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Diffusion of Fe atoms on W surfaces and Fe/W films and along surface steps
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The diffusion of Fe atoms on clean(\d00) and W110) surfaces and along surface steps, and the diffusion
of Fe adatoms and vacancies on F€100 and Fe/W110) films has been investigated usiag initio DFT
methods. Our results demonstrate that even a single Fe adatom oritf6)\Aurface induces locally a partial
dereconstruction of the surface, leading to an activation energy for hopping diffusion of 1.2 eV which is lower
on the reconstructed than on the ideal surface. Qi1 diffusion occurs by elementary jumps along
close-packed directions, the calculated activation energies of 0.7 eV are in quantitative agreement with experi-
mental estimates. Exchange diffusion of Fe is unfavorable on both surfaces. The investigations of adatom
diffusion on 1-ML Fe films reveal a delicate interplay between structural and magnetic effects. For nonmag-
netic Fe/W2100) films, at low coveragegelow 0.4 ML) adatoms do not propagate the pseudomorphic struc-
ture, but occupy bridge instead of hollow sites. The site preference switches to the hollow at higher coverages.
Correspondingly, the potential energy surface is rather smooth, leading to low activation energies for hopping
diffusion of 0.4 and 0.5 eV for jumps to nearest- and next-nearest-neighbor sites, respectively. Exchange
diffusion requires a larger activation energy of 0.7 eV. Antiferromagnetic ordering of the film completely
changes the picture. The magnetic interactions around the adsorbate are necessarily frustrated, the adatom
induces the formation of a ferromagnetic defect. As a consequence of the frustration, the potential energy is
even flatter than for the nonmagnetic case with an activation energy of only 0.3 eV, leading to the prediction
of faster diffusion below the Néel temperature of the film. Fe adatoms on Fel/@Vinduce a local transition
from a pseudomorphic to a close-packed arrangement, the adatom is incorporated in the film forming a Fe-Fe
dumbbell occupying a lattice site. Our studies are completed by the investigation of vacancy diffusion in Fe/W
films and adatom diffusion along step edges. Vacancy diffusion requires a higher activation energy than adatom
hopping, in particular in Fe/\W.00) films. Diffusion along steps has been studied on a viciiaD) surface
with (100)-type steps. The minimal activation energy is with 1.3 eV considerably higher than for diffusion on
the terraces. Decoration of the steps with a row of Fe atoms lowers all activation energies, so that diffusion
rates on terraces and along Fe-decorated steps are comparable. The implication of our results on the kinetics of
film growth are discussed.
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[. INTRODUCTION it is worthwhile mentioning that the Y¥00) reconstruction is
not restricted to the topmost layer, but it involves displace-
Scarcely any other metal surface has been studied as iments in at least two subsurface lay&rs.The local-bonding
tensively as WL00). Since it has been discovered that thepicture suggests that the very origin of the surface recon-
clean W100 surface undergoes a reconstruction from astruction could be sought in a relief of the surface stress. The
high-temperature(1X1) to a low-temperaturec(2X 2) surface stress has been recognized as the driving force for the
structuré—3 many experimental and theoretical studies havesurface reconstruction in lated4and 5 transition metald?
been devoted to the understanding of the driving force foiThis point will be one of the subjects discussed in the present
this surface reconstruction. Because the reconstructed sysaper.
face can be described as the frozen-in surface phonon mode High surface energy in combination with a high melting
Ms with the wave vectog==/a(110 (Ref. 3, a surface point makes tungsten a surface frequently used for the
charge-density-wavgCDW) mechanism has been invoked to growth of high-quality thin films. In this respect, numerous
account for the structural transitidrHowever, there seems investigations have been devoted to the study of thin Fe films
to be no surface state or resonance around the FermPfevelon a W100) substraté?-1¢ on a W110) substraté/=3? as
along theT'M symmetry line. More recent angle-resolved well as on stepped W substrafés®® These systems have
photoemission experimertund that a gap of about 0.6 eV attracted considerable attention as low-dimensional magnetic
opens upon reconstruction, favoring a CDW-like mechanismstructures. In one monolay@viL ) thick Fe/W100) films no
Based on first principles calculations of the band structure aign of ferromagnetic order has been detected, neither by
local-bonding mechanism has been proposed to be respoapin-polarized low-energy electron diffractidn nor by
sible for the surface instability of Y00).68° Here it is ex- magneto-optic Kerr effect(MOKE) measurements:16
pected that the energy gain associated with the formation oibove 1-ML coverage the Curie temperature rises linearly
shorter, tighter bonds between surface atoms al@f@ di-  with the film thickness. Fe/\00) film growth falls in one
rections outweighs the energy loss due to a displacement @ff three categoriegi) At room temperature lateral diffusion
surface atoms out of their ideal bcc positions. In this regardis restricted, therefore small islands are observed and the film
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roughness increases with the film thickné&ssii) At high The main objective of this paper is the determination of
temperatures over 800 K the first two layers grow epitaxi-the equilibrium structure and magnetic properties of ultrathin
ally, further deposited material forms three-dimensional isfe films on W surfaces, further our aim is to establish the
lands, which are fully relaxetf:**1° (iii) At intermediate prevailing diffusion mechanism on clean and Fe-covered W
temperatures(400-500 K layer-by-layer growth is ob- surfaces. Our approach relies on local-density functional
served up to 4 ML thickness, in the fifth layer dislocation theory. The key details of the first-principles calculations are
lines are spontaneously formed with an average separation ghecified in Sec. Il. In Sec. Il we compare our results for
nine atomic rows along th¢100) direction: reconstructed \WL00) and relaxed WL10) surfaces with pre-

As with Fe/W(100 films, Fe films on W110) are also yjoys calculations and discuss the correlation between recon-
subject to a large tensile strain, i.e., they prefer a smallegyction, surface energy and surface stress. Section IV con-
in-plane lattice constant and higher atomic density. Becausgins the results on equilibrium structure and magnetic
a (110 plane is a glide plane in bcc crystals, strain relief is rdering in 1-ML and 2-ML Fe films. Section V is devoted

operative already in films with a thickness between 1 an : L . . Lo
2 ML (Ref. 17. As a consequence of the changed morphol-o the investigation of various hopping and exchange diffu

ogy the magnetic properties reveal a pronounced variation osg"on processes on bOth. flat and vicinal surfaces. Finally, in
going from 1 to 2 ML thick films. A zero temperature mag- ec. VI we will summarize our results and draw some con-
netic moment ofm=2.53+0.12 in Fe/W(110 adlayers ClUSIOns.
has been determined by a combination of conversion-
electron Mossbauer spectroscopy measuring the temperature- Il. COMPUTATIONAL DETAILS
dependent magnetic hyperfine fields with torsion oscillation
magnetometry providing the absolute size of magnetic Our calculations were carried out within local-density
moments'8 At a coverage of about 1.4 ML an apparent lossfunctional theory using the Vienna Ab-initio Simulation
of ferromagnetic order has been reported and ascribed to &ackag® (VASP). The electron-ion interaction was de-
antiferromagnetic coupling between islarfdd.ater on, this  scribed by projector augmented wave potenttaf\We used
peculiar behavior has been explained in terms of extremelyhe local exchange-correlation functional parametrized ac-
enhanced coercivity at this coverafjeBy means of STM  cording to Perdew and Zundéwith added nonlocal correc-
analysis Bethget al?® showed that in 3-ML films a partial tions in the form of the generalised gradient approximation
relaxation of the misfit strain along one direction occurs,(GGA) proposed by Perdewt al** The GGA value for the
whereas 4-ML films exhibit a two-dimensional periodic dis- tungsten lattice constant afy=3.181 A is moderately larger
location network. Recently, 13-ML films have been studiedthan the measured value of 3.165Ref. 45, whereas with-
by surface x-ray diffraction and a rather complex, laterallyout GGA corrections a much too small lattice constant of
and vertically modulated structure has been found with ar8.133 A is found. The inclusion of semicore States gives a
approximate coincidence of 37 Fe atoms with 34 W atdfms. lattice constant of 3.188 A. Tungsten has an extremely high
One-dimensional phenomena have been explored in Feulk modulus’® B=314 GPa. We obtaine3=282 GPa
stripes on stepped W10) surfaces. A precondition for the without the $ semicore states ar8=278 GPa when these
growth of smooth stripes are elevated temperatures. EImesgates are taken into account. Because the inclusion ofgthe 5
et al3 found ferromagnetic order in stripes prepared atstates into the valence basis set does not substantially modify
660 K with a nominal coverage of more than 0.05 ML. At the cohesive properties, we have not considered them in the
300 K the migration of atoms is hindered and hence filmgollowing.
consist of islands with ragged edges. They become ferromag- The plane-wave basis set contained components with en-
netic just above the percolation threshold of 0.6 ML. Geom-ergies up to 280 eV, ensuring a good convergence of total
etry and magnetic properties of the stripes depend on the stegmergies. The set & points was adapted to the size of the
orientation—continuous stripes are formed along fh@0] = computational cell. For large models with more than one
azimuth, whereas thil10]-oriented stripes are composed of hundred atoms the Brillouin zone was sampled apoint
triangular islands® only, for smaller models a Monkhorst-Pack m&slf k
The film structure is governed not only by thermodynamicpoints was used, which varied from calculation to calcula-
principles, but also by the kinetics of surface mass transportion. For example, a 1-ML Fe film on W10 with a c(2
To date, diffusion of Fe on tungsten has not been studied ag 2) surface unit cell was modeled by six substrate layers,
intensively as the static film properties. From their analysisone Fe layer and an 13.8 A thick vacuum region, and 70
of work function changes, Nahm and Gorfteconcluded irreduciblek points were used. The geometric relaxation was
that the activation energy barrier in 0.1-ML Fe(WO) films  done with a quasi-Newton algorithm using the exact
amounts to 0.6 eV. From spreading experiméhis, which  Hellmann-Feynman interatomic forces.
the evolution of the concentration profile around an evapo- The values of the activation energy barriers were typically
rated circular Fe dot on Y¥10) was recorded, it has been found by comparing initial and transition state. If the sym-
concluded that in contrast to some other systems, Fe diffumetry of the transition state was lower, the energy barriers
sion along step edges is not very different from that on tungwere calculated using the nudged elastic band méthwith
sten terraces. Further, the activation energy barrier for Féhree images of the system forming a discretization of the
diffusion on 1-ML Fe/W110 films has been estimated at path between the fixed end points. Because these calculations
AE=1.2 eV. As to the Fe/\\00) system, we are unaware require rather extended computational models in order to re-
of any studies of surface diffusion. duce adatom-adatom interactions, dn@oint was used in
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TABLE I. The calculated lateral displacemeri and vertical  tural characterisation of these surfaces in a clean, adsorbate-
interlayer relaxation$s) of the surface and two subsurface atoms in free state. The (M00) surface has been the subject of nu-
W(110) and W100. For W(100) surface the energy gain upon merous studies focusing mainly on understandingci@
reconstructionAE, is listed and the values obtained in the presentx 2) surface reconstruction. Several independent theoretical
work are compared with other theoretiodefs. 9 and 1land  results for this surface published eardigr (which consid-
experimenta(Ref. 10 results. ered multilayer relaxationare used for comparison with our
findings. To determine the stable ground-state structure, we
W(110 W(100 W(100* Ref. 9 Ref. 11 Ref. 10 have tried various displacement patterns either along the
(100 or the(110 direction. We used 12-ML thick slabs with
st (A) 0.0 0.27 026 027 022 024 44 atoms in each layer. The atoms in the first four layers on
s (A) 0.0 0.04 004 005 005 005 poth sides of the slab were free to relax in any direction,

s3 (A) 0.0 0.01 0.01 0.02 except the lateral coordinates of surface atoms which were
810 (%) 47 -78 65 -6.0 -40 -4.0 constrained to desired positions. Ttiex 1) W(100) surface
Sys (%) 0.2 0.5 0.7 0.5 is unstable as observed in experiment. The calculated relax-

s B B B ation and reconstruction parameters are given in Table |. The
24 (%) 0.6 1.1 0.5 ; . : :
table is completed by Fig. 1 showing the evolution of the
AE, (meV) —60 52 -60 total energy and interlayer distances with increasing lateral
The 5 states treated as the semicore states. shifts. In good agreement with experimental data and previ-
ous calculations we find a displacement of +0.27 A parallel
evaluation of sums over the Brillouin zone as a compromiseo the (110) direction in the surface layer and strongly
between accuracy and efficiency. This introduces a numericglamped displacements in two next layers. As can be seen
error of 0.1 eV in the energy barrier values. In this errorfrom Fig. 1, the inward relaxation of the surface layer con-
estimation we compared the energy barrier obtained using finuously decreases through the reconstruction as a result of
and 4k points. The previougb initio study of diffusion of  a vanishing registry with the rigid underlying lattice. Table |
Ni adatoms on NiL00) surface®’ has shown that the energy contains also the results of a structural optimisation in which
barriers, especially the exchange diffusion energy barriershe 5 states of tungsten were treated as semicore states. To
converge slowly with the lateral size of the models. We havene consistent we have also used the corresponding bulk lat-
used sufficiently extended models witd X 4) and (4X3)  tice constant,=3.188 A, calculated with relaxedoSsemi-
surface cells for studying adatom and vacancy migration omore states in evaluation of relative changes. It turns out that
W(100) and W(110), respectively. Despite quite a large error there are no significant changes in the optimized structural
bar, the dominant diffusion mechanism for each particulaparameters, and the energy gain upon reconstruction is re-
system can be determined without doubt as will become apduced from -60 to —52 meV. This underlines the fact that
parent below. our choice of treating thefbstates as core states in the rest
of the study is fully adequate for obtaining reliable structural
lll. CLEAN (100) AND (110) TUNGSTEN SURFACES data and that the calculated energy differences can be con-
Because WL00) and W110) surfaces have been chosen sidered as accurate within 15%.
as templates for our investigations of diffusion of Fe adatoms To gain a deeper insight into the energetics of th@00)
and the growth of ultrathin Fe films, we present first a struc-surface instability we have evaluated the surface energy and
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the surface stress. The surface enesgwas calculated ac- TABLE II. The calculated changes of interlayer distanéasgith
cording to the formul?® respect to the interlayer distandg?=1.59 A ord:"%=2.25 A in
bcc tungsten, magnetic momemts and the energiedAE,, relative
o= lim l|:EL _ E(EL _ EL—2):| (1) to the ground-state configuration for 1-ML Fe films oqW0) and

L—owd 2 ' W(110) substrates. FerromagnetieM), two distinct antiferromag-

netic [AF1=c(2X 2),AF2=(2X 1)], and nonmagneti¢(NM) solu-
whereE, means the total energy of a slab withlayers(L  ions have been considered.

=12 in our caspand the factor 1/4 accounts for two surfaces

and two atoms per layer. Equatigh) has the virtue of nu- 51 83 m AE,,
merical stability and rapid convergence with slab thickness. (%) (%) (11p) (meV)
The total surface stressis related to the variation of the
surface energy via 1Fe/W100-FM -29.6 2.8 1.27 116
1Fe/W100-AF1 -20.4 0.0 +2.43 0
7j = 5”-0-+ (9—0-_ (2 1Fe/W100-AF2 -26.0 2.3 +2.06 54
0eij 1Fe/W(100-NM -33.2 3.2 0.00 155

We estimated the surface energy derivative with respect t

the straine by varying the in-plane lattice constant by +0.3 QFEI\MMO)_FM 147 01 2.41 0

and +0.6% equally in both lateral directions and then dividedtFe/W110-AF1 -16.4 0.6 2.31 137
the resultant value by two. For a relaxed but unreconstructedFe/W(110-AF2 -39 -01  £2.54 56
W(100) surface a value ofr=2.42 eV/atom was obtained. 1Fe/W(110-NM -19.8 0.6 0.0 423

The surface energy is reduced in the course of the recon=
struction to 2.35 eV/atom. As seen from Fig. 1, the correla-

tion between the variation of the total energy and the surfacgontraction by —3.1% in the top layer and negligible varia-
energy is not perfect. The minimum in the surface energy igions of the subsurface interlayer spacings as detected by
reached for a displacement of nearly 0.2 A, well before thdow-energy electron diffractiofLEED) technique®’ In gen-
reconstruction is terminated. This fact forbids an unambigueral one expects that more open metallic surfaces undergo
ous identification of the driving force for the reconstruction stronger relaxations. We have found this trend in tungsten
with the relaxation of the surface energy. This conclusion ig00, however, the contraction of the unreconstructed 09
reinforced further by analysis of the surface stress. The resurface layer 0f5§120®:—13.0% is very large in comparison
laxed W(100) surface is subject to a tensile stress to the 85 =-4.7% of the W110) surface. On the recon-
=5.06 eV/atom. As a simple criterion estimating the ten-structed W100) surface the contraction decreaseséﬁaoo)
dency to reconstruct is the dimensionless fétio =-7.8%, so that the ratiéglzo@/é(llzlo) falls in the range com-

1 00 7-0 mon to other bcc metallic surfaces.

a= - 1 (3)
aE g ak IV. THIN Fe/W (100 AND Fe/W(110) FILMS
between the surface energy derivativeo, and the cohesive ) )
energyE,, multiplied with the lattice constart The I(100), Having characterised the uncovered 0 and W110)
P{100), and A 100) surfaces which reconstruct have sqrfac_:es, we turn to a description of one and two monolaygr
>0.2, whereas for \lL00) we get merelya~0.14. thick iron films grown on these surfaces. For these films until

We evaluated also the surface stress in the reconstruct&fW @ ferromagneticEM) order has been expectecpriori.
state. Against expectations the total surface stiesgases | s assumption is indeed justified in the case of FELY®)
to 7=7.04 eV/atom. Therefore we arrive at the conclusionfilms, whereas for Fe/WL00 films an antiferromagnetic
that the stabilization of the(2 x 2) surface periodicity can- (AF) order is possible, as follows from Table II. In an Fe
not be attributed to a surface stress relief mechanism, so thgtonolayer on W100) a c(2x2) AF alignment, in which
a previously discussed local-bonding médelseems more €ach atom is surrounded by atoms carrying an opposite mag-
appropriate for this particular system. In fact, the density offetic moment, is by far the most stable solution. The antifer-
states of the reconstructed modebt shown differs from ~ fomagnetic moments in the stable phase are nearly twice as
that of the relaxed model just in a quite narrow energy rangéarge as the moments in the FM phase, the FM film relaxes
between -1 and 1 eV around the Fermi level. The markedward by nearly —30%, while the relaxation is only about
spike closely below the Fermi level in the unreconstructed-20% in the AF phase. By comparing the density of states of
state as well as the density of states at the Fermi level afd€ ¢(2X 2) AF and FM configurations, as displayed in Fig.
almost halved in the reconstructed state, favoring reconstru. in addition to the higher density of states at the Fermi level
tion. Closer inspection reveals that dlbrbitals contribute to ~ found in the FM film, the second reason for the stability of
this feature and it cannot be attributed to some limited part othe AF solution is the enhanced exchange splitting between
the Brillouin zone, ruling out a CDW interpretation. majority and minoritydy, states pushing the center of the

For a W(110) surface lateral displacements do not lead togravity of these states towards higher binding energies. We
any energy reduction, demonstrating that this surface relaxdve verified that a free-standing (E60) monolayer in the
vertically, but does not reconstruct. The vertical relaxationssame atomic arrangement is ferromagnetic ana< 2) AF
are listed in Table I. These values correlate fairly well with asolution has an energy higher by 146 meV/atom, so that the
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FIG. 2. (Color online Density of states pro-
jected onto Fe atom in ferromagneteM) and
antiferromagneti¢AF) Fe/W(100) films.

density of states (states/eV)

-6 -4 2 0 2
energy relative Fermi level (eV)

AF ground state is due solely to hybridisation with tungstenof these attempts led to a destabilization of the simple
atoms. Furthermore, the charge in the muffin-tin spherg@seudomorphic Fe-W relationship. Upon Fe coverage the
around an Fe atom increases by nearlye@7an Fe/W2100 W(100) surface dereconstructs back t¢lax 1) surface sym-
overlayer compared to the free-standing monolayer. Thisnetry, irrespective of the magnetic state of the adlayer. Be-
could indicate a massive charge redistribution at the Fe/Wow we show that even a single Fe adatom can locally alle-
interface, but a detailed analysis of the charge distributiorviate the W100) reconstruction very efficiently.
reveals that the muffin-tin spheres around all W atoms, in- The Fe/W2110) films present a simpler picture—both 1-
cluding those at the interface contain practically the sameé/L and 2-ML films are ferromagnetic. As to the 1-ML thick
charge before and after deposition of an Fe monolayer onto fiim, the antiferromagnetic configurations represent meta-
clean surface. This means that the charge spilling out into thstable solutions. Our values for the ferromagnetic moment of
vacuum in a free-standing Fe monolayer is considerably re2.41u; and the downward relaxation by 14.7% agree well
duced in the Fe/\L00) adlayer and that this charge remains with the experimental estimatey=2.53+0.125 (Ref. 18,
largely within the adlayer. Such an analysis suffers from theand theoretical results by Qian and Hubfem=2.54ug and
drawback that the partitioning of the total charge amongs;,=—-12.9%, whereas the other two studfe¥yield a larger
separate atoms by means of projection ath hoc chosen relaxation accompanied by a more pronounced reduction of
atomic spheres is a slightly ambiguous procedure, yet itnagnetic moment. This points to a close correlation between
gives at least a hint that the Fe-W bonding is of covalenthe size of magnetic moment and the position of the Fe layer
rather than ionic character in addition to the expected metalabove the substrate and hence to strong hybridization effects.
lic bonding. Regarding the relaxed equilibrium geometry ofThe difference in the topmost interlayer distance is most
the Fe/W100) monolayer, we find a heavy magnetoelasticlikely caused by application of gradient corrections to the
effect—the Fe-W interlayer spacing expands by 0.2 A wherexchange-correlation functional in our calculation and in
a nonmagnetic film assumescé X 2) AF order. Ref. 31, whereas these corrections were not included in Refs.

In 2-ML Fe/W(100 films the FM state is preferred, see 29 and 30. The gradient corrections are known to cure the
Table Ill. These results correlate nicely with MOKE problem of overbonding in the local-density approximation
experiments® which reported a Curie temperature of
=323 K for a 1.5-ML film, whereas for near-monolayer cov-
erage no vestige of magnetisation was detected down
115 K. In a recent study of Fe/W00) films by Wulfhekelet
al.1®the Kerr ellipticity at remanence has been measured as
function of coverage. A linear dependence has been obtained

. T . 1 23 O34 my m, AE,
with zero Kerr ellipticity at slightly above one ML of Fe. %) %) %) (un) (u) (MeV)
This behavior has been interpreted as a quenching of the He 8
magnetic moment in the Fe monolayer. On the basis of oupFe/W100-FM -28.8 -149 0.6 271 1.81 0
calculations the absence of a MOKE signal is due to the ARFe/wW100-AF -32.5 -16.4 07 -2.67 1.48 123
ordering. _The individual atoms carry large magnetic MO->Ee/W100-NM  -42.1 -14.4 2.7 000 000 341
ments which should be easily detectable by local techniques
such as Mossbauer spectroscopy. We are unaware of aRye/W110-FM -23.7 -109 -10 284 215 0
such experiments, though. Further, we have examined there/W110-AF -20.1 -13.1 -0.5 -2.84 1.64 240
possibility of a reconstruction of the Fe adlayer, similar toyre/w110-NM  -39.2 -9.8 -1.3 000 000 514
the patterns explored for the \d00) surface. However, none

TABLE Ill. The same structural, magnetic and energetical pa-

meters as in Table I, but for 2-ML Fe films on (%00 and

(1100 surfaces. Abbreviation AF stands for a layer-
%ntiferromagnetic alignment.
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and to stabilize the FM bcc ground state of bulk Fe, wherea
calculations without GGA predict Fe to be nonmagnetic anc
hexagonal close packé®The changes in the subsurface in-

@): AE" =2.1eV

exch

terlayer distances are very modest, as expected for a met AE, ,=23¢V
with very high cohesion. .
Structural characterization by LEED demonstrated a re (b): AEhap =1.6eV
laxation of the Fe-W interlayer spacing ldy,=-13% (Ref. e
22). A somewhat smaller contraction &f,=-8% has been AEh,.p =12eV
found using interface-specific photoelectron diffractidAll 13 eV
J €

these measured data are perfectly reproduced by our calc
lations within the experimental error bars. Moreover there i<
a very good agreement with the results obtained previously

by a <_jifferent density-functional approach, the full-potential £ 3. (Color onling Top view of the Fe adatontthe darker
linearized augmented wave method employing the generaly) on W(100) surface. The arrows show possible jump and ex-
ized gradient correction8.The magnetic moments induced change processes for which the energy barrEshave been ob-
at the W interface atoms do not exceed @d@nd therefore tained. The semitransparent deltoid marks the local geometry of
they are not specified in detail. We just note that they argeconstructed \M00) surface. The two values for the energy barri-
antiparallel with respect to dominant Fe moments in a ferroers on the reconstructed surface refer to hopping across the longer
magnetic solution. and shorter sides of the deltoid.

The Fe-Fe interla}/er spacings in FM 2-ML films are

d[11200]=1.13 A andd[llzlo =1.72 A. Using the calculated lattice pushed out to the surfaé&52 On the W100) the most fa-
parameter of FM ironag.=2.83 A, these values can be re- yorable adsorption site for an Fe adatom is in the fourfold
lated to the interlayer spacing in bulk Fe strained to matchollow. The adsorption energy is 0.22 eV and the Fe atom is
the W substrate. Assuming volume conservation one calcypcated 0.87 A above the reconstructed surface; for the re-
|ateSd[11200]=1-12 A andd[llzlo]=1-58 A. The former value is laxed surface the adsorption energy amounts to 1.43 eV and
almost precisely equal to that found in 2-ML Fe(Y00  the Fe atom is 0.83 A above the surface, indicating by far
film and hence this film has the same volume per atom amore favorable adsorption conditions at the relaxed surface.
bulk iron. On the other hand, the atomic volume in 2-ML In the definition of the adsorption energy as an energy dif-
Fe/W(110 film is expanded by 9%. ference of the surface with adsorbed atom and the clean sur-
face plus free adsorbate we have taken as the reference en-
ergy of the free adsorbate the cohesive energy of a Fe atom
in nonmagnetic bcc iron bulk. The exchange process of a Fe
In the preceding section we concentrated on the chara@datom with one of neighboring surface W atoms is highly
terization of the structural and magnetic properties of thin Fémprobable due to a significant energy barrier MEg,
films at thermodynamic equilibrium. However, under realis-=2.3 eV orAE®,,=2.1 eV for the reconstructed or the re-
tic experimental conditions this equilibrium cannot be al-laxed W100) surface, respectively. We remark that the final
ways achieved, due to various kinetic limitations. For theconfiguration with one Fe atom incorporated in the surface
understanding of film growth the knowledge of the surfaceand one ejected W atom has in fact an energy lower by
diffusion constant is required. To this end we calculated thel09 meV (for the reconstructed phaser by 268 meV(for
activation energy barriers for hopping processes between twide relaxed phageand hence this configuration is thermody-
adsorption sites for Fe adatoms on th¢1®0) and W110  namically stable. The activation energy of a hopping process
surfaces and the energy associated with exchange-diffusiasn the relaxed WL00) surface is also quite highAE[%'p
processes. The activation energy barrier is defined as the dif1.6 eV. Smaller values were obtained for Fe adatoms mov-
ference between the saddle pojot transition stateenergy  ing on the reconstructed W00) surface. As the symmetry of
and the energy of the stable adsorption site. Analogous cathis surface is lower, one has to distinguish jump events over
culations have been performed for migrating Fe adatoms aniie longer and shorter side of a deltoid as sketched in Fig. 3.
vacancies on Fe/Y200) and Fe/W110 overlayers. Finally ~Were the activation energies along these two directions very
we will discuss diffusion processes along steps on a vicinadlifferent, adatoms would diffuse preferentially along the
W(420 surface. Unless stated explicitely, the adatoms and011] directions. This is not the case because we find much
films were assumed to be nonmagnetic. This seems to e same energy barriers of 1.2-1.3 eV along both direc-
justified as diffusion is a temperature-activated process antions, so that the diffusion happens by uncorrelated random
the magnetic transition temperatures of ultrathin Fe films aravalk. The reason why the two energy barriers do not differ
around or below room temperature. appreciably is the modification of the local surface geometry
induced by an Fe adatom. The distortion of the nearest-
neighbor squares on the reconstructed surface can be charac-
terized by an obtuse angle in the resulting deltoid ¢of
Basically, an adatom on a surface moves either by random 106°, see Fig. 3. Adding an Fe atom above the center of
jumps to a near vacant binding site or by an exchange prosuch a deltoid reduces the distortion &=95°, i.e., the
cess replacing an atom in the underlying lattice which issquare symmetry is almost completely restored on a local

V. ENERGETICS OF SURFACE DIFFUSION

A. Diffusion of Fe on W(100) and W(110) surfaces
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dislocations are created at coverages ranging from(4t2

: AES=29¢eV i
(a): axch — 47 € 570 K) to 1.8 ML (at ambient temperaturgto compensate
. for the large straif®2® The strain relaxation in Fe/{¥00)
. utsy
(0): AE,,=42¢eV films is delayed up to 4 ML at 400 K Annealing to higher
. m_ temperatures leads to the formation of fully relaxed islands
(c): AR, =0.7¢V on top of a 2-ML thick pseudomorphic “carpéf To com-
(d): AE™_ AE™L prehend the differences in the growth of 2-ML thick films on
’ Hop hep the two different tungsten surfaces we identify the adsorption
1.9eV sites and analyze the migration of Fe adatoms on 1-ML Fe-

covered tungsten.
1. Diffusion of Fe on Fe/W(100 films

We present the results for nonmagnetic F€190) films
first. Our starting assumption was that an Fe adatom will be
located in a fourfold hollow of the Fe overlayer, but for the
FIG. 4. (Color onling The same as in Fig. 3 but for an Fe hopping barrier from one hollow site to the next one we
adatom on the \W110) surface. obtained a negative energy barrier, meaning that Fe adsorbs
preferentially at a bridge position. This is a very surprising

scale. The same mechanism of a local dereconstruction of t 85”“' because as a _rule metal atoms tend to adsorb at the
W(100) surface applies to Fe atoms incorporated in the surl/ghest coordination sites. On the path from the hollow to the
face. Therefore the energies connected to the exchange p’lﬁ?dge site the energy decreases contlnuously,_lmplylng that
cess on the reconstructed and relaxed surfaces are quite si i€ hollow site represents an unstable adsorption conflgura—
lar. We can conclude that the kinetics of Fe surface diffusiorf©n- I the optimized bridge geometry the Fe adatom is lo-
is governed by the hopping process. The exchange and ho ated at 0.91 A above the plane of the Fe film and the bond

; th to its two neighbors is 2.17 A. The adsorption energy
ping processes for an Fe adatom on thel®) surface and  '©N9 ,
the corresponding energy barriers are summarized in Fig. 35 0-46 €V. From the dependence of the energy difference

The activation energies for the diffusion of an Fe adato etween the bridge and hollow adsorption site on the cover-

on the densely packed (/L0 surface are reported in Fig. 4. age displayed in Fig. 5 it follows that thg hollow adsorption
The stable adsorption site is along the long bridge betwee ites are favored only at a coverage higher than 0.43 ML.
two surface atoms at a height of 1.71 A, the adsorption enl N€ structure of a complete 2-ML film corresponds to the

ergy is 0.10 eV. The threefold adsorption site turns out to béjsual pseudomorphic relationship with the substrate. In this
P 6ﬁgalysis we assumed a uniform distribution of the Fe atoms

t every coverage. This does not reflect the formation of
close-packed islands taking place in a submonolayer range.
Nevertheless, Fig. 5 convincingly illustrates the trend from
the preferred bridge adsorption site for an isolated adatom to
{he hollow adsorption site with increasing Fe-Fe interactions.
The energies of hopping and exchange processes of Fe ada-

face the configuration with the Fe adatom in the long bridgetom located at the bndge position are summan;ed n F'g.' 6.
position above the surface is nearly 1 eV more stable thar) "€ Shortest b”({gﬁ]' bridge hopping process with an activa-
the configuration with an embedded Fe atom. The jumps t§0N energy ofAE,,7=0.4 eV is obviously the favored mi-
the next-nearest neighbor sites appear also unlikely as th&fation mechanism, but jumps to next-nearest bridge places
are associated with energy barriers of 1.9 eV. The sole refequire only a slightly higher activation energy A€,
evant process for surface diffusion of Fe adatoms qaag  =0.5 €V. Exchange diffusion also has a surprisingly low ac-
are the short jumps to vacant adsorption sites at nearelivation energy of 0.7 eV. _

neighbor distance, as they have a modest hopping energy N Sec. IV we arrived at the conclusion that a 1-
barrier of 0.7 eV. This value is in good agreement with theML Fe/W(100 film assumes an AF order. Because the
measured activation energy of diffusion of 0.6 &vef. 2.  Néel temperature is not known and potentially high
Relatively moderate hopping and huge exchange energy ba@hough to matter, we explored how the magnetic state will
riers favor the formation of atomically smooth Fe(0  change the picture outlined above for a nonmagnetic film.

overlayers. Experimentally it has been demonstrated thath® magnetic state has a profound influence on the pre-
these films are one of the best examples of truly two-ferred adsorption site and also on the kinetics of surface

dimensional magnetic syster#fs. diffusion. The situation is complicated by the fact that the

magnetic interaction of the adatom with tle€ X 2) AF

film necessarily introduces some degree of frustration. If

one assumes that the deposition of the adatom does not
The first layer of iron on both 00) and W110) sur- change the AF ordering of the underlying film, an ad-

faces grows pseudomorphically despite a relatively largesorbed Fe atom occupies the hollow positioa7 Aabove

9.4% misfit with the substrate. On the(WL0) surface misfit the film and has an adsorption energy @#0 eV. The

with an energy increased by 0.7 eV compared to the lon
bridge position. The exchange processes along both i
equivalent directions are disfavored by extremely high acti
vation energies. The reason for the high barriers for ex
change diffusion is the strong binding between the W atom
in this closed-packed surface. In contrast to thel®@) sur-

B. Diffusion of adatoms on Fe/W films
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magnetic moments of the adatom2s6 ug, the magnetic very strongly quenched, but the moments of their neigh-
moments of the four nearest neighbors in the underlyingors relax to values close to those in the clean film, see
film are reduced to2.14 ug for the two atoms coupling Fig. 7(b). In the hollow site all four magnetic moments
ferromagnetically to the adatom and t4.87 ug for atoms  below Fe adatom are reduced with a more pronounced
with the oppositely aligned moments, see Figg)7How-  reduction occurring for antiparallel moments. Thus, the
ever, the bridge position is disfavored by merely 0.1 ev,interaction of an Fe adatom with its neighbors is predomi-
the magnetic structure of the transition state is shown ifantly ferromagnetic. The strong reduction of the mo-
Fig. 7(b). Hence the adatom can visit both positions withMents reduces the frustration within the film, leading to
almost equal probability. An intriguing implication of this the surprisingly low diffusion barrier.

result is the prediction that the diffusion of Fe adatoms on . Because of the preferred FM interactions of the adatom
an Fe/W100 film becomes much faster after the film is with the underlayer, it seems reasonable to expect that before

cooled down below the Néel temperature. The extraordic completion of 2-ML films ferromagnetic 2-ML thick is-

: ) ; lands are built which coexist with antiferromagnetically or-
narily smooth potential energy s_urface experienced by th ered uncovered regions. Experiments have indeed detected
Fe adatom can be understood in terms of frustrated mag '

netic interactions with AF underlayer. The magnetic mo- erromagnetic order for a 1.5-ML thick filni®:'We have
yer. 9 .explored the possibility that an Fe adatom in a hollow posi-

ment of an Fe adatom in the hollow and the bridge sites 'Sion induces a locally ferromagnetic configuration such as

2.76 ug and 2.59ug, respectively. These values are very P : .
. shown in Fig. 7c). Although this leads to an increase of the
close to the surface magnetic moment of 2-ML F&1%0) number of frustrated nearest-neighbor interactidifur

glmst ml:fzizl"l‘:B' Ind f?Ct’ be(t:ﬁusbe_gf the_treduced COO™™ \yithin the Fe films instead of two between adatom and AF
Ination of the =€ adatom In the bridge SIté, an increase ubstratg the total energy is lower by 0.3 eV than for an
magnetic moment would be expected. However, this is no datom on the AF film. The magnetic moment of the adatom

the case because of competing interactions with the SUls also increased, and the reduction of the moment in the film

face atoms. In the transition state the magnetic momenty only modest. The problem with this configuration is that
of the Fe atoms in the film interacting with the adatom arey o diffusion of the adatom is accompanied by a spin-

reorientation on the neighboring sites, and this leads to con-
(@): AE,,=0.7eV siderable complications in the transition-state search. Most
certainly, the magnetic state of the transition state consists of
(b): AE®™=0.5 eV a canted spin configuration. To explore this possibility goes

hop beyond the scope of the present work. To get at least a semi-
. om_ gquantitative estimate of the diffusion barrier, we have calcu-
(c) AE”"P 04eV lated the potential energy of the adatom in the bridge posi-

tion with a fixed direction of the magnetic moments. Again
the moments on the sites forming the bridge are red{®seel
Fig. 7(d)], but not as strongly as in the case of an AF film.
The calculated barrier height is 0.3 eV. The moments be-
longing to the atoms of the FM island left behind by the
migrating atom increase even slightly, indicating that the en-
FIG. 6. (Color onling Top view of Fe adatonithe brighter ba)l  ergy of formation of a magnetic defect is not very large. The
adsorbed on 1-ML Fe/WW00 film. The examined diffusion pro- actual barrier height might be somewhat differéagymme-
cesses and the related energy barriers are presented. try of the transition state, spin cantindput it is evident that
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the activation energy for the diffusion of an adatom on theadsorption energy of 0.99 eV. For the hopping from one long
magnetic film will be lower that on a nonmagnetic film, re- bridge site to a neighboring long bridge site a large barrier

verting the temperature dependence of the diffusion rates. AELm]:l-A' eV is calculated. For the exchange with a near-
We have also estimated the energy barrier for an exchanges; oneighbor along th€001] direction we obtainAE[OOE

of an adatom with a neighboring atom in the AF filsee =05 ev. Quite surprisingly, for the exchange along the

Fig. 7(@)] carrying parallel or antiparallel magnetic moment. E19_ 0 7 eV and hence the pseudomor-

: 110] direction A
In the former caseé\E,,,=0.7 eV was estimated from the L . exch ™ ) .
calculation of the energy change along the full transitionphIC 1-ML Fe/W110 film with an Fe adatom is unstable.

path. The exchange process of an AF coupled pair of Fg’he evolution.of the adsorption energy along the transition
atoms is more complex, because between the initial and fin ath and the final structure resulting from the exchange pro-

. : : ess are shown in Fig. 8. The film can be characterized as
states both atoms have to flip their magnetic moments and &q,_gimensional with two atoms forming a sort of slightly
the transition state one probably has a canted magnetic COB’r

. . ) . otruding dimer with a buckling amplitude of 0.19 A. It is
figuration. We have chosen to examine two simpler approXicqonceivable that such a geometry locally relieves the lattice

mations to the transition state, the first one with antiparallekyain accumulated in a pseudomorphic Fe monolayer, it can
moments of the exchanging atoms, and the second one Wil considered as a step towards the formation of a close-
zero initial magnetic momentsvhich developed to a transi- packed overlayer with complete or incomplete misfit dislo-
tion state with small parallel moments of about @@ of  cation such as it has been reported for C¢1\M) near
the exchanging atoms. In the first case we @dfe.ch  monolayer coverag® However, experimental studiés®
=0.9 eV, whereas the second scenario yieldsAGecn  report the appearance of a dislocation network and hence the
=1.3 eV. Therefore it can be concluded that the exchanggss of the pseudomorphic film-substrate relationship only
process of atoms carrying parallel magnetic moments igor a coverage exceeding 1.2 ML. With one adatom (der
more probable, which in turn means that the diffusion via anx 3) surface cell, the nominal coverage is 1.04 ML and it is
exchange process of a single magnetic adatom over an Al ynrealistic to assume that a local loss of pseudomorphic-
surface is anisotropic with the fast direction along [821] ity starts already at this coverage. In this respect we would
direction. However, the dominant mechanism for Fe diffu-|ike to allude to the work by Nahm and Gorf8They ob-
sion on Fe/W100 adlayer remains the hopping process, served two distinct forms of Fe/W10) overlayers with very
irrespective of the magnetic state. different work functions®; a smaller one®=4.5 eV, for
films deposited at 90 K and a larger one=4.8 eV, for
films prepared at 300 K. As the more dense surfaces gener-
Next, we address atomic motion on nonmagnetically have a larger work functicfiit is appealing to associate
Fe/W(110 films. An Fe adatom adsorbs preferentially at aour distorted structure with a higher-temperature phase from
long bridge site 0.83 A above the surface plane and has aRef. 20. Indeed, the calculated work function of nonmag-

2. Diffusion of Fe on Fe/W(110) films
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00— O-~
FIG. 8. (Color onling The
transition path of Fe adatom on

1-ML Fe/W(110 film migrating
from the long bridge site and
pushing out the adjacent atom be-
neath along the[110] azimuth.
The exchange process is not com-
pleted, as both participating atoms
form a dimer immersed in the sur-
face layer. The resulting geometry
is displayed in the inset. The
length of the Fe-Fe dimer is
2.28 A, the shortest Fe-W bond
length is 2.36 A.

energy difference (eV/adsorbed atom)

0.0 0.5 1.0 1.5 2.0 25 3.0
transiton path A)

netic, pseudomorphic Fe/W10 adlayer equals 4.3 eV ground state is accounted nyEﬁ?Jl]:z,l eV. Among the
which is closer to a low-temperatutarguably metastable three vacancy migration processes in F¢1W\0) overlayer,
form. However, both phases observed in Ref. 20 are C|aimeE]ispIayed in Fig. 9, the shortest jump-path along [tEEl]

to have a1x 1) symmetry seen by LEED, therefore such an irection is connected with the smallest energy barrier,
assignment can be questioned. Furthermore, we have ex- iy _ — .
plored structural models suggested in Ref. 20, in which theé*Enop =0-6 €V, but hopping along the10] directions can

Fe layer in 1-ML Fe film is misaligned with respect to the contribute to vacancy diffusion as WeGAELtm]:O.? eV).
substratge.g., adsorption sites are quasi-threefold instead oNote that our computational models correspond to Fe films
twofold ones, but these geometries turned out to be unstablevith 6% [on W(100)] and 4% [on W(110)] of vacancies

in our calculations. Obviously, there is much that still needsrather than a single vacancy, but we do not expect any sig-
to be learned regarding the morphology of 1-ML Fe/MO) nificant deviations from the calculated energy barriers due to
films. The existing STM investigatioffswere able to ob- vacancy-vacancy correlations present in our models.

serve the onset of island coalescence in a submonolayer re- A remarkable result is that for Fe/M00 films adatom
gime, and of a dislocation network between 1 and 2 ML, butdiffusion is much faster than vacancy diffusion. Hence va-
atomic-scale details were not provided owing to insufficientcant sites can be filled only by migrating adatoms, the point
corrugation of the local density of states in the Fe layer. Thelefect cannot be eliminated by migration to the boundary of
lack of atomically resolved structural information on 1-ML the growing film. For Fe/WL10) vacancy migration is pre-
thick films prevents us from attaining a more detailed atom-

istic description of diffusion mechanisms of Fe adatoms or
Fe/W(110 films.

Our present results suggest that the Fe adatoms on a
ML Fe/W(110 film are incorporated in the Fe layer,
forming an interstitial dumbbell as a nucleus of a close-
packed overlayer. The activation energy for the migration
of this defect is just equal to the energy difference be-
tween this configuration and the adatom in the long bridge
site AE=0.7 eV.

(@): AE,'=0.6eV
(b): AE."=0.7 eV

hop

(): AE,'=15eV

hop

C. Vacancy diffusion in Fe/W(110) and Fe/W(110) films

In an almost complete Fe overlayer diffusion proceeds
mainly via migration of vacancies. As we have shown in Sec
V A the Fe-W exchange processes cost too much energy 1
take place, therefore in the study of vacancy diffusion we
restrict ourselves to the simplest mechanism, direct jumps
The vacancy formation energies amount to 0.74 and 0.10 ev
for the nonmagnetic Fe/Y00 and Fe/W110 films, re- FIG. 9. (Color onling Top view of 1-ML Fe/W2110) film with

spectively. For vacancy diffusion in a nonmagnetic 1-ML one vacant site to be filled with one of the adjacent atoms. The
Fe/W(100 film we obtainedAEL%%l]ZZ.O eV, and if the AF  respective energy barriers are provided.
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: AEMP =15eV of Fig. 10 has a comparable activation energy and it is inter-
esting to note that the final configuration in this process, in
: AE,,=13€eV  which the Fe atom is integrated into the outer edge corner,
has an energy higher only by 0.1 eV compared to the initial
P AE,,=15eV configuration. Recalling that the exchange process on a flat
(110 surface has an activation energ¥.,.,=2.9 eV, it is
. AE,,=2.7eV obvious that a moderate surface alloying of Fe on W at high
temperatures starts at the step edges.
The smallest diffusion barrier found at flat(\L0) surface
amounts to 0.7 eV. This indicates that an Fe atom arriving at
a step will be more or less trapped there because of its higher
binding energy at the step edge or eventually will diffuse
along the step at a slower pace than the atoms on the terrace.
We explored also the distinct case of an Fe adatom dif-

FIG. 10. (Color onling Oblique view of W420) surface with ~ {uSing along steps decorated by one row of Fe atoms. For the
various diffusion processes of Fe adatom near a step. The step fac@Me Migration processes as those displayed in Fig. 10 we
is highlighted. The calculated energy barriers are presented. ~ find AE =1.1 eV, AE{’) =0.9 eV, AEL . =1.0 eV, AES,

=2.4 eV. Obviously, the energy barriers are decreased as can

dicted to be quite fast, whereas adatoms can disrupt locallf€ €xpected because it is easier to break an Fe-Fe bond then
the pseudomorphic relationship with the substrate. W-W bond. The same trend has been seen in the study of
Fe diffusion on clean and Fe-covered WO0) surfaces(see
Figs. 3 and & The difference between the binding site at the
step edge and the long bridge sitg drops to 0.1 eV. All in
Microscopic information on atom migration along stepsall, diffusion along decorated steps and flat portions of sur-
can be very helpful for a better understanding of film growth.faces is governed by comparable activation energies within
The homoepitaxial growth modglat versus roughand the the limits of our accuracy, in agreement with the results of
shape of islands(compact versus dendritic islandsre  spreading experimenr.
mostly determined by self-diffusion along edges. For het-
eroepitaxy, such as Fe atoms on a W surface in our case, the v/ pISCUSSION AND CONCLUDING REMARKS
diffusion along the steps can be faster or slower than diffu-
sion across flat surfaces. In the former case a preferential We have presented an extendsl initio DFT investiga-
formation of step-decorating stripes will occur, whereas intion of the structure of clean V00) and W(110) surfaces, of
the latter case Fe atoms near the edges become immobile afit¢ structure and magnetic properties of Fe¢100 and
serve as nucleation centers for island growth near the edgelse/W(110 films, and of the diffusion of Fe atoms and va-
However, for reliable predictions concerning the roughnessancies on flat and stepped surfaces and films. Our investi-
of Fe stripes along edges many other processes must lg@tions of the clean tungsten surfaces are in good agreement
taken into consideration. For instance, a low diffusion barriemwith previous studies of these surfaces based on semilocal
for a single Fe atom along a row of Fe atoms attached to égradient-corrected exchange-correlation functionals. We
step will give rise to a smooth stripe geometry. have examined in particular the reconstruction of the. 90
Steps with various orientations are present on tungsteaurfaces and have found that neither the surface energy nor
surfaces. In this study we consider §A¥0) surface, i.e., the the surface stress reach a minimum at the fully reconstructed
4(110 X (100 surface in the compact notatiéflt is a(110)  state. We argue that a local-bonding model is the most ap-
vicinal surface with(110) terraces consisting of four rows of propriate description of the reconstruction mechanism.
atoms and wit{100)-type steps. We have repeated the basic Experimental studies usually describe 1-ML films of Fe
unit cell five times along the steps so that migrating adatomen W(100) as nonmagnetic—we find &2 X 2) AF ground
are 15.9 and 9.3 A apart from each other along and acrosgfate on a dereconstructed(Y90) surface. Our investiga-
the steps, respectively. The four explored migration protions of isolated Fe adatoms on the reconstructgd 08
cesses together with the calculated energy barriers are prdemonstrate that already the adsorption of an isolated Fe
sented in Fig. 10. The hopping process denotetbpfrom  largely relieves the distortion of the surface geometry. 2-
the fivefold hollow on the edge microfacet to a long bridgeML Fe/W(100) films are predicted to be ferromagnetic, in
hollow terrace position has the smallest energy barrier oagreement with experiment. Here again we find that even
1.3 eV. Because the starting configuration is more stable bgn isolated Fe adatom on top of an antiferromagnetic 1
0.8 eV than the final configuratiofihe adsorption energies -ML Fe film induces the formation of a ferromagnetic
are 1.09 and 0.29 eV for the starting and the final configuraeefect in coexistence with antiferromagnetically ordered
tions, respectively during the reverse jump from the terrace uncovered regions. The situation is much simpler for Fe
to the edge an Fe atom has to surmount only an energffims on W(110) substrates. Both 1-ML and 2-ML films
barrier of 0.5 eV. Diffusion along the step, from one fivefold are ferromagnetic, with Fe moments that are slightly
hollow to the next ongprocess(a)] requires an activation higher than in bulk iron, but lower than on an iron surface.
energy of 1.5 eV. The exchange mechanism denotetthy Both the magnetic and the structural data agree very well

D. Diffusion of Fe atoms near steps
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with experiment—provided that gradient corrected func- Vacancy diffusion in an Fe/\WL0O film is predicted to

tionals are used. have a high activation energy of about 2 eV, irrespective of
The main subject of our work, however, is the diffusion of the magnetic state of the film. For Fe(#0) we predict a

Fe adatoms and vacancies on the clean tungsten surfaces 8¢, vacancy formation energy and an activation energy for

on Fe/W films. On W100), the adsorption energy of Fe is yacancy diffusion comparable to that for Fe adatom diffu-

considerably larger on the relaxed than on the reconstructeg,n These results indicate that while in Fe(A@0) point

surface. In fact, even the adsorptlor] .O.f a single adatonE}Iefects can be annihilated only by the trapping of diffusing
largely relieves the local strains and initiates dereconstruc

tion. Fe diffusion on W100) proceeds by a hopping process, adatoms, n Fe/\(\ZL_l_O) the high mob_|I|ty of both adatoms
the activation energy is lower on the reconstructed than o nd vacancies facilitates the formation of compact, defect-

the ideal surface. Diffusion is predicted to be almost isotro1"€€ adlayers. . o .
pic. An exchange process leading to the incorporation of the ©OUr study has been completed by the investigation of dif-

Fe atom in the W surface and the formation of a W adatom idusion along(100 steps on a clean W10 surface film and

a slightly exothermic process, but is inhibited by a high ac-on an Fe/W110 film. On the clean surface, the activation
tivation energy of more than 2 eV. On the(¥0) surface  €energy for diffusion along the edges is distinctly higher than
the preferred diffusion path is via nearest-neighbor hoppindliffusion on the terraces and the adsorption near an edge is
between long bridge sites. Exchange diffusion is found tdPreferred compared to the adsorption on terrace sites, imply-
have a prohibitively high activation energy, in accordanceing that Fe adatoms will be trapped at the step edges. If the
with the strong binding within this close-packed tungstensteps are decorated by monoatomic Fe wires, the activation

surface. energies for step diffusion are reduced and become compa-
The results for the diffusion of adatoms on monolayer Ferable with those for Fe diffusion on terraces. _
films offer some very interesting facets. For the F&100) In summary, our investigations have shown that there is a

films we have considered diffusion both in the nonmagnetitrong correlation between structure, magnetism and atomic
high-temperature and in the antiferromagnetic low-dynamics in nanostructured Fe/W magnets. To the best of
temperature regimes_ On the nonmagnetic Fe f”msy th@ur kn0W|ed.ge,.th|S IS the fll’ab Initio Study Of dlfoSIon on
stable adsorption site for the adatom is not the hollow, agnagnetic thin film systems. For Fe on a(140) template,
naively expected for pseudomorphic growth, but the bridgePur calculated activation energies are in very good agreement
site. Activation energies for both nearest- and next-nearestVith the available experimental data—this is an important
neighbor hopping processes are rather low, 0.4 and 0.5 eval[datlon ofab initio DFT stud|e§ of diffusion. For Fe dif-
respectively. On the antiferromagnetically ordered film, thefusion on W100) the reconstruction and local dereconstruc-
potential energy surface for adatom diffusion is very flat, buttion play an important role in determining the activation en-
we find that the adsorption of an Fe atom induces the forma€'dy. For Fe diffusion on 1-ML Fe/WL00 the magnetic
tion of a magnetic defect in form of a ferromagnetically frustration introduced in the antiferromagnetic film leads to a
coupled island—this agrees with the observation that the arftrongly reduced corrugation of the potential energy surface
tiferromagnetic to ferromagnetic transition is initiated al- and the surprising prediction that magnetic ordering is the
ready at coverages of about 1.5 ML. Diffusion of the adatomcause of enhanced diffusion.

is hence coupled to local spin-reorientations in the film and
this makes it extremely difficult to estimate the activation
energy. Still, our results are consistent with the surprising
fact that diffusion on the magnetically ordered films at low  This work has been supported by the Austrian Science
temperatures should be faster than on a nonmagnetic film &unds under Project No. 16184-N02. The investigations of
high temperature. The investigation of exchange diffusion ordiffusion have been stimulated by the cooperation within the
1-ML/W (110 film leads to the prediction that even an iso- STREP Project “Dynamics in Nanoscale Materials” spon-
lated adatom destabilizes the pseudomorphic structure of tteored by the EU Commission. A considerable part of calcu-
film—the adatom is incorporated in the film and forms thelations was performed on Schrodinger Il computer system at
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