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Magnetic transition in Mn,, (n=2-8) clusters
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Theoretical electronic structure studies on Mm=2-8) clusters have been carried out using a linear-
combination-of-atomic-orbitals—molecular-orbital approach within the density-functional formalism. It is
shown that Mg and My have energetically close ferromagnetic and antiferromagnetic or frustrated antifer-
romagnetic solutions. Mn Mns, Mng, Mn,, and Mry are all ferromagnetic with moments of 20, 23, 26, 29,
and 3%g. The appearance of ferromagnetic character is shown to be accompanied by bonding between
minority d states. The relation between geometry and multiplicity and the possibility of closely spaced mul-
tiplet states are discussd&0163-182608)03333-4

[. INTRODUCTION In this paper we report what we believe is the first in-
depth study of the electronic structure and the magnetism of
Manganese is a uniqued3transition element. It has the Mn, clusters containing 2—-8 atoms. The clusters are fully
lowest bulk modulus and binding energy per atom. It doegelaxed with respect to all electronic, magnetic, and geo-
not crystallize into fcc, bcc, or the hep lattices but hassan metrical configurations. The key issues we want to focus on
Mn structure containing fifty eight atoms per unit cell which are the evolution of the ferromagnetism starting from an AF
transforms to other structures at different temperattifdse ~ dimer, the possibility of multiple closely spaced magnetic
magnetic properties of Mn are equally fascinatingMn is  states, and the progression of the structure and bonding. We
antiferromagnetiqd AF) while dilute solutions of Mn in Cu show that MR and Mry each have AF and FM solutions
lead to spin glass behavior of the Mn momeh@n a nano-  which are energetically nearly degenerate but that FM char-
scale Mn,0;, acetaté has been found to exhibit quantum acter starts at Mpwhich has a magnetic moment of g
tunneling of the spins and is drawing considerable attentionper atom. As the size of the cluster increases the moment per
These unusual and interesting magnetic behaviors continugom decreases but the clusters definitely retain a FM char-
even to the smallest size, namely, pure Mtusters. Elec- acter. M, Mng, Mn;, and Mr are all FM with moments of
tron spin resonancESR (Ref. 4 and absorption spectrum 4.6, 4.33, 4.14, and 4.00g per atom, respectively. The pro-
studies show that Mg exists in a Van der WagVdW) AF  gression of magnetic behavior is shown to be closely associ-
state. However, ESR studies on M(Ref. 6 clusters in a ated with the change in binding energy and the interparticle
matrix observe a ferromagnetically coupled cluster with aseparation. Further the antiferromagnetic instabilities are in-
moment(number of unpaired spinof S=25ug. The au- timately tied to the minority-spin g 3d energy spacing.
thors of this work stated that this cluster contained more than In Sec. Il we discuss the computational methodology and
four atoms but it was unclear whether this cluster was; Mn give details about the basis sets and energy functionals used
or a larger cluster. Studies on Mand Mn, are not conclu- in these studies. In Sec. Il we discuss the results op fdn
sive and it is not clear how the AF to ferromagnetidM) n=2-8. The dimer is discussed in great detail to make con-
coupling evolves as the size is changed. In the remainder déct with earlier work. While none of the neutral ilappear
the text we refer to momen(§)in terms of the total number to have a moment of 2b; we show that the negatively
of unpaired electrons. charged Mg, with two inequivalent atoms, does indeed ex-
There have been only limited theoretical studies on,Mn hibit this moment. In Sec. IV we summarize our findings.
clusters. In particular the case of Mhas been a source of
controversy. The earher calculations py Neg_belslng _ Il COMPUTATIONAL DETAILS
Hartree-Fock and Heisenberg exchange interaction predicted
Mn, to have an AF ground state. Subsequent local density The general method used here is the linear-combination-
calculation&® have, however, found conflicting results rang- of-atomic-orbitals (LCAO) molecular-orbital approach:**
ing from a complete FM ground state with a total moment ofAll of the all-electron calculations have been performed us-
10ug to a triplet ground state. For other Mn clusters mosting the Naval Research Laboratory Molecular Orbital Li-
calculation$*? have assumed fixed geometries and investibrary (NRLMOL) which is described in Ref. 15. This meth-
gated only specific spins. Recently Nayakal. have per- odology uses large basis sets, an analytic methodology for
formed some calculations on small Mn clustéts. evaluating the potentials on a mesh of points, and a numeri-
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cally precise variational mesh to solve the Sdlimger equa- lations were carried out using local spin density approxima-
tion self-consistently. The molecular orbitals are expanded ason with no gradient corrections. We have used two inde-
a combination of Gaussian functions centered at the atomipendent Gaussian-based implementations of pseudopoten-
sites and the exchange correlation effects were treated withiiiels ??* One implementatioit used the representations of
the density functional schent&We have used both the local Perdew and Zunger and Ceperly and Aldeand a least-
density approximatioiLDA) (Refs. 17,18 and the general- square Gaussian representation of the numerical pseudo-
ized gradient approximation&GA's)."#1°We have verified ~atomic orbitals. The othéf used the PW91 functional and
that there are no quantitative differences between the twenergy-optimized Gaussian orbitals. The pseudopotential re-
GGA's (Refs. 18,19 and only one small difference between sults discussed here are not dependent on either the imple-
the LDA and GGA results for Mp The calculations were mentation or the energy functional. We find that the unpo-
carried out at the all-electron level. The basis sets used hetarized pseudopotential calculations are in very good
were optimized fully for density-functional based calcula-agreement with the unpolarized all-electron calculations.
tions using the procedure described in Ref. 20. As discussed
in Ref. 20 it is necessary to determine the total number of
Gaussian exponents, the values of the Gaussian exponents,
and the contraction coefficients that are required to obtain |n the following subsections we discuss the results ob-
accurate total energies in atoms and molecules and clustegined in our applications to Mnwith (n=2-8). Unless
For Mn, the 20 optimized Gaussian decay parameters argxplicitly noted the binding energies correspond to the GGA
given by: 0.35848988 107, 0.52158600 10°, 0.11723769  energy functionat®1°We start by discussing the dimers and
X10°, 0.3299469% 10°, 0.107245110°, 0.38631793 trimer which exhibit low lying antiferromagnetic and ferro-
X10%, 0.1504975X 10, 0.6237180%10°, 0.27180369 magnetic states and then turn to the larger systems which
x10°%, 0.1232860%10°, 0.5776429% 1%, 0.27551906 exhibit ferromagnetic coupling.
X107, 0.1338411%X10?, 0.6577215%10', 0.31824545
X10', 0.1488497x10', 0.67404844, 0.28489897, o
0.11006157, and 0.04161537. In addition to the fetype, A. Bistability in Mn ; and Mnj
two p-type, and one-type contracted atomic orbitals we use  While the Mr, dimer is the smallest cluster we have stud-
the three longest-rangeGaussians, the three longest-rapge ied it is the most complex in terms of the number of stable
Gaussians, and the fourth, third, and second longest-rdngeand metastable magnetic and geometrical states that it pos-
Gaussians. The contraction coefficients for thesesses. Experiments based on E&®f. 4 and resonance
1s, 2s, 3s, 4s, 2p, 3p, and 3 atomic orbitals may be Raman spectroscoppbserve an AF state with a bond length
obtained by performing an SCF calculation on the sphericabf 6.0 a.u. The binding energy is estimated to be G:4@.30
unpolarized Mn atom using the PW91 energy functidhal. evV?®> The LDA BHS pseudopotential results predict a
All geometries are optimized fully with Hellmann-Feynman symmetry-broken AF state with an equilibrium bond length
forces smaller that 0.001 hartree/bohr. of 6.02 bohr and an atomization energy of 0.37 eV. Slightly
Further details about the calculations are given in earlieabove this AF state is a8= 10ug FM dimer with an atomi-
papers:> With respect to the determination of magnetic mo-zation energy of 0.30 eV. Analysis of the bonding in both of
ments we have taken special care to ensure that the nonvthese states shows that their electronic structure is equivalent
riational magnetic moments are well converged. First, weto that of the separated atoms. Each atom has a majority spin
have converged the total energies to a tolerance of®10 with the 4s and 3 shells fully occupied and a minority spin
hartree which corresponds to ten-decimal-place accuracy afith an emptyd shell and an occupiedsdstate. These states
the total energy. The eigenvalue sum and total kinetic enare mildly reminiscent of a van der Waals molecule since the
ergy, neither of which are variational quantities, are found taelectronic configuration on each atom consists of either fully
be converged to approximately 0.0001—-0.0005 hartree whicpopulated or completely empty shells of electrons. Further
corresponds to seven-decimal-place accuracy. We expetiie AF state appears to correspond with the experimentally
that the nonvariational magnetic moments are converged tobserved Mg dimer in the matrices.
similar accuracy. A second way of determining whether the Interestingly, as summarized in Table |, this is not the
magnetic moments lead toraetastablestate is to examine density-functional ground state of the gas-phase Kimer.
the highest occupied molecular orbii&OMO) and lowest  Our all-electron calculations show that at even shorter bond
unoccupied molecular orbitdLUMO) levels of each spin. |engths a FMS=10ug state with adifferentelectronic con-
The spin gaps which we define ad;=—(efjoms’  figuration is most stable. We find the ground state of the Mn
—€ellaoY) and A,=—(efloma— elGeeY) correspond to the to have an equilibrium separation of 4.927 bohr and an at-
energy required to move an infinitismal amount of chargeomization energy of 0.99 eV. We have performed detailed
from the HOMO of one spin to the LUMO of the other. If investigations of the bonding of this molecule and find that it
both spin gaps are positive the system is magnetically stablés mediated by the minority spin valence electrons. Instead of
We have also carried out limited studigsn Mn,, Mng, a minority spin electron configuration ¢try(4s),0,(4s)]
and Mn,) using an alternate approach where the atomidhe o(4s) state is depopulated and one of two degenerate
cores were replaced by norm conserving non-local pseuddonding 74(3d) is occupied instead. We find that the
potentials proposed by Bachelet, Hamann, and ‘$etiti  pseudopotential results reproduce the all-electron calcula-
These pseudopotentials are based on the relativistic atonti®ns for spin unpolarized calculations. However, for the
calculated using local spin density and therefore include, irffully polarized calculations, we find that the pseudopotential
some way, the relativistic effects. The pseudopotential calculeads to minority spird states that are pushed up by approxi-

Ill. RESULTS
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TABLE |. We present the GGA binding energB), equilibrium
bondlength(R), and spin gapsX; and A,) for several different
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decreases. This is in accord with the fact that as the moment
decreases the number ofd-®onding minority spin wave

magnetic states of the Mrdimer. As discussed in the text, positive functions increases and the number of antibonding majority
spin gaps imply that the structure is Iocalllly stable. Energies are igpin d wave functions decreases. Since the,Mimer exhib-

eV and bondlengths are in bohr. Energies are calculated with rets muyltiple magnetic and structural minima it is not surpris-

spect to the 5 ug Mn atom. A negative binding energy indicates i that earlier calculations have predicted other ground
that the molecule is unbound with respect to the separated atoMsgiates. The earlier work is reviewed here for completeness
Nesbet, using Hartree-Fock theory and a Heisenberg treat-

State B R A1 A2 ment, found it to be AF with a bond length of 5.44 a.u. and
FM S=0 ug -0.59 3.19 0.58 0.58 a binding energy of 0.79 eV. All electron density functional
FM S=2 ug -0.41 3.19 0.84 0.90 calculations by Harris and Jofefound a FM ground state
FM S=4 ug -0.62 3.47 051 0.05 with a total spin §) of 10 in accord with the work here.
FM S=6 ug -0.06 376 1.18 0.65 Salahub and Bayka?dound a triplet ground state.

FM S=8 ug 0.53 4.29 1.79 0.22 The case _of MQ is extremely interesting. The_ compact
FM S=10 ug 0.99 4.93 0.65 1.30 ground statg is a triangle. Each atom has five majorlty d_pm
AF 0.54 5.13 0.44 0.44 electrons with a total moment of 5u@. An equilateral tri-

angle is incompatible with perfect AF coupling of atomic

i ) spins. On the other hand one could envision a ferromagnetic
mately 5.0 eV relative to their all-electron counterparts.coypling ofd spins. We examined triangular and linear struc-
While we suggest that the pseudopotential results reproduggres with all the spin multiplicities. The all-electron GGA
the experimental antiferromagnetic state for the incorreckydies predict a triangular FM ground state with a moment
reason, an enhancement of the-3d splitting due to a of 15,045, an atomization energy of 0.81 eV/atom, and one
physical effect that is not present in GGA or LDA could lead ghort and two long bond lengths of 4.800 and 5.240 bohr. A
to an antiferromagnetic ground state dimer. For example, it i$strated AF solution where the atomit spins on the
possible that self-interaction correctio(BIC) could change  shorter side are ferromagnetically coupled while the spins on
the ground state configuration. While the SIC shift associateghe third atom are antiferromagnetically coupled to the other
with a 3d state is significantly larger than that of the gtate,  atoms was only 0.014 eV less stable than the FM solution
SIC also tends to favor systems with fully closed shells. Weithin the GGA. This structure has a net spin gf5and has
expect that the former effect is more important than the lattepne long and two short bond lengths of 4.786 and 4.759
and that the correct gas-phase state is $%el0ug FM  pohr, respectively. Within LDA the frustrated AF configura-
dimer with the 4.927 bohr bond length within SIC also. Antion was 0.26 eV more stable than the FM solution. The
inert substrate would have a negligible effect on the elecpseudopotential calculations also predicted the frustrated AF
tronic structure of the Mundimer. However, since the bind- ground state corresponding to an isoceles triangle with a mo-
ing between the two atoms is reasonably weak VAW interment of 5.Qu5. All these results indicate that Mrhas very
actions between the Mn atoms and neighboring surfacg|ose magnetic solutions and had two distinct spin states with
atoms might be able to stretch the Mbonds. Such an in-  similar stability. To our knowledge the only experimental
teraction could reduce the overlap between the minority spigjata on Mg are the resonance Raman spectra studies by Bier
electrons which would reduce the energy spacing betweegt 515 These studies suggest a ground state to be a slight

the FM and AF states. _ Jahn-Teller distorted f) structure and low, odd-integer
In addition to the two different states discussed here wenagnetic moment.

have found several different metastable states with different
magnetic moments and cohesive energies. The results for
each spin are presented in Table 1l. We find that the bond
length of Mn, decreased monotonically as the net moment

B. The larger ferromagnetic clusters: Mn,;-Mng

For Mn, we investigated a planarhombus and three
_ dimensionalD,4 and T4 structures. The AF and the FM so-
TABLE II. Average bond distancB, number of bonds per atom |tions with different multiplicities were tried. The all-
(B), moment per atom /) and atomization energyl;) as @  glectron calculation predict @4 ground state with bond
function of the number of atoms. For the FM clusters we also 'n'lengths of 5.13 a.u. as shown in Fig. 1. The binding energy
C'rhjgi'o?ty‘ﬂem?my gap@l_ann?m?,%'_A,?]a,-dofycussed in the text, = was 1.19 eV per atom and the total moment wagg2®hich
€nomo — €ELumo. and A,=e€louo — €lumo’ - A state can be mag- .
netically stable only if both spin gaps are positive. CO.rrESpO.nds to 5@3 per atom. The pseUdOpOtent!al calcu-
lations yielded a similar ground state geometry with a bond
length of 5.58 a.u. and a binding energy of 0.68 eV/atom.

M B #e  De(eViatom 4ieV) 4(eV) The ground state multiplicity was identical. Ludwig, Wood-
2 4927 0.50 5.00 0.50 0.65 1.30  bury, and Carlsoff have observed Mpin solid silicon and

3 5.093 1.00 5.00 0.81 0.46 1.38  suggest that the four atoms are in interstitial sites and are in
4 5.162 150 5.00 1.19 0.62 2.31 the form of a tetrahedron. The ground state multiplicity,
5 5.053 1.78 4.60 1.39 0.50 0.79 however, is not experimentally known.

6 5.002 2.00 4.33 1.56 0.90 1.13 The case of Mg has received attention ever since the
7 4970 2.14 417 1.57 0.70 0.47 ESR experiments by Baumaret al® discovered a cluster

8 4.957 225 4.00 1.67 0.93 0.37 With a spin of 2% g. Baumannet al. determined that this

cluster was not Mpor Mn, and that it contained more than
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less than in Mg (4.60wg). The pentagonal pyramid was less
stable by 1.6 eV and had a moment of.28

Another possible candidate for the @25 cluster observed
in the ESR experiments of Baumaanhal® may be the nega-
tively charged Mg cluster. We find that the square bipyra-
mid has an electron affinity of 1.36 eV and that tBe
=25ug state, with spin gaps of 1.51 and 0.60 eV, respec-
tively, is indeed a magnetically stable cluster.

For Mn, we have studied several different structures
which include the pentagonal bipyramid, a planar square
capped from above by a dimer and below by an atom, and a
bicapped square with an extra atom at the middle. These
structures have moments of 35, 29, and 25, respectively, but
have per-atom cohesive energies that smeller than the
Mng cluster. The lowest energy structure that we have found
for Mn-, pictured in Fig. 1, consists of two eclipsed triangles
with a single atom cap. This structure has three inequivalent
atoms and g, symmetry. It is generated by placing atoms at
all sites that are equivalent tR;=(1.402,1.402;-2.084),
R,=(—3.270;-3.270, 0.3786 and R;=( 2.541, 2.541,
2.541), respectively. This structure has a spin of 29 and an
atomization energy of 1.57 eV/atom which is only slightly
larger than the atomization energy of MrRecently Ko-
retsky and Knickelbeffl have measured ionization energies
of gas-phase Mn clusters. For Mthey find an ionization
energy of 5.44 eV which is in good agreement with our
dhiculated vertical ionization energy of 5.51 eV. We find that
Mn;1 +1 is closed structure with positive spin gaps.

one inequivalent atom. The possibility that this cluster would FOr the case of Mawe explored capped pentagonal bi-
be Mn, was suggested but Baumaenal. also suggested Pyramid, bicapped trigonal prism, cubByqy star, andDag
that it may be due to a larger Mn cluster. A five-atom clustefdisdisphenoid structures. The ground state has inequivalent

with such a moment would occur if all the atontispins on ~ A0MS at R=(4.024,1.744,1.698 aond R=(1.088,2.178,
all the atoms were ferromagnetically aligned. The most—2-199 and is invariant under 180° rotations about any of

likely structures are a triangular bipyramid, a square pyra:[h,e three Cartesian axes. The resulting geometry is shown in
mid, or a pentagon with possible Jahn-Teller distortions. The&19- 1. It has a moment of 3i; and a binding energy of 1.67
previous calculations by AndersBrusing a simple Huckel €V Per atom. The bond distances are in the range of 4.8-5.2
theory found a pentagonal low spin structure as the ground-Y- For Ma t\r}‘;‘ experimental ionization energy is observed
state. We investigated all three geometries. The planar pefi@ be 4.91 eV." We performed an SCF calculation on the
tagonal structure was much higher in energy than the othef0Sitively charged Mg cluster and find it to lie 5.49 eV
geometries. The ground state corresponds to a triangular bRoove the neutral Mycluster. In contrast to the ionized Mn
pyramid(see Fig. 1with a total spin of 23z an atomization cluster,. the ionized Mg cluster has an open minority spin
energy of 1.39 eV/atom and bond lengths of 4.98Rand shgll with two electrons occupying three degenerate states.
5.08(2), respectively. The state with a moment of.i25was Thl§ s?ate would have multlplet structure so our 5.49 eV
0.62 eV less stable. The square pyramid with a total momerjPnization energy should be viewed as a bound to the actual
of 23ug was 0.18 eV less stable than the triangular bi-lonization energy.
pyramid. A square pyramid with a moment of25was less
stable than the 23z state by 1.02 eV. As mentioned before
the matrix isolation experiments find a cluster with a moment IV. DISCUSSION
of 25ug . The present studies indicate that either the matrix
has an effect on the ground state multiplicity or the cluster The above results show that the Mclusters undergo an
seen in experiments is other than Mn interesting progression of electronic and magnetic behaviors
For Mng we investigated a square bipyramid and a penwith size. M, and Mny have very close FM and AF or
tagonal pyramid structure with possible Jahn-Teller distor{frustrated AF solutions. However, starting from Mihe FM
tions. The ground state corresponds to a square bipyramicharacter sets in. The moment per atom retains its atomic
structure shown in Fig. 1. The four atoms forming the squrevalue up until Mn and then decreases. An analysis of the
are generated by placing an atomRat(2.498.2.498,0.000 resulting electronic orbitals indicates that all the atomic un-
bohr and the two capping atoms are generated by placing graired d spins remain ferromagnetically aligned in Mn
atom atR=(0.000,0.000,3.543bohr. The square bipyramid Starting from Mn, the minority spind bonding states are
had a binding energy of 1.56 eV per atom and a total mopopulated rather than the majority sgrantibonding states.
ment of 26ug. Note that the moment per atom (48 is  While this enhances the bonding, it leads to a decrease of the

FIG. 1. Geometries for Mpwith n=3-8. The cohesive ener-
gies, average bond lengths, bond order, and moments are given
Table 1.
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average interparticle spacing and a reduction of the momentmoment decreases fro®=10 to S=0ug the equilibrium

The decrease in the interparticle spacing with size is quitgeparation decreases monotonically to 3.184 a.u. However
anomalous since the interparticle spacing in metals generalijhe S=0— 6,5 moment states are locally stable but unbound
increases with size. Note that the interparticle spacing iwith respect to the separated atoms. These changes can be
Mng is 4.96 a.u. compared to the nearest-neighbor distance|ated to the exchange striction, namely, the distortion of the
of 4.23 a.u. ina Mn. This compression in interparticle dis- |attice upon application of the magnetic field in solid Mn.
tance is probably responsible for the decrease in the magye are in the process of investigating these aspects and big-
netic moment which assumes a value ofglin & Mn.  ger Mn, clusters and these results will be reported in a later
What is surprising is thatr Mn is antiferromagnetic. The pyplication. In the meantime we hope that the current results
decrease in moment must therefore be accompanied by \gj|| stimulate experiments on Mnclusters in beams to es-

change in the magnetic ordering. Thus it will be very inter-taplish the bistability in dimer and trimer and the FM char-
esting to see how the FM character in Melusters changes gcter in bigger clusters.

to AF as the size is increased.

In the above we have mainly focussed on the ground state
geometries and spin. In many clusters the ground state had
several other close lying spin states. This indicates that it
may be possible to change the magnetic state easily. What is The authors are grateful to the Army Research Office
interesting is that the geometry and spin are intimately linkedGrant No. DAAL03-92-G-0106for financial support. MRP
in the sense that the ground state geometries for differerwas supported in part by the ONR Molecular Design Insti-
spins are different. Consider the case of MAs mentioned tute(Grant No. NO0014-95-1-11)6We thank Drs. D. Singh
before the all-electron results find a FM bond length of 4.93and D.V. Porezag for useful discussions on Mn pseudopo-
a.u. while the AF state has a bond length of 5.13 a.u. As théentials.
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