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The atomic diffusion in the first stages of the growth of ultrathin Mn films deposed on W substrates has been
investigated in the framework of the density functional theory. The most stable adsorption sites and the
activation energy barriers associated to the elementary dynamical processes occurring during the diffusion of
Mn adatoms on clean and Mn-covered W�100� and W�110� surfaces have been determined. The Mn surface
diffusion is governed by the hopping from stable adsorption sites to nearest-neighbor positions while exchange
with underlying surface atoms is rather unlikely due to much higher energy barriers. The comparison between
magnetic and nonmagnetic calculations reveals the strong influence of magnetism both on adsorption sites and
diffusion properties. The pseudomorphic growth of the first layers is stabilized through the magnetic interaction
between adlayer and substrate atoms. Magnetism generally induces a remarkable decrease of the diffusion
barriers, but an increase can also be observed in some cases for antiferromagnetic Mn films deposed on the
W�110� surface, due to magnetic frustration effects.
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I. INTRODUCTION

The heteroepitaxial growth of ultrathin films of ferromag-
netic metals on nonmagnetic substrates, with the aim of tai-
loring their structural and magnetic properties, has been a
very active field of research during the past two decades.
However, much less effort has been spent on the preparation
and investigation of antiferromagnetic films. The growth of
ultrathin films of manganese �Mn� could prove to be particu-
larly rewarding, because the existence of five different crys-
talline modifications with different types of magnetic
ordering,1,2 and the observation of a strong surface-induced
enhancement of the magnetic moments3 suggests a rich sce-
nario of magnetic effects in Mn films. Recently, Bode et
al.4–6 have demonstrated that highly strained films of body-
centered-tetragonal �-Mn can be grown on W�110� surfaces
up to a local thickness of three atomic layers. The formation
of pseudomorphic Mn/W�100� films has been reported by
Tian et al.7 In our preceding paper �which will hereafter be
referred to as paper I�,8 the structural and magnetic proper-
ties of ultrathin Mn films deposed on W substrates have been
explored within the framework of density functional theory.
This study which has focused on compact films has demon-
strated that pseudomorphically grown Mn/W�110� and
Mn/W�100� films up to three layers are thermodynamically
stable, in good agreement with experiments. Their complex
magnetic magnetic properties have been determined in a
fully first-principles approach. Mn/W�110� films show in-
plane c�2�2� antiferromagnetism for a film thickness of up
to 3 monolayers, while—very surprisingly—Mn/W�100� are
found to be ferromagnetic up to 2 monolayers. For thicker
films, layered antiferromagnetism is favored on both sub-
strates. It has been shown that the stability of the pseudomor-
phic films, despite of a large nominal mismatch, depends
strongly on magnetic effects, the strong surface-induced en-
hancement of magnetism causes a magnetovolume expan-
sion significantly reducing the mismatch at the interface.

However, even if the calculations establish the thermody-
namic stability of heteroepitaxial films, their morphology

will be strongly influenced by the diffusion of the atoms
forming the growing film. The STM images of Bode et al.4–6

revealed that already the first Mn monolayer grows aniso-
tropically along the �001� direction of the substrate, and that
the anisotropy becomes distinctly more pronounced for the
second monolayer. Beyond a thickness of three monolayers,
island growth is reported. All this is in striking contrast to the
growth mode observed for Fe/W�110� films. In addition, al-
though Mn has an even lower surface free energy9 than Fe
and hence the formation of a compact overlayer should be
even more favorable, Mn forms no wetting overlayer on
W�110� as Fe does.

Therefore, to achieve a better insight in the growth
mechanism of the films, the investigation of atomic diffusion
in these systems is particularly worthwhile. The diffusion of
Fe on W surfaces and on Fe/W films has recently been stud-
ied by Spišák and Hafner10 using ab initio density-functional
theory �DFT�. The results of these studies are remarkable in
several respects. �i� Modest activation energies for hopping
diffusion and very high barriers for exchange diffusion favor
the formation of smooth Fe/W films. �ii� For Fe diffusion on
W�110�, the calculated activation energies are in very good
agreement with experiment—this validates DFT calculations
of diffusion constants. �iii� For Fe diffusion on Fe/W films,
magnetic effects play a very important role in adatom diffu-
sion. Magnetic ordering considerably reduces the corrugation
of the potential-energy surface, so that diffusion at low tem-
perature on a magnetically ordered film can be faster than
diffusion at high temperature on a nonmagnetic film. In the
present work our studies of the structural and magnetic prop-
erties of Mn films on W�100� and W�110� are extended to the
investigation of diffusion processes of Mn atoms on clean W
surfaces and on Mn/W films, and of vacancies in these films.
In the following, after a short presentation of our specific
computational approach �Sec. II� we present in Secs. III and
IV our results for the elementary dynamical processes in-
volved in Mn surface diffusion on clean W surfaces and on
Mn/W films, respectively. Finally, Sec. V summarizes our
results and points to future developments.
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II. COMPUTATIONAL DETAILS

Our calculations were carried out within the density func-
tional framework �DFT� using the Vienna ab initio simula-
tion package �VASP�11,12 implementing the projector-
augmented wave �PAW� method.13,14 A general presentation
of our computational framework has already been given in
paper I, here we only focus on the specific parameters we
adjusted to study the dynamical processes in which we are
interested in this paper.

Basically, an adatom can move from a stable site to a
vacant neighboring one by two main processes, �i� hopping
between two neighboring adsorption sites, �ii� exchange with
an atom of the underlying layer which is the pushed out at
the surface.15,16 Detailed comparative studies of self-
diffusion on metallic surfaces via hopping and exchange
mechanism have demonstrated that the transition state for
atomic exchange creates a long-ranged strain field.17,18

Hence relatively large surface cells must be used to achieve
converged results for the activation energy for exchange dif-
fusion, convergence of the barrier for hopping diffusion is
always much faster. To account for the influence of the long-
ranged strain fields, we have used sufficiently large models
with 4�4 and 3�3 surface cells for studying adatom ad-
sorption and migration on W�100� and W�110� surfaces, re-
spectively. Therefore, to maintain tractable computation
times the slab thickness was reduced to four substrate layers
of which two were kept fixed in bulklike positions with the
calculated W bulk lattice constant. Still, on the basis of the
earlier studies of surface diffusion, we estimate that the bar-
rier height for exchange diffusion calculated with these sur-
face cells is larger by about 0.1 eV than the true activation
energy.17 However, we find that the differences in the barrier
heights between hopping and exchange processes are always
much large than this remaining uncertainty so that our choice
represents an acceptable compromise.

Like previously, the geometric relaxation was performed
with a quasi-Newton algorithm using the exact Hellmann-
Feynman forces, with a criterion for stopping the structural
optimization of 0.01 eV/Å. Our ab initio framework allowed
us to compute the energy barrier associated with each of the
events which is defined by the energy difference between the
initial stable adsorbed state and the saddle point �transition
state� separating the initial state basin to that of the final
state. The values of the barriers were determined by compar-
ing initial and transition states directly, if the latter had a high
structural and magnetic symmetry, or the transition state was
determined by means of the nudged elastic band �NEB�
method.19 In the NEB method, a set of intermediate states
along the diffusion path is constructed and relaxed in the
hyperspace perpendicular to the path.

Unless stated explicitly, the calculations take into account
magnetism through a spin-polarized DFT approach. Local
magnetic moments were calculated by integrating the mag-
netization densities within atom-centered spheres with radii
of 1.373Å, corresponding to touching spheres in bulk tung-
sten. Moreover, since the magnetic ordering temperature is
not known for these systems and may be high enough to be

relevant, we performed in each case magnetic and nonmag-
netic calculations. Their comparison gives a good estimation
of the magnetic contribution to the diffusion mechanisms.

III. DIFFUSION OF Mn ON THE CLEAN W
SURFACES

We begin our discussion by the diffusion of Mn adatoms
on the clean W�100� and W�110� surfaces. The clean tung-
sten surfaces have already been described in paper I.

A. Adsorption sites

1. W(100) surface

It is well known that the clean W�100� surface undergoes
a ��2��2�R45° reconstruction,20 which is well reproduced
by DFT calculations. On the reconstructed W�100� surface
where the nearest-neighbor squares are deformed to a deltoid
with an acute angle of 77.8° �see Fig. 1 in paper I� the most
favorable adsorption site for a Mn atom is the fourfold hol-
low site, the adatom located 1.31 Å above the surface in-
duces a modification of the local surface geometry, which
locally leads to the almost complete removal of the surface
reconstruction. The square geometry characterizing the �100�
surface is locally almost recovered with angles of about 85°.
The bridge positions on the long and short edges of the del-
toid on the reconstructed W�100� surface are significantly
less stable by 1.06 and 1.16 eV, respectively.

These results are a first hint that a pseudomorphic growth
of Mn on W�100� can be achieved, at least at a local scale.
For the sake of simplicity we will consider in the following
the nonreconstructed relaxed W substrate �Fig. 1�a��. In this
case, the Mn atom also lies in the fourfold hollow at 1.43 Å
above the surface. The bridge position �Fig. 1�c�� represents
a transition state for adatom diffusion with an energy in-
creased by 1.23 eV compared to the hollow site.

2. W(110) surface

The case of W�110� is simpler since this surface does not
exhibit any surface reconstruction. The Mn adatom prefers
stay in the long bridge between two W surface atoms �ori-
ented along the �100� direction, Fig. 1�b��, at about 1.84 Å
above the surface. The short bridge site �along the �110�
direction, Fig. 1�d�� is less stable by 0.41 eV �the adatom lies
1.99 Å above the surface�, while the pseudothreefold hollow
turns out to be unstable.

3. Magnetic effects

For both �100� and �110� substrates, the Mn adatom re-
tains a quite large magnetic moment of �100=1.98�B and
�110=2.73�B, respectively. Note that �110 is higher due to
the reduced atomic coordination of Mn in the bridge site.
Magnetism has moreover a substantial stabilizing effect as
the magnetic solution is more stable by 85 meV and 131
meV than the nonmagnetic Mn/W�100� and Mn/W�110�
configurations. As illustrated in Fig. 1, small antiparallel
magnetic moments are induced on neighboring W atoms.
They amount to about −0.14�B / atom for the four W atoms
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surrounding the Mn atom on W�100�, and already vanish for
the next-nearest neighbors. For Mn/W�110� the induced mo-
ments extend slightly further due to the more compact sub-
strate. Their value for the two W atoms forming the bridge
where Mn is adsorbed, −0.24�B / atom, is higher due to the
reduced coordination.

B. Diffusion barriers

The corresponding energy barriers for the diffusion of Mn
adatoms on W�100� and W�110� are summarized in Fig. 2,
for magnetic and nonmagnetic calculations. We first consider
the magnetic calculations.

To move to a next-neighboring vacant fourfold hollow on
the ideal relaxed W�100� the Mn adatom must jump through
a bridge position, leading to a hopping barrier of 1.23 eV. On
the reconstructed W�100� surface, the barriers for the hop-
ping over the long and short bridges, 1.06 and 1.16 eV, re-
spectively, are slightly lower and very close, which shows no
significant anisotropy in the Mn diffusion and is a further
clue validating our choice to model the actual W�100� sur-
face with the nonreconstructed one. For Fe on the recon-
structed W�100� surfaces, Spišák and Hafner10 calculated
barriers for hopping diffusion of 1.2 eV and 1.3 eV, respec-
tively.

Exchange diffusion of an impurity atom is a two-step pro-
cess, in the first step, the adatom is incorporated in the sur-
face, forming a surface impurity and a substrate atom is
pushed out to the surface, a second exchange process can
bring the impurity back into an adatom position. The ex-
change process of a Mn adatom with one of the neighboring

W atoms of the substrate is highly improbable due to a high
barrier of 2.02 eV. However, the final configuration with a
Mn impurity in the surface and an ejected W atom has an
energy lower by 92 meV than the Mn adatom. Slightly
higher barriers for both hopping and exchange diffusion have
been found for Fe on W�100�.10

FIG. 1. �Color online� Local magnetic mo-
ments for an isolated Mn atom adsorbed on the
clean nonreconstructed relaxed W�100� and
W�110� surfaces. Top pictures illustrate the most
stable adsorption sites, while bottom pictures rep-
resent the transition states for the hopping pro-
cesses into the nearest vacant adsorption sites �cf.
Fig. 2�, showing the geometric and magnetic dis-
tortions of the lattice.

FIG. 2. �Color online� Energetic barriers �in eV� involved in the
diffusion of isolated Mn atoms adsorbed on the clean W�100� �top�
and W�110� �bottom� substrates, as obtained in magnetic �left-hand
side� or nonmagnetic �right-hand side� calculations. Dark arrows
depict hopping processes, lighter arrows diffusion via atomic ex-
change processes.
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The diffusion on the W�110� follows a similar picture. To
move from the most stable adsorption site, a long bridge site
between two surface atoms, to a nearest vacant one, the Mn
adatom must jump into another bridge position along the
�111� direction. This hopping process has an activation en-
ergy of only 0.41 eV, much lower than that of
Mn/W�100� , 1.23 eV/atom, due to the higher density of the
�110� surface which reduces the corrugation of the potential-
energy surface for the Mn adatom. The hopping process
through a transition state on top of the first-neighboring atom
has also a low barrier of 0.96 eV. Reciprocally, the exchange
processes with a substrate atom are even more unfavored
than on W�100� and have much higher energy barriers of
3.07 and 4.22 eV for the exchange along the �100� and �110�
directions, respectively. The difference between the two ex-
change barriers arises from the larger distance between the
substrate atoms along the �100� direction which makes an
exchange process easier compared to the more dense �110�
direction. The exchange process on the W�110� surface re-
quires not only a high activation energy, it is also strongly
endothermic, the final-state configurations of the exchange
process with the Mn incorporated in the surface and a W
adatom in a neighboring bridge position have an energy
higher by 0.89 eV and 1.32 eV, for exchange processes along
the �100� and �110�, respectively. Interestingly, in the final
state for the former process, the Mn atom incorporated in the
W surface loses completely its magnetic moment, while in
the latter case it retains a large moment of 3.08�B.

Our calculations thus demonstrate that the predominant
Mn diffusion mechanism on clean W surfaces is the hopping
from a stable adsorption site to the next vacant one, while the
exchange with a substrate atom is highly disfavored. This
originates in the particularly strong binding between the W
atoms which makes the W surfaces a good choice to obtain
remarkably smooth adsorbed films without any significant
interdiffusion at the interface.

From the magnetic point of view, it is important to note
that in all configurations, the W substrate �which is nonmag-
netic in the adsorbate-free state� becomes antiferromagneti-
cally polarized around the Mn adatom over a few nearest-
neighboring atoms, the magnetization amplitude depending
on the local coordination. In their transition states for hop-
ping diffusion on the �100� and �110� surfaces, the magnetic
moment of the Mn adatoms is enhanced by 1.14�B and
0.73�B, respectively. If magnetism is not taken into account,
much higher activation energies are generally found as illus-
trated in Fig. 2. The enhanced values for the diffusion barri-
ers originate from the need to quench a larger Mn moment in
the transition state. The result that magnetism favors diffu-
sion is certainly remarkable—it will be even more important
for self-diffusion of atoms on a thin magnetic film.

IV. DIFFUSION OF Mn ON 1 ML THICK Mn/W FILMS

In this section we consider the diffusion of Mn adatoms
once the W substrate has been covered by a Mn layer. In this
case, magnetism is expected to play a large role since in
paper I we have shown that thin complete Mn films exhibit a
high-spin magnetism with moments reaching about 3.5�B.

A. Diffusion of Mn on Mn/W„100… films

1. Adsorption sites

We address the case of the diffusion of Mn adatoms on a
nonmagnetic Mn layer adsorbed on W�100� first. Our calcu-
lations presented in Fig. 3 demonstrate a strong dependence
of the preferred adsorption site on the Mn coverage in the
second layer. Very surprisingly, it turns out indeed that at low
coverage �for coverages inferior to about 0.5 ML� the Mn
atoms adsorb preferentially at the bridge sites; for an isolated
adatom �which lies about 0.97 Å above the first Mn layer�,
the bridge is more stable by about 0.4 eV compared to the
fourfold hollow. This is in contrast to the usual expectations
that metal atoms should adsorb at the highest coordinated
sites, but completely analogous to a partially Fe-covered
Fe/W�100� film.10 On the other hand, at large coverage
when Mn–Mn interactions increase, the fourfold hollow site
becomes favored. In this hollow configuration which is more
stable by about 0.8 eV than the bridge site, an isolated Mn
adatom is located about 0.88 Å above the Mn plane. This
exceptionally low Mn–Mn interlayer distance corresponds to
a large tetragonal distortion and a very large surface strain.

However, in paper I we have demonstrated that the mag-
netic ground state on a Mn monolayer on W�100� is ferro-
magnetic �FM�. In this case, the fourfold hollow site is pre-
ferred at any coverage. A Mn adatom adsorbed on the 1 ML
Mn/W�100� film is located 1.26 Å above the surface, i.e.,
substantially higher than in nonmagnetic calculations. As
shown in Fig. 4�a�, the Mn adatom exhibits a magnetic mo-
ment of 3.74�B coupled ferromagnetically with the nearest-
neighbor Mn atoms in the underlying film. The Mn adatom
leads to a decrease of the magnetic moments on the sur-
rounding atoms in the film relative to the value of 3.26�B on
a clean film. At a full 2 ML coverage, the Mn–Mn interlayer
distance increases to 1.49Å, and the Mn moments in the
surface layer to 3.87�B, while the moments in the Mn inter-
face layer are reduced to a value close to the moment in bulk
�-Mn. Mn–Mn coupling remains ferromagnetic �for details,
see paper I�.

FIG. 3. �Color online� Energy difference between the bridge and
hollow adsorption sites of Mn atoms adsorbed on a Mn1/W�100�
substrate as a function of the Mn coverage, in nonmagnetic calcu-
lations. The line is a guide to the eye.
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2. Diffusion barriers

The calculated barriers for the hopping and exchange dif-
fusion on ferromagnetic and on nonmagnetic Mn/W�100�
films are presented in Fig. 5.

For hopping diffusion the surprising result is that in the
transition state �in the bridge position�, the preferred orien-
tation of the magnetic moment of the diffusing adatom is
antiparallel to the Mn film �see Fig. 4�c��. Hence diffusion is
coupled to a transient spin reorientation of the adatom. To get
more information on the influence of the magnetism of the
adatom on the potential-energy profile for diffusion, we have
performed NEB calculations for two different spin orienta-
tions of the adatom, see Fig. 6. In the hollow position, the AF
orientation of the adatom is disfavored by 0.12 eV/atom
relative to the FM configuration. However, the potential-
energy profile is much flatter for an AF adatom. If the dif-

FIG. 4. �Color online� Local magnetic mo-
ments for an isolated Mn atom adsorbed on a 1
ML thick Mn film on W�100� �left-hand side� and
W�110� �right-hand side�. Top pictures illustrate
the most stable adsorption sites, while bottom
pictures represent the transition states for the
hopping processes into the nearest vacant sites
�cf. Figs. 5 and 9�, showing the geometric and
magnetic distortions of the lattice.

FIG. 5. �Color online� Energy barriers �in eV� involved in the
diffusion of a Mn atom adsorbed on a 1 ML Mn/W�100� film, as
obtained in magnetic �left-hand side� or nonmagnetic �right-hand
side� calculations.
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fusing atom does not change the orientation of its magnetic
moment, we calculate a barrier of 0.43 eV, if a spin-
reorientation is admitted, the barrier is reduced to 0.25 eV.
Of course, the spin-reorientation itself could be hindered by
a barrier, if a perpendicular orientation of the moment of the
adatom relative to the substrate costs much energy. However,
this could be determined only by a noncollinear calculation
including spin-orbit coupling to account for the influence of
the magnetic anisotropy—but this is definitely beyond the
scope of the present work. The hopping barrier of 0.25 eV
for nearest-neighbor jumps including spin reorientation
should be considered as a lower limit, while the barrier of
0.43 eV calculated with a fixed FM coupling represents an
upper limit. For second-neighbor hopping across a top posi-
tion we find a minimal barrier of 0.98 eV, again for a transi-
tion state with an antiferromagnetic moment on the adatom
�see Fig. 4�e��. Diffusion via an exchange process has a bar-
rier of 1.19 eV.

For Mn adatoms on a nonmagnetic 1 ML Mn/W�100�
film the situation is very different, see Fig. 5. The equilib-
rium adsorption site is now the bridge position. Nearest-
neighbor hopping along the �111� direction has an activation
energy of 0.46 eV, hopping into a next-nearest-neighbor
bridge site across a hollow has even a lower barrier of 0.38
eV, hopping across a top site leads to a much higher barrier
of 1.74 eV, which is even higher than the barrier for ex-
change diffusion. If the adatom occupies the less favorable
hollow site, exchange diffusion has an exceptionally low bar-
rier of 0.37 eV—but this is a somewhat academic con-
strained scenario, as the adatom displaced from the hollow
would certainly approach the equilibrium bridge site. Also
the adatom position in the hollow is stable only at coverages
higher than 0.5 ML, and at these coverages, the barriers are
strongly influenced by lateral adatom interactions.

Hence similar conclusions as for diffusion on clean W
surfaces can be drawn, �i� hopping is the dominant process
for Mn diffusion with a very low barrier between 0.25 eV
and �0.4 eV, �ii� all barriers �and in particular those for

exchange processes� appear to be significantly reduced with
respect to those calculated for the clean W surfaces, and �iii�
magnetic ordering leads to a lowering of the activation bar-
riers for both exchange and hopping events. The reduced
barrier height compared to the clean W substrate is explained
by the moderate strength of the Mn–Mn bonding compared
to the Mn-W and W–W ones. Consequently, exchanging the
Mn adatom with a Mn surface one has a decreased energy
cost since it does not require breaking strong W–W bonds,
and the hopping of a Mn adatom is also easier since it feels
a smaller friction. The influence of magnetism on the diffu-
sion process requires some comments, the calculations re-
ported here refer to nonmagnetic Mn/W�100� films, para-
magnetic Mn films at temperatures above the Curie
temperatures have disordered local moments. Hence at tem-
peratures not too far above TC local adatom configurations
and diffusion barriers will be influenced by magnetic fluctua-
tions.

Again a comparison with Fe/W�100� is instructive, the
antiferromagnetic element Mn forms a FM monolayer on
W�100�, while the ferromagnetic element Fe forms an AF
monolayer10—in both cases the change of the magnetic
ground state compared to the bulk is caused by the strong
adsorbate-substrate hybridization across the interface. Hence
the results for Mn and Fe diffusion are immediately compa-
rable only in the nonmagnetic case, here the hopping barriers
are identical within the computational accuracy, while ex-
change diffusion of Fe on Fe/W�100� has a significantly
lower barrier of 0.7 eV, compared to 1.15 eV for the Mn/W
system. This reflects the lower strength of Fe–Fe bonds. In
the magnetically ordered state, a Fe adatom creates a ferro-
magnetic defect in the AF Fe/W�100� film. Hence again dif-
fusion is coupled to spin reorientations. For fixed orienta-
tions of the magnetic moments, a barrier of 0.3 eV is
calculated for Fe hopping on the AF Fe/W�100� film,10

hence for both Mn and Fe films magnetic ordering leads to a
reduction of the diffusion barriers.

3. Vacancy diffusion in nearly complete 2 ML thick Mn /W(100)
films

Since the preceding paragraphs have shown that Mn–Mn
interactions in the growing second Mn layer play an impor-
tant role, we consider here the diffusion of a Mn vacancy
within a nearly complete 2 ML thick Mn/W�100� film. Our
tests show that at such high concentration the adsorption in
hollow sites is preferred, in agreement with the previous re-
sults.

Figure 7 summarizes the calculated diffusion barriers.
Compared to those calculated for an isolated Mn adatom
diffusing on 1 ML Mn/W�100� in magnetic calculations
�Fig. 5�, for a nearly complete second layer they are found to
be typically higher by about 1 eV. This is explained by the
larger friction felt by Mn atoms as the consequence of the
higher coordination numbers. Similar trends are obtained in
nonmagnetic calculations, with much higher diffusion barri-
ers.

B. Diffusion of Mn on Mn/W„110… films

The diffusion of Mn adatoms on Mn/W�110� films leads
to a very complex scenario since in paper I we have shown

FIG. 6. Potential-energy profile for hopping diffusion of a Mn
adatom on a 1 ML thick Mn/W�100� film, calculated for parallel
�FM� and antiparallel �AF� orientation of the magnetic moment of
the adatom relative to the moments in the FM Mn layer. Compare
with text.
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that in this case a c�2�2� in-plane antiferromagnetic �AF�
order is stabilized. Hence interesting effects resulting from
frustration effects due to the magnetic interaction of the ada-
tom with the AF underlayer are to be expected.

1. Adsorption sites

First, like in the preceding section we focus on nonmag-
netic calculations. On a nonmagnetic 1 ML thick
Mn/W�110� film a Mn adatom adsorbs at a long bridge site;
as illustrated in Fig. 8�a� it locally leads to a substantial
modification of the local geometry in pushing the first neigh-
boring surface Mn atoms away, so that the Mn adatom is
located at only 0.9 Å above the surface. Actually, this con-
figuration turns out to be unstable against the burying of the
Mn adatom into the Mn overlayer, the final geometry �see
Fig. 8�b�� is almost two dimensional with a dimer incorpo-
rated in the surface and a buckling amplitude of 0.3 Å, and is
slightly more stable by 0.06 eV. It is very similar to that
obtained previously10 in the system Fe/W. Such a geometry
probably allows to relieve locally the large lattice strain re-
sulting from the epitaxial matching of a nonmagnetic Mn
overlayer to the W�110� substrate. This can be considered as
the first step towards the formation of a locally close-packed
capping Mn layer.

On the other hand, for a magnetically ordered AF
Mn/W�110� monolayer, the configuration with a Mn atom
adsorbed at the same long bridge is stabilized �see Fig. 4�b��,
the distortion of the surface is significantly smaller, the ada-
tom is now located 1.6 Å above the surface. It sustains a very
large magnetic moment of 4.07�B and couples antiferromag-
netically with the two first-neighboring surface Mn atoms in

agreement with the c�2�2� in-plane AF order predicted for
2 ML thick films.8 Even if the magnetic moments of the
neighboring Mn atoms are substantially reduced by almost
1�B, the AF order within the Mn underlayer is not changed.
Therefore, the magnetovolume expansion of the Mn ML ap-
pears to be the key to the stabilization of the pseudomorphic
growth of Mn on W�110�.

2. Diffusion barriers

To move from this stable adsorption site to a nearby va-
cant one, the Mn adatom must jump through a bridge posi-
tion formed by two nearest-neighboring atoms along the
�111� direction. In the transition state, the Mn adatom occu-
pies a short-bridge site. Since the deposition of the Mn ada-
tom does not change the c�2�2� in-plane AF order of the 1
ML thick Mn underlayer significantly, the two surface Mn
atoms involved in the bridge carry large moments of oppo-
site orientation. This leads naturally to a strong frustration
effect and in the transition state depicted in Fig. 4�d�, the
magnetic moment of the Mn adatom is completely quenched,
those of the two surface Mn atoms bonding to the adatom are
strongly reduced to ±1.53�B. This configuration is energeti-
cally very unfavorable, therefore the barrier associated to the
Mn adatom hopping is quite high, 1.11 eV, this value is even
2.7 times higher than for the same process on the clean
W�110� substrate. This is in evident contrast to our results for
the �100� surface where we had found that the barrier for
hopping is much lower on the Mn/W�100� ML than on the
clean W�100� substrate. The reason is that on the FM
Mn/W�100� monolayer no similar frustration effect can oc-
cur.

The quenching of the magnetic moment of the Mn adatom
in the transition state might be considered as an indication
that the magnetic frustration could be released by a canting
of the Mn spins. However, due to the symmetry of the tran-
sition state �C2v�2 mm�, only a spin-flop geometry �with a
perpendicular orientation of the adatom moment relative to
the substrate magnetization� is permitted. Very recently such
a spin-flop phase was found to be the ground state of an
antiferromagnetic Mn film on a Fe�100�.3,21 The energy gain
due to spin-flop ordering relative to the collinear phase was
75 meV upon full relaxation of all geometric and magnetic
degrees of freedom. A comparable energy difference may be
expected in the present case—this is however one order of
magnitude smaller than the difference in the activation en-
ergy of the hopping process in the �111� and �100� directions
�cf. below�. In view of this rather large difference, it is inter-
esting to examine the shape of the potential energy surface in
the vicinity of the transition state. A vibrational analysis con-
firms that the transition state along the �111� direction is a
true transition state �only one imaginary mode�, but the bar-
rier separating the saddle point from the energetically most
favorable transition state is very low.

The antiferromagnetic c�2�2� structure of 1 ML
Mn/W�110� consists of rows of ferromagnetically aligned
atoms extending along the �100� and �110� directions, while
along the �111� directions up and down spins alternate. No
magnetic frustration exists for a hopping in the �100� direc-

FIG. 7. �Color online� Energetic barriers �in eV� involved in the
diffusion of a Mn vacancy in a nearly complete 2 ML thick Mn film
adsorbed on the W�100� substrate, in magnetic �left-hand side� or
nonmagnetic �right-hand side� calculations.

FIG. 8. �Color online� Adsorption of a Mn atom on a 1 ML thick
Mn/W�110� film �left-hand side� and further incorporation into the
Mn film �right-hand side�, as obtained in nonmagnetic calculations.
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tion to a next-nearest-neighbor bridge position across an on-
top transition state. In this case the magnetic coupling of the
adatom with the bonding substrate atoms remains AF all
along the diffusion path, in the transition state the adatom
has a very high magnetic moment of 4.05�B �see Fig. 4�e��
coupled antiferromagnetically to the substrate atom below.
The absence of frustration results in a low diffusion barrier
of 0.58 eV. For a jump over a distance of a ·�2 along the
�110� direction the situation is again different: if no spin-
reorientation takes place during the hopping, the moments of
the adatom and of the underlying substrate atom are ferro-
magnetically aligned in the transition state. Hence for hop-
ping in this direction the FM-AF magnetic energy difference
adds to the barrier calculated for hopping along �100� if no
spin-reorientation takes place during the process. However,
in this transition-state configuration, the magnetic energy is
small �only 66 meV�, together we calculate an activation
energy for diffusion of 0.65 eV �see also Fig. 9�. For a spin
reorientation during the hopping process we expect a similar
activation energy. Hence the magnetically broken symmetry
leads to a modest anisotropy of hopping diffusion along the
�100� and �110� directions.

The rule that magnetic ordering lowers the diffusion bar-
riers is also verified for the exchange processes for which we
find much lower energy barriers �1.15 and 1.46 eV� than for
Mn adsorbed on the clean W�110� �4.22 and 3.07 eV�. But
one can observe that the barrier for the exchange along �100�
�1.46 eV� is higher than that for the exchange along �110�
�1.15 eV�, in disagreement with the elastic arguments already
mentioned for diffusion on the clean substrate. The reason is
that for an exchange process along �100� the transition state
consists of a dimer of Mn atoms with antiparallel spin, both
atoms must flip their spins to accommodate with the mag-
netic order of the final state. For an exchange along �110� the
atoms in the transition-state dimer have parallel moments
and the magnetic order is preserved without any spin reori-
entation. Hence for hopping and exchange processes, mag-
netic effects act in opposite directions. All these results dem-
onstrate that magnetic effects like frustration or spin flipping
required during the migration processes may have a strong
influence on the diffusion properties. As frustration and ex-

change interactions inducing spin orientations are local ef-
fects, the magnetic effects on diffusion will not completely
disappear in the paramagnetic phase, as long as short-range
correlations between the paramagnetic moments exist.

V. CONCLUSIONS AND OUTLOOK

We have presented an extended first-principles DFT in-
vestigation of the elementary dynamical processes occurring
during the growth of Mn films on W substrates. Our calcu-
lations provide a good picture of the diffusion mechanisms
on flat terraces and islands—diffusion across or along step-
edges have been excluded for the moment. Both on clean and
Mn-covered W-surfaces Mn adatoms diffuse by hopping,
while exchange with surface atoms in the underlying layer is
strongly disfavored by much higher activation energies. Both
hopping and exchange processes are easier on Mn capping
layers as a result of the less strong Mn–Mn bonds compared
to Mn-W and W–W ones, which stresses the interest of W
substrates to generate high-quality magnetic films without
significant interdiffusion at the interface.

Spin-polarization turns out to have a very important role
in determining the stable adsorption sites and the diffusion
properties, even on clean W films. A Mn atom impinging on
the tungsten substrate carries a large magnetic moment of
5�B. The magnetic moment of adsorbed Mn atoms depends
on the number of bonds formed with surface atoms and on
the distance from the surface. Mn atoms in transition-state
configurations have magnetic moments that are about 1�B
larger than atoms in their stable adsorption sites. Therefore,
non-spin-polarized calculations produce much too large dif-
fusion barriers.

On nonmagnetic Mn films on W�100� the preferred ad-
sorption sites for Mn adatoms show a transition from bridge
to hollow sites with increasing Mn coverage; this finally sta-
bilizes the pseudomorphic growth at full coverage. On ferro-
magnetic films, Mn adsorption in the hollow is preferred at
all coverages. Different adsorption geometries also lead to
different transition state for both hopping and exchange dif-
fusion. For a Mn adatom on Mn/W�110� an even more dra-
matic effect is found, nonmagnetic Mn/W�110� are under
large tensile strain, and as already found for Fe/W�110�
films,10 the adatom forms a buried dimer with a surface atom
as a first step towards the formation of a close-packed Mn
island. On the other hand, pseudomorphic growth is stabi-
lized if magnetism is taken into account.

For the diffusion properties, the most remarkable effect of
magnetism is a general reduction of the activation energies,
both for hopping and exchange events. In magnetic calcula-
tions, the adatoms are usually located at a larger distance
from the substrate than in nonmagnetic ones, and thus see a
flatter surface. Due to exchange interactions between adatom
and substrate, the scenario for hopping processes becomes
much more complex. �i� The magnetic moment of the diffus-
ing atom in its transition state can either be enhanced due to
a reduced coordination, or quenched because of local frus-
trations. �ii� In addition, transient spin-flips of the diffusing
atom can reduce the activation energy. The magnetic effects
on the diffusion barriers depend on local interactions—hence

FIG. 9. �Color online� Energetic barriers �in eV� involved in the
diffusion of a Mn atom adsorbed on a 1 ML Mn/W�110� film, as
obtained in magnetic calculations.
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spin-polarization effects will also be present in the paramag-
netic phase, as long as short-range correlations between the
paramagnetic moments exist. It would certainly be very in-
teresting to test the predicted magnetic effects by experimen-
tal investigations—the calculated differences in the activa-
tion energies should be large enough.

However, the modest anisotropies found for Mn diffusion
on Mn/W�110� films are certainly not strong enough to ex-
plain the observed growth anisotropy. Therefore, another
mechanism should be assumed to explain the anisotropy ob-
served experimentally for the W�110� substrate. Extended

calculations on stepped surfaces modeling the perimeter of a
large island are currently in progress and should clarify this
point.
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