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Recently synthesized Ba4NbMn3O12 belong to cluster magnets - systems with tightly bound groups of

magnetic ions, in this case Mn3 trimers. Often such magnetic clusters can be described by molecular orbitals

(MO), however strong electron correlations may invalidate this description. To understand the electronic and

magnetic state of Ba4NbMn3O12 we carried out ab initio calculations and show that this system is better

described not in MO picture, but as a system with electrons localized on the Mn ions, with strong intra-

cluster and weaker inter-cluster exchange. The calculated spin of the Mn3 trimer is S = 2, in agreement with

the experiment. The predicted magnetic structure of Ba4NbMn3O12 is that of ferromagnetic layers of Mn3

trimers, stacked antiferromagnetically.

Typical strong magnets are transition metal (TM)

or rare earth (RE) compounds, and the “carriers” of

magnetic moments are TM or RE ions with strongly

correlated electrons[1]. There exist however many ma-

terials in which such ions form relatively tightly bound

clusters - dimers, trimers, or bigger objects. Electron

hopping within such clusters t can be sufficiently large

- comparable or even larger than the respective intra-

atomic interactions: Hubbard repulsion U and Hund’s

coupling JH . In such cases the electronic state of such

clusters may be described by molecular orbitals (MO),

and electrons would occupy such MO levels. Depending

on the electron filling, such clusters can still have local-

ized magnetic moments, and the solid composed of such

clusters may develop magnetic ordering. But in this case

the “carriers” of magnetism would be not isolated TM

ions, but rather such clusters. We can speak in this case

of “molecules in solids”, cluster magnetism, or cluster

Mott insulators[2]. These systems have everything the

usual Mott insulators have (electrons localized on such

clusters may be localised due to the “on-cluster” elec-

tron repulsion, substituting the Hubbard U in the usual

Hubbard model; they can hop from cluster to cluster

and become itinerant, etc). But, besides all the features

the usual correlated electron system have, there are ex-

tra intracluster degrees of freedom which can lead for

example to charge ordering (e.g. electrons occupying al-

ways the “top” site of a triangle), they can also have ex-

tra orbital ordering (due to possible degeneracy of some

molecular orbitals), and other specific features. The
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study of such “cluster” systems present definite interest

and is starting to attract more and more attention.

A few examples of such systems are for instance: ma-

terials like Ba3M’M2O9[3, 4], with metals M (Ru or Ir)

forming dimers of face-sharing MO6 octahedra. There

may be also edge-sharing dimers, e.g., in Li2RuO3[5, 6]

or Y5Mo2O12[7]. Some of the “best” spin liquid ma-

terials - molecular crystals[8] also have spins 1/2 local-

ized on dimers. Many materials having Peierls or spin-

Peierls transition may be treated as systems of this type.

Such clusters may be trimers: linear trimers e.g.

in Ba4Ru3O10[9] or Ba5AlIr2O11[10], or “flat” tri-

angular clusters, e.g. Mo3 clusters in Zn2Mo3O8

or Fe2Mo3O8[11] (which may be doped, e.g.,

LiZn2Mo3O8[12]); or V3 clusters formed in LiVO2

below structural transition at ∼540 K[13].

Clusters of four TM ions are met e.g. in CaV4O9

(planar plaquettes [14]) or in lacunar spinels (tetrahe-

dral clusters in GaV4O8; GaTa4O8) which attracted a

lot of attention because of their multiferroic properties

(GaV4S8[15]) or superconductivity (GaTa4S8[16]). Also

the famous COSO (Cu2OSeO3) - the first insulating ma-

terial possessing skyrmions - also contains clusters of

four Cu ions, and each such cluster is a carrier of a spin

1[17].

Even bigger clusters were proposed in the literature,

e.g., heptamers (clusters of 7 V ions) in AlV2O4[18] (al-

though more recent data show that here we are dealing

rather with trimers (triangles) and tetramers (tetrahe-

dra) of V[20], see also Ref. [19]). Even much larger

objects can be considered in this picture - for example
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Fig. 1. Crystal structure of Ba4NbMn3O12. The Mn

ions (violet balls) are in the oxygen (small red balls) oc-

tahedra. Three nearest MnO6 octahedra form a trimer

sharing their faces. The Mn ions, which are in the mid-

dle of the trimer, are labeled as Mnm throughout the

text, while Mno are outer Mn ions in the trimer. Ba

(large green balls) ions sit in the voids and Nb ions are

not shown.

the famous buckyballs C60[21]. And of course also typ-

ical molecular magnets, showing quantum tunneling of

magnetization, belong to this category.

In dealing with specific material containing such

structural clusters, the first question arising is whether

we should consider such materials as composed of TM

ions as the main units, or the better description is that

of MOs on a cluster. The situation may be different from

system to system, not only depending on the specific ge-

ometry of the material, but also it can differ for different

TM metals. Thus, 3d electrons are usually more local-

ized, have smaller intersite hopping, but larger Hubbard

repulsion than, for example, 4d and 5d, thus they may

behave as more localized, and one might expect better

conditions for the formation of MO states in 4d and 5d

systems than in 3d ones (although of course such MO

states are not excluded also in some 3d systems). In

this respect it is interesting to compare materials with

the same crystal structure, but with different TM ions,

3d vs. 4d or 5d. An interesting example of such systems

are materials with the general formula Ba4M’M3O12,

with different metals M’ occupying single octahedra,

and, more important, with the possibility to put either

3d ions, e.g. Mn, or 4d (Ru) and 5d elements (Ir) at M

sites forming face-sharing trimers, see Fig. 1. Recently

two such materials were synthesized by the group of R.

Cava [22, 23]. There exist also similar systems with Ir

trimers, e.g. BaIrO3[24], Ba3RIr3O12[25], Ba5CuIr3O12

[26]. And whereas for Ru and Ir trimers most probably

the MO picture is a good starting point[9], for 3d system

Ba4NbMn3O12[23] the situation is not so obvious.

The structure of Ba4NbMn3O12 is shown in Fig. 1.

The main interesting for us building block is a linear

trimer of three face-sharing MnO6 octahedra. There are

two crystallographically different Mn ions: those siting

in the middle of the trimer (Mnm) and outer Mn ions

(Mno). The average valence of Mn here is Mn3 2
3+, i.e. it

nominally contains two Mn4+ (d3) and one Mn3+ (d4).

In principle they could form charge-ordered (CO) state,

but structural data [23] do not show any indication for

that - at least not strong CO. The system is magnetic,

with the Curie-Weiss susceptibility, and the most inter-

esting result is that the effective moment µeff = 4.89µB

corresponds to spin Stot = 2 per Mn3 trimer [23].

There are different possibilities to get such S = 2

state of a trimer. The first one (1), discussed in [23], is

that in which two Mn3+ ions with the configuration t32g,

e.g., at the edges of a trimer, have spins Sz = +3/2, and

Mn3+ in the center is in the low-spin configuration t42g
with spin Sz = −1, so that the total spin of a trimer is

Stot = 2. But the low-spin state for Mn3+ ions is very

uncommon.

Another possibility (2) is the state with localized

electrons and with the t32g occupation for all three sites,

the remaining electron occupying the eg orbitals is de-

localized over the whole trimer. In this case t2g shells of

Mn ions may have spins +3/2, -3/2, +3/2, and due to

intra-atomic exchange coupling the eg electron should

have spin corresponding to the total spin of t2g elec-

trons, i.e. it will have spin up, S = +1/2. As a result

we would again have Stot = 2, but without assuming

the low-spin state of Mn3+.

And finally, (3) in principle all electrons, both t2g
and eg ones, may form MO states. Direct overlap of the

t2g orbitals in a common face geometry may be signifi-

cant, cf. for example[27, 28]. It is easy to show [9] that

in this case both the t2g and eg states form bonding,

nonbonding, and antibonding orbitals and the level di-
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Fig. 2. (a) Possible level diagram of a trimer formed by

TM ions. Here we assume that bonding eg orbitals are

higher than nonbonding t2g due to substantial t2g − eg
splitting. (b) The spin-density corresponding to the

band centred, at ∼ −7.5 eV in Fig. 3.

agram can be sketched as shown in Fig. 2(a). We have

to fill these levels by 9 t2g electrons. The Hund’s rule

would then give the occupations shown in Fig. 2(a), i.e.

t2g subsystem would have total spin St2g = 3/2. The

remaining eg electron would also form MO state, with

the same spin by Hund’s rule, i.e. the total spin of a

trimer would again be Stot = 2.

To check which of these three possibilities is in-

deed realised in Ba4NbMn3O12, we carried our ab ini-

tio calculations using pseudo-potential VASP code[29].

Perdew-Burke-Enzerhof variant of the generalized gra-

dient approximation (GGA)[30] was chosen. The crystal

structure was taken from Ref. [23]. Integration over the

Brillouin zone was performed on the mesh of 7 × 7 × 7

k−points. To take into account electronic correlations

we used GGA+U method as formulated in Ref. [31] with

U = 4.5 eV and JH = 0.9 eV [32] (we also checked that

variation of U on ±1 eV does not change the results).

The lowest in energy magnetic configuration is the

one with spins on middle and outer Mn ions ordered

antiferromagnetically (i.e. ↑↓↑). The FM state (↑↑↑) is

116 meV/f.u higher in energy. Thus, we see that there is

a strong antiferromagnetic exchange coupling between

nearest Mn ions. This coupling is due to both direct

and oxygen assisted t2g− t2g hoppings. As we will show

below the eg states are partially filled in Ba4NbMn3O12

and one may expect FM double exchange-like, contribu-

tion, but our calculations show that the total exchange

interaction is AFM and thus direct and superexchange

due to half-filled t2g orbitals overwhelms the double ex-

change.

We proceed with the analysis of the lowest in en-

ergy ↑↓↑ configuration. Both types of the Mn ions

have nearly the same number of d−electrons δn =

nMnm−nMno = 0.05. Thus, there is no charge-ordering

in Ba4NbMn3O12. The total magnetic moment is 3.9 µB

Fig. 3. Total and partial densities of states (DOS)

for Ba4NbMn3O12 obtained in the GGA+U calculation.

Fermi level is at zero. The system is nearly insulating

in our calculations with small DOS at the Fermi level,

probably due to not sufficiently accurate treatment of

the empty Nb 4d band in the GGA.

per formula unit (f.u.), which is very close to what one

might expect for Stot = 2 per trimer and to experimen-

tal results. Further analysis of the occupation matri-

ces shows that all t2g states are half-filled and provide

m
t2g
Mnm

= −2.5µB and m
t2g
Mno

= 2.6µB to total mag-

netic moments on these ions, which were found to be

mMnm
= −2.9µB and mMno

= 3.3µB . The difference

between t2g−only and total magnetic moments is due to

spin polarization of the eg shell. The spin density cor-

responding to 1 µB is spread over eg orbitals (Mnm has

m
eg
Mnm

= −0.4µB , each Mno: m
eg
Mno

= 0.7µB). This

shows that there is no low-spin state of Mn3+ (which

would correspond to the t42g state, without any eg con-

tribution), i.e. the scenario (1) is apparently not realised

here.

We get further insight as to the details of electronic

structure (which affects magnetic properties) from the

density of states and spin density plots shown in Figs. 3

and 2(b). The spin density in Fig. 2(b) corresponds

to the lowest in energy d band at −7.5 eV. We see that

this spin density is mostly due to the t2g orbitals (in fact
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a1g), and it is centred on one of Mn ions and therefore

scenario (2) with the site-localized t2g electrons looks

plausible. The eg electrons in this picture are spread

over the trimer.

Thus according to our calculations Ba4NbMn3O12

is apparently much closer to the localized limit, in con-

trast to many 4d and 5d systems. Indeed, scenario (3)

with pure MO state of a trimer, for both t2g and eg
electrons does not seem to correspond to what we have

in the GGA+U calculations. First of all, in this pic-

ture one would expect the formation of well-separated

bonding and antibonding bands. However, the obtained

electronic structure, see Fig. 3, does not show such

bands - clearly seen for example in similar calculations

of Ba4Ru3O10[9]. The second, more important and eas-

ier to follow argument is that in the MO picture the

spin polarization of all t2g electrons would be positive

on any Mn sites (bonding orbitals are completely filled

and do not contribute to the total magnetization on any

site, whereas spin moment is provided by nonbonding

orbitals only, see Fig. 2a). However, we have seen that

in fact different Mn ions have different spin orientations

in the GGA+U calculation.

Finally, in order to test possibility of cluster mag-

netism in Ba4NbMn3O12 we simulated its magnetic sus-

ceptibility, χ(T ) using classical Heisenberg model H =∑
i>j Jij

~Si
~Sj . The spin model consists of S = 2 trimers

forming triangular planes with in-plane exchange Jab,

coupled by the diagonal interlayer interaction Jc as

shown in the inset of Fig. 4. We used classical Monte-

Carlo (MC) method employing local and cluster updates

with the box size 10× 10× 10 as realized in the ALPS

library[33] with interface generated by the JaSS code[?].

Number of sweeps in the MC run was chosen to be 10

000 000. Because of too large unit cell we have not calcu-

lated intercluster exchanges directly, but fitted them to

experimental magnetic susceptibility (corrected by tem-

perature independent contribution χ0)[23] with chosen

spin model. The best fitting was achieved for Jab = −18

K (FM) and Jc = 7 K (AFM). Thus, we see that the

model of exchange-coupled S = 2 trimers may describe

observed temperature dependence of magnetic suscepti-

bility. From these results we can deduce that the long-

range magnetic ordering should be such that with the

triangular layer Mn3 trimers in Ba4NbMn3O12 is or-

dered ferromagnetically, the neighbouring such layers

being antiparallel (similar to A-type antiferromagnetic

ordering in perovskites).

Summarizing, we showed that Ba4NbMn3O12 can

be considered as a cluster magnet. However, in contrast

to many similar systems with the 4d and 5d electrons,

for which the MO description applies[9, 26], it is not

Fig. 4. Temperature dependence of magnetic suscepti-

bility as obtained in the classical Heisenberg model of

coupled clusters of S = 2 (the Mn trimer) on the lat-

tice shown in the inset. For comparison experimental

results taken from Ref. [23] are shown.

the case for the considered 3d material Ba4NbMn3O12.

This material should rather be described by the picture

of electrons localised on TM sites (here Mn), which, be-

ing strongly antiferromagnetically coupled, form S = 2

Mn3 trimers. Apparently the inter-cite hopping here is

not large enough to overcome the strong on-site Hub-

bard and Hund interactions. Of course these two pic-

tures, of completely localized electrons or pure MO state

of Fig. 2(a), are the limiting cases. The real situation

is always somewhere in between (which actually helps

to form total moment Stot = 2). We also predict that

the ordered magnetic structure of this system would be

that of ferromagnetic layers of Mn3 trimers stacked an-

tiferromagnetically.
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