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Abstract. This work presents the results of the experimental studies of the magnetic resonance prop-
erties of the Y.55r0.5Cro.5Mng 503 polycrystalline system. We found that two absorption lines are
observed in the magnetic ordering region at 7' < 80 K in the spectrum. When changing to the paramag-
netic region, one of the lines disappears, but a set of weak lines appears, which are identified as belonging
to the Mn2?" impurity ions. The temperature behavior of the main peak line width is analyzed within
the framework of the single-ion relaxation theory. Mn>" ions were found to be responsible for the low-
temperature peak, and Cr** ions are responsible for the high-temperature peak. The constants of the
molecular fields acting on the Mn3" and Cr** subsystems have been determined.
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Introduction

At present, compounds based on various oxides are actively studied, where it is possible to
obtain both purely magnetic compounds and those that belong to the class of multiferroics [1].
Inhomogeneous media with developed interfaces between mesoscopic structural elements are of
great interest. Such systems are with phase separation, film structures, and nanoscale compos-
ites [2]. In this respect, compounds from the class of manganites with the A;B;_,Mn,Me;_, O3
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general formula, where A is a rare earth element, B is usually an alkaline earth element, and
Me is a 3d metal, have been studied in the most detail [3]. The base compound is LaMnO3, in
particular, the doping of this compound with Sr?* ions depending on the impurity concentration
results in a great variety of properties [4]. In mixed chromite-manganites, the effect of exchange
displacement occurs due to the competition of exchange interactions between one-and dissimilar
Cr and Mn ions with different valences [5-7] and the inversion effect of the magnetization sign [8].
When yttrium impurities are added instead of lanthanum, an abnormal change in the relative vol-
ume, a variety in the reverse susceptibility [9], and relaxation processes of magnetization [10] are
observed, which are typical for spin glasses. In polycrystalline lanthanum-strontium manganite
doped with chromium in low concentrations (8%<) a return spin-glass behavior is observed [11].
At the same time, the technology of obtaining samples has a strong influence on the properties
of polycrystals. It was previously established that in the Y 55rg.5Crg.5sMng 503 polycrystalline
sample there are two magnetic subsystems with different types of magnetic behavior, but the
question of the role of different 3d elements remains open [12]. The above shows that partial
replacement of both the rare earth element and the transition 3d metal significantly affects the
physical properties of manganites.

Since magnetic resonance data provide some information about internal fields and interac-
tions in magnets, we decided to investigate the magnetic resonance properties of polycrystalline
yttrium-strontium chromite-manganite.

1. Material and methods

A mixture of oxides Y203, SrCOj, Cry0Os, and MnsO3 was used to obtain the
Yo0.55r0.5Crg.5Mng 503 manganate. The obtained samples of complex oxides were prepared by
the sol-gel method [12,13]. The phase state of the final products was monitored by x-ray phase
analysis by means of a Miniflex 600 X-ray diffractometer (Rigaku). Electron microscopic mea-
surements were performed by a JEOL JEM-2100 microscope. Magnetic characteristics were
studied on the MPMS-XL SQUID-magnetometer in fields up to 50 kOe. Electron magnetic reso-
nance (EMR) spectra were measured by means of a EPR spectrometer ELEXSYS E580, Bruker,
Germany operating at a frequency 9.48 GHz. Magnetic resonance measurements were performed
in the temperature range from 5 K to 300 K.

2. Experimental

The X-ray spectroscopy method showed that the crystals correspond to the nominal composi-
tion and belong to the orthorhombic syngony with the cell parameters a = 0.7065 nm, b = 0.7375
nm, and ¢ = 0.6741 nm. The density of the substance was p ~ 3.95 g/cm®. The average size
of the crystallites can be considered by the electron microscopic image in Fig. 1 (L > 10 um).
Local values of the chemical elements content obtained by transmission spectroscopy from spots
with a diameter of ~ 20 nm in different places of the sample, both in atomic content and in
weight, correspond to the nominal values with an accuracy of 5-6% [12].

When measuring the resonant absorption, we found that at low temperatures the spectrum
consists of two lines 1 and 2 (see Fig. 2, part a). The resonant field of a high-field line (H,5) is
practically independent of temperature; the intensity of this line (defined as the area under the
curve and proportional to the number of absorbing centers [14]) decreases in magnitude and the
line disappears at T =~ 80 K. This temperature coincides with the temperature identified as the
temperature (Tn) of the magnetic ordering in the sample during magnetostatic measurements
[12]. However, as it can be seen in Fig. 3a, this line has a relatively narrow width. Line 1 is wide
and is observed over the entire temperature range studied. As the temperature rises, the line 2
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Fig. 1. The electron microscopic image of a chromite-manganite polycrystal of the
Yo0.5510.5Crg.5Mng 503 composition
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Fig. 2. The resonance absorption spectrum in the Y 551 5Crg.5sMng 503 polycrystal for tem-
peratures (a) T'= 39 K, (b) T'= 270 K. The lines 1 and 2 are fitting Lorentz curves, the solid

line is the experimental curve

disappears, and a set of 3 clearly seen lines appears near its location (Fig. 3, part bl), but with
an extremely low intensity.

The temperature dependences of the resonant fields of microwave absorption (H,.) are shown
in Fig. 4. It can be seen that the H, values for lines 2, 3, 4, and 5 practically do not depend
on the temperature over the entire range of their existence. For line 1, the dependence of the
resonant field increases strongly with increasing temperature, but at T > 80 K, its value also
becomes independent of temperature.

The behavior of the intensities (J) of absorption lines (Fig. 5, part b) at high temperatures
is similar to the behavior of resonant fields. In the temperature range of the existence of line 2
(T < 80 K), its intensity decreases with increasing temperature, and the intensity of the main
resonance (line 1), passing through the maximum at low temperatures, also becomes temperature-
independent in the high temperature range.

The resonant absorption line widths (AH) show a more complex behavior. Lines 3, 4, and
5 are narrow and do not depend on temperature. The width of line 2 increases slightly as it
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Fig. 3. The fine structure of the spectrum of the selected area in Fig. 2. The lines 3, 4, 5 are
fitting Lorentz curves, the solid line is the experimental curve

approaches the temperature Ty . For line 1, AH has two distinct maxima. One of them is nar-
rower and more intense in the magnetic ordering region and another is wide in the paramagnetic
region.

3. Discussion

When discussing magnetic resonance properties, we use the results of magnetostatic measure-
ments. These measurements show that individual ferromagnetic crystallites are bound together
by an antiferromagnetic interaction (at T' < Ty). It is well known [15, 16] that at the transition
to the nano or micro scale a shell with a distorted structure is formed in doped manganites in
the near-surface layer. With decreasing of the particle size the role of the surface layer increases.
In this case, e.g. for the La-Sr-Mn-O system, the magnetization for granules larger than 200
nm coincides with the magnetization of the bulk material [17]. The temperature behavior com-
parison of the resonant absorption intensities (Fig. 5b, curves 1 and 2) allows us to conclude
that in the region of line 2, its intensity is less than the intensity of the main line by about an
order of magnitude. Line 2 (Fig. 2a) can be identified as a line belonging to the outer shell of
the crystallite. Its abrupt disappearance presumably indicates that the transition is a first-order
phase transition, which can be observed in systems with large granules [17].

The fine structure in Fig. 3 can be explained by the existence of the Mn?* ions. Thus, it is
reported [18] that the TEM method detects inhomogeneities in the shell surrounding the core of
the granule which are associated with the formation of small manganese clusters. Besides, the
X-ray absorption spectroscopy (XAS) method showed the presence of the Mn?* ions localized on
the film surface [19]. Thus, structural imperfections lead to the appearance of divalent manganese
ions. Thus, the structure imperfections lead to the appearance of the divalent manganese ions.

3.1. Model representation

The features of the width of line 1 in Fig. 5a do not correspond to the behavior inherent in the
ensemble of superparamagnetic particles [20, 21], where a significant widening of the absorption
line at low temperatures and its narrowing at temperatures above the blocking temperature is
typical. In our case, the shape of the temperature dependence AH is qualitatively similar to
that observed, for example, in the Mn,Fe, Oy crystals [22], where the behavior of the line width
is described by ion relaxation processes [23].
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Fig. 4. The temperature dependences of resonant fields. The curve designations correspond to
the lines in Fig. 2 and Fig. 3

As it is known [3], ideal manganite crystals have the structure shown in Fig. 6a. Magnetic
ions occupy an octahedral position, and there is one magnetic ion per unit cell. The compound
Y0.5510.5Crog.5Mng 503 has orthorhombic symmetry with the unit cell volume V,; =~ 0.35 nm?,
which corresponds to the total concentration of magnetic ions Ny ~ 2.85 - 102" cm™3. In the
Y0.5510.5Cro.5Mng 503 crystal, Mn**t and Cr** ions are formed along with Mn?t and Cr?* ions
due to the introduction of the Sr?* ions. As noted above, the crystal composition corresponds
to the nominal composition, it means that each type of magnetic ion corresponds to the concen-
tration of N, = No/4 = 7.12-10%° em ™3 (k = 1,2,3,4). The most anisotropic ions among the
entire set of them are those with an even number of electrons, such as Mn®t and Cr**. They
can make the main contribution to the magnetic resonance line width.

The general basics of the ion relaxation theory in magnetically ordered crystals were founded
by Clogston [24]. According to this theory, the width of the magnetic resonance line depends on
the modulation of the energy levels of the impurity subsystem which is exchange bounded to the
magnetic matrix. It is obtained that

where w is the frequency of magnetization fluctuations, 7 is the relaxation time of level popula-
tions, and My is the magnetization and the last multiplier

on; Oe; On; Oe;
P__ i 955, ony 05y 2
Z(ae 20 " 96 a¢)’ @)

j=1
where €; is the energy levels of impurity ions, n; is the equilibrium populations of the levels, 6

and ¢ are polar and azimuthal angles. The most effective magnetic relaxation occurs at the ratio
wT = 1. Hereinafter, we will use this approximation.
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Fig. 5. The temperature dependences: a — line widths of resonant curves, b — line intensities.
The curve designations correspond to the lines in Fig. 2 and Fig. 3

3.2. The low-temperature maximum

As it is known from early studies [22] the low-temperature (7' ~ 15-20 K) maximum of the
line width in magnetically ordered manganese-containing ferrites is associated with the ionic
relaxation of the Mn3* ions. This ion has a 3d* configuration and a 5D electron term with L = 2
and S = 2. In the crystal field of octahedral symmetry, the D-term splits into a doublet and a
low-lying triplet [25], which further splits into singlets due to uniaxial distortions and the strong
Jahn-Teller interaction (Ejp ~ 0.25 eV (2900 K)) [26]. As a rule, Jahn—Teller ions show strong
anisotropic behavior, so for the s = 2 ground level ion, the Hamiltonian is written as [25]:

Wi=-=5,-(g1-H+ X -M) -cos(0+a)—Ds - {Sg§5(5+1)}, (3)

where S;(i = X,Y, Z) are spin components, H is the external magnetic field, M is the molecular
field acting on the Mn37T ion from all other magnetic ions, D; is the crystal field parameter, 6
is the angle indicating the direction of the external magnetic field measured from the Z-axis of
the crystal, « is the angle between the direction of the local quantization axis and the Z-axis
of the crystal usually determined by Jahn-Teller distortion [27]. Under the condition |D1| >>
|S: - (g1 - H+ A1 - M)| in the first approximation, we obtain the following energy states (see
Fig. 6b):

= 2Dy £ [G1(T) - ),
eVt = 4Dy £ [Gi(T) - 7], (4)
E? = 42D,

where G1(T) = &1-(g1- H+ )\ - M) is the temperature-dependent magnetic contribution, &; is the
maximum value of the ion magnetic moment, and 1 = cos(6 + ). Considering the contribution
of the high-lying levels 8?’4 and £} to be negligible, only main doublet 5%’2 is taken.

Taking into account small rhombic distortions of the d;(S7 — SZ) type results in the form of
the levels energy:

e} = =201 £ \/IG/(T) - + 8% )

Basing on this electronic structure of the ion subsystem, and rejecting the contribution from
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Fig. 6. The unit cell of manganite (a) and the energy structure of the low-lying levels of the
Mn3* (b) and Cr** (c) ions with orthorhombic distortions

high-lying levels, we obtain a well-known result [23]

N (OAE,/90) N (OAE,/90)

T AKgT AE: | AB, \12 16KpT L (AB: 2
P\ ok ,T ) TP\ T aK,T S\ QKT

where Kp is Boltzmann constant, AE; = &2 — 2.

Satisfactory results for AH (Mn?®1) were obtained for the following values: §; =1.035-1071° erg
(~75K), GiI(T=5K)="773-10"1 erg (~ 56 K), My = 499 G is magnetization at H = 3.5
kOe. In the numerical calculation, the temperature dependence of the magnetization (and,
consequently, the molecular field) was taken from the experiment (the insert in Fig. 7). This
result can be attributed to a single crystallite. For the entire sample, we should average over
the angle 6 in the range from 0° up to 90°. Fig. 7 (curve 1) shows the calculation result for
the contribution of the Mn3T ions subsystem to the line width after averaging (experimental
points are plotted there for comparison). The best agreement between the experiment and the
calculation is obtained at o = 7/6. This fact indicates the presence of a Jahn-Teller distortion
of the octahedron.

(6)

Py

3.3. The high-temperature maximum

If we pay attention to the high-temperature maximum depending on the line width, the
possible reason for its existence may be the contribution from the Cr**t ion subsystem. This
ion has a 3d? configuration and a ®F electron term with L = 3 and S = 1. In the crystal field
of octahedral symmetry, this term splits into a singlet and two low-lying triplets [25]. With a
further decrease in symmetry, the main one is the orbital singlet, which has a three-fold spin
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Fig. 7. The temperature dependence of the main resonance line width (curve 1, Fig. 5) of the
Yo.55r0.5Cro.5sMng 503 polycrystal. 1 — contribution from the Mn3* ions, 2 — contribution from
the Cr** ions, 3 — resulting curve (calculation). Empty circles correspond to the experiment. The
insert shows the temperature dependence of the magnetization taken in the field H = 3.5 kOe [12]

degeneracy, and the remaining orbital levels are high-lying and do not significantly affect the
state of the main singlet. The spin degeneracy is removed by the spin-orbit interaction and the
low symmetric contribution of the crystal field, which results in the quasi-Ising behavior of the
Cr* jon [25]. For such a situation, the spin Hamiltonian is as follows:

1
Wy=—S,-(g2a-H+X\y-M)-cos(f) — Dy - [sﬁ — gS(s +1)+6(52 -5, (7)

where all designations are given above. Diagonalization of expression (6) under condition Dy > 0

gives eigenvalues:
el = —2Dy/3,

D
5 = - £\l + 63,

®)

where Go(T) = & - (g2 - H + Ao - M) is the temperature - dependent magnetic contribution, &;
is the maximum value of the ion magnetic moment, and 5 = cos(6).

The scheme of energy levels for low-lying levels of the 3d? configuration is shown in Fig. 6c.
In this case, the main level is non-magnetic, and the levels responsible for magnetism are in
the excited state. Therefore, when calculating the contribution to the line width from the Cr*+
subsystem, it is necessary to take into account the entire set of levels of the spin multiplet. The
expression for the P multiplier in equation (2) now has the form:

Dy \ AL Y AR,
Ny _(aAEl)Q.eXP okoT ) |TP\ak,T ) TP okt -

90 D\, AB, \ AE, \1*
X X X —
P ok, ) TP\ ok, ) TP\ Tok,T

This equation can be easily reduced to

P =
27 AKgRT

9 eXp & . COSh ﬂ _1’_2
_ Na (OAE\ KT KT (10)
2T 9k, \ o8 D, 5 oot [ AE: 27
P o, ) T O\ ek LT

where AEy = &3 — €3, §3 = 3.45- 10716 erg (~ 2.5 K), Go(T = 100 K) = 9.177 - 10716 erg
(~6.65 K), My =5 G, Dy = 3.726- 10714 erg (~ 230 K). Here, as in the previous case, the upper
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hemisphere of the angle § was averaged, but in this case the best results were obtained at a = 0.
The calculations of the line width AH (Cr?T) using the equation (1) with a multiplier (10) are
shown in Fig. 7 (curve 2). Curve 3 in Fig. 7 is the sum of two contributions from the Mn3* and
Cr?* ion subsystems, and as one can see, there is a good agreement between the calculation and
the experiment.

Conclusions

The fine structure in Fig. 3 has a typical form for the Mn?* ion [25]. In our case, the intensity
of the fine structure lines is negligible compared to the intensity of absorption by magnetic phases,
so the influence of Mn?T ions on the magnetic properties can be ignored. Against the background
of line 2, the fine structure lines are not visible. These ions enter as impurities, probably due
to non-stoichiometry or distortions on the surface of the crystallites (compare with ref. [19]).
This is indirectly indicated by the fact that the lines of the fine structure fall into the resonance
region from the core shell, where the maximum distortions of the structure have to take place.
The obtained results of magnetic resonance studies are in the satisfactory agreement with the
data of magnetostatic measurements [12]. The sample is a set of crystallites interacting with
each other at the interface. At the same time, from comparing the temperature dependences
of the intensities of the resonant absorption lines 1 and 2 in the region close to the transition
(T =~ 80 K), we can estimate the volume of the core and the outer shell. Since the intensity of
the absorption line is proportional to the volume of the magnetic phase, Jo/J; ~ (13 — R3)/R3,
where r is the outer radius of the granule (crystallite) and R is the radius of the core. The
experiment shows that this ratio is < 1072, For the estimation, let’s assume that the granules
have a spherical shape, then r ~ 5 - 10® nm and the shell thickness is 7 — R ~ 20 nm. Analyzing
the behavior of the magnetic resonance line width, we can conclude that the low-temperature
maximum for line 1 corresponds to the region of magnetic ordering in the crystallite, while the
high-temperature maximum enters the paramagnetic region. The set of parameters obtained as
a result of fitting the theory to the experiment determines that the molecular field constant for
the Mn®* ion subsystem at 7' =5 K has a value of \; ~ 334.7, and for the Cr** ion subsystem
its value is Ay &~ 7071.2. These data indicate that a mixed combination of magnetic ion types
can be useful in the design of materials with higher magnetic ordering temperatures.

The magnetic resonance spectra were measured by means of the equipment of the Krasnoyarsk
Regional Center of Research Equipment of Federal Research Center "Krasnoyarsk Science Center
SB RAS". This work was carried out in the framework of the cooperation agreement between the
Kazakh National Women’s Teacher Training University, Siberian Federal University and L.V.
Kirensky Institute of Physics, Krasnoyarsk Scientific Center, Siberian Branch, Russian Academy
of Sciences.
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Awnnoranusi. B pabore npescraBieHbl pe3yIbTaThl SKCIIEPUMEHTATBHBIX UCCIETOBAHII MArHUTOPE30-
HAHCHBIX CBOMCTB MOJMKPUCTAJINIECKOMH cucTeMbl Y (.5510.5Cro.5 Mng 503. [Toaydeno, uro obsacTu mar-
autHOro ynopsiodenus npu T < 80 K B cuekrpe nabiromaercs gse smHnn norviomenus. [Ipu nmepexose
B MAPaMarHUTHYIO OOJIACTh OJHA M3 JIUHUN MCUE3AET, HO MOSBJISIIOTCS HAOOD CIAa0OBIX JIMHUH, UACHTH(U-
IUPYEMBIX KaK IIPUHAJIEXKAIIHE TPUMecHBIM HoHaM Mn?T. B paMKax Teopuu OJHOMOHHOI peJIaKCAI[AH
MPOBEJIEH aHAJIN3 TEMIIEPATYPHOrO MOBEJIEHUsI IMUPUHBI JIMHUH OCHOBHOI'O MHKAa. YCTAHOBJIEHO, YTO 34
HU3KO TeMIIEpaTypPHLI IHK oTBeTcTBeHHBI HOoHBI Mn®T, a 3a BeICOKOTeMmeparypubli — wmonsr Crit.
Onpe/ie/IeHbl KOHCTAHTBI MOJIEKYJISIDHBIX TI0JIeil, AeiCTBYIONMX Ha moacucrembl nonos Mn®t u Crit.
KuroueBsbie ciioBa: UTTpuii-CTPOHIIMEBBI XPOMUTO-MaHTaHUT, AaHTU(MEPPOMATrHUTHOE B3AMMOIEHCTBUE,
MAarHUTHBIN PE30HAHC, OJHOMOHHAS PEJIAKCAIINSI.
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