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Abstract—The indirect-coupling model is used to analyze the exchange magnetic structure of PbsMn,;0 s in

the hexagonal setting. The ratios of manganese ions Mn*"/Mn3" in each nonequivalent position are deter-
mined. Pb;(Mng 95Geg o5)7,015 and Pb3(Mn ¢5Gay ¢5);05 single crystals are grown by the solution—melt
method in order to test the validity of the proposed model. The structural and magnetic properties of the sin-
gle crystals are studied. The magnetic properties of the grown single crystals are compared with those of nom-

inally pure Pb;Mn;0;s.
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1. INTRODUCTION

Among the oxide compounds, manganites with the
variable valence of manganese ions have been interest-
ing and challenging objects over several decades. A
rich set of their physical properties caused by charge,
spin, and orbital degrees of freedom and the possibility
of controlling these properties make these materials
promising for both a fundamental investigation and a
wide practical application [1].

Manganites with a perovskite structure R, _ ,A MnO;
(R = rare-earth metal, A = Ca, Sr, Ba, Pb) are mainly
studied in a systematic manner. The diverse unusual
physical phenomena detected in impurity-containing
perovskite manganites, the mechanisms of which are
still poorly understood, stimulate an active search and
investigation of other oxide families, which contain
manganese ions in a mixed valence state and have no
perovskite structure.

The compound Pb;Mn;0 s, which contains man-
ganese ions having various oxidation levels, has been
extensively studied in recent years. Its thermodynamic
[2, 3], dielectric [4], and structural [5, 6] properties
have recently been investigated. Specific feature were
detected in the temperature dependence of magneti-
zationat 7, =160 K, 7,=70 K, and 73 =25 K [2], and
they agree well with the anomalies in the temperature
dependence of heat capacity [3]. A cluster-type order
with a characteristic broad peak in the temperature
dependence of magnetization is considered to take
place at temperature 7, a long-range magnetic order

appears in the system at 7,, and a spin-reorientation
transition occurs at 7;3;. When the temperature
decreases in the range 150—210 K, charge ordering
takes place, which is indicated by the anomalies in the
temperature dependences of complex permittivity [4].

The structural studies [5] performed on a synchro-
tron in the temperature range 15—295 K showed that
Pb;Mn;0 5 has an orthorhombic structure with space
group Pnma. It was found later [6] that, upon heating,
the orthorhombic structure of space group Pnma,
which exists at room temperature, transforms first into
a spatially modulated structure (at 7, = 400 K) and,
then (at 7,, = 560 K), into a hexagonal structure with
space group P6,/mcm. As was shown in [7], the hexag-
onal—orthorhombic transition occurs due to orbital
and charge ordering when temperature decreases.

Despite numerous works dealing with this com-
pound, its magnetic structure is still poorly under-
stood. Unfortunately, this magnetic structure has not
been studied by neutron diffraction. However, even
such studies will be performed, identification will
require much efforts. The unit cell of the orthorhom-
bic Pnma phase has eight formula units and manga-
nese ions are located at nine nonequivalent sites.
Moreover, the magnetic structure undergoes geomet-
ric frustrations and, hence, should be complex.

The growth of Pb;Mn;0,5 crystals with the addi-
tion of various magnetic ions leads to a substantial
change in their transport, magnetic, and structural
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properties. For example, the magnetic properties
change substantially when iron ions substitute for
manganese ions in Pb;(Mn, _ ,Fe ),0,5 at a doping
level x > 0.1 [8]. The broad peak at 7T; = 160 K disap-
pears, a long-range magnetic order does not appear,
and the temperature dependences of magnetization at
low temperatures demonstrate signs of spin glass with
a characteristic divergence of magnetization under
various cooling conditions (with and without a mag-
netic field). In contrast to Pb;Mn,O,5 samples (where
hysteretic magnetization curves are only observed for
an in-plane magnetic field), the field dependences of
samples with x > 0.1 have the same shape irrespective
of the direction of an applied magnetic field; that is,
the magnetic characteristics of these samples have an
isotropic character. The solidified phase has a hexago-
nal system and space group P6;/mcm [8].

Similar behavior was observed when 44 Rh3" ions
substitute for manganese ions [9]. The corresponding
crystal structure also has space group P6;/mcm and
the magnetic order in Pb;(Mn, _ ,Rh,),0,5 disappears
at a doping level x > 0.5.

Another situation is observed when nickel ions sub-
stitute for manganese ions. The crystal structure also
changes in Pb;Mn;;sNi; sO,5s. This compound has
space group P3cl. The magnetic ordering temperature
changes weakly (7, = 65 K) but the broad peak in the
temperature dependence of magnetization at 7, =
160 K disappears [10].

Obviously, doping of Pb;Mn;0,; by magnetic ions
leads to the following two effects. First, the integrals of
exchange interactions between magnetic ions change
because of spatial deformations; second, the ratio of
manganese ions Mn3"/Mn*" can change, which
should result in more substantial complication of the
magnetic structure.

Thus, the purpose of this work is to study the
sequential substitution of nonmagnetic ions Ga** and
Ge** for manganese ions to clarify the exchange mag-
netic structure of Pb;Mn,Os. This type of substitution
makes it possible to partly exclude first Mn>* ions and
then Mn*" ions from consideration.

2. EXPERIMENTAL

Manganite Pb;(Mn, 4sGay y5);045 and
Pb;(Mn, 4sGe, y5);0;5 single crystals were grown by
solidification from a molten solution. As the solution,
we used PbO, which is known as an effective solvent
for many oxide compounds and makes it possible to
avoid the incorporation of uncontrollable impurities
into the lattice matrix. The synthesis of the single crys-
tals started from heating of a mixture of oxides PbO,
Mn,0;, and Ga,0; (GeO,) in a platinum crucible to a
temperature 7= 1000°C in 4 h. The crucible was then
slowly cooled to 900°C at a rate of 2 K/h. The furnace
was then turned off and cooled to room temperature.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

793

The grown single crystals were mechanically removed
and had the shape of black hexagonal plates 20 mm in
diameter and about 1 mm in thickness.

X-ray diffraction (XRD) experiments were carried
out on a single-crystal Bruker x8 APEXII diffractom-
eter using monochromatized MoK, radiation (A =
0.7106 A) at room temperature.

The magnetic properties of the grown single crys-
tals were measured on a PPMS-9 (QuantumDesign)
vibrating-sample magnetometer in the temperature
range 4.2—300 K and magnetic fields up to 9 T.

3. EXPERIMENTAL RESULTS
3. 1. Structural Properties

XRD experiments were performed on Pb;Mn;O s,
Pb;Mn,0,5:Ga’*", and Pb;Mn,0,5:Ge**. The orienta-
tion matrix and the unit cell parameters were deter-
mined using all strong (/ > 26(/)) lines. The unit cells
corresponded to the orthorhombic system of space
group Pnma, as was detected earlier [6]. The main
crystallographic characteristics and the experimental
parameters are given in Table 1, and the atomic coor-
dinates are presented in Table 2.

An experimental model was directly searched for
using the SHELXS software package by a direct
method [11]. As a result, the coordinates of all atoms
were found. The obtained structural model was
refined by the least squares method using the
SHELXL97 software package.

Since the proposed concentration of Ge*" ions in
Pb;Mn,0,5:Ge** or Ga*" in Pb;Mn,0,5:Ga’" is low, it
would be very unstable to refine the position occu-
pancy for nine independent Mn atoms. Therefore, the
presence of Ge*" and Ga>* was not taken into account in
the model. Since the ionic radii IR(Ge**, CN = 6) =
0.53 A and IR(Mn**, CN = 6) = 0.53 A are identical
and the ionic radii IR(Ga**, CN = 6) = 0.62 A and
IR(Mn3*, CN = 6) = 0.58—0.645 A are very close to
each other [12], an analysis of the d(Mn—0) bond
lengths also cannot help us to find the positions of ions
Ge** and Ga®" in the structure. Nevertheless, we can
assume that Ge** is most likely to substitute for Mn**
rather than Mn?*, since the excess positive charge has
to be compensated by vacancies in the latter case for
the total charge of the cell to be zero. A similar situa-
tion takes place with Ga**, which should predomi-
nantly occupy the positions of Mn3* rather than Mn**.

To find the positions to be occupied by the Mn3*
and Mn*" ijons in the Pb;Mn;0;:Ge*" and
Pb;Mn,0,5:Ga*" compounds, we calculated the aver-
age d(Mn—O) bond lengths for each position
(Figs. 1a, 1b) and the sum of the valence forces
(Figs. 1c, 1d) using the tabulated data from [13].
According to these data, we can state that the structure
has a least twp positions (Mn2, Mn3) predominantly
Vol. 124
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Table 1. Basic crystallographic characteristics and experimental parameters
Crystallographic data

Compound Pb;Mn;0;5 Pb;Mn;0,5:Ge*" Pb;Mn,0,5:Ga**
Space group, Z Prnma, 8 Pnma, 8 Pnma, 8

a, A 13.610 (1) 13.6115 (9) 13.6006 (3)
b, A 17.325 (1) 17.350 (1) 17.3368 (4)
c, A 10.0290 (8) 10.0172 (6) 10.0118 (3)
v, A3 2364.7 (3) 2365.7 (3) 2360.7 (1)
D,, mg/m3 7.001 6.998 7.012

w, mm™! 49.842 49.821 49.927

Data acquisition parameters

Data acquisition parameters 8552 43215 25171
Number of independent reflections, N, 4417 4860 3856
Number of reflections with 7> 26(1), N, 3340 3653 2895

With allowance for absorption Multiscanning

Ry 0.0276 0.0386 0.0773

20,10x 65.16° 69.09° 62.07°

-20 — 20, -20 — 17, —-16 — 19,
H K, L —-26 — 26, 27 — 22, -24 — 25,
—-15->15 -15—>14 —-14 > 14
Refined results
R [for N, reflections] 0.0839 0.0891 0.0736
R [for N reflections] 0.1042 0.1088 0.0921

occupied by Mn?*" ions and three positions (Mnl,
Mn6, Mn7) predominantly occupied by Mn*" ions.
The other four positions (Mn4, Mn5, Mn8, Mn9) are
most likely to be occupied by both ions. Since Ge**
ions were assumed to substitute for Mn** ions, they
should be mainly located in layers (Fig. 1e). In con-
trast Ga** ions should be predominantly located in
columns between the layers (Fig. 1f).

3.2. Magnetic Properties

As follows from the XRD data, the addition of Ga3*
and Ge*" ions to Pb;Mn,0,s weakly changes the initial
structure. Therefore, all manganese ions Mn** and
Mn*" are assumed to be retained at the same positions
as before substitution except for the ions displaced by
gallium and germanium ions.

Figure 2 shows the temperature dependences of the
magnetizations of the Pb;(Mn,q¢5Gegs);0;5 and
Pb;(Mn, 4sGay y5);0,5 single crystals in comparison
with Pb;Mn,0,5. The measurements were performed
upon cooling in a magnetic field B = 0.05 T directed
along axis a (normal to the layers of oxygen octahedra
(Fig. 1)) and in plane bc.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

The temperature dependence of the magnetization
of Pb;Mn,0O ;s has a small strongly broadened peak at
T, = 160 K when temperature decreases (Fig. 2a,
inset). The nature of this anomaly is still poorly under-
stood, and it is likely to be related to the appearance of
cluster ordering. When temperature decreases further,
a long-range magnetic order with a weak spontaneous
magnetic moment lying in the crystal plane appears in
the system at 7, = 72 K (the maximum magnetic
moment is seen to be 0.14ug/formula unit at 7 =
4.2 K; see Fig. 2a). A spin-reorientation transition is
likely to occur at T; = 25 K; however, its nature is
beyond the scope of this investigation. The paramag-
netic Curie temperature determined from the inverse
dependence of susceptibility is 6 = —590 K, and the
effective magnetic moment is 13.3uz/formula unit [2].
The theoretically calculated moment (11.9ug/formula
unit provided g; = 2) is slightly lower than the experi-
mental value. Table 3 gives the parameters determined
from the temperature dependence of the magnetic
susceptibility for Pb;Mn;0;s, and the parameters for
Pb;(Mn 95Ge 05)7015 and Pby(Mny 9sGa 95);0,5 were
found with allowance for the Curie—Weiss law.

Figure 3 shows the isothermal magnetization
curves of Pb;Mn,;O,s recorded at various tempera-

Vol. 124 No. 5 2017



Table 2. Atomic coordinates and isotropic/equivalent thermal parameters

ANALYSIS OF THE EXCHANGE MAGNETIC STRUCTURE

795

%

Atom X y z Uiso/ Ueq
PbsMn,O s
Pbl 0.24319 (8) 0.25 0.3571 (1) 0.0128 (3)
Pb2 0.2319 (1) 0.25 0.0114 (1) 0.0158 (3)
Pb3 0.24375 (6) 0.38203 (5) 0.6124 (1) 0.0144 (3)
Pb4 0.25057 (5) 0.44395 (5) —0.0592 (1) 0.0134 (3)
Mnl —0.0066 (3) 0.25 —0.2463 (5) 0.0111 (9)
Mn2 0.3490 (2) 0.4171 (2) 0.2452 (3) 0.0062 (6)
Mn3 0.1433 (2) 0.4168 (2) 0.2494 (3) 0.0058 (6)
Mn4 0.4902 (3) 0.25 0.2416 (4) 0.0076 (8)
Mn5 0.5 0.5 0 0.0076 (8)
Mn6 —0.0074 (2) 0.3338 (2) 0.5013 (3) 0.0070 (6)
Mn7 0 0.5 0 0.0081 (8)
Mn8 0.50248 (19) 0.5814 (2) 0.2533 (3) 0.0074 (6)
Mn9 0.0077 (3) 0.6648 (2) 0.0083 (3) 0.0083 (6)
o1 0.066 (1) 0.25 ~0.414 (2) 0.002 (3)*
02 —0.087 (1) 0.4130 (9) 0.429 (2) 0.013 (3)*
03 0.416 (2) 0.25 0.072 (2) 0.009 (4)*
04 0.430 (1) 0.589 (1) 0.081 (2) 0.015 (3)*
05 0.079 (1) 0.584 (1) 0.076 (2) 0.019 (4)*
06 0.424 (1) 0.509 (1) 0.344 (2) 0.015 (3)*
o7 —0.079 (2) 0.25 —0.083 (2) 0.009 (4)*
08 0.076 (1) 0.418 (1) 0.077 (2) 0.016 (3)*
09 0.568 (1) 0.3261 (8) 0.154 (2) 0.008 (3)*
010 0.412 (1) 0.3288 (9) 0.328 (2) 0.013 (3)*
o1l —0.081 (1) 0.3317 (9) 0.672 (2) 0.009 (3)*
o 0.579 (1) 0.505 (1) 0.167 (2) 0.016 (3)*
013 0.072 (1) 0.329 (1) —0.172 (2) 0.018 (3)*
014 0.2472 (8) 0.4246 (9) 0.401 (2) 0.004 (2)*
015 0.233 (1) 0.336 (1) 0.184 (2) 0.016 (3)*
016 0.257 (1) 0.493 (1) 0.164 (2) 0.010 (3)*
017 ~0.064 (2) 0.75 ~0.087 (2) 0.013 (4)*
Pb;Mn;0,5:Ge**
Pbl 0.2452 (1) 0.25 0.3615 (1) 0.0146 (3)
Pb2 0.2397 (1) 0.25 0.0149 (1) 0.0180 (3)
Pb3 0.24513 (8) 0.38272 (6) 0.6170 (1) 0.0207 (3)
Pb4 0.25034 (7) 0.44419 (6) —0.0558 (1) 0.0154 (3)
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 124 No.5 2017
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Atom x y 2 Useo/ Usq
Mnl ~0.0047 (4) 0.25 20.2477 (5) 0.0109 (9)
Mn2 0.3508 (2) 0.4168 (2) 0.2485 (4) 0.0076 (6)
Mn3 0.1445 (2) 0.4165 (2) 0.2513 (3) 0.0066 (6)
Mnd 0.4947 (3) 0.25 0.2455 (5) 0.0072 (8)
Mn3 0.5 0.5 0 0.0088 (8)
Mn6 —0.0048 (3) 0.3338 (2) 0.4997 (4) 0.0092 (6)
Mn7 0 0.5 0 0.0084 (8)
MnS8 0.5020 (2) 0.5813 (2) 0.2523 (3) 0.0109 (6)
Mn9 0.0052 (3) 0.6652 (2) —0.0057 (4) 0.0103 (6)
o1 0.068 (2) 0.25 —0.412 3) 0.018 (5)*
02 —0.083 (1) 0.415 (1) 0.428 (2) 0.015 (3)*
03 0.420 (2) 0.25 0.076 (3) 0.019 (5)*
04 0.431 (1) 0.585 (1) 0.084 (2) 0.017 (3)*
05 0.075 (2) 0.581 (1) 0.081 (2) 0.020 (4)*
06 0.423 (1) 0.507 (1) 0.338 (2) 0.016 (3)*
07 —0.080 (2) 0.25 —0.084 (3) 0.022 (6)*
08 0.077 (1) 0.418 (1) 0.074 (2) 0.014 (3)*
09 0.571 (1) 0.328 (1) 0.157 (2) 0.013 (3)*
010 0.416 (1) 0.329 (1) 0.334(2) 0.016 (3)*
oll —0.079 (1) 0.332 (1) 0.670 (2) 0.015 (3)*
on 0.580 (2) 0.504 (1) 0.166 (2) 0.018 (4)*
o1 0.072 (2) 0.331 (1) —0.168 (2) 0.018 (4)*
Ol14 0.248 (1) 0.424 (1) 0.403 (2) 0.019 (4)*
o015 0.239 (1) 0.336 (1) 0.185 (2) 0.016 (3)*
ol6 0.255 (1) 0.490 (1) 0.165 (2) 0.017 (4)*
o17 —0.066 (2) 0.75 —0.085 (3) 0.019 (5)*
Pb;Mn;0,5:Ga’*
Pbl 0.24385 (9) 0.2500 0.35980 (12) 0.0141 (3)
Pb2 0.23600 (11) 0.2500 0.01351 (12) 0.0167 (3)
Pb3 0.24445 (7) 0.38239 (5) 0.61510 (9) 0.0170 (2)
Pb4 0.25054 (7) 0.44407 (5) —0.05718 (9) 0.0145 (2)
Mnl —0.0057 (3) 0.2500 —0.2468 (5) 0.0114 (9)
Mn2 0.3498 (2) 0.41688 (19) 0.2469 (3) 0.0074 (6)
Mn3 0.1443 (2) 0.41645 (18) 0.2505 (3) 0.0066 (6)
Mn4 0.4927 (3) 0.2500 0.2438 (5) 0.0077 (8)
Mn5 0.5000 0.5000 0.0000 0.0079 (8)
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 124  No. 5 2017
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Atom x y 2 Useo/ Ueg
Mn6 —0.0059 (2) 0.33363 (18) 0.5004 (3) 0.0077 (6)
Mn7 0.0000 0.5000 0.0000 0.0081 (8)
MnS8 0.5025 (2) 0.58136 (19) 0.2530 (3) 0.0087 (6)
Mn9 0.0066 (3) 0.66520 (18) ~0.0070 (3) 0.0094 (6)
o1 0.0670 (18) 0.2500 —0.411 (3) 0.015 (5)*
02 —0.0845 (12) 0.4142 (10) 0.4300 (18) 0.015 (3)*
03 0.4180 (18) 0.2500 0.074 (3) 0.015 (5)*
04 0.4304 (12) 0.5855 (10) 0.0823 (18) 0.016 (3)*
05 0.0775 (13) 0.5813 (11) 0.0792 (19) 0.019 (4)*
06 0.4216 (13) 0.5071 (10) 0.3403 (18) 0.017 (3)*
07 —0.080 (2) 0.2500 —0.084 (3) 0.022 (5)*
08 0.0761 (12) 0.4182 (10) 0.0751 (18) 0.015 (3)*
09 0.5715 (12) 0.3266 (10) 0.1545 (17) 0.013 (3)*
010 0.4138 (12) 0.3284 (10) 0.3319 (17) 0.014 (3)*
o1l —0.0772 (13) 0.3340 (10) 0.6714 (18) 0.016 (3)*
on 0.5810 (13) 0.5033 (10) 0.1681 (19) 0.018 (4)*
013 0.0680 (13) 0.3319 (10) —0.1674 (19) 0.018 (3)*
ol4 0.2470 (12) 0.4238 (11 0.4012 (19) 0.018 (4)*
015 0.2363 (12) 0.3360 (10) 0.1856 (17) 0.014 (3)*
016 0.2570 (12) 0.4894 (11) 0.1656 (19) 0.017 (3)*
o17 —0.0659 (18) 0.7500 ~0.087 (3) 0.017 (5)*

tures. Hysteresis curves for the direction B 1 a with a
coercive force of about 2 T at 7=4.2 K are visible. The
hysteresis disappears far from the Néel temperature: it
is very weak at 7 > 60 K. Up to 8 T, there is no ten-
dency toward saturation at any temperature. The field
dependence of magnetization is linear for the mag-
netic field direction B || a.

The substitution of germanium Ge*" ions for man-
ganese Mn*" ions at a low concentration only weakly
changes the magnetic properties. The effective mag-

Table 3. Magnetic parameters of the single crystals

netic moment and the Néel temperature decrease
weakly (Fig. 2b), and the paramagnetic Curie tem-
perature decreases by a factor of 1.5 (Table 3). The
strongly broadened peak at 7, = 160 K in the tempera-
ture dependence is also observed (inset to Fig. 2b).
The magnetization curves differ weakly from the
curves of the unsubstituted composition. We can only
note that the field dependences of magnetization for
the direction B || a ceased to be linear and that the hys-
teresis for the direction B L a takes place up to the
magnetic ordering temperature (Fig. 4).

The magnetic properties of Pb;Mn;O,; change
more substantially when gallium Ga®" ions substitute

TN K| 6, K Hefrs | Meheors for manganese Mn>* ions even at a low concentration.
Hp U The Néel temperature decreases by 10 K and the para-
Pb;Mn,O s 7 590 | 133 1.9 magnetic Curie temperature almost halves as com-

Pb3(Mn0_95GCO.95)7015 70 —380 12 11.7
Pb3(Mn0'95GaO'95)7015 62 _290 113 115

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

pared to nominally pure Pb;Mn;O,5; (Table 3). The
broad peak at 7) = 160 K in the temperature depen-
dence of magnetization disappears (inset to Fig. 2c).
A magnetic field component appears along axis a in

Vol. 124 No.5 2017
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Fig. 1. (Color online) Average bond lengths d(Mn—O) for each position in (a) Pb3Mn7015:Ge4+ and (b) Pb3Mn7015:Ga3+.
(c, d) The calculated sums of valence forces demonstrate the presence of two positions occupied by Mn3* ijons (short blue rect-
angles), three positions occupied by Mn*t (high red rectangles), and other mixed Mn3+/Mn4+ positions (hatched rectangles).
Correspondingly, the Ge*'ionsin Pb3Mn7015:Ge4+ predominantly occupy the positions in layers (e) and the Ga>" ions occupy

the positions in the columns between the layers (f).

weak magnetic fields, and we cannot now state unam-
biguously that the magnetic moment lies in the bc plane
(Fig. 2¢). The hysteresis in the field dependences of mag-
netization of Pb;Mn;0,5 and Pb;(Mn, 45Ge;5),0;5 is
absent for Pb;(Mng¢sGags),0,5 (Fig. 5). The field
dependences measured in the directions B L a and
B| a became close in shape and value; that is, the
addition of 5 wt % Ga** leads to a significant transfor-
mation of the magnetic properties of Pb;Mn;0s.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

To interpret these results, it is necessary to take into
account that the crystal structure of Pb;Mn;0 s has a
well-pronounced layered character. The manganese
ions located in an octahedral oxygen environment
form layers in the bc plane, which are connected by
bridges consisting of two oxygen octahedra (Fig. 1).
If a nonmagnetic ion is incorporated in such a column
(bridge) instead of a manganese ion, the exchange
coupling between the layers should be broken. In turn,
Vol. 124
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Fig. 2. Temperature dependences of magnetization
recorded upon cooling in a magnetic field B = 0.05 T for
(a) Pb3Mn7015, (b) Pb3(Mn0‘95Ge()‘05)7015, and
(c) Pb3(Mn 95Gag (5)70;5. (solid circles) Magnetic field
lying in the bc plane and (open circles) magnetic field lying
along the a axis. (inset) Enlarged curves.

this break should result in a decrease in the magnetic
order parameter (which is equivalent to a decrease
in Ty) and the exchange interaction (which is deter-
mined by paramagnetic Curie temperature 6) and
should change the magnetic anisotropy upon chang-
ing the local symmetry of an electric field. Of course,
these changes could manifest themselves when a
nonmagnetic ion is placed in the bc plane; however,
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Fig. 3. Field dependences of magnetization for

Pb3;Mn;05 and the orientations B L a and B || a at various
temperatures.

a break in the exchange coupling in the columns
would result in a higher effect. Based on the results
presented above, we can draw an unambiguous con-
clusion that the columns only have manganese ions
in the trivalent state (Mn3") substituted by gallium
Ga’* ions. Ge*' ions substitute for the Mn*" ions
located in the bc layers.

4. DISCUSSION OF RESULTS

Before analyzing the exchange magnetic structure
of Pb;Mn,0,5, we use the following assumptions.
As noted above, a Pb;Mn,0,5 crystal has orthorhom-
bic symmetry Pnma at room temperature or below,
manganese ions are situated in nine nonequivalent
positions, and the unit cell has 56 manganese ions
(eight formula units) [5]. This structure differs from
the hexagonal P6;/mcm structure only in small dis-
placements of cations and anions [6]. The integral of
cation—cation exchange interaction (its sign and
value) is mainly determined by the occupancy of indi-
vidual orbitals. Here, the interionic distances and the
bond angles play only a minor role: they only weakly
change the integral and do not change the initial mag-
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Fig. 4. Field dependences of magnetization for
Pb3(Mny 95Ge o5)70,5 and the orientations B Laand B ||
a at various temperatures.

netic structure. Therefore, we analyzed the magnetic
state of Pb;Mn,O5 using the hexagonal P6./mcm
structure (four formula unit), which is simpler for
analysis and is inherent in this compound at a tem-
perature above 560 K. In this case, the nonequivalent
positions in the orthorhombic Pnma structure trans-
form into the nonequivalent positions in the hexago-
nal structure, as is shown in Fig. 4.

Figure 6 shows the image of the hexagonal
P6;/mem structure where only manganese ions are
depicted. Note that axis c is now preferred (instead of
axis a in space group Pnma) and plane ab is an easy
magnetization plane.

For a correct calculation, first of all we have to
determine the valences of the Mn ions in each non-
equivalent position. The problem seems to be nontriv-
ial, since, from a theoretical standpoint, Mn ions in
the Mn*" and Mn*" states or in a mixed valence state
can be located in any nonequivalent position. The
hexagonal packing of Pb;Mn,O,;5 has four nonequiva-
lent positions of manganese ions: positions Mn1(12i),
Mn3(6f), and Mn4(2b) are located in the ab planes
connected by the columns consisting of two oxygen
octahedra forming position Mn2(84) (Fig. 6) [2].
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Fig. 5. Field dependences of magnetization for

Pb3(Mny 95Gag 5)70,5 and the orientations B Laand B ||
a at various temperatures.

Using the data from [8] (where trivalent iron Fe?" ions
were shown to occupy positions Mn1(12i), Mn2(8#4),
and Mn3(6f)), we assumed that Mn3" ions occupy
these positions as well. The presence of Jahn—Teller
Mn?* ions in these positions should distort the oxygen
octahedra containing these ions, which basically fol-
lows from the crystallographic data [6]. In contrast,
Mn*" ions should an almost ideal oxygen octahedron
around them. Such octahedra are characteristic of
position Mn4(2b). The distribution of Mn ions of dif-
ferent valences over different nonequivalent positions
was described by Kimber [7], who used the empirical
method of summing valence forces. Based on the data
described above and the results from [7, 8], we chose
the following model: positions Mn1(12/) and Mn3(6f)
contain both Mn** and Mn** ions; position Mn4(2b),
which has an ideal oxygen octahedron, contains Mn**
ions; and the most strongly distorted oxygen octahe-
dron of position Mn2(84) has Mn*' ions. This
assumption agrees fully with the results of our mag-
netic investigations performed on substituted
Pb;Mn,0,5 compositions. As a result, the final for-
mula for Pb;Mn;Os in the hexagonal representation
per formula unit can be written as
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Pb;[Mnl;Mnl;’ . Mn2;"Mn3,"Mn3/%_ Mn4510,s, (1)

where x and y are connected by the relationx =2 — y
(with allowance for the electroneutrality of the for-
mula). As follows from [8], the number of Mn>* ions
should be at least higher than one-fourth of the total
number of Mn ions in position Mn3(6f) (since at least
one-fourth in this position is occupied by Fe** ions in
the Pb;(Mng¢sFe;5)05 compound) or y > 0.375.
Thus, y can change in the range {0.375, 1.5}; whence,
it follows that the ratio Mn*'/Mn** in position
Mn3(6f) can change in the range {3, 0}. x can change
in the range {1.625, 0.5}; that is, the ratio Mn**/Mn3*
in position Mnl(12/) can change in the range
{11/13, 5}.

The exchange interactions were estimated in terms
of the indirect coupling model [14—16]. This model
can be used to estimate the entire set of cation—cation
interactions in a crystal. In turn, the knowledge of the

Fig. 6. (Color online) Schematic image of the magnetic
structure of PbsMn;05. (red circles) Magnetic sublattices
1, 2, 3, and 4 correspond to position 127; (yellow circles)
sublattices 3 and 9, to 8f; (blue circles) 4 and 10, to 2b; and
(green circles) 5 and 6, to 84. The solid lines correspond to
the exchange interaction that determines the magnetic
structure, and the dashed lines correspond to a frustrated
exchange interaction. The dotted lines illustrate the unit
cell.
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exchange interactions makes it possible to predict a
magnetic structure and magnetic ordering tempera-
ture. We take into account only the interactions with
the nearest neighbors, i.e., the short Mn—O—Mn
bonds, and neglect the long Mn—O—B(Pb)—O—Mn
bonds. In this approximation, the magnetic system of
Pb;Mn,0 ;s is described by the following set of indirect
exchange parameters.

The parameters characterizing the
exchange interactions are as follows:

intralayer

Juah90) = —gc[2(b +o)U, —gbh} -5.9 K,
J14%a(90)
= —éc[(b+2c)(U3+U4) —%b(8J3+5J4)}:—4.7 K,

4

J321290) = —gc[2U3 —ngJ =-1.6 K,

J24,90) = -1 . [(‘g‘b+c)U4—§bJ4]=-7-9 K,
;56;;<9o> [ (5o +ejwsvuy
ﬂ “11K,
315’64/;(90) - [(§b+2c)(U3 +U,)

( J3 +J4):|:_7.3K,
J12ies 1 |: ( ) }_
90) = —L¢|2(2p+2¢)U, U ps, | = -10.3 K,
3a' 3a'( ) 9 3 3 3 3
Jia=54(90)
= —éc[(b + ) Us +U,) —%b(4J3 + J4)} = -8.6K,

7122 90) = —gc[cm —%‘b@} - 1.6 K.

The parameters characterizing the
exchange interactions are as follows:

i 4q(128)

interlayer

= ——(4 cU, _4y J2)|cosl28°| =-0.8 K,
16 3

J3at4a(128)
1{ 2 2.2 o _
—g(c u,+U,) —gb J3)|cosl28 |=-1.4 K,
i 4a(135)

= —éc((Sc +14b)U, — bJ )| cos1359 = —-15.4 K,
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Table 4. Correspondence between the nonequivalent positions in the orthorhombic Pnma and hexagonal P6;/mcm struc-
tures. The Mn ion coordinates in the P6s;/mcm structure were taken from the ICSD database (file 183992)

Pnma P63/mem

Atom Position Atom Position X y z

Mn6 8d Mnl 12i 0.8314(1) 0.1686(1) 1/2

Mn8 8d

Mn9 8d

Mn2 8d Mn2 8h 1/3 2/3 0.1468(2)

Mn3 8d

Mn4 4a Mn3 of 1/2 1/2 1/2

Mn5 4b

Mn7 4a

Mnl 4c Mn4 2b 0 0 0

Table 5. Parameters of the intersublattice interaction in Pb;Mn,0;
Zyp K
Mi(120)(S)=5/3 | M6 (S=11/6 | MyQd)(S)=3/2 | My8h)(Sp=2

M (12i) (S})=5/3 —6.91 —17.02 —3.93 -1
M5(6f) (S,) =11/6 —34.04 0 0 =3
M;(2d) (S3) =3/2 —23.6 0 0 0
My(8h) (Sy) =2 —3.6 —5.1 0 —15

Table 6. Exchange interactions in Pb;Mn;0 5. Ordering interactions are placed in bold type and frustrated interactions, in

italic type
i K n0.17T | n0.2T | no.3d | no.4l | no.57 | no.6! | no.7d | no.8L | n0.9T | no. 107
no. 1, T 0 —6.9 | —-17 -3.9 -12 0 0 0 0 0
no.2,T | —69 0 -17 -3.9 -1.2 0 0 0 0 0
no.3,1 | —34 —34 0 0 -3.4 0 0 0 0 0
no.4,1 | —23.6 | —23.6 0 0 0 0 0 0 0 0
no.5,T | —36 3.6 -5.1 0 0 -15.4 0 0 0 0
no. 6, 4 0 0 0 0 —-15.4 0 -3.6 —-3.6 -5.1 0
no. 7,4 0 0 0 0 0 —-1.2 0 —6.9 | —-17 -3.9
no. 8, 4 0 0 0 0 0 -1.2 —6.9 0 -17 -3.9
no.9, T 0 0 0 0 0 —34 | —34 —34 0 0
no. 10, T 0 0 0 0 0 0 -23.6 | —23.6 0 0
JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 124  No. 5 2017
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a4 (125)
- —l((c2 +21)2)U4 —lb2J4)|cos125°| - 2K,
4 9 3
T4 44(125)

= _é(cz(m +U,) —§b2J3)|cosl25°| =-1.1K.

In these formulas, the subscripts of the exchange
interaction integral mean the state of the electron shell
of interacting cations (4d for Mn3*, 3d for Mn**), and
the superscripts mean the positions occupied by them.
The indirect bond angles are given in the parentheses
near the integrals; b and c are the parameters of elec-
tron transport along ¢ and © bonds, respectively; U,
and U, are the energies of the ligand—cation electron
excitation; and J; and J, are the intraatomic exchange
integrals, respectively. As basic parameters, we took
the parameters that are characteristic of spinel-type
multisublattice oxide compounds [13],

b~0.02 Us;~9eV, Jya~2.2¢V,
¢c~0.0l, U,~85eV, J,~3eV.

In principle, knowing the intersublattice interactions,
we can calculate the Néel temperature. To estimate
the intersublattice interactions, we have to know the
distribution of cations of different valences over crys-
tallographic positions, i.e., x or y in Eq. (1). When
varying parameter y, we found that the calculated Néel
temperature was in agreement with the experimentally
determined temperature (7 = 72 K) at y = 1 (this
value falls in the determined range of possible values of
y {0.375, 1.5}). For simplification, we reduced the
number of magnetic sublattices to the number of crys-
tallographic sublattices. As a result, Eq. (1) for
Pb;Mn,O ;s can be written in the following form in the
hexagonal representation for the calculation per for-
mula unit:

Pb,[Mnl;*Mnl3 " Mn2; " Mn3;"Mn3;Mn4,5]0,s.(2)

It is seen that the Mn*"/Mn>* ratio is 2 : 1 for position
Mn1(12{) and 1 : 2 for position Mn3(6f). Table 5 pres-
ents the parameters of the intersublattice exchange
interactions for Pb;Mn,0O,5 with the manganese ion

distribution Mn**/Mn3* taken from Eq. (2).

Knowing the manganese ion distribution
Mn**/Mn*" in each nonequivalent position, we now
analyze the mole concentration structure of

Pb;Mn;0;s. To this end, we divide the magnetic ions
into sublattices (see Fig. 6). Sublattices 1, 2, 7, and 8
occupy position 12; sublattices 3 and 9, position 6f; 4
and 10, 2b; and 6, 84. Magnetic sublattices 1—4 are
located in one ab plane, sublattices 7—10 are located in
neighboring ab planes, and they differ only in the
opposite direction of the magnetic moment. We now
calculate the energies of the intersublattice exchange
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interactions by taking into account the numbers of
bonds and the position occupancy by Mn3* and Mn**
cations (Table 6). The ratios of these interactions can
be used to determine the mutual orientation of the
magnetic moments of various positions. These orien-
tations are indicated by arrows in the table.

All exchange interactions between cations are seen
to be antiferromagnetic. Note that strong geometric
frustrations explain the relatively low ordering tem-
perature (T = 72 K) in the presence of a strong
exchange interaction (6 = —590 K). The frustration
interactions are represented by the interactions
between magnetic sublattices 1 and 2 (7 and 8) and 1,
2,and 5 (7, 8, and 6). The other interactions determine
the magnetic structure of the compound.

The total magnetic moment per formula unit in the
ab plane with allowance for only the spin moment of

Mn ions (SMn3+ =2Ug, Syt = 3/2up) is calculated as
follows:

M e = (S, o +25,, 00)

plane

1 1 _ 3)
LIV +§SMn4+ +ESMM4+ = 3.

Thus, the magnetic structure of Pb;Mn,0,5 can be
interpreted as follows. The magnetic layers that con-
tain manganese ions in positions 127, 6f, and 2b are
connected to the same layers through columns, which
contain two manganese ions in position 84 and do not
interact with each other (sublattices 5, 6). Since the
exchange interaction between two neighboring man-

ganese ions in these positions is negative (J fﬁlzd), it is
obvious that the total magnetic moments of the neigh-
boring planes are antiparallel. Finally, we can state
that Pb;Mn-O s is antiferromagnetic with a frustrated
magnetic structure.

CONCLUSIONS

Pb3(Mng 95Geg5),015 and  Pb3(Mng sGayg 45)70;5
single crystals were grown using spontaneous solidifi-
cation from a molten solution. The lattice parameters
and the crystal structure of these single crystals were
determined by XRD. Both compounds have an ort-
horhombic structure with space group Pnma. The
magnetic properties of these single crystals were stud-
ied and compared with those of nominally pure
Pb;Mn,0s.

It was found that the substitution of germanium
Ge** jons for manganese Mn** ions at a low concen-
tration (5 at %) did not cause a substantial change in
the magnetic properties. The effective magnetic
moment and the Néel temperature slightly decreased,
and the strongly broadened in the temperature depen-
dence of magnetization at 7= 160 K was retained. The
magnetization curves differed slightly from the curves
of the unsubstituted composition.
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The substitution of Ga** ions for manganese Mn3*
ions at a concentration of 5 at % substantially changed
the magnetic properties. The Néel temperature
decreased by 10 K and the paramagnetic Curie tem-
perature almost halved. The broad peak at 7, = 160 K
in th eutectoid of magnetization disappeared and the
magnetic anisotropy changed substantially.

The indirect-coupling model was used to analyze
the exchange interactions in Pb;Mn,;0;5 in the hexag-
onal setting. Using this model, we were able to quali-
tatively explain the change in the magnetic properties
of a Pb;Mn;0; single crystal doped with gallium or
germanium ions. The radical change in the magnetic
structure in Pb;(Mng ¢sGa, (5),0,5 was found to be
mainly caused by the presence of gallium ions in posi-
tion 84, which leads to a break in the coupling of the
interplanar exchange interaction through the columns
connecting ferromagnetically ordered planes. The
ratios of manganese ions Mn**/Mn3** in each non-
equivalent position in Pb;Mn,0 5 were determined.
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