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Electronic structure and magnetic properties of pyroxenes (Li,Na)TM(Si,Ge),04:

Low-dimensional magnets with 90° bonds
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The results of the LSDA+U calculations for pyroxenes with diverse magnetic properties
(Li,Na)TM(Si, Ge),04, where TM is the transition metal ion (Ti, V, Cr, Mn, Fe), are presented. We show that
the anisotropic orbital ordering results in the spin-gap formation in NaTiSi,O¢. The detailed analysis of
different contributions to the intrachain exchange interactions for pyroxenes is performed both analytically
using perturbation theory and basing on the results of the band structure calculations. The antiferromagnetic
to—1y, exchange is found to decrease gradually in going from Ti to Fe. It turns out to be nearly compensated
by ferromagnetic interaction between half-filled 7,, and empty e, orbitals in Cr-based pyroxenes. The fine
tuning of the interaction parameters by the crystal structure results in the ferromagnetism for NaCrGe,Og.
Further increase of the total number of electrons and occupation of e, subshell makes the 7,,—e, contribution
and total exchange interaction antiferromagnetic for Mn- and Fe-based pyroxenes. Strong oxygen polarization
was found in Fe-based pyroxenes. It is shown that this effect leads to a considerable reduction of antiferro-
magnetic intrachain exchange. The obtained results may serve as a basis for the analysis of diverse magnetic

properties of pyroxenes, including those with recently discovered multiferroic behavior.
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I. INTRODUCTION

Pyroxenes with the general formula AMX,04 are an ex-
tremely rich class of compounds. Here, A may be alkali Na,
Li, or alkaline-earth Ca, Sr, etc., elements, M different metals
with the valence 3+, X is most typically Si**, but also Ge**,
and could even be V>*. These systems are best known in
geology and mineralogy: they are one of the main rock-
forming minerals in the Earth’s crust and are also found on
the Moon, planets, and in meteorites. One of the pyroxenes,
NaCrSi,04, may be found in natural form only in meteorites,
which is reflected in its name: mineral kosmochlore. Another
one, NaAlSi,Oq, is the famous Chinese jade. For the con-
densed matter physics, the pyroxenes with M a transition
metal (TM) are of particular interest because of their rich and
interesting magnetic properties.

Structurally magnetic subsystem in pyroxenes is quasi-
one-dimensional: TMOg octahedra form edge-sharing zigzag
chains connected by the chains of XO, tetrahedra (see Fig.
1). Two aspects are here especially important. First of all, the
edge-sharing character with TM—O-TM angle close, but not
exactly equals to 90°, which results in the competition be-
tween different contributions to the superexchange (see Sec.
II). Second, a “shifted” packing of neighboring TM chains
leads to the situation, when every TM ion is connected (via
own O and XO, tetrahedra) with two TM ions in neighboring
chain. Thus, the general topology of exchange interaction is
triangularlike [see Fig. 2(a)], and the magnetic system may
be frustrated.

Both these factors may lead to nontrivial magnetic prop-
erties of pyroxenes, which are indeed observed experimen-
tally, although for most of them the detailed studies are still
absent. There are among them antiferromagnetic [e.g.,
(Li,Na)V(Si,Ge),04 (Ref. 4) (Li,Na)Fe(Si,Ge),04 (Ref.

1098-0121/2008/77(6)/064405(11)

064405-1

PACS number(s): 71.20.—b, 74.25.Ha, 72.80.Ga

5)] and even ferromagnetic [e.g., NaCrGe,Og (Ref. 6)] insu-
lators. Some of the pyroxenes have the ground state with the
spin gap: CaCuGe,Oq (Ref. 7) and NaTiSi,0,%° although
the nature of such a state is apparently different: this seems
to be due to formation of interchain dimers in CaCuGe,Og

(Ref. 10) and due to the intrachain dimerization in
NaTiSi,Og4, stabilized by the special type of orbital
order.3%-11

Finally, a new twist in this story is the recent discovery
that the pyroxenes apparently form a new class of
multiferroics.! It was found that at least three of them,
NaFeSi,0¢, LiFeSi,Og4, and LiCrSi,Og4, develop an electric

FIG. 1. (Color online) Crystal structure of pyroxenes. Two
chains made of TMOg octahedra and its connections via XOy4
(where X is usually Si or Ge) tetrahedra are shown. Purple balls
represent Li(Na) ions.
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FIG. 2. (Color online) (a) Triangularlike topology of the TM
network in pyroxenes. Solid lines are intrachain links and dashed
and double-dashed lines are the interchain connection via one or
two XOy tetrahedra; J, J|, and J, are the corresponding exchange
parameters. (b) Sketch of the one of TMOg chains. Two different
types oxygens are shown. Those depicted as solid circles belongs to
two different TMOg octahedra and open circle only to one. The
later oxygens are called “side oxygens” in the text. The natural
choice of the local coordinate system, when z axis is directed along
the single 180° O-TM-O bond connecting two neighboring TMOg¢
octahedra, is shown.

polarization in a magnetically ordered state, below ~6 K in
NaFeSi,Og, ~18 K in LiFeSi,Og, and ~11 K in LiFeSi,Og.
Similar to other multiferroics with magnetically driven fer-
roelectricity (see, e.g., reviews??), electric polarization in
them can be strongly modified by a magnetic field. Note also
that the most pyroxenes are insulating (often beautifully col-
ored crystals), which makes them especially good for study-
ing eventual ferroelectricity.

To understand magnetic properties of this large and im-
portant class of compounds, and especially to have a better
understanding of the possible mechanism of multiferroic be-
havior in them, it is desirable to know the details of the
exchange coupling. The knowledge of orbital occupancy is
also very important, both in connection with their structure
and for determining the details of exchange interactions. To
reach this goal and also to provide better understanding of an
electronic structure of pyroxenes in general, we undertook a
detailed theoretical investigation of these problems, concen-
trating on systems with A=Na,Li, X=Si,Ge, and different
trivalent TM ions. We carried out detailed ab initio calcula-
tions and, in particular, obtained the values of the exchange
constants. Besides these values themselves, which can be
useful for interpreting the properties of real materials, we
paid main attention to the study of the systematics of the
exchange in different compounds of this large class, and to
particular mechanisms, or partial contributions of different
exchange passes to the total exchange. General conclusions
reached are important for the analysis of the multiferroic
behavior in pyroxenes, they may be useful also for under-
standing of the properties of pyroxenes with alkaline-earth A
ions such as, e.g., CaMnSi,0O¢, and may serve as a very good
illustration of different tendencies in exchange couplings in
systems with complicated geometry in general.

II. DIFFERENT CONTRIBUTIONS TO EXCHANGE

Before presenting the results of our ab initio calculations,
let us first discuss the different mechanisms of the intrachain
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exchange interaction. The explicit expressions for it may be
calculated using the perturbation theory in t/ Uy, or t/A,
where ¢ is an effective electron hopping (either direct d-d
hopping ¢,,; or hopping between d states of TM and 2p states
of oxygen t,,), Uy, is an on-site Coulomb interaction, and A
is a charge-transfer energy (energy of the promotion of an
electron from 2p states of oxygen to 3d states of TM).

The main motive of the intrachain packing of TM ions in
pyroxenes is the edge-sharing packing of TMOg octahedra
(see Fig. 1), with 90° TM—-O-TM bonds for (half)filled #,,
—1,, and 1,,—e, orbitals. This implies that one of the impor-
tant contributions will be a direct exchange between partially
filled the orbitals, the lobes of which look toward the neigh-
boring TM ions. This contribution to the total exchange will
be antiferromagnetic (AFM) and proportional to

2

ttz )
Joy g, T (1)

w2 Uy

where [ is the 1,,—1,, hopping parameter due to direct
overlap of d-wave functions. Since consecutive TM—-O-TM
planes in zigzag TM chains are rotated by 90° [see Fig. 2(b)],
specific orbital pattern will be crucial for this contribution.
This, in particular, leads to strongly alternating exchange in
NaTiSi,Og, determining the appearance of the spin gap in it
(see Sec. IV). On the other hand, the corresponding orbital
occupation in V pyroxenes does not lead to an alternating
exchange (Sec. V). Of course, for tgg occupation, as for Cr*
or Fe**, all the pairs between neighboring TM ions belonging
to the same chain would have equal contributions to this part
of the exchange.

Due to the decrease of the radius of d orbitals and, with it,
of f,,—1,, hopping, this direct exchange is expected to
strongly diminish in going from Ti to Fe pyroxenes (see
below). Note that we use the terminology “direct exchange”
for the exchange caused by the direct d-d overlap and hop-
ping, and reserve the term “superexchange” for the exchange
mediated by oxygens.!?

Besides direct d-d hopping, p-d hybridization leads to an
important contribution to the total exchange due to TM-
O-TM hopping. Different possible situations leading to a
superexchange via oxygens are illustrated in Figs. 3-5. In
these figures the (half) occupied orbitals of TM are shown as
filled (blue or hatched red) and empty orbitals as empty
(white) ones. From these figures, it is clear that the corre-
sponding contributions can be both antiferromagnetic and
ferromagnetic.

The simplest case is that of Fig. 3(a). Here, the half-filled
orbitals at neighboring TM’s overlap with the same oxygen p
orbital. According to the usual rules,'? this antiferro-orbital
ordering gives a substantial AFM exchange,

J5E tj"—”( ! ! ) 2)
~ —_— 3 — .
tZg_tzg AZ 2A + Upp Udd

Here, 1,4, is the 7 hopping between ,, and 2p orbitals. It is
important that the magnitude of #,,-O-1,, (e,-O-e,) exchange
presented in Eq. (2) does not strongly depend on the TM—
O-TM angle « (only via dependence of #,, hopping on «).
First and second contributions are due to the correlation and
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FIG. 3. (Color online) Typical orbital ordering between two oc-
cupied TM d orbitals via the same O 2p orbital, which results to
AFM interaction for the case of 90° TM—-O-TM bond.

delocalization effects in terminology of Ref. 13.

Similarly, in the case of Fig. 3(b), half-filled 7,, and e,
orbitals overlap via the same oxygen orbital, which gives
even stronger AFM exchange,

2 2
SE tpdﬂrtpda 1 1
1, ,—e -~ 2 + ’ (3)
26 A 2A + Upp Udd

where 1,4, is the hopping between e, orbital of TM and 2p
orbital of oxygen directed toward it. 7,4, is approximately
two times larger than 7,,,.'

If the hopping is only possible from the occupied to an
empty d orbital, or if occupied orbitals of TM do not overlap
with the same oxygen orbital, the resulting contribution to
the exchange turns out to be ferromagnetic.

First of all, let us consider the situation when one of d
orbitals is empty and it overlaps with the same oxygen p
orbitals, as the occupied d orbital [see Figs. 4(a) and 4(b)].
Then, electrons can virtually hop to this empty orbital, but
Hund’s rule coupling JZIM tends to orient spins at an ion
parallel. This will result in a ferromagnetic (FM) exchange,

e e 7 by
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FIG. 4. (Color online) Typical orbital ordering between occu-
pied (filled) and unoccupied (unfilled) d orbitals of TM via the same
O 2p orbital, which results to FM interaction for the case of
90°TM-O-TM bond.
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FIG. 5. (Color online) Typical orbital ordering between two oc-
cupied d orbitals of TM via different O 2p orbitals, which results in
a FM interaction for the case of 90° TM—-O-TM bond.

2 2
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Note that JZIM here is Hund’s energy gain when we put an
extra electron with parallel spin to the original state of a TM
ion, i.e., depending on the total spin of the latter, JZ,M may be
equal, e.g., to twice the usual atomic value of J;~ 0.8 eV for
3d series when the spin of the TM ion is S=1 (two electrons
with parallel spins as in V3*), or 3Jy, as for Cr** (&5, §
=3/2). This may enhance the ferromagnetic contribution in
certain cases (in particular, for Cr systems).

The last contribution to the total d-d exchange interaction
is coming from the overlap of occupied d orbitals with dif-
ferent (orthogonal) 2p orbitals. Typical orbital pattern for
this situation is shown in Fig. 5, but one may draw similar
pictures also for the case of e,/e, or e,/1,, orbitals. This
exchange will be FM again because of Hund’s rule, but in
this case acting in oxygen 2p shell. With such an overlap, the
consecutive hopping of the electrons from one d ion to an-
other one through oxygen p shell (delocalization exchange of
Ref. 13) turns out to be forbidden. Two oxygen’s electrons
are hopping to different TM ions instead. Because of Hund’s
coupling on oxygen (J5,), the FM ordering becomes more
favorable,

SE t;dmtlz;dm "][IZI
leg/eg—tzg/eg - A2(2A + Upp)z,

(5)

Note that t,,4, in expressions (4) and (5) may be ¢, or £,
depending on the particular case. For instance, for the case
depicted in Fig. 4(b), one of them is #,,, and another is 4.

In order to describe the magnetic interactions in a particu-
lar pyroxene, one has to include in general all possible con-
tributions discussed above, via both common oxygens, and
take into account several general trends.

First of all, the radius of d states (r;) and with them the
direct d-d (t;;) hoppings decrease going from the light to
heavy TM (from Ti, V to Fe). According to the famous Har-
rison scaling,'

;

taa ™~ 7> (6)
where D is the distance between TM. Taking into account
typical values for r, presented in Ref. 14 and assuming that
D is the same, we found that ¢7;,~2.5¢%. Thus, only this
effect may provide suppression of the direct exchange in
Fe-based pyroxenes comparing with those based on Ti by a
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factor of 6. Second, the distance between TM ions D by itself
strongly affects the exchange coupling, as seen from Eq. (6).
Third, there exist the strong increase of U, and decrease of
the charge-transfer energy A for the late TM’s. A enters ex-
pressions (2)—(5) in the denominators either as A” or even as
A* and plays very important role. For Ti**, A equals to 6 eV,
whereas for Fe*, it is 2.5 eV only."> This factor leads for the
late 3d elements to an increase of the role of superexchange
via oxygen, which competes with the direct d-d exchange
dominating in early TM’s.

The qualitative discussion presented in this section will
serve as a framework for interpreting the results of the fol-
lowing sections. As we will see, all these factors are quite
important and indeed determine the tendencies of exchange
constants in pyroxenes and many other systems with 90°
TM-O-TM bonds.

III. COMPUTATIONAL DETAILS

Crystallographic data used in the calculations were taken
from the following papers: NaTiSi,O4 (T=100 K, space
group P-1),'® LiVSi,O4 (T=293 K, space group C2/c),"”
NaVSi,0¢ (T=296 K, space group C2/c),'® LiCrSi,O4 (T
=100 K, space group P2,/c),'” NaCrSi,O, (T=300 K, space
group C2/c),”’ NaCrGe,Oy (T=293 K, space group C2/c),?!
NaMnSi,O¢ (T=302 K, space group C2/c),>> NaFeSi,Og
(T=14 K, space group C2/c),>® and LiFeSi,O4 (T=100 K,
space group P2,/c).

There is a controversy in the literature about the crystal
structure of NaVGe,04 and LiVGe,Oq. Although all the
studies were performed for the room temperature, the differ-
ence in lattice parameters exceeds 0.3 A for NaVGe,0g.*2*
There is also uncertainty about the space group for this
material.>»> In contrast to NaVGe,Oq, there is no striking
disagreement about the crystal structure of LiVGe,O4 in
Refs. 4 and 24. However, we were not able to reproduce
distances presented in Ref. 24 from their crystal structure.
Therefore, the study of electronic and magnetic properties of
both NaVGe,O4 and LiVGe,O4 was postponed for the fu-
ture, when all the problems about the crystal structure of
these compounds would be resolved.

The primary calculations were performed within the
framework of the linear muffin-tin orbital method (LMTO).?’
The values of on-site Coulomb interaction (U) and Hund’s
rule coupling (/) parameters were taken as follows: Up
=33¢eV, Uy=3.5¢eV, Ux=3.7¢V, and Uy, g.=4.5¢€V; Jy
=0.8 eV for Ti, V, and Cr, J4=0.9 eV for Mn, and Jy
=1 eV for Fe. The values of U and Jy for Ti were calculated
for the same Ti radii in Ref. 26. For other TM, those param-
eters were taken as an average in wide variety of values of U
and J for TM>* ions presented in the literature. For the
material with small values of exchange parameters (cro-
mates), we checked that the small variation of U (*0.5 eV)
does not change magnetic ground state.

Instead of LSDA+U approximation used in Ref. 9, we
utilized LSDA+ U approach in the present paper. The differ-
ence between these two methods is in the parts of the Hamil-
tonian allowed to be spin polarized. In the LDA+ U method,
only d shell of the transition metal ions may be spin polar-

PHYSICAL REVIEW B 77, 064405 (2008)

ized; for all the other ions, different spin states are averaged
out. This allows more easy account of the double counting in
LDA+ U formalism, but does not treat correctly the effects of
possible spin polarization of oxygens, which significantly re-
stricts the applicability of the method to more complex sys-
tems. We found the noticeable spin polarization of oxygens
for the late TM pyroxenes (Mn and Fe, see Sec. VII) in the
LSDA+U calculations and used this approach for the whole
series. For the Ti and V systems, the effects of oxygen po-
larization is insignificant and these two approximations give
essentially the same results. For Fe-based pyroxenes, LDA
+U overestimated exchange constants by as much as
~25% —30%.

The second difference from the Ref. 9 is the more careful
choice of the MT radii. We found that for not uniform atom
distribution in dimerized NaTiSi,Og4, the LMTO calculation
is very sensitive to the radii of Na MT sphere. As a result of
too large Ry,=3.5 a.u. used in Ref. 9, Na ion takes the elec-
trons in excess, which leads to the significant overestimate of
the exchange constant. In the present paper, we used Ry,
=3.3 a.u. for all pyroxenes. This choice of Ry, results in
good agreement with the band structure and exchange con-
stants obtained in the pseudopotential calculations, as it will
be discussed in Sec. IV. Note, however, that the main con-
clusions about the importance of the strong Coulomb corre-
lations made in Ref. 9 are valid and do not depend on the
choice of Ry,. In addition, it is interesting enough that only
the results for NaTiSi,Og significantly depend on Ry,. Other
pyroxenes do not show such a strong dependence. For in-
stance, by going from Ry,=3.5 a.u. to Ry,=3.3 a.u. for
NaCrGe,Og, the exchange constants change by 1.1 K, and
for NaCrSi,Og, even less, 0.2 K.

The radii of other elements were set as follows: Rq
=1.65-1.75 a.u., Rg;g.=1.9 a.u., and R;;=2.9 a.u. The radii
of transition metals were chosen to be Rp;,=2.4-2.67 a.u.

The Ti,V,Cr,Mn,Fe(4s,4p,3d), 0(2s,2p,3d),
Si(3s,3p,3d), Ge(4s,4p,4d), Li(2s,2p,3d), and
Na(3s,3p,3d) orbitals were included to the orbital basis set
in our calculations. The Brillouin-zone (BZ) integration in
the course of the self-consistency iterations was performed
over a mesh of 64 k points in the irreducible part of the BZ.
For those systems for which exchange parameters are par-
ticularly small, the calculation was checked by the finer
mesh of 216 k points.

In our notations, Heisenberg Hamiltonian is written in the
following form:

ij

where summation runs twice over every pair i,j. J were
computed in the framework of Lichtenstein’s exchange inter-
action parameter (LEIP) calculation procedure.”® According
to the LEIP formalism, exchange constants J can be calcu-
lated as the second derivatives of the energy variation at
small spin rotation. For s=1/2,
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where m, m', m", and m" are the magnetic quantum num-

bers, i,/ the lattice indexes, A" =Hii%” - l’ﬁ’” is the on-site
potential correction due to different spins, and the Green’s
function is calculated in the following way:
’k
, Mkt (k)
Zie \ M je
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Here, o is the spin index, ¢}, is a component of the nth

eigenstate, and E’ is the corresponding eigenvalue. Since
transition metal ions are usually magnetic, the Green’s func-

tions Ggff,”’(e) and potential corrections A;"m’ are computed
only for them.

The great advantage of the LEIP procedure is the possi-
bility to calculate not only total J’s between corresponding
sublattices of transition metal ions, but, since it is linear with
respect to the magnetic quantum numbers, one can also com-
pute partial contributions, which come from different d or-
bitals.

These orbitals were defined in the local coordination sys-
tem (LCS), where axes are orthogonal and directed as much
as possible to the neighboring oxygens. The natural choice of
the LCS is when the local z axis is directed along the only
180° O-TM-O connecting two neighboring TMOg¢ octahedra
[see Fig. 2(b)]. This definition is unique, and it is used for all
the pyroxenes studied in the present paper.

Since some of the exchange constants obtained within the
LMTO method using LEIP were found to be sensitive to the
choice of MT radii, in the present paper, we rechecked the
LMTO results by calculating the exchange constants from
the total energies in the pseudopotential PW-SCF code.?” The
formalism of pseudopotential method does not require the
introduction of any atomic spheres. We used ultrasoft
pseudopotentials with nonlinear core correction taken from
www.pwscf.org with different forms of exchange-correlation
functional. The plane-wave and kinetic energy cutoffs were
chosen to be 40 and 200 Ry, respectively. 216 k points were
used in the course of self-consistency.

Hopping integrals were obtained using Wannier function
projection in LMTO method described elsewhere.?®3? Small
subspace defined by three #,, orbitals (defined in LCS) per V
atom was used in this procedure. Since for all of the consid-
ered pyroxenes f,, bands are well isolated, the resulting pro-
jected and initial LDA bands completely coincide.

IV. Ti-BASED PYROXENE: NaTiSi,O (d')

As it was discussed in detail in Sec. I, pyroxenes are made
of isolated zigzag chains of TMOg octahedra. Combination
of low dimensionality together with the small value of the
spin moment in NaTiSi,O¢ results in an opening of the spin
gap.®3! Here, we will show that it becomes possible due to a
particular orbital ordering.

Two different models were suggested in order to explain
the physical origin of the spin-gap formation. The first one
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(dimer model) was initially proposed in experimental
papers®¥? and supported afterward by the LDA+U
calculations.” It takes into account quite strong dimerization
of Ti-Ti chain found in very detailed structural study per-
formed by Redhammer et al.'® According to this model, the
ground state of NaTiSi,Og consists of spin singlet Ti-Ti
dimers, and the spin-gap observed in the experiment is the
energy gap between spin singlet and triplet states of these
dimers.

In another model (Haldane scenario)**? Ti-Ti dimers
were proposed to be in a spin triplet state and such S=1 Ti-Ti
pairs form the AFM chain, which is known as Haldane
chain®® with the spin gap Ag;=0.41J, where J is the ex-
change constant.

Thus, the key point in these two scenarios is the degen-
eracy of the magnetic ground state of Ti-Ti dimer: in the
dimers model, it is a singlet, but in the Haldane one, a triplet.

It is interesting to note that depending on the situation the
pair of metal ions may have quite different degeneracy of the
magnetic ground state. In the case of isolated cluster of metal
atoms in vacuum, the ions in the pair are very tightly bound
and must be considered as one quantum-mechanical object.
The bond length of such isolated “metal-metal molecule,”
respectively, is quite small: 1.9 A for Ti-Ti pair.3® The spin
configuration in this case will be governed by Hund’s cou-
pling, which favors the state with larger multiplicity. As a
result, the ground state of isolated metal-metal dimers usu-
ally is not the singlet one.’

However, the situation in insulating transition metal ox-
ides is qualitatively different. Typical metal-metal distance
varies here depending on the type of the crystal structure, but
usually it is much larger than in isolated dimers: Ti-Ti dis-
tance is 3.1 A in the edge-sharing octahedral structure of
NaTiSi,O4.'% As a result, every ion has its own ground state
configuration, and the influence of the other ions can be in-
corporated via perturbation theory.'® The resulting electronic
Hamiltonian can be reduced to a Heisenberg model,>” which
is known to have spin-singlet ground state for the dimer. Our
band-structure calculations in LSDA+ U approximation give
the same result: rather strong antiferromagnetic exchange in
short Ti-Ti dimers J,,,,,=396 K, and the weak exchange be-
tween dimers J;,,.,=5 K.

The electronic structure of NaTiSi,Og, obtained in the
LSDA+U approach is presented in Fig. 6. Both the top of
the valence band and bottom of conduction one are formed
by Ti 3d states, divided by the band gap of 1.77 eV. Singly
occupied Ti 3d orbital has zy character. The Corresponding
ferro-orbital ordering is shown in Fig. 7. In a short Ti-Ti pair,
it results in a strong direct exchange interaction, which is
AFM in agreement with Goodenough-Kanamori-Anderson
rules.’337 On the other hand, for the long Ti-Ti pairs the
orbitals are directed in such a way that the overlap between
them is almost zero, which leads to a rather small interdimer
exchange.

Note that the exchange constants presented above are dif-
ferent from those given in Ref. 9. This is due to a more
careful choice of Na MT radii, as it was discussed in Sec. III.
In the present paper, we additionally checked the LMTO
results by calculating total energies using pseudopotential
PW-SCF code.?? In order to have reliable result, the calcula-
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FIG. 6. (Color online) Total and projected DOS for NaTiSi,O¢
obtained in LSDA+ U calculation. Total DOS is the sum for both
spins. Up (down) panel corresponds to spin majority (minority).
Fermi level is zero energy.

tions with the use of two different pseudopotentials based on
Perdew-Wang-91 (PW91) and Perdew-Bruke-Ernzerhof
(PBE) exchange potentials were utilized. The total energy
difference between FM and AFM solutions were found to be
398 K for PW91 and 395 K for PBE, which are very closed
to the present LMTO results.

One should be careful comparing exchange constants ob-
tained in the band-structure calculation with the value of the
spin gap. This is due to strong quantum effects. What is
indeed calculated by any mean-field method are the total
energies for AFM and FM configurations (or the change of
these energies with respect to the small rotation angle of
spins, as in LEIP, which is essentially the same). For the case
of isolated dimer s=1/2 and Heisenberg model defined by
Eq. (7), the total energy difference between FM and AFM
configurations equals to J. The spin gap Ag; is the energy
difference between quantum singlet and triplet states, which
are not the same as collinear AFM and FM states. For s
=1/2, the spin gap Ag;=2J. The spin gap obtained for
NaTiSi,O¢ using different experimental methods is about
600—700 K.>' This agrees with Ag;~790 K calculated in
the presented paper.

V. V-BASED PYROXENES (d?)

Tonic configuration of V in the pyroxenes is d” implying
S=1. Because of a larger spin moment, it is much harder to

FIG. 7. (Color online) The orbital ordering obtained in LSDA
+ U calculations for NaTiSi,Og is shown.
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TABLE 1. Results of the LSDA+U calculations for different
pyroxenes. The values of the band gap and spin moments were
taken from AFM (intrachain) solution intrachain calculations for all
the compounds, except NaCrGe,Og. The exchange parameters were
obtained in LEIP formalism.

Band Spin Exchange
Ionic conf. gap mom. intrachain
of TM (eV) (mp) (K)
NaTiSi,04 d' 1.77 0.92 396
LiVSi,Oq d? 1.92 1.87 50.3
NaVSi,Oq d? 1.80 1.85 15.0
LiCrSiyO4 & 3.57 2.78 34
NaCrSi,Og & 3.03 2.83 -0.8
NaCrGe,Og & 2.88 2.84 5.2
NaMnSi, O d* 1.76 3.69 3.4
LiFeSi,0¢ & 1.63 4.02 15.8%
NaFeSi, Oy & 231 4.24 15.9%

#Note that because of the large O 2p polarization, the exchange
parameters obtained in LEIP formalism are significantly overesti-
mated for Fe-based pyroxenes (see Sec. VIII).

make dimerized chains in V-based pyroxenes. The spin gap
may still appear in the system, if it could be considered as a
set of isolated one-dimensional AFM chains of S=1
(Haldane chains®®). However, experimentally, all the V py-
roxenes show long-range magnetic ordering at low
temperatures.* Three different reasons for it were discussed
in the literature: biquadratic exchange,*®* interchain
exchange,***! and next-nearest-neighbor coupling.

Common structural feature for all of the pyroxenes except
Mn-based ones (they are Jahn-Teller active) is the presence
of two short TM—O bonds. These are the bonds with “side
oxygens,” see Fig. 2(b).

Short V-O bonds form nearly 90° angle. Such a distortion
of TMOgq octahedra may be represented as two independent
compressions in the x and y directions. As a result, zx and zy
orbitals will be almost degenerate and have lower energy
than xy.

In our LSDA+U calculations two 3d electrons of V fol-
low the crystal-field splitting and occupy the zx and zy orbit-
als, i.e., these systems do not have orbital degeneracy. Each
orbital provides strong AFM direct exchange with one of the
neighboring V. This leads, as we will show below, to the
uniform exchange interaction in each chain, with the direct
exchange defined in Eq. (1). The superexchange via oxygens
would be also homogeneous and (weaker) FM.

In our calculations, all the (Li,Na)VSi,O¢ pyroxenes
were found to be insulators with the band gap of 1.8—1.9 eV.
Spin moments are slightly reduced from ionic value of 2up
because of the hybridization. Interestingly, the calculated in-
trachain exchange constants significantly decrease going
from Li—Na (see Table I). In order to understand the rea-
sons for such tendency, we took advantage of the LEIP and
calculated partial contributions to the total exchange con-
stants.
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We found that as in NaTiSi,O,, in V pyroxenes, the most
important contribution is the direct exchange interaction be-
tween 1, orbitals. For LiVSi,O, J, — =59.6 K. The 1,,
—e, partial exchange is FM since it occurs from occupied to
empty orbital. Numerically, this contribution is defined by
Eq. (4) and in our LSDA+U calculation for LiVSi,0,
J,2 e, = —9.9 K. The rest, 0.6 K (total exchange for LiVSi,0,
is 503 K), is the partial exchange between e, orbitals, which
should be completely empty in the purely 1omc picture, but
which still are partially occupied in the real band structure
calculation because of the hybridization with oxygens.

Going from Li to Na, the t,,~1,, partial exchange weak-
ens because of the increase of the distances and local distor-
tions of the octahedra. For NaVSi,0,, Jt2 -1, —27 5K,
J,2 _.=—133 K, and J, _, =0.8 K. The direct calculatlon of
hopplng integrals corroborates this interpretation. Thus, e.g.,
for LiVSi,O¢ and NaVSi,Og, the ratio of #,,~1,, exchange
integrals JLl /JNa—Z 17, which is close to the squared ratio
between efféctlvge 1y~ 1, hopping integrals (r4/MN4)?=2.15.

The total values of intrachain interaction obtained within
LMTO method J=50.3 K (LiVSi;0¢) and J=15.0K
(NaVSi,O4) agree with those calculated in pseudopotential
code from the total energies: J=51.3 K (LiVSi,O4) and J
=13.8 K (NaVSi,0g). In addition, it matches the exchange
constants obtained in Ref. 40, where the fitting of experimen-
tal curves of magnetic susceptibility to theoretical one, ob-
tained using quantum Monte Carlo simulations on a cubic
lattice, was performed. Note, however, that Pedrini et al.*’
used different definitions of Heisenberg Hamiltonian, and
their exchanges must be divided by factor two to compare
with ours. In addition, it should be mentioned that the real
geometry of pyroxenes includes frustrating diagonal ex-
change paths depicted in Fig. 2(a) as dashed lines. Those
contributions were not taken into account in Ref. 40.

VI Cr-BASED PYROXENES (d?)

Generally, the electronic properties of Cr-based (d* con-
figuration, S=3/2) pyroxenes are similar to those of other
pyroxenes: they are also insulators, but with larger band gap
of ~3 eV. This is mainly because of the fact that spin-
majority #,, subshell becomes fully occupied and goes lower
in energy. More important is that the character of the valence
band in Cr-based pyroxenes is different.

Both the Ti- and V-based pyroxenes were found to be
Mott-Hubbard insulators, with the gap separating occupied
and unoccupied transition metal 3d bands. Going from the
left to the right in the same row of the Periodic Table, the
charge-transfer energy decreases, O 2p states shift up,'> and
get to the same energy region as the lower transition metal
Hubbard band. This is clearly seen from the DOS plot ob-
tained for NaCrSi,O¢ in LSDA+ U calculation and presented
in Fig. 8. Quite similar situation occurs in other Cr-based
transition metal oxides: one may observe significant mixing
between O 2p and Cr3d states at the top of the valence
band.*>* This feature of the electronic structure is important
for the magnetism of Cr-based pyroxenes since it increases
superexchange interaction via O 2p states.
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FIG. 8. (Color online) Total and projected DOS for NaCrGe,Og¢
obtained in LDA+ U calculation. Fermi level is zero energy.

Experimentally, LiCrSi,O4 and NaCrSi,O4 were found to
be AFM with small Néel temperatures, 11 and 3 K, respec-
tively; NaCrGe,Og is FM with T-=6 K.

In our calculations, LiCrSi,Og was indeed found to be
AFM with J=3.4 K. NaCrSi,O4 shows rather small intrac-
hain exchange, less than 1 K. This number is obviously lying
beyond the precision of the calculation scheme.** One may
just note that this compound is on the borderline between
FM and AFM orderings. In agreement with the experiment,
intrachain exchange in NaCrGe,O4 is FM and more pro-
nounced, J=-5.2 K (-7.9 K in pseudopotential calculation).

More detailed investigation of the partial contributions to
intrachain exchange shows that #,,—e, exchange interaction
in all Cr-based pyroxenes is almost the same as in V-based
ones: J;’, ~=10.5 K. The AFM f,,~1,, contribution, in
contrast, Zis significantly reduced in Cr pyroxenes. This seems
to be the joint effect of the increase of the TM-TM distances
and on-site Coulomb repulsion U and the decrease of the
charge-transfer energy A and radii of localization of d elec-
tron r,, as it was discussed in the end of Sec. II.

The largest 1,,—1,, exchange was found in LiCrSi,Og:
J,2 1= =134 K, which has shortest Cr-Cr distance
(D 3.06 A). For NaCrSi,Oq4, the thy—t, exchange is
smaller, Ji, — =7.7 K, which is presumably related to longer
Cr-Cr dlstance (D=3.086 A). Thus, according to our calcu-
lations, the FM f,,—e¢, exchange almost compensates AFM
I~ 1y, contribution in NaCrSi,Og. This tendency continues
for NaCrGe,Og4, where because of larger Ge and Na ionic
radii the Cr-Cr distance exceeds its maximum value (D
=3.142 A), and the FM I, —e, contribution becomes domi-
nating since J, _ =3.1 K.

Changes of the electronic structure going from Si to Ge on the
example of Cr-based pyroxenes

The Cr-based pyroxenes were the only pyroxenes with
available and reliable crystal structure to study the effect of
Si« Ge interchange in these compounds. We studied only
these, but argue that the general character of the changes in
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FIG. 9. (Color online) Cr3d DOS for NaCrSi,O4 and

NaCrGe,Og obtained in LDA. It illustrates the decrease of the 1,,
—e, crystal-field splitting with substitution Si by Ge. Fermi level is
Zero energy.

the electronic structure should be the same for other py-
roxenes.

There are two possible mechanism, which may determine
the difference in the electronic properties of Ge and Si based
pyroxenes. First of all, Ge 4p states have larger spatial ex-
tensions than Si3p, this may result in larger covalency ef-
fects. Second, the size of Ge** ions is much larger than Si4+
(the ionic radius Rg;4+=0.39 A, while R§§=0.24 A). There-
fore, different structural distortions are expected for Ge and
Si pyroxenes.

In order to understand how important is the effect of 4p or
3p states, we performed the calculations, where in the
NaCrGe,Og, Ge ions were substituted by Si. In this case, all
the distances in “artificial NaCrSi,O4” were taken the same
as in the parent NaCrGe,Og4. All the radii of MT spheres
were also taken the same as for NaCrGe,O¢. The results
show minor difference in shape and positions of Cr d bands
compared to NaCrGe,Oq4. Therefore, one may conclude that
the origin of the difference in the electronic properties be-
tween Si and Ge pyroxenes is mostly due to different local
distortions.

The average Ge-O bond distance (dg.o=1.74 A in
NaCrGe,Og) is larger than Si-O one (dso=1.63 A in
NaCrSi,Og). Since the TM-O distance is mostly determined
by the strong ionic TM-O bond and hence by the TM and O
ionic radii only, the substitution of Si by larger Ge leads to
the bending of TM—O-TM bond. If in NaCrSi,O¢ the angle
Cr-0O-Cr=99.6°, then in NaCrGe,Oq, this angle is 101.2°.
This leads to an increase of the Cr e, bandwidth, while the
Cr 1,, bandwidth is not changing, as one may see in Fig. 9.

On the other hand, the shorter Si-O bond distance results
in the larger shift of the O 2p states to the lower energies
than in the case Ge. This should lead to an increase of the
crystal-field splitting in TM 3d shell going from Ge to Si.
The direct center of gravity calculation shows that #,,—e,
crystal-field splitting in NaCrSi,O¢ equals to 1.89 eV, while
for NaCrGe, Oy, it is 1.68 eV.
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VIL. Mn-BASED PYROXENES (d*)

We were able to find the crystal structure for only one
Mn-based pyroxene: NaMnSi,O4 (mineral namansilite).
Having one electron in e, subshell, Mn ion is Jahn-Teller
(JT) active. As a result, the “distribution” of long and short
Mn-O bonds in MnOg octahedron is different from other
pyroxenes.

It is known that because of the anharmonic effects the JT
distortion around Mn** ions typically leads to a local elon-
gation of MnOjg octahedra.*’ These elongated octahedra may
in principle be packed differently, leading both to an antifer-
rodistortive (for example, as in LaMnQj3) and to a ferrodis-
tortive (e.g., Mn;0,) ordering.

In the edge-sharing geometry the largest gain in the elastic
energy may be achieved, if the longest Me-O bonds in neigh-
boring octahedra are parallel to each other. The explicit ex-
pressions for the elastic energies of different distortion
modes are summarized in Table I of Ref. 46. Among various
possible types of parallel JT distortions in the edge-sharing
octahedra, the consecutively “twisting” geometry of py-
roxenes selects the only variant: the distortion occurs along
the O-Mn-O bond connecting two neighboring octahedra (lo-
cal z axis). Only in this case, the systems gains the energy for
both neighbors. The local crystal field due to the presence of
side oxygens forming short Mn-O bond, directed only to the
SiOy tetrahedra, stabilizes single e, electron on the 3z2-r2
orbital and therefore works in the same directions.

This conclusion is in full agreement with the crystal-
structure studies performed in Ref. 22, where the parallel
180° O-Mn-O bonds along the local z axis connecting neigh-
boring MnOg4 octahedra were found to be the longest.

In the LSDA+ U calculations, we indeed obtained that on
all of Mn?* ions the single e, electron localizes on the same
3z°—7r? orbital, directed along this longest Mn-O bond. The
resulting magnetic moment equals to 3.69up, bang gap of
~1.76 eV. The intrachain exchange calculated in LEIP pro-
cedure is AFM and ~3.4 K (from the total energy difference
in pseudopotential code, we obtained that J=-0.1 K).

The t,,~1,, and t,,—e, contributions to the total exchange
are AFM and equal to 2.1 and 6.1 K, respectively. The situ-
ation with half-filled #,,~1,, subshells is the same as in the
case of Cr, but 7,,—e, exchange will now predominantly go
from the occupied t,, to occupied e, orbitals, as shown in
Fig. 3(b). This contribution should be AFM, following from
Eq. (3). The e,—e, contribution is about —4.8 K FM.

VIIL Fe-BASED PYROXENES (d°)

The Fe’* ions have the simple configuration dS(t;geé),
without any orbital degeneracy; thus, the exchange is uni-
form along the chain. Using LEIP formalism, we obtained
that the intrachain exchange is AFM both in LiFeSi,O4 (J
=15.8 K) and NaFeSi,04 (/=15.9 K). This is consisted with
neutron measurement performed in Ref. 5 for LiFeSi,Og, but
disagrees with the experimental findings for NaFeSi,Og4 pre-
sented in Ref. 23, where Fe ions were claimed to be ferro-
magnetically ordered in the chain.

The t,,—1,, partial contribution to the exchange in Fe py-
roxenes was found to be AFM and of order of that for Cr-
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based ones: 0.5 and 1.4 K for LiFeSi,O4 and NaFeSi,Oy,
respectively. The #,,—e, exchange is also AFM since it goes
from the occupied t,, to occupied e, orbitals, as in the case
of NaMnSi,Og. It equals to 9.4 and 7.0 K, respectively.

The situation with e,—e, contribution here is a bit differ-
ent from the case of NaMnSi,O4. The TM-O-TM angle
equals to ~97.1° in NaMnSi,O¢, while in NaFeSi,O4 and
LiFeSi,O, it is larger: ~100.5° and ~99.0°, respectively.
This may be significant since in deviating from 90°, small
FM contribution given by Eq. (5) is quickly outbalanced by
much stronger AFM exchange of order ?/U,,. Detailed
analysis shows that the borderline, where the mutual com-
pensation occurs, is about 97°.47 Thus, one may expect that
in Fe-based pyroxenes e,—e, exchange will be already AFM.
Note, however, that such a strong angle dependence is not a
common feature of all the 90° contributions described in Sec.
II. For instance, the important for the cromates ly—e, €x-
change is almost angle independent.

Our LEIP calculation confirms this qualitative discussion.
The e,—e, contribution in Fe pyroxenes is indeed AFM and
equals to 5.9 and 7.4 K for LiFeSi,O4 and NaFeSi,Og, re-
spectively.

Thus, from a theoretical point of view, it is hard to expect
that the intrachain exchange would be FM, as the authors of
Ref. 23 proposed. We see that the exchange constants and
their partial contributions obtained in LEIP formalism agree
with the theoretical conclusions based on the perturbation
theory. However, they are obviously too large to describe
experimentally observed paramagnetic Curie temperatures:
0®=-258 K for LiFeSi,O4 (Ref. 5) and ®=-46 K for
NaFeSi206.23

In contrast to other pyroxenes, the results of total energy
calculations in the case of Fe-based pyroxenes differ from
those obtained in LEIP formalism. The solution with AFM
ordering in the chain was found to have lowest total energy
for both Fe-based pyroxenes, and the intrachain exchanges
extracted from comparison of AFM and FM total energies
are 7 and 8.5 K for LiFeSi,O4 and NaFeSi,Og, respectively.
The difference with the LEIP results appears because of the
strong polarization of oxygen 2p shell. This contribution is
not explicitly (only via hybridization effects) taken into ac-
count in the present LEIP formulation since both the Green
functions used in Eq. (8) and defined in Eq. (9), and the
potential correction A;; are calculated only for transition
metal 3d states. The values of exchange constants obtained
from the total energies agree much better with the experi-
mental values of the Curie temperature.

The detailed explanation of the origin of the difference in
the results for the exchange constants obtained by LEIP and
from the total energies for Fe pyroxenes is the following.
According to the crystal structure of pyroxenes, all the oxy-
gens surrounding every transition metal ion can be divided
on two categories. There are two side oxygens linking TMOgq
octahedra and Si(Ge)O, tetrahedra, and four oxygens con-
necting neighboring octahedra, as shown in Fig. 2(b). In the
case of AFM intrachain coupling, those four oxygens are
situated in the compensated field and will not have any po-
larization. Two other oxygens may be magnetized if the ex-
change field is large enough. For the FM chains, both types
of oxygens will be polarized. Such a polarization will lead to
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FIG. 10. (Color online) Sketch illustrating mechanism of the
spin polarization on oxygen ions in Fe-based pyroxenes.

an addition magnetic contribution in the total energy calcu-
lation.

This effect is especially important and pronounced for the
pyroxenes, based on the late transition metal ions. Those ions
have large magnetic moment and hence could easier magne-
tize oxygens. Even more important is the other factor: the
nonzero magnetization of oxygen implies strong mixing of
magnetic d states of TM with one of O 2p orbitals of the
same spin, and therefore, it will be much stronger for TM
ions with partially filled e, subshell. For Fe-based pyroxenes
with half-filled e, shell, this effect is rather large: the average
magnetic moment on oxygens, lying between TMs, is 0.17 up
for LiFeSi,O¢ and 0.16up for NaFeSi,O4. The oxygen mo-
ments are directed parallel to those of Fe. It is clearly seen
from Fig. 10: only hoppings with antiparallel spin are pos-
sible between O 2p to Fe 3d shells.

Additional polarization of O 2p shell in FM solution will
lower its total energy. Qualitatively, one may consider it as
follows. In the AFM case, both spin up and down electrons
would hop from oxygen to different iron ions, while only
spin down electrons will be active ones in FM situation, as
shown in Fig. 10. Because of Hund’s rule coupling on oxy-
gen, the latter (FM solution) will gain more energy.

It is easy to estimate the lowering of the FM total energy
because of the oxygen polarization recalling that the gain in
magnetic energy in the band theory equals to

Eo=—-IM%/4, (10)

where [ is the Stoner parameter defined as the second deriva-
tive of the exchange-correlation energy with respect to the
magnetic moment M,

I==20E /oM. (11)

The Stoner exchange constant / for the oxygen 2p shell was
estimated to be /=1.6 eV in Ref. 48 and 49 using constrained
LDA calculations.

Recalculating the total energy contribution given by Eq.
(10) in terms of the exchange constants for Heisenberg
Hamiltonian and taking into account that there are four po-
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larized oxygens per two formula (without two side oxygens),
we obtained that the exchange corrections due to the oxygen
polarization are 10.7 and 9.5 K for LiFeSi,O and
NaFeSi,0g, respectively. The difference between these val-
ues and those number obtained in LEIP formalism is a little
bit larger than the exchange extracted from the total energy
calculations. This seems to be because we did not account
for the changes in the one-electron energies (relaxations),
which tends to compensate the magnetic corrections given in
Eq. (10).

Finally, it is important to note that the contribution, which
comes from the polarization effects on oxygen, is not a
unique feature of pyroxenes. It was recently found to be
crucial for the description of the magnetic interactions in
Li,CuO,.* Authors of Ref. 49 originally interpreted this ef-
fect in the manner of initial ideas of Heisenberg as the ex-
change between Wannier functions (constructed out of TM d
and O 2p orbitals) due to the Coulomb interaction. It is in-
teresting to note that the final expression for the correction
presented in Eq. 22 of Ref. 49 is exactly the same as ours
written in Eq. (10), if one uses the substitution B=M(O)/2.

IX. INTERCHAIN EXCHANGE

In addition to the intrachain exchange interaction, we cal-
culated for Fe-based pyroxenes the interchain ones. It is es-
pecially important for the analysis of a possible origin of
multiferroicity in Fe-based pyroxenes.' The results reflect the
general tendency for interchain exchanges in the whole py-
roxenes family. There are two types of interchain paths, as
depicted in Fig. 2(a): some of TM ions in different chains are
connected via two SiO, (GeO,) tetrahedra (J,), while the
others via only one (J;).

First of all, we found that the interchain exchange is much
weaker than the intrachain one. Then, we found that for both
LiFeSi,O4 and NaFeSi,Og, J; is, indeed, approximately two
times larger than J;: J%‘=1.9 K, J5=34K, Jll\la=0.8 K, and
J§a=1.6 K. In addition, one may see that the change of Li
ions to Na leads to a significant decrease of interchain ex-
change interaction. It is connected with larger ionic radii of
Na (in sixfold coordination R;+=0.76 A, while Ry,
=1.02 A).

X. CONCLUSIONS

In this paper, using ab initio LSDA+U calculations, we
carried out the detailed analysis of electronic structure and
especially of the exchange interaction in a broad class of
quasi-one-dimensional magnetic systems—pyroxenes con-
taining transition metal ions. We analyzed the systematics of
the exchange interactions and compared it with the simple
rules following from the perturbation theory.

The exchange interaction due to direct hopping between
t,, orbitals (which we call “direct exchange interaction”)
dominates in early transition (Ti,V) metal-based pyroxenes.
In NaTiSi,O4 single d electron localizes on the zy orbital,
which results in a strong AFM coupling in one out of two
Ti-Ti pairs. This leads to the dimerization of TiOg4 chains and
the formation of a spin gap on singlet Ti-Ti dimers.
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The nonuniformity of the exchange interaction disappears
in d*> pyroxenes, such as (Li,Na)VSi,Og, where electrons
occupy zx and zy orbitals. This type of orbital filling is de-
termined by a common structural feature of all pyroxenes
(except Jahn-Teller ones): the presence of two short TM-O
bonds perpendicular to a local z axis (directed along single
180° O-TM-O bond connecting two neighboring TMOg oc-
tahedra).

With an increase of the number of d electron, the AFM
l,—1y, direct exchange interaction is gradually suppressed
due to an increase of the on-site Coulomb interaction (U),
and the t,,—1,,/e, superexchange contributions (most of
which are FM) starts to play a more important role, espe-
cially because of the decrease of the charge-transfer energy,
which enters the corresponding expressions for the exchange
in Egs. (2)—(5) in the denominator. In Cr-based pyroxenes
(d°), the AFM 1,,—1,, exchange interaction is nearly com-
pensated by the FM #,,—e, exchange. The crystal structure
makes a fine tuning of these contributions, and NaCrGe,0Og¢
with largest Cr-Cr distance turns out to be FM.

In NaMnSi,O4, Mn®* is a Jahn-Teller ion. We show that
the consecutive “twisting” geometry of pyroxenes and the
tendency to gain an elastic energy result in the ferro type of
distortion with the local z axis becoming the longest one.

Iron-based pyroxenes were found to be AFM, with the
large oxygen polarization (g~ 0.2up). This effect is usually
ignored in the literature.'® However, we show that it consid-
erably reduces (by ~2/3) the AFM superexchange interac-
tion. The total energy of the FM state is lowered because of
the gain in Hund’s rule coupling in O 2p shell, which turns
out be polarized in this state. The interchain exchange cou-
pling was estimated for Fe-based pyroxenes and found to be
small and AFM.

The presented results give a rather complete description
of exchange interactions in magnetic pyroxenes, and it may
serve as a basis for the further study of magnetism and other
properties, including multiferroicity, of this interesting class
of materials.
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