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Abstract—The phase diagram of an antiferromagnet with the spin crossover from the high-spin to low-spin
state with S = 0 with increasing external pressure has been calculated with regard to the pressure dependence
of the exchange integral. The calculated results are compared with the experimental data on ferropericlase
FexMg1 – xO.
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1. INTRODUCTION
The spin crossovers in magnetic dielectrics are

observed in many iron oxides in experiments with dia-
mond anvils under a typical critical pressure of Pc =
50–70 GPa [1]. The magnetic state of an iron ion is
usually detected using the Mössbauer effect. The
change of the high-spin (HS) state for low-spin (LS)
one can also be observed using X-ray spectra, which is
especially convenient for samples in the paramagnetic
phase. In addition, the pressure dependence of the
substance volume is sensitive to the spin state, since
the ionic radius of the LS ion is significantly (by about
10%) smaller than the radius of the HS ion. The con-
ventional theoretical description of the spin crossovers
is based on the single-ion pattern, where the HS state
is stabilized by the Hund interatomic exchange inte-
gral and the LS state is stabilized by the crystal field,
which increases with the pressure. Therefore, the HS
state typical of an isolated atom is changed for the LS
state, when the crystal field energy becomes equal to
the Hund exchange. In such a pattern, the zero-tem-
perature spin crossover is a quantum phase transition
with respect to pressure with the topological order
parameter [2], while at finite temperature, the phase
transition does not occur and the spin crossover rep-
resents a smooth transition from one state to the other.
The question whether the spin crossover is a thermo-
dynamic phase transition is still unanswered. The
experimental study of spin crossovers in a wide class of

magnetic oxides sometimes, yet not always, reveals a
volume jump at the crossover [1].

In this study, we analyze the effect of interatomic
exchange coupling on the spin crossover. We investi-
gated the model with the LS term S = 0, which corre-
sponds to the d6 compounds, e.g., ferropericlase
FexMg1 – xO. Using the mean-field approximation, we
demonstrate the occurrence of a series of first-order
phase transitions from the antiferromagnetic HS state
to the nonmagnetic LS state with respect to pressure
near the temperature-dependent critical pressure in
the magnetic phase diagram on the (T, P) plane with
regard to the interatomic exchange [3]. Such behavior
is observed at temperatures below the tricritical point
T* < TN. Above the tricritical point, the pressure tran-
sition with be second-order. Above the Néel point, the
spin crossover, as in the absence of the interatomic
exchange, consists in the smooth transition from one
state to the order. The low-pressure Néel temperature
linearly increases with the interatomic exchange cou-
pling.

2. EFFECTIVE HAMILTONIAN
IN THE MEAN-FIELD APPROXIMATION
In compounds with the spin crossover, the state of

a system is specified by the spin and orbital quantum
numbers. Near the spin crossover, only the two states,
HS and LS, are important, which can be distinguished
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by the pseudospin z = +1/2 and z = –1/2. The
microscopic derivation of the effective Hamiltonian
describing the possibility of spin crossover and mag-
netic order by means of the interatomic exchange (spin
ordering) has been recently made by us using the
multi-electron LDA + GTB (local density approxima-
tion plus generalized tight-binding) approach [4].

In the case of d6 ions with SHS = 2 and SLS = 0 S,
the effective Hamiltonian [4] in the mean-field
approximation for the spin and pseudospin variables
in the antiferromagnetic phase has the form

(1)

Here, B =  is the two-sublattice mean field,

Si and  are the spin and pseudospin operators on the

ith crystal lattice site, and  = . Index 
takes the values 1 and 2 for the HS and LS states,
respectively. The eigenvalues  are 1 = 1 and 2 =
‒1. m = (0, 0, m) is the mean value of the magneti-
zation vector  = ,

(2)

and

(3)

where  = , z is the number of nearest neighbors,
g =  is the ratio between the HS and LS state
degeneracy multiplicities (g = 15 for Fe2+ ions),  is the
reciprocal temperature, n is the population of the HS
state, N is the number of lattice sites, and 0 = S/2
(S = ELS – EHS is the spin gap, i.e., the energy interval
between the LS and HS states at zero pressure). Here-
inafter, we assume the pressure dependence of the
crystal field to be linear, f(P) = aP (the crossover point
P = PC is determined by the condition 0 = f(PC)) and
the pressure dependence of the exchange integral
J(P) = J0 + bP to be linear, as well [5]. The self-con-
sistency equations for the sublattice magnetization m
and occupation numbers n, which determine the
mean value of the pseudospin, have the form

(4)
and

(5)

where BS(x) is the Brillouin function.

3. P–T PHASE DIAGRAM
First, we consider the solution of Eqs. (4) and (5)

at zero exchange coupling (J = 0). In this case, we have
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m = 0 for the magnetization and the sharp jump of the
HS state population at the crossover point at T = 0,
which corresponds to the quantum phase transition
[2]. At J = 0, the quantum phase transition with
increasing temperature is spread to the smooth cross-
over. We solved Eqs. (4) and (5) numerically, taking
into account the exchange coupling. At specified tem-
peratures and pressures, there can be several solutions
for the parameters m and n; among these solutions, we
choose those corresponding to the minimum Helm-
holtz free energy

where

and

The external pressure and temperature are given in
units PC and exchange coupling J0, respectively. Here-
inafter, the calculations were made for the following
set of parameters: J0 = 28 K, S = 2, z = 6, g = 15, a =
80 K GPa–1, b = 0.5 K GPa–1, and PC = 55 GPa.

Figure 1 shows diagrams of the HS state population
n (Fig. 1a) and magnetization m (Fig. 1b), which are a
self-consistent solution of the system of Eqs. (4) and
(5). It can be seen that, due to the presence of the
cooperative exchange coupling J, the system is
retained in the ground magnetically ordered state up to
P0 > PC, although in the single-ion pattern at P > PC
the ground state is the nonmagnetic LS state. At P >
P0, the ground magnetic state changes for the non-
magnetic state via the first-order transition.

In the pressure range of P  P0 (Fig. 1b), the system
undergoes the second-order phase transition to the
paramagnetic state with increasing temperature. One
can clearly see that the P–T diagrams contain a singu-
larity (the so-called tricritical point, T* and P* in
Fig. 1b), where the second-order phase transition line
continuously passes to the first-order phase transition
line. At P0 < P  P', the ground state of the system is
nonmagnetic, but, as the temperature increases, the
magnetic HS state is populated and the system restores
the energetically more favorable long-range magnetic
order via the first-order phase transition (Fig. 1b).
Thus, due to the cooperative interaction J, in systems
with the spin crossover under pressure the return mag-
netization can exist. As the temperature further
increases, the system passes to the paramagnetic state
via the second-order phase transition at P0 < P  P*
and via the first-order one at P* < P  P'. As the pres-
sure increases, at P > PC, the energy interval between
the ground nonmagnetic LS state and the nearest
excited magnetic HS state and at P > P' (Fig. 1b), the

  0 B B/ ln ln ,SF H N k T Z k T Z

  
 
 




v

v

2

2

1sinh 1
2

1sinh
2

S

mn
SZ

mn
S

   eff2 cosh( ln ).Z g g



PHYSICS OF THE SOLID STATE  Vol. 60  No. 6  2018

EFFECT OF THE INTERATOMIC EXCHANGE INTERACTION 1179

heat energy required to populate the HS state in a
desired degree becomes comparable with the exchange
coupling J; the magnetic order does not occur.

Along with the existing return magnetization upon
temperature variation at P0 < P  P', taking into
account the growth of exchange integral with pressure,
the existence of the return magnetization upon pres-
sure variation becomes possible at T0 < T  T '', where
T0 is the Néel temperature at P = 0 and T '' is the max-
imum possible Néel temperature with increasing pres-

sure. In particular, at T0 < T  T '' (Fig. 1b), the system
passes with increasing pressure from the paramagnetic
state first to the magnetically ordered state via the sec-
ond-order phase transition and then to the nonmag-
netic state via the second-order phase transition at
T* < T0 or either the first-order one at T* > T0 and
T0 < T < T* or the second-order one at T* > T0, but
T* < T < T ''. For our set of parameters, we have T* < T0.

4. CONCLUSIONS
The exchange coupling near the spin crossover

under pressure leads to the extraordinary rearrange-
ment of a system. The magnetic ordering can be sup-
pressed by the external pressure and the quantum
phase transition is rearranged first to the first-order
transition and then to the second-order one with
increasing temperature. Due to the cooperative inter-
atomic exchange coupling, in systems with the spin
crossover under pressure the return magnetization
upon temperature and pressure variation can exist
under pressure.
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Fig. 1. Diagram of (a) the HS state population n and (b)
magnetization m corresponding to the minimum free
energy F.
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