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Magnetic properties of thin vanadium films on iron
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Self-consistent calculations based on real-space tight-binding linear-muffin-tin-orbital formalism have been
carried out to study magnetic properties of vanadium adlayers grown on Fe~001! and Fe~103! substrate. The
effects of imperfections such as surface steps and interdiffusion have been investigated.
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I. INTRODUCTION

The transition metal vanadium is nonmagnetic in its b
body-centered-cubic structure, although as a single ato
exhibits a magnetic moment of 3mB in the ground state
However, the observation of large paramagnetic fluctuati
demonstrates that bcc V is very close to the onset of m
netic ordering.1 The understanding of the magnetic state
vanadium in intermediate geometries with a reduced coo
nation number is rather controversial. Electron-capture sp
troscopy measurements2 have revealed a ferromagnetic ord
at the~001! surface of bulk paramagnetic vanadium, whi
disappears at about 540 K. On the other hand, theore
approaches predict a paramagnetic surface3 or a small mag-
netic moment of 0.2mB .4 Another possibility how to reduce
the dimensionality is the preparation of ultrathin V layers
small clusters. Epitaxial deposition of thin films on substra
produces films with varying interatomic distances and th
possibly different magnetic behavior. Experimental stud
for V monolayers~ML ! on Ag~001! reported either no indi-
cation of a ferromagnetic ordering,5,6 or ferromagnetically
ordered V layers.7 The first self-consistent calculations r
ported ferromagnetic ordering of V ML in V/Ag~001!,8 sub-
sequent calculations found that the ground state of V
Ag~001! is antiferromagnetic.9

Recently the magnetic properties of ultrasmall vanadi
clusters of up to four atoms have been calculated10 and it was
concluded that the free clusters are ferromagnetic. Howe
measurements found no evidence of a magnetic behavio
V clusters containing as few as nine atoms,11 while larger V
clusters were found to be magnetic.12

No conflicting foundings as regards the magnetic grou
state of vanadium layers have been reported for system
which the V atoms are in a contact with a magnetic partn
Because V is at the edge of the onset of the magnet
induced magnetic moments on V develop readily. Calcu
tions presented in this paper address the magnetic sta
ultrathin V films on~001! and~103! Fe substrates. Both per
fect and rough surfaces of V are considered. In addition
variation of the V moments as a function of composition
VxFe12x bulk alloys and alloy films is studied. A mode
study of V ML on several low-index Fe surfaces was und
taken by Vegaet al.13 considering the exchange integral as
parameter. They concluded that a V monolayer couples an
tiferromagnetically with the ferromagnetic Fe substra
whereas in a V bilayer the top layer couples ferromagne
PRB 610163-1829/2000/61~6!/4160~7!/$15.00
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cally with the substrate. Mirbtet al.14 performed self-
consistent local-spin-density calculations for the compl
series of 3d-monolayers and bilayers on Fe~001! substrates
and confirmed the antiferromagnetic coupling of V monola
ers to the substrate. For a 2-ML film however, an alm
vanishing V-surface moment and an interface mom
aligned antiparallel to the substrate moments was found.
induced magnetic order at 193 K in ultrathin V films o
Fe~001! was studied using spin-polarized electron-ener
loss spectroscopy by Walker and Hopster.15 For a V ML an
antiferromagnetic coupling to the Fe surface was detec
with a magnetic moment below 1mB . For a V bilayer the
total magnetic moment is aligned parallel to the Fe subst
and for thicker V films the magnetic moment is below t
experimental resolution of 0.4mB . The same trends are ob
served in spin-polarized secondary-electron emission
spin-polarized Auger-electron spectroscopy studies p
formed at room temperature.16 The first ML of V was ob-
served to carry a negative magnetic moment of20.3
60.08mB , subsequent layers exhibit a positive magneti
tion decreasing with the thickness of V adlayers.

Before we confront the facts known about the V/Fe~001!
system with our results, a concise account of the theoret
approach and some technical information concerning the
culations are given in the next section.

II. CALCULATIONAL PROCEDURE

The results presented here were obtained using the
space tight-binding linear-muffin-tin-orbital~RS-TB-LMTO!
method.17–19 The local spin density~LSD! exchange-
correlation functional of Barth, Hedin,20 and Janak,21 the
generalized gradient corrections~GGC! of Perdew and
Wang22 were used. The use of the gradient-correc
exchange-correlation functionals is essential, because lo
spin-density calculations predict the wrong structural a
magnetic ground state for Fe, Mn, and Cr, whereas the
rect result is obtained by including GGC’s.23 The frozen-
core-electron density was calculated fully relativistically, f
the self-consistently iterated valence-electron densities
scalar-relativistic Kohn-Sham equations were solved in
atomic-sphere approximation.

The spin-polarized local densities of state were calcula
by means of the recursion method.24 The calculations were
4160 ©2000 The American Physical Society
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performed for about 1100 atoms in clusters with perio
boundary conditions in lateral directions and free bound
conditions in the direction of the surface normal. The latt
parameter of bulk Fe (a52.87 Å) was used, no lattice re
laxation was taken into account. Three layers of em
spheres were considered to account for the spilling-ou
charge into the vacuum. Between the Fe interface and th
bulk the magnetic moments were allowed to change in th
layers. Calculations of the density of state were perform
with 15, 20, and 45 levels of the continued fraction fors, p,
andd states, respectively.

For a good resolution of the density of states calculated
a recursion method sufficiently large atomic models must
used. In such a large cluster a realistic random distributio
a some kind of partial order of atomic species can
achieved by means of a random number generator. The
centration dependence of the magnetic moments in bulk
thin-film VxFe12x random substitutional alloys was obtaine
for a cluster with 1458 or 2000 atoms, in which the corre
tion functions of the first shell were checked to vanish. T
calculations were restricted to a single-site approximation
which the response of the surrounding host atoms is tre
in an average way. Choosing a starting recursion vector w
random complex phases distributed over a given com
nent’s orbitals allows to compute the averaged compon
projected densities of state. From the moments of the pa
Fe and V densities of states, new potential parameters
derived and the procedure is repeated until self-consiste
has been achieved on average. Local quantities such a
magnetic moments on individual sites are calculated i
single non-self-consistent run. The results presented be
were obtained as an average over three random starting
tors.

Finally, we have briefly investigated the influence of
possible structural relaxation of the adsorbed monolayer
of the interface by performing a multilayer structural optim
zation using the projector-augmented wave~PAW!
method25,26 implemented in the Viennaab initio simulation
programVASP ~Ref. 27! using the same gradient-correcte
functionals.

III. RESULTS AND DISCUSSION

A. Thin vanadium films on Fe„001…

The magnetic moments of one to four monolayers of V
Fe and the Fe magnetic moments near the interface
shown in Table I. Obviously the V magnetic moment is d
to polarization by the Fe substrate. In the monolayer lim
rather large induced magnetic moment of21.85mB is ac-
companied by a significant reduction of the magnetic m
ment in the adjacent Fe layer. By inspecting the lay
resolved densities of the state in Fig. 1 this behavior can
explained by a strong hybridization of the V majority-sp
and the Fe minority-spin 3d states resulting in the charg
transfer from surface V atoms to the Fe atoms and the a
ferromagnetic coupling follows. Although the calculated
magnetic moment is almost a factor of two larger then t
found in experiment,15 only a slightly lower value of abou
21.75mB was obtained by Mirbtet al.14 The difference be-
tween this value and our V-moment of21.85mB can be
attributed to the GGC we included in the exchang
c
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correlation potential. We note that our attempts to stabiliz
magnetic moment in the V monolayer oriented along the
magnetic moment or even an improbablec(232) in-plane
antiferromagnetic order in the V monolayer failed. In co
trast, for a 2-ML film we get two magnetic solutions: on
with parallel and the other with antiparallel V moments, t
latter being of about 27 meV/atom lower in the energ
Therefore the total magnetic moment of 2-ML V films
much smaller than it was in a single V ML and it poin
along the Fe magnetization, what is exactly what has b
deduced from the experiment.15 The same observation of a
increased surface and a reduced interface V moment
obtained in the semi-empirical calculations of Vegaet al.13

Actually, putting their free parameter~the exchange cou
pling! to the value 0.6 eV leads to quantitative agreem
with our results for both V monolayer and bilayer. The ma
netic moments for a V bilayer reported in Ref. 14 are muc

TABLE I. Magnetic moments in V/Fe~001! films with up to
four monolayers of V inmB . The results within TB-LMTO ap-
proach using gradient corrections.

ML 1 21 22 3 4

V~4! 20.06
V~3! 0.40 20.02
V~2! 0.95 20.48 20.01 0.00
V~1! 21.85 20.55 20.35 20.47 20.45
Fe~1! 1.81 1.81 1.72 1.66 1.53
Fe~2! 2.58 2.46 2.47 2.49 2.50
Fe~3! 2.33 2.34 2.36 2.34 2.32
Fe~4! 2.39 2.36 2.36 2.33 2.35
Fe~5! 2.32 2.31 2.31 2.31 2.31

FIG. 1. Layer- and spin-resolved density of states in the topm
V and first Fe layer in 1 ML-V/Fe~001! ~solid lines! and 1 ML-V/
Fe~103! ~dashed lines! systems.
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4162 PRB 61D. SPIŠÁK AND J. HAFNER
smaller ~the surface V moment almost vanishes! than our
values and they predict an antiferromagnetic coupling of
total moment of the V film and the Fe substrate, in disagr
ment with experiment. Because of the disagreement betw
our results and those of Mirbtet al.,14 we repeat the calcula
tions using the spin-polarized PAW scheme. For a 1-ML fi
moments ofm(V) 521.93mB and m(Fe)51.88mB are ob-
tained at the surface and at the interface, assuming an u
laxed geometry. Under the same assumption we find for
bilayer casem(V1)50.72mB , m(V2)520.54mB , m(Fe)
51.80mB . Considering the difference between an ASA f
the potential and a full potential calculation, this can be c
sidered as a very satisfactory agreement. To check whe
the discrepancy between our results and those of Mirbtet al.
is eventually to be attributed to the neglect of gradient c
rection, we repeated the TB-LMTO calculation in the LSD
The results @m(V1)50.73mB , m(V2)520.42mB , m(Fe)
51.71mB# confirm that the GGA leads to a general enhan
ment of the magnetic moment, but do not resolve the exis
discrepancy. The important point is that the bilayer-resu
obtained by two different techniques demonstrate the
dency to an antiferromagnetic coupling between neighbo
V layers, in agreement with experiment.15

As can be seen from Table I, in a 3-ML film of V/Fe~001!
only the surface and the interface V layers carry magn
moments. Because the magnetic moment in the sub-sur
layer would like to couple antiferromagnetically to the m
ments in both neighboring V layers, and the resulting ori
tation parallel to the substrate moments is in conflict with
antiferromagnetic coupling of the V adatoms with the
substrate, it is quenched. The surface layer with a relativ
large magnetic moment is magnetically only weakly coup
to the deeper layers. Therefore it is conceivable that an
plane c(232) antiferromagnetic order similar to that ob
tained for a V monolayer on Ag~001! might appear. How-
ever, our efforts to stabilize such a configuration were
successful. The antiferromagnetically stacked V lay
turned out to be unstable as well.

In a 4-ML V/Fe~001! film no substantial magnetic polar
ization except at the V/Fe interface survives and the surf
of the V film resembles the surface of a paramagnetic V. T
magnetic moments in Fe covered by V undergo a large
duction~up to234% of the bulk value! just at the interface,
followed by a slight enhancement in the second layer fr
the interface. The magnetic state deeper in the Fe substra
affected only marginally. This behavior is opposite to wha
obtained for a~001! Fe surface, where the surface mome
increases by 34%.28 The interface magnetic moments on t
V side stay nearly constant (m'20.5mB) for 2–4 V ML
and it is very probable that the both Fe and V interface m
ments will not change for thicker V films.

The formation of V moments and the reduction of t
Fe-moments at the interface goes hand-in-hand with a ra
pronounced charge redistribution. At the free surface, c
duction electrons relax into the vacuum, so that in a 3-M
V/Fe~001! film, for example, the first layer of vacuum
spheres contains about 0.41 electrons/sphere. The first V
looses electrons not only to the vacuum, but also to the
subsurface layer where charge is increased to 5.21 elect
atom. In the V interface layer the charge is reduced to 4
electrons/atom, 0.15 electrons/atom being transferred to
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first Fe layer. The resulting very pronounced changes in
local densities of states are illustrated in Fig. 2. It is rema
able that the V layer at the free surface shows a very la
density of states at the Fermi level for the majority spins.
the subsurface and interface layer we observed the st
bonding/antibonding splitting in thed band and the deep
density-of-states minimum atEF characteristic for the body
centred transition metals with a less than half-filledd band.
The charge-redistribution effects at the free surface and
the V/Fe interface are almost independent of film thickne
except for the V monolayer, where the charge transfer fr
V to Fe is enhanced to 0.31 electrons/atom.

B. Stepped vanadium films on iron

The real-space approach can conveniently be emplo
for a treatment of systems with a lowered symmetry. In t
section we investigate the surfaces with terraces and st
The surface roughness can be responsible for a profo
alteration of the magnetic arrangement if some kind of a
ferromagnetism is present on the surface. A~001! surface
with one-atom high and two-atoms wide terraces is just
~103! crystallographic surface. A side view of the~103! sur-
face with three layers of adsorbed adatoms is sketche
Fig. 3. If only the lowest adsorption sites V1 are occupie
this corresponds to the coverage 0.63 compared to a m
layer on the~001! surface~measured in terms of atoms pe
unit surface area!. At this low-coverage only the sites at th
inner edge of the step are occupied. The V-Fe coordina
number is four, like on the planar~001! surface, but the V-V
coordination number is reduced from four to two. In th
configuration, for the topmost substrate atoms the Fe
nearest-neighbor coordination is the same, but the n

FIG. 2. Layer- and spin-resolved density of states in the f
topmost layers in 3 ML-V/Fe~001! ~solid lines! and 3 ML-V/
Fe~103! ~dashed lines! systems.
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nearest-neighbor coordination is reduced. These condit
lead to a narrowing of the Fe-d band in the top layer~cf. Fig.
1!, and to an increased Fe-V hybridization favoring a lar
magnetic moment on the Fe sites and a strong induced m
netization of the adsorbed V atoms, see Table II. The m
ment of the V atom is aligned antiparallel to the substrate
magnitude is with22.13mB nearly as large as for a V im-
purity on an Fe surface~cf. Ref. 29 and below!.

With the occupation of the second layer of possible
sorption sites, a full coverage of the terraces is achieved.
V atoms forming the outer edges of the steps now have
V and only two Fe neighbors. The V atoms immediately
the interface have now four V and four Fe nearest neighb
~NN!. Under these conditions, there is a competition betw
the NN Fe-V interactions inducing a negative moment
both V layers, and the NN V-V interactions tending towar
an antiferromagnetic alignment of the induced moments.
a consequence, the V moments are strongly reduced.
note that our result is at invariance with TB calculations
Vega et al.13 leading to small, but antiferromagnetical
aligned V moments. In our calculations, this antiferroma
netic solution turned out to be unstable. Essentially the sa
result is obtained for a V trilayer on Fe~103!—in contrast to
the flat trilayer, the V surface is now practically nonma
netic. The layer-resolved electronic density of states
3-ML V/Fe~103! is included in Fig. 2. Compared to the fla
3-ML V/Fe~001! we find a reduced density of states in t
top layer, a less pronounced bonding/antibonding splitting
the subsurface layer, but only rather small changes at
interface.

As further study of rough surfaces we have calculated
magnetic profile of 1V/Fe~001! covered by one half-filled V

FIG. 3. Structure of a V film on Fe~103!.

TABLE II. Magnetic moments in V/Fe~103! films with up to
three monolayers of V inmB . The results within TB-LMTO ap-
proach using gradient corrections.

ML 1 2 3

V~4!

V~3! 0.04
V~2! 20.15 20.18
V~1! 22.13 20.52 20.43
Fe~1! 2.24 1.63 1.58
Fe~2! 2.12 2.09 2.11
Fe~3! 2.40 2.47 2.47
Fe~4! 2.46 2.43 2.40
Fe~5! 2.35 2.35 2.36
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ML forming strips along thê010& direction. Always two V
atoms alternate with two unoccupied sites along^100& direc-
tion. The distribution of magnetic moments is sketched
Fig. 4. The magnetic moments are slightly lower than in
completed V adlayers but the overall trends are unchang
Despite of decrease of the bonds to the nearest neighbo
the top half-filled layer, the magnetic moment drops to ab
one half of the value found on the top of 2V/Fe~001!. This is
consistent with the picture that the V magnetic moments
mainly induced by a magnetic substrate and not by reduc
of the coordination number. Our calculations also dem
strate that a layered magnetic configuration is favored fo
adlayers.

C. Influence of interdiffusion in V ÕFe„001…

Before we switch to the discussion of the influence
interdiffusion in V/Fe~001! films we briefly discuss the com
position dependence of the magnetic moments in random
VxFe12x alloys in Fig. 5. The Wigner-Seitz radii of V and F
were kept at their experimental values, corresponding t
linear variation of the atomic volume with composition. W
find a nearly linear decrease of the average magnetic mom
as vanadium is added to iron in excellent agreement w

FIG. 4. Distribution of magnetic moments in the 1V/Fe~001!
system covered by periodic two-atoms wide strips of V atoms
simulate a rough~001! surface: triangles, Fe moments; circles,
moments; squares, average moments.

FIG. 5. Individual and average magnetic moments plotted a
function of the concentration in a random VxFe12x alloy.
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TABLE III. Magnetic moments of Fe and V atoms in bulk VxFe12x alloy as a function of number of the
like nearest-neighborsn in mB . mcalc is average magnetic moments obtained from single-site approxima

andm̄5(n50
8 P(n,8)m(n) is the average magnetic moment calculated as a weight sum over all possible

configurations given in the table. The results within TB-LMTO using gradient corrections.

x n50 n51 n52 n53 n54 n55 n56 n57 n58 m̄ mcalc

Fe sites
0.1 1.83 1.95 2.03 2.11 2.17 2.21 2.23 2.31 2.34 2.31 2.2
0.2 1.91 1.97 2.14 2.07 2.11 2.16 2.21 2.25 2.31 2.23 2.2
0.3 1.83 1.91 1.94 2.02 2.09 2.13 2.17 2.21 2.25 2.15 2.1
0.4 1.67 1.79 1.89 1.96 1.98 2.07 2.13 2.18 2.27 2.08 2.0
0.5 1.60 1.73 1.79 1.88 1.97 1.99 2.11 2.11 2.24 1.95 1.9
0.6 1.40 1.51 1.65 1.71 1.84 1.90 1.97 2.05 2.14 1.76 1.7
0.7 1.12 1.26 1.35 1.49 1.56 1.65 1.77 1.85 1.96 1.40 1.3

V sites
0.1 21.29 21.18 21.17 20.96 20.93 20.67 20.56 20.43 20.32 21.22 21.21
0.2 21.14 21.04 20.90 20.81 20.65 20.53 20.43 20.32 20.24 20.96 20.95
0.3 20.98 20.89 20.76 20.68 20.57 20.45 20.35 20.25 20.19 20.73 20.75
0.4 20.90 20.80 20.67 20.58 20.51 20.40 20.31 20.27 20.18 20.58 20.56
0.5 20.78 20.76 20.67 20.56 20.48 20.41 20.30 20.28 20.17 20.49 20.48
0.6 20.75 20.66 20.63 20.55 20.49 20.37 20.27 20.25 20.14 20.40 20.41
0.7 20.54 20.52 20.45 20.43 20.38 20.26 20.25 20.17 20.10 20.26 20.27
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earlier calculations in the coherent-potential approximat
and discussed previously.30,31The V impurity in Fe bears the
moment21.44mB if GGC are included, or21.23mB if the
LSD approximation is not gradient corrected. The mome
collapse atxC50.8 whether or not GGC is used. Table I
collects the magnetic moments of V and Fe atoms as a fu
tion of the nearest neighbors of the same type and for dif
ent concentrations. The resulting trends, the decrease o
Fe magnetic moment if surrounded with more V atoms a
the decrease of the V moments with increasing V nea
neighbors, are not surprising. Large local environment
fects are distinguishable for the V atoms, on which magn
moments of V having no or eight V nearest neighbors at
same alloy composition differ by a factor of 5. The avera
magnetic moments, however, agree very well with weigh
averages of the moments calculated for fixed partial coo
nation numbers. The weighting factorP(n,m)5xn(1
2x)(m2n)m!/n!/(m2n)! gives the probability to findn
neighbors among them58 nearest neighbors on a given s
in an bcc alloy with concentrationx.

Recently an inverse magnetoresistance~MR! has been re-
ported in VxFe12x/Au/Co trilayer32 and it was attributed to
the different asymmetry of spin scattering for the two fer
magnetic layers. This asymmetry can be crudely estima
by a ratio of density of states at the Fermi leveln(EF) for the
minority- and minority-spin bands,a5n↓(EF)/n↑(EF). If
one ferromagnetic layer witha.1 like Co is used in com-
bination with a magnetic partner witha,1, an inverse MR
can be expected. The variation of the total and partial Fe
V densities of states in random alloys is shown in Fig. 6. W
find that the substitutional disorder influences strongly
majority density of states on the Fe sites: the character
peak about 1 eV belowEF is strongly reduced by addition o
V. The variation of the spin-asymmetry parametera with
composition is shown in Table IV. We find that forx
n
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50.2 a is enhanced toa50.62 and forx50.3 toa50.51,
compared toa50.27 for pure Fe. From Table IV is obviou
thata(VxFe12x),1, but it is smallest for pure Fe. Howeve
the experiments by the same group found a normal MR
Fe/Au/Co trilayer system. Therefore, provided the parame
a does not change too much in a thin film, spin-scatter
asymmetry cannot be the only mechanism responsible for

FIG. 6. Total and partial densities of state in VxFe12x as a
function of concentration.
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inverse MR. The measurements on samples with sev
thicknesses of V-Fe layer detected a larger inverse MR
thicker layers and hence it was anticipated that bu
scattering and spin-disorder within the V-Fe layer is resp
sible for the observed inverse MR.33

To find out how a reduced dimension influences the m
netic properties of V-Fe alloys we performed a calculat
for 2 ML of substitutionally disordered VxFe12x alloy on the
top of a Fe~001! substrate. Because the configurational av
age over 81 atoms in one layer of a total of 1458 atoms
cluster was accomplished, we performed several trials w
various atomic configurations forx50.5. This allows to put
the upper confidence limit 6% on the magnitude of magn
moments. The results are given in Fig. 7, where the in
vidual moments are plotted as a function of the compositi
The negative V magnetic moment at the surface decre
with increasing V content of the film and changes sign
aboutx50.5, indicating that the V-V antiferromagnetic in
terlayer interaction starts to dominate over the V-Fe anti
romagnetic intralayer interaction. The V moments in the s
surface layer on the other hand are only gradually redu
with increasing V content. The magnetism of Fe both in
adsorbed film and at the interface is also gradually reduc
A single V impurity embedded in the surface layer has
enhanced magnetic moment of22.07mB , which is slightly
lower than that found for a V impurity in bulk Fe. This
decrease can be explained as a result of lowering the ne
neighboring Fe atoms to one half when going from surface
bulk. The magnetic moment of a V impurity at a subsurface
place is21.67mB , a value not differing too much from tha
found in bulk Fe. While a Fe impurity in a bulk V matri
does not preserve a magnetic character, a Fe atom poss
magnetic moments 2.55 or22.35mB and 1.58mB when put

TABLE IV. The ratio of density of states at the Fermi level fo
the minority- and majority-spin bands,a5n↓(EF)/n↑(EF) in bulk
VxFe12x alloy.

x 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
a 0.27 0.61 0.62 0.51 0.45 0.44 0.41 0.46 1.0

FIG. 7. Individual magnetic moments plotted as a function
the concentration in a 2-ML-thick random VxFe12x alloy on the top
of Fe~001!: circles, V moments at the surface; squares, V mome
in the subsurface layer; diamonds, Fe moments at the surface
triangles, Fe moments in the subsurface layer; down triangles
moments in first substrate layer.
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in the top layer or in the subsurface layer in 2V/Fe~001!,
respectively. The existence of solutions with positive a
negative moments for the Fe impurity in the surface indica
that the coupling of the impurity moment to the substra
moment is rather weak. We would like to remind that t
impurity in our model corresponds to the smallest possi
concentrationx50.012.

IV. STRUCTURAL RELAXATION

Finally we turn very briefly to the possible influence
surface and interface relaxation on the magnetic propertie
thin V films on Fe~001!. Due to the larger atomic volume o
V ~the volume ratio is about 1.06!, we would expect an out-
ward relaxation of the V adlayer constrained to the sma
lattice constant of Fe in order to conserve the local atom
volume. However, it is also known that V surface shows
large surface contraction„top layer contractions by
29% @full potential linearized augmented plane-wa
~FLAPW! calculation of Ref. 3# or 213.6% ~present work,
PAW calculations! have been reported… caused by a relax-
ation of electronic charge into the vacuum. In a bulk tran
tion metal the zero-pressure equilibrium condition is met
a compensation of as-electron pressure favoring expansio
and ad-electron pressure favoring compression. This eq
librium is changed in the surface layer because the m
mobile s electrons show a strong spill-out into the vacuu
leading to the inward relaxation because the attractived-d
interactions now dominate. Hence in V/Fe films there a
two competing effects.

The results obtained via LSD1GGA calculation per-
formed using VASP and the projector augmented-wa
~PAW! method for a 1 ML V15 ML Fe slab~allowing
the V ML and the two top Fe layers to relax! are compiled in
Table V. At zero relaxation we find a good agreement b
tween the PAW and LMTO calculations. Surprisingly, PA
predicts an inward relaxation of the V adlayer by211.5%
and smaller oscillatory relaxations of the substrate layers.
the same technique predicts a relaxation of V~001! surfaces
by 213.6% calculated at the theoretical V lattice parame
of 3.00 Å obtained by VASP or by216.1% calculated at
the experimental lattice parameter, the present result dif
essentially by the effect expected from the V/Fe lattice m
match. Due to the relaxation, the V and Fe moments at
surface and interface are reduced tomV521.69mB and
mFe51.66mB , but there are only minor changes in th
deeper layer.

For the present purpose, the important point is that
magnetic character of V films on Fe substrate undergoes
qualitative change when the film is allowed to relax. Ho
ever, the predicted relaxation is interesting and deserves
ther investigation.

V. CONCLUSIONS

In the present paper we report detailed investigations
the magnetic properties of V films on Fe substrates. We d
onstrate that in ultrathin V films on Fe~001!, the covalent
Fe-V interaction at the surface induces a substantial magn
moment in the V layer at the interface, aligned antiferroma
netically with the moments in the substrate. Further V lay
tend to form layered antiferromagnetic configurations. D
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TABLE V. The magnetic momentsm i in mB and relaxationsd i5(di 112di2d0)/d0 in % calculated
using VASP for V~001! surface and for 1-ML V/Fe~001!. The magnetic moments in parentheses w
obtained for ideal lattice geometry.

V~001! 1V/Fe~001!
aV

exp.53.03 Å aV
theor.53.00 Å aFe52.87 Å

d i d i m i d i

V~1! 216.1 213.6 V~1! 21.69 (21.93) 211.5
V~2! 21.0 1.0 Fe~1! 1.66 ~1.88! 23.3

Fe~2! 2.51 ~2.52! 22.7
c
n

d,
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-
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ss
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to the competition between antiferromagnetic V-V intera
tions and the more long-ranged Fe-V interactions, mag
tism in films with more than two V ML is strongly quenche
except immediately at the interface.

The induced magnetism depends also quite substant
on the surface orientation of the substrate—this is dem
strated for Fe~103! surfaces: in the monolayer limit, the mag
netism of V is even enhanced due to suppressed V-V c
tacts, but it is strongly reduced on increasing film thickne

The importance of surface roughness has been inv
gated for 1.5 ML V/Fe~001! films. These results show tha
V-moment formation is a rather local phenomenon—the
cal thickness determines the magnetic structure, but rou
ness tends to reduce both V and Fe moments at the inter
J
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Influence of interdiffusion has been tested by perform
calculations for 2 ML VxFe12x films on Fe~001!, and con-
fronting the results with studies of bulk V-Fe alloys. Th
results for the alloy films confirm the competition betwe
antiferromagnetic V-V and V-Fe interactions leading to
concentration-dependent spin-reorientation of
V-moments in the surface layer.
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