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Abstract

Objectives. This work aims to theoretically and experimentally investigate the specific features of magnetoresistance
temperature dependence in nanostructured films of doped manganites. The temperature dependence of electrical
resistance for La,g,Baj ;3MnO,; manganite films, grown by laser ablation on various dielectric substrates,
is investigated over a wide temperature range.

Methods. Epitaxial La, 4,Ba, ;3MnO; films with a thickness of 80 nm were grown by pulsed laser ablation using
an ArF excimer laser (a laser wavelength of 247 nm) on single-crystalline SrTiOs and ZrO,(Y,05) substrates. The
magnetoresistance properties were measured using a two-probe DC method. The measurements were conducted
in magnetic fields up to 8 kOe applied in the film plane, across a temperature range of 80—-350 K. To accomplish the
research objectives, an empirical magnetoresistance model was applied in two distinct temperature regions: near
the magnetic phase transition temperature and in the ground-state region.

Results. Empirical relations for temperature dependence of magnetoresistance for nanostructured
La, g7Bay 33Mn0O;, films were established, encompassing both the Curie temperature region and the ground-state
regime. Our studies revealed that the magnetoresistance of epitaxial single-crystalline La, c,Baj 3sMnO; films
exhibits a sharp peak exclusively near the Curie temperature while remaining negligible in other temperature
ranges. Conversely, La;¢,Ba, 33MnO; films with a variant structure demonstrate significant low-temperature
magnetoresistance. This effect arises from magnetic-field-induced modifications of the high-frequency conductivity,
which results from spin-polarized electron tunneling across structural domain boundaries. A unified empirical model
to describe various mechanisms of magnetoresistance in doped manganites is proposed.

Conclusions. For the first time, an empirical model to describe both the colossal and tunneling magnetoresistance
in thin films of doped manganites has been developed. This model demonstrates excellent agreement between
experimental and calculated data for La, ¢-Baj 33MnO; films with and without a variant structure. The simulation
results agree well with experimental data. The findings elucidate the understanding of magnetoresistance
mechanisms, contribute to the development of the magnetorefractive effect theory for thin-film manganites, and
inform new approaches for controlling charge carrier dynamics in strongly correlated magnetic oxides.

Keywords: manganites films, variant structure, colossal magnetoresistance, spin-dependent tunneling,
magnetorefractive effect, structural domains
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Peslome

Llenu. Llenbto paboTbl ABNSETCSA 9KCNEPUMEHTaNIbHOE N TEOPETUYECKOE NCCNeaoBaHMe 0COOEHHOCTEN TemMnepa-
TYPHbIX 32aBUCUMOCTEN MAarHNTOCOMNPOTUBNEHNS B HAHOCTPYKTYPMPOBAHHbIX MJIEHKAX NEermMpoBaHHbIX MAHIaHUTOB.
B wnpokom TemnepatypHOM Anana3oHe N3y4eHOo NoBEeLEHNE 31IEKTPOCONPOTMBAEHUS NIEHOK MaHIaHNUTOB CoCcTa-
Ba La, 57Ba 53MN0O;, BbipallleHHbIX METOA0M fla3epHO abnaumm Ha PasiMyHbIX ANBEKTPUYECKMX MNOAM0XKaX.
MeToabl. Insg OOCTUXEHUA NOCTABMEHHOM LIeN METOAOM fla3epHOMN abnsauum ¢ UCNosib30BAHNEM UMMYTbCHOIO
BKCUMEPHOro GbiNn BbipaLleHbl anMTakcuasbHble NneHkn La, g7Bay 55MnOg4 TonumHom 80 HM Ha MOHOKpUCTaNn-
yeckux nopnoxkax SrTiOg n ZrO,(Y,04). MarHUToCoNpoTUBNEHNE N3MEPANIOCH ABYXKOHTAKTHBIM METOAOM Ha Mo-
CTOSIHHOM TOKe B nonisix Ao 8 k3 B nnockocTn obpasua 1 tTemnepatypHom nHtepsane 80-350 K. na nocTuxeHms
NMOCTaBMEHHOM LLeNn NPUMEHSNAch 3aMNpUYeckast MoLesb MarHMTOCONPOTUBIIEHUS B ABYX TeMMNepaTypHbIx obna-
CTAX: BONM3M TeMnepaTypbl MarHUMTHOro ¢pasoBoro nepexoaa 1 B 0671aCTi OCHOBHOIO COCTOSIHUS.

PeaynbTaTtbl. [10CTPOEHbLI SMNUPUYECKME TeMMepaTypHble 3aBUCUMOCTU MarHUTOCOMPOTUBAEHUS OIS HaHO-
CTPYKTYPUPOBAHHOM NneHku La, g,Ba, 53Mn0O,, oxBaTtbiBalolime kak 061acTb Temnepatypbl Kiopy, Tak 1 06nacTb
OCHOBHOr0 COCTOSIHMA. TokasaHo, 4TO B aNUTAKCUaIbHOW MOHOKPUCTANIMYECKON NeHKe La1o_67Ba0_33MnO3 mar-
HUTOCOMPOTUBIIEHNE MMEET BbIPAXEHHbI MakCUMyM BO6n3m Temnepatypbl Kiopy 1 npeHebpexnmMo Mano B Apyrnx
obnactax. B nneHke La, 5;Ba, 33MnO, ¢ BapraHTHOM CTPYKTYPOV MMEETCA CUJIbHBIN HU3KOTEMIMEPaTypHbI BKag,
B MarHMTOCOMNPOTUBJIEHNE, CBA3AHHbLIN C UBMEHEHMEM BbICOKOYACTOTHOM NPOBOANMOCTM NAIEHKM BO BHELLHEM Mar-
HUTHOM MOJiE N3-3a NPOLLECCOB TYHHENMPOBaHWS CMNH-NONSAPN30BAHHbIX 3/IEKTPOHOB Yepea rpaHunLLbl CTPYKTYPHbIX
LOMeHOB. [peanoxeHa eanHasa aMnnpuyeckas Moaenb A8 OnNMcaHus pasnnyHbIX MEXaHU3MOB MarHUTOCOMNPOTMB-
JNIEHNS B IETMPOBAHHBIX MaHFaHMUTax.

BbiBOoAbl. Bnepsbie B pamkax 0oHOM SMNNPUYECKOM MOOENM NPOBELEHO ONMCaHNE KONOCCaNbHOIMO U TYHHENbHO-
ro MarHUTOCONPOTMBEHUS ANF NAEHOK TIErMPOBaHHbIX MaHraHNTOB. lokaszaHo, 4TO Takad MOLENb AAeT XxopoLluee
cornacme aKCneprMeHTabHbIX U PacHeTHbIX AaHHbIX B MieHke La, g,Ba, ;3MnO; ¢ BapuaHTHOM CTpykTypon. Pe-
3ynbTaTbl MOLENPOBAHMSA XOPOLLUO COMMIacyloTCs C 9KCNEPUMEHTaNbHbIMU AaHHBIMU. TONy4YEHHbIE AaHHbIE MOTYT
CNoco6CTBOBATb MOHMMAHUIO MEXaHNU3MOB MarHUTOCOMPOTMBAEHNS N PA3BUTUIO TEOPUN MarHUTOpedpPakTUBHOIO
addekTa Ans TOHKOMIEHOYHbIX MAHFaHUTOB, a Takke pa3paboTke HOBbIX MOOXOLAOB K YyNPaBieHMO ANHAMUKON HO-
cuTenen 3apsaa B CUIbHO-KOPPEMPOBAHHBIX MarHUTHbLIX OKCUAAX.
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nMpoBaHne, MarHnTopedpakTnUBHbLIN 3OMEKT, CTPYKTYPHbIE JOMEHbI
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MpospayHocTb GMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTM B MPEACTAB/IEH-

HbIX MaTepuanax nin Metoaax.

ABTOpbI 329BNASI0OT 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

INTRODUCTION

In modern physics, special attention is paid to the
study of fundamental magnetic and transport properties
of composite or nanostructured functional thin-film
nanomaterials. Such materials form the basis of many
current technological applications, from information
carriers to sensor devices [1]. Doped lanthanum
manganites are a promising class of substances
exhibiting unusual properties [2-5] and possessing
a number of unique characteristics. These include high
spin polarization of charge carriers and magnetization,
high sensitivity of static and optical conductivity to
structural and magnetic phase transitions and external
fields [2-5], e.g., metal-insulator transition, colossal
magnetoresistance (MR) effect, giant magneto-
transmittance, magnetorefractive effect (MRE),
etc. [6-8]. These properties render doped lanthanum
manganites potential candidates for use in spintronics
and magneto-optical devices in the infrared (IR) range
operating at room temperatures.

The magnetorefractive effect consists in a change in
optical parameters (refractive indices, or more precisely,
reflection and transmission coefficients) in a magnetic
field. In heavily doped manganites, this is a high-
frequency analogue of colossal MR in the IR range of
the spectrum [2]. In manganite films, the MRE reaches
gigantic values (10-20%); at the same time, its spectral
and temperature dependence is quite intricate due to
the contribution of not only delocalized charge carriers
but also the magnetic and charge uniformity of the
films, their thickness and MS value, as well as size
effects, resonance phenomena, and defects ([2] and the
references therein).

The physical properties of manganite films
are determined by their composition and growth
conditions, as well as by the type of substrate. Thus,
the study [9] investigated La,,Ba,;MnO; films
on ZrO,(Y,0,) substrates and found the formation
of a variant (equivalent) structure during epitaxial
growth of the film on a single-crystal substrate with
significantly different crystal lattice parameters. This
structure is formed by structural domains (variants)
with nanoscale crystallites in the film bulk,

separated by coherent high-angle boundaries with
a thickness of ~0.4 nm. It should be noted that the
fixed orientation of crystallites with a limited set of
angles is a fundamental difference between films with
a variant structure and polycrystalline samples with
disoriented crystallites of different sizes in the film
bulk. The nature and features of the variant structure
were discussed in detail in [10].

Consequently, the domain structure of such
films determines the appearance of an additional
mechanism underlying the MR caused by the tunneling
processes of spin-polarized charge carriers at the
domain boundaries, which are most intense when the
temperature approaches absolute zero. A comparative
analysis of the optical, electrical, and magneto-optical
properties of La,;Ba, ;MnO; films with and without
a variant structure allowed us to study the main
features of the physical mechanisms responsible for
the temperature and field dependence of MR and MRE
in these films [2, 7-9]. To describe MRE as a response
to colossal MR in manganites, the effective medium
approximation [11], previously proposed for the
analysis of tunneling processes at optical frequencies
in various metallic nanocomposites and granular
alloys [12], was successfully applied. However, the
high susceptibility of the electrical properties of
manganites to internal and external factors leads to
difficulties in the theoretical description of the MR
and MRE mechanisms. Indeed, the developed theory
is applicable to purely metallic and tunnel conduction
and is capable of considering the redistribution of
the high- and low-conductivity phases; however, it
fails to take into account the effects associated, e.g.,
with changes in the magnetic field concentration of
charge carriers, absorption edges, effective mass
of polarons [2], etc. Furthermore, there is currently
no single model describing the coexistence of two
MR mechanisms in films of doped manganites
with significantly different temperature regions of
existence.

This article presents the results of simulating the
temperature dependence of MR ina La,, .,Ba, ;;MnO, (LBM)
manganite film with a variant structure, in comparison
with a film without a variant structure. It is shown that
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the proposed empirical approach enables the main
features to be taken into account, thus being useful when
developing a general theory of MR in strongly correlated
magnetoresistive magnetics.

EXPERIMENTAL

LBM epitaxial films with a thickness of d = 80 nm
were grown by laser ablation using an excimer
pulsed argon fluoride laser (ArF laser), with a laser
wavelength of 247 nm and a frequency of about
9 Hz, on single-crystal SrTiO; (hereinafter referred to
as STO) and ZrO,(Y,0,) (hereinafter referred to as
YSZ (Y,0; stabilized ZrO,)) substrates, at a substrate
temperature of 730 K and an oxygen pressure
of 0.4 mbar. The thickness of the films was determined
by exposure duration. According to scanning electron
microscopy (SEM) data, the surface of the LBM/YSZ
film has a multi-grain structure with an average crystallite
size of 40-70 nm. This structure is formed by columnar
oriented crystallites growing through the thickness
of the film, which is fundamentally different from the
island-like growth of thin LBM/STO epitaxial films. The
synthesis method and the results of film sample testing
are detailed in [9, 13].

The magnetoresistance of  the films

A
=L [Py —Pol/ Py, where p,, and p,, are the values of
p

the specific resistance in the presence and absence of
a magnetic field, was measured using a two-contact
method at direct current in fields up to 8 kE in the plane
of the sample and in the temperature range of 80-50 K.
The experimental temperature and field dependencies of

the MR of the films are shown in Fig. 1. The
magnetoresistance in epitaxial films of
LBM manganites (without a variant structure)

demonstrates a field and temperature dependence similar
to that of bulk single crystals of the same composition.
In the LBM/STO film, a pronounced maximum in the
temperature dependence of the negative MR effect in the
region of Curie temperature 7> = 305 K was observed.
The presence of this maximum is associated with the
suppression of magnetic moment fluctuations by the
field, which are maximal in the region of magnetic phase
transition. This maximum is characteristic of manganites
with colossal MR [2, 14]. The field dependence of MR
in this region shows a linear dependence without
hysteresis and saturation in fields up to 8 kE (Fig. 1¢). At
the same time, for the LBM/Y SZ film, the MR dependence
on T shows only a shoulder near 7. against the
background of a continuous increase in MR with
decreasing temperature (Fig. la). The continuous
increase in MR is associated with the tunneling of spin-
polarized electrons through the boundaries of structural
domains.

The maximum value of the tunnel MR obtained was
approximately 27% at 7= 13 K (not shown in the figure).
Estimation of the degree of electron spin polarization P

A
at T ~ 0 K using the expression 2P _op2 /(1-P?%)
p

gives a value of P~ 0.36, which is close to the value of P
for La, ¢Ag, ;MnO;,/ZrO,(Y,05) films with a variant
structure [15]. The field dependence of low-
temperature MR differs significantly (Fig. 1b). Thus, the
negative MR sharply reaches saturation and gains
almost 25% in magnetic fields greater than 2 kE,
resulting in a butterfly-wing hysteresis characteristic of
materials with tunnel MR with weak positive maxima in
the fields of about 0.5 kE. The arrow in the figure
indicates a feature associated with the colossal MR in
the LBM/YSZ film. The hatched areas schematically
reflect the regions of predominant contribution of the
tunnel (I) and colossal (II) MR mechanisms, respectively.
More detailed results of the analysis of the temperature
and field dependence of MR and MRE in LBM films can
be found in [9, 13, 16].

0 0
S S
- 710 -
2 o
= s -8
20 -12
9-6-3 036 9 6 3 0-3-6
H, kKE H, kE
(b) (c)

Fig. 1. Experimental characteristics:
(a) temperature dependence of MR for LBM/STO
and LBM/YSZ films at H = 7.5 KE;
(b) and (c) are field dependencies of MR for LBM/YSZ
and T=80 Kand LBM/STO films at T = T, respectively

SIMULATION RESULTS

The nanostructured LBM/YSZ film (with
a variant structure) shows the presence of conductive
ferromagnetic structural domains separated by weakly
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conductive boundaries. When a constant external
magnetic field is applied in the 7. region, a peculiarity
associated with colossal MR in the domain volume is
observed in the MR. At low temperatures, tunnel MR
associated with charge carrier tunneling at domain
boundaries is observed. In this regard, the peculiarities
of the temperature behavior of MR in LBM/YSZ were
considered in two main areas: near and well below the
ferromagnetic ordering temperature (Curie temperature).
At low temperatures, the MR(7) dependence has the
form of a quasi-linear function 7 ~ 250 K. Upon an
increase in temperature, it takes the form of a film
without a variant structure (LBM/STO) and is described
by a second-order polynomial function (or, in the first
approximation, a linear function). To account for these
two contributions, the proposed mathematical model is
complemented with the coefficients of o and . In terms of
its physical meaning, the coefficient a takes into account
the contribution of low-temperature (tunnel) MR:
a=1lat7<T_ and o =0at7> T_. This condition is
satisfied by the expression of the form:

o= (1)

where T is the critical temperature at which a change
in the MR mechanism is observed. Similarly, we
can obtain a formula for the coefficient f of the high-
temperature (colossal) MR:

1
P 2)

1+ele™™

A similar approach was used to describe the MR
in the LBM/STO film (without a variant structure).
The low-temperature region of the MR has a weakly
linear section with a zero output near 7 = 0 K.
Above 250 K, the MR(7) dependence is described by
a Gaussian function. A similar pattern was observed
for La, ,Ca, ;MnO; films in [17].

The low-temperature region of the MR films
was approximated as a quasi-linear section. The best
match between the experimental and calculated curves
is achieved by approximation with a second-order
polynomial function (Fig. 2). However, the use of
a polynomial significantly complicates the calculations;
hence, a linear approximation was used. As a result,
the general formula for describing the temperature
dependence of MR (Ap/p) can be represented as:

~(T-T¢)?
Ap 2
—=o4T+B| AT, +Be 2o , 3)
p

where A4, is a coefficient describing the slope of the
temperature dependence curve and determined by the
growth conditions and composition of the sample (the
magnitude is small and amounts to =~0.01, which is
associated with a slight change in MR in the low-
temperature region); B, is the MR value for a given film;
o is the root mean square deviation.

6 -
i R
—=— Experiment

2 —a—Theory

0
R -2 s
: !
S -4 A
g

K 3

-10 ﬂ
-12 ‘

50 100 150 200 250 300 350
T,K

Fig. 2. Temperature dependence of MR (Ap/p)
for LBM/STO film: experiment and calculation

In LBM films with a variant structure, the differences
between low-temperature and high-temperature
regions are not extremely significant (Fig. 3). The
presence of structural domains in the film leads to
a noticeable change in the MR(7) curve and the
absence of pronounced features near 7. At the same
time, the value of MR increases with a decrease in
temperature, in contrast to films without a variant
structure. A similar MR dependence was also observed
for (Lag 4551 35)9 gMn; ,05.5 films with a variant
structure [18]. In the low-temperature region, the
dependence Ap/p(T) is linear, becoming close to
quadratic above the critical temperature (Fig. 3). In
a first approximation, this feature near 7. can be
considered insignificant. Then the dependence Ap/p(T)
will be quasi-linear. As a result, similar to the case
considered earlier, we obtain a simplified expression
for Ap/p(T) for the LBM/YSZ film:

%=<a+ﬁ>(Ao + A7), )

where coefficient 4, is the MR of the sample in terms of
modulus (at 7= 0 K), 4, is the coefficient describing the
slope of the curve (~0.086).

Thus, in doped LBM manganites, it became possible
to account for the high- and low-temperature components
of MR within a single empirical model. A simplified
linear model that takes into account the critical
temperature and characteristic values of colossal and
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tunnel MR enables a good description of experimental
data for both films with and without a variant structure.
This model can be applied to explain the temperature
characteristics of MR in a wide class of manganites of
other compositions. The next step is to develop a theory
of MRE in polycrystalline and composite manganite
samples, taking into account the development of optical
calculations of magnetic reflection [19, 20] and the
results of this work. It is important to note that MRE,
compared to the linear equatorial Kerr effect, is an even
magnetization magneto-optical effect. In the IR region
of the spectrum, taking into account interference
effects [21, 22], the former can significantly exceed the
latter, which makes MRE the most promising intensity
effect from the point of view of fundamental and applied
problems.

\
04 —=—Experiment

——Theory #
e
-5 e

f
~10 J‘l’

d

Ap/p, %

-15- #,rfﬂﬂ
-20 _.r"‘l
-25

50 100 150 200 250 300 350
T.K

Fig. 3. Temperature dependence of MR (Ap/p)
for LBM/YSZ film: experiment and calculation

CONCLUSIONS

The work shows that in the LBM/STO film,
the MR has a pronounced maximum near the Curie
temperature and is negligible in other areas. In the
LBM/YSZ film, a strong low-temperature contribution
to MR is observed, associated with a change in the high-
frequency conductivity of the film in an external magnetic
field due to the tunneling of spin-polarized electrons
through the boundaries of coherent structural domains.
For the first time, a unified empirical model that takes into
account different MR mechanisms is proposed. Such an
approach provides good agreement between experimental
and calculated data for doped manganites. The proposed
empirical approach can be used to model spin transport
processes in strongly correlated magnetoresistive magnets,
including at optical frequencies in the form of MRE.

It should be noted that the wide temperature window
of MR existence in a film with a variant structure is
important from the point of view of possible practical
applications.
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