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The size and geometric structure dependence of the magnetic properties of small Vy clusters is
studied by using a d-band Hubbard-like Hamiltonian in the unrestricted Hartree-Fock approximation.
We determine the average magnetic moment iy and local magnetic moments p; as a function of the
interaction parameters. Different structures are considered and charge transfer effects are discussed.
For the considered clusters, usually two different magnetic configurations are obtained. The role of
the sp electrons and spd hybridization effects on the magnetic properties is calculated for bcc-like
clusters. Results are given for the average magnetic moment, the spin-polarized charge distribution
within the clusters, and the sp and d electronic density of states. Small local sp magnetic moments
lsp are obtained, which in most cases are opposite to the d magnetic moment ugq.

I. INTRODUCTION

The study of free 3d transition metal clusters has re-
cently motivated remarkable research activity both the-
oretically and experimentally.! The magnetic properties
of these materials are known to derive from the itiner-
ant 3d electrons. In particular, vanadium is an ideal case
to study how localized electrons delocalize for increasing
number of atoms and how this affects its magnetic behav-
ior: the isolated atom has a permanent magnetic moment
of 3y and bulk V is paramagnetic. Since vanadium be-
longs to the middle of the 3d transition metal series, it is
expected,? when the lattice parameter increases, to be in
the antiferromagnetic (AF) state. Recent experiments®
show that the magnetic moment of Vg cluster is 0.59up.
This value is qualitatively in agreement with calculations
performed by Lee and Callaway.? However, as discussed
by these authors, a high-spin state might exist for Vi
clusters in some range of lattice parameters. This high-
spin state was also found for bec-like Vv clusters by Lui,
Khanna, and Jena® and in a more systematic study by
Dorantes-D4vila and Dreyssé.® These systematic studies
have revealed a wide variety of magnetic behaviors, as a
function of the d-band filling and strength of the inter-
action parameters. Clearly, previous results* 7 indicate
that in the study of magnetic order, the interaction pa-
rameters and local environment are the key quantities.

It is the aim of this paper to complete previous calcula-
tions® by studying the local environmental effects on the
magnetic properties of small Vi clusters. To achieve this,
we consider alternative fcc- and icosahedral-like struc-
tures. Charge transfer effects are discussed by vary-
ing the d-electron occupation number. We use a d-
electron tight binding model Hamiltonian since the mag-
netic properties are expected to be largely dominated
by the more localized d electrons. The effects of the sp
electrons on the magnetic properties are also studied, by
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calculating the magnetic properties of Vy and V35 within
an spd-electron band Hamiltonian.

II. THEORY

Details of the calculation for the electronic properties
of Vn- clusters can be found in Ref. 8. The interaction
Hamiltonian H; in the unrestricted Hartree-Fock approx-
imation is given by

HI = ZAeio’ ﬁiao’ - EDC ] (1)

io
Afia = ZUaa' AVia . (2)
Here Av;; = vi; — Vo, Where vig = Y, (flias) is the

average electronic occupation at atomic site ¢ in the or-
bital o with spin o, and v, refers to the corresponding
average occupation in the paramagnetic solution of the
bulk. The intra-atomic Coulomb interactions U,,s be-
tween d electrons can be written in terms of the ex-
change Coulomb integral J = Uy, — Uy and average
direct Coulomb integral U = (Uyy + Upt)/2. Finally,
Epc = (1/2) Eia’ja, Uso' Vie Vjor stands for the correc-
tion due to double counting.

The number of d electrons v; , and the local magnetic
moments u; at site ¢, given by

vi = Y ({iat) + (fiiay)) 3)
and

i = (fiat) = (fiay)), (4)
are determined self-consistently by requiring
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Er
(ﬁiaa> :/ piao(E) dE . (5)
— 00

Here, piqao(E) refers to the local density of states (DOS)
of spin orbital ao at site i. The energy of the highest oc-
cupied state (Fermi energy) Er is determined from the
global charge neutrality condition: Ny = (1/N) Y, v;,
where Ny refers to the number of d electrons per
atom. Notice that charge transfer between atoms hav-
ing different local environments may occur. The LDOS,
pico(E) = (—1/7)Sm{Giav,iac(F)}, is determined by
calculating the local Green’s functions Giag,iao(F) by
means of the recursion method.® The number of levels
M of the continued fraction expansion of G;qe,iao(E) is
chosen large enough so that the results became indepen-
dent of M.

It is difficult to conclude for an exact value of J com-
puted from ab initio calculations.!® For this reason, J is
usually taken as a parameter. Here, in order to study in
a systematic way the appearence of magnetism in small
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FIG. 1. Local magnetic moments y; of fcc-Vi3 in the an-
tiferromagnetic configuration (magnetic moments aligned in
the opposite direction): central atom (dotted line), first shell
atoms (dashed line), and average magnetic moment (full line)
(in units of up) as a function of J/W (J refers to the ex-

change integral and W to the bandwidth). (a) refers to the
calculation for Ny = 3.75 and (b) refers to Ny = 4.0.

VN clusters, we calculate the local magnetic moments
as a function of J. Note that this variation gives the
behavior observed by changing the interatomic distance
by anisotropic dilatation.!?!! In such problem, J, or the
interatomic distance, is the relevant quantity.

III. RESULTS AND DISCUSSION

In this section we present and discuss results for the
size and structural dependence of several magnetic prop-
erties Vv clusters. The relevant parameters used for
the calculations are (a) number of d electrons per site
N4 and (b) bulk bandwidth W. The hopping elements

t:-’f are obtained from the canonical two center integrals
dd(o,m,6) = (—6,4,—1)(W/2.5).22 For the geometrical
structures we focus on both fcc- and icosahedral-like clus-
ters, bee clusters have been reported elsewhere.®” The
considered structures are obtained by adding to a cen-
tral atom the sucessive shells of its first, second, etc.,

neighbors.
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FIG. 2. Local magnetic moments u; of fcc-Vi3 in the fer-
romagnetic configuration (magnetic moments aligned in the
same direction): central atom (dotted line), first shell atoms
(dashed line), and average magnetic moment (full line) (in
units of up) as a function of J/W (J refers to the exchange
integral and W to the bandwidth). (a) refers to the calcula-
tion for Ng = 3.75 and (b) refers to Ng = 4.0.
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A. Vi3 clusters

Results for fcc-Vi3 and ico-Vi3 clusters are given in
Figs. 1-4, respectively. We model the possible sp-d
charge transfer by considering two different band fillings,
(a) refers to Ng = 3.75 and (b) to Ny = 4.0. Two dif-
ferent magnetic couplings were found: ferromagnetic (F)
(magnetic moments between different shells aligned in
the same direction), and antiferromagnetic (AF) (mag-
netic moments between different shells aligned in oppo-
site directions). Note that for fcc clusters (see Figs. 1
and 2), the transition from nonmagnetic to magnetic be-
havior occurs at a rather small value of J/W. Such large
stability of magnetism in small fcc-like clusters can be
interpreted as resulting from the increasing importance
of Coulomb interactions relative to kinetic energy terms
as local coordination number decreases. A similar depen-
dence of u; on the values of interaction parameters was
also found for bcc-like clusters.

As it can be inferred directly from the results of fcc-Vi3
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FIG. 3. Local magnetic moments u; of ico-V;3 in the an-

tiferromagnetic configuration (magnetic moments aligned in

the opposite direction): central atom (dotted line), first shell

atoms (dashed line), and average magnetic moment (full line)

(in units of up) as a function of J/W (J refers to the ex-

change integral and W to the bandwidth). (a) refers to the
calculation for Ny = 3.75 and (b) refers to Ny = 4.0.
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(Figs. 1 and 2), significant changes between the results
obtaind with Ny = 3.75 [Figs. 1(a) and 2(a)] and those
obtained with Ny = 4.0 [Figs. 1(b) and 2(b)], are only
seen for small values of J/W. This is expected since for
these values of J/W (< 0.075), the cluster is at the verge
of the onset of magnetism and then the results are sensi-
tive to the details of the LDOS near the Fermi energy. For
a value of J/W > 0.175, two solutions are found: the cen-
tral atom has either a F coupling or either an AF coupling
with its 12 nearest neighbors. For J/W < 0.175, only one
solution is found. For this regime two situations occur:
J/W < 0.07 [Fig. 1(a)] and J/W < 0.09 [Fig. 1(b)], all
atoms have a F coupling and for 0.07 < J/W < 0.175
[Fig. 1(a)] 0.09 < J/W < 0.175 [Fig. 1(b)], the cen-
tral atom has an AF coupling with the first shell atoms.
In such a case the cluster presents frustrations. A given
atom on the first shell has two types of nearest neighbors:
the central atom with an AF coupling and four atoms on
the first shell with a F coupling.

Results for ico-V;3 clusters are reported on Figs. 3 and
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FIG. 4. Local magnetic moments p; of ico-Vi3 in the fer-
romagnetic configuration (magnetic moments aligned in the
same direction): central atom (dotted line), first shell atoms
(dashed line), and average magnetic moment (full line) (in
units of pup) as a function of J/W (J refers to the exchange
integral and W to the bandwidth). (a) refers to the calcula-
tion for Ng = 3.75 and (b) refers to Ny = 4.0.
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4. Two different solutions were found for large values of
J/W. Here, in contrast to fcc-Vy3 clusters, the transi-
tion from non-magnetic (or very low magnetic regime) to
magnetic behavior occurs for large values of J/W. For
J/W larger than 0.165, the central atom can be cou-
pled F or AF with the other atoms of the cluster. For
J/W < 0.165 a unique solution is found where the cen-
tral atom has an AF coupling with other atoms. The
largest magnetic moment is always beared by the atoms
on the first shell which are less coordinated. The mag-
netic moment on the central atom has negligible values
for J/W < 0.10. Let us notice that for the ico-Vis, it
has not been possible to find for J/W < 0.165 a solution
with atoms having all F coupling.

The influence of the d-band filling is more important
for ico-Vy3 as compared to fcc-Vi3. Here, the position
of the Fermi energy and the details of the LDOS play a
major role. This can be inferred by the results obtained
for 0.08 < J/W < 0.165: for Ny = 3.75, several steps
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FIG. 5. Local magnetic moments u; of ico-Vss in the an-
tiferromagnetic configuration (magnetic moments aligned in
the opposite direction): central atom (dotted line), first shell
atoms (dashed line), second shell atoms (squares), third shell
atoms (crosses), and average magnetic moment (full line) (in
units of up) as a function of J/W (J refers to the exchange in-
tegral and W to the bandwidth). (a) refers to the calculation
for Ng = 3.75 and (b) refers to Ng = 4.0.

in the value of the local magnetic moments are found,
whereas for Ny = 4 only one step is found.

B. Ico-Vgg cluster

As compared to Vi3 clusters, the ico-Vss cluster
presents a much richer magnetic structure. In fact, sev-
eral magnetic solutions were found. Here we show only
those having the lowest energy (Figs. 5 and 6). Let us
first discuss the results obtained for the magnetic config-
uration with the moments of the sucessive shells opposite.
These results are shown in Fig. 5 and in analogy with V;3
clusters we call it AF configuration. The calculated av-
erage magnetic moment fiss is very small, even for large
values of J/W, and vanishes at J/W =~ 0.12. This value
is very close to the one obtained with bulk bond length,°
indicating that a bulklike configuration with bulk bond
length tends to suppress magnetism. Notice, however,
that the local magnetic moments are still very large, even
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FIG. 6. Local magnetic moments p; of ico-Vss in the fer-

romagnetic configuration (magnetic moments aligned in the
same direction): central atom (dotted line), first shell atoms
(dashed line), second shell atoms (squares), third shell atoms
(crosses), and average magnetic moment (full line) (in units
of up) as a function of J/W (J refers to the exchange integral
and W to the bandwidth). (a) refers to the calculation for
Ng = 3.75 and (b) refers to Ng = 4.0.
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for these small values of fiz5. Moreover, the moments of
the first (dashed line) and outermost shell (crosses) are
always aligned in the same direction for the whole range
of values of J/W.

The second magnetic solution is shown in Fig. 6. No-
tice that this solution has a magnetic configuration differ-
ent from that shown in Fig. 5 only for J/W > 0.175. For
Ny = 4.0 [see Fig. 6(b)] we have been unable to obtain
a solution where all atoms would have been F coupled.
In fact, for large values of J/W, the moment of the cen-
tral atom is opposite to those of successive shells. This is
expected since, in this case, Ny has a value close to the
half-band filling. For J/W > 0.175 the average magnetic
moment is very large, corresponding to an unusual bond
length expansion.

C. Role of the sp electrons

Here, we discuss the role of the sp electrons on the
magnetic properties of Vy clusters. Although the mag-
netic properties of the clusters are expected to be largely
dominated by the more localized d electrons, sp-d hy-
bridizations have an indirect influence on the magnetic
properties.!® In order to study systematically these ef-
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FIG. 7. Local magnetic moment for d electrons ug4 as a

function of d occupation Ng. (a) refers to the calculation for
the V5 cluster and (b) refers to Vis.

fects we impose local charge neutrality over the cluster
and calculate self-consistently the spin charge distribu-
tion as a function of the d-electron occupation Ny. No-
tice that this is a good approximation as suggested by
other tight binding calculations.!3:1* In order to improve
our calculation in the spin-polarized charge distribution
within the cluster one should go further and include over-
lap interaction effects.®

Results are given for the local d-magnetic moment pq4
as a function of Ny. The parameters are taken as fol-
lows: for the Slater-Koster hopping integrals we use the
values reported in Ref. 16, which were obtained from
bulk band structure calculations. The ratio between the
direct Coulomb integrals U,, : U,q : Uyq is derived from
atomic Hartree-Fock calculations.!” The absolute value
Uaa = 4.3 €V is taken to obtain the ionization poten-
tial of the atom. We choose for the exchange integral J a
value where magnetic solutions can be obtained. We take
J = 0.65 eV, which is approximately the same obtained
in ab initio calculations.®

Results for bee-like clusters Vg and Vi are given in Fig.
7. Using the bulk interatomic distance, we obtain a re-
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FIG. 8. Average density of states (DOS) for bce-Vy clus-

ters including sp electrons. The electron occupation s, p, and
d is taken the same as in bulk V. (a) refers to the DOS for
the Vp cluster and (b) refers to Vis.
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duction of the average magnetic moment jiy as compared
to previous d-band model calculations.® This reduction
of iy including the sp electrons in the self-consistent cal-
culation is mainly due to the sp hybridization, i.e., the
sp-d mixing yields an additional increase of the d-band
width and thus reduces the pq. Furthermore sp magnetic
moments are obtained and in most cases align opposite to
the dominant d moments. For the Vj cluster i decreases
monotonically as a function of Nj. This is due mainly
to large changes in the magnetic moment in the central
atom which dominates (align opposite) the increase of
the magnetic moments in the surface atoms. We also ob-
tain that the sp magnetic moment in the central atom
is smaller than that of a surface atom. This can be ex-
plained from a reduction of the coordination number in
the surface atoms and thus an increase of the magnetic
moments. This behavior remains for almost the whole
range of Ny values except for very large values (particu-
larly for p electrons) in which u(2) < p(1).

For the Vi5 cluster the average magnetic moment is
very small (|| = 0.15up) and for 3.5 < Ny < 4.0 is ap-
proximately constant. We expect the same behavior for
larger clusters, indicating that good qualitative results
can be inferred from d-model calculations in surfaces us-
ing 3.5 < Ny < 4.0.

In Fig. 8 results are given for the average spd-electron
density of states for bee-like Vy [Fig. 8(a)] and Vi [Fig.
8(b)], taking bulk s-, p-, and d-electron occupation [i.e.,
Ng(cluster) = Ng(bulk) and N,p(cluster) = N,p(bulk)].
Notice that the states close to the Fermi energy Er have
dominant d character, while for states well below and
above Er the sp contribution dominates. As was pre-
viously found,* the shape of the total DOS indicates a
resemblance between the general features of the distri-
bution of energy levels of the cluster and those of the
bulk.

IV. SUMMARY

The onset of magnetism in Vi clusters has been stud-
ied in the framework of a d-electron model Hamiltonian
in the unrestricted Hartree-Fock approximation. The lo-
cal and average magnetic moments were determined as a
function of the interaction parameters J/W. For a given

geometrical structure and large values of J/W, two dif-
ferent magnetic solutions were found. For these values of
J/W, an AF solution where all shells are AF coupled ex-
ists. An equivalent F solution is absent for ico-Vss with
Ny = 4.0. For small values of J/W a unique solution
remains. Similar behavior has already been obtained for
bee-Viy clusters.® Let us recall that we search all possible
solutions, and for the case of ico-Vs5 we have shown those
having the lowest energy. Moreover, we can conclude that
for values of J/W which are not too large and which cor-
respond to values reached for a V-V bond length smaller
or in order of the bulk value, only one solution exists.

An estimation for J/W with bulk bond length yields,
among the studied clusters, only that the fcc-Vi3 dis-
plays a significant value of the local magnetic moments.
This value of J/W is at the verge of the onset of mag-
netism for ico-Vss. As for bce-Vs;, we found that large
compact and symmetrically arranged V clusters with the
bulk bond length are near the transition from paramag-
netic to magnetic state. This is no longer the case if the
atoms are arranged in a two-dimensional-like geometry.
Small Vi clusters ( 20 — 30 atoms ) in a bilayerlike ar-
rangement on Ag (001) have been found to present large
values of the local magnetic moments. Similar trends are
also displayed by varying the number of the d-electron
occupation.

The effects of the sp electrons on the magnetic proper-
ties of Viy clusters were discussed by calculating the mag-
netic moments of Vo by using a parametrized spd-band
model Hamiltonian. For interaction parameters close to
those of the bulk, we found that the average magnetic
moment is very small for Vi5, in agreement with previ-
ous calculations.*
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