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Based on the results of ab initio electronic structure modeling, the phase separation during magnetic phase

transitions of the first kind in ferromagnetic (La1−xCaxMnO3) lanthanum manganite is studied. It has been found

that the stratification occurs due to a negative mode-mode interaction in the spin system, which is a necessary

condition for the first-order phase transition in the Ginzburg-Landau theory. It is shown that due to the peculiarities

of the electronic structure during phase separation, metal droplets possess scalar spin chirality. This leads to

sd-scattering by spin inhomogeneities, which causes the Anderson metal-semiconductor transition near the Curie

temperature and the appearance of the chiral Hall effect.
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1. Introduction

It is already known for a long time that ferromagnetic

lanthanum manganites and other magnetic semiconductors

with colossal magnetoresistance (CMR) are characterized

by anomalous binding of spin and electron subsystems (see,
for example, the reviews [1,2] and references therein). At

the same time, it is found that an area of ferromagnetic long-

range order is generated due to Zener double sd-exchange,

which results in a correlation effect of reduction of the

system’s full energy due to motion of free s(p)-carriers
with a spin that is parallel to spins of d-electrons of the

magnetic ion. However, during magnetic first-order phase

transitions effective magnetic fields related to the double

exchange disappear and electron phases are separated to

result in CMR [1].

The experiment indicates that phase separation is caused

by crossover of the magnetic first-order phase transition

and an Andersen metal-semiconductor electronic transition,

which results in formation of a semiconductor matrix with

metal spin droplets [1]. However, a microscopic nature of

observed phase separation and, therefore, crossover of the

magnetic and electronic transitions requires further research.

This especially relates to still unclarified mechanisms of

formation of local magnetization [3] as well as an unordinary

anomalous Hall effect observed in ferromagnetic lanthanum

manganites [4,5].

The study [6] has developed a band model of ferro-

magnetism of lanthanum manganites, which along with

the double exchange effect investigated a role of Hubbard

correlations that a main cause of ferromagnetic ordering

in the transition metals. At the same time, indications

have been obtained that the double exchange has a decisive

effect on formation of the ferromagnetic long-range order of

lanthanum manganites, while in the area of phase separation,

which is observed above the Curie temperature (TC), along
with strong sd-scattering, the Hubbard correlations start

playing an important role.

However, assumptions and estimates that are made within

the framework of the ferromagnetism band model are

undersubstantiated. Largely, it is due to the fact that specific

features of the energy electron spectrum and a fine structure

of the density of electron states (DOS) of ferromagnetic

lanthanum manganites as well as other ferromagnetic

semiconductors with CMR are still unspecified (see, for

example, the study [7,8]). Therefore, parameters of the

Ginzburg-Landau functional, which determine a criterion of

origination of the first- and second-order transitions [9], are
not determined. In particular, it concerns a parameter of

inter-mode coupling, which during the first-order transition

shall change its sign from positive to negative according to

the Ginzburg-Landau functional [9].

Based on ab initio performed simulation of an electronic

structure without spin polarization, the present study consid-

ers phase separation in La1−xCaxMnO3. Using the example

of La0.7Ca0.3MnO3, it is found that during the magnetic

first-order phase transition phase separation is caused by a

negative inter-mode coupling and Berry curvature, which

result in the chiral Hall effect.

2. Simulation of the electronic structure

The study [10] has previously simulated the electronic

structure of La1−xCaxMnO3 within the framework of a
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Figure 1. Density of the electron states of and the energy spectrum of La1−xCaxMnO3 near the Fermi level. The dotted line marks the

Fermi level that corresponds to x = 0.25 (directly from DFT-calculation), while the dashed line marks the Fermi level that corresponds to

x = 0.30.

local density approximation (LDA). At that, it used a crystal

structure of cubic perovskite, which does not agree with

experimental data of the study [11], according to which the

considered crystal systems have an orthorhombic structure

with a space group � 62, which is the same as for undoped

LaMnO3. That is why the electronic structure of the ground

state of La1−xCaxMnO3 was simulated in the present study

with taking into account the orthorhombic crystal structure

and within the framework of more accurate approximation

for the electron density functional GGA PBE [12].

Our ab initio simulation included consideration of the

electronic structure of the spin-nonpolarized ground state

that corresponded to the area of phase separation that

occurs in a paramagnetic area. It allowed considering a

correlation between high-symmetry points of the electron

spectrum, near which the Berry curvature occurs [13] and
the fine structure of the density of electron states that

determine a sign of the inter-mode coupling parameter.

The electronic structure was simulated in the Quantum

Espresso software package [14] using an electron-ion inter-

action pseudopotential based on the projector augmented

wave method (PAW). Energy of truncation of plane waves

for the wave functions and the charge density/functional was

100 and 400Ry, respectively.

The ab initio calculations were initially performed for

La0.75Ca0.25MnO3 by replacing one of the four lanthanum

atoms with one calcium atom in the unit cell of LaMnO3.

In order to transfer to the composition of the most

studied ferromagnetic semiconductor La0.7Ca0.3MnO3, we

used a rigid band approximation, within which the Fermi

level was slightly energetically shifted relative to a value

for La0.75Ca0.25MnO3 according to the electrical neutrality

condition.

Figure 1 shows results of calculation of the energy

spectrum and the density of electron states (DOS) of

La1−xCaxMnO3 near the Fermi level, while Figure 2 shows

partial densities of electron states within a wider energy

interval that comprises a band gap.

It is clear from graphs in Figures 1 and 2 that the area

of transition from the composition La0.75Ca0.25MnO3 (in
which the magnetic second-order phase transition occurs)
to La0.70Ca0.30MnO3 (with the first-order transition [1]) in-

cludes an alternation of a curvature sign of the dependence
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Figure 2. Partial density of electron states of La1−xCaxMnO3

(the Fermi levels are designated in the same way as in Figure 1).
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of the density of states of d-electrons on the energy (g(ε))
near the Fermi level that is within a Berry degeneracy area.

Taking into account the Berry phases and the fine struc-

ture of the density of the electron states makes it possible

to formulate a model of the first-order phase transitions in

the considered ferromagnetic lanthanum manganites.

3. Model of separate of the electron
phases above TC

Investigation of phase separation that occurs in the first-

order transition requires consideration of the microscopic

model of the spin system with taking into account the

specific features of the electronic structure, which are found

in Section 2.

When investigating a ferromagnetism area in the study [6],
we were based on the band model of the double

sd-exchange, which took into account the Hubbard cor-

relations of d-electrons. It was shown in good agreement

with the experiment that formation of ferromagnetism

of lanthanum manganites was decisively affected by the

double sd-exchange, which was considered in a mean field

approximation within the band model being developed.

The present study uses a generalized Hubbard Hamilto-

nian

H = 6l=3,p,d H
(l)
0 + Hdd + Hsd, (1)

in which a double exchange summand (Jsd) that is written

in the mean field approximation

Hsd = −Jsd6νSνsν ≈ −Jsd6ν(〈Sν〉sν + Sν〈sν〉),

is supplemented by taking into account band motion of s(p)-

and d-electrons — H
(l)
0 and by an interatomic repulsion

Hamiltonian Hdd = −Jdd6ν(S
2
ν −

n2ν
4
), Sν and sν are vector

operators of the spin of d- and s(p)-electron, nν — the

operator of the charge density of d-electrons in the site ν .

At the same time, it can be shown that sd-scattering

of electric current carriers can not be neglected within a

range of the temperatures above TC , where spontaneous

magnetization resulting in the effective fields Isd〈Sν〉 (see
the formula (8) below and the study [6]).
Writing of an expression of the partition function of

the paramagnetic state for Hdd with summands that are

quadratic by operators of the spin and charge density

included Stratonovich-Hubbard transformations that result

in a picture of electron motion in fluctuating ξ - and

η-fields [15]

exp(−|A|2) =

∫

dς · exp(−|ς |2 + A · ς ), (2)

where (ς = ξ, η, A = Sν , nν).
After these transformations, the partition function of

a system of the collectivized d-electrons in an external

magnetic field of strength H is written as follows:

Z = Z0

∫

(dξdη) exp
(

−8(ξ, η)
)

, (3)

Here

(dηdξ) = dξ0dη0

[

∏

q 6=0, j

dξ(l)
q dη(l)

q

]

,

Z0 — the partition function of d-electrons with the energy

spectrum obtained during the ab initio GGA-simulation (see
Figure 1), j — the index of a real (=1) and an imaginary

(=2) part of the ξ - and η-fields, q = (q, ω2n), q — the quasi-

momentum, ω2n — the Matsubara Bose-frequency, while

a functional of electrons in the fluctuating exchange and

charge fields

8(ξ, η) = 6q

[

(1 + χ(0)
q )|ηq|

2

+ D(0)−1
q |ξq − 2c−1(Hδq,0)|

2
]

+ (4!)−16qδ64
i=1

qi0
κ(µ)

×
(

ξq1
ξq2

ξq3
ξq4

−
3!

2!2!
ξq1

ξq2,m
ηq3

ηq4
+ ηq1

ηq2
ηq3

ηq4

)

(4)
as well as the Ginzburg-Landau functional (with expansion

in order parameters powers) has, along with second-order

summands with the Lindhard function χ
(0)
q and the Stoner

factor D
(0)
q = (1−Uχ

(0)
q )−1, fourth-order summands with a

mode-mode parameter

κ(µ) = 4−1J3
dd

(

g(2)(µ) − (g(1)(µ))2

g(µ)

)

, (5)

which are determined via the density of d-electron states

g (Figures 1, 2) and its derivatives g(1) and g(2) when

ε = µ (ν — the chemical potential of the entire system

of electrons), c = (JddT )1/2.
Evaluation of functional integrals in the expression of the

partition function (3) used a procedure of saddle point by

the static charge (η
( f )
q ) and exchange (ξ

(γ)
q ) (γ is an index

of the coordinate axes) fields as well as by a modulus of the

dynamic exchange fields r
(γ)
q = |ξ

(γ)
q |, ξ

(γ)
q = |ξ

(γ)
q | exp(φq,γ )

(see the study [14]):

∂Z/∂ξ (γ)
q = 0, ∂Z/∂η( j)

q = 0, ∂Z/∂r (γ)
q = 0

and took into account a relation of the exchange fields to

the averages of the spin density operators [15].
At the same time, according to the saddle-point condi-

tions, it is obtained for the area of the negative inter-mode

coupling (κ < 0) that nonzero values of magnetization in

the sites

M
(d)
ν,γ = 6qMs exp(iqν + iϕq,γ ) (6)

occur only at fixed values of the phases ϕq,γ , which

coincide with differences of the electronic Berry phases

(see Section 2). The modulus of local magnetization is

determined as a root-mean-square value of an amplitude of

static fluctuations Ms = 〈δM2〉1/2, for which we have

〈δM〉2 = N−1
0 6ν〈(Sν − 〈Sν〉)

2〉

= 〈δη2/4〉 − κ−1
[

D
(0)−1

0 + κ(M2 + 5〈m2〉/3)
]

,

(6a)
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〈δη2/4〉 = N−1
0 6ν〈(nν − 〈nν〉)

2〉

= 〈δM2〉 − κ−1
[

2− D
(0)−1

0 − κ(M2 + 5〈m2〉/3)
]

,

(6b)
where M — magnetization.

After analytically extending D
(0)
q and χ

(0)
q to the real-

part axis and using the Lindhard model χ
(0)
q,ω = χ

(0)
0,0

+ Aq2 + iC(ω/|q|), we also find a pair correlator

〈SνSµ〉 ∼ 〈δM2〉
(

exp
(

− r
RC

)

/r

)

that reflects origination of

the spin droplets in the system of d-electrons with the

correlation radius RC ∼ (AJddχ)1/2.

Here, paramagnetic susceptibility

χ = 2χ
(0)
0

(

D−1
1 + κ(2M2 + 〈δM2〉 + 5〈m2〉/3)

)−1

sharply increases when approaching the Curie point from

the paramagnetic area. At the same time, according to the

fluctuation-dissipation theorem (which coincides with the

saddle-point conditions for r
(γ)
q ) the average square of the

amplitude of the thermodynamic fluctuations

〈m2〉 = B
( T

Jdd

)2
(

|κ|(M2(H) − 〈δη2〉 + 〈δM2〉) − A
)−2

(7)
within the area of phase separation turns out to be in

(Jdd/T )2 times less than 〈δM2〉.

Besides, considering scattering of the electric current

s(p)-carriers on strong spatial inhomogeneities of distribu-

tion of the electron density (6), we find that the area of

phase separation exhibits origination of crossover of the

magnetic first-order phase transition with the Andersen

metal-semiconductor electronic transition [16].

At the same time, according to the study [6], there

is a percolation threshold EC ∼ Jdd〈δM2〉 forming in the

system of s(p)-electrons, whose intersection by the chemical

potential results in hopping conductivity. As a result of this,

just above the Curie temperature, electrical conductivity

starts changing with the temperature as per the exponential

law:

σ (T ) = σ0 exp(−EA/T ), (8)

where EA = (EC − εc + µ) — the energy of activation, εc —
the energy of a top edge of the partly occupied d-band

(Figure 2).

In order to determine temperature boundaries of the area

of phase separation Tc < T < Ts , it is necessary to consider

a temperature dependence of the chemical potential, which

will determine conditions of origination of the negative inter-

mode coupling with the parameter (5). This dependence

can be found from the electrical neutrality requirement for

the total concentration of s -, p- and d-electrons

n = 2

∫

dεn
(

gs ,p(ε) + g(ε)
)

f (ε − µ)

− 2U2g(1)
[

〈δM2〉 + 〈m2〉 − 〈η2〉/4
]

. (9)

4. Hall effect in the area of phase
separation

According to the developed model of phase separation,

a direct consequence of the spatial inhomogeneities of

distribution of the spin density (6) and the specific features

of the electronic structure (Section 2) is origination of scalar

spin chirality that is determined by the chiral charge χc (see
the study [17]). In case of the ferromagnetic spin droplets

χc = 6ν1,ν2,ν3〈Sν1 [Sν2 × Sν3 ]〉 = ±M(〈δM2〉), (10)

where M = χH .

At the same time, by taking into account the relation

of local magnetization (6) to the Berry phases, it can

be assumed that when traversing a circuit of sites that

are related to any three different spin droplets of the

radius RC there is progression of the phases of local

magnetizations. This specific feature is equivalent to what

is happening when switching on the magnetic field resulting

in a Hall deviation [4,17,18]. Therefore, by following the

study [4], in the considered case of thermodynamically

unstable ferromagnetism, at which phase separation occurs,

it is possible to introduce a fictitious field (the insert in

Figure 3) that is perpendicular to a plane of the planar

sample and results in the Hall deviation

b = ±6ν1,ν2,ν3〈Sν1 [Sν2 × Sν3 ]nν1,ν2,ν3〉,

where nν1,ν2,ν3 is a unit vector that is perpendicular to the

plane of a triangle constructed at the sites.

As a result of this, we have the situation when resultant

phase separation leads to a chiral contribution to the Hall

resistance, which, in the same way as the contribution by

the anomalous Hall effect, is approximately proportional to

magnetization

ρxy = R0χc = Rs M, (12)

but with the Hall constant

Rs = R0 exp(T
−1EA)〈δM2〉, (13)

which is related to scalar spin chirality that is proportional

to the normal effect constant (R0).
Figure 3 compares the calculated temperature depen-

dence of the Hall constant Rs wit the experimental data

for La0.7Ca0.3MnO3 [5]. It is shown at the same time

that a metal ferromagnetic area exhibits its sharp increase

with the temperature, which is related to thermodynamic

spin fluctuations (7). Above the Curie temperature, phase

separation occurs, at which the thermodynamic spin fluctu-

ations are suppressed, thereby resulting in the temperature

dependence of the Hall constant (13), which is related not

only to the metal-semiconductor transition, but an effect of

origination of spin chirality.

When calculating the dependence Rs (T ), we used

interaction parameters of the study [6] Jdd = 1.2 and

Jsd = 0.6 eV, parameters of the Lindhard function A = 0.07

and C = 1.28, which are obtained in an effective mass
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Figure 3. Temperature dependence of the parameters of the

anomalous and topological Hall effects for La0.7Ca0.3MnO3 . The

solid line marks a calculation, while the dots mark experimental

data [5]. The insert schematically shows a mechanisms that

results in origination of the chiral Hall effect (borrowed from the

study [4]), where J is the current value.

approximation, as well as results of calculation of the

electronic structure, which are given in Section 2. At the

same time, for the area of phase separation Tc < T < Ts ,

we obtained the values Tc = 220 and Ts = 310K, whereas

according to processing of the experiment [4,5], which was

performed on the planar samples of the thickness of 150 nm,

they are just 250 and 350K, respectively.

When T > Ts , according to (9), there is a temperature

shift of the chemical potential beyond the Berry curvature

energy area, resulting in disappearance of spin chirality.

5. Conclusion

Thus, we see from the results of the ab initio simulation

of the electronic structure that due to the fine structure of

the density of the electron states during the magnetic first-

order phase transition ferromagnetic lanthanum manganites

exhibit the negative inter-mode coupling and the Berry

curvature. It is shown that it results in formation of the

area of electron-phase separation, which consists of the

semiconductor matrix of s(p)-electrons and metal droplets

of d-electrons with scalar spin chirality that are
”
immersed“

therein.

At the same time it is shown that within the temperature

range of phase separation (Tc < T < Ts) the chiral Hall

effect is formed.

We see from analysis of the obtained results that the

slight energy concentration shift of the chemical potential

relative to the area of negative curvature of the density of

the electron states (Figure 1) can result in the fundamental

change of the spintronic properties of La1−xCaxMnO3 (for
example, for the compositions with the calcium doping

concentrations from x1 = 0.25 to x2 = 0.30).
At the same time, it is interesting to further investigate

doping of manganite La0.75Ca0.25MnO3 (that is in tricritical

state) with calcium impurities. It would allow not only

refining boundaries of the range of the compositions with

the first-order phase transition, but studying an interrelation

of origination of CMR and the chiral Hall effect as well.

Further (first of all, experimental) research of the

spintronic properties within the area of phase separation

of ferromagnetic lanthanum manganites is believed to be

important when designing spin-current oscillators.
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