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First-principles study of the onset of noncollinearity in Mn,, clusters: Magnetic arrangements
in Mn; and Mng
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Y. Kawazoe
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan
(Received 4 February 2005; published 15 July 2005)

First-principles theoretical investigations of the noncollinearity of atomic spin moments in manganese clus-
ters have been carried out within a gradient-corrected density-functional approach. Our studies on Mns and
Mng include investigation of both collinear and noncollinear arrangements. It is shown that while the atomic

structure of the ground state of Mnj is a triangular bipyramid, the collinear and noncollinear arrangements have
comparable energies and hence are degenerate. For Mng, while the ground state has a square bipyramid
arrangement, the noncollinear configuration is most stable making it the smallest cluster to feature a noncol-
linear ground state. The results are discussed in view of the recent experimental Stern-Gerlach profiles.

DOI: 10.1103/PhysRevB.72.014435

I. INTRODUCTION

Atomic clusters containing two to a few thousand atoms
provide a bridge between the free atoms and the bulk. Ex-
tensive research over the past 20 years has shown that prop-
erties of small clusters can be significantly different from the
bulk.! One of the key questions, then, has been to determine
the size at which the bulk features first appear in clusters.
The answer, of course, depends on the property and one of
the properties that has attracted considerable interest is the
magnetic behavior.” It is now known that small clusters of
itinerant bulk ferromagnets like Fe, Co, and Ni are
superparamagnetic,’> while atoms in small clusters of oth-
erwise nonmagnetic solids like Rh have finite spin moments
coupled ferromagnetically.®” From the magnetic standpoint,
an interesting metal that has attracted attention is manganese.
Mn atom has an electronic configuration of 3d°4s”> and a
high spin moment of Sug due to filled d subshell.3~1 The
unfilled d states are about 2.14 eV above the filled states and
hence the atomic moment is fairly resilient to minor changes.
This is partly why Mn maintains its moment in doped semi-
conductors and they exhibit ferromagnetism.!! Apart from
atom, the magnetic properties of bulk Mn are equally fasci-
nating. For example, a-Mn exhibits a complex antiferromag-
netic (AF) order below the Néel temperature of 95 K and is
nonmagnetic (NM) at room temperature.'”> The unit cell in
the crystal has a large size of 58 atoms. Recent theoretical
studies by Hobbs et al.'® indicate that the magnetic state of
a-Mn has a noncollinear (NCL) ground state. In a follow-up
paper, Hafner et al.'* showed that 8-Mn also has a stable
NCL magnetic configuration even though the ground state is
weakly ferrimagnetic. Both of these results are in good
agreement with available experiments. In contrast to the
bulk, Mnj and Mn, clusters are proposed to be ferromagnetic
with total moments of 15 and 20ug, respectively.®® This
raises the question that if the atomic moments are ferromag-
netically coupled in clusters of three and four atoms, and if
the bulk is characterized by NCL arrangement, then what is
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the smallest cluster that features a NCL ground state?

In this paper we present the investigations of NCL ar-
rangement in Mns and Mng clusters within the density-
functional formalism. Our interest in these clusters is partly
motivated by the recent Stern-Gerlach experiments.'> In
these experiments, the clusters in a beam are passed through
a gradient magnetic field that tries to orient the moments as
well as deflect them. For the case of Fe,,Co,, or Ni, clusters,
the beam undergoes a net deflection upon application of the
gradient fields. For Mns; and Mng, however, the observed
deflection profiles do not exhibit any net deflection but sim-
ply broaden with increasing gradient field. The absence of a
net deflection could be accounted by a weak ferromagnetic
or antiferromagnetic coupling between the atomic spins. Our
studies, here, focus on two issues. First, starting from a col-
linear ferromagnetic coupling in Mn; and Mn,, does the
magnetic coupling remain collinear as we go to higher sizes?
If not, what is the smallest size at which the NCL state be-
comes the ground state? It is interesting to note that the NCL
arrangements can also be looked at from the perspective of
frustration. It is known that in systems marked by antiferro-
magnetic coupling between the near neighbors and having
geometries with odd member rings, a collinear arrangement
can lead to frustration.'® The lowest-energy configurations
exhibit degeneracy and the system lacks a well-defined
ground state. The inclusion of NCL arrangements can re-
move this degeneracy and lead to a well-defined ground
state. The purpose of this paper is to explore these issues.
Indeed, we show that while the ground state of Mns has a
collinear arrangement of spins, Mng is the smallest cluster to
exhibit a NCL ground state.

II. CALCULATION METHODOLOGY

The theoretical studies were carried out within a general-
ized gradient approximation (GGA) for the exchange and
correlation!”!® within a density-functional theory.'??° The
NCL spin calculation was performed within a projected aug-

©2005 The American Physical Society
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mented wave-function (PAW) formalism?! as implemented®?
with the Vienna ab initio simulation package (VASP).?3

In brief, in this approach for NCL spin calculation, Kohn-
Sham orbitals is expressed by spinors

Wi(r) )

Wh(r) (1

Wi(r,s) = (

where i is the index of occupied orbital and «, B are the spin
indices. The density matrix n is made from Eq. (1), i.e.,

ST )T X W ()W)
— Nya a,B) - i . i .
i <nﬁa nes! | 2V OVEE) 2 WE ()W)

2)

Using this n, we can obtain the equivalent magnetization
density,

m(r) =Tr(no) = (Tr(no,), Tr(no,), Tr(no)),  (3)

where o,,0,, and o, are the Pauli spin matrices. The
exchange-correlation energy is defined with this magnetiza-
tion density and the total charge density, npy=n,,+ngz as
outlined below,

Exdn]= f Oxcln] ng,(r)dr + f Exeln] 2 ar

Tr( ) 5 ( )
5Exc[n] 5Exc[11] &|m(r)| >
f o) O | o) e O
5Exc[n] OExc[n], .
dr + d 4
-] e ) ") ) MO @

In Eq. (4), 0Exdn]/én,(r) and SEx[n]/dm(r)| can be
transformed and calculated from the equations used in the
conventional collinear spin calculation. As seen in Eq. (3),
the [m(r)| has not only n,, and ngg, but also n,s and ng,.
Therefore the exchange-correlation potential made from Ex¢
can be divided into diagonal and off-diagonal parts. Using
the notation V& and VA2 for the diagonal part, and V& and
VB2 for the off- dlagonal part, the Kohn-Sham equation is
finally written as

(— 3V Ve # Vo VS 4% )
%% — V4 Voot Vo + VEE
V(r P(r
\Pi (r) q’,‘ (r)

where V,, is the Coulomb potential between electrons and
V., 1s the external potential.

As mentioned above, we used the VASP4.6.12 (Ref. 23)
package to carry out the actual calculations. The exchange-
correlation effects were included via the GGA. To study fi-
nite system such as Mns and Mng, we used the supercell
approximation where the cluster occupies the central position
within the cell. To avoid interactions between clusters in
neighboring cells, we chose a large supercell of size 15 A.
Further, the cutoff energy of the plane wave was set at 337.4
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FIG. 1. (Color online) Various starting configurations of the
atomic spins for determining the ground state of Mns. The bond
lengths are in A and the local atomic moments are in MR-

eV (24.8 Ry). The geometry and the spin orientations were
optimized.

III. RESULTS AND DISCUSSION

Before we present our calculations, let us briefly review
the recent studies on Mns. Jones et al.'” have investigated the
magnetic arrangement in Mns looking into collinear arrange-
ments. They find that the ground state has a distorted trian-
gular bipyramid arrangement. The local atomic moments are
antiferromagnetically aligned and the cluster has a net mag-
netic moment of 3up. They also found that magnetic ar-
rangements of the atomic spin moments that lead to total
moments of 13 and 20ug are only 0.02 and 0.09 eV above
the ground state and have only minor changes in the bond
lengths. Bobadova-Parvanora et al.’ have studied the antifer-
romagnetic ordering in Mn, clusters and find a similar
ground state as Jones et al.'® Fujima®* has investigated the
effect of noncollinearity in Mns using a local-density func-
tional. He, however, did not optimize the geometry but sim-
ply studies NCL for various bond lengths in a triangular
bipyramid arrangement.

In this work, we started our investigations of NCL ar-
rangement by assuming triangular bipyramid geometry with
different spin arrangements as the initial guess (the square
pyramid was found to be higher in energy). Further, we
started with three types of collinear spin configurations as
shown in Fig. 1, i.e., ferromagnetic (FM) [Fig. 1(a)] and two
ferrimagnetic [Figs. 1(b) and 1(c)] as initial guesses. These
were motivated by the ground states obtained by Jones et al.
We also included a spiral configuration (SP) [Fig. 1(d)] to the
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5.91 uB

FIG. 2. (Color online) Various minimum-energy configurations
obtained by starting from different initial configurations in Fig. 1.
The bond lengths are in A and the atomization energies (eV) are
listed below each structure. Also given are the local atomic mo-
ments (ug) and the total spin moment.

initial guess. Hobbs et al.?? had previously shown that such
an arrangement is metastable for Crs and has an energy close
to the ground state. In all cases, the geometry and the spin
arrangements were optimized. For FM and two ferrimagnetic
configurations, the collinear spin calculation was also carried
out for a comparison with NCL. The results of these inves-
tigations are shown in Fig. 2. In these results, FM, and fer-
rimagnetic arrangements [Figs. 1(a)-1(c)] do not show dras-
tic changes in their structures comparing with the results of
the collinear spin calculation. In fact, they have almost the
same configurations, atomization energies, and net magnetic
moments as those obtained in a corresponding collinear cal-
culation in spite of the inclusion of the NCL effects. The
initial SP configuration [Fig. 1(d)], however, changed to the
configuration shown in Fig. 2(d). In this configuration, all
atomic moments can be moved to lie in the same plane.
Hereafter, this configuration will be called coplanar (CP).
Figure 2 also shows the atomization energy of various ar-
rangements and the local magnetic moments at the various
sites. The atomization energy (A.E.) is defined as

A.E. =[nEMn) - EMn,)], (6)

where E is the total energy of the respective atoms/clusters.
Note that the ground state is a ferrimagnetic collinear con-
figuration suggested by Jones er al. However, almost degen-
erate with this is a noncollinear state. Within the accuracy of
the calculation, both states can be considered as ground-state
isomers. As mentioned before, Fujima also carried out the
NCL spin calculations on Mns, although he did not optimize

FIG. 3. (Color online) Various starting configurations of the
atomic spins for determining the ground state of Mng. All structures
are the same, and the unit of the bond length written in (a) is A. The
magnitudes of the local atomic moments are all 4.0up as written in

(a).

the structure. He calculated the magnetic configurations for
various Mn—Mn bond lengths and showed that the direction
of each atomic moment in Mns changes with size within the
same plane. He also showed that when the Mn—Mn bond
length is changed to 80% of its bulk values, the CP magnetic
configuration changes to ferrimagnetic configuration in Fig.
2(c). Combined with the present results, these studies indi-
cate that the atomic moment in Mns can change their direc-
tions easily in the same plane. This conclusion supports the
earlier view of Jones et al.'”

For Mng, the recent studies predict a square bipyramid
ground state. Investigations by Jones et al. using a collinear

"S> 07254

Q——»

3.5

9.82 eV
12.24 B

FIG. 4. (Color online) Various minimum-energy configurations
obtained by starting from different initial configurations in Fig. 3.
The bond lengths are in A and the atomization energies (eV) are
listed below each structure. Also given are the local atomic mo-
ments (ug) and the total spin moment.
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formalism indicate that the ground state has a spin magnetic
moment of 8.0ug. States with moments of 16, 26, and 2ug
are only 0.03, 0.03, and 0.06 eV above the ground state and
can be regarded as isomers. As before, the isomers obtained
by Jones er al. were adopted as the starting points. These
initial configurations were ferromagnetic [Fig. 3(a)] and
three ferrimagnetic [Figs. 3(b)-3(d)]. To these, we added a
spiral (SP) configuration shown in Fig. 3(e) as initial
guesses. We carried out collinear spin calculation for the first
four systems to compare the results of NCL spin calculations
as we did for Mns. The results are shown in Fig. 4. For
(a)—(c), NCL spin calculation gave us almost the same atomi-
zation energy, net magnetic moment, and local atomic mo-
ments as those from collinear spin calculation. However, for
Fig. 4(d), the initial collinear arrangement changes to a NCL
configuration. The transition lowers the atomization energy
and enhances the net magnetic moment by 0.02 eV and
4.65ug, respectively. We would like to add that even though
the moments are no longer collinear and have different mag-
nitudes, the change is only minimal. More interesting is the
result of SP initial configuration. As shown in Fig. 4(e), this
configuration is more stable than any other configuration by
almost 0.2 eV. Note that although we started with a SP state,
the relaxed configuration is no longer spiral. However, this
configuration does have some order, i.e., atoms in each pair
located at opposite sites have almost the same atomic mo-
ments. Note also that while the initial configuration had zero
net moment, the optimized configuration acquired a net mo-
ment of 12.24 up.

IV. SUMMARY

The present studies present a systematic investigation of
the magnetic transition and the appearance of NCL magne-
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tism in small Mn, clusters. The earlier studies®~!® have
shown that Mn; and Mn, have ferromagnetically coupled
atomic spins. The present studies indicate that Mns has a
degenerate ground state with collinear and NCL arrange-
ments. Mng is then the smallest manganese cluster to posses
a NCL ground state. This transition is a signature that the
ferromagnetic coupling is weakened and an antiferromag-
netic component emerges with increasing size. It is consis-
tent with our earlier view'? that the weakening in the ferro-
magnetic coupling leads to an absence of net deflection in
the Stern-Gerlach profiles. A study of the electronic structure
of the clusters shows’ that the mixing between the valence d
and s states increases with increasing size. It is then reason-
able to assume that the increased mixing leads to the change
in the magnetic coupling. While Mng is the smallest manga-
nese cluster to exhibit a NCL state, it is important to note that
the magnetic properties are dependent on the symmetry of
the cluster. It is then possible that both collinear and NCL
states may appear at higher sizes depending on the number
of atoms and the symmetry of the cluster.
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