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Abstract—The Pb;Mn,0 5 crystals doped with titanium ions have been synthesized. The study of the struc-
tural properties has shown that titanium ions occupy positions in the interplane columns, which weakens the
exchange coupling between the planes. Two anomalies in the temperature dependences of magnetization and
heat capacity at 62 and 35 K have been found. It has been supposed that, at 62 K, the long-range magnetic
order arises and, at 35 K, a spin-reorientation transition, as in the Pb;Mn,0O5 compound, occurs.
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1. INTRODUCTION

The compounds containing one element in differ-
ent valence states attract close attention of researchers
due to their intriguing physical properties and applica-
tion potential. Such compounds are often met among
manganites, since manganese can be in different (2+,
3+, or 4+) valence states.

The compounds with a perovskite-like structure
are best studied; however, there are other families of
compounds containing manganese in different
valence states. Among them is Pb;Mn;Os [1—4].
Manganese is included in this compound in two
valence states, 3+ and 4+, in a ratio of 4 : 3. The struc-
ture of this compound has been discussed for a certain
period of time and, according to some data, was found
to be orthorhombic (Pnma) [2] and, according to
other data, hexagonal (P63/mcm) [3]. The main struc-
tural feature of this compound is the presence of
planes interconnected by columns (Fig. 1). Kimber et
al. [4] showed the occurrence of a structural phase
transition between the hexagonal and rhombic struc-
tures, which is caused by the charge and orbital order-
ings. Three anomalies were found in the magnetiza-
tion curves of the Pb;Mn;O,5s compound. The first
anomaly at 160 K is related to the cluster-type isotro-
pic ordering; the second, at 70 K, to the onset of a
long-range magnetic order; and, the third, at 20 K, to
the spin-reorientation transition [3]. Recently, the
magnetic structure of this compound was determined,
which appeared rather complex [5]. The magnetic
moments of manganese ions in different symmetry
positions are noncollinear.

Partial substitution of various magnetic and non-
magnetic ions for manganese ones significantly
changes the transport, magnetic, and structural prop-
erties. In particular, the Fe?" and Rh* inclusions sta-
bilize the hexagonal structure [6, 7]. The Ga’" and
Ge** inclusions stabilize the orthorhombic structure
[1]. The inclusion of nickel ions lowers the symmetry
to P3cl [8].

The magnetic properties significantly change upon
doping with iron by more than 10%: the system passes
to the spin-glass state and the long-range magnetic
order vanishes [6]. Upon nickel and gallium doping,
the transition at 160 K disappears and the long-range
magnetic order arises at 65 and 60 K, respectively [1,
8]. Germanium doping (5 at %) almost does not affect
the magnetic properties [1].

In this work, we report on the investigations of the
structural, magnetic, and thermal properties of the
Pb;Mn,0,5s compound doped with titanium ions.

2. EXPERIMENTAL

The investigated Pb;Mn, _ ,Ti,O5 (x = 0.05) single
crystals were grown by spontaneous crystallization
from flux. The presence of PbO in the composition
allowed us to use this oxide as a solvent. This made it
possible to avoid contamination of the crystals with
foreign impurities and to obtain high-quality crystals.
The initial components were high-quality PbO,
Mn,0;, and TiO, oxides taken in a desired ratio. The
component mixture was placed in a platinum crucible,
heated to 1000°C, and kept at this temperature for 4 h
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Fig. 1. Crystal structure of the Pb3(Mn,Ti);0;5 compound.

until the flux was completely homogenized. After that,
the crucible with the charge was cooled down to 900°C
at a rate of dT/dt = 2—5°C/h. Then, the furnace was
switched off and cooled down to room temperature.
Single crystals were mechanically withdrawn from the
crucible. The synthesized single crystals were plate-
like and had a smooth black surface. The plate sizes
were up to 2—4 mm.

3. STRUCTURAL PROPERTIES

The X-ray powder diffraction study was carried out
on a Bruker D8 ADVANCE diffractometer. The
experimental and lattice parameters are given in
Table 1. The coordinates of atoms and their distribu-
tion over positions are given in Table 2. Table 3 gives
the distances between the metal and oxygen ions.

We expected that titanium doping, similar to ger-
manium doping, would stabilize the orthorhombic
structure and titanium ions would replace manganese
ones in the planes [1]. However, in contrast to the case
of Pb;Mn,_ Ge O, substitution of titanium for
manganese led to the stabilization of the hexagonal
structure. Titanium ions occupied positions in col-
umns between the planes. In Pb;Mn,0,;, these posi-
tions are predominantly occupied by trivalent manga-
nese. Titanium ions can be included in the crystal in
both the tetra- and trivalent state. Tetravalent titanium
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ions are nonmagnetic, in contrast to trivalent tita-
nium. The valence state of an ion in a crystal is diffi-
cult to determine; meanwhile, the valence state of tita-
nium should noticeably affect the magnetic properties
of the compound under study.

Table 1. Parameters of the experiment and lattice parame-
ters of the Pb3(Mn,Ti);0,5 compound

M, = 1241 (4) Z=4
Hexagonal, P6;/mcm D,=6.978 Mg m3

a=10.0140 2) A CuKo, radiation, o. = 1.5406,
1.5443 A

T=300K

c=13.6034 (4) A
V'=1181.38 (6) A3

D8 ADVANCE Bruker
diffractometer

Scan method: step

Data collection mode: |20, = 8.00°, 20,,,, = 140.00°,

reflection 20, = 0.02°

R, =12.985 8250.4545 data points
R,,=4.129 Profile function: PearsonVII
Reyp = 1.602 Preferred orientation correction:
Rirage = 1.97 Anisotropic model of PO.

Spherical harmonics 2 order. [9]
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Table 2. Atomic coordinates and occupancies of the positions in the Pb;(Mn,Ti);0;5 compound

SOFRONOVA et al.

Atom X y Z B{’;O/Beq Occ. (K1)
Pbl 0.6114 (2) 0.6114 (2) 0.75 2.59 (7) 1
Pb2 0.2644 (2) 0.2644 (2) 0.75 3.41 (9) 1
Mnl 0.8322 (3) 0.1678 (3) 0.5 1.8 (2) 1.00 (13)
Til 0.8322 (3) 0.1678 (3) 0.5 1.8 (2) 0.00 (13)
Mn2 0.333333 0.666667 0.1472 (5) 0.71 (18) 0.64 (11)
Ti2 0.333333 0.666667 0.1472 (5) 0.71 (18) 0.36 (11)
Mn3 0.5 0.5 0.5 1.6 (3) 1.00 (21)
Ti3 0.5 0.5 0.5 1.6 (3) 0.00 (21)
Mn4 0 0 0 2.5(5) 1.00 (28)
Ti4 0 0 0 2.5(5) 0.00 (28)
(0] 0.4847 (17) 0.3319 (15) 0.0808 (12) 4.4 (3) 1
02 0.519 (3) 0.170 (2) 0.25 4.4 (3) 1
03 0.156 (2) 0.156 (2) 0.0719 (15) 4.4 (3) 1
04 0.673 (2) 0.673 (2) 0.0658 (16) 4.4 (3) 1

The position occupied by an ion upon substitution
is, probably, determined by the ionic radius of a dop-
ant, rather than its valence state. The Ge*" ionic radius
is merely 0.044 nm, while the Ga3*, Ti**, Fe3*, and
Ni?* ionic radii are 0.062, 0.064, 0.067, and 0.078 nm,
respectively. The Mn** and Mn*" ionic radii are 0.052
and 0.07 nm, respectively. Since the in-plane crystal-
lographic positions are mainly occupied by tetravalent
manganese, the ionic radius of which is smaller than
the that of trivalent manganese, the germanium ion
with the smallest radius occupies the in-plane posi-
tions, while the larger ions, regardless of their valence,

Table 3. Me—O bond lengths (A)

Pbl1—O1! 2.663 (15) ||Mn2—0O1% 2.027 (13)
Pbl—O2f 2.30(2) Mn2—02"1 | 2.099 (15)
Pb2—02i 2.25(2) Ti2—O1v 2.027 (13)
Pb2—041 2.58(2) Ti2—02"i 2.099 (15)
Mn1-011 1.920 (14) |IMn3—O1Yii | 1.951 (14)
Mn1-03" 2.000 (20) |[Mn3—04Yii | 1.950 (18)
Mn1—04" 1.867 (18) ||Ti3—O1Vil 1.951 (14)
Til—O1' 1.920 (14) || Ti3—O4Vi 1.950 (18)
Til—03" 2.000 (20) ||Mn4—03 1.840 (19)
Til—04" 1.867 (18) ||Ti4—0O3 1.840 (19)

Symmetry positions: (i) —x + 1, —y + 1;, —z + 1; (ii)) x — y, x,
—z+ 1; (i) ~x+y+ 1Ly z+1/2; (ivyx+1, x+y, —z+1/2;
WX +y+ L w2 /2R )+l y L
(vil) x+ 1, x+y+1,—z+1/2; (viii)x+ 1, =y + 1,z + 1/2.

occupy positions between the planes, which are pre-
dominantly occupied by trivalent manganese.

4. RESULTS AND DISCUSSION

The magnetization was measured on a Quantum
Design Physical Properly Measurement System
(PPMS). Figure 2 shows temperature dependences of
magnetization in a field of H = 500 Oe applied along
the ¢ axis (blue asterisks) and in the ab plane (closed
and open circles). The in-plane measurements were
performed in the zero-field cooling (ZFC) and field-
cooling (FC) modes. The magnetization curves have
two features observed at 62 and 35 K. For the
Pb;Mn,;0,s compound, there is a broad smoothed
peak around 140 K, while for Pb;(Mn,Ti),0s, it is not
observed. At a temperature of 62 K, the magnetic
ordering is established and, at 35 K, a spin-reorienta-
tion transition probably occurs. The behavior of the
magnetization of the Pb;(Mn,Ti);O,5 compound is
very similar to that of Pb;(Mn,Ga),0;s. In both com-
pounds, the temperature of the magnetic ordering is
62 K. In both compounds, the ion replaces manganese
ions in the interplane columns. Trivalent gallium ions
are nonmagnetic; this weakens the exchange coupling
between the layers. Probably, in the investigated
compound, the ions in the tetravalent state are also
nonmagnetic. However, since the dopant ions in
Pb;(Mn,Ga),0,5 and Pb;(Mn,Ti),O,s have different

valences, Mn?* and Mn*" should be redistributed in
the planes, differently for the two compositions.

In addition, we performed the heat capacity mea-
surements using an adiabatic setup, which is a simpli-
fied adiabatic calorimeter without an external thermo-
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Fig. 2. Temperature dependences of magnetization in a
field of H= 500 Oe applied along the ¢ axis (blue asterisks)
and in the ab plane (closed and open circles).

static screen (for more detail, see [10]). The measure-
ments were performed in the range from 15 to 300 K.
At temperatures of 15—100 K, the cryostat was
immersed in a bath with liquid helium and, above
100 K, in a bath with liquid nitrogen.

The sample was a tablet placed in an aluminum cell
with a mass of 125.2 mg; the thermal contact was
ensured with Apiezon N vacuum grease. The heat
capacity of the cell and the vacuum grease was deter-
mined in a separate experiment and taken into account
in calculating the heat capacity of the investigated
sample.

Figure 3 shows temperature dependences of the
heat capacities of the sample and the lattice. The heat
capacity of the lattice was determined using a linear
combination of the Debye and Einstein functions by
the least-squares method from the heat capacity data,
excluding the temperature range of 50—90 K, which
corresponds to the anomalous portion. The Debye
and Einstein temperatures were @, = 239 K and a; =
574 K with weight coefficients of a, = 0.61 and a, =
0.27, respectively.

_exp()

S a)_ao( j'o[ (exp(r) — 1)’

et

The difference between the total and lattice heat
capacities was used to obtain the heat capacity con-
taining two diffuse anomalies with maxima at tem-
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Fig. 3. Temperature dependences of heat capacity. The red
line corresponds to the sample and the black line, to the
lattice contribution.

peratures of 62 and 35 K (Fig. 4). The temperature
dependence of the entropy was calculated using the
anomalous heat capacity. The entropies of the phase
transformations were found to be 1.5 mJ/(q K) and
0.5 mJ/(q K) at 62 and 35 K, respectively.

Based on the analysis of the exchange magnetic
structure of Pb;Mn,0,5s [5], we estimated the
exchange couplings in Pb;(Mn,Ti);O;s. We assumed
that titanium ions entered the compound in the
tetravalent state and the trivalent and tetravalent man-
ganese ions were distributed over the positions
(Table 4) taking into account the experimental mag-

20

[
(93]
T

T,K

Fig. 4. Anomalous portion of the heat capacity.
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Table 4. Occupancies of the positions by Mn>*, Mn**, and Ti*" ions

Symmetry position Mn3* Mn** Tit*
of 1.0 - -
8h 0.64 - 0.36
12i 0.445 0.555 -
2b - 1.0 -
Table 5. Comparison of the exchange couplings in Pb;(Mn, Ti),0O;5 and Pb;Mn,O s
Positions 12i—6f 12i—12i 12i—2b 12i—8h 6/—8h 8h—8h
Pb3;(Mn,Ti);0,5 J(K) —5.4 —4.9 —5.5 —1.1 -1.3 —6.3
Pb;Mn;0,5J(K) [1] —8.5 —6.9 -39 -1.2 —3.4 —15.4
netic structure of Pb;Mn;0,5 and the Me—O bond 5. CONCLUSIONS
lengths in the Pb;(Mn,Ti),0,;5 compound (Table 3). Thus, we reported on the synthesis of the

To calculate the exchange couplings with allow-
ance for the occupancies of different positions by the
tri- and tetravalent manganese ions, we used the val-
ues of exchange couplings obtained in [1]. The values
of the exchange couplings are given in Table 5. The
presence of nonmagnetic ions in the interplane col-
umns (position 84) significantly weakens the inter-
plane exchange coupling. However, all the in-plane
exchange couplings remain antiferromagnetic and
strongly frustrated, since the exchange paths form tri-
angular groups.

The regions with the short-range order, which
occur around 140 K, are probably connected to the
interplane positions; when the latter are occupied by a
nonmagnetic ion or another magnetic ion, the forma-
tion of such regions becomes impossible. For example,
in Pb;(Mn,Ge),0,s, a feature in the range of 140—
160 K remains, since germanium ions occupy the
in-plane positions, whereas in Pb;(Mn,Ga),0;,
Pb;(Mn,Ti),;0,5, and Pb;Mn; sNi, 50,5 it vanishes.

The arrangement of ions in the ab plane is similar
to the Kagome structure and, since all the in-plane
exchange couplings are antiferromagnetic and have
similar values, this leads to the strong frustrations. As
a result of the frustrations, the magnetic moments in
most positions in Pb;Mn,;0,5 are noncollinear and the
angles between them are close to 60° and 120° [5].
Since the temperature dependences of the magnetiza-
tion of Pby(Mn,Ti),0,; measured in a field applied in
the ab plane and along the c axis at temperatures below
62 K are similar to the temperature dependences of the
magnetization of Pb;Mn;0;5, we assume that the
long-range magnetic order in Pb;(Mn,Ti),0O,s will be
similar to the magnetic order in Pb;Mn;0s.

PHYSICS OF THE SOLID STATE

Pb;Mn;0,5 compound doped with titanium ions and
study of their structural, magnetic, and thermal prop-
erties. It was found that titanium ions occupy positions
in the columns between the planes, which weakens the
exchange coupling between the latter. Two anomalies,
at 62 and 35 K, was found in the temperature depen-
dences of magnetization and heat capacity. At 62 K,
the long-range magnetic order presumably arises and,
at 35 K, a spin-reorientation transition, as in
Pb;Mn;0,s, occurs.
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