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Effect of the concentration of the substitution impurity strontium on the

magnetic ordering temperature in La1−xSrxFeO3−δ and its sensitivity to

heat treatment
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Rare-earth orthoferrites with general formula RFeO3

(R is a rare-earth ion) have attracted increased research

attention for several decades due to their weak ferro-

magnetism, remarkable magnetooptical properties, spin-

reorientation transitions, high velocities of domain wall

motion, and various other properties [1]. At present, their

physical properties still remain in the focus of attention

of a considerable number of research groups, since they

have high potential for application in innovative spintronics

devices. In addition, they have contributed to the emergence

of a new class of materials: multiferroics with strong mag-

netoelectric coupling [1]. Rare-earth RFeO3 orthoferrites

have a distorted perovskite structure with just one type

of sites of Fe3+ ions coordinated octahedrally by six O−

ions. Their complex non-collinear magnetic structures and

magnetic phase transitions are shaped primarily by the

combination of a strong isotropic superexchange interaction

with an antisymmetric Dzyaloshinskii−Moriya exchange

interaction [1]. Data on the structure−property relations

are needed both to clarify the nature of physical properties

of novel materials and to accelerate their introduction

into practice. Perovskites with octahedral rotations and

distortions have already been examined by group-theoretical

methods [2]. The relation between the rotation angles of oc-

tahedra and the binding energy in crystals with a perovskite

structure was examined in [3]. Despite impressive advances

in modern ab initio methods of band structure calculation

and various quantum-chemical calculation methods, they

provide only a very rough description of the electronic

structure and energy spectrum, which may serve only as

a proposal for experiments, of most systems of practical

importance. There are virtually no examples of successful

application of experimental structure−property relations in

quantitative analysis of fine exchange effects and magnetic

anisotropy effects in perovskites (in particular, orthoferrites).
The aim of the present study is to establish the influence

of substitutional strontium on the magnetic anisotropy and

hysteresis in La1−xSrxFeO3−δ .

Polycrystalline La1−xSrxFeO3−δ (x = 0.33, 0.50, 0.67)
samples were synthesized by the sol-gel method with the

use of Sr, Fe, and La nitrates in a stoichiometric ratio

as initial reagents. These samples are denoted as Sr33,

Sr50, and Sr67. The specifics of sample preparation and

their composition and structure were detailed in [4–6].
Dependences M(H) of magnetization on magnetic field

strength were measured with a vibration magnetometer

of the multifunctional cryogen free measurement system

(CFMS) from Cryogenic Ltd, U.K.

Temperature dependences of magnetization M(T ) of

samples Sr33, Sr50, and Sr67 have been examined in

detail in our recent studies [7,8]. Néel temperature TN at

which weak ferromagnetism is established was determined

for each of them. The introduction of a substitutional

impurity (strontium) into La1−xSrxFeO3−δ and an increase

in its concentration lead to a significant reduction of the

magnetic ordering temperature (Fig. 1). The observed

effects of Néel temperature variation were attributed in [7,8]
to a change in the valence state of iron ions and the

Fe−O−Fe bond angles and to the emergence of oxygen

vacancies during substitution. Since the electrical neutrality

of La1−xSrxFeO3−δ needs to be maintained, the substitution

of La3+ ions with Sr2+ ions causes the transformation of

a certain fraction of Fe3+ into Fe4+ and the production of

oxygen vacancies [4–6].
According to the Goodenough’s theory, the superex-

change interaction between Fe3+ and Fe3+ ions is antiferro-

magnetic and stronger than the one between Fe4+ and Fe4+

ions or Fe3+ and Fe4+ [9]. Moreover, according to Zener’s

theory, the latter ions have a ferromagnetic channel between

them established via double exchange [10–14]. Emerging

oxygen vacancies disrupt the exchange coupling. Therefore,

the introduction of Sr2+ ions into lanthanum orthoferrite, on
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Figure 1. Dependence of Néel temperature TN on the amount of

strontium dopant (x). The solid curve is the approximating one.

the one hand, weakens the antiferromagnetic superexchange

interaction (JAF) and, on the other hand, induces the

ferromagnetic double exchange interaction (JF). Resulting

exchange integral Jex is an additive physical quantity that

is a linear combination of JAF and JF. It is impossible to

separate quantitatively the contributions of JAF and JF into

Jex . Weakening of JAF with simultaneous intensification

of JF leads to weakening of Jex and a reduction in Néel

temperature TN [15] (Fig. 1). Therefore, only Jex may be

estimated quantitatively based on the known relation be-

tween Jex and TN: TN = z S(S + 1)Jex/3kB, where z = 6 is

the number of nearest neighbors, S = 5/2 is the spin of

iron Fe3+ ions, and kB is the Boltzmann constant [1].
First, if TN is known, this expression allows one estimate

directly the values of exchange integrals Jex for each of

the three samples (see the table). Second, it provides a

simple explanation for the TN(x) dependence, attributing it

to dependence Jex(x). Changes in the crystal structure of

La1−xSrxFeO3−δ occurring when La3+ is substituted with

Sr2+ always lead, among other things, to a reduction of

Fe−O−Fe bond angle θ. It decreases with increasing x in

a power-law fashion: θ(x) = a − bx c [16]. The superex-

change interaction intensifies with increasing Fe−O−Fe

bond angle θ as Jex(θ) = A + B cos θ + C cos2 θ [1]. It

follows from this expression that superexchange integral Jex

reaches its maximum at θ = 180◦ . Thus, the Jex(x)
dependence is a mediated θ(x) dependence. The solid

Magnetic characteristics of samples

x
TN, Jex , Hex1 , HD, χ, σ Hex2, HD/2Hex

Ms , Ha , K, 104 Hc , Mr ,

K K T T emu/(g·T) emu/g T emu/g T erg/cm3 T emu/g

0.33 385 32 246 2.3 0.12 0.27 247 0.005 0.9 2.3 6.6 0.99 0.24

0.50 230 19 147 0.7 0.23 0.16 130 0.003 0.5 2.1 3.5 0.37 0.15

0.67 196 16 125 0.5 0.26 0.14 126 0.002 0.4 1.3 1.6 0.06 0.07

curve in Fig. 1 represents an approximation of the TN(x)
dependence through the Jex(θ) dependence with empirical

relation θ(x) taken into account. The approximation

parameters were as follows: a = 180◦, b = 80◦, c = 0.5,

A = 10K, B = 35K, and C = 60K; i.e., the reduction of

Jex with increasing x (see the table) is attributed to the

fact that the bond angle decreases from θ = 140 to 125◦

as x grows from 0.33 to 0.67. To conclude this section,

we note that the values of exchange field Hex = z SJex/gµB
were determined for each of the three samples (see the

table). In the given expression, g = 2 is the g-factor
of Fe3+ ions and µB is the Bohr magneton. The value

of exchange field Hex is important not in itself, but for

further discussion. The exchange field values estimated

this way are marked with subscript 1 in the table (Hex1).
Figure 2 shows dependences M(H) of magnetization on

magnetic field strength at a temperature of 2K for samples

Sr33, Sr50, and Sr67. The shape of the M(H) curves

is typical of weak ferromagnets. One remarkable feature

stands out. The magnetization decreases with an increase

in x in relatively weak magnetic fields H < 10 kOe, while

the pattern in strong fields with H > 10 kOe is reversed:

the magnetization increases with x (Fig. 2). In weak

magnetic fields, when the orienting effect of the external

magnetic field is imperceptible, we are dealing with the

magnetization of a weak ferromagnet in the basal plane,

which depends on H as M(H) = χHD + χH [17–19]. This
expression was used to approximate the experimental M(H)
dependences (purple curves in Fig. 2). Here, χ is the

magnetic susceptibility and HD is the Dzyaloshinskii field.

The values of χ and HD were determined directly from

the approximation, while spontaneous magnetization σ

and exchange field Hex were determined using relations

σ = χHD and χ = MFe/2Hex (see the table) [19]. Here,

MFe = 2gSµB/ρV ≈ 60 emu/g is the magnetization of one

of the sublattices of the antiferromagnet (see the table) [1].
The exchange field values estimated this way are marked

with subscript 2 in the table (Hex2). The values of Hex1

and Hex2 obtained as a result of analysis of completely

different dependences TN(x) and M(H) are very close and

decrease with increasing x (see the table). However, the

main result here is that a reduction in σ with an increase

in x follows from the above estimates. Thus, the mea-

sured magnetization in weak magnetic fields H < 10 kOe

decreases with increasing x due to the fact that σ decreases

with increasing x . The spontaneous magnetization of a

weak ferromagnet depends on the ratio of contributions
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of the isotropic superexchange interaction (Hex) and the

antisymmetric Dzyaloshinskii−Moriya exchange interaction

(HD) to the total effective exchange and is written as

σ = MFeHD/2Hex [19]. Factor HD/2Hex characterizes the

canting angle of the antiferromagnet sublattices, which,

in accordance with expression sinϕ = (HD + H)/2Hex ,

decreases from ϕ = 0.5 to 0.2◦ as x increases from 0.33

to 0.67 [19]. It can be seen from the table that both HD

and Hex decrease with increasing x , but their contributions
are redistributed in such a way that σ decreases as x
grows. While the first contribution depends primarily on the

Fe−O−Fe bond angle, the second one depends both on the

superexchange bond angle and on its spatial orientation. To

conclude, we note that the estimated σ values for all three

samples are close to remanent magnetization Mr (see the

table). As was already noted, the magnetization increases

with an increase in x in strong magnetic fields H > 10 kOe

(see the table). In magnetic fields stronger than a certain

level (magnetic anisotropy field Ha), the orienting effect of

the external magnetic field becomes significant. In fields

H > Ha , a weak ferromagnet also acquires an orthogonal

magnetization component, which is inversely proportional

to Ha . Therefore, the increasing dependence of magne-

tization M(x) recorded in high magnetic fields may be

attributed qualitatively to decreasing dependence Ha(x). In
the region of strong magnetic fields, when the magnetization

approaches saturation Ms , it has a power-law dependence

on H : M(H) = Ms(1− (Ha/H)2) + χH [20]. This ex-

pression was used to approximate high-field (H > 40 kOe)
experimental dependences M(H) with extrapolation of

magnetization to H = 0Oe for visualization of field Ha (red
curves in Fig. 2). It can be seen from the table that the

values of both Ms and Ha determined directly from the

approximation decrease with increasing x . The value of

magnetization Ms determined from the approximation and

the theoretical value of Ms = 2MFeHD/Hex agree closely

with each other [19]. The behavior of M(x) was discussed

in detail above. The key feature of interest to us here

is that the introduction of substitutional strontium into

La1−xSrxFeO3−δ and an increase in its concentration lead to

noticeable weakening of magnetic anisotropy Ha . The Ha

anisotropy field is the limiting value of coercive force Hc .

Therefore, both coercive force Hc and the Ha anisotropy

field are expected to decrease with increasing x . The

magnetic hysteresis loops (Fig. 3) were measured to verify

this assumption. The parameters of these loops (coercive
force Hc and remanent magnetization Mr) are given in

the table. We have already noted that the values of

remanent magnetization Mr for all three samples turned out

to be close to the values of spontaneous magnetization σ .

As expected, coercive force Hc decreases, in synchrony

with Ha , with increasing x . This indicates that the

Hc(x) dependence is shaped by variations of magnetic

anisotropy with increasing x rather than by changes in the

microstructure of samples. The value of magnetic anisotropy

constant K was estimated for each of the three samples

using the known Ha = 2K/Ms relation. It turned out that
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Figure 2. Dependences of magnetization of samples Sr33 (black
symbols), Sr50 (green symbols), and Sr67 (blue symbols) on

magnetic field strength at a temperature of 2K. Solid purple and

red curves are the approximating ones. A color version of the

figure is provided in the online version of the paper.
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Figure 3. Magnetic hysteresis loops of samples Sr33, Sr50, and

Sr67 at a temperature of 2K.

it decreases with increasing x (see the table) [20]. If one

tracks the variations of both magnetic anisotropy constant K
and Dzyaloshinskii field HD with increasing x in the table, it

becomes evident that K increases with HD. In other words,

as the antisymmetric Dzyaloshinskii−Moriya exchange in-

teraction grows stronger, the magnetic anisotropy increases.

This may imply that the spin-orbit interaction is the main

microscopic mechanism behind these two phenomena. The

Dzyaloshinskii−Moriya interaction induces the formation

of a non-collinear antiferromagnetic spin structure with a

loosely antiparallel arrangement of spins of iron ions in the

samples.

Thus, the dependences of the Néel temperature on the

amount of strontium dopant (TN(x)) and the magnetization

on the magnetic field strength (M(x , H)) at a temperature

Technical Physics Letters, 2025, Vol. 51, No. 5
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of 2K were analyzed thoroughly for a series of three

La1−xSrxFeO3−δ (x = 0.33, 0.50, 0.67) samples. It was

established that temperature TN decreases with an increase

in x due to weakening of the superexchange interaction

caused by a reduction of the Fe−O−Fe bond angle with

increasing x . The variations of M(x , H) in weak magnetic

fields are attributable to the redistribution of contributions

of the isotropic superexchange interaction and the antisym-

metric Dzyaloshinskii−Moriya exchange interaction to the

total effective exchange; in high fields, they are induced by

magnetic anisotropy effects. It was demonstrated that the

decreasing dependence of coercive force Hc(x) is formed

by variations of magnetic anisotropy rather than by changes

in the microstructure of samples. The spin-orbit interaction

is the main microscopic mechanism that shapes magnetic

anisotropy.
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