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The size and structural dependence of magnetic properties of small Cr,,, Fe,, and Ni, clusters are
determined by using a tight-binding Hubbard Hamiltonian in the unrestricted Hartree-Fock ap-
proximation. Results are given for the average magnetic moment fi,, local magnetic moments, and
magnetic ordering at 7=0. We obtain for Fe, (n <15) that [i, varies as a function of n due to the
interplay between the changes in coordination number and bond length as a function of cluster size,
which may be related to recent experiments. The dependence of the structural cluster stability on
magnetism is discussed. Results are also given for the cohesive energy, average bond length, and lo-

cal densities of states.

I. INTRODUCTION

In the past, small metal clusters were mainly used as
models for calculating surface or bulk electronic proper-
ties. However, in the last few years considerable interest
in the properties of clusters themselves has developed,
due to the possibility of studying them experimentally
and their increasing importance in technological applica-
tions.!

One of the fundamental problems in cluster research is
to understand how the physical properties change as the
electrons of a single atom become part of a group of
several atoms and delocalize, and how bulklike behavior
is achieved. Particularly interesting in this respect are
the magnetic properties of transition-metal clusters. The
magnetism of bulk-transition metals is namely known to
be due to itinerant d electrons on the metallic side in con-
trast to the magnetism of atoms and insulators which is
due to electrons localized in atomiclike orbitals. Thus,
the study of this problem will also help to answer the fun-
damental question of electron delocalization as a function
of cluster size. Furthermore, interesting structural
dependence of the magnetic properties of transition met-
als has been observed, which reflects the sensitivity of
these to the details in the electronic structure. For exam-
ple, bec a-Fe is ferromagnetic with a magnetic moment
U =2.21up at T =0, whereas fcc y-Fe seems to be weak-
ly antiferromagnetic (1, =0.7uy).>® The magnetization
is also very sensitive to changes in the local environment
that occur at surfaces, alloys, or by applying external
pressure.* ® Since in a small cluster the local environ-
ment (e.g., coordination number) and structure vary sen-
sitively with cluster size n, one expects transition-metal
clusters to show a wide variety of magnetic phenomena
as a function of n.

Recently, Cox et al.” performed for the first time mag-
netic deflection experiments on free Fe clusters. They ob-
served that the average magnetic moment per atom g, of
Fe, (n =17) is larger than or equal to that of the bulk.
Concerning the size dependence of [, they concluded
that 1, should be constant or could even increase with
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increasing cluster size. Variations of i, as a function of
n can be inferred,” possibly somewhat speculative.

So far, most of the theoretical studies on the magnetic
properties of transition-metal clusters were performed us-
ing first-principle methods.®”!*> These type of calcula-
tions do provide the highest precision and reliability one
can reach nowadays, but require a great deal of computa-
tional effort. Thus, they are limited to small clusters
(n £ 15) with high symmetry. In agreement with experi-
ment’ one obtains®'° for Fe, and Cr, (n=9,15) larger
magnetic moments than for the bulk. However, very lit-
tle can be said about the cluster-size dependence of [,
the role of cluster relaxation (i.e., geometry optimization),
or finite-temperature effects [e.g., transition temperature
T.(n)]. In this paper we report results of calculations of
several properties of transition-metal clusters: size
dependence of [i,,, local magnetic moments (i.e., magnetic
ordering), cohesive energy, average bond length, and Io-
cal densities of states. These were obtained using a tight-
binding Hubbard Hamiltonian!*!> in the unrestricted
Hartree-Fock approximation. This method, which we
describe in Sec. II, has been applied successfully to
bulk'® and surfaces*> and is expected to provide valuable
complementary information to first-principles calcula-
tions.

In Sec. III we present and discuss our results in some
detail. We obtain for i, reasonable agreement with pre-
vious calculations® ™ 1® performed for unrelaxed clusters
(i.e., using bulk bond length). However, by allowing clus-
ter relaxation the clusters contract in order to minimize
the total energy. This causes important changes in [,
(n < 15) which improve qualitatively the agreement with
the observed’ size dependence of i, for Fe,. In Sec. IV a
summary of the conclusions is given. Preliminary results
of some of the calculations have already been reported
previously.!# 13

II. THEORY

In order to study the size and structural dependence of
the magnetic properties we consider the Hubbard Hamil-
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tonian for d electrons which are expected to contribute
dominantly,’

H= 3 1t} cpo+H; , (n
i#j
a,B,0
where c;ﬂw (¢jqo) refers to the creation (annihilation)
operator of an electron with spin o at atomic site i in the
orbital a (@=xy, yz, zx, x>—y?, 3z2—r? and 15° to the
hopping integrals for d electrons between sites i and j.
The interaction Hamiltonian H; in the unrestricted
Hartree-Fock approximation is given by

H]= 2 eioﬁiU-Edc ’
i,o

(2)
g, =9+ U An(i)—LoJuli) .

Here, 71;, refers to the d-electron number operator and
E4=13; ,(€1p—€3){n;,) to the correction due to dou-
ble counting. The exchange and effective direct intra-
atomic Coulomb integrals, denoted by J and U, respec-
tively, are taken to be independent of cluster size and are
given by JZ(UTl_—UTT)’ U:(UTl+UTT)/2’ where
U, and U,;; are the Coulomb interaction between elec-
trons with opposite and parallel spin including exchange,
respectively. The number of d electrons n (i) and the lo-
cal magnetic moment p(i) at site i given by

[Ja(l)=<ﬁ,T>_<ﬁ,l> ’

(3)
n ()= ) + ()

are determined self-consistently by requiring
i
(n)=[" Nyle)de . 4)

Note that we allow charge transfer between different
atomic sites i by requiring global charge neutrality:
An(i)=n(i)—ng4, ny=(1/n) 3, ;n(i). The spin-polarized
local densities of states (DOS) N, () are calculated by us-
ing the Haydock-Heine-Kelly recursion method.!®
We assume for the hopping integrals the canonical
values!®? varying as the inverse fifth power of the
interatomic distance d: (ddo)=—6(W,/2.5)(ryg/d ),
(ddm)=4(W,/2.5)(rws/d), and (dd8)=—1(W,/
2.5)(rws/d)’. Here, W, stands for the bulk d-band
width and ryyg for the Wigner-Seitz radius. For bce- and
icosahedral-like structures, we take into account nearest-
and next-nearest-neighbor hopping integrals, while for
fcc-like structures only nearest-neighbor hopping in-
tegrals are included. Note that the cluster magnetic or-
der (e.g., ferromagneticlike or antiferromagneticlike) is
given by the sign of u(i). The average magnetic moment
I, given by

n
B,=1 S uli) (5)
ni=h
represents the average magnetization of the cluster at
T =0. Although we have restricted here to properties at
T =0, the theory can be extended to finite temperatures
within the functional-integral formalism!® or the alloy-
analogy model,?! for example.
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The cohesive energy per cluster atom is given by
Ecoh(n)zEband(1)_Eband(n)—ER ’ (6)

where E, 4(n) refers to the electronic d-band contribu-
tion per atom,

1 n EI"
Epung(n)=-- 3, [ _eNj (e)de—E,, . 7

—-p ’ (8)

d_, ]
dy
where z; refers to the coordination number at site 7 and
d, to the bulk interatomic distance. The parameters A
and p are fitted to the bulk equilibrium condition and
compressibility modulus. We allow uniform relaxation,
then we minimize the energy with respect to d and obtain
the average equilibrium bond length d,,, the cohesive en-
ergy E_,(n), and the magnetic moments for each as-
sumed structure. Note that in calculating the cluster-size
dependence of the magnetic properties and cohesive ener-
gy, we neglect for simplicity the s-electron contribution
and s-d hydbridization effects, but the model could be
easily extended to take them self-consistently into ac-
count. As discussed below, s electrons and s-d hybridiza-
tion effects seem not to contribute much to the size and
structural dependence of the magnetic properties we cal-
culate. However in some cases, s electrons can be impor-
tant for determining bond-length or structural changes
on which, as will be shown, the magnetic properties do
depend.

III. RESULTS AND DISCUSSION

Using the theory outlined in Sec. II we determine the
size dependence of the average magnetic moment f,,
magnetic moments w(i) at site i (i.e., magnetic ordering),
cohesive energy E_ ,(n), and equilibrium interatomic dis-
tance d,, of small Cr,, Fe,, and Ni, clusters. The param-
eters used for the calculations are listed in Table I. n, is
taken to be independent of size?? and such that the num-
ber of s electrons ng=1. J is fitted to the bulk magnetic
moment p,, W, is taken from band calculations,?® and U
is estimated from atomic-spectroscopic data.’** In
practice this is almost equivalent to the limit U — o and
implies approximately local charge neutrality. In previ-
ous calculations for Fe clusters'> we showed that the
magnetic properties are not very sensitive to the value of

TABLE I. Parameters used for the calculations (see text).
n, refers to the number of electrons per atom.

ng W, (eV) J (eV) U (eV) we(iip)
Cr 5.0 7.0 0.56 6.3 0.60
Fe 7.0 6.0 0.73 5.4 2.21
Ni 9.0 5.0 0.50 4.5 0.60
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U since An(i) is small even for U =0. For small clusters
(n <9) we assume the various probable structures shown
in Tables II-V and for larger clusters bcc-, fcc-, or
icosahedral-like structures obtained by adding to a cen-
tral atom the successive shells of its first, second, etc.,
neighbors (see Fig. 1).

Concerning the accuracy of the continued fraction ex-
pansion'® of the local Green’s functions G;; we would like
to point out that for small clusters (n < 8) the off-diagonal
recursion coefficient by vanishes for N =6-10, implying
that the recursive expansion is equivalent to numerical
diagonalization. For larger clusters (n % 15) we take N
large enough such that the results become independent of
N. Empirically, we found that N=25-40 satisfies this
condition. To avoid oscillations in the numerical solution
of the self-consistent equations (2)—(4) the discrete cluster
energy levels were first broadened by calculating the
Green’s functions G (z) at an imaginary energy z=e-+iy.
In successive iterations we then let ¥ —0 and obtain the
self-consistent magnetic moments for the proper discrete
energy spectrum of the cluster.

For all studied clusters we obtain larger magnetic mo-
ments than for bulk material. This can be understood re-

- calling that in a small cluster most of the atoms have a
smaller coordination number and therefore the effective
d-band-width W,(n) is smaller than in bulk material.
Thus, the kinetic-energy loss upon magnetization is
smaller [AE,;, <1/N(g)x Wy(n)] yielding larger local
magnetic moments. For the same reason u(i) generally
increases for Cr, and Fe,(n = 9) as we go from the center
to the surface of the cluster [u(1)<u(2)<u(3)], i.e., as
the local coordination number decreases (see Tables ITI

fcc-like

FIG. 1. Illustration of the bce- and fcc-like cluster geometry.
The different shells are labeled 1,2 etc.
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and IV). Similar behavior has been observed at surfaces
of transition metals.*> Note that the increase of u(i) be-
comes more and more important as we go from Ni to Cr,
i.e., as we approach half-band-filling, since more holes are
available to be polarized, and that unrelaxed Cr, shows
even larger local magnetic moments than Fe, in contrast
to bulk material. A similar large increase of u(i) has also
been obtained for Cr surfaces.* For Ni clusters the local
magnetic moments u(i) decrease as we go from the center
to the surface of the cluster. This results because charge
is transferred from the inner atoms to the surface atoms
which have a smaller effective bandwidth. The larger
number of d holes allows namely a larger spin polariza-
tion of the inner atoms. Note that u(1)> 1.0up can only
be obtained if n (1) <n;=9.0 (see Table V).

A. Fe, clusters

Results for very small clusters (n <8) are given in
Table II. Using the normal bulk bond length, we obtain
saturated magnetic moments [u(i)=[10—n,(i)]ug
=~3.0ugl, i.e., fully polarized d band. The magnetic or-
der within the cluster was found in all cases (n <8) to be
ferromagneticlike. Notice that the total magnetic mo-
ment nf, of the cluster must be an integer multiple of
Wp, since the total spin operator = .(A;; —#;) com-
mutes with H. However, small variations of u(i) versus i
are obtained due to the small charge transfer
[An,(i)~0.01].

Allowing uniform relaxation the cluster bond length
contracts in order to minimize the total energy. The
value of the contraction varies from about 10% for the
dimer and trimer, to 1-2 % for the larger clusters with a
more close-packed arrangement of the atoms. Since the
magnetic moments are saturated in this size range
(n = 8), no significant change of fi, is obtained upon con-
traction. This holds even for the dimer and linear trimer,
for which a large reduction of the bond length is ob-
tained. A remarkable exception is, however, provided by
the triangular trimer. Here a 9% contraction causes the
total magnetic moment njfi, to change from 9uy to 7ug
(fis=3up—HE3=2.33up). This reduction occurs because
the splitting of the molecular orbitals (effective d-band-
width) increases with decreasing bond length (W, ~d ).
As a consequence the highest occupied spin-up molecular
orbital becomes unoccupied (lies above ) after contrac-
tion and one more spin-down molecular orbital becomes
occupied. The fractional value of fi; (i;=7=2.33) re-
sults from the fact that in our calculations the electrons
occupy delocalized moelcular orbitals. This might be a
consequence of the Hartree-Fock approximation used for
calculating w(i), which in very small clusters might tend
to overestimate the d-band width and thus might be not
accurate for n $8. An improved treatment of electron
correlations possibly yields saturated local magnetic mo-
ments also for relaxed Fe,;. Similarly, iy changes from
3.0up to 2.33up, since three majority spin levels move
above g after contraction (fig= % —[iy=2'). This shows
the strong sensitivity of the magnetic properties of 3d
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TABLE II. Results for the size and structural dependence of the cohesive energy E ., (n) (in eV), average bond length d,
(d, =bulk bond length), average magnetic moment fi,,, and local magnetic moments (i) (in units of up), of small Fe, clusters (n < 8).
Different symmetry atoms / are indicated in the assumed geometries. Results for the unrelaxed geometries are given in parentheses.

Structure E n(n) d,/d, o, p(l) nu(2) u(3)
Fe, 1 0.92 0.90 3.00 3.00
e (0.81) (3.00) (3.00)
1
Fe, A 1.21 0.91 2.33 2.33
(1.12) (3.00) (3.00)
Fe, ——a 2 0.80 0.94 3.00 2.98 3.01
0.74) (3.00) (2.98) (3.01)
Fe, @ 1 1.31 0.97 3.00 3.00
) (1.26) (3.00) (3.00)
Fe, -<>2 1.32 0.96 3.00 2.98 3.02
5 (1.26) (3.00) (2.99) (3.01)
Fes 1 1.39 0.97 3.00 2.98 3.02
(1.37) (3.00) (2.99) (3.02)
3
Fes @ 1.29 0.96 3.00 3.03 2.98 2.98
1 2 ; (1.25) (3.00) (3.02) (2.99) (2.99)
Feq @ 1.26 0.99 3.00 3.01 2.97
2 (1.23) (3.00) (3.01) .97
Fe, 1 1.50 0.99 3.00 3.00 2.99
(1.49) (3.00) (3.00) (3.00)
>
Feg S 1.42 0.99 3.00 3.00
S (1.41) (3.00) (3.00)
1
Fey . 6 0.98 3.00 3.00
’ 14) (3.00) (3.00)
TABLE III. Results as in Table II for larger Fe, clusters (n >9). Different shells i are indicated as in Fig. 1.
Structure E (n) d,/d, o, u(l) n(2) u(3) u(4) u(s)
Fe, bee 1.37 0.91 2.33 0.40 2.57
(1.08) (3.00) (2.96) (3.01)
Fe,, bee 1.41 0.97 3.00 2.96 3.02 2.96
(1.36) (3.00) (2.96) (3.02) (2.97)
Fey; bee 1.62 0.97 2.54 0.42 2.65 2.85
(1.55) (3.00) (2.95) (3.01) 2.98
Fe,; fee 1.42 0.98 1.92 —1.71 2.23
(1.41) (2.08) (—1.79) (2.40)
Fe,; icos. 1.41 0.98 2.08 —1.98 2.41
(1.39) (2.23) —2.20 2.60
Fes bee 1.63 0.97 2.60 0.48 2.67 2.86
(1.60) (2.73) (1.28) (2.88) (2.76)
Feyo fce 1.42 0.99 1.84 —1.09 1.76 2.49
(1.41) (1.95) (—1.28) (1.91) (2.56)
Fey, bee (1.41) (2.85) (2.88) (2.67) (2.85) 2.97)
Fe,; fee (1.70) (1.23) (—1.37 (—0.90) (0.89) (2.49)
Fes, bee (1.73) (2.45) (1.28) (1.87) (1.57) (2.62) (2.83)
bulk bee 2.0 1.0 221 221
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transition metals to cluster size and structure.

For the difference in the cohesive energy E_,,(n) be-
tween different assumed structures we obtain AE_,
~=0.01-0.09 eV (n=3-5). These values are too small to
conclude safely, taking into account the approximations
we made, about the most stable geometrical arrangement
of the atoms at 7 =0, but rather indicate that a strong
coupling between electronic and translational degrees of
freedom can be expected at finite temperatures.

In Table III results are given for larger Fe, clusters
(9=n =51) with bcc-like structure (see Fig. 1). These

v T T v I T T M I T T T T T T
+[ (a)
Fe,(bcc)
L 15 ]
[ Majority )
o[ spin ]
5 0
3
#9 2L Mir_wority
- spin
o[ N
5[ ]
P P |
T T T T T T T T
o[ (b) -
I Fe,glbcc) ]
1 L Majority __
L spin J
> L J
()] F E
— 0
< I [
o 3 l 1
=z i ]
'+ Minority | n
spin
2 -
U IR IR SR SR BN SR SR |
-5 -4 -3 -2 -1 0 1 2 3 4

(e-eg) (eV)

FIG. 2. (a) Local densities of states N,,(¢) of bcc-Fe,s. The
numbers refer to different shells ordered by increasing distance
to the cluster center as in Fig. 1. (b) Average density of states
N,(e)=(1/n)3,N;,(e) of bcc-Fe;s. A Lorentzian was used to
broaden the cluster energy levels (y =0.2 eV).
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clusters show in all cases ferromagneticlike order (i.e., all
moments pointing in the same direction). Using the bulk
bond length (results in parentheses) we obtain for n <13
saturated local magnetic moments. Larger clusters
(n Z15) have nonsaturated p(i) [u(i)<(10—ny)ug
=3.0up] as the convergence towards bulklike behavior
starts to take place. The local magnetic moments u(i)
show interesting environment dependence. For example,
for unrelaxed Fe s we obtain (in units of pg) u(1)=1.28,
p(2)=2.88, and p(3)=2.76. The rather small value of
(1) is due to the fact that the perturbation introduced
by the cluster surface is symmetric around the central
atom and therefore produces a very strong changes in its
local DOS [see Fig. 2(a)]. Note that our results for u(i)
versus [ are in good agreement with self-consistent-
field-Xa (SCF-Xa) calculations®!© [, (1)=0.9,
Hxo(2)=2.8, and py,(3)=2.8], suggesting that for Fe, s
electrons and s-d hybridization effects are not important
for calculating u(i) as noted for bulk calculations.!
Furthermore our result for the d-band width W,(n) of
Fe;s[W,(15)=4.9 eV] is close to that determined in
local-spin-density-functional (LSDF) calculations®
[W,(15)=4.7-5.3 eV]. This indicates, as physically ex-
pected, that the hopping integrals ¢;; and Coulomb in-
tegrals U and J are approximately independent of cluster
size, since these are local properties?® and the shape of
the rather localized d orbitals is not very environment
dependent.?’

A more critical test?® on the accuracy of our tight-
binding calculations and the role of s-d hybridization is
provided by the DOS of Fe;s shown? in Fig. 2. The
shape of the total DOS indicates that a resemblance be-
tween the general features of the distribution of energy
levels for the clusters and for the bulk starts to develop,
as noted by the authors of Refs. 8 and 9. For example,
the typical bonding and antibonding broad peaks of bcc
bulk separated by a valley near the center of the band are
already present. Due to the exchange splitting the energy
of the antibonding up states is close to that of the bond-
ing down states and the Fermi energy €, lies in the valley
between these states and the antibonding down states.
The d-level energy distribution agrees moderately well
with first-principles calculations.®® The main discrepancy
appears in the structure of the majority band. Here the
energy difference we obtain between the two upper main
peaks (~0.5 eV) is smaller than that obtained by Lee
et al. (~1 eV). Note that the three-peaked structure ob-
tained in LSDF calculations is a cluster feature not
present in bulk Fe.’* Although the total DOS of bee Fes
and of bulk Fe are quite similar one cannot conclude that
this will be also the case for larger bce-like clusters. For
instance, the total DOS for Fe,; shown in Fig. 3(b) has
new features which results from the contributions of the
atoms in the outer shells of the cluster [see Fig. 3(a)].
This difference in the DOS for Fe,5 and Fe,, can be quali-
tatively understood if one looks at the surface of both
clusters. The bce-like Fe, 5 cluster has a fairly closed sur-
face while the surface of Fe,; is rather open. The
effective bandwidth of the outermost atoms of Fe,, (la-
beled 4) is much smaller than that of the inner atoms.
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New surfacelike states (extended mainly on shells 3 and 4)
are present in Fe,; around 1 eV (—1.2 eV) for minority
(majority) spin, which spoils the resemblance to the bulk
total DOS (see Fig. 3). For similar reasons the local mag-

T T T T T T T T
slla)
| Fe,,(bcc)
2 -
Majority
spin
1L P .
o | ]
2
“ L Va) "y
e n : \
= B A L 1\
Minority | EF \ ]
2L spin \ .
1 2\\/
3L -
4 PO WY WU SN WU ST N S W S N
T | T T T T T T T
4 (a) i
3L .
o[ Majority
[~ spin 7
= ol .
E L
o
%)
N
=z - .
Minority
2L spin -
3L -
4 -
PR W WINN ST WD WU NN R SRR
T T T T T T T T
2 (b) 1
i Fe,,(bcc) 1
1L Majority 1
[~ spin T
T> 0 I
@ f
— I
= I
=]
P 1L [ a
Minority |
spin | 7
I | ]
20 =
[ | ]
3 PN W SRR W SR N SR SRR R A
-5 -4 -3 -2 -1 0 1 2 3 4

(e-€3)  (eV)
FIG. 3. (a) Local densities of states NN;,(g) and (b) average
density of states N, (&) of bee-Fe,; as in Fig. 2.
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netic moments u(i) in bce-like Fes; have not yet con-
verged to bulk values.’! The open surface of Fe,, and
Fes, also manifests in the rather low values of their
cohesive energy. Therefore we expect the surface to
reconstruct to a closer one possibly resembliing that of
Fes.

In Table III, results for fcc- and icosahedral-like Fe,
clusters are also given. These clusters show antiferro-
magneticlike ordering with the magnetic moments of the
central atom pointing in the direction opposite to that of
the outermost shells (Fejs: 111, Feg: 11111, and Fey;:
t144111). Similar behavior seems to be observed for
small y-Fe particles’? and is probably related to the anti-
ferromagnetic ordering observed in bulk y-Fe?3. The ab-
solute values of the magnetic moments are usually some-
what smaller for fcc- or icosahedral-like Fe, than for
bee-like Fe,. However the enhancement with respect to
the magnetic moment of bulk y-Fe is very large
[(i) =3u(y-Fe); u(y-Fe)=0.7up]. Note that in the fcc
lattice no perfect nesting of two antiferromagnetic sublat-
tices is possible, i.e., there is always some frustration.
Thus, the choice of the sublattices is not obvious. For ex-
ample, the magnetization could alternate signs along the
(001) direction as observed? for bulk y-Fe. Therefore,
more general calculations with no rotational symmetry
restrictions are necessary to determine precisely the anti-
ferromagnetic structure of fcc-like Fe,,.

Concerning the structural stability we obtain the bcc-
like Fe, clusters are more stable than fcc-like clusters for
n=13-19, in agreement with previous results** derived
from the size dependence of the ionization energy of Fe
clusters. This is due to the contribution of the magnetic
energy gain AE, . (n)=Ey,(u=0)—E,, 4(1t), which is
much larger for bcc clusters [AE:’,f;g( 13)=0.4 eV] than
for the fcc clusters [AE {ggg( 13)=~0.1 eV]. This contribu-
tion overcomes the larger kinetic-energy gain of the fcc
structure, which would be more stable if magnetic contri-
butions were neglected [E™S (u=0)—E%§ (u=0)~0.08
eV]. For bulk Fe we obtain a similar behavior in accor-
dance with previous calculations.>*

In Fig. 4 we show a plot for [, as a function of cluster
size. For each n the structure of largest E_; (n) shown in
Tables II and III is used. For the unrelaxed clusters we
find saturated magnetic moments (n < 13). As a result [z,
exhibits a very weak dependence on the geometrical
structure of the clusters in agreement with density-
functional results.®® However for relaxed clusters we find
that u, changes strongly for n =3,9 and n =13-15. This
shows that fi, may depend sensitively on the bond length
d, and cluster geometry. The dependence of i, on d,, re-
sults from the fact that when d, decreases the splitting of
the molecular orbitals (effective d-band width) increases.
As a result i, decreases. For n =4-8 we obtain for &,
the same results for relaxed and unrelaxed clusters, al-
though the relaxation is about 4%, due to the fact that
the u(i) are saturated. For n =3 and n =9 our calcula-
tions yield such a strong relaxation (~9%) that this
reduces [i,,, even so for the corresponding unrelaxed clus-
ters the u(i) are also saturated. For n =13-15 we obtain
large changes in fi,, though the relaxation is relatively
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small (~2-3 %), since for these clusters the u(i) are no
longer saturated as is known to be the case for bulk Fe.
Comparison with experimental results for i, derived in-
directly from the depletion factor D, indicates discrepan-
cies with our calculations, although the main trends are
well reproduced particularly for n >9. Notice that we
obtain a rapid increase of i, for n =3—4 and then an al-
most constant fi,, for 4 <n =7, instead of the experimen-
tally observed smooth increase of g, for 3=n =7. This
may result from uncertainties’ in the relation between i,
and D, or also from our neglect of s electrons in deter-
mining cluster relaxation. s-electron contributions may
favor contraction particularly for the smaller clusters and
thus reduce p@,. Similarly as interpreting [,
=2Iup=2.33uy one may continue to argue as follows:
For the small clusters, the bond-length decrease may
cause the highest spin-up molecular orbital to move

above the Fermi level. Thus, one may obtain [,
— 10

=Pup=2.5up, Us=Fpp=2.6upg, pHe=gpup=2.6Tug,
= 2up=2.7lup, and pg=Z2Zup=2.75up. It is in-
teresting to see that in this way one obtains much better
agreement with experimental results. Since our numeri-
cal calculations do underestimate bond-length contrac-
tion, the resulting increase of the splitting of the molecu-
lar orbitals may be too small to cause such a shift of a
spin-up molecular orbital above €. Note that we have
neglected the repulsive interaction between second neigh-
bors and thus our estimations of d, might be quantita-
tively not correct for bce clusters. Furthermore, cluster
relaxation might not be of the simple form assumed here
(uniform relaxation), which retains high symmetry.’
This could influence the size dependence of fi,, since the
magnetic properties are sensitive to the cluster structure.
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In particular for Fe, additional effects related to the ex-
pected® Jahn-Teller distortion could appear. For n=2,3
direct experimental determination of [, yields’
B,=(3.3+0.5)up, [;=2.7+0.3)uy, while we obtain
[,=3.0up and 1;=2.33up. Notice that for clusters with
an odd number of atoms an additional contribution to the
average magnetic moment fi, results at 7 =0 from an un-
paired electron of mainly s character (i.e., iz, (s)=1/n for
n odd). In this way one would obtain for Fe;, for exam-
ple, i;=2.67up in better agreement with experiment and
first-principles calculations.” However, a,(s) may be
averaged out already at very low temperatures, since s-d
exchange interactions are weak. Our calculations indi-
cate that the variations in f, as a function of » might be
real since, as physically expected, i, depends on bond
length and geometrical arrangement of the atoms. s-
electron contributions are known to be less structure sen-
sitive. Therefore including them in the -calculation
should weaken the variation of z,. Additional correla-

' tions (beyond Hartree-Fock approximation) tend to yield

saturated magnetic moments, and thus possibly reduce
the variations of i, for very small clusters. We conclude
that in order to obtain reliable results for f, it is neces-
sary to determine more precisely correlations, the cluster
structure, and the bond length without imposing any
symmetry restrictions. For well-defined structures our
results are in good agreement with experiment’ (n =2,3)
and first-principles calculations®® (#=9,15). Therefore
the theory presented here could be used to infer the struc-
ture of the clusters if precise experimental values for g,
were available.

B. Cr, clusters

In order to obtain qualitative results for the equilibri-
um bond length and cohesive energy, we estimate the s-
electron contribution to E_, (n) by adding to E, , the
s-band energy contribution E3, ;. We consider an s-
electron density of states of elliptical shape with size-
dependent bandwidth W} (i.e., second moment approxi-
mation®%), and neglect s-d hybridization effects and s-d
charge transfer (n,=1). For the s-electron hopping in-
tegrals we use a d 2 distance dependence!® yielding
Wi=(d,/d)*z;/z})""*W} (b refers to bulk and z; to the
effective s-electron coordination number).3¢

Results for Cr, clusters including the estimated s-
electron contribution are given in Table IV. We see that
the antiferromagnetic solution gives even for Cr,
(n =2,3) the largest cohesive energy, indicating that anti-
ferromagnetic behavior of Cr bulk is already present for
very small clusters. Upon relaxation most of the clusters
contract, except ferro-Cr,, ferro-Cr;, and bce-Crg, for
which an expansion is obtained (16% for ferro-Cr,, 21%
for ferro-Crj;, and 1% for bee-Cry). The expansion can be
understood by noting that these clusters have very large
local magnetic moments u(i) which cause the
repulsive magnetic force F,,,=0(AE,,,)/dd [F,,,

mag

~J >,u(i)ouli) /3d] to be particularly large. To check
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on the validity of this interpretation we calculated the re-
laxation for nonmagnetic [u(i)=0] bee-Cry and obtained
a contraction of 2% in contrast to the magnetic one.
Furthermore, for Crq AE,,, is very large
[AE,,,;(9)=1.45 eV] and thus F,,, dominates causing a
small expansion. For Cr;s the presence of the six
second-nearest neighbors of the central atom causes u(i)
and thus AE,,, to reduce [AE,,, (15)=0.43 eV], and the
metallic bonding to increasing leading to a net attractive
force at the bulk interatomic distance. For antiferromag-
netic Cr, we obtain a much shorter bond length than for
the bulk (d, /d, =0.72) in agreement with the contraction
obtained in previous calculations.'? In this case due to
the antiferromagnetic order, the strong distance depen-
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dence of the attractive d-electron bonding energy
(W, «d "% dominates. Note that relaxation does not
change i, for Cr, (nfi, integer). However, due to the
antiferromagnetic order the changes found in the local
magnetic moments u(i) are considerably large, since the
hybridization between majority and minority orbitals of
neighboring atoms changes.

Cr, clusters with bcc-like structure (9 <n <51) show
antiferromagneticlike order with moments on atoms be-
longing to different sublattice of antiferromagnetic bulk-
Cr pointing in opposite directions (e.g., Crq: 117 and
Crys: IT111). This is in agreement with results for Cr,
and Cr,; reported previously.!® Notice that for Cr,, and
Crs; u(3) and u(4) have the same sign (Cry;: 1111111
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TABLE IV. Results as in Tables II and III for Cr, clusters.
Structure E_ . (n) d,/d, Bn u(l) u(2) u(3) u(4) u(s)
Cr, —_ 0.58 1.16 (5.00) 5.00
1 2 (0.36) (5.00) (5.00)
Cr, ——e 1.93 0.73 0.0 0.55 —0.55
1 (0.89) (0.0 (4.60) (—4.60)
Cr, A 0.75 1.21 5.00 5.00
1 2 (0.20) (4.33) (4.33)
Cr; *——o—0 1.05 0.91 1.67 —3.54 4.27
(0.99) (1.67) (—4.32) (4.66)
Cr, ! 0.88 0.96 0.50 0.50
e 1 (0.60) (0.50) (0.50)
VN
Crg \ Y 1.16 0.94 0.50 0.50
S~ , (0.98) (0.50) (0.50)
Crg * 0.78 0.96 2.25 2.25
Vet (0.65) (2.25) (2.25)
Cry bee 1.10 1.01 3.89 —2.71 4.71
(1.09) (3.89) (—2.71) (4.71)
Crys bee 1.79 0.98 0.33 —1.76 2.90 —2.74
(1.75) (0.33) (—2.13) (3.25) (—3.14)
Cr,; bee (1.64) (1.96) (1.89) (—2.40) (3.32) (4.20)
Crs, bee (2.02) (1.24) (—1.58) (2.20) (—2.11) (—2.55) (3.77)
Bulk bee 3.32 1.0 0.0 0.60 —0.60

and Crs;: 11111 1117). This is consistent, since atoms
on these shells would belong to the same sublattice of an-
tiferromagnetic bulk Cr (i.e., since they are second neigh-
bors). The average magnetization i, —0 for increasing
cluster size due to the cancellation of contributions with
opposite sign. Already for C;s fi;5 is much smaller than
the local magnetic moments, which at the surface of the
cluster are remarkably large, even larger than those of
Fe, [H;5=0.33up <<|u(surface)| ~3uz]. Quantitatively
our results for u(i) of unrelaxed Cr,s disagree with those
obtained by using the self-consistent Xa approximation'®
[xo(1)=—0.7, uy,(2)=4.1, and py,(3)=—3.4]. This
might be related to the particular treatment of exchange
and correlation effects on which the results for antiferro-
magnetic Cr appear to depend sensitively.’’” However
note that, as for Fe, clusters, relaxation can cause appre-
ciable changes in p(i) which can be important when com-
paring with experiment.

In Figs. 5 and 6 the densities of states of Cry and Crs
are shown. Note that the typical antiferromagneticlike
shape with a deep valley at the center of the band near e
is already present for Cr, (n=9,15). For Cr;s we obtain
a strong reduction of N (gx) and an increase of the width
of the valley A, with respect to bulk (A;s=~1.2 eV). For
Crgy not only does N (g5) almost vanishes but also A, in-
creases (Ag==2.2 eV). This results would indicate a possi-

ble metal-insulator transition for small Cr, clusters as a
function of cluster size. However, further studies includ-
ing explicitly s-electron and s-d hybridization effects and
treating correlations beyond mean-field approximation
are needed in order to draw definitive conclusions on this
matter.

C. Ni, clusters

Results for Ni, are shown in Table V. As mentioned
before, the magnetic moments of Ni, clusters are larger
than the bulk moment (u, =0.6u) in agreement with
other calculations'® for Ni,; and Nijy. In contrast to Fes,
we found that for Ni; the linear chain is slightly more
stable than the triangular geometry, as obtained by other
calculational procedures.®® The magnetic energy gain
AE,,, is larger for the linear chain (AE,,,=0.03 eV)
than for the triangle (AE,,,, =0.01 eV). This and the en-
ergy gained upon relaxation results in a larger binding en-
ergy for the linear chain and stabilizes this structure.

For Ni, clusters with icosahedral-like and fcc-like
structures (13 =n <43) we obtain ferromagneticlike order
in contrast to fcc- or icosahedral-Fe,. The calculated d-
band width of fcc-Ni; [W,;(13)=~4.3 eV] agrees with
first-principles calculations.'? Furthermore our result for
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B, for fcc-Nig (;o=0.79up) is in good agreement with
LSDF calculations'® (@1PA=0.80up). For fcc-Ni;; we
obtain a larger average magnetic moment (&;3=0.85up),
but the value is somewhat smaller than the LSDF result
(@1PA=1.14up). This is possibly due to d —s charge
transfer (~0.2 electrons per atom) which might occur for
very small clusters and which we have neglected by keep-
ing constant the total number of d electrons n,;. Notice
that the magnetic moments u(i) of Ni, (n =13) with a
nearly filled d band are particularly sensitive to the value
of n, since for these clusters the u(i) are almost saturated
[1(i)=~10—n,4(i)]. In fact, for Ni,; charge transfer from
the central atom to the cluster surface, resulting mainly
from the different effective bandwidth of the local density
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of states of outer and inner atoms, causes u(1) to be
larger than 1.0up (see Table V). Magnetism and charge
redistribution also play an important role in the structur-
al stability of Ni clusters. In fact, if we set U =0 and
J =0, and thus disregard effects due to magnetism and
charge transfer, we obtain that icosahedral Ni,; is more
stable than fcc-Ni; (EfS — Ei%=—0.07 eV), in agree-
ment with similar previous calculations.? If we take into
account charge-transfer effects but still keep J =0, we ob-
tain EF —E®=0.02 eV, indicating that fcc-Ni,y is
slightly favored. Now, using J as given in Table I, we ob-
tain that fcc-Ni,y is further stabilized by magnetism with
respect to icosahedral Ni; (E®¢ —Ei%=0.06 eV). This
result illustrates the importance of calculating the spin-
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TABLE V. Results as in Tables II and III for Ni, clusters. For Ni;; a refers to calculations using U =4.5 eV and J =0 (i.e.,
neglecting magnetic effects) and b to calculations using U =0 and J =0 (i.e., neglecting also charge-transfer effects). Otherwise the
parameters listed in Table I were used.

Structure E (n) d,/d, 0, u(l) u(2) n(3) u(4)
Ni, —_ 0.66 0.92 1.00 1.00
1 (0.52) (1.00) (1.00)
Ni, A 0.84 0.92 0.33 0.33
(0.68) 0.33) (0.33)
Ni, -—o 3 0.87 0.90 0.33 0.33 0.33
(0.65) (1.00) (1.06) (0.97)
Ni, & 0.93 0.94 0.50 0.50
(0.81) (0.50) (0.50)
. b7\
Niy 0.98 0.96 0.75 0.75
Nag A (0.92) (1.00) (1.00)
Ni 1.04 0.96 1.00 1.00
o 0.93) (1.00) (1.00)
Niys foc 1.07 0.97 0.85 1.28 0.81
(1.03) (0.85) (1.28) (0.81)
Niys icos. 1.01 0.96 1.00 1.31 0.97
0.93) (1.00) (1.31) (0.97)
Nijs fee 0.99 0.97 0.0 0.0 0.0
0.95) 0.0 (0.0) (0.0
Niys icos. 0.97 0.95 0.0 0.0 0.0
(0.85) 0.0 0.0) (0.0)
Niys® fec 1.15 0.97 0.0 0.0 0.0
(1.08) 0.0 0.0 0.0
Nij® icos. 1.22 0.95 0.0 0.0 0.0
(1.09) 0.0 ©0.0) 0.0
Nis fec 1.09 0.99 0.79 1.07 0.79 0.74
(1.06) (0.79) (1.07) (0.79) 0.74)
Nig fee (1.15) ©0.72) (0.88) (0.80) (0.70) (0.67)
Bulk fee 1.18 1.0 0.6 0.6

polarized charge distribution self-consistently, particular-
ly when comparing structures with similar binding ener-
gies. However, we cannot conclude safely how the most
stable geometrical arrangement of Ni;; should look like
since the approximations we made (e.g., neglect of s elec-
trons and s-d hybridization) preclude the determination
of AE_, to the accuracy required in this case (=0.01
eV). Convergence to bulk behavior is almost reached for
some properties of Ni,;. For example, the average mag-
netic moment [i,3=0.72 and cohesive energy
E_ ,(43)=1.15 eV are close to the bulk values
up,=0.6up and E_, (b)=1.18 eV.

In Figs. 7 and 8 we show results for the density of state
of Ni;; with fcc- and icasahedral-like structure, respec-
tively. Note that some of the main features of the fcc-
bulk DOS are already present in fcc-Ni;;. For example,

N, (g) shows a large peak near the top of the band, ¢ lies
in the minority peak, and thus N(g) is mainly of minori-
ty character. The shape of N, (e) of fcc- and
icosahedral-Ni; are rather similar. However, some of
the quantitative differences (e.g., the position of the peaks
below €) could be exploited to infer the cluster structure
from future photoemission experiments.

IV. SUMMARY AND OUTLOOK

The size and structural dependence of magnetic prop-
erties of Cr,, Fe,, and Ni, clusters were determined by
using a tight-binding Hubbard Hamiltonian in the unre-
stricted Hartree-Fock approximation. The average mag-
netic moment f,, local magnetic moments (i), magnetic
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ordering, cohesive energy, and average bond length were
calculated at T=0. For all studied clusters we obtain
larger magnetic moments than for bulk material. The in-
crease of u(i) becomes more important as we go from Ni
to Cr, i.e., as we approach half-band filling, and Cr clus-
ters show even larger magnetic moments than Fe clus-
ters, in contrast to bulk material. Interesting dependence
of the magnetic order within the cluster on structure and
band filling has been obtained: bcc-Fe, is ferromagnetic-
like whereas bce-Cr, is antiferromagneticlike, and fcc-
Ni, is ferromagneticlike whereas fcc-Fe, is antiferro-
magneticlike. This behavior is related to the well-known
increasing stability of the antiferromagnetic phase as we
approach half-band filling.

The influence of magnetism on the structural stability
was also studied. For example, we obtain that the energy
due to magnetic and charge-transfer effects stabilizes the
fce structure with respect to the icosahedral structure for
Ni,3, in contrast to previous calculations,” where these
effects were neglected.

Our results for not too small clusters (n ~15-19) with
unrelaxed symmetrical geometries are in good agreement
with available first-principles calculations.®™!* Since the
accuracy of the present theory should improve with in-
creasing n, we expect to obtain reliable results also for
larger clusters, which at present cannot be explored with
first-principles methods. Furthermore, we can take into
account geometric relaxation effects and no restrictions
on the symmetry of the cluster are needed. This is partic-
ularly important since the most stable geometry of small
clusters need not be of high symmetry.®®> Our calcula-
tions could be also easily extended to study chemisorp-
tion, vacancies, edge effects, etc., on clusters and surfaces.

Allowing uniform relaxation, the cluster interatomic
distance d,, reduces typically*’ 2—4 %. The variations of
d, versus n cause important changes in the size depen-
dence of fi, which qualitatively improve the agreement
with experimental results’ for Fe, (n <17). However,
note that in calculating the cluster-size dependence of the
magnetic properties and cohesive energy we neglect for
simplicity the s-electron contributon and s-d hybridiza-
tion effects. These seem not to contribute much to the
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size and structural dependence of the magnetic properties
we calculate. However in some cases, s electrons can be
important for determining bond length or structural
changes. Thus, an indirect influence of the s electrons on
the magnetic properties is expected and they should be
taken explicitly into account in future calculations.

The temperature dependence of the magnetic proper-
ties of small clusters is of fundamental importance. In
finite systems, the critical behavior is namely different
from that in the bulk.*! Strong departures from bulklike
behavior are expected to occur when the correlation
length &(T)~(T —T,)" " becomes of the order of the
cluster radius R. This is the case at temperatures T < T*,
where (T*—T,)~R ~ /7. For example, the divergency
at T, in the specific heat C,(T) and magnetic susceptibil-
ity x(T) disappears, since the long-wavelength magnetic

fluctuations with wave-vector k (k—0) are naturally

suppressed by the finite size of the cluster (i.e.,
k Z ki, ~1/R). Thus, rather than a divergency one ob-
tains a peak with size-dependent width. Furthermore, it
might be difficult to define a unique critical temperature
T.(n) since the position of the peak in Cy(T) and x(T)
can be different.*! In addition to the relevant tempera-
tures T*(n) and T,(n), one is interested in the size depen-
dence of the temperature T'gz(n) at which short-range
spin-spin correlations (e.g., between NN) are destroyed.
We expect Tgg(n) to be larger for small clusters than for
the bulk since the magnetic moments u(i) and thus the
d-level exchange splitting Ae, =¢;, —€,4; and magnetic
energy gain [AE,,, =Ep,q(0=0)—E,,,4(1t)] are larger.
For clusters M, with radius R smaller than the range of
short-range spin order we expect spin alignment within
the cluster (n S15). It is difficult to draw definitive con-
clusions about the size dependence of T,(n). For small
clusters one expects a reduced molecular field due to the
reduced coordination number. If this dominates, then
T.(n) should decrease with decreasing n. Clearly, reli-
able conclusions on the behavior of T,(n) must be based
on an electronic theory, which takes into account the
itinerant character of the d electrons. Extensions of our
calculations to finite temperatures are currently in pro-
gress and will be published in due time.

*On leave of absence from Departamento de Fisica, Centro de
Investigacion de Estudios Avanzados del Instituto
Politécnico Nacional (CINVESTAV-IPN), Apartado Postal
14-740, 07000 México, Distrito Federal, Mexico.
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