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Noncollinear magnetism in rough ultrathin y-Fe films
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In ultrathin face-centered cubic Fe films on (€00 substrates only the surface and subsurface layers are
ferromagnetically coupled, while the interior of the films shows various antiferromagnetic configurations,
depending on the thickness of the films. We show usibgnitio local-spin-density calculations that for films
with more than four monolayers this leads to a frustration of the magnetic interactions in the vicinity of a step
and hence to a noncollinear magnetic structure. As a consequence rough uljrdtaifilms cannot be
characterized by a simple uniaxial magnetic anisotropy.
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Recently the complex structural and magnetic propertiegation reversal in LT films at-5 ML is likely to be driven
of ultrathin fcc Fe films grown on Q@00 have attracted by a roughness-induced modification of the magnetic
much interest~1! Two distinct preparation conditions result- properties>*
ing in films with different morphologies and different mag-  First-principles calculatiotd™*¢ of the electronic and
netic properties have been identiffeth the first procedure, magnetic structures of fcc Fe/Qu00) films agree on the fol-
the Fe film is deposited at low temperatufeT) (T lowing. (a) A ferromagnetic coupling exists between the sur-
<120 K) and afterwards annealed at room temperature. LTface (S) and the first subsurfaces(1) layer, with a surface
deposited films grow in a Stranski-Krastanov mode, resultingnoment that is strongly enhanced over the moment in bulk
in a pronounced surface roughness increasing with the avebcc Fe.(b) Films with up to three ML are entirely ferromag-
age thickness of the film. In the second procedure the film igetic, but in films with four and more ML antiferromagnetic
deposited at or above room temperatyfeT). The RT-  coupling is found in the interior of the film. There is evi-
deposited films grow in a layer-by-layer mode, their surfacedence for the coexistence of stable and metastable high- and
roughness decreases with increasing thickness of the film. low-spin configurationd®® (c) The magnetic moments

In the limit of very low film thickness LT- and RT-grown show only a small variation under a tetragonal distortion of
films share two common characteristi¢a) After the onset  the film*in contrast to studies on bulk fcc and fct irbh(d)
of ferromagnetism at 1.3 to 2 monolaydidL ) follows re-  The magnetic anisotropy remains perpendicular even for the
gion | with up to 3 to 4 ML characterized by an almost thickest layerg7 ML) covered in these studié3Altogether
homogeneous magnetization of the entire film confirmed bythese results represent a rather satisfactory explanation of the
the investigation of the linear magnetooptical Kerr effectexperimental observations on RT-deposited films with
(MOKE)** and perpendicular magnetic anisotropy. In thisatomically flat surfaces.
region the structure of the films is slightly tetragonally dis- In this paper we address the question of a possible influ-
torted fcc with characteristic buckling reconstructidigbh)  ence of the surface-roughness of the LT-grown films on their
Films with more than 3 to 4 MLUregion Il) show a surface magnetic properties viab initio calculations in the local-
magnetization nearly equal to that of region | while the inte-spin-density approximatiolf. It is clear that for the thinnest
rior of the film has been described as either in a low-momentilms with a homogeneous ferromagnetic polarization a pos-
state(which could be antiferromagnetic, see bel6fvor as  sible roughness of the surface will affect the magnetization
paramagnetic at room temperatdré.These films show per- only marginally. On the other hand, steps in partially antifer-
pendicular magnetic anisotropy, their structure is describedomagnetic films will unavoidably lead to a mismatch be-
as fcc with a slight relaxation of the top lay¥tlt is remark-  tween layers with different spin orientations. We show that
able that both the surface magnetization and the spin asynthis leads to the formation of a noncollinear magnetic struc-
metry are almost unaffected by the structural and magnetiture in the vicinity of the step. The immediate consequence is
phase transition at 4 Mt.For the RT-grown films region Il  that rough films cannot be characterized by a simple uniaxial
extends up to 10 to 12 ML with almost constant magnetizasurface anisotropy, in contrast to smooth films.
tion and still perpendicular anisotropy.In contrast, LT- Our calculations are based on a real-space tight-binding
deposited films show a transition to in-plane anisotropylinear-muffin-tin-orbital(TB-LMTO) techniqué® based on a
much earlier, between 5 and 6 MRef. 1) while conserving canonical transformation from the standard LMTO Hamil-
their fcc structure and reduced magnetization for thicknesse®nian to the most localized tight-binding basis. The screened
up to 10 to 12 ML. In the transition range from perpendicularstructure-constants of the TB-LMTO have been calculated
to in-plane anisotropy the magnetic properties of the filmsfor the nearest- and next-nearest-neighbor environments, the
show an interesting temperature dependénc¢e) Above 10  two-center TB Hamiltonian has been calculated to second
to 12 ML both RT and LT films become predominantly bcc, order in the Lovdin expansiort®2°We use a scalar relativ-
with a homogeneous magnetization of the entire film andstic local-spin-density(LSD) Hamiltonian with variable
in-plane anisotropy. It has been speculated that the magnetpin-quantization axes on each site, augmented by a spin-
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orbit interaction term. The calculations are performed self-
consistently using the real-space recursion techrmGelf-
consistency is achieved in a three-step procedure. First we
perform a paramagnetic calculation until the charge density
is converged. In the second step the spin-density is con-
verged for fixed collinear directions of the spins. In the third
step we add spin-orbit coupling and we allow for local fluc-
tuations of the spin-quantization axes. Dipole-dipole interac-
tions accounting for the shape anisotropy are also included.
The calculation is iterated until magnitudes and directions of
the local moments are converged. For charge and spin den-
sities as well as for the directions of the moments we use the
optimized Broyden mixing proposed by Kresse and
Furthmiler.?? For further technical details of the noncol-
linear calculations we refer to our earlier pagars which
are based, however, on a local-density-plus HubaRA-
Hubbard Hamiltonian.

Our main objective is the calculation of the magnetic
structure in the vicinity of a step in a Fe/Cu®0) film. Figure
1 shows a side view of our modelrfa 4 ML/5 ML step. The
local spin-densities have been calculated self-consistently for
the 32 Fe atoms in the vicinity of the step, the 7 Cu atoms in
the first layer at the interface and the first layer of vacuum

spheres(again seven sphepesThe sites in the second and
sites. This makes altogether 49 inequivalent atomic sites. For

the inner core of 23 Fe atonfishown with a lighter shading

a cluster with altogether 7840 aton@®0 layers with 392

atoms and about 2300 neighbors to each iron site.

magnetic ground state in each layer has been considered,

possible metastable statéare ignored. The calculations ad-  FIG. 1. Noncollinear magnetic structure in the vicinity of a 4
normal. The confrontation of our self-consistent LSD resultsing plane$. Charge and spin densities and the directions of the
with the earlier calculationt8 based on a Hubbard-type ex- magnetic moments have been calculated self-consistently on the
one has ferromagnetic coupling between the surface and sufagnetic moments on the Fe sités) illustrates the solution for a
surface Fe layefthe “magnetically live” surface observed parallel orientation of the magnetization on both sides of the step,
of the film. It is immediately evident that for four and more with the boundary of two magnetic domajnshe role of
monolayers the layered antiferromagnetism is strongly disfrustrated and matching layers is just inverted. If we allow
tions of the global magnetization are parallel on both sides ofthe flat films, a noncollinear structure will appear in the vi-
the step(i.e., the step occurs within a single magnetic do-cinity of the step.

third Cu layer and the second vacuum layer have been
treated as equivalent, counting each as one type of atomic
in Fig. 1) the directions of the moments are allowed to devi-
ate from the easy axis perpendicular to the surface. The more
distant environment of the step has been modelled by a large
cluster with free boundary conditions in the plane perpen-
dicular to the step edge and periodicity along this direction,
with the potential and TB parameters fixed at their values
determined from self-consistent calculations for 4 ML and 5
ML films. Using 9, 15, and 37 recursion levels fgrp, and
d orbitals on Fe sites in the noncollinear calculation leads to

Table | summarizes the results for flat Fe(@0 films
with up to 7 ML Fe, aligned at the Fe/Cu interface. Only the
mit in principle a canted spin structure, but we find that inML/5 ML step in a fcc Fe film on a Q@00 substratéside view in
the ground state the moments are aligned along the surfagee direction of the step edge, showing the atoms in two neighbor-
change Hamiltonian with a constant Stoner parameter corsites in the immediate vicinity of the stgjshown as light grey
firms the validity of this approximation. Within each film spheres The arrows represent the magnitudes and directions of the
essarily in a one-by-one alternating sequé¢necehe interior
turbed at a monolayer stéps marked in Table)l The frus-  the directions of the magnetic moments to relax from the
trations marked in Table | refer to the case where the direcdirection perpendicular to the film fixed by the anisotropy of
main). If we assume an antiparallel orientation of the global Here we concentrate on the results obtainedafd ML/5
magnetic moment§.e., if we assume that the step coincidesML step. Figure 1a) shows a pictorial representation of the
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TABLE I. Magnetic moments in smooth fcc Fe/@®0 films with up to seven monolayers of Fe. A dark bullet marks the points where
frustrated intralayer exchange coupling will appear at a monolayer step. The present LSD results are given in parentheses and compared with
the results from the earlier TB-Hubbard calculatigRef. 15.

Number of
ML in film 1 2 3 4 5 6 7
Surface
Layer
Fe7 2.77
Fe6 2.77 2.25
Fe5 2.752.77 2.20 » —1.90
Fe4 2.812.89 2.272.20) —2.36 ¢ 1.63
Fe3 2.822.82 2.382.41) - —-1.70—-1.7) -2.31 —1.45
Fe2 2.76 2.3R.43 - —1.95-1.96 -« 1.861.72 2.11 2.15
Fel 2.71 2.22 2.22.38 241230 - —2.27—2.24) » 251 » -2.21
Interface

magnetic structure resulting from a self-consistent noncolments in the vicinity of the step. We find that in the first

linear calculation for the case of parallel global moments orthree layers from the Fe/Cu interface where layers with op-
both sides of the step. Table Il lists the magnitudes of thgosite moment meet at the interface a gradual rotation of the
perpendicular and in-plane components of the magnetic manoment takes place in the transition region, accompanied by

TABLE Il. Perpendicular and in-planén parenthesescomponentsu;- (,u‘i') (in ug) of the magnetic
moments in the vicinity ba 4 ML/5 ML step in an fcc Fe/G00 film. The lines labeleda) refer to a
configuration with a parallel, those labelé@g to an antiparallel orientation of the global magnetization on
both sides of the step. See the text.

Loyer )

Surface
5(a) 2.79(-0.75) 2.76(-0.49) 2.75(-0.34) 2.76 2.77
5(b) 2.76(-0.85) 2.72(-0.55) 2.74(-0.41) 2.77 2.77
4(a) 2.84 2.86 2.79(-0.39) 2.50(-0.53) 2.31(-0.45) 2.29(-0.32) 2.24(-0.16) 2.24 2.21
4(b) -2.84 -2.84 -2.60(-0.64) -2.28(-0.89) 0.83(-2.13) 1.99(-0.92) 2.12(-0.56) 2.21 2.21
3(a) 241 241 2.22(-0.85) 1.65(-1.60) 0.44(-2.09) -1.15(-1.71) -1.82(-0.26) -1.71 -1.71
3(b) -2.41 -2.41 -2.31(-0.24) -2.23(-0.63) -1.34(-1.09) -1.76(-0.61) -1.72(-0.26) -1.71 ~1.71
2(a) -1.96 -1.98 -1.82(0.85) -1.31(1.40) -0.16(1.79) 0.85(1.53) 1.71(0.15) 1.72 1.72
2(b) 1.96 -1.96 1.84(0.31) 1.83(0.60) 1.72(0.62) 1.75(0.38) 1.75(0.17) 1.72 1.72
1(a) 2.30 2.30 2.01(-1.07) 1.23(-1.90) -0.23(-1.61) -1.56(-1.61) -2.06(-0.79) -2.26 -2.24
1(b) -2.30 -2.30 -2.26(0.13) -2.17(0.20) -2.11(0.36) -2.14(0.18) -2.20(0.08) -2.24 -2.24

Interface
Average(a) 1.40 1.40 1.30(-0.37) 0.71(-0.66) 1.03(-0.75) 0.64(-0.52) 0.56(-0.28) 0.56 0.55
Average(b) -1.40 -1.40 -1.33(-0.11) -1.21(-0.18) 0.37(-0.62) 0.51(-0.30) 0.54(-0.19) 0.55 0.55

0.85(-0.52)
-0.11(-0.37)
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a slow increase of the moments from the 5 ML to the 4 MLdicular component of the magnetization varies essentially
side. During the rotation the antiferromagnetic coupling be-continuously across the step, with a small enhancehtent
tween the first, second, and thi_rd layers from the interface isiguration (a)], respectively, reductiorjconfiguration (b)]
preserved. In the ferromagnetically coupled surface layerprecisely at the step where except for the ferromagnetic top
we find an increased moment at the upper, and a reducegllayer the moments have a predominant in-plane orienta-
moment at the lower edge of the step as expected from thgon, Hence the noncollinearity induced by the steps will
increased, respectively, decreased coordination number wiardly manifest itself in measurements of the magnetization.
respect to the flat surface. In addition we observe a charagy, the other hand, we expect a substantial influence on the
teristic canting of the moments close to the edge with respeghagnetic anisotropy of the film. Investigations of the growth
to the surface normal. This effect is independent of the frusz g morpholog? of Fe/CY100) films have shown that the
tration of the magnetic interactions in the deeper layers offace roughness of LT-grown films increases dramatically
the film and is expected to appear also at steps in homogey gyerage thicknesses between 3 and 5 ML. For a film with
neously ferromagnetic films. o _ a coverage of 5to 6 ML it can be estimated that the density
The case where the step edge coincides with the boundagy steps is very high, up to a step every 10 A. Hence the
between two magnetic domains is shown in Fio)1Here  magnetic structure of such rough films will be essentially
the important point is that the frustration appearing in the,gncoliinear. The effect on the magnetic anisotropy is more
ferromagnetic bilayer at the surface is released by a nearlyiticylt to estimate. Our recent work on the anisotropy of
perpendicular orientation of the moments at the frustrategyealy flat films has demonstratédthat the main contribu-
sites. The strong canting at the step edge also induces a cafiy, o a perpendicular anisotropy comes from the ferromag-
ing of the spins in the deeper layers. In the nonrelaxed colpetically coupled surface layers, with a further contribution
linear configuration, the energy of the configurati@hwith  fom the interface layer. Here we have shown that due to the
parallel moments is 37.9 meV lower than that of the antiparfsiration of the exchange interactions, a noncollinear mag-
allel configuration(b). _The n_oncollmegr relaxation reduces petic ordering appears in the interior of the film and at the
to 21.4 meV, but configuratiote) remains favored. interface(if the step occurs within a single magnetic domain
Similar noncollinear structures appear also at other stepg,; at the surface(if the step coincides with a domain-
As can be seen from Table |, in 4 ML/6 ML or 5 ML/7 ML 1,5ndary. Hence the either the interface or the surface con-
steps the frustration and hence the noncol_llnearlty reachesipution to the anisotropy will be strongly reduced, and the
the surface at the lower step edge and will hence have ginole contribution favoring in-plane anisotropy will eventu-
particularly large effect on the magnetic surface anisotropy q|ly dominate. It appears that the roughness-induced noncol-
Due to the canting of the magnetic moments in the vicininearity is the clue to the spin-reorientation transition at 5 to

ity of the step the magnetization acquires an in-plane comg i in rough films instead at 10 to 12 ML as in flat films.
ponent, for both parallel and antiparallel orientation of the

global moments on both sides of the stepe Table ll. In a This work was supported by the Austrian Ministry for
rough film, however, up and down steps will occur in equalScience, Research, and Art through the Center for Computa-
number so that the in-plane component of the magnetizatiotional Materials Science within the project “Magnetism on
will average out over a larger area of the film. The perpenthe Nanometer Scale{Grant No. GZ. 45.378/2-1\
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