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Magnetic states in mixed FeX „X53d… clusters on the Ag„001… surface
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We apply the local approximation of the density-functional theory and Korringa-Kohn-Rostoker Green’s-
function method to investigate magnetic properties of FeX (X53d)clusters on Ag~001!. Mixed dimers, im-
purities in small Fe clusters, plain islands, and cluster sandwiches are considered. In many cases we find both
ferromagnetic and antiferromagnetic solutions with large magnetic moments. In particular, we discuss FeCr
and FeMn supported clusters. Total-energy calculations show that the energy difference between magnetic
configurations in these systems is small; therefore, magnetic fluctuations are possible in FeCr and FeMn
nanostructures.@S0163-1829~98!06220-1#
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The magnetic coupling of Fe with 3d elements has bee
intensively studied in the past few years, in part becaus
the discovery of oscillatory interlayer exchange coupling a
the giant magnetoresistance in Fe/Cr multilayers.1 Experi-
mental investigations of 3d layers on the Fe~001! surface
demonstrated a complicated and contradictory picture of
magnetic coupling, and indicated that the structure of
surfaces and interfaces plays an important role in forming
magnetic states.2 For example, the very large (.4mB) mag-
netic moment for Cr atoms at the Cr/Fe~001! interface for
submonolayer thicknesses, and a decreased moment ofMCr
53mB after completion of the first monolayer, have be
found by means ofin situ magnetometer measurement3

Spin-resolved photoemission and energy-loss spectrosco
of Cr give smaller moments for Cr at the interface with
(MCr51.83 mB) ~Ref. 4! or a moment similar to bulk Cr.5

Soft-x-ray magnetic circular dichroism measurements h
indicated a small moment of Cr (0.6mB) for a submonolayer
level of coverage on Fe~001!.6

A curious magnetic behavior was also found in expe
ments on Mn/Fe interfaces. Mn is of great interest as a p
sible high-magnetic-moment material. With a half-filledd
shell, the free Mn atom possesses the large magnetic mo
of 5mB . In the bulk Mn is antiferromagnetic with a sma
magnetic moment of 0.65mB . There has been a consta
search for a suitable environment where Mn could be fou
in a phase with a magnetic moment close to its value in
free atom. Investigations of Mn on Fe~001! by spin-polarized
electron-energy-loss spectroscopy detected antiparallel
pling between 1 ML of Mn and Fe, but for low coverage
parallel coupling was found.7 The study of ultrathin Mn films
on Fe~001! by soft-x-ray magnetic circular dichroism
showed that up to 2 ML the Mn/Fe interfacial coupling
ferromagnetic, and Mn has a magnetic moment ab
1.7mB .8 The most recent experiments on Mn/Fe~001!, with
570163-1829/98/57~24!/15585~6!/$15.00
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the magnetic circular dichroism method, revealed that fo
small level of monolayer coverage the magnetic momen
Mn is very large~more than 4mB) and antiparallel to the Fe
substrate.9 Antiferromagnetic coupling within the Mn mono
layer was found in these experiments. Experiments w
FeMn particles10 demonstrated a ferromagnetic coupling, b
alloys of the same compositions are antiferromagnetic.

First-principles calculations based on the densi
functional theory11 predicted that Fe layers in FeCr withB2
structure are ferromagnetically aligned with neighbouring
atoms, but the antiferromagnetic configuration becom
more stable for thicker Fe layers. The full-potenti
augmented-plane-wave method calculations12 for Cr mono-
layers on Fe~001! showed that two magnetic states are nea
degenerate, and at the middle of the series the magnetic
pling changes from antiferromagnetic to ferromagne
Similar results have recently been found in the framework
the tight-binding~TB! approach,13 and the possibility of vari-
ous magnetic configurations in CrFe monolayers was fo
in TB calculations.14 The complicated character of magnet
states was also pointed out in FeX alloys. For example, in
ordered FeV compounds, the calculated local moments o
and V are antiparallel at large volumes and parallel at sm
ones.15 Recent TB linear-muffin-tin-orbital coherent pote
tial approximation ~CPA! calculations of FeV alloys16

showed that the magnetic moment of Fe approaches
with an increasing number of V neighbors, while, in the
matrix, the moment of Fe does not change so dramatic
and decreases linearly with an increasing number of
neighbors to a value of 1.85mB Korringa-Kohn-Rostoker
~KKR!-CPA calculations for FeMn and FeCr disordered b
alloys indicated the transition from ferromagnetic to antife
romagnetic coupling with the concentration of Cr~Mn!.17 The
calculations for Fe clusters embedded in antiferromagn
15 585 © 1998 The American Physical Society
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Cr18 revealed that the order within Fe clusters changes fr
antiferromagneticlike to ferromagneticlike with increasi
cluster size.

The local behavior of 3d impurities in the Fe host is dif-
ferent from those in Ni and Co hosts. Magnetic moments
3d impurities in Fe change sharply from negative values
Cr to the positive one for Mn, but in Ni and Co such
transition takes place in a relatively large region of the
existence of two solutions.19 Investigations in the framework
of KKR for 3d adatoms and dimers on the Fe~001! surface20

predicted the transition from an antiferromagnetic state
Mn as an impurity in the surface layer to a ferromagne
ground state for the Mn adatom. It was also found that f
romagnetic and ferrimagnetic solutions are degenerated
the Mn dimer. Thus experimental results and calculations
different theoretical methods lead to the conclusion tha
rich variety of magnetic states is possible in FeX systems. A
small energy difference between magnetic configurati
was found~20–100 meV/atom!. Transitions between differ
ent states take place with a changing of the level of cover
in the monolayers. Therefore, investigations of magne
states in small FeX clusters are highly desirable. This ca
shed light on the physics of the very complicated chara
of magnetic states in FeX systems. Also, one should note th
recent results in atomic manipulation show that very sm
clusters of only a few atoms can be produced on m
surfaces.21 The progress in new magnetic materials is co
nected to the possibility of creating magnetic systems
metal surfaces.

In this paper we investigate the magnetic states in sm
FeX clusters on the Ag~001! surface. This surface is ver
often used in experiments, and plays an important role a
optimal substrate which allows two-dimensional~2D! mag-
netism to occur. Its influence on magnetic states in clust
and monolayers comes mainly from an interaction betw
thesp states of Ag and thed states of supported clusters. W
concentrate mainly on FeCr and FeMn clusters and show
different magnetic states are possible in these systems
our knowledge this is the firstab initio calculation of sup-
ported small FeX clusters. Our calculations are based on
density-functional theory in the local-spin-density appro
mation~LSDA!. The LSDA has been used with great succe
in order to determine the structure and geometries of so
and molecules, and their vibrational properties and ela
constants, and in particular to describe the itinerant mag
tism in solids composed of transition-metal elements. Lat
constants, bond lengths, and magnetic moments can be
culated within typical errors of some percent in comparis
to experiments. A recent publication by Cheng and Wan22

demonstrated that the LSDA is applicable to antiferrom
netic Cr clusters. As regards possible effects of involv
generalized gradient corrections~GGA’s!, we have to note
that although the GGA gives the correct bond length
some systems, it overcorrects LSDA predictions for so
other systems.23 In particular, it has been reported that th
LSDA gives a more correct lattice constant for bulk Rh co
pared to the GGA, and that the GGA corrects the LSDA
just a little bit ~0.2%! for the interlayer spacing of a clean R
surface.24 It is questionable which approximation~GGA or
LSDA! gives more correct in-plane and out-of-plane latt
constants for Rh/Cu~001!, investigated in Ref. 25. LSDA and
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GGA calculations of Singh11 for magnetic transitions in FeC
multilayers11 yielded similar results. Recently, Asada an
Blügel investigated the energetics of Cu-3d surface alloys
using LSDA and GGA approximations.26 They found that if
the experimental lattice constant is used in the calculatio
the results, obtained in the LSDA are almost equivalent
the GGA results. In our calculations we use the experime
lattice constant for the Ag (a57.73 a.u.!.27

The KKR Green’s-function method for impurities an
clusters on metal surfaces, developed in Ref. 28, is used
removing the atomic potentials of a few monolayers~5-7! of
a crystal, we create two half-crystals, which are not coup
due to the work-function barrier. A surface is treated as a
perturbation of a bulk. Multiple-scattering theory is used
obtain the Green’s function of the surface using the Dys
equation. The structural Green’s function of an ideal surfa
is used as the reference Green’s function for calculation
clusters on metal surfaces. The atoms of the clusters stu
here occupy ideal lattice sites~hollow sites!. The nearest-
neighbor distance of atoms in the cluster is the near
neighbor distance of the Ag lattice. The relaxation of the
surface has been found experimentally to be fairly sma29

We allow the potentials of all adatoms and all reference s
adjacent to the adatoms to be perturbed. The full charge d
sity is taken into account by a multipole expansion up to
angular momentum ofl 56. Coulomb and exchange
correlation energies are calculated usingl 512. The local
potential of Ref. 30 is used in our calculation. The poten
is assumed to be spherically symmetric inside the Wign
Seitz spheres. The spherical symmetric potential is only u
to generate the wave functions and the charge densi
whereas the full anisotropic charge density is used in
calculations of the total energies.31 This approximation for
the total energy calculations takes into account nonspher
in the charge distribution at the surface, and leads to su
ciently accurate interaction energies. Our previous invest
tions showed that the spherical approximation for the pot
tials does not strongly influence magnetic moments
transition-metal impurities and supported clusters, beca
the contribution ofs electrons in magnetic moments~and
energies! is very small. Moments and energies are main
determined by well-localizedd electrons.

Our method has been successfully applied to various
tems in the past.28 For example, the prediction of 4d magne-
tism for adatoms on metal surfaces has just been veri
experimentally.32 Technical details of the method can b
found elsewhere.28

First, to understand the main tendency in magnetic c
pling in FeX supported clusters, we discuss the mixed FX
dimers which are the simplest supported clusters showing
influence of interatomic interactions on the magnetism. T
general trend in electronic states of mixed FeX supported
dimers can be seen in Fig. 1, where the local density of st
~LDOS! of a Fe, Mn, and Cr atom in FeFe, FeMn, and Fe
dimers are shown for ferromagnetic coupling. In FeFe a
FeMn, the majority bands are filled and practically u
changed. At the same time the minority LDOS on Mn
shifted to higher energies compared to the LDOS of
FeFe. This shift arises because of the local Coulomb po
tial for Mn is less attractive. For the majority states the Co
lomb and exchange potentials act at opposite directio
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therefore in FeFe and FeMn the majority states are sim
For Cr in FeCr the exchange potential is not compensated
by the Coulomb potential, which is weaker than for Mn
FeMn; as a result, for Cr the majority states move to
Fermi level and become slightly depopulated. This effect
stabilizes the ferromagnetic state in FeCr, and one can ex
a transition to antiferromagnetic coupling in FeCr. Our tot
energy calculations show that FeCr has antiferromagn
ground state, but the energy difference between ferrom
netic and antiferromagnetic states is very small, 20 m
atom. The ferromagnetic state for FeMn is more stable t
the antiferromagnetic one, with the same order of the ene
difference 50 meV/atom. A similar result was found for C
monolayers on Fe~001!.12 Calculations for Mn impurities in
Fe ~Ref. 19! also indicate that Mn is a very critical case, a
different magnetic solutions were reported for this system

Magnetic moments of FeX dimers are shown in Fig. 2
The largest moments are found for ferromagnetic FeMn
antiferromagnetic FeCr. For all mixed dimers, except Fe
and FeNi, the two solutions are found. For Sc we do not fi
the ferromagnetic solution. Ni shows only ferromagne

FIG. 1. LDOS (d component! on Cr, Mn, and Fe atoms in FeC
FeMn, and FeFe dimers at the Ag~001! surface for the ferromag
netic configuration.

FIG. 2. ~a! Magnetic moments onX (3d) atoms in mixed
dimers and in ferromagnetic Fe clusters of eight atoms. The c
pling is antiferromagnetic from Sc to Cr, and ferromagnetic fro
Mn to Ni. ~b! Magnetic moments of Fe atom in dimers and
atoms as the nearest neighbors of impurities in clusters. Magn
moments are given in Bohr magnetons.
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coupling with Fe. The magnetic moments for antiferroma
netic and ferromagnetic states are very close. For exam
for FeMn the following moments are obtained: 3.23mB ~Fe!
and 4.50mB ~Mn! for the ferromagnetic state; and 3.35mB
~Fe! and24.40mB ~Mn! for the antiferromagnetic state. Fo
FeCr the moments for both configurations are also v
close: 3.35mB ~Fe! and 4.40mB ~Cr! and 3.25mB ~Fe! and
24.50mB ~Cr!. A similar tendency was found for 3d mono-
layers on Fe~001!.12

In the last years considerable progress has been m
concerning the local behavior of impurities in metals. Imp
rities in low-dimensional systems~clusters and monolayers!
present a class of systems which can exist at surfaces du
the interdiffusion of atoms. Therefore, it is important to i
vestigate properties of such systems. We have calcul
magnetic states of 3d impurities in the ferromagnetic Fe
clusters, as shown in Fig. 2~a!. One can see that values o
moments of 3d impurities are close to the dimer results, a
that the character of magnetic coupling of impurities with
is the same: the transition from an antiferromagnetic to
ferromagnetic configuration is obtained for the Mn impur
in the Fe cluster. The inner atoms in the plain islands of n
atoms look like atoms in monolayers; therefore, one can
pect that single 3d impurities in Fe monolayers show a sim
lar behavior. To support this prediction, we have calcula
ferromagnetic clusters of five and 21 atoms, and compa
magnetic moments for the central atoms with monola
results33 ~cf. Fig. 3!. Since the 3d wave functions are well
localized for the elements on the right side of the 3d series,
the local magnetic moments at central atoms of clusters
very close to monolayer moments. In contrast, for the ea
elements~V, Cr! which exhibit a stronger hybridization du
to the more extended 3d wave functions, the moments of th
central atoms in clusters are not saturated. Therefore,
expect that magnetic moments of 3d impurities in small clus-
ters are close to those in monolayers. For example, the m
netic moments of Cr and Mn impurities in an Fe cluster of
atoms (24.13mB for Cr and 4.16mB for Mn! are nearly the
same as in a cluster of nine atoms. It is important to n
that, in all clusters, the magnetic moments of Fe atoms as
nearest neighbors of impurities are close, but an interes
tendency is observed@cf. Fig. 2~b!#: for early 3d impurities
the moment of neighboring Fe atoms show a decreased v

u-

tic

FIG. 3. Comparison of magnetic moments of adatoms and
romagnetic islands with monolayer results. Moments of central
oms of clusters are presented. Results for clusters of nine atom
similar to the 21-atom clusters.
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FIG. 4. Magnetic configurations in mixed
clusters and energy differences between th
states and metastable ones~in meV per atom!.
We do not present moments for metastable co
figurations because they are very close to those
Fig. 1.
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compared to pure Fe clusters, whereas for late 3d impurities
the moment is enhanced. This behavior is similar to wha
found for 3d impurities in Fe,19 and for 3d monolayers on
Fe~001!.34

We consider results for FeCr and FeMn clusters of diff
ent geometries and sizes in more detail. We performed
culations for linear chains and plain islands of these clust
Although first-principles calculations of all the possibilitie
of intermixing are out of reach, we believe that the ma
results found in our investigations remain the same for c
ters of different sizes and geometries. In Fig. 4 we show
most stable magnetic configurations for some cluster sha
and compositions. Energy differences between ground st
and metastable configurations are also presented. De
their different geometries, nearest-neighbor coordinat
and composition, the magnetic moments of atoms in clus
are large and similar in magnitude. This is because the
jority d states are practically filled for these elements, andsp
contributions to the magnetic moments are small. It is use
to recall again the most recent publications for Fe/Cr~Ref. 3!
and Fe/Mn~Ref. 9! interfaces. Large moments for Cr and M
have been found experimentally. In all FeCr clusters, Fe
Cr adatoms have an antiferromagnetic coupling, while
FeMn ferromagnetic configurations are the most stable,
is
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cept the cluster of nine atoms with Mn atoms as next-nea
neighbors. The energetic balance between the magn
states in all clusters is very delicate. Transitions betwe
these states could be caused by small variations in exp
mental conditions. We have investigated many differe
magnetic configurations for FeCr and FeMn clusters, and
all cases the energy differences between states are sma
an example, we present results for FeCr and FeMn syst
with a sandwich structure~cf. Fig. 5!. Ferromagnetic Fe clus
ters of 21 atoms are covered by Cr~Mn! clusters of 16
atoms.35 The following magnetic configurations are calc
lated:~1! Cr~Mn! clusters being ferromagnetic, have a ferr
magnetic coupling with Fe clusters; and~2! moments of
Cr~Mn! and Fe clusters are antiparallel. The magnetic m
ments for the central part of the clusters for all configuratio
are shown in Fig. 5. The energy differences between m
netic states are also presented in this figure. One can see
in cluster-cluster interfaces, the magnetic moments are la
Ferromagnetic and antiferromagnetic states for Fe/Cr sa
wiches are degenerate. The ferromagnetic configuration
Fe/Mn is more stable than the antiferromagnetic one.

Our previous calculations for spin-polarization energ
showed that, in most cases, these energies are large~about 1
eV and more!. At the same time typical energies for lattic
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FIG. 5. Sandwiches of FeCr and FeMn clu
ters on an Ag~001! surface. Magnetic moments o
the central part in the cluster-cluster interfac
are presented for two configurations, as explain
in the text.~a! Ferromagnetic and antiferromag
netic interfaces for Cr/Fe cluster.~b! Ferromag-
netic and antiferromagnetic interfaces for Mn/F
cluster. The first configurations have lower ene
gies.
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relaxations are less than 0.1 eV. Therefore, in most ca
calculated moments cannot be seriously affected
relaxation.36 The central result of our work is the small e
ergy difference between magnetic configurations in FeCr
FeMn clusters. This result is obtained by ignoring any mo
layer and cluster relaxations. A first-principles study of t
relaxation of clusters on surfaces is difficult and, to o
knowledge, has not yet been performed for transition-m
clusters. However, one of the dominant effects of surf
relaxation is the change in the interatomic distance of
atoms in the cluster as well as on the surface. To examine
influence of the changes in bond lengths on the stability
various magnetic states, we calculate FeCrFe and FeM
linear chains of three atoms on the Cu~001! surface. The
lattice constant of Cu is about 10% shorter than the lat
constant of Ag, which strongly increases the hybridization
clusters and with the substrate. We found that the ene
difference between ferromagnetic and antiferromagn
states is also small~58 meV for FeCr, and290 meV for
FeMn!. We recall again recent calculations of Handsch
and Blügel for Cr monolayers on the Fe~001! surface.12 Us-
ing the full-potential linearized augmented-plane-wa
method, and taking into account interlayer relaxations, t
found no switch from one magnetic coupling to any oth
one during the interlayer relaxation.

From the present results, one can expect that magn
states in FeCr and FeMn clusters will be very sensitive to
w
,
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structural and chemical environment, as it takes place
Fe/Cr and Fe/Mn interfaces and alloys. The changes in b
length in FeCr and FeMn caused by external conditions
relaxations can lead to different ground states in these c
ters. One can speculate that these systems can be driven
one state to another by applying magnetic field or tempe
ture.

In summary, we have performed first-principles calcu
tions of magnetic states in FeX (X53d) clusters on an
Ag~001! surface. The transition from antiferromagnetic
ferromagnetic coupling is found in the middle of thed series.
Different magnetic structures with large local magnetic m
ments and with close energies are expected for FeCr
FeMn nanostructures. The small energy difference betw
magnetic configurations found in our calculations is in li
with similar findings for monolayers. Therefore, differe
magnetic states should be found in future experiments w
FeCr~Mn! nanostructures, and results might be very sensi
to the experimental growth conditions. We hope that t
work will also stimulate research on magnetic bistability
supported FeCr and FeMn clusters.

We thank P.H. Dederichs, R. Zeller, S. Blu¨gel, and A.
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on Cray computer of the German supercomputer ce
~HLRZ!. This project was supported by Deutsche Fo
chungsgemeinschaft~DFG!.
s,

F.
,

rdt,
.
N.
1P. Grünberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. So
ers, Phys. Rev. Lett.57, 2442~1986!; S. S. P. Parkin, N. More
and K. P. Roche,ibid. 64, 2304~1990!.

2G. Panaccione, F. Sirotti, E. Narducci, and G. Rossi, Phys. Re
55, 389 ~1997!.

3C. Turtur and G. Bayreuter, Phys. Rev. Lett.72, 1557~1994!.
4Zhongde Xu, Y. Lin, P. D. Johnson, and B. S. Itchkawitz, Ph

Rev. B52, 15 393~1995!.
5F. U. Hillebrecht, C. H. Roth, R. Jungblut, E. Kisker, and

Bringer, Europhys. Lett.19, 711 ~1992!.
-

B

.

6Y. U. Idzerda, L. H. Tjeng, H. J. Lin, C. J. Gutierrez, G. Meig
and C. T. Chen, Phys. Rev. B48, 4144~1993!.

7T. G. Walker and H. Hopster, Phys. Rev. B48, 3563~1993!.
8S. Andrieu, M. Finazzi, F. Yulero, H. M. Fischer, Ph. Arcade,

Chevrier, L. Hennet, K. Hricovini, G. Krill, and M. Piecuch
Europhys. Lett.38, 459 ~1997!.

9O. Rader, W. Gudat, D. Schmitz, C. Carbone, and W. Eberha
Phys. Rev. B56, 5053~1997!; J. Dresslhaus, D. Spanke, F. U
Hillebrecht, E. Kisker, G. van der Lann, J. B. Goedkoop, and
B. Brookes,ibid. 56, 5461~1997!.



.

ol

s

to

ys

J

rn

J

H.

ev.

er,

s.

-

s.

ys.

sid-

ite
re
rt of

15 590 57V. S. STEPANYUKet al.
10Yu. V. Baldokhin, P. Ya. Kolotyrkin, Yu. I. Petrov, and E. A
Shafranovsky, Phys. Lett. A211, 237 ~1996!.

11D. J. Singh, J. Appl. Phys.76, 6688~1994!.
12S. Handschuh and S. Blu¨gel, Solid State Commun.105, 633

~1998!.
13L. Pizagalli, D. Stoeffler, and F. Gautier, Phys. Rev. B54, 12 216

~1996!.
14A. Vega, S. Bouarab, H. Dreysse, and C. Demangeat, Thin S

Films 275, 103 ~1996!.
15V. L. Moruzzi and P. M. Marcus, Phys. Rev. B45, 2934~1992!.
16S. Mirbt, I. A. Abrikosov, B. Johansson, and H. L. Skriver, Phy

Rev. B55, 67 ~1997!.
17N. I. Kulikov and C. Demangeat, Phys. Rev. B55, 3533~1997!.
18A. Vega, L. C. Balbas, J. Dorantes-Davila, and G. M. Pas

Phys. Rev. B50, 3899~1994!.
19V. S. Stepanyuk, R. Zeller, P. H. Dederichs, and I. Mertig, Ph

Rev. B 49, 5157~1994!; R. Zeller, J. Phys. F17, 2123~1987!;
B. Drittler, N. S. Stefanou, S. Blu¨gel, R. Zeller, and P. H. De-
derichs, Phys. Rev. B40, 8203~1989!.

20B. Nonas, K. Wildberger, R. Zeller, and P. H. Dederichs,
Magn. Magn. Mater.165, 137 ~1997!.

21D. M. Eigler and E. K. Schweizer, Nature~London! 344, 524
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