Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 8, pp. 1219-1223

Antiferromagnet-ferromagnet transition

in La;_xSryMng sNip 503 (0 < x < 0.2) ceramics

1.O. Troyanchukl, D.V. Karpinskyl, M.V. Bushinskyl, V.A. Sirenkoz,
V.V. Sikolenk03‘4, and A. Franz”

1Scientific-PracticaI Materials Research Centre NAS of Belarus, Minsk 220072, Belarus
E-mail: troyan@physics.by

2B. Verkin Institute for Low Temperature Physics and Engineering of National Academy of Sciences of Ukraine
47 Nauky Ave., Kharkov 61103, Ukraine

3Joint Institute for Nuclear Research, Dubna 141980, Russia

*REC “Functional nanomaterials” Immanuel Kant Baltic Federal University, 236041

SHelmholtz Zentrum Berlin, Hahn-Meitner-Platz 1, Berlin 14109, Germany

Received January 2, 2017, published online June 26, 2017

Ceramics samples of La;_4SryMngsNig 503 (0 <x <0.2) with perovskite structure have been studied by neutron
diffraction method, magnetometry and magnetoresistance measurements. Structural data testify a partial order of the
Ni and Mn ions in all the compounds in spite of chemical substitution of the La>" ions by Sr®* ones and an increase of
the oxidation state of the Ni ions from 2+ towards to 3+ one. Magnetic structure of the compounds changes from fer-
romagnetic one (specific for the compound with x = 0) to antiferromagnetic (compounds with x > 0.1) while the tem-
perature of a transition into paramagnetic state remains about 270 K for all the samples. Magnetoresistance gradually
decreases with temperature increase and strontium content. The results are discussed assuming nearly equal ferro-
magnetic and antiferromagnetic components of the superexchange interaction NiZ*~0-Mn*" while the interaction be-
tween Ni** and Mn* ions is considered to be strongly antiferromagnetic.

PACS: 61.05.F— Neutron diffraction and scattering;

75.50.Dd Nonmetallic ferromagnetic materials;
Exchange and superexchange interactions;
Magnetization curves, hysteresis, Barkhausen and related effects.
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Introduction

Solid solutions of manganese, nickel and cobalt with
perovskite structure are the model objects to study magnet-
ic properties of transition metal oxides demonstrating intri-
guing properties which often remain to be unexplained.
Ferromagnetism of manganites and cobaltites materials as
well as their metallic type conductivity can be induced by
chemical substitution of La>" ions by Sr®* ones resulted in
heterovalent Mn and/or Co ions in related solid solutions
as Lad , +Sr? +Mn(Co)O5 [1-4]. There is another way to
get dielectric ferromagnetic state of manganites — via
chemical substitution of Mn°" ions by nickel or cobalt
ones [5-8] Maximal values of the Curie points have been
observed for the compounds with 50% substitution of the

Mn ions which is primarily associated with structural order
of Mn and Co(Ni) ions [5-9]. It is known that the synthesis
conditions determine the values of the Curie points which
can vary significantly, e.g., 280 K for LaMngs5Nig503
compound [8,9] and 230 K for LaMng5Cog 503 one [6]
depending on the structural order of the related ions. It is
considered in Ref. 10 that transition metal ions are struc-
turally disordered in the compounds having low tempera-
ture magnetic transition, structural order of these ions fa-
vors higher transition temperature [11]. The recent
structural data obtained by XMCD method [6] testify that
preferred oxidation state of the transition metal ions are
Mn** and Ni?* (C02+) ones which highlights important
role of the structural order of the heterovalent ions. It
should be noted that different methods to study structural
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order show significantly different results, e.g., neutron dif-
fraction study of the compounds with relatively high Curie
points testify a well ordered structure formed by
heterovalent ions Co, Ni and Mn. While the results of the
electron diffraction measurements testify an incommensu-
rate crystal structure only in a few crystallines [12].

Chemical substitution of the La>" ion by Sr°+ ones
should change the electronic configuration of Ni%* ions
towards to Ni** one assuming constant oxygen stoichiome-
try of the compounds. It is considered that an appearance
of the Ni** ions should disrupt the charge order. The men-
tioned approach to substitute Mn ions by other transition
metal ions can permit to reveal the effect of the charge
order of the Mn and Ni ions on the magnetic properties of
the respective compounds as well as to estimate the sign
and the magnitude of the superexchange interactions be-
tween Ni and Mn ions.

Experimental

Polycrystalline  samples of Lag_Srx(MngsNig5)O3
(0 <x<0.2) have been obtained by standard ceramic tech-
nology using oxides LapO3, MnyO3z, NiO and carbonate
SrCO3 of high purity. The oxide LapO3 was annealed at
1050 °C to remove humidity. The oxides taken in stoichio-
metric ratio were thoroughly mixed in planetary mill
RETSCH PM 100. Preliminary annealing was performed at
1100 °C for 5 hours and the obtained product was thorough-
ly ground. A final synthesis was performed in air at tempera-
ture of 1420 °C for 7 h followed by gradual temperature
decrease down to 300°C during 12 h. Phase purity has been
estimated using step-scanned x-ray diffraction data collected
at room temperature using a DRON-3M diffractometer with
Cu-K, radiation. Neutron diffraction data were collected
using the high resolution powder diffractometer E9 at
Helmholtz—Zentrum for Materials and Energy (Berlin) with
the wavelength of 1.7982 A. The experimental data were
analysed by the Rietveld method using the FullProf software
package. Magnetization and magnetoresistance measure-
ments by four-probe method were made using physical
properties measurement system (PPMS, Cryogenic Ltd) in
magnetic fields up to 14 T. Ultrasonically deposited indium
was used for formation of contacts.

Results and discussion

Analysis of the XRD patterns recorded for the com-
pounds with 0 < x <0.15 did not reveal any impurity phas-
es while the XRD data of the compound with x = 0.2 testi-
fy an existence of the admixture oxide NiO (~ 3%). The
unit cell parameters of the compounds with x <0.2 have
been calculated assuming the rhombohedral crystal struc-
ture (space group R3). The structural data testify a de-
crease of the unit cell volume with increase of the Sr°"
content. This modification of the crystal structure evidenc-
es about an increase in the oxidation state of the nickel ions
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as the ionic radius of the La>" ions is significantly less than
that of Sr** one and the ionic radius of the Ni°* is notably
smaller than that attributed to Ni>* ion.

Figure 1 shows the temperature dependences of the
magnetization measured in FC and ZFC modes for the
compounds with x = 0, 0.1 in magnetic fields less than
200 Oe. The magnetization data testify a ferromagnetic
behavior of the compound LaMngsNig503 with Curie
temperature of about 270 K.

Surprisingly, the critical temperature of the magnetic
transition remains nearly stable with an increase in stronti-
um content (Fig. 1). The observed behavior is contradicts
to the decrease of the spontaneous magnetization observed
upon an increase of the sr®* content. Spontaneous magnet-
ization is nearly nullified in the compounds with x> 0.1
(Fig. 2). The unsaturated magnetization denoted in the
strong magnetic fields points at the competition between
superexchange interactions of different signs which be-
comes dominantly antiferromagnetic upon chemical substi-
tution of the La>" ions by the Sr®* ones.

The conductivity measurements testify a semiconductor
behavior of all the compounds under study with resistivity
of about ~10"~10® Ohm-cm at low temperatures. We didn’t
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Fig. 1. (Color online) Temperature dependences of magnetiza-
tion obtained in FC and ZFC modes for x = 0 (a) and x = 0.1 (b)
compounds.
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Fig. 2. (Color online) Field dependences of magnetization ob-
tained for the compounds La;_4Sry(Mng sNig 5)O3 with x < 0.2.

observe any anomalies on the conductivity dependencies
near the temperature transition to the magnetically ordered
state. It should be noted that the magnitude of the
magnetoresistance increases upon temperature decrease
and diminishes with an increase of strontium content above
x>0.1 (Fig. 3). There is no magnetoresistance effect at
temperatures near the Curie point and we didn’t observe a
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Fig. 3. (Color online) Magnetoresistance vs magnetic field at
different temperatures for La;_4SryMngsNigs03 (x = 0; 0.15)
samples.
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tunnel magnetoresistance effect in the whole measured
temperature range unlike the results presented in the
Ref. 8. The observed magnetoresistance behavior can be
explained assuming a weak spin polarization of the charge
carriers and magnetoresistance effect is most probably as-
sociated with the magnetic and structural disorder and
strong 3d-2p hybridization of the related orbitals of the
manganese and oxygen ions which is strengthened in mag-
netic field.

Neutron diffraction measurements for the compounds
with x = 0.1 and 0.2 have been performed in the tempera-
ture range 4-300 K (Fig. 4). The diffraction patterns rec-
orded at 300 K have been successfully refined considering
a rhombohedral type of the unit cell distortion. The struc-
tural refinement has been performed with space group R3
which assumes a chess-like ionic order of the Mn and Ni
cations. At temperatures lower than 25 K one can denote a
significant increase in the relative intensity of the diffrac-
tion peak indexed as (101)|(100) which involves both
structural and magnetic components of neutron scattering.
An increase in the intensity of the mentioned peak upon
temperature decrease points at a formation of the antifer-
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Fig. 4. (Color online) Neutron powder diffraction patterns rec-
orded at 300 and 4 K for Lag.gSrg.1Mng.5Nig 503 sample. The
black line and red points denote the calculated and observed pro-
files, respectively. The bottom blue line represents their differ-
ence. The row of vertical ticks marks the Bragg reflections of the
structural and magnetic phases.
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romagnetic order of G-type which onset nearly coincides
with the anomaly on the magnetization dependence at high
temperature and an appearance of the spontaneous magnet-
ization. It should be noted that the discussed reflection is
significantly broader than other reflections thus indicating
the inhomogeneous distribution of the Ni and Mn ions it-
self as well as their magnetic moments.

The main parameters of crystal and magnetic structures
are denoted in the Table 1. Low values of the reliability
factors calculated during the refinement (see Table 1) testi-
fy a good correlation between the observed and the calcu-
lated parameters which confirms an oxygen stoichiometry
and in turn the oxidation states of the Ni and Mn ions to be
thus 3+ and 4+, respectively. The calculated value of the
magnetic moment at 2 K is about 1.5 yug which is lower
than that estimated in case of the homogeneous magnetic
structure. The structural parameters calculated for the
compound with x = 0.1 are quite close to those calculated
for the compound x = 0.2 while the unit cell volume of the

latter compound is slightly smaller while the magnetic
moment is slightly larger — 1.7 pp.

In order to clarify an evolution of the magnetic proper-
ties of the compounds as a function of the chemical substi-
tution of La>" ions by the Sr®* ions one should know the
sign and the strength of the superexchange interactions
between 3d ions. According to the Goodenough—Kanamori
rule the interaction between Mn**-0-Mn*" ions always
has negative sign as well as that between NiZ*—O-Ni*"
ions [13]. Therefore, it is considered that ferromagnetism
of the compound LaMn0_5Nio,5OS+is govern4efl by positive
exchange interaction between Ni~ and Mn" " ions. While
the magnetic moment estimated for the present compound
with x = 0 is significantly lower than that calculated as-
suming pure ionic model.

The most reasonable argumentation of the obtained ex-
perimental data assumes that the comg?und contgins the
structural regions of well-ordered Ni® and Mn" ions.
These regions are characterized by a maximal number of

Table 1. Structural and magnetic parameters (lattice parameters, fractional atomic coordinates and magnetic moments) and reliability

factors calculated for Lag gSrg.1Mng sNig 503 sample

Temperature, K 4 300
Space group R3 R3
a(A) 5.4911(1) 5.4950(1)
¢ (A) 13.2014(2) 13.2437(2)
V (A% 344.728(6) 346.317(7)
La/Sr: X 0 0
y 0 0
z 0.2509(3) 0.2519(4)
Biso (A?) 0.12(4) 0.55(4)
“Mn: (xy2) (00) (00%)
Biso (A?) 0.43(7) 0.53(7)
“Ni: (xy?2) (000) (000)
Biso (A%) 0.43(7) 0.53(7)
o: X 0.5501(5) 0.5468(5)
y -0.0018(9) -0.0049(8)
z 0.2506(3) 0.2508(3)
Biso (A?) 0.44(3) 0.81(3)
e (uB) 0.9 _
uAF (uB) 0.4 _
72 IRun(%) 2.30/4.12 2.65/4.37
Reragg(%6)/Rmag(%) 2.68/47.4 5.47/ -

Comment: (x) The refined ionic occupation gives an amount of antisite defects to be around of 34%.
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positive exchange interactions which governs high Curie
point and magnetization. Other structural reglons are con-
sidered to possess mainly Ni** and Mn®" ions which are
disordered in the lattice and antiferromagnetic interactions
become to be dominant thus decreasing the magnetization
and a transition temperature. The chemical substitution by
sr®* ions transforms all manganese ions into the 4+ oxida-
tion state while the structural order remains stable in spite
of the presence of NI |ons and most probably negative
interaction between Ni** and Mn** ions. In the case than
the positive component of the superexchange interaction is
nearly equal to the negative one it is possible than the criti-
cal temperatures of the transitions to the paramagnetic state
of these magnetic phases is nearly coincide and the struc-
tural order remains to be stable.

Conclusions

The magnetization and transport properties of the com-
pounds LaMngsNig 503z with chemical substitution of La
ions by Sr®* ones have been investigated using neutron dif-
fraction method, magnetometry and magnetore5|stance
measurements. It is shown that chemical substitution by sret
ions leads to a modification of dominant magnetic state from
ferromagnetic towards antiferromagnetic one even at low
concentration of Sr>* content. The Curie temperature of the
pristine compound is nearly coincide with that estimated for
the doped compounds. Magnetore3|stance effect decreases
upon temperature increase and sr?* content. The obtained
results are discussed in the model which assumes that posi-
tive and negative components of the superexchange interac-
tion Ni**—0-Mn** are nearly equal to each other, the inter-
action between Ni**-O-Mn** is negative. Large negative
magnetoresistance effect is associated with structural and
magnetic disorder as well as relatively large 3d—O2p hybrid-
ization which strengthens in magnetic field.
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