
PHYSICAL REVIEW B 15 JANUARY 2000-IVOLUME 61, NUMBER 3
Magnetic nanostructures on the fcc Fe/Cu„100… surface
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We present systematicab initio calculations for the magnetic moments of 3d and 4d transition-metal
impurities on the high-moment ferromagnetic phase of fcc Fe/Cu~100! surface. We find that on this substrate
the moments of the impurities are in general larger than on bcc Fe. Furthermore the transition from antiferro-
magnetic to ferromagnetic coupling occurs at smaller valencies. A very subtle behavior is found for Ru
nanostructures, which show ferromagnetic coupling for adatoms and linear chains, but antiferromagnetic cou-
pling for larger islands and monolayers.
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I. INTRODUCTION

Epitaxial growth of thin films offer the unique opportunit
to stabilize systems in metastable states. In that regard
films on Cu~100! attracted much attention, because the
phase of iron can be grown epitaxially at lo
temperatures.1–4 In the bulk fcc Fe exists only at high tem
peratures. Fe grows on Cu~100! pseudomorphically becaus
a small negative misfit of about 1% forces only a sligh
increased lattice spacing of the Fe and a small tetrag
distortion. First principle calculations predicted that an
creased lattice constant may stabilize a ferromagnetic~FM!
ground state in the otherwise antiferromagnetic~AF! fcc Fe.5

Due to a small misfit for the AF fcc Fe phase (a53.58 Å)
and the FM fcc Fe phase (a53.66 Å), a small lattice distor-
tion can drive Fe/Cu~100! into either AF or FM states, thu
leading to an magnetic instability. In Fe films grown o
Cu~100! one distinguishes a high-moment FM, a low
moment FM and low-moment AF phases.5 Experimentally,
both ferromagnetism and antiferromagnetism have b
observed.6–11FM fcc Fe can be grown up to 4–5 monolaye
~ML !. For larger coverages~up to 11 ML!, fcc Fe films pre-
fer antiferromagnetic or noncollinear configurations. T
transformation into FM bcc Fe takes place for coverage m
than 11 ML.

One of the important problems in the interface magnet
is the coupling of magnetic materials across an interface.
contact of magnetic and nonmagnetic materials with m
netic substrates can show many interesting properties, w
are strongly determined by the hybridization between
electronic states at interfaces. There are especially theore
and experimental activities on magnetic properties of 3d sys-
tems on the bcc Fe~100! substrate.12–14 The transition from
antiferromagnetic to ferromagnetic coupling in the middle
the d series has been recently predicted inab initio calcula-
tions for 3d adatoms12 and 3d monolayers on Fe~100!
surface.13 Experimental investigations of 3d layers on the
Fe~001! surface demonstrated a complicated and contra
tory picture of the magnetic coupling and indicated that
structure of the surfaces and interfaces plays an impor
role in forming of magnetic states.14
PRB 610163-1829/2000/61~3!/2356~6!/$15.00
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Growing of nonmagnetic in bulk 4d metals on metallic
surfaces may add another possibility for obtaining magn
nanostructures. Unusual magnetic properties of 4d elements
have been predicted for monolayers, free and suppo
clusters.15 Evidence of 4d magnetism has been found in e
periments with free clusters, adatoms and supported clus
on noble metal substrates and Ru monolayers on C~0001!.16

Recent experimental studies of Rh/Fe~100!,17 Ru/Fe~100!,18

and Pd/Fe~100!19 multilayers demonstrated that 4d materials
exhibit induced magnetic moments. The largest magn
moment (1mB) was found for Rh. The deposition of mag
netic and nonmagnetic elements on fcc Fe/Cu~100! may pro-
vide a new class of magnetic materials. The main goal of
paper is to show that many interesting and unusual magn
properties exist in nanostructures on fcc Fe/Cu~100! surface.
In this paper we concentrate on the high moment (M
52.76mB) ferromagnetic phase of fcc Fe/Cu~100!. A mono-
layer thick Fe film on Cu~100! is considered. We demon
strate that many 3d and 4d atoms exhibit a large magneti
moments on the fcc Fe/Cu~100! and compare the results wit
calculations for the bcc Fe~100! substrate.12 We find that on
the fcc Fe/Cu~100! substrate the moments of the impuritie
are in general larger than on the bcc Fe. Furthermore
transition from antiferromagnetic to ferromagnetic coupli
occurs at smaller valencies. A very subtle behavior is fou
for Ru nanostructures, which show ferromagnetic coupl
for adatoms and linear chains, but antiferromagnetic c
pling for larger islands and monolayers.

II. COMPUTATIONAL ASPECTS

The first principle calculations performed in this paper a
based on the local approximation of density function
theory and on the KKR Green’s function method for low
dimensional systems developed in our group.20 We treat a
surface as a two-dimensional perturbation of the bulk. T
ing into account the 2D periodicity of the ideal surface, o
can find the structural Green’s function, by solving a Dys
equation. This Green’s function is then used as the refere
Green’s function to calculate the Green’s function of the p
turbed system with adatoms and clusters on the surface
2356 ©2000 The American Physical Society
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FIG. 1. Geometrical arrangement of adatoms~H! and impurities~T! on the fcc Fe/Cu~100! and the bcc Fe~100! surfaces. Bonds of
adatoms and impurities to the first nearest neighbors are shown.
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multipole expansion up tol max56 we take the full charge
density into account. Coulomb and exchange-correlation
ergies are calculated usingl max512. We allow the potentials
of all adatoms and of all reference sites adjacent to the a
toms to be perturbed. Details concerning the calculations
be found in previous works.20 Calculations are performed fo
adatoms, supported clusters and impurities in the surf
layer. Relaxations are not included in the present calcu
tions. The adatoms, impurities and the atoms of clusters s
ied here occupy ideal lattice sites: hollow~H! or terrace~T!
sites. The nearest neighbor distance of atoms in cluster
the nearest-neighbor distance of the Cu lattice. Geometr
arrangement of adatoms and impurities on fcc Fe/Cu~100!
and bcc Fe~100! is shown in Fig. 1. The magnetic momen
of 3d and 4d adatoms on fcc Fe/Cu~100! are calculated by
ignoring changes in the distances between adatoms and
surface caused by relaxation. The adatom-surface distanc
Fe~100! is about 2.8% shorter than the one for fcc F
Cu~100! ~see Fig. 1!. Nevertheless, we will demonstrate th
magnetic moments of 3d adatoms are very close on bot
substrates. Also, it will be shown that general trends in m
netic coupling of 4d adatoms with Fe on fcc Fe/Cu~100! and
Fe~100! are the same. Due to simple size arguments ford
impurities on fcc Fe/Cu~100! surface we expect outward re
laxations and slight enhancement of the magnetic mome
as compared to the below results. In most cases the re
ation energies are small compared to the corresponding
polarization energies. For example, for 3d impurities in Fe
bulk12 and for 3d monolayers on the Fe~100! ~Ref. 13! re-
laxations energies are less than 0.02 eV. No switch from
magnetic coupling to any other one was found during
interlayer relaxation for 3d monolayers on the Fe~100!.13

Therefore, we do not expect that lattice relaxations can s
ously affect the calculated moments.

III. RESULTS AND DISCUSSION

A. 3d atoms in H and T sites

First, we discuss magnetic moments obtained for 3d at-
oms in H sites on the fcc Fe/Cu~100! surface and compare
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the results with calculations for Fe~100!.12 We find @see Fig.
2~a!# that all 3d adatoms on the fcc Fe/Cu~100! surface are
magnetic. In Fig. 2 a positive moment means ferromagne
and negative one means antiferromagnetic coupling with
Among the 3d adatoms the largest local moments are o
tained for Cr~AF! and Mn~F!. In the middle of the series the
moment curve changes from negative to positive values,
the adatoms on the left side of the series couple antife
magnetically with the Fe monolayer, while the adatoms
the right side couple ferromagnetically to the Fe. In th
sense, the present results are very similar to results obta
for adatoms and monolayers on Fe~100! surface.12,13 Large
magnetic moments for all adatoms on fcc Fe/Cu~100!, except
Ni and Sc are determined by reduced dimensionality, rat

FIG. 2. ~a! Magnetic moments of 3d atoms in hollow~H! posi-
tions on fcc Fe/Cu~100! and Fe~100! surfaces.~b! Magnetic mo-
ments of 3d atoms in terrace~T! positions of fcc Fe/Cu~100! and
Fe~100! surfaces.
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by the hybridization between adatoms and the magnetic
strate. It becomes clear, if one compares moments ford
adatoms on fcc Fe/Cu~100! and Cu~100! surfaces.20 Indeed,
in all cases, except Ni and Sc, the hybridization between
d-states of the adatoms and the Fe substrate reduces
ments. The Ni and Sc adatoms are non magnetic on Cu~100!
surface,20 but they have magnetic moments on fcc F
Cu~100! substrate. Thus, the moments of Ni and Sc are
duced by the hybridization of their electronic states w
electronic states of the Fe atoms, while the hybridizat
reduces the moments of all other 3d adatoms.

Comparing moments of the 3d adatoms on fcc Fe
Cu~100! and bcc Fe~100! surfaces, one should note that th
distance between adatoms and the first nearest neighbo
the bcc substrate (dbcc52.48 Å) is smaller than on the fc
one (dfcc52.55 Å) ~see Fig. 1!, which increases thed-d
hybridization with the Fe atoms on Fe~100!. It is seen@see
Fig. 2~a!# that, except Ni, the moments of 3d adatoms are
slightly reduced on Fe~100!. A small enhancement of th
moment of the Ni adatom on Fe~100! compared to fcc Fe
Cu~100! can be understood recalling our former investig
tions on impurities, adatoms, and supported clusters.20,21 We
showed that due to thed-d interactions, thed states of im-
purities, adatoms, and monolayers at the end of thed series
are shifted to higher energies, leading to an increase of
LDOS at Fermi energy and thus to higher moments. T
moment of the Ni atom is larger on Fe~100! due to increased
hybridization with Fe atoms.

A comparison of the magnetic moments of 3d atoms inT
sites of fcc Fe/Cu~100! and Fe~100! is presented in Fig. 2~b!.
In theT sites there are 4 nearest neighbors in bcc and 8 in
~see Fig. 1! Thus, the increasing coordination number in f
Fe/Cu~100! tends to decrease the moments compared
Fe~100!. From the other side, the larger interatomic distan
in fcc Fe/Cu~100! tend to decrease the hybridization of im
purities orbitals with 3d orbitals of Fe. According to the
investigations of Liuet al.22 the effect of interatomic dis-
tances on the magnetic moments is larger than the coord
tion number. Our results show@see Fig. 2~b!# that for early
3d impurities this is indeed true: the moments of Sc, Ti,
and Cr on fcc Fe/Cu~100! are larger~but negative! than the
ones on Fe~100!. The more or less equal moments obtain
for Fe, Co, and Ni are basically a consequence of the
that in all these cases the majority states are practically fil
so that the moments are more or less saturated.

A most interesting case is Mn. The local moment of t
Mn adatom couples ferromagnetically to fcc Fe/Cu~100! and
to Fe~100! substrates, while for the Mn surface atom
Fe~100! the antiferromagnetic configuration is most stab
lying 0.34 eV lower than the ferromagnetic one. The grou
state of the Mn impurity in fcc Fe/Cu~100! is ferromagnetic
and lies 0.034 eV below the antiferromagnetic solutio
Thus, both solutions are nearly degenerate. A complica
and curious magnetic behavior was also found in exp
ments on Mn/Fe interfaces.23 For example, experiments b
means of spin-polarized electron-energy loss spectrosc
detected antiparallel coupling between 1 ML of Mn and
on Fe~100!, but for low coverage a parallel coupling wa
found.24 The study of Mn films on Fe~100! by soft x-ray
magnetic circular dichroism showed that up to 2 ML t
Mn/Fe interfacial coupling is ferromagnetic. Magnetic circ
b-
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lar dichroism experiments revealed that for a small level
ML coverage the magnetic moment of Mn is antiparallel
the Fe substrate.25 Recent ab initio calculations for Mn
monolayers on the Fe~100! predicted that the ferrimagneti
state is expected around one monolayer, but for a Mn th
ness beyond one monolayer, ferromagnetic or layerd ant
romagnetic Mn films should be more stable.13 It is also use-
ful to recall our recent investigations on Mn clusters on A
and Cu surfaces.26 We have shown that supported Mn clu
ters exhibit magnetic bistability. Recently, Sessoliet al.27 re-
ported the observation of magnetic bistability of ligated Mn12
metal ion clusters. Thus, the magnetic properties of
nanostructures depend critically on the structural and che
cal environment.

B. 4d atoms in H and T sites

We now consider results for 4d atoms. Figure 3~a! shows
a comparison of the local moments of the 4d atoms on fcc
Fe/Cu~100! and Fe~100! in H sites. The general trend in
magnetic coupling of 4d adatoms with Fe atoms is simila
for both substrates: antiferromagnetic coupling to Fe is fou
for early 4d impurities and ferromagnetic for the late one
All adsorbate atoms, except Pd, have larger magnetic
ments on the fcc substrate than on the bcc one due to
reduced hybridization mentioned above. The Pd free atom
nonmagnetic. Also, the Pd atoms are nonmagnetic on the
surface.20 Thus, a sizeable magnetic moments of the Pd
oms on both substrates are determined by the direct hyb
ization of 4d states of Pd with 3d states of Fe atoms. Th
results for both isoelectronic Pd and Ni are similar: mome
on the bcc substrate are larger than ones on the fcc du
stronger hybridization with Fe atoms. Due to the larger e
tent of the 4d wave functions, the difference between m
ments on the bcc and fcc substrates is more pronounced
4d atoms compared to 3d ones~see Fig. 2!. The tendency
for magnetism is reduced for 4d atoms.

FIG. 3. ~a! Magnetic moments of 4d atoms in hollow~H! posi-
tions on fcc Fe/Cu~100! and Fe~100! surfaces.~b! Magnetic mo-
ments of 4d atoms in terrace~T! positions of fcc Fe/Cu~100! and
Fe~100! surfaces.
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Figure 3~b! shows the local moments of the 4d atoms inT
positions of fcc Fe/Cu~100! and Fe~100! surfaces. Consider
ing these results one should note, that the number of nea
neighbors on the bcc~100! surface does not change on goin
from hollow to the terrace position, but the number of ne
nearest neighbors changes from 1 to 5. Due to extendedd
wave functions, the moments of 4d atoms inT positions are
influenced by the hybridization of 4d states with 3d states of
the next nearest neighbors Fe atoms. On the fcc~100! surface
the number of the first nearest neighbors changes from 4
going from the hollow site to the terrace position. The larg
number of the nearest neighbors near the 4d impurity in fcc
Fe/Cu~100! tends to decrease moments compared to Fe~100!.
On the other hand, the larger interatomic distances in
Fe/Cu~100! tend to increase the moments. Additionally, t
magnetic behavior of 4d impurities in Fe~100! is strongly
influenced by surface states of the bcc surface. For exam
unusual enhancement of the moment of the Tc in theT po-
sition of Fe~100! was found in our former calculations.12

Figure 3~b! shows that, except for Tc and Pd, the moments
all 4d impurities in fcc Fe/Cu~100! are enhanced compare
to Fe~100!.

IV. RU CLUSTERS AND MONOLAYERS

We perform calculations for Ru, Rh, and Pd monolay
on fcc Fe/Cu~100! surface. In Table I we present our resu
est
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for monolayers and results obtained for Fe~100! in experi-
ments and in first principle calculations. Moments of Rh a
Pd monolayers are reduced on the fcc surface compare
the bcc. The reduction of the moment is very strong for R
These results clearly show that the driving mechanism
the magnetism of the overlayers can be attributed to the
bridization between overlayers and the Fe substrate, whic
stronger on the bcc surface. Ru atoms represent the m
interesting case. Surpisingly, we found that Ru monolay
are antiferromagnetically coupled to the Fe on fcc F
Cu~100!. This is in contrast with results obtained fo
Fe~100!. An additional Fe monolayer does not change t

TABLE I. Magnetic moment of 4d atoms in monolayers and
bilayers deposited on fcc Fe/Cu~001! and Fe~001! substrates.~All
moments are given inmB .)

System Theory Experiment

Pd/Fe/Cu~001! 0.23
Pd/Fe~001! 0.29 ~Ref. 17! 0.4 ~Ref. 19!
Rh/Fe/Cu~001! 0.1
Rh/Fe~001! 0.82 ~Refs. 17,28! .1 ~Ref. 18!
Ru/Fe/Cu~001! 20.25
Ru/Fe~001! 0.36 ~Ref. 28!, 0.49 ~Ref. 17! 0.5 ~Ref. 18!
Fe/Ru/Fe/Cu~001! 20.26
Fe/Ru/Fe~001! 0.36 ~Ref. 28!
n
d

FIG. 4. Magnetic moment of Ru clusters o
fcc Fe/Cu~100!. The linear chains are orientate
in the ~110! direction. All moments are given in
Bohr magnetons.
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antiferromagnetic coupling of the Ru monolayer to the F
The Ru monolayers in the Fe/Ru/Fe/Cu~100! and Ru/Fe/
Cu~100! sandwiches have very similar magnetic moments
is an evidence that the overlayer-substrate hybridizatio
the main cause of the antiferromagnetic coupling betw
Ru and fcc Fe/Cu~100!. In order to get a deeper insight int
the unusual behavior of Ru atoms on fcc Fe/Cu~100! we
perform calculations for a small Ru clusters. These calcu
tions show an evolution in magnetism with cluster grow
Results for some selected clusters are presented in Fig.29

One can see that small linear chains of Ru are ferromagn
and ferromagnetically coupled to the Fe. At the same time
small plane islands of 9 atoms the transition from ferrom
netic to antiferromagnetic coupling is found. The cent
atom in the plane island of nine atoms has the same coo
nation as atoms in monolayers. One can see, that the mo

FIG. 5. LDOS (d component only! of Ru atoms.~a! The single
Ru adatom on fcc Fe/Cu~100!; ~b! the Ru atom in the Ru9 cluster on
fcc Fe/Cu~100!.
ch

er

p

n

.

It
is
n

-
.
.
tic
in
-
l
i-

ent

of this atom is very close to the moment of atoms in the
monolayer. Thus, the interaction between Ru atoms on
Fe/Cu~100! leads to the transition from ferromagnetic to a
tiferromagnetic coupling. To understand the nature of
results for the Ru, we perform calculations for LDOS of t
Ru adatom on fcc Fe/Cu~100! and for the Ru atom in the
cluster of nine atoms. In Fig. 5 LDOS for both cases a
presented. The interaction between Ru atoms mainly in
ence the minority states and shifts these states to the lo
energies. It leads to the ferromagnetic-antiferromagn
transitions in Ru nanostructures.

V. CONCLUSIONS

In conclusion, we have performed extensive first princip
calculations to determine magnetic moments of 3d and 4d
impurities on the high-moment phase of fcc Fe/Cu~100! sur-
face. Our results show that all 3d and 4d impurities in the
terrace position and as adatoms are magnetic. Compare
results for Fe~100!, moments of all atoms, except Ni, Tc, an
Pd are enhanced on fcc Fe/Cu~100!. The transition from an-
tiferromagnetic to ferromagnetic coupling to the Fe ato
occur for the 3d atoms on both substrates between Cr a
Mn and for the 4d ones between Tc and Ru. For the 3d
impurities in the surface the behavior is more complicat
since due to the stronger hybridization the transition
shifted for the bcc Fe substrate to higher valencies. Small
clusters exhibit a very delicate balance between ferrom
netic and antiferromagnetic coupling. Whereas the Ru a
tom and small chains of Ru atoms couple ferromagnetic
to the fcc Fe substrate, a Ru monolayer and small squ
islands prefer an antiferromagnetic coupling. We hope t
the present calculations will motivate experimental efforts
study magnetic nanostructures on the metastable fcc pha
Fe.
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