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The magnetic properties of small Cry clusters (N=6) are investigated in the framework of density-
functional theory. The interplay between electron correlations, cluster structure, and magnetic order is quanti-
fied by performing fully spin-unrestricted calculations allowing for noncollinear spin arrangements within both
the local-spin-density approximation (LSDA) and the generalized-gradient approximation (GGA). The possible
transition or saddle-point states are identified by determining the vibrational frequencies from diagonalizing the
dynamical matrix. In agreement with previous studies, a dimer-based growth pattern is found in all considered
low-lying isomers with very short equilibrium bond lengths (typically dSqGA= 1.55-1.65 A) alternating with
relative long ones (typically dquA=2.75—2.85 A) in the relaxed geometries. Strong local magnetic moments
fi; are, in general, obtained for the relaxed geometries (e.g., | ,u,iGGA\ =2 ug in Cry), which show a collinear
magnetic order with antiparallel (parallel) alignment of the f; along the short (long) bonds. In contrast to the
GGA, the LSDA yields vanishing magnetization density in some cases (|/.L£‘SDA‘=0 V i for N=2 and 4).
Despite quantitative differences, both LSDA and GGA functionals always yield collinear ground-state solutions
for the fully relaxed structures. In fact, noncollinear spin arrangements are found only for particular symmetric
(nondimerized) geometries. However, the structures are not local minima and involve considerably large
excitation energies. The results clearly indicate that the magnetic frustration, which one would physically
expect in compact antiferromagnetic spin systems, is solved by dimerization rather than by noncollinearity of

the local moments.
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I. INTRODUCTION

Metallic magnetism and the associated electron-
correlation phenomena constitute one of the major current
challenges in both fundamental and applied science.! In past
years, the study of the magnetic properties of nanostructured
materials, such as clusters and nanowires, has experienced an
exploiting increase in interest. This is motivated not only by
the fundamental importance of low-dimensional magnetism
but also by the properties of novel potential technological
applications, mainly in high-density recording and storage
data."? In the meantime, countless experimental and theoret-
ical studies have demonstrated and quantified the strong de-
pendence of magnetism on the local and chemical environ-
ment of the atoms and on the dimensionality of the systems
due to electronic confinement effects. For instance, it is well
known that the reduction in coordination number and the
associated d-band narrowing yield a significant enhancement
of the local spin and orbital magnetic moments as well as of
the magnetic anisotropy energy.>~’ Clusters of transition met-
als (TMs) with a nearly half-filled shell, such as Cry and
Mny, are particularly interesting in this context since their
large number of carriers per atom opens the possibility of
developing huge local spin polarization.®'© However, the
tendency to antiparallel alignments between nearest-
neighbors (NN) moments, which is characteristic of half-
band filling, and the tendency to form compact structures
which is characteristic of strongly bonded clusters, are often
the source of magnetic frustrations and instabilities which
can lead to noncollinear (NC) spin arrangements or structural
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distortions.!! The proper characterization of the interplay be-
tween structure and magnetism is therefore most interesting
in these systems.

Electron correlation effects in half-filled band magnetic
clusters have been previously investigated using many-body
models.!®!? From the point of view of ab initio methods, it is
also important to quantify the role of electron-correlation
effects by comparing different exchange-correlation (XC)
functionals. In particular, chromium clusters have been the
subject of remarkable experimental and theoretical research
activities over the past years. Early experimental
measurements'>!* determined that the Cr dimer has a short
bond length of 1.6788 A, which is considerably smaller than
that of bulk. More recently, Payne et al.'> measured the mag-
netic moment of free-standing Cr clusters up to N<133 at-
oms showing that Cr has an unique and complex behavior as
a function of cluster size, namely, the formation of two dif-
ferent magnetic behaviors. Understanding these remarkable
findings remains nowadays a challenge. From the point of
view of theory, most studies have been focused on structural
and magnetic properties,'6~>* considering collinear magnetic
arrangements and usually taking only into account the local-
spin-density approximation (LSDA).2%212* The majority of
the available theoretical results on Cry clusters have clearly
shown that the optimal structure presents a dimerlike
growth.?%232% For example, collinear LSDA calculations by
Cheng and Wang?® and Martinez and Alonso®* show that Cr
clusters exhibit a dimer-growth behavior until =11 and that
a bee bulklike growth beyond those sizes takes place.’’ By
using density-functional theory (DFT) within generalized-
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gradient approximation (GGA) and assuming only collinear
spin arrangements, Wang et al.?® found significant differ-
ences for the ground-state structures of Cry (N=35) with
those obtained by Cheng and Wang.?® In addition, the dimer-
like pattern was found only for N=4. Kohl and Bertsch?
studied Cr clusters up to 13 atoms by using pseudopotentials
and by allowing noncollinear spin configurations within the
LSDA. A simulated annealing technique was used for the
structure optimization. They obtained that Cr clusters favor
noncollinear spin arrangements. However, no dimer-growth
route was found on their calculations. By using different
exchange-correlation functionals and by fixing the inter-
atomic distance for some coplanar structure (no relaxation of
the atomic geometry), Peralta et al.>® found noncollinear ar-
rangements in small Cry (N=3, 5, 7, and 12).

Despite the intense research activity, there is no available
study to our knowledge, in which noncollinear spin configu-
rations, correlation effects, and structure optimization are
considered on the same footing. The purpose of this work is
therefore to perform an exhaustive and systematic study of
the underlying interplay between the structure and magne-
tism in small Cr clusters having size N=6 atoms. To this
aim, a thorough exploration of the various possible collinear
and noncollinear magnetic configurations is performed by
taking into account geometry relaxation and the structural
dependence rigorously on the same footing. The role of ex-
change and correlation effects on the magnetism of Cr clus-
ters is investigated by comparing LSDA and GGA function-
als. The remainder of the paper is organized as follows. In
Sec. II the theoretical background is briefly recalled together
with some specific details of the calculations. The main re-
sults are presented and analyzed in Sec. III considering the
behavior of each cluster size in some detail. General trends
in the behavior of structural and magnetic properties of small
Cr clusters are discussed in Sec. IV. Here, we focus, in par-
ticular, on the role played by exchange and correlation func-
tionals, as well as on the interplay between different mag-
netic orders.

II. THEORETICAL METHODS

In the following we briefly outline the theoretical back-
ground of the unrestricted spin-density functional method
used for investigating the magnetic properties of small Cr
clusters. Emphasis is given to the treatment of noncollinear
spin arrangements and to the relative stability of collinear
and noncollinear solutions of the Kohn-Sham equations. In
addition some details specific to the present work are pointed
out.

The calculations are performed in the framework of
Hohenberg-Kohn-Sham’s ~ density-functional theory?’ as
implemented in the Vienna ab initio simulation package
(vAsP).2® This computer code solves the spin-polarized
Kohn-Sham (KS) equations?’ in an augmented plane-wave
basis set by using the projector augmented wave (PAW)
method,”3% which is an approximate all-electron approach
with frozen cores. For 3d TMs, electronic and magnetic
properties are accurately described by considering 3d, 4s,
and 4p electrons as valence states.”? The exchange and the
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correlation effects are treated in the LSDA and the GGA
(Refs. 31 and 32) by using, respectively, the Vosko-Wilk-
Nussair and the Perdew-Burke-Ernzerhof functionals.33-3
The clusters are placed inside of a simple cubic supercell
whose dimensions are such that the interactions between
neighboring images are negligible. In practice, this criterion
is satisfied when the images are separated from each other by
at least 12 A. The KS wave functions in the interstitial re-
gion are expanded in a plane-wave basis set with a kinetic-
energy cutoff of 337.3 eV. This value guarantees that, for the
considered clusters, the total energy is converged within less
than 1 meV/per atom. For metalliclike systems, one often
finds very rapid variations in states close to the Fermi level
that may cause a poor convergence of relevant physical
quantities such as the total energy. Therefore, a smearing of
the KS levels is introduced in order to improve numerical
stability. We have used a Gaussian smearing method*® with a
very small final standard deviation ¢=0.005 eV, which
keeps the entropy of the noninteracting KS gas below
1078 eV/K atom. The calculation of all properties is carried
out by considering only the I" point in reciprocal space since
we are dealing with isolated clusters. The geometry optimi-
zation is performed by using the conjugate-gradient and
quasi-Newton methods until all the forces on each atom are
less than 0.005 eV/A. Moreover, for each stationary point
of the total-energy surface (i.e., for each relaxed structure
having a nearly vanishing |VE||), we determine the vibra-
tional frequencies from diagonalizing the dynamical matrix.
The latter is calculated from finite differences of the analytic
gradients of the total energy. In this way we can rule out
saddle points (SP) (transition states) to which the local opti-
mization procedure happens to converge on some occasions.

Local properties, such as charges and magnetic moments,
are determined within the noncollinear formalism of DFT, in
which the charge-density spin matrix p,4(7) is the fundamen-
tal variable, and the Kohn-Sham orbitals are represented by
spinors.’” For instance, the charge density n(7) and the mag-
netization density mi(7) are given by

n(7) = Tt pag(A] = 2 PaalP) (1)
and
11(F) = 2 Pop(F) - Gup, )
ap

where 6=(0,,0,,0,) refers to the Pauli matrices. In order to
search as thoroughly as possible for collinear and noncol-
linear solutions of the Kohn-Sham equations a large number
of different spin configurations have been considered as
starting points for the numerical iterations. First of all, by
optimizing the structure and a systematic search of collinear
solutions is performed by varying at the same time the total
spin moment S, in its full range 0 <S<3N. The resulting
relaxed structures and collinear spin configurations are then
used as starting points of fully unrestricted noncollinear cal-
culations. Small random variations in the atomic positions
and local moment orientations are introduced, which allow to
test the stability of collinear solutions and to infer possible
noncollinear arrangements in the interstitial region. In addi-

224431-2



MAGNETISM OF SMALL Cr CLUSTERS: INTERPLAY....

PHYSICAL REVIEW B 81, 224431 (2010)

TABLE L. Equilibrium distance d, (in A), cohesive energy E., (in eV/atom), local magnetic moments s,
(in up, i=1,2), and total spin moment 25, of Cr,. Results are given for LSDA and GGA XC potentials. The
vibrational frequency v, (in cm™') is also given for the GGA potential.

XC d, Econ M2 28, Vo
LSDA 1.47 3.79 0.0 0.0
GGA 1.59 1.77 -2.0 0.0 419.71

tion, a number of truly noncollinear starting spin configura-
tions (typically 20) are considered. This includes the mag-
netic order reported in previous studies,?*21->3-25-3% random
orientations of the ;, together with the NC spin orders ob-
tained by varying the parameters of a self-consistent d-band
Hamiltonian model.3%40

It is important to remark that in all cases, i.e., for all S,
and for all starting noncollinear configurations, the geometry
has been optimized following the forces resulting from the
self-consistent solution of the KS equations. This is the rel-
evant method in order to determine the most stable structure,
total spin moment S,, and the associated magnetic order,
since relaxations of geometric, electronic, and magnetic de-
grees of freedom need to be treated on the same footing.
However, notice that the procedure precludes one from ob-
taining interesting complex spin arrangements which, though
corresponding to the electronic ground state for a given fixed
structure, would yield nonvanishing interatomic forces. An
interesting example of this kind of problem has been dem-
onstrated by Rollmann et al. 41 who showed that certain non-
collinear spin arrangements found in Fes by Oda et al.,*? are
less stable than collinear spin orders once the global optimal
cluster geometry is considered. Identifying possible noncol-
linear spin arrangements in geometries that are not optimal,
would be relevant in order to explore the complex energy
landscape of these clusters in view of, for example, finite-
temperature simulations.

The local magnetic moments are computed by integrating
the magnetization density in the PAW sphere of each atom,
which for Cr has a radius of rpaw=1.3 A. In addition, an
analysis using Bader atomic cells** has been performed in
order to check the accuracy of the values of the local mag-
netic moments. In all cases the Bader calculations give the
same trends as the PAW method. Therefore, we focus in the
following on the results obtained inside the PAW spheres.

III. RESULTS

In this section, we discuss the results obtained for Cry
clusters (N=6) by using LSDA and GGA approximations.
For each cluster size, we analyze the results by focusing
mainly on the interplay between structure and magnetic
properties and electronic correlations. The case of Cr, is dis-
cussed with special detail, since the elementary dimer con-
stitutes the cornerstone for understanding the nature of struc-
tural and magnetic behaviors of small Cr clusters. The
structural relaxation is carried out by taking into account all
the possible topologies, allowed by graph theory, as starting

geometrical configurations. Finally, our results are compared
with previous calculations whenever available ?-21:23-26.44

A. Cr dimer

The Cr dimer has been the subject of numerous investi-
gations by using a variety of theoretical and experimental
techniques. It therefore constitutes an important test for the
reliability of any method of calculation.!®!%1° Moreover, as
it will be discussed below, understanding Cr, is crucial for
the interpretation of the main results of the present work. Let
us first recall that experiment shows that Cr, has a singlet
ground state with a dominantly d-d chemical bond leading to
very short equilibrium distance d*P=1.67+0.01 A 13144
Although this is far below the typical bond length for most
TM dimers, one does not observe a very strong bonding. The
measured dissociation energy is Eor=0.72 eV/atom,*
which is not as large as one would expect for such short
distance. Actually, the binding energy for Cr, is smaller than
for Cu, [EGP(Cu,y)=1.039 eV/atom (Ref. 47)] indicating
that in Cr, the chemical bond strength is relatively weak.'®
Most of the subtle magnetic behavior of Cr, comes from
these unusual properties. Early theoretical attempts to ex-
plain these experimental results, by means of quantum-
chemical and DFT approaches, were able to describe neither
the bond length nor its physical nature. This was in part due
to the relatively small size of the considered basis sets'®*3
and to the very large number of many-body determinants or
configurations needed to be included in the explicitly corre-
lated quantum chemical calculations. Nowadays, however, it
is well established that most DFT implementations describe
the Cr, bonding in agreement with experiment.'849-31
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FIG. 1. (Color online) Ground-state magnetization density dis-
tribution #i(F) inside the PAW spheres in Cr, as obtained by using

(a) GGA and (b) LSDA to exchange and correlation functionals at
their respective equilibrium distance.
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FIG. 2. (Color online) Local density of states p;(E) at one of the
atoms of Cr,, as well as orbital-projected density of states p;(E) for
a=s, p, and d. The results are obtained using (a) GGA and (b)
LSDA.

Our results for Cr, are summarized in Table I. Using the
GGA we find a short bond length deGGA= 1.59 A, in qualita-
tive agreement with the experimental results and previous
calculations. The corresponding cohesive energy is C(ﬁA
=0.885 eV/atom, which is close to the experimental value

E*P=0.72 eV/atom.*® The LSDA yields an even shorter

coh™

bond length d];SDA: 1.47 A and a much larger cohesive en-
ergy EXPA=1.89 eV/atom, which reflects the excessive

overbinding often found with the local XC functional. The
calculated vibrational frequency is v,=419.71 cm™! which is
somewhat smaller than the experimental finding (v5®
=480+0.05 cm™'). Concerning the magnetic properties, the
ground state derived in both, GGA and LSDA, has a vanish-
ing total spin moment S =0. In the GGA this corresponds to
a broken-symmetry antiferromagnetic (AF) state with large
collinear antiparallel atomic moments, which value within
the PAW sphere is u= =2 ug. In contrast, the LSDA shows
no traces of spin polarization at all [m(7)=0, V 7]. These
results are in good agreement with previous theoretical
works.?%2124 A more detailed analysis of the GGA magneti-
zation density in Cr, shows a truly collinear antiparallel
alignments of the local moments, since m(7) always points in
the same direction, at all points 7 inside the PAW spheres of
the two atoms [see Fig. 1(a)].

A question that often arises when comparing the outcome
of different XC functionals is to discern the extent to which
these differences are purely due to a different description of
electronic correlations or if they are largely a consequence of
the different equilibrium bond lengths, or more generally, of
the cluster structure. In order to explore the matter in more
detail we have also performed calculations by using the
LSDA functional with the somewhat larger LSDA equilib-
rium distance, and vice versa. The results show indeed that
the LSDA solution becomes magnetic at the GGA distance
with antiparallel local magnetic moments w;=*1 ug on
each atom (AF order). In contrast, the GGA solution remains
AF at the shorter LSDA equilibrium distance, although the
size of the local moments decreases to u;= = 1.5 ug. This
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FIG. 3. (Color online) Illustration of the different isomers of Cr;
found using the GGA and the LSDA. Results are given for the
equilibrium bond lengths dij (in A) and for the energy difference
AE (in eV) with respect to the optimal structure for each XC func-
tional. The numbers label the different atoms, which local moments
are given in Table II.

illustrates the subtle interplay between hybridization and
electronic correlations in Cr,. A similar qualitative behavior
was also found in bulk Cr.5?> One concludes that the local
functional favors interatomic hybridizations over intra-
atomic exchange interactions thus stabilizing a strongly
bonded nonmagnetic state with respect to a magnetic con-
figuration with a weaker chemical bond.

In order to gain further insight on the electronic properties
of Cr,, it is interesting to consider the local p; and the orbital-
resolved p,, Kohn-Sham densities of states. In Fig. 2 results
are given for p;, corresponding to the LSDA and the GGA,
from which information of the dominant bonding mecha-
nisms can be inferred. The character and degeneracy of both
LSDA and GGA p,, point to a sextuplet bond of mainly d
and s types (sextuplet) with minor contributions from mixed
sd orbitals and nearly negligible p contributions. Notice the
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TABLE II. Local magnetic moments u; and average moments & (in ug) of the stable isomers of Crj as

illustrated in Fig. 3. GGA and LSDA results are compared. For the noncollinear state [Fig. 3(e)] the absolute
value of u; is meant. The SP and the DSP are specified.

Structure XC Yo J2%3 M3 7
(a) GGA -1.83 2.18 4.44 2.0
(f) LSDA -0.52 0.87 4.43 2.0
(b) GGA 2.0 -1.74 4.52 2.0
(h) LSDA 0.82 -0.50 4.46 2.0
(c) GGA 0.12 0.12 4.48 2.0
(2) LSDA (SP) 0.16 0.16 4.45 2.0
(d) GGA (SP) 3.77 3.77 -2.70 2.0
(i) LSDA (SP) 3.15 3.15 -1.32 2.0
(e) GGA (DSP) 4.1 4.1 4.1 0.0

large highest occupied molecular orbital-lowest unoccupied
molecular orbital gaps and the quantitative differences be-
tween LSDA and GGA results. As it will be discussed below,
this close-shell-like behavior is probably at the origin of the
dominant dimer-based growth and antiferromagnetic cou-
plings found in larger clusters.

B. Trimers

In the case of Crs, the linear chain, as well as equilateral,
isosceles (acute and obtuse), and rectangular triangles are
considered as starting points of the geometry optimization.
lustrations of the most stable isomers of Cr; and their mag-
netic order are shown in Fig. 3. Here, AE refers to the total
energy of the corresponding isomers relative to the ground-
state energy. The corresponding values of the local and av-
erage magnetic moments are given in Table II.

Let us first consider the results obtained by using the
GGA functional. The ground-state structure is a slightly dis-
torted rectangle with only reflexion C; symmetry. It is
formed by a dimer with a short bond length of di’z
=1.61 A and antiparallel moments (u;=—1.83 ug and u,
=2.18 up) and a third atom, having a magnetic moment
M3=4.44 g, at distances of d;’3=2.52 A and d§’3=3.09 A
to the two atoms of the dimer. The closest isomer (AE
=0.09 eV) corresponds to the linear chain with a collinear
AF-like coupling between the atomic magnetic moments. As
in the optimal geometry, one finds an atom with a relatively
large local moment u;=4.52 ug that is weakly coupled to a
dimer (dﬁ’3 =2.65 A) in which the bond length is short
(di‘2:1.56 A) and have antiparallel local moments (u;
=2.0 pug and u,=—1.74 wg). The following isomer is an
isosceles acute triangle (C,, symmetry) showing a collinear
FM-like arrangement and an energy difference of AE
=0.24 eV with respect to the ground state. Then follows a
saddle-point (an obtuse isosceles) triangle with a collinear
AF-like magnetic configuration (AE=0.33 eV). All these
collinear configurations have an average magnetic moment
of ©=2 ug. Notice that there appears to be no simple rule
between the magnetic coupling and the bond length. Some-
times the coupling is AF along short bonds [see Figs. 3(a),
3(b), and 3(d)] and sometimes the opposite trend holds [Fig.

3(c)]. Tt is rather the interplay between different magnetic
coupling and geometries what appears to define the relative
stability of the various configurations. In addition, we also
have searched for noncollinear spin configurations in all the
considered structures. The lowest lying isomer having non-
collinear moments is an equilateral triangle with a rather
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FIG. 4. (Color online) Illustration of the different isomers of Cry
found using the GGA and the LSDA. Results are given for the
equilibrium bond lengths di{ (in A) and for the energy difference
AE (in eV) with respect to the optimal structure for each XC func-
tional. The numbers label the different atoms, which local moments
are given in Table III.

224431-5



RUIZ-DIAZ er al.

PHYSICAL REVIEW B 81, 224431 (2010)

TABLE III. Local magnetic moments u; and average moments i (in up) of the stable isomers of Cry as
illustrated in Fig. 4. GGA and LSDA results are compared. The SP are specified.

Isomer XC M ) M3 My m
(a) GGA 2.0 -2.0 -2.0 2.0 0.0
(2) LSDA 0.0 0.0 0.0 0.0 0.0
(b) GGA -1.98 1.98 1.98 —1.98 0.0
(h) LSDA 0.0 0.0 0.0 0.0 0.0
(c) GGA 1.94 -1.8 1.8 -1.94 0.0
(1) LSDA 0.0 0.0 0.0 0.0 0.0
(d) GGA -3.71 3.71 -3.71 3.71 0.0
(k) LSDA(SP) 1.81 1.81 -1.29 -1.29 0.5
(e) GGA (SP) -1.81 -0.02 1.88 -0.02 0.0
() LSDA (SP) 0.0 0.0 0.0 0.0 0.0
() GGA (SP) 3.827 -3.827 -3.827 3.827 0.0
1) LSDA (SP) 2.11 ~2.04 ~2.04 2.11 0.0

large isomerization energy AE=0.64 eV. This structure and
the corresponding magnetic configuration has been already
reported in Ref. 44. Notice the enhancement of the local
magnetic moments with respect to the collinear solutions.
Here, due to noncollinearity, a vanishing average magnetic
moment x=0 is obtained. However, a careful analysis of the
vibrational frequencies show that this structure corresponds
to a double SP (DSP).

The linear chain and the triangles (b) and (c) in Fig. 3,
which show a collinear magnetic order, have a clear ten-
dency to form dimers with a bond length that is similar to
that of the isolated dimer. In these cases, the equilibrium
position of the third atom lies away from the dimer, at a
distance that is even larger than that of bulk Cr, where it
develops a very large, almost saturated (atomiclike) magnetic
moment u3;=4.5 up. The magnetic coupling between the
two atoms forming the dimer or between NN atoms with
short distance is, in general, AF-like with important through
nonsaturated local magnetic moments [e.g., ;=2 ug in
Fig. 3(a) and w; =2 ug in Fig. 3(b)]. However, in the acute
isosceles triangle [Fig. 3(c)] this coupling as well as the cou-
pling with w5 is FM-like. This parallel alignment of all mo-
ments is accompanied by a strong reduction in the local mo-
ments w; and w,. Moreover, notice that bonds having
parallel local moments [e.g., 4, and us in (a), u; or w, and
w5 in (c)] are always quite large, typically d,=2.8-3.0 A,
i.e., larger than the bulk Cr NN distance. In the case of the
obtuse triangle, which results to be a saddle point, no dimer
with a very short bond length is singled out. Instead, two
symmetric bonds are formed having not too short equilib-
rium distance di’3=df’3=2.0 A and antiparallel orientation
of the local moments. Since full AF coupling is frustrated,
the atoms having parallel moments u; and w, tend to sepa-
rate from each other to a distance larger than that of bulk Cr.
Noncollinear magnetic arrangements are not favored in the
low-lying isomers. The tendency to form dimers with AF
coupling* and short bond lengths dominates. It seems that
the NC order involves large spin polarizations, which require
a significant expansion of the interatomic distances leading
to a reduced binding energy. Nevertheless, the noncollinear

magnetism in Cr clusters might still be possible for more
excited isomers having larger bond lengths or in the case of
clusters deposited on surfaces.”> Comparing our results with
other GGA calculations, we obtain similar results as previous
calculations by Wang et al.?® within Gaussian. In fact, they
obtain the same ground-state structure, namely, a triangle
with the C; symmetry with two atoms forming an AF dimer
at a distance of 1.71 A and the third atom lying at 2.91 and
2.39 A to the other two atoms and with a total magnetic
moment of 6 ug. In contrast, Kondo et al.>' using Amster-
dam density-functional method found a triangle with the C,,
symmetry as the ground-state geometry and no dimerization.

It is interesting to contrast the GGA results with the out-
come of the simpler LSDA functional in order to infer the
role of XC effects on magnetic and structural properties as
well as the former calculations. For a given type of topology
(e.g., linear chains, acute or obtuse triangles), LSDA and
GGA magnetic orders are qualitatively similar. As in the case
of the dimer the LSDA bond lengths are systematically
shorter and the local magnetic moments are almost always
smaller. Although the optimal geometry in both, the LSDA
and GGA, is the nearly rectangular triangle, there are some
important differences in the relative stability of the low-lying
isomers.

In the LSDA the first excited stationary state is the isos-
celes acute triangle, which is almost degenerate with the lin-
ear chain (AE=0.009 eV). However the analysis of the vi-
brational frequencies in this structure yields that this
stationary state is a saddle point. Most probably this geom-
etry corresponds to a transition state between two scalene
triangles in which the edge formed by atoms 1 and 3 [see
Fig. 3(f)] is opposite. The results for the optimal structure are
in qualitative agreement with previous LSDA theoretical
studies. Cheng and Wang?® and Martinez and Alonso®* ob-
tained similar results for the ground-state structure (C,, sym-
metry) with vanishing magnetic moments at the dimer. Mar-
tinez and Alonso®* obtained also the dimerized isosceles
triangle with an average magnetic moment g=1.5 ug. It is
important to remark that in our LSDA calculations we only
obtained collinear arrangements, which contrasts with the re-
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sults reported by Kohl and Bertsch?® who obtained a noncol-
linear solution for the C,, symmetry ground-state structure.
Moreover, the noncollinear configurations, reported by Kohl
and Bertsch® as ground states, have been reproduced in the
present study if we assume exactly the same structure. How-
ever, in this case one obtains a much higher energy than in
the relaxed structures. If these structures are relaxed, the
noncollinear arrangements always disappear, giving rise to
more stable structure with collinear magnetic configurations.

C. Tetramers

For Cry clusters all the topological structures have been
considered as starting geometries for the relaxation process.
We proceed as before by discussing first the results obtained
with the GGA functional. Results for the low-lying isomers
and magnetic moments are reported in Fig. 4 and Table III.
The most stable geometry we obtain is a twisted two-dimer
structure with D, symmetry. In practice, if one starts with a
regular tetrahedron, the configuration is unstable and as a
result of relaxation, the converged solution shows two dis-
tinct dimers separated by relatively large distance. Within
each dimer one finds AF-like coupling and a short bond
length similar to that of Cr,. In this isomer the local magnetic
moments are collinear and compensate each other, so that the
total magnetic moment vanishes. It should also noted that the
binding energy between short distances in Cr, is much
weaker than in Cr, despite the fact the number of bonds is
four [AEg=2E(Cr,)—E(Cry)=0.94 ¢V in the GGA and
AEZ=1.07 eV in the LSDA]. Moreover, the distance be-
tween the atoms belonging to different dimers is somewhat
larger (shorter) when the corresponding local moments are
parallel (antiparallel).

The excited isomer closest to the twisted two dimer is a
rhomboid with a small isomerization energy (AE
=0.067 eV). Here, we also find two separate dimers, that are
weakly bounded and have similar characteristics as in the
twisted two-dimer structure [see Fig. 4(b)]. It should be no-
ticed that starting the relaxation process with square or rect-
angular structures it always converge to this rhomboidal ge-
ometry. The dimerized linear chain corresponds to a higher
energy configuration: as in previous cases, one observes two
dimers with a very short bond length and perfectly compen-
sating local magnetic moments (see Table IIT). The rest of the
excited state are a distorted tetrahedron [Fig. 4(d)] with an
isomerization energy of AE=0.42 eV followed by two
saddle-point structures [Figs. 4(e) and 4(f)].

A similar optimal tetrahedral structure has been found in
Ref. 23. In contrast, Kondo et al.?! reported a nondimerized
rhombus. Hobbs et al.** obtained a collinear tetrahedral-like
structure with a net zero magnetic moment as ground state.
Although a tendency to AF coupling between neighbor at-
oms was also found in this study, a dimer-based route was
not observed.

The obtained LSDA structures and the energy ordering for
the lowest isomers is qualitatively similar to the GGA re-
sults. Moreover, in the LSDA the twisted two-dimer and
rhomboidal geometries are almost degenerated [see Figs.
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FIG. 5. (Color online) Illustration of the different isomers of Crs
found using the GGA and the LSDA. Results are given for the
equilibrium bond lengths @7 (in A) and for the energy difference
AE (in eV) with respect to the optimal structure for each XC func-
tional. The numbers label the different atoms, which local moments
are given in Table IV.

4(g) and 4(h)]. The most striking difference between LSDA
and GGA results is that in the former the first four stationary
states are strictly nonmagnetic (i.e., ;=0 V i, in Table III).
Although the lack of spin symmetry breaking predicted by
the LSDA should be exact for such a finite systems, it prob-
ably also reflects a tendency to favor bonding and electron
delocalization rather than AF correlations in the local func-
tional. Comparing our results with previous LSDA calcula-
tions we observe some qualitative discrepancies. For in-
stance, Cheng and Wang? found a dimerized rectangle with
AF-coupled local moments as the optimal structure.
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TABLE IV. Local magnetic moments w; and average moments i (in ug) of the stable isomers of Crs as
illustrated in Fig. 5. GGA and LSDA results are compared. The SP are specified.

Isomer XC M Mo M3 My Ms m
(a) GGA 2.13 -1.78 -1.93 2.19 4.17 1.2
(2) LSDA -0.36 3.98 0.65 0.65 -0.36 1.2
(b) GGA (SP) 3.79 2.13 -3.19 —1.84 3.79 1.2
(h) LSDA (SP) -0.44 -0.49 0.37 0.37 4.12 0.8
(c) GGA -1.87 1.91 4.26 -1.84 2.33 1.2
(1) LSDA 0.1 3.58 0.1 -0.07 -0.07 0.8
(d) GGA 2.25 -1.97 -1.97 2.25 4.24 1.2
() LSDA 0.67 0.09 4.17 0.15 -0.4 1.2
(e) GGA -1.7 4.31 2.01 1.97 -1.8 1.2
(k) LSDA -0.07 -0.06 -0.1 4.14 -0.08 0.8
() GGA 3.85 -3.43 3.85 -3.43 3.85 1.2
(D LSDA (SP) -0.28 -0.02 -0.25 -0.23 3.53 0.4

D. Pentamers

The optimized geometries of the low-lying stationary
states of Crs obtained with GGA and LSDA functionals are
illustrated in Fig. 5. In the case of GGA we also observe a
somewhat trend to stabilize structures by forming dimers
with intradimer collinear AF coupling and short bond
lengths. The lowest-lying geometries are tridimensional and
compact indicating that the bonding starts to play a more
dominant role in the cluster stability. Indeed, the
rhombohedral-base pyramid, which is the most stable struc-
ture seems to show the best compromise between increasing
coordination and dimer formation. This structure has a rhom-
bohedral base with two dimers in a similar arrangement as in
the case of the optimal Cr, cluster. The remaining atom (i
=35) is at the vertex of the pyramid, far away from the base,
and has a large atomiclike magnetic moment us=4.17 ug
[see Fig. 5(a) and Table IV]. This is the reason for the non-
vanishing average magnetic moment of g=1.2 ug, since the
local moments of the base atoms sum up to almost zero.
Next, it follows a saddle point [a pyramid having a single
dimer and magnetic frustrations within the base in Fig. 5(b)]
and then, the first excited isomer with similar structure but
having two AF bonds (atoms 1 and 3 with d3=2.43 A and
atoms 2 and 4 with d,,=1.63 A).

The converged planar geometries are low-symmetry
structures consisting of two AF-coupled dimers with the fifth
atom well separated from the rest at [see, for instance, Fig.
5(e) and Table IV]. This structure has the same average mag-
netic moment as the ground-state structure but the reduced
coordination number makes it less stable. The next stationary
state is the trigonal pyramid with no sign of dimerization. All
the interatomic distances are comparable to the bulk value
(see Fig. 5). An AF-like ordering by layers is observed keep-
ing the same average magnetic moment as the other consid-
ered low-energy isomers. Despite being more compact, the
absence of dimers renders this structure less stable than the
optimal or the first excited isomers. These results are in
agreement with the calculations reported by Hobbs et al.**
For the remainder optimized geometries, we also observe a

clear trend to dimer formation. However, the reduction in
coordination number, particularly in the case of the linear
chain, reduces significantly their stability. The values of local
and average magnetic moments corresponding to the Crs iso-
mers are summarized in Table IV. It should be noted that our
results differ from those reported by Wang et al.>*> who ob-
tained dimerization neither for the ground-state structure nor
for the first excited isomer. In this work, the first isomer
showing dimer growth was very high in energy as compared
to the ground state (AE=1.01 eV).

Regarding the LSDA optimized geometries, one observes
that for a given topology the same trends in the magnetic
ordering are obtained as in the case of GGA, but with re-
duced values of local magnetic moments and bond lengths
[see Fig. 5 and Table IV]. This follows the trend observed for
smaller cluster sizes as discussed before. Moreover, in con-
trast to GGA, the LSDA favors planar structures having
dimers instead of the more compact geometries [see Figs.
5(h)-5(k)]. Also, notice the different average magnetic mo-
ment for different structures in contrast to the results of the
GGA functional. Calculations by Cheng and Wang?° yielded
for the optimal geometry a distorted square pyramid with
planar base and somewhat large dimer-bond distances.

E. Hexamers

The optimized geometries and values of the average and
local magnetic moments obtained with the GGA LSDA func-
tional are illustrated in Fig. 6 and in Table V, respectively.

Concerning to GGA results, we found a distorted trigonal
prism as the lowest-energy isomer. This structure possess
three dimers at short bond length with AF-like magnetic cou-
pling and zero average magnetic moment. The next station-
ary states are saddle points [see Figs. 6(b) and 6(c)]. The first
one resembles also a trigonal prism but with only two dimers
at short bond lengths. The second saddle point presents only
one AF dimer at short bond length, and the rest of the dimers
with AF-like coupling at a distance comparable to the bulk
bond length. The first isomer is illustrated in Fig. 6(d). This
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FIG. 6. (Color online) Illustration of the different isomers of Crg
found using the GGA and the LSDA. Results are given for the
equilibrium bond lengths d’cf (in A) and for the energy difference
AE (in eV) with respect to the optimal structure for each XC func-
tional. The numbers label the different atoms, which local moments
are given in Table V.

structure has two AF dimers at short bond lengths and six AF
dimers at distance comparable to dy;. The next most stable
structure is the deformed octahedron with an excitation en-
ergy of about 0.28 eV, presenting no short bond-length
dimers but consisting of several AF-like coupling at bond
lengths similar to that of nearest-neighbor bulk distance,
probably anticipating the bulklike structure for larger clus-
ters. Finally the less stable structure in Fig. 6 is planar with
two dimers at short bond lengths. It should be noticed that
here, the number of dimers at bond distances comparable to
bulk is five. This is probably the reason that this structure is
less stable than that of Fig. 6(d). Moreover, let us remark that
the low-coordination structures like the linear chain are at a

PHYSICAL REVIEW B 81, 224431 (2010)

considerable excitation energy (e.g., 1.84 eV for the linear
chain).

For the LSDA functional, the trigonal prism is also found
to be the lowest-energy isomer, but the values of the local
magnetic moments are notably smaller than the ones found
with the GGA functional with a weak FM-like coupling. This
is due to the obtained rather short equilibrium bond lengths.
Since the average magnetic moment is barely 0.33 ug, one
can consider this structure to be nearly nonmagnetic. These
results are in contrast with those reported by Cheng and
Wang,?® who found a regular trigonal prism as ground state,
having AF-like coupling and total magnetic moment of
2 ugp. The relative order of the next stationary states (iso-
mers and saddle points) changes with respect to the GGA
functional, that is to say, the planar structure in Fig. 6(i)
becomes now the first excited isomer followed by three
saddle-point states in Figs. 6(j)—6(1).

IV. DISCUSSION AND GENERAL TRENDS

The main conclusions on structural and magnetic proper-
ties of Cry clusters (N=6) derived from our calculations can
be summarized as follows. (i) The present fully unrestricted
noncollinear spin calculations confirm the dimerization trend
observed by other authors?>?* for all N=<6 and by Wang et
al.?® for N=4. We always observe that the most stable ge-
ometries follow a growth pattern based on dimers with very
short bond lengths. The interplay between high coordination
and magnetic frustration is always solved by dimerization
rather than by noncollinear spin arrangements. (ii) As ex-
pected, there is an increasing tendency to favor compact
structures over open ones as the cluster size increases. In-
deed, already for Cry, the binding-energy difference between
compact and open geometries is significant. (iii) Concerning
the magnetic order one finds that the dimerized structures
always correspond to a collinear order with AF-like coupling
along short bonds. In some cases, for instance, in the case of
the isosceles triangle [see Fig. 3(c)], magnetic frustrations
causes the local magnetic moments to be significantly re-
duced. In other cases, an increase in the distance between
atoms showing parallel magnetic moment takes place rather
than a reduction in the local moments. Similar parallel align-
ment of local moments have been observed in small Mny
clusters.>* (iv) According to our results, GGA and LSDA
approximations considered in this study yield the same gen-
eral trends in the structural behavior of the Cr clusters. For
the considered sizes and for similar structures the magnetic
solution given by each functional are different. These differ-
ences reflect the way the functionals treat the interplay be-
tween hybridization and electronic localization. The most
clear example are Cr, and Cry, where the LSDA approxima-
tion gives a nonmagnetic state while the GGA results are
magnetic. In the case of Cr, we have shown that this is a
consequence of the too short LSDA bond length (ngDA
=1.47 A). Actually, at this distance the hybridization domi-
nates over Coulomb exchange interaction so that the mag-
netic moments are quenched. However, at the GGA bond
length (d59*=1.59 A) the LSDA solution becomes mag-
netic. The trend of overbinding and underestimation of the
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TABLE V. Local magnetic moments u; and average moments i (in ug) of the stable isomers of Crg as
illustrated in Fig. 6. GGA and LSDA results are compared. The SP are specified.

PHYSICAL REVIEW B 81, 224431 (2010)

Isomer XC My ) M3 My Ms Mo m
(a) GGA 1.97 —1.88 1.82 2.03 -2.03 -1.92 0.0
(2) LSDA 0.11 0.09 0.09 0.14 0.17 0.17 0.33
(b) GGA (SP) -3.68 -2.07 2.06 3.68 -1.96 1.96 0.0
(h) LSDA(SP) 0.02 0.02 -0.02 -0.02 0.02 -0.02 0.00
(c) GGA (SP) 3.46 3.46 -3.65 -1.97 -3.4 2.11 0.0
(i) LSDA 0.02 0.02 -0.02 -0.02 0.027 -0.02 0.0
(d) GGA 1.89 -1.94 -1.57 1.56 -1.56 1.57 0.0
() LSDA (SP) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(e) GGA -3.44 -3.55 3.44 3.44 3.55 -3.44 0.0
(k) LSDA (SP) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
() GGA (SP) 1.63 1.72 -1.67 -1.69 1.71 —-1.68 0.0
(D LSDA (SP) 0.9 0.9 -0.58 0.58 -0.9 -0.9 0.0

bond lengths is a well-known drawback of the LSDA. Due to
that reason, the LSDA yields smaller, sometimes vanishing,
magnetic moments (see the LSDA results for N=2, 4, and 6).
The most remarkable case is Cry, where all the isomers cal-
culated with the LSDA functional are nonmagnetic. In con-
trast, the GGA always gives magnetic solutions with signifi-
cant local magnetic moments. (v) Although throughout this
work we attempted to find noncollinear magnetic configura-
tions in all the considered cluster sizes and structures, start-
ing initially from noncollinear magnetic arrangements, they
almost always converged to collinear moments. In the case
of fixed geometry we found a high-energy state with a non-
collinear magnetic arrangement (for instance, the equilateral
triangle in Cr;). Notice, however, that after atomic relax-
ation, the optimal magnetic solution is always collinear. De-
spite of the fact that noncollinear magnetism in small free-
standing chromium clusters appears to be not stable, it

should recalled that it can be stabilized under other condi-
tions. For example, when the clusters are deposited on some
magnetic substrates such as Fe or Ni.»>>°
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