion and show@nd demonstrated that the antiferromagnetic coupling be-

paramagnetism or low-moment antiferromagnetism, depend?€€en neighboring layers continues from B layer to the
ing on the temperaturd ., at which the films have been center of the slab. All calculauons agree in finding a strong
prepared. For films prepared at low temperature, the cros€nhancement of the magnetic moment at the surface, and, in

over from perpendicular to in-plane anisotropy occurs in thecontrast to the studies on bulk fcc and fet irSronly a small
range of 5-6 ML Films prepared at room temperature variation of the magnetic moment with a tetragonal distor-

show PMA in region II, the magnetization rotates into thetion of the structure of the films. No detailed investigation of
plane of the film only after a thickness of 11-12 ML has the magnetic anisotropy of Fe/(01) layers has been pre-
been reached. The low-temperature prepared films in theented as yet. L , ,
transition range of 5-6 ML show a reversible spin- ©One of the problems arising in films with competing
reorientation transition as a function of temperature: the dif€'T0- and antiferromagnetic interactions is that the con-
rection of the magnetic moment changes from perpendicula‘ferged result is not_necessarlly mgle_pendent _of the initializa-
to in plane and back as the temperature is increased aftpn ©f the magnetic moments—it is conceivable that the
decreased* The structure of the films has been describegS€lf-consistent iterations converge to a metastable magnetic
variously as isotropic fc&* or as expandéd or configuration because the flipping of a spin requires over-
compressedf face-centered tetragonal. The most recen€OMing of a non-negligible energy barrier. In our study we

high-precision LEED analysis describes the structure as US€ @ real-space tight-binding linear-muffin-tin-orbitaB-

fcc, with a 5% expansion of the distance between the topI__MTO) technique that allows for arbitrary orientations of the
and the first-subsurface layer. local spin-quantization axé8-%2 With this technique, the
(iii) In region Il with t= 11—12 ML the films are bcc and spins can continuously rotate from their initial directions into

ferromagnetic with in-plane anisotropy. the equilibrium orientations. We find that this technique

Hence there is evidence that the magnetic structure of thig/0lds running into metastable solutions. Moreover, it allows
Fe/CU00Y) films is influenced by many factoré) The com- one to scan .the magnetic energy continuously as a function
petition between the ferromagnetic bce structure and the arf the direction of the moments and thus to calculate the

tiferromagnetic fcc structure. The structural transition is be-M@gnetic anisotropy energy very accurately. In particular we

lieved to drive the magnetic transition observed at 11—17ind that by performing the calculations in real space we can
ML. (ii) The possible tetragonal distortion of the fcc films. It 2v0id the serious problems with the convergence of the
has been shown that even small tetragonal distortions mag'i!iouin-zone integrations that plague many of the tech-
affect the stability of the antiferromagnetic bulk fcc phage. Niques working in wave number space. ,
However, no comparable instability of the antiferromagnetic ©OUr Paper is organized as follows: In Sec. Il we review
moments with respect to tetragonal distortions has been r€ry briefly our noncollinear spin-polarized TB-LMTO ap-
ported for thin films.ii) The rather strong enhancement of Proach to magnetic anisotropy and discuss briefly benchmark

the magnetism observed on the free surfaces of many ma pplications to bulk iron. In Sec. 11l we discuss our results on
netic systems and at the interfaces with nonmagnetic materjreestanding and supported monolayers, Sec. IV is devoted

als. The enhanced magnetic moment can influence the corf, the investigation of magnetic anisotropy with varying film

petition between ferro- and antiferromagnetic couplifigy ~ thickness.

The competition between surface and shape anisotropy

which is believed to be the driving mechanism of the reori-

entation transition observed at 5-6 M) The roughness of

the films, at the free surface and at the interface between film As pointed out by van Vleck® the magnetic anisotropy

and substrate. originates from the spin-orbit coupling, hence it is a relativ-
In the present work we shall concentrate on those aspecistic effect. In cubic crystals, due to the symmetry of the

that are directly related to the two-dimensional character otonstant-energy surfaces, the leading contribution to the

the magnetism in thin Fe/Qd01) films by performing local- magnetic anisotropy enerdWAE) is of fourth order, hence

spin-density(LSD) calculations of the spin-polarized elec- MAE'’s are very small in crystals. As first pointed out by

tronic structure, the magnetic ground state, and the magnetidéel,** due to the broken symmetry at the surface, lower-

anisotropy of films with up to 7 ML. We deliberately ignore order perturbation contributions can contribute to the MAE.

Il. THEORY
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Since the pioneering studies of Takayama, Bohnen, anflvo-center tight-binding HamiltoniaH,,qand the exchange
Fulde” and of Gay and Richtertwo different approaches to  Hamiltonian H,,, are derived from self-consistent scalar-
the calculation of MAE’s have been developed. The firstrelativistic spin-polarized band-structure calculations using
approach uses perturbation theory within a semiempiricalhe LMTO method®>’ via a canonical transformation to the
tight-binding framework, justified by the argument that themost localized TB basi®

MAE is small compared to a characteristic bandwitft? The formulation of the exchange part is based on the ob-

The published calculations rely on parametrized non-selfservation that the local exchange splittiag is exactly pro-
consistent TB Hamiltonians, this allows the analysis ofportional to the local moment,

trends, but makes quantitative predictions for selected sys-
tems quite difficult. The second approach reliesatninitio
spin-polarized total-energy calculations, with spin-orbit cou-
pling included either self-consistently within the scalar-with an effective Stoner paramethrif the local exchange
relativistic approximatiof?>° or as a final perturbation to a splitting is defined in terms of the difference in the position
calculation neglecting spin-orbit couplingt—>® and using  of the center of gravity of the spin-up and spin-down bands.
the force theorem*>®The main difficulty with this approach Note that within the LMTO the center of gravity of the bands
arises from the fact that a change in the direction of thds given by the potential paramet@y; . Allowing in addition
magnetic moment changes the occupation of the eigenstaté&sr a noncollinear orientation of the local spin-quantization
gnly in a narrow region of the Brillouin zone, hence the 55057 we obtain a Hubbard-type exchange Hamiltonian
k-space integrations for the total energy are only very slowly

convergent. To avoid the necessity to use a huge number of 1 :

k points, Wang, Wu, and Freenfénintroduced astate- Hexch:_i% A“E, X¢; 59 CitmsCilms'»

tracking procedure, using information on the change of the ss

band structure with increasing spin-orbit interaction to ex-yhere

trapolate the Brillouin-zone integrals.

Aj =1

. Xss=D;0:},
A. Real-space tight-binding LMTO

with local spin-quantization axes is the local Pauli spin matrix-, referring to the local spin-

~ Here we use an altgrnative approach based ona real-_Spaq&antization axig; (the D,, are the rotation matrices at site
tight-binding formulation of the scalar-relativistic Hamil-  thec's are the electron creation and annihilation operators

tonian including spin-orbit coupling and magnetic dipolar o glectrons in a state with quantum numbkrss). That the
interactions and allowing for arbitrary directions of the mag-eftective Stoner parameter defined in terms of the center of
netic moments on each individual site. In the first step, Weyayity of the bands is a universal quantity for all transition
calculate self-consistently the direction and magnitude of th¢etals and compounds has first been suggested by Hitfpsel
magnetic moments. This determines the magnetic Structurgy, the phasis of photoemission and inverse photoemission in-
mclu_dmg thg easy axis of magnetization. Comp_ared to CONyestigations of the occupied and empty bands of a wide
ventional spin-polarized band-structure calculations the facltange of magnetic systems. Subsequently we have been able
t_hat we allow for arbitrary.(not necessgrily cglline}aldirec— to show that the effective Stoner paramétemay be taken
tions of the spins makes it much easier to find the magnetigrectly from the self-consistent LMTO calculatioffs®3For
ground state. In particular the results are less dependent Q' y34ds we find an almost universal value lgf=0.95

the initialization of the magnetic moments, because their di-, 5 15 eV for all 3d metals and alloys, ranging from the

I’eC_tIOI’I?) are aIIowe(:] to change (Izonltln_uouil_y;e ITI' &  ferromagnetic and antiferromagnetic crystalline metals over

Heisenberg magnewhereas in a calculation with collinear oy «5|jine intermetallic compounds to the amorphous alloys

momentslike in an Ising magneta spin flip always requires i other transition metaléincluding 4d metal3 and met-

a flnlte.engrgy. In the _second step we can either apply Qlloids and to spin-glass systems. The result for the amor-

magnetic field perpendicular to the easy axis and calculatgy, g ajioys and spin glasses is important because it demon-
the MAE from the induced canting as a function of the ap-gyaseq that the effective Stoner parameter is invariant even

plied field, or orient the moment perpendicular to the easy ey |arge fluctuations of the local moments. Note that this

axis and follow its relaxation into the preferred dlrect|on.un-va|ue applies also to the ferrimagnetic moments carried by

%d metals in compounds and alloys that is induced by cova-
lent interaction$%%? Self-consistent calculations for surfaces
how that the universal proportionality between moment and
xchange splitting holds with good accuracy also at the sur-
face, eventually it is reduced by up to 5%. The universality
of the effective Stoner parameter suggests that in the itiner-
_ , ant magnets the exchange interaction is essentially intra-
H=Hbang™ Hexent Hso Hap, atomic and has to be identified with Hund’s rule exchange.
where Hy,nq describes the nonmagnetic part of the bandThis is also confirmed by the fact, already pointed out by
structure,Hq,cn the magnetic exchange interactiohk,, the  Himpsel?® that the universal proportionality also applies to
spin-orbit coupling, andH i, the dipolar interactions between the magnetic moment and the splitting of tthdevels in the
the magnetic moments leading to the shape anisotropy. THeee atom. For a more general discussion of the mapping of

directly the MAE as a function of the angle relative to the
easy axis. Preliminary results on the MAE of iron monolay-S
ers obtained using this technique have been publisheg
recently*?

Our model Hamiltonian is given by
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the local-spin-density exchange Hamiltonian on Hubbardgies, it is advantageous for the discussion of the details of the
(or Stoner} type models, see, e.g., Anisimov, Zaanen, andspin-polarized DOS that determine the sign and magnitude
Anderserf? of the MAE.
For the spin-orbit coupling we use a term given by In the third step the magnetic anisotropy energy is calcu-
lated. This can be done in two different waya) Adding a
Zeeman term with a magnetic field perpendicular to the easy
Hso=2 gi(}i . [i , axis to the Hamiltonian and calculating self-consistently the
: induced rotation of the magnetic moments as a function of
the applied field(b) Orienting the magnetic moments per-
where¢; is the spin-orbit coupling matrix element calculated pendicular to the easy axis by applying a strong external
with the self-consistent scalar-relativistic wave functions. field. Then the magnetic field is switched off and the mo-
The first step in our approach is the self-consistent calcuments are allowed to relax into the easy axis. During this
lation of the spin-polarized scalar relativistic band structurerelaxation the variation of the total energy with the direction
for the bulk crystal or for a slab model for the thin layer plus of the moments is monitored continuously. In both cases the
substrate within the LMTO technique in the atomic spherepotal energies are calculated self-consistently, including the
approximation(ASA). The local spin-orbit coupling constant double-counting corrections with the self-consistent charge
& is calculated in the final iteratiot?:> For an LMTO with  gng spin densities. The disadvantage of mettads that it
energyE, an energy-dependent spin-orbit coupling paramyields the MAE only for discrete orientations of the moments
eter¢;(E) is defined by the expectation value&(r). Inour  and that one has to subtract the effect of the induced polar-
calculations we used the spin-orbit coupling parameter calization. Approach(b) allows to scan the MAE continuously
culated at the Fermi level. Coupling constants evaluated &s a function of the direction of the magnetization. The dif-
the band centers are usually about 10% larger. We have veljyty is that after switching off the initial magnetic field the
fied that this difference does not affect_ the final_results. Hamiltonian is not completely self-consistent. Self-
In the second step the self-consistent spin-dependennsistency is recovered only during the relaxation process.
LMTO—ASA Hamiltonian |s.dec_omposed as defined abovegoth techniques lead to consistent results.
The canonical transformation introduced by Andersen an This is demonstrated in Fig. 1 at the example of fcc Fe

Jepserf leads to the two-center tight-binding Hamiltonian monolayers on Q@01 and Cu11l) substrates. With the

Hpangin the screened, most localized basis and in‘wdio . A P
. X scanning” approach(b) the variation of the total ener
orthonormal representation. In the construction of the g’ app () 9y

. .'shows small discontinuities at certain angles, arising from
scrgened structqre constants.defmmg the TB-LMTO Ham.'l'he changes in the band structure with the variation of the
tonian, we consider an atomic environment up to the thir

. i ientation of the magnetic moments. Th re precisely th
neighbors. The calculations of the ground state are starteo{e tation of the nag etic mome _ts ese are prec S?Yt €
with a random distribution of the spin-quantization axes andTects that make &-space calculation of the MAE so diffi-
very small values £0.0545) of the local moments. For cult. In our real-space approach the discontinuities are small
each site we calculate the local spin-polarized densities qud well contrplled since we fOIIO\.N the changgs n the band
staten”ms(E)”'i for spins parallel and perpendicular to the structure continuously as a function of the direction of the

o > . moments. This distinguishes our approach from the “state-
local quantization axig; . Integrating then;;,,s(E) up to the 9 i

. . P tracking” procedure proposed by Freemanal:®>°3 they
Fermi level defines updated transverse and longitudinal COMst,dy the change in the band structure as a function of the

ponents of the local magnetic moments relativé;towhich strength of the spin-orbit coupling constahiat a few dis-
gives a new direction for the quantization axis. This procerete orientations of the moments and determine the MAE by
dure is repeated unEiI a self-consistent solutioa transverse fitting these values by the expression appropriate to the given
moments relative td;) has been achieved. The advantage issymmetry. In our case both the scanning and the discrete
that we essentially calculate the magnetic torque force thapproach lead to a form of the MAE that follows very well
rotates the moments into the easy direction. For the calculahe E(9) =K+ K,cogd law for uniaxial magnetic anisot-
tion of the local densities of stat®OS we use the real- ropy. The calculations predict perpendicular anisotropy for
space recursion technique of Haydock, Heine, and K&lly. Fe/CU001) and in-plane anisotropy for Fe/CiLl), with

The recursion calculation is performed in a larger supercellMAE’s of the order of 1 to 2 meV/atom. The detailed results
for bulk iron, for example, we use an ensemble X&x8  for the iron monolayers on Cu will be discussed below in
bcec elementary cells and periodic boundary conditions. Irconjunction with the results for free monolayers.

most cases nine recursion levels were used fostbibitals, Our approach is even sufficiently accurate for calculating
12 for thep, and 27 for thed orbitals, together with a Beer- the very small in-plane anisotropies in a monolayer with the
Pettifor terminatdi® to get a smooth density of states. We easy axis in the plane of the layer. This can again be done via
find that this gives sufficient resolution to grasp the smallthe “scanning” approach by orienting the magnetization
variations in the partial DOS of the in-plane and out-of-planealong an off-symmetry direction in the plane and relaxing it
d orbitals with a changing direction of the magnetic mo-into the easy direction, as shown in Fig. 2 for Fe(CiL).
ments that determine the magnetic anisotropy. To test thBue to the very small MAE, the scans become more noisy,
convergence of the MAE with respect to the number of re-but it is still perfectly possible to follow the angular depen-
cursion levels, their number has been increased up to 6@ence and to deduce the anisotropy constants. In this case we
(using the extended supergellthough such a high number find an MAE of only 0.40ueV/atom and an easy axis ori-

is not necessary for achieving convergence of the total eneented along the basis vectors of the hexagonal surface cell.
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= 1ot cently, Trygget al>° argued, following similar arguments of
. N Janser? that orbital polarization corrections to local spin-
- F density theory accounting in an approximate way for Hund’s
= E second rule are essential for achieving in many cases quan-
L] 0.5¢ titative agreement of the calculated MAE with experiment.
s The polarization corrections also lead to an increase of the
g 3 orbital moments, in the case of Fe from QuQbto about 0.08
0.0} MB-
0 30 60 90 Ill. MAGNETIC ANISOTROPY OF Fe MONOLAYERS

In this section we study the magnetic anisotropy of free-
standing and supported Fe monolayers. For thin layers in
eneral we used a cell with periodic boundary conditions in
wo dimensions only. The two-dimension@D) slabs con-
sists of 25—-32 layergdepending on the Fe-layer thickness
a{): three layers of empty spheres to account for the spilling
out of charge into the vacuum, one to seven Fe layers, 3 Cu
interface layers, and up to 19 Cu layers with the potential
fixed at the Cu bulk values. In the case of Cu-covered iron
B. The magnetic anisotropy of bulk iron: A test case ML on Cu(001) we used a similar geometry and for the
) ) free-standing iron layer we put three layers of empty spheres
For bcc Fe.at the experimental Iattlpe constant we c_alcubn both sides of the iron. Eact00l) layer contains 288
late a magnetic moment @f=2.24ug with the easy axis in atoms([a (12/2x 12y2) cell], each(111) layer 256 atoms

(001) direction. We obtain the magnetic anisotropy energy[ )
" . T a (8x8) cell] (set up by repeating the@x v2), respec-
(MAE) as AE=E[001]-E[111]=-0.65 ueV/atom. tively, (2x2) cell in the lateral directions

These values agree quite well with the calculations of Daal-
deropet al® who found u=2.2545 and AE=—0.4 ueV/ _
atom using a LMTO calculation with a set of about 500 000 A. Free-standing Fe monolayer

k vectors. Early calculations of Fritsclet al®’ predicted an The LMTO calculations for the free-standing fcc @91)

MAE of AE=+7.4 ueV/atom. The large difference has layer with the in-plane lattice constant of Cu show a large
probably to be attributed to a too coarse mesh for thenoment ofu=2.95ug per Fe atom. This is caused by the
Brillouin-zone integrations. Compared to the experimentaimissing neighbors on both sides of the layer. The enhanced
MAE [AE=—-1.3 ueV/atom (Ref. 68, AE=—-1.4 ueV/ moment is almost independent of the spin direction. From
atom(Ref. 69] even the more accurate values of the presenthe TB-LMTO calculation we get an anisotropy energy of
work and of Daalderoget al. are still too small. Very re- AE=-1.95 meV per atom with the easy axis perpendicular

FIG. 1. Variation of the total magnetic energy as a function of
the angled between the orientation of the magnetic moments an
the surface normal for fcc Fe monolayers on (@) (a) and
Cu(11) (b). Full lines: results obtained via the “scanning” ap-
proach described in the text, stars: calculated for discrete orient
tions of the magnetic moments induced by applying a magneti
field perpendicular to the easy axis, broken lines28dit.
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to the layer. If we decompose the MAE into its contributionsband centers are about 10% larger. These values are almost
from spin-orbit coupling and from the dipolar interactions, equal to the coupling constants calculated by Daaldetop
we find that the spin-orbit coupling prefers a PMA with al.%! for bulk bcc Fe. The spin-orbit coupling constant for the
AEg,=—2.17 meV/atom, whereas the dipolar interactionsCu sites is largeré'' (Eg) =108 meV. For Fe/C@®01) our
prefer an in-plane orientation of the moments withcalculations predict an easy axis oriented along the surface
AEp=0.22 meV/atom. normal. The magnetic moment in the Fe monolayer is en-
There have been a number of previous calculations of thganced tou=2.71135 for perpendicular orientation, the
MAE of free-standing Fe monolayers, based either on localyoments changes only very little for in-plane orientation
spin-density calculations, but using the force theorem for th?ﬂ=2-7144us)- For comparison: Fu and Freemin,
MAE or on semiempirical tight-binding techniques. Using Fernando and Coopéf,and Weinert and Elgel’? predicted

the first approach, Gay and Richtét found a pronounced Fe moments ofu=2.68ug, 1=2.80ug, and u=2.85ug,

increase of the moment compared to the bulk and a perpen- . -
dicular anisotropy for fcc K@01) ML's whose magnitude respectively, and only a rather weak variation of the moment

depends on the assumed lattice constari€ — 0.38 meV/ on rela>'<ati0n qf the adlayer distancg to the substrate. The
atom and u=3.2ug for the lattice constant of Ag, magnejuc pola_rlzat|0n of the Fe layer induces very s_,mall mo-
AE=—0.61 meV/atom ange=3.04ug for the lattice con- MENts in the first vacuum layep(ac= —0.02u5) and in the
stant of Cy. Li et al®? predicted a moment of=3.13ug first and second Cu layers _ from the interface
with an in-plane orientaton and an MAE ofAE  (Mcu=0.007ug,pcu=—0.012up) via the covalent cou-
= +0.043 meV/atom at the lattice constant of Ag. Using theP!ing to the Fe spin-up and spin-down bands. The anisotropy
state-tracking approach Wareg al?® investigated Fe-ML'’s constant(equal to the MAE for in-plane to perpendicular
with the Cu(Ag) lattice constants and predicted moments oforientation is AE=E, —Ej=—1.87 meV/atom, calculated
w=3.04(3.22u with perpendicular orientation and an Vvia a fit of a codd fit to the results obtained using both
MAE of AE=—0.42(0.37 meV/atom. The TB calculations techniquescf. Fig. 1 and Sec. )l These values are 3 orders
are based on parametrized Hamiltonians, the results depewd magnitude larger than the bulk MAE. Varying the spin-
very sensitively on the details of this parametrization and ororbit coupling by+10% changes the MAE only by 5%.
the filling of the d band. If the number ofl electrons is This corresponds to the expected result: If we set
assumed to be equal in the ML and in the free atomH=Hg,+AH,, the MAE should be proportional to
(Ng=8 for Fe), Brund' predicted essentially zero MAE for \2[ = O(\%)] since the linear contribution is always zero due
fcc F€001), and a small perpendicular MARAE=—0.61  to time-reversal symmetry. The quadratic variation domi-
meV/atom for Fe(111). Note that Bruno predicts a relatively nates for the monolayer and at the surface because of the
large change of the orbital moment with a changing directiorbroken symmetry.
of the magnetic axis, in evident contrast to our results. Pick For the Fe/C(111) monolayers, the spin-dependent dif-
and Dreyss¥ found in-plane anisotropies for both fcc ference in the spin-orbit coupling parameters is slightly
Fe(001 and F¢111) of 0.4 meV/atom and about 0.1 meV/ larger:£' = 60 meV,& = 49 meV. The enhancement of the
atom, respectively. The authors result is presented in theagnetic moment in the Fe layer compared to the bulk value
form of a curve showing the variation of the MAE with the is smaller,u=2.561ug, almost independent of the direction
filling of the band at a fixed DO%corresponding to a fixed of the moment. Again small moments are induced
potentia), from this it is immediately clear that the result is in the vacuum and Cu layers u(,c= —0.00%ug , mcu
very sensitive to the number dfelectrons. In the TB calcu- =0.01Qug,ucy= —0.002ug). For this orientation of the
lations this is an input parameter, and not a result of a selfsubstrate, our calculation predicts an in-plane orientation of
consistent calculation. The outcome is that both the perturthe magnetic moment, with an MAE that is of the same order
bation techniques based on the use of the force theorem ard magnitude as for the G001) substrate, AE=E;
the TB approaches must be considered as quite unreliable. Ej=1.52 meV/atom. Decomposition into spin-orbit and
The difference to the much larger perpendicular anisotropyipolar contributions yieldsAE¢,=1.32 meV/atom and
found in our calculations is essential: for the thin films thereAEdip: 0.20 meV/atom. Compared to the layers @r00)
is always a competition between the surface anisotropy thajurfaces this means a small change in the dipolar interactions
eventually favors perpendicular MA and the shape anisotpreferring in-plane anisotropy, but a change of sign in the
ropy coming from the dipolar interactions. Hence a perpenPMA effects arising from the spin-orbit coupling.
dicular anisotropy can be sustained over a larger number of As an additional step we calculated the magnetic proper-
monolayers only if the surface anisotropy is large enough. ties of a Cu covered single Fe ML on @01). Here we find
a smaller value of the local magnetic moment of
u=2.62ug (compared to the free surfagebut also the
charge on the iron atoms are close to the bulk value. For the
In the next step we investigate the effect of the substrateanisotropy we geAE=—1.41 meV/atom with still out-of
Since there is always a certain covalent coupling between thelane direction of the easy axis. Altogether we find that the
d bands of the overlayer and the substrate we expect thAE decreases from the free ML to the supported ML and
eventually the increase of the moment and hence the MAE ithe supported and covered MIAE=—1.95, —1.87, and
weaker than for the free ML. For the Fe/©01) ML we —1.41 meV/atom, demonstrating that the surface anisotropy
calculate spin-orbit coupling parametefSEr) = 59 meV s larger than the interface anisotropy. Separating again the
and¢'(Eg) = 47 meV for the spin-up and spin-down bands spin-orbit and dipolar contributions to the MAE we fiich
at the Fermi level. The coupling constants evaluated at théhe same sequencAE.,=—2.17, —2.04, and—1.56 meV/

B. Fe monolayers supported on Cu substrates
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FIG. 4. Same as Fig. 3, but for Fe/@d1 monolayers where

FIG. 3. Variation of th ial spin-polarized D f in-pl
G. 3. Variation of the partial spin-polarized DOS of in-plane the easy axis lies in the surface-plane.

(dashed linegsand out-of-planédotted line$ d orbitals of Fe mono-

layers on C(00) substrates: Lower panel, magnetization oriented . . . . .
perpendicular to the surfadground state middle panel, magneti- trons change only little with a reorientation of the magneti-

zation parallel to the surfadstabilized by an external fieldupper ~ 2ation(except for a slight sharpening of the main peak in the

panels, differences in the partial spin-up and spin-down DOS'’s foPut-of-plane DO Integrateq up to the Fermi level the‘_ ef-
in- and out-of-plane orientation of the moments, cf. text. fect of the changes in the spin-up bands on the magnetic total

energy compensate completely. More distinct changes are
=0.22, 0.17, and 0.15 meV/atom. This found in the spin-down bands. The occupied part of the spin-

shows that the decreasing strength of the PMA is caused B§PWn bands shows a single dominant peak at a binding en-
decreasing spin-orbit effects. érgy of 0.4 eV for the out-of-plane, and at 0.65 eV for the

The contribution of the spin-orbit coupling to the MAE in-plang orpitals. This peak is always sha}rper for the orbitals
has often been attributed, at least in part, to a change of trfgktending in the direction of the magnetic moment. For the
orbital moment on a reorientation of the magnetic 4%is. m-plane_ orbitals this ylelds_ a certain redistribution pf the
Here we have found that these changes are very small. Hen@&cupation of the states within 1 eV from the Fermi level
the origin of the MAE must be associated with changes inVithout & pronounced effect on the MAE, but for the out-of-
the band structure arising from the broken crystalline symPlane orbitals it means that states that are immediately at
metry in the presence of a global axis of magnetization. Thé&r for the in-plane orientation of the magnetic moment are
physical effects determining the MAE becomes clear if weShiftéd to binding energies of about 0.2-0.3 eV.
consider the change of the occupation of the out-of-plane TN€ situation is similar for Fe/G1]) monolayers(see
orbitals[ds,2_2, dy,, andd,, for the (001 surfacd and the Fig. _4). Again we find that the qhanges in the occupancy of
in-plane @,>_,2, d,) orbitals with the re-orientation of the the in- and/or out-of—plane orbitals compensate when inte-
direction of magnetizatiosee Fig. 3, Fig. 4 reports the grated over the occupied part of the spin-up band. The spin-

same information for the Fe/Cld1) monolayet. The calcu- down pand is significantly broader for tl(mlll) than fqr the
lations have been performed for a large supercell containin§t00 films, and there are small changes in the orbital occu-
more than 8000 atoms, and using sixty recursion level td@ncies on a forced reorientation of the magnetic moment
achieve a good energy resolution for tthévand. p_omtmg into the opp_osne dlrectl_on._Both the band pontrlbu—
We discuss first the case of FeA@Q0). One of the first t|on AE,, and the dipolar contribution lead to an in-plane
points to note is that in the ML the majorityband is always ~2nISOtropy.
completely filled, in contrast to bulk Fe. This is a conse-
guence of the band-narrowing resulting from the reduction of
the Fe-Fe coordination number at the surface or interface and
leads automatically to an enhancement of the magnetic mo-
ment. Hence in some sense, a ML of Fe can be considered as For thicker films problems appear already at an even more
a strong ferromagnet. We shall find that this is important inelementary level. For bulk fcc Fe the antiferromagnetic type
determining the exchange interactions close to the surfacé.(AuCul-type order state has a lower energy than the fer-
The partial in- and out-of-plane DOS’s of the spin-up elec-romagnetic state, but it is well known that the magnetic

atom, andAEg,

IV. THIN Fe FILMS ON Cu (00)) SUBSTRATES

A. Stable and metastable magnetic configurations
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TABLE |. Average magnetic moment per Fe atom, layer-resolved magnetic momeats(in Bohr
magnetonsug), difference in total energ\AE,,, (in eV), change of the average magnetic moment on
reorientation of the axis of magnetizatian. (decomposed into its spin and orbital contributionsyl), and
anisotropy energAE (decomposed into spin-orbit and dipolar contributids,, and AE, (in meV) for
fcc Fe films oft monolayers on C@01).

LMTO calculations

t 1 2 3 4 52 5b 6 72 7b

w 2.72 2.70 2.65 1.40 1.59 0.56 0.87 1.11 0.46

1 2.72 2.86 2.87 2.86 2.92 2.79 2.81 2.85 2.79

o 2.53 2.50 2.40 2.49 2.24 2.28 2.43 2.24

3 2.58 -2.01 2.42 -1.68 -2.38 2.11 -1.89

M 2.35 -2.24 1.69 235 -2.19 1.61

s 2.35 -2.26 232 -2.18 -1.42

e 2.54 2.22 2.07

e 2.54 -2.19

AE o -0.049 -0.103
TB-LMTO-Hubbard calculations

t 1 2 3 4 5 6 7

w 2.71 2.49 2.45 1.41 0.58 0.82 0.46

h 2.71 2.76 2.82 2.81 2.75 2.77 2.77

o 2.22 2.34 2.38 2.27 2.20 2.25

3 2.19 -1.95 -1.70 -2.36 -1.90

™ 2.41 1.86 -2.31 1.63

s -2.27 2.11 -1.45

e 2.51 2.15

e -2.21

Au 0.012 0.020 0.016 0.009 0.010 0.127 0.014

A ttgpin 0.010 0.018 0.014 0.010 0.016 0.090 0.011

Atbors 0.002 0.002 0.002  -0.001 -0.006 0.037 0.003

AE -1.87 -1.30 -1.15 -1.00 -0.65 -1.18 -0.33

AE,, -2.04 -1.70 271 -1.56 -1.25 -2.10 -1.03

AEgp 0.17 0.40 0.56 0.56 0.60 0.92 0.70

8Vietastable state.
bGround state.

ground state is a noncollinear state in the form of a spinS-2), and between 6-3) and G-4)]. Our results agree
spiral’>="> Previous slab-calculations for free-standingwith those of Kraftet al®® in that the first two top layers
Fe-layer8’~*indicate that layer-type antiferromagnetic cou- couple ferromagnetically, whereas the interior of the film
pling can exist in the subsurface layers. The problem witrshows antiferromagnetic coupling. However, there are differ-
standard spin-polarized band-structure calculations is that thences in the details. These are not unexpected, since their
local magnetic moments have to be initialized at nonzeraesults refer the symmetric, unsupported films. Fe5 the
values to break the symmetry of the paramagnetic state. Thitiree top layers couple ferromagnetically and only the mo-
initialization creates a bias in a certain direction, and it is notments in the fourth layer are oriented in the antiparallel di-
sure that the calculation converges to the true ground statection. Fort=6 the magnetic configurationis| | |17, i.e.,
because a spin flip always costs a finite energy. The problenve find an antiferromagnetic coupling between bilayers. This
is less severe when we allow for a continuous rotation of theype of coupling persists for=7, with the only difference
magnetic moments. Indeed we find that in some cases thidat the three top layers couple ferromagnetically. Note that
allows us to show that the solution of the standard LMTOthis implies that the average magnetic moment is larger for
represents only a metastable magnetic state. t=7 than fort=6.

The results of the standard LMTO calculations are com- The LMTO calculations do not necessarily find the mag-
piled in the top of Table I. All calculations are initialized netic ground state. This appears from the comparison with
with local moments ofu;=0.05«g. For up to three mono- the noncollinear TB-LMTO calculationtee the bottom of
layers the films are entirely ferromagnetic, with an enhancedable ). The LMTO and TB-LMTO calculations agree for
moment at the surface. Fdr=4, the second subsurface t=1—4, but fort=5 the TB-LMTO predicts negative po-
(S-2) layer couples antiferromagnetically, fo=5 (S-3), larization for (S-2) and &-4) (i.e., a spin-configuration
and fort=6 (S-2) and &-3) show negative polarization 171]7] against]11|7 and a lower average magnetization.
[i.e., the coupling is antiferromagnetic betwee®X) and Repeating the LMTO calculations with the moments initial-
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sity of states for a three-layer film of fcc Fe on (@Q0. Left
column, DOS for majority spins; right column, DOS for minority
spins. All three layers couple ferromagnetically.

N

(-1
o

ized at small values pointing in the right directions shows the
new configuration to be the ground state, whereas the other
configuration turns out to be a metamagnetic state. Note that
the stable solution shows relatively low moments in the in-
terior of the film, in contrast to the metastable solution where
all layers have moments larger than the bulk value. For
t=6 we find again a good agreement between both types of

calculations and a high-moment solution. The calculations o ] ,M/,\,,/MM

for t=7 also show a metamagnetic high-moment solution for -5 0 _5 0

thek-space collinear calculation, and a layered antiferromag- N _
netic state (1/7]7]) with low moments in the interior of E-Ep (eV) E-Er (eV)
the film. For the ground-state configurations the average
magnetic moment in the film decreases first monotonically FIG. 6. () Total and layer-resolved spin-polarizedelectron
up tot=>5, but increases again for-6 and decreases further density of states for five-layer films of fcc Fe on (@Q0. Left
fort=7. column, DOS for majority spins; right column, DOS for minority

The total and layer-resolved densities of states for théPins(relative to the local spin orientation in each layéfhe spin
three-layer film(Fig. 5) show the effects that stabilize ferro- configurationis| 1|1 |, starting from the free surfacgn) shows for
magnetic order in the limit of very thin films: at the free comparison the spin-polarized DOS in bulk fcc Fe with layered
surface and at the Fe/Cu interface the reduced number §fiferromagnetism. panels labeled “up” refer to layers with the

- . . Spin pointing in the positive direction, “do” to layers with antifer-
Fe-Fe neighbors leads to a narrowing of thed=band, in . _r
. . : - o romagnetic polarization, cf. text.

particular antibonding spin-ufmajority) states close to the
Fermi level are shifted to higher binding energies. The con-
sequence is that the spin-up bands in the surface layer and ihe Fermi edge and we have weak magnetism. Note the pro-
the interface layer are fully occupied, leading to the en-nounced differences in the DOS of the minority band.
hanced magnetic moment. The effect is weaker at the Fe/Cu In the thicker layerdsee Fig. €) for t=5] the DOS of
interface than at the free surface because the Fe-Cu interattie surface layer retains the same character, but that of the
tion tends to broaden the bands. As we have already memnaner layer is already quite close to that in bulk fcc Fe with
tioned this means that we have strong magnetism in thtayered antiferromagnetisfishown for comparison in Fig.
boundary layers. In the interior of the film the band narrow-6(b)]. Note that we show in the left column the majority-spin
ing is of course reduced and the spin-up band overlaps witBOS in each layer, and in the right column the minority-spin

1

DOS per eV and atom
LI I I |
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_FIG. 7. Total and layer-resolved spin-polarizelectron den- ity of states for a six-layer film of fcc Fe on C100). Left column,
sity of states for a seven-layer film of fcc Fe on(€00. Left  pOs for majority spins; right column, DOS for minority spins

column, DOS for majority spins; right column, DOS for minority (relative to the local spin orientation in each layéfhe spin con-

spins(relative to the local spin orientation in each layérhe spin figuration isT1] |17, starting from the free surface, cf. text.
configuration isT 1| 111/, starting from the free surface, cf. text.

B. Variation of the magnetic anisotropy

. . . with the film thickness
DOS, for a layer with both ferro- and antiferromagnetic com-

ponents in the spin-polarization this makes more sense than a 1he anisotropy energiE (the results given in Table |
classification in terms of spin-up and spin-down electrons. Iféfer to the entire filmdecreases nonmonotonically with in-
the regions with layer-type antiferromagnetic coupling, thecréasing thickness of the Fe film. Frdm 1 tot=4 we first
DOS is characteristically different from that in the ferromag-OPserve a steady decrease reducing the MAE to about half
netic regions: in both the majority and minority bands wethe value it has in a supported monolayer. Fer5 the
observe a pronounced DOS minimumEt and a character- Strong decrease of the average magnetic moment due to the
istic two-peak structure just abow&: . This structure is an appearance Qf a second layer with antiparallel magnetization
immediate consequence of the layer-type interactions. Thi$ accompanied by a corresponding decrease in the MAE.
picture is even further away from rigidly shifted spin-up andFor t=6 the AFM bilayer coupling and the increased aver-
spin-down bands than in the ferromagnetic case. An impor2de moment result in a MAE that is nearly as large than in a
tant point to note is that the formation of a DOS minimum atthree-layer film. Fot=7 the magnetic structure of the film
the Fermi edge stabilizing the AFM structure depends on &€turns to a layered AFM, and correspondingly to a low
relatively large bandwidth and a substantial overlap of theVIAE.
band with the Fermi level. The surface-induced band narrow- The overall decrease of the MAE is dominated by an in-
ing is hence responsible for the existence of a ferromagnetigreasing positive dipolar contribution and a slowly decreas-
surface bilayer. At the Fe/Cu interface the DOS is of aning and fluctuating spin-orbit term. While the increasing im-
intermediate character, but the AFM coupling to the neighJortance of the dipolar interactions is easy to understand, the
boring layer is just marginally stable. The same conclusionyariations in the spin-orbit energies are related in a complex
can be drawn from the discussion of the layer-resolvedvay to the variation of magnetic moments and of dieands
DOS’s of the seven-layer filn(see Fig. 7. on a reorientation of the global magnetic moment. As for the
The existence of an AFM bilayer coupling in a six-layer monolayers, we find that in all films the change in the spin
film is a peculiar cas¢see Fig. 8 The layer-resolved DOS and in the orbital moments with a reorientation of the mag-
shows a relatively small variation across the film, with anetic axis is rather small. Hence the MAE is determined by
character that is intermediate between the AFM and FMband effects. In Figs. 9-12 we analyze again the spin-
DOS in the other films. The approximate inversion symmetrypolarized layer-resolved DOS; 4(E) projected on the in-
of the film seems to be important in stabilizing this solution.plane and out-of-planed orbitals and their variation
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FIG. 9. Total and layer-resolved spin-polarized electronic DOS ~ FIG- 10. Same as Fig. 9, but for a five-layer Fe/tng) film.
of a three-layer Fe film on Q@00), projected on in-plandfull
lines) and out-of-planébroken lineg Fed orbitals. The left column V. DISCUSSION AND SUMMARY

shows the DOS'’s for the ground stdt@agnetic moments perpen- We h d calculati fth .
dicular to the surfage the right column the difference in the e have presented calculations of the magnetic structure

minority-spin DOS'’s for perpendicular and in-plane orientation of and of the uniaxial and planar anisotropies Qf thin f'lm,s of Fe
the moments, cf. text. on Cu100 substrates. Our approach exploits essentially the
magnetic-torque force restoring the magnetic moment to the
) o o easy axis. By following continuously the changes introduced
An; 4(E) with the direction of the magnetization. The left i, the electronic structure as a function of the direction of the
column shows the projected DOS's for the ground ste¢e,  magnetization, it avoids the cumbersome computational
with the moment perpendicular to the fiinthe right column
the change of the DOS'’s of the minority spins if the moment

is forced into an in-plane orientatidias for the monolayers 1 Frotal .y, - . J 0.2
we find that the effect of the changes in the majority-spin k" S —Aorer g 0.0
DOS compensate after integration over all occupied states -1 |, ,m‘f‘. B e d
For the FM three-layer film we find a situation similar to that 1 Fs AT T | ,\M 0.2
in the Fe/C¢100 monolayer: the changes induced in the g 0 =2~ ey 00
DOS of the in-plane orbitals largely compensate after taking S -1 0y 0y AN CENINE TR NEE FUREES By
the integral up to the Fermi level. The dominant effectonthe @ 1t St . o af | = e g'n
MAE is the shift of states from immediately & for in- - ' TS ATAT B Y 3 o2
plane magnetization to higher binding energies. This effec § ! Fy,141, l‘,:"l N N A I PR E FR N NS
manifests itself in Fig. 9 by a sharp minimum am; 4(E) ! FRAarAL_ F a3 gﬁ
for the out-of-plane orbitals. The effect is present in all threes ° T SCSYN £ 102
layers, but it is larger on the surface than at the interface an I YR RN RN RN EE N FUE SN A SN PR R AR Hoe

in the interior of the film. o 'FSI, AAL . E L LAT o2

For the five-layer film with two FM layers at the surface e T Vb B Y 1T g -,

and three AFM layers below, this effect appears only in the & '1 :5'4' LA E o e s R "' = o2
FM-coupled surface and first-subsurface layer, butnotin thi@ " s AL, F o WS o)
AFM layers deeper in the filrtsee Fig. 1D For the six-layer I R s = ’ " s R
film with the AFM bilayer coupling, strong contributions to B e A A S s P
the MAE come from the two top layers, weaker contribu- o k s - re T 0.0
tions from the two layers at the Fe/Cu interfdsee Fig. 11 4 FL :T.r'.‘/u v :. A R -0.2
For the seven-layer film we are back at the situation alread i '5' M 0' ' '_'5' o o T

found for five layers: in the interior of the film, the reorien-
tation of the magnetic axis leaves the partial projected DOS": E-E. (eV) E-E; (eV)
almost unaffected, contributions to the MAE come only from

the two top layergsee Fig. 12 FIG. 11. Same as Fig. 9, but for a six-layer Fe(@0) film.
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— increase of the magnetic moment to smaller values than
Lptetel coonad . F e 0:3 those characteristic for the free surface.
2B e B a3 ~ We have studied in detail the magnetic structure and an-
B RV R T ,“' 3 0.2 isotropy of thin Fe films on Q@00 as a function of the film
+ = —ebrpoier _gg thickness. Ideal pseudomorphic growth of fcc films has been
£ -t B30 t T =N PR EN I = assumed. Up to three monolayers the magnetic film is ferro-
3 st ALAL L = o N g'g‘ magnetic, for thicker films ferromagnetic coupling is re-
v T YV AT E T 9Vy o g2 stricted to the two topmost layers, whereas antiferromagnetic
o I - e R Sa e H-5 . coupling dominates in the deeper layers. In films with five or
s oI ,,\.Af_’\:’:"“‘-'\»mt_ = 4+ 0.0 more monolayers metamagnetic high- and low-moment
> -1 F :‘?’r’u, B il d %2 states have been identified. The coexistence of different lo-
1) £ . A L. E | . 3 o2 cally stable magnetic configurations is clearly a consequence
. . v-,'-“\\,_f\‘:“ = A=—7 25 of the competition between ferro- and antiferromagnetic ex-
O -l R ey By i change interactions. We have also shown that the magnetic
- 5 e NN . n 3 gﬁ ground state can correspond to layer-type antiferromag-
8 4 E, ;‘ I"?’.‘? < B :‘ ., 302 netism in the_deeper layers of_the filfike in_the five_— and
a BT PR T g2 sevendlayer filmg or to an antiferromagnetic coupling be-
0 "ij_ﬁ’\;u“ E A 0.0 tween bilayers with parallel magnetic momeflike in the
S ST i A =TT 5'0'2 six-layer film).
1 S8 a4 = 4 3 gg The simultaneous occurrence of high- and low-moment
0 ] = Y d o solutions might explain some of the conflicting experimental
R Y RN ERE TR T =T S ST EE R A results presented in the literature. We anticipate that in films
-5 0 -5 0 with steps or with a certain roughness of the surface and/or
E-E. (eV) E-E (eV) interface frustration of the exchange interactions will lead to
complex noncollinear spin structures with canted spins near
the steps.

FIG. 12. S Fig. 9, but f en-| FE100 film. . . .
ame as Fig. 9, but for a seven-layer FE10Q) film We have calculated the magnetic anisotropy as a function

problems that plague other techniques based on total-ener the film thickness. The results shoyv a slow decrease of the
calculations. We have shown that for the extremely smalPMA as a consequence of the shifting balance between the
magnetic anisotropy energy in bulk iron, our technique lead§Pin-orbit effects preferring PMA and the dipolar interac-
to good agreement with the computationally much more detions leading to an in-plane ground state. In addition we fmql
manding IZ-space techniques. We have also demonstrate pronounced depe_nd.ence of the MAE on the magnetic
that the technique is sufficiently accurate for calculating thegrqund state .Of the film: _Iow—moment states also shoyv lower
planar anisotropy in monolayers that is 3 orders of magni_anlsotropy, bilayer coupling tends to enhance the anisotropy.
tude lower than the uniaxial thin-film and surface anisotro-
pies. The detailed investigation of Fe monolayers has led to a
clear picture of the relative importance of the surface and
interface anisotropies, and of the effect of nonmagnetic cov- This work has been supported by the Austrian Ministry
erages of the magnetic film: replacing a free surface by affor Science and Research within the Materials Research Pro-
interface always leads to a reduction of the MAE because thgram (Project “Magnetism on the Nanometer Scale,” No.
hybridization of thed states across the interface limits the GZ 45.378/2-1V/6/94.
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