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Abstract

The origin of magnetic frustration was stated and the ions, whose shift is accompanied by
emerging magnetic ordering and ferroelectricity in TbMn,Os and BiMn,Os, were determined
on the basis of calculating the magnetic coupling parameters by using the structural data. The
displacements accompanying the magnetic ordering are not polar, they just induce changes of
bond valence (charge disordering) of Mn1 and Mn2, thus creating instability in the crystal
structure. The approximation of the bond valence to the initial value (charge ordering) under
magnetic ordering conditions is only possible again due to polar displacement of Mn2 (or O1)
and O4 ions along the b axis which is the cause of the ferroelectric transition.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The problem of crystal structure coupling with emerging
magnetic ordering and electric polarization in multiferroics
has been discussed rather intensively until recently. It was
stated [1-12] that in multiferroics RMn,0O5 (R—rare earth
elements and Bi) the Mn** and Mn** ions are coupled by
strong magnetic interactions competing with each other. Under
applied magnetic field and at temperatures of about 40 K
the antiferromagnetic ordering of Mn spins takes place, thus
inducing the emerging electric polarization along the b axis.
As was assumed in [6], polar atomic displacements resulted
in the symmetry center disappearance and reduced the crystal
symmetry from the Pbam to the Pb2;m space group.
However, in spite of numerous attempts, direct experi-
mental evidence of the presence of structural modifications
accompanying the electric polarization in RMn,Os has not
been found yet. It must be related to the fact that
until recently the structural studies of induced multiferroics
RMn,Os under high magnetic fields have not been conducted,
since the required combination of high magnetic fields
and x-ray diffraction equipment has only recently become
available [13-17]. Besides, another problem in studying the
multiferroics structures exists. It is concerned with the fact
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that, in the process of studying different samples of the same
compound RMn,0Os by means of x-ray powder diffraction
methods, one obtains a wide range of Mn**-0, Mn**-O and
R3T—0 bond lengths. For example, in the paraelectric phase of
three samples of NdMn,Os [18-20] the difference in respective
Mn’*-01, Mn**-03, Mn’*-04, Mn**-O and Nd-O bond
lengths reaches 0.05, 0.06, 0.15, 0.04-0.05 and 0.04-0.13 A,
respectively. Moreover, even alternating along the c¢ axis
long and short Mn*"—Mn** distances and the Mn*T—Mn**
distance in the dimer vary over too wide a range for heavy
atoms: 2.93-2.99, 2.71-2.77 and 2.86-2.90 A, respectively.
On the other hand, the difference in unit cell parameters is as
small as 0.02 A. Such structural differences may result from
three factors: non-stoichiometry of the NdMn,Os composition,
low accuracy of the measurement method used or structural
instability (non-rigidity).

The emerging electric polarization at the separation of
the gravity centers of positive and negative charges might
be the result of the displacement of the cation itself from
the polyhedron center or that of lighter oxygen anions or
both types of ions. Reorientation of magnetic moments
(antiferromagnetic (AF)—ferromagnetic (FM) transition) is
also accompanied by displacements of intermediate ions in
local space between magnetic ions. The ability of the

© 2009 IOP Publishing Ltd  Printed in the UK
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surrounding cations’ coordination to withstand such distortions
would facilitate both reorientation of magnetic moments and
emergence of dipole moments. We have analyzed the crystal
structures of Mn®>" and Mn** from the Inorganic Crystal
Structure Database (ICSD) (version 1.4.4, FIZ Karlsruhe,
Germany, 2008-1), which were determined with the highest
accuracy by means of x-ray single-crystal diffraction (the
refinement converged to the residual factor (R) values R =
0.045-0.079) or neutron powder diffraction (R = 0.018-
0.057) methods. The analysis has shown that the coordination
polyhedra of both Jahn—Teller ion Mn** and regular ion Mn**
are not ‘rigid’ and meet the above requirement. The bond
lengths and angles in the Mn** and Mn** polyhedra vary
within a wide range in a random manner, since no regular
increase of the bridge bond lengths or decrease of the end
bond lengths was traced. For example, in the square pyramids
Mn3*Os coupled by common edges and vertices in the
compounds CaMn, 04 [21], KMnO, [22], NasMn,0Os [23] and
Ba;Mn; Si,Og [24] the lengths of the Mn’** bonds with oxygen
atoms located in the pyramid vertex and base vary in the ranges
2.07-2.33 and 1.70-2.25 A, respectively. The bond valence
of Mn** ions deviates significantly (Vyps+ = 2.85-3.21)
from the ideal value. In the octahedra Mn*TOg coupled by
common edges and vertices in the compounds Pb,MnQOy [25],
BaMn3Og [26], Na,Mn3O; [27] and BasMn3;O,o [28], the
Mn*-O distances and valence bonds of Mn*" fall into the
ranges 1.82-2.28 A and 2.96-3.92, respectively. The ordered
octahedral surrounding is observed only in high-symmetry
crystals and has an enforced character.

The objective of this study is to determine which changes
in the crystal structure could be the result of magnetic
ordering of the frustrated antiferromagnetics TbMn,Os and
BiMn,0s and why these changes can be the cause of emerging
electrical polarization. To attain this objective, the sign and
strength of magnetic interactions in the paraelectric phase of
TbMn,05 and BiMn,O5 will be calculated, and intermediate
ions located in critical (or close to critical) positions of
the local space between magnetic ions, deviations from
which may cause reorientations of the magnetic moments
and emergence of magnetic ordering, will be found. The
crystal structure of the magnetically ordered phase will be
determined by varying these intermediate ion coordinates, and
polar ions displacements resulting in a ferroelectric transition
at preserving magnetic ordering will be stated.

2. Method

The sign and strength of magnetic couplings in compounds
were calculated by a new phenomenological method developed
earlier [29] on the basis of structural data.

We have developed this method to estimate characteristics
of magnetic interactions between magnetic ions located at
any distances from each other. The main problem to be
solved during the development of this method was to find a
natural relation of the strength of the magnetic interactions
and the type of magnetic moment ordering with crystal
chemistry parameters in low-dimensional crystal compounds.
For such a solution we used three widely spread concepts

of the nature of magnetic interactions, discussed below.
According to Kramers [30], the exchange couplings between
magnetic ions separated by one or more diamagnetic groups
are characterized by a significant contribution of non-magnetic
ion electrons. The crystal chemistry aspect of the model
of Goodenough—Kanamori—-Anderson [31] unambiguously
indicates the dependence of the interaction strength and the
magnetic ion spins’ orientation type on the locations of
intermediate ions. According to the polar model of Shubin—
Vonsovsky [32], the determination of magnetic interaction
characteristics should take into account not only the anions
with valent bonds to magnetic ions, but also all the intermediate
negatively or positively polarized atoms.

We have studied the relation of magnetic characteristics
with crystal structure in low-dimensional compounds of d-
elements on the experimental data provided in the literature. As
a result, we have found that the interaction between magnetic
ions M; and M; emerges in the moment of crossing the
boundary of the space between them by the intermediate A,
ion. Here we take into account not only anions, which are
valent-bound to the magnetic ions, but also all the intermediate
negatively or positively ionized atoms, except cations of metals
without unpaired electrons. The bound space region between
the M; and M ions along the bond line is defined as a cylinder
whose radius is equal to that of these magnetic ions. If the
magnetic ions are not identical, taking the radius of a smaller
ion as the cylinder radius produced the best approximation
to experimental results in all our cases under consideration.
However, to make any final solution of this problem studies
of a larger number of compounds are required. The strength
of magnetic interactions and the ordering type of the magnetic
moments in isolators are determined mainly by the geometrical
arrangement and the size of the intermediate A, ion in the
bound space region between two magnetic ions M; and M;
(figure 1). The distance between magnetic ions, such as inside
the low-dimensional fragment and between fragments, has an
effect only on the contribution value, but does not determine
the sign (type) of the contribution in the case of absence of a
direct interaction contribution. The value of interaction into
antiferromagnetic (AF) or ferromagnetic (FM) components of
the interaction is maximal, if the intermediate ion is located in
the central one-third of the space between the magnetic ions.
To produce the maximum contribution into the AF component
the intermediate ion should be located near the axis, while for
maximum contribution to the FM component, in contrast, it
should be near the surface of a cylinder limiting the space area
between magnetic fields.

If some intermediate ions enter the space between two
magnetic ions, each of them, depending on the location, tends
to orient the magnetic moments of these ions accordingly
and makes a contribution to the occurrence of AF or FM
components of magnetic interaction. The sign and value of
the strength of the interaction J;; between the magnetic ions
M; and M; are determined by the sum of these contributions

Jnt
Ty =2 M
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Figure 1. A schematic representation of the intermediate A, ion
arrangement in the local space between magnetic ions M; and M; in
cases when the A,, ion initiates the emerging of the ferromagnetic (a)
and antiferromagnetic (b) interactions. Ah(A,), I,, [, and

d(M;—M j)—parameters determining the sign and strength of
magnetic interactions.

It ij'. < 0, the type of magnetic moment ordering of M; and
M; ions is antiferromagnetic, while if J; > 0, the type of
magnetic moment ordering is ferromagnetic.

The sign and strength of the j; contributions are
determined by the degree of overlapping of the space between
the magnetic ions by the intermediate A, ion, the degree of
asymmetry of the A, ion location relative to the bond line M;—
M and the distance between magnetic fields d (M;—M;):

AR(A) + Ah(A,) "

S = L ifl’ /1, <2), (2
In d(M; —Mj)2 (fh/ln <2 @
and
Ah(A)E
= it /1, > 2). 3
Jn A, =M Gf 1,/ ) 3)

Here Ah(A,) is the difference between the distance h(A,)
from the center of the A, ion up to the bond line M;—M ;, while
ra, 1s the radius of the A, ion (figure 1):

Ah(Ay) = h(An) —ra,. “

This value characterizes the degree of space overlapping
between the magnetic ions M; and M;. If Ah(A,) < 0, the
A, ion overlaps (by |A#h|) the bond line M;—M; and initiates
the emerging contribution into the AF component of magnetic
interaction. If Ah(A,) > 0, there remains a gap (the gap width
Ah) between the bond line and the A,, ion, and this ion initiates
a contribution to the FM component of magnetic interaction.

I, and [/, are the lengths of segments obtained by drawing
a perpendicular from the center of the A,, ion to the bond line
M;—M;. Let us assume thatl, < [;1, = d(M;-M;) —1I,. The
1),/ I, ratio characterizes the degree of asymmetry of the A, ion
location relative to the middle of the M;—M; straight line. If
/1, < 2.0, the magnetic moments of both M; and M; ions
will be under the orientation effect of the intermediate A,, ion
and the j; calculation will have to be performed in accordance
with formula (2). If I/, /[, > 2, the A, ion has an effect on the
orientation of the magnetic moment of the adjacent magnetic
ion only, and the j; calculation will have to be performed in
accordance with formula (3).

One should mention that, during calculation of the Jisj
value, it is necessary to additionally take into account the

contribution from a direct interaction jD, if the distance
between the magnetic ions d(M;—M;) is less than two
diameters of these ions:

=Yg+ i )

The analysis of the relation between magnetic and crystal
chemistry parameters in low-dimensional copper compounds,
in which Cu®* are located at short distances, has brought us to
the above conclusion and allowed us to obtain the expression
for the jP calculation [29].

We based our considerations on the assumption that there
exists some critical distance D. between the magnetic ions
when the AF and FM contributions from a direct interaction
are equal and eliminate each other. Deviation from D, results
in AF coupling in the case of lower values and in FM coupling
in the case of higher values. The value of the j® contribution
is proportional to the deviation value (d(M;—M ;) — D.) and is
in inverse proportion to the radii of magnetic ions rj;, and the
distance between them d (M;—M ;):

D _ d(Mi-M;) — D ' ©)
ry,d(M;—M;)

We have empirically found the D, value for Cu>* jons (D, =

2.88 A).

To calculate the sign and value of the strength of the
magnetic interaction Jisj we have developed the ‘MaglInter’
program.  The program utilizes the expressions (1)—(4)
obtained within the scope of this method. The geometric
parameters used in these expressions (h(A,), Ah(A,), I,
and I)) are calculated from the interatomic distances and
angles which, in turn, can be found through application of the
program SELXTL [33]. The initial structural data format for
the program (crystallographic parameters, atom coordinates)
corresponds to that of the crystallographic information file
(CIF) in the Inorganic Crystal Structure Database (ICSD) (FIZ
Karlsruhe, Germany). Besides, in the calculations we used the
ionic radii determined by Shannon [34].

The determined parameters of magnetic interactions are
displayed only in cases when there are no restrictions for
their simultaneous existence due to geometric configurations
in the magnetic ion sublattices. The presence of specific
configurations of magnetic ions results in geometric frustration
of magnetic interactions. For non-stoichiometric compounds
one should additionally take into account the presence of
vacancies.

2.1. Critical positions of intermediate ions

There exist several critical positions of intermediate A, ions
when even a slight deviation from them could result in
reorientation of magnetic moments (AF—FM transition) and/or
dramatic change of the magnetic interaction strength. It
appears important to note that, under the effects of temperature,
pressure, magnetic field, etc, the ions in a crystal structure
could undergo displacement. That is why during prediction
of possible changes in the sign and strength of magnetic
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interactions one should take into account not only the ions
located exactly at critical positions, but also those in adjacent
areas.

The following intermediate ion positions can be consid-
ered as critical:

(a) h(A,) = ry + ra,: the distance h(A,) from the A, ion
center to the bond line M;—M; is equal to the sum of the
M and A, ionic radii. The A, ion reaches the surface of a
cylinder of radius ry,, limiting the space area between the
magnetic ions M; and M. In this case the A, ion does not
induce the emerging of a magnetic interaction. However,
on a slight decrease of h(A,) (the A, ion displacement
inside this area) there emerges a strong FM interaction
between magnetic ions.

(b) h(A,) = ra, (AR(A,) = 0): the distance h(A,) from
the center of the A, ion to the bond line M;—M is equal
to the A, ionic radius (the A, reaches the bond line
M;—M;). In this case the interaction between magnetic
fields disappears. However, on a slight decrease of 4 (A,)
(overlapping of the bond line by the A, ion) there emerges
a weak AF interaction, while on a slight increase of 4 (A,,)
(formation of a gap between the A, ion and the bond line
M;—M ) there emerges a weak FM interaction.

(¢) Il /l, =2: the A, ion is located at the boundaries of the
central one-third of the space between magnetic fields. In
this case the insignificant displacement of the A, ion to
the center in parallel to the bond line M;—M; results in a
dramatic increase of the magnetic interaction strength.

In the case when there are several intermediate A, ions
between the magnetic ions M; and M ;, the following critical
positions are possible:

(d) When the ratio between the sums of the j? contributions
to the AF and FM components of the interaction becomes
close to 1, the interaction between the magnetic ions M;
and M; is weak, and a slight displacement of even one
of the intermediate A, ions could result in its complete
disappearance or the AF-FM transition.

(e) When even one of the intermediate A,, ions is in a critical
position of (a) or (c) type, the contribution to AF or FM
components of the interaction could undergo dramatic
changes because of even a slight displacement of these
ions and, therefore, cause changes of respective scale in
the interaction strength and reorientation of magnetic ion
spins.

The sign and strength of magnetic couplings in
paraelectric phases of TbMn,Os and BiMn,0Os as well as
in magnetically ordered non-polar and polar models of these
compounds were calculated using the program ‘Maglnter’.
The structural data for TbMn,Os at room temperature [35]
and BiMn,Os at room temperature [36] and 7 = 100 K [11]
were taken for calculations and model development. Besides,
in the above calculations we used the ionic radii determined
by Shannon [34] (ry;,s+ = 0.53 A (coordination number CN is
equal to 5), ry,+ = 0.58 A (CN = 6) and ro>- = 1.40 A). The
contribution from the direct interaction between manganese
ions jD was not taken into account, since all the distances

between manganese in these compounds are longer than two
Mn ion diameters. The bond valences of manganese ions
Vae+ and Vyp 4+ were calculated by Brese and O’Keeffe [37].
The structural parameters, bond distances and bond valences
of Mn®*t and Mn** ions in TbMn,0s, BiMn,O5 and models
are presented in tables 1 and 2. The parameters of the main
magnetic interactions in these compounds and models are
presented in tables 3 and 4.

3. Results and discussion

3.1. Characterization of magnetic interactions and their
competition in paraelectric phases of TbMn;Os and BiMn,Os

The compounds TbMn;Os [35] and BiMn,Os [11, 36] in
the paraelectric phase crystallize in a centrosymmetrical
orthorhombic space group Pbam and have two types of
magnetic ions: Mnl (Mn*", S = 3/2) in distorted oxygen
octahedra Mn**Og and Mn2 (Mn**, § = 2) in distorted
square pyramids Mn>*Os (figures 2(a) and (b)). The Mn**Oq
octahedra are coupled alternately by common edges 02-02
and O3-03 into a linear chain along the ¢ axis. The Mn**Os
pyramids are coupled into dimers by the common edge O1—
Ol. These dimers couple the octahedra chains along the a axis
through the ions O3 located in the pyramid vertices and along
the b axis through the ions O4 located in the pyramid bases.

According to our calculations, in the paraelectric phases of
TbMn,05 and BiMn,O5 at room temperature and 7 = 100 K
the respective magnetic couplings between manganese ions are
of the same sign and differ insignificantly in strength (tables 3
and 4; figures 2(d), 3(a) and (b)). The compound BiMn,Os at
room temperature and at 100 K are referred to as Bi—RT and
Bi-LT, respectively.

Strong AF J1 and J2 couplings alternate in the linear
chain along the ¢ axis (figure 2(d)). The J1 coupling is
weaker than the J2 coupling (the ratio of intra-chain couplings
J2/J1 = 1.45 (1.27 and 1.31) in Tb(Bi-RT and Bi-LT)
systems). The main contribution to the AF components of the
J1 and J2 couplings is provided by two O2 ions (the value of
the contributions from two O2 ions: 2joy = —0.059(—0.058
and —0.058) A~") and two O3 ions (2jo3 = —0.077(—0.070
and —0.072) Ail), respectively. Higher values of these AF
contributions result from the fact that the O2 and O3 ions
are located in the central one-third part of the space between
magnetic ions (I'/l) = 1. However, the O2 and O3 ion
positions are close to the critical position ‘b’ (see section 2),
since the distances from these ions to the bond line Mn1-Mn1
(h(02) = 1.27 A and h(03) = 1.26-1.27 A) are slightly less
than the oxygen ion radius (ro:- = 1.40 A), i.e. the ions 02
and O3 slightly overlap the bond line Mn1-Mnl1.

Slight O2 and O3 ion displacements perpendicular to the
bond line Mn1-Mn1 could control the spin orientation of the
J1 and J2 couplings. The contributions of O2 and O3 ions
to the J1 and J2 couplings disappear, if #(02) and h(03)
increase by 0.13-0.14 A and reach 1.40 A. During further
removal of these ions from the bond line the character of their
contribution changes into a ferromagnetic one and, as a result,
the J1 and J2 couplings undergo the AF — FM transition.
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Table 1. Structural parameters, bond distances and bond valences of Mn1 and Mn2 ions Vi1, Vi) in TbMn,Os.

TbMn, 05 Alonso [35] M-DO® model P-Mn2° model P-O1¢ model® Wang [7, 8]¢
Space group Pbam Pbam Pb2ym Pb2ym Pb2ym N26
a (A) 7.3251 7.317 7.317 7.317 7.3014
bA) 8.5168 8.506 8.506 8.506 8.5393
c (A) 5.6750 5.660 5.660 5.660 5.6056
Mn**tOg Mnl Mnl Mnl Mnl Mnl
Mnl-02(x2) (A) 1.954 2.013 2.013 2.013 1.923(02, 02)
Mnl-03(x2) (A) 1.847 2.013 2.013 2.013 1.871(03, 03")
Mnl-04(x2) (A) 1912 1.908 1.791(04); 1.808 (04) 1.791(04); 1.826 (04) 1.923(04); 1.937(04")
Viinl 4.01 3.30 3.75 3.70 3.96
Mn?*+Os Mn2 Mn2 Mn2 Mn?2' Mn2 Mn?2' Mn2 Mn?2'
Mn2-01(x2) (A) 1927 1.928 1.915(01) 1.942(01) 1.915(01) 1.942(01) 1.919(01) 1.928(01)
Mn2-03(x1) (A)  2.021 1.805 1.797(03) 1.813(03") 1.805(03) 1.805(03") 1.908(03) 1.912(03)
Mn2-04(x2) (A)  1.890 1.855 1.956(04) 1.915(04) 1.942(04) 1.915(04') 1.914(04) 1.911(04)
Va2 3.18 3.70 3.40 3.40 342 342 3.29 3.26
Mnl: x 0 0 0.2500 0.2500 0.2501
y 1/2 1/2 0.5000 0.5000 0.5003
z 0.2618 0.2557 0.2557 0.2557 0.2558
Mn2(Mn2): x 0.4120 04114 0.6614(0.1614) 0.6614(0.1614) 0.6512 (0.1516)
y 0.3510 0.3505 0.3529(0.1519) 0.3505(0.1495) 0.3558 (0.1456)
z 1/2 1/2 1/2(1/2) 1/2(1/2) 1/2(1/2)
Ol: x 0 0 0.2500 0.2500 0.2508
y 0 0 0.0000 -0.0024 0.0002
z 0.2710 0.2710 0.2710 0.2710 0.2709
02(02'): x 0.1617 0.1808 0.4308(0.9308) 0.4308(0.9308) 0.4146 (0.9148)
y 0.4463 0.4463 0.4463(0.0537) 0.4463(0.0537) 0.4480 (0.0517)
z 0 0 0(0) 0(0) 0(0)
03(03'): x 0.1528 0.1838 0.4338(0.9338) 0.4338(0.9338) 0.4060 (0.9071)
y 0.4324 0.4324 0.4324(0.0676) 0.4324(0.0676) 0.4329 (0.0655)
z 1/2 1/2 1/2(1/2) 1/2(1/2) 1/2(1/2)
04(04'): x 0.3973 0.3973 0.6473(0.1473) 0.6473(0.1473) 0.6477 (0.1459)
y 0.2062 0.2062 0.1911(0.3067) 0.1911(0.3043) 0.2077 (0.2919)
z 0.2483 0.2550 0.2550(0.7450) 0.2550(0.7450) 0.2438 (0.7579)

# Magnetic ordering and elimination of dipole moments of Mn1Og octahedra.

b Spontaneous polarization along the b axis accompanied by the Mn2, Mn2', 04 and 04’ ion displacements.

¢ Spontaneous polarization along the b axis accompanied by the O1, 04 and O4’ ion displacements.

4 Coordinates of all TbMn,Os atoms from [7, 8] are displaced by 1/4 along the x axis to preserve the structural motif.

Aside from two O2 ions, the J1 coupling space contains four
04 ions which initiate the emerging of slight contributions to
the FM component of this interaction, since they are removed
from the middle of the Mnl-Mnl straight line to the Mnl
ions. Moreover, the O4 ions are located near the boundary
of the interaction space (the critical position ‘a’) and, in the
case of their displacement perpendicular to the chain (along
the b axis) by as little as 0.01-0.02 A from the line Mnl—
Mnl, they leave the boundaries and cannot participate in the
J 1 coupling formation. However, the O4 ions have a leading
role in coupling with the second (J), third (J3) and fourth (Jy)
neighbors in the linear chain along the ¢ axis, since they appear
in the central one-third of these interaction spaces.

The J, couplings are ferromagnetic and weaker than the
AF J1 couplings (the ratio J,/J1 is equal to —0.47 (—0.44
and —0.44) in Tb(Bi-RT and Bi-LT) systems), since the
04 ions reduce the comparatively large AF contribution jyy
vt = —0.033(=0.032 and —0.032) A~ in Tb(Bi-RT
and Bi-LT) systems) of the intermediate Mnl ion and small
AF contributions of the two intermediate ions O2 and O3.
However, in the case of the O4 ions leaving the interaction
space the J, couplings will undergo the phase transition

FM — AF (J,/J1 = 0.66) and compete with the J1 and J2
couplings.

The J3 and J3 couplings between the third neighbors in
the chain are not equivalent (tables 3 and 4; figure 2(d)). The
J3 coupling is very weak (J3/J1 = 0.04), belongs to the
AF type and does not compete with the nearest couplings of
the chain. Alternatively, the J3 coupling is of the FM type
(Jy/J1 = —0.47 (—45 and —45) in Tb(Bi-RT and Bi-LT)
systems) and competes with the nearest J 1 and J2 couplings.
However, in the local space of the J3 and J3 couplings the
locations of the O4 ions providing the highest contribution to
the FM component of these interactions are critical in regard
to displacements in two directions: perpendicular (critical
position ‘a’) and parallel (critical position ‘c’) to the chain.
Removal of the O4 ions beyond the interaction space boundary
at slight displacement (by 0.02 A) along the b axis increases
the strength of the AF Js coupling (J3/J1 = 0.27(0.28)),
transforms the J3 coupling from the FM type to the AF type
(Jy/J1 = 0.75 (0.72 and 0.072) in Tb(Bi—RT and Bi-LT)
systems) and, thus, eliminates its competition with the nearest-
neighbor interactions. Significant changes in the J; and J3
couplings at slight displacements of the O4 ions in parallel
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Table 2. Structural parameters, bond distances and bond valences of Mn1 and Mn2 ions (Vyn1, Vmn2) in BiMn;Os.

BiMn, 05 Munoz [36] Granado [11] M-DO?* model P-Mn2° model P-O1¢ model
Space group Pbam Pbam Pbam Pb2ym Pb2ym
a (A) 7.5608 7.54116 7.54116 7.54116 7.54116
bA) 8.5330 8.52994 8.52994 8.52994 8.52994
c(A) 5.7607 5.75437 5.75437 5.754 37 5.75437
Mn**tOg Mnl Mnl Mnl Mnl Mnl
Mnl-02(x2) (A)  1.968 1.961 2.047 2.047 2.047
Mnl-03(x2) (A) 1.870 1.872 2.047 2.047 2.047
Mnl1-04(x2) (A) 1910 1.922 1.922 1.765(04); 1.818(04") 1.765(04); 1.864(04")
Viinl 3.88 3.86 3.07 3.61 3.52
Mn3+Os Mn2 Mn2 Mn2 Mn2 Mn?2' Mn2 Mn?2'’
Mn2-01(x2) (A)  1.899 1.897 1.897 1.894(01) 1.961(01) 1.894(01) 1.961(01)
Mn2-03(x1) (A)  2.085 2.086 1.820 1.803(03) 1.838(03") 1.820(03) 1.820(03")
Mn2-04(x2) (A)  1.929 1.916 1.916 2.075(04) 1.952(04) 2.038(04) 1.952(04))
Va2 3.06 3.11 3.54 3.14 3.16 3.19 3.20
Mnl: x 1/2 1/2 1/2 0.7500 0.7500
y 0 0 0 0.0000 0.0000
z 0.2613 0.2596 0.2596 0.2596 0.2596
Mn2(Mn2'): x 0.4074 0.40755 0.40755 0.65755(0.157 55) 0.65755(0.157 55)
y 0.3516 0.35091 0.35091 0.35691(0.15509) 0.35091(0.14909)
z 1/2 1/2 1/2 1/2(1/2) 1/2(1/2)
Ol: x 0 0 0 0.2500 0.2500
y 0 0 0 0.0000 —0.0060
z 0.2866 0.2876 0.2876 0.2795 0.2795
02(02'): x 0.1553 0.1567 0.1750 0.4250(0.9250) 0.4250(0.9250)
y 0.4440 0.4453 0.4453 0.4453(0.0547) 0.4453(0.0547)
z 0 0 0 0(0) 0(0)
03(03'): x 0.1440 0.1437 0.1809 0.4309(0.9309) 0.4309(0.9309)
y 0.4241 0.4243 0.4243 0.4243(0.0757) 0.4243(0.0757)
z 1/2 1/2 1/2 1/2(1/2) 1/2(1/2)
04(04'): x 0.3856 0.3866 0.3866 0.6366(0.1366) 0.6366(0.1366)
y 0.1995 0.2018 0.2018 0.1810(0.3120) 0.1810(0.3059)
z 0.2539 0.2525 0.2525 0.2525(0.7455) 0.2525(0.7455)

# Magnetic ordering and elimination of dipole moments of Mn1Og octahedra.
b Spontaneous polarization along the b axis accompanied by the Mn2, Mn2', 04 and 04’ ion displacements.
¢ Spontaneous polarization along the b axis accompanied by the O1, 04 and O4’ ion displacements.

to the chain result from the fact that these ions are located
near (I’/ approximately equal 2) the boundary of the central
one-third part of the local space of these interactions. In
the J3 coupling the O4 ions are located beyond, while in
the J3 coupling they are located inside, the central part of
the interaction space. The displacement (by 0.02(0.04) A in
Tb(Bi) systems) of the O4 ions into the central part of the J3
coupling and the accompanying removal of these ions from the
central part of the J3 coupling result in the transition of the
J3 coupling into the FM state (J3/J1 = —1.13 (—1.02 and
—1.04) in Tb(Bi—RT and Bi-LT) systems) and the J3 coupling
into the AF state (J3/J1 = 0.57(0.51) in Tb(Bi) systems). In
this case there is still competition in the chain, but exclusively
due to the J3 couplings.

The J4 coupling strength attains zero (J4/J1 = 0 (0 and
—0.02) in Tb(Bi—-RT and Bi-LT) systems), since the sum of
contributions of three intermediate Mnl ions, four O2 ions
and two O3 ions to the AF component of the interaction
is approximately equal to the sum of eight O4 ions to the
interaction FM component. In Tb and Bi-HT systems these
contributions eliminate each other while in the Bi—RT system
the FM contribution is slightly higher than the AF contribution.
However, in the case of slight displacement of the O4 ions from

the line -Mn1-Mnl- beyond the boundary of the interaction
space the J4 coupling will be transformed into a comparatively
strong AF coupling (J4/J1 = 0.36-0.40) and compete with
the nearest couplings in the chain.

The AF intra-dimer J5 coupling is formed under the effect
of two intermediate O1 ions localized in the center between the
Mn2 ions (I'/1 = 1) at a distance 7(O1) = 1.300(1.229 and
1.222) A from the O1 ion center to the straight line Mn2—Mn2.
Each O1 ion contributes —0.025(—0.041 and —0.042) A
to the emerging of the AF component of the J5 coupling in
Tb(Bi-RT and Bi-LT) systems. As a result, the J5 coupling
in the Tb system is markedly weaker (J5T/J5B-HT = 0.61,
J5T/ J5B-LT = (0.59) than in the Bi system. The O1 ions are
located in the critical position ‘b’ and could control the strength
and sign of the J5 coupling. The intra-dimer coupling could
disappear, if 4(O1) increases up to 1.40 A, or changes the sign
to the opposite, if #(O1) surpasses this value.

In the ab plane (figures 2(a), 3(a) and (b)) the linear
chains -Mn1-Mn1- and dimers Mn2-Mn2 are coupled by the
strong AF J3 (along the b axis) and J4 (along the a axis)
couplings (J1 = 0.7(0.8)J2 = 1.1(0.7)J5 = 0.7(0.8)J3 =
0.6(0.7)J4 in the Tb(Bi) system). The J3 coupling emerges
mainly under the effect of one intermediate 