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Abstract

A comparison between theoretically calculated unit cell volume and interatomic distances in the system Lag 7Sro3Mn;_,Me,Os,s (where Me =Cu,
Fe, Cr, Ti) and the experimental data obtained by the full-profile Rietveld X-ray analysis as well as an analysis of magnetic properties allowed
us to suggest possible mechanisms of charge compensation occurring when d metals substitute for manganese. It has been shown that in the
case when copper, iron, chromium and titanium ions substitute for manganese ions in the system Lag7Sry3Mn;_.Me, O3 charge compensation is
described by the model 2Mn3* — Mn** + Cu?*, Mn® — Fe®*, Mn®" — Cr® and Mn** — Ti*", respectively. In the latter case, a decrease in oxygen

nonstoichiometry occurs with increasing x.
© 2007 Published by Elsevier Ltd.
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1. Introduction

A colossal magnetoresistance is observed in lanthanum man-
ganites with perovskite structure, that allows these materials to
be considered as promising candidates for developing a new
generation of magnetic sensors and magnetic information read-
ers. Often, considerable changes in the electrical resistance of
lanthanum manganites can be achieved only in strong fields or
at low temperatures that dramatically restricts the range of their
application in practice. Substantial modifications of the proper-
ties of manganites should be expected in the case of doping the
manganese sublattice. In particular, it is possible to considerably
increase the magnetoresistance of manganites by using copper
dopants.! Iron ions considerably change magnetic, electrical and
magnetoresistive properties, although do not participate in the
double exchange.2 Chromium ions shift the maximum of mag-
netoresistance to room temperature, induce the transition from
antiferro- to ferromagnetic state.® Titanium ions considerably
decrease spontaneous magnetization and the Curie point.* In
most cases, the effect of d metals on the properties of mangan-
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ites was analyzed in terms of their electronic subsystem and
magnetic interactions. However, the substitution for manganese
causes changes in the unit cell parameters, enhancement of struc-
tural heterogeneity, formation of vacancies in cation and anion
sublattices.® At present, the data concerning the effect of par-
tial substitutions in the manganese sublattice on the magnetic
properties of manganites is often incomplete and discrepant.

Therefore, the aim of this work was to investigate system-
atically the structure and magnetic properties of solid solutions
Lag.7Sro.3Mn1_Me,Os+s with quantitative calculations of unit
cell volume and interatomic distances, and their comparison
with experimental data in order to determine the mechanism
of charge compensation occurring in the case of the substitution
of manganese by d metals (Cu, Fe, Cr, Ti).

2. Experimental

Polycrystalline samples were prepared by solid-state reac-
tions, using extra pure and reagent-grade raw materials. X-ray
diffraction (XRD) measurements were performed on a DRON
4-07 powder diffractometer. Depending on chemical composi-
tion, the ceramic samples were sintered in air at the temperatures
within the range of 1300-1400 °C. Structural parameters were
refined by the Rietveld full-profile X-ray analysis method, using
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the FullProf program. The Mn3* and Mn** contents of the
samples were determined by iodometric titration. Magnetiza-
tion was measured with a Quantum Design MPMS-5S SQUID
magnetometer. Ferromagnetic resonance (FMR) studies were
performed ona RADIOPAN spectrometer (9.2 GHz), using sam-
ples with the dimensions 1 mm x 1 mm x 5mm. The applied
magnetic field was parallel to the long axis of a sample.

3. Results and discussion

After sintering ceramic Lag 7Srg 3Mn1_,{Cu,Fe,Cr, Ti}Oz+s
samples had the perovskite structure with the space group R3c.
At x=0, a chemical analysis has shown oxygen nonstoichiom-
etry to be 8o =0.035, and the fraction of Mn** in the total
manganese amount to be 0.38. The experimental parameters of
the crystal structure of ceramic samples were compared with the
calculated values on the assumption of different charge com-
pensation mechanisms (Table 1). NMR spectra have shown that
manganese in the manganites is in both Mn3* and Mn** states.®
Mn2* can appear only when there are a considerable number of
vacancies in the lanthanum sublattice.® Therefore, in the present
work, we assumed that manganese is in the oxidation states
+3 and +4 only. For the calculation we used the interrelation
between the free volume of the unit cell, V¢, with the tolerance
factor r of A1_,A,B1_,B) 035 perovskite, deduced in Ref.”:
Vi = (Vimeas — Voce)! Vimeas = (1.20 = 0.09) — (0.95 £ 0.09)¢,
where Vo is the occupied unit cell volume, which is equal to
the sum of the volumes of both ions and vacancies calculated
using ionic radii.® The radii of vacancies were determined
using formulas presented in Ref.” Occupied unit cell volume

Table 1

and radius of vacancies, which are interrelated, have been
determined by method of successive approximations. Also, we
took into account the coexistence of both high-spin (HS) and
low-spin (LS) states of Mn3* ions, whose ratio in the solid
solution Lag gSrg2MnQO3 was determined at room temperature
as Mn35:MnlE ~3:1.9

Fig. 1a shows that the experimental values of the unit cell vol-
ume and interatomic distances in the Lag 7Srg3Mn1_,Cu, O34+
as a function of x value are in good agreement with the cal-
culated data according the model X (2Mn3f — Mn** + CuZ*).
The character of Ms versus x dependence for the
Lag.7Sro.3Mn1_Cu,Os.s system considerably changes near
x=0.07 (Fig. 2): for low x (<0.07) the saturation magnetization
is almost constant and agrees with the calculated dependence
for 2Mn3* — Mn** + Cu?* model (X), whereas at x>0.07 it
significantly decreases with increasing x. In the calculations, we
assumed that the magnetization of Mn3H“§ (spin $=2) is 4 wp;
MnP% (S=1)=2pg; Mn** (§=3/2) =3 ug.1° For the samples
with x <0.07, the FMR spectrum is a single line, but for the
sample with x>0.07, two well-defined absorption lines are
observed, which correspond to two different magnetic phases
(Fig. 3). These data are in good agreement with the determined
limits of the existence of homogeneous ferromagnetic phase
for the model X (see Table 1).

A characteristic feature of the Lag7Srg3Mni_,Fe,O3 sys-
tem is that Fe3* ions like Mn3* ions can be in both high-spin
and low-spin state. Experimental dependences for the unit cell
parameters were successfully described only for Mn3* — Fe3*
model (IX) on the assumption that the ratio between ions in high-
spin and low-spin state for iron is the same as for manganese:

Models of charge exchange in Lag 7Srp3Mn;_Me, O35 system (Me = Cu, Fe, Cr, Ti)

Notes: (1) In the models 1-V, § increases with Me content, in the models VI-XI it does not change, and in the models XI1-XVI, it decreases down to zero at xc. In the
model XV11, only intrinsic Schottky defects are considered; the introduced dopant is not involved explicitly in the model.13 (2) The sign “+” denotes the models under
analysis, and color denotes the models determined in substituted manganites by structure analysis and magnetic measurements. (3) In the calculations, we assumed
that the ratio MnagzMnﬁJg is retained in substituted manganites. (4) xmin and xmax correspond to the concentration limits of nonmagnetic manganese-substituting

dopants within which a homogeneous ferromagnetic phase exists (these values are derived from the conditions Cﬁ,ﬁn =0.18 and 0.50, respectively).’®
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Fig. 1. Unit cell volume V (a) and interatomic Mn-O distance (b) vs. copper
content for Lag 7Sro.3Mn;_,Cu,Os3..5: experimental plot is presented in compar-
ison with the calculated results. The numbers on the curves denote the models
listed in Table 1.

MnZ5:Mnd{ ~ 3:1 (Fig. 1b). With increasing iron content the
shape of FMR spectra does not change considerably over a
wide concentration range,!! which corresponds to the dopant
concentration limits for the model X (see Table 1).

The experimental dependence of the unit cell volume and
interatomic distances in the Lag.7Srg3Mny,Cr,O3 system is in
good agreement with two dependences calculated according
to the following charge compensation models: Mn3* — Cr3*
(1X) and 2Mn3" — Mn*" +Cr?* (X). Within the range of
chromium concentrations (0 < x < 0.12) the shape of FMR spec-
trum is practically unchanged. It corresponds to the model (1X)
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Fig. 2. Measured (1) and calculated (2) saturation magnetization for
Lag 7Sro.3Mn;_,Cu,O3z45 at liquid helium temperature in the magnetic field
of 4000 KA/m.
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Fig. 3. FMR spectra of Lag 7Srp3Mn;_,Cu,O34s with x=0 (1); 0.025 (2); 0.05
(3); 0.08 (4) liquid nitrogen temperature.

Mn3* — Cr3*, for which the range of homogeneous ferromag-
netic phase is considerably wider as compared to that of the
model (X) 2Mn3* — Mn** + Cr?*. However, if chromium par-
ticipates in the double exchange, then taking into account the
identical configuration of the outer electronic shells for Mn**
and Cr3* (3d®) and for Mn3* and Cr2* (3d*), this would result
in the 3d* — 3d® model (1X), for which the homogeneous fer-
romagnetic phase exists in a wide range of substitutions in the
manganese sublattice. Therefore, the results of magnetic stud-
ies do not allow a correct distinguishing between the models
(I1X) and (X) for the case when chromium partly substitutes for
manganese.

The experimental dependence of the unit cell volume for
Lag 7Srg3Mn1_,Ti,O3xs on the titanium content is nonlinear
(Fig. 4) and cannot be described in terms of the simple models,
including the Mn** — Ti** (VIII) model assumed in Ref.* At
the same time, for x>0.17, the V(x) dependence seems to be in
agreement with the calculations performed for § =0 within the
above model. Therefore, we can conclude that at x>0.17 the
model Mn** — Ti** exists, whereas in the range of 0 < x < 0.17
an additional model should be suggested, which involves a
decrease in the oxygen nonstoichiometry § with increasing x.
The § value may decrease as a result of the processes XII or
XVII (see Table 1). However, the process XII corresponds to a
different model of charge compensation and, therefore, to a dif-
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Fig. 4. Unitcell volumes of Lag 7Srg 3Mn;_, Ti, O34 5 obtained from experimen-
tal data (points; the inset shows the data from Ref.#) and calculated (lines). The
numbers on the curves denote the models listed in Table 1.

ferent V(x) dependence at xc =0.07, which is not supported by
the experimental data (see Fig. 4). When titanium substitutes for
manganese in the Lag 7Srg.3Mn1_, Ti,O31s system in the range
0 <x<0.17, the number of intrinsic defects changes like that
in the La;_,Sr,MnQO31s system when strontium substitutes for
lanthanum.? This process is described by the model XVII, in
which Schottky defects are involved.'® This model leads to small
variations in the magnetic properties with titanium content up
tox<0.17.14

4. Conclusions

According to the results of a comprehensive analysis of
the concentration dependences of unit cell volume, interatomic
Mn-0O distances, saturation magnetization, and ferromagnetic
resonance spectra of Lag7Sro3Mni_Me,O3 system (where
Me=Cu, Fe, Cr, Ti), we have demonstrated that when cop-
per substitutes for manganese the charge compensation is in
accordance with the 2Mn3* — Mn** + CuZ* model. When iron
substitutes for manganese the charge compensation can be rep-
resented by the model Mn3* — Fe3*. At the same time, when
chromium substitutes for manganese the charge compensation
can be represented by the model Mn3* — Cr3*, but the model
2Mn3* — Mn** + Cr?* is also possible if chromium ions take

part in the double exchange. It has been shown that when tita-
nium substitutes for manganese the charge compensation occurs
via the Mn** — Ti** model with a simultaneous decrease in the
oxygen nonstoichiometry § with increasing x.
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