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1. INTRODUCTION

Magnetic systems with frustrated exchange interac-
tions [1], which are formed in stochastic magnets [2]
and chemically ordered compounds due to the lattice
topology [3], possess high degeneracies and unusual
magnetic properties [4]. This fact is reflected in the rich
variety of phases and phase transitions [5] and explains
their high sensitivity to various perturbations. To such
compounds belongs Pb

 

3

 

Mn

 

7

 

O

 

15

 

 [6] with competing
ferromagnetic and antiferromagnetic exchange interac-
tions.

X-ray studies of the crystal [6] showed that it crys-
tallizes in the hexagonal system (space group

 

P

 

6

 

3

 

/

 

mcm

 

) with unit cell parameters 

 

a

 

 = 10.0287(4) Å
and 

 

c

 

 = 13.61376(6) Å. The unit cell contains four for-
mula units. The crystal possesses a pronounced layered
structure, which is reflected in its physical properties.
Each manganese ion is in an octahedral environment
consisting of oxygen ions. The Mn

 

3+

 

 and Mn

 

4+

 

 ions are
in a ratio of 4 : 3 and occupy four nonequivalent posi-
tions in the crystal (Fig. 1a). The lead ions are located
between the layers and occupy nonequivalent positions
Pb1 and Pb2. The magnetic structure of this compound
has two hexagonal close-packed (hcp) unit cells bound
to each other by ferromagnetic exchange interactions
(Fig. 1b).

Experimental data [6] indicate that there are several
characteristic temperature ranges in which the crystal is
in different magnetic states. In the range from ~200 K
to high temperatures, the magnetization exhibits a
behavior characteristic of the paramagnetic state. At
temperatures below 

 

T

 

 ~ 160 K, the temperature depen-

dence of the magnetization has a low broad peak asso-
ciated with the appearance of a short-range magnetic
order. At 

 

T

 

2

 

 

 

≈

 

 70 K, a sharp narrow peak is clearly
observed [6] indicating the appearance of a long-range
magnetic order. Below 70 K, the Pb

 

3

 

Mn

 

7

 

O

 

15

 

 compound
is in an uncompensated antiferromagnetic state with
weak ferromagnetism, with the spontaneous magnetic
moment (equal to 0.06 

 

µ

 

B

 

 per formula unit at 2 K) lying
in the basal plane of the crystal. Another magnetic
phase transition is observed at 

 

T

 

1

 

 ~ 20 K, and the mag-
netic susceptibility measured for samples cooled in a
field 

 

H

 

 = 500 Oe and in the absence of a magnetic field
exhibits thermal hysteresis below 45 K [6].
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Abstract

 

—The magnetic susceptibility, heat capacity, and spin–spin correlation functions of manganese oxide
Pb

 

3

 

Mn

 

7

 

O

 

15

 

 are calculated by the Monte Carlo method. Two critical temperatures are determined: 

 

T

 

1

 

 

 

≈

 

 20 K,
above which a modulated structure along the hexagonal axis is formed, and 

 

T

 

2

 

 

 

≈

 

 70 K, at which the long-range
magnetic order disappears. The antiferromagnetic exchange interaction constant in a hexagonal plane is esti-
mated to be 

 

J

 

1

 

 ~ 7 K, and the antiferromagnetic and ferromagnetic exchange interaction constants between hex-
agonal planes are calculated to be 

 

J

 

2

 

 ~ 3 K and 

 

K

 

 ~ 50 K, respectively.
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Fig. 1.

 

 (a) Crystallographic structure of Pb

 

3

 

Mn

 

7

 

O

 

15

 

 (sche-
matic): Mn cations are positioned at the centers of oxygen
octahedra, and Pb ions are shown by bright (position Pb1)
and dark (position Pb2) circles. (b) Magnetic structure with
three types of exchange.
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2. MODEL

A part of the unit cell of this crystal is the unit cell
of a hcp lattice with antiferromagnetic exchange inter-
actions (

 

J

 

). The magnetic structure of a hcp lattice with
different types of interaction was analyzed using the
classical Heisenberg model [7]. The phase diagram of
the magnet in the anisotropy–temperature plane was
calculated for various magnitudes of the interplanar
interaction and the single-ion anisotropy constant (

 

D

 

).
In the range 0 <

 

 D

 

 < 

 

J

 

, three characteristic temperatures
associated with a change in the spin structure were
found. As the temperature is decreased in the range
where the spin subsystem is paramagnetic, a short-
range order first arises in different layers of the hcp lat-
tice (at 

 

T

 

 = 

 

T

 

3

 

). A further decrease in temperature
causes the appearance of spin correlations between the
layers, and modulation of the longitudinal spin compo-
nent arises at 

 

T

 

 = 

 

T

 

2

 

. After a temperature 

 

T

 

 = 

 

T

 

1

 

 is
reached, transverse spin components make a contribu-
tion to the magnetic structural factor. The three temper-
atures at which anomalies are observed in the magnetic
susceptibility of Pb

 

3

 

Mn

 

7

 

O

 

15

 

 can be qualitatively esti-
mated using the phase diagram presented in [7].

According to experimental data [6], the critical tem-
peratures are as follows: 

 

T

 

2

 

 = 70 K, 

 

T

 

3

 

/

 

T

 

2

 

 = 2.3, 

 

T

 

1

 

/

 

T

 

2

 

 =
0.3, and 

 

T

 

ir

 

/

 

T

 

2

 

 = 0.64, where 

 

T

 

ir

 

 is the temperature at
which hysteresis of the susceptibility arises for a sam-
ple cooled in a magnetic field and in the absence of a
field. Using known values of the coercive magnetic
field 

 

H

 

c

 

 = 20 kOe and the paramagnetic Curie tempera-
ture 

 

Θ

 

 = –520 K [6] and the relation 

 

θ

 

 = (2/3)

 

S

 

(

 

S

 

 + 1)

 

zJ

 

(where 

 

S

 

 is the spin and 

 

z 

 

is the number of nearest
neighbors), we find that the average exchange 

 

J

 

 ~ 5 K
and the effective anisotropy constant 

 

D

 

/

 

J

 

 ~ 0.3, for
which the simulation of the magnetic structure of the
hcp lattice [7] gives the following values: 

 

T

 

3

 

/

 

T

 

2

 

 = 1.5
and 

 

T

 

ir

 

/

 

T

 

2

 

 = 0.7. However, the crystal structure of
Pb

 

3

 

Mn

 

7

 

O

 

15

 

 is more complex and the magnetic structure
should be simulated taking into account the ordering of
the manganese ions in the manganese ferrite.

In order to describe the appearance of a spontaneous
magnetic moment, one should take into account the fer-
romagnetic interaction between hcp planes. We used
the Heisenberg model with isotropic exchange interac-
tions

where 

 

J

 

1

 

 < 0 is the exchange interaction in the hexago-
nal plane; 

 

J

 

2

 

 < 0 and 

 

K

 

 > 0 are the antiferromagnetic
and ferromagnetic exchange interactions, respectively,
between the manganese ions located in the two non-
equivalent positions between the hcp planes; 

 

S

 

 is the
classical spin with components 

 

S

 

(cos

 

θ

 

, sin

 

θ

 

sin

 

ϕ

 

,
cos

 

θ

 

cos

 

ϕ

 

); and

 

 H

 

 is an external magnetic field. The
magnetic characteristics are calculated by the Monte
Carlo (MC) method using periodic boundary condi-
tions for a grid with 

 

N

 

 = 18 

 

× 18 × 18 points (the num-
ber of MC steps was 5000–10000 per spin). The mag-
netic structure is determined from the spin–spin corre-
lation function, and the temperatures at which the
magnetic structure is changed are found from the
anomalies in the temperature dependences of the sus-
ceptibility χ = M/H (where M is the magnetization
induced by a magnetic field H) and the heat capacity
C = dE/dT, which is determined using the dependence
of the energy E on temperature T.

Figure 2 shows the temperature dependence of the
susceptibility calculated for different magnitudes of the
ferromagnetic exchange interaction. At K/J < 6, the sus-
ceptibility exhibits a temperature dependence typical of
an antiferromagnet (Fig. 2a). This is explained by the
competition between the ferromagnetic and antiferro-
magnetic interactions; the nearest environment of a pair
of spins contains six antiferromagnetically interacting
spins. As the ferromagnetic exchange is enhanced
(K/J > 6), the pairs of spins are ordered ferromagneti-
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Fig. 2. (a) Susceptibility χ = M/H and (b) heat capacity C =
dE/dT plotted as a function of temperature (normalized to
the exchange constant in the hexagonal plane) for J2/J1 =
−0.5 and various values of K/J1: (1) 2, (2) 8, and (3) 20
(J1 = abs(J1)).
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Fig. 3. Spin–spin correlation functions (1–4) in the hexago-
nal plane at the distance r equal to (1, 3) 1 and (2, 4) 6 and
(5, 6) along the normal to this plane at r = 3 calculated for
J2/J1 = –0.5 and different values of K/J1: (1, 2, 5) 8 and (3,
4, 6) 20.
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cally through the hcp planes. This conclusion is con-
firmed by the calculated spin–spin correlations (Fig. 3)
along the z axis perpendicular to the hexagonal plane.
With increasing temperature, the ferromagnetic order-
ing of spins is destroyed and a modulated structure
arises. The spin–spin correlation function changes sign
at a distance r = 3 at T = T1. The correlation between
spins along a direction in the lattice basal plane remains
positive and disappears at the Néel temperature. The
temperature dependence of the heat capacity (Fig. 2b)
has a pronounced maximum at T = TN. From comparing
the T1/TN ratio calculated by the Monte Carlo method
with experimental values T1/T2 ≈ 0.3 and TN/JS2 = 2.5,
the exchange constants can be estimated to be J1 ~ 7 K,
J2 ~ 3 K, and K ~ 50 K.

3. CONCLUSIONS

Thus, the low-temperature phase transition in
Pb3Mn7O15 is associated with the formation of a modu-
lated structure along the [001] direction at T > 20 K.
Below this temperature, the pairs of spins are ordered
ferromagnetically and a spontaneous magnetic moment
arises. The maximum in the heat capacity corresponds
to the disappearance of the long-range magnetic order.
The effective exchange constants in Pb3Mn7O15 have
been found.
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