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Magneto-dielectric properties of (A>")MnOs-type perovskites are attractive for applications and
stimulate extensive studies of these materials. Here, the complex dielectric and magnetic responses
are investigated as in epitaxial films of SrTip¢Mng 403, solid solution of paraelectric SrTiO5 and
magnetic StMnOs. The impedance and resonance measurements at frequencies of 107°—10'Hz
and temperatures of 10-500 K reveal broad dielectric anomalies centered at 100-200 K, while the
films are paramagnetic at all temperatures. Analysis shows polaronic electrical conductivity behind
the observed behavior. Electron-phonon correlations, rather than spin-phonon correlations, are
suggested to produce the apparent magneto-dielectric responses in many multiferroic manganites.
Published by AIP Publishing. https://doi.org/10.1063/1.5017667

Coexistence and coupling of dipolar and spin orderings
in a single-phase material are attractive for applications,
intriguing fundamentally, and stimulate tremendous scientific
interest in magnetoelectric multiferroics.' In particular,
single-phase AMnOs-type perovskite multiferroics (A =Ba,
Sr, etc.), including (Sr,Ba)MnOjs;, Sr(Mn,Ti)O3, and others,
are intensively studied.®>° Magnetic-dielectric coupling is
manifested by similar temperatures of the dielectric anomalies
and magnetic ordering and ascribed to strong spin-phonon
correlations in these materials.® 12202326 Concurrently, a
magnetic-field-dependent electrical conduction of undescribed
origin was also shown to produce typical magneto-dielectric
response:.27 We note that (Sr,Ba)MnQO;, (Sr,Ca)MnQO3, and
Sr(Mn,Ti)O; systems exhibit profound conductivity, the
mechanism of which is under debate.”*32!23233% In this letter,
we show that electron-phonon correlations cause polaronic
electrical conduction, which may mimic magneto-dielectric
behavior in many multiferroic manganites. We investigate
dielectric relaxation at frequencies of 10 °~10'""Hz and tem-
peratures of 10-500K in epitaxial films of SrTipeMng 405
(STMO), solid solution of paraelectric SrTiO; (STO) and
magnetic StMnQO;. For this Ti:Mn ratio, STMO possesses a
cubic perovskite structure.”®?° We observe broad dielectric
anomalies centered at 100-200K, while the films are para-
magnetic insulators at all temperatures. We demonstrate that
universal relaxation of electrical conductivity produces these
anomalies. We also show the polaronic mechanism of conduc-
tivity, which implies the presence of strong electron-phonon
correlations in the films. We suggest that the magneto-
dielectric behavior may result from the electron-phonon
correlations instead of (or in addition to) the spin-phonon
correlations in many multiferroic manganites.

STMO films were prepared by pulsed laser deposition
on top of (001)-oriented single crystals of (Lag 15Sr¢.g2)

Y Author to whom correspondence should be addressed: marina.tjunina@
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(Alps9Tag41)03 (LSAT) and pure insulating and Nb-
doped (0.7 wt. %) conducting SrTiO5; (STO) (MTI Corp.).
A ceramic mixture of SrTiO; and SrMnOs; was used as the
target. The theoretical STMO-substrate lattice misfit is
zero for LSAT and tensile <1% for STO substrates.
Correspondingly, cube-on-cube-type epitaxial perovskite
films of STMO were grown pseudomorphically to the thick-
nesses of 200nm and 100nm on LSAT and STO, respec-
tively. The crystal structure is cubic (lattice parameter
~0.386 nm) in the STMO/LSAT film and metrically tetrago-
nal (out-of-plane lattice parameter ~0.384 nm) in the STMO/
STO film. Chemical Ti:Mn ordering or formation of a
double-perovskite phase is not detected in the films. Details
on microstructural characterization of the films are shown in
the supplementary material.

Magnetic and electric properties of the films were
inspected in the broad range of conditions. Magnetic mea-
surements were performed on a Quantum Design SQUID
magnetometer (MPMS XL 7T) at the temperatures of
1.8-300K and magnetic fields to 3 T. Reciprocating sample
transport with the magnetic sensitivity of 10 ®emu was
used. To examine the electric properties of the STMO/LSAT
film without electrodes, a thin dielectric resonator method
was applied.>' A reference bare LSAT substrate and the res-
onance frequency of 12.7 GHz were used. The measurements
were performed using an Agilent E§364B vector network
analyzer in a JANIS closed-cycle He cryostat. The film’s
response was obtained as a product (en) of the complex
dielectric permittivity and magnetic permeability. The con-
ducting STO substrate and pulsed-laser-deposited Pt pads
acted as the bottom and top electrodes, respectively, for the
STMO/STO film. The impedance of the Pt/STMO/STO
capacitors was measured using a NOVOCONTROL Alpha-
AN high performance frequency analyzer. The real part of
the dielectric permittivity (¢'), loss factor (tan D), and real
part of ac conductivity (¢) was obtained considering a leaky
parallel-plate capacitor. The temperature control was

Published by AIP Publishing.
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realized using a JANIS ST-100 He flow cryostat equipped
with a LakeShore 335 temperature controller. The results of
electrical characterization were analyzed using various
theoretical models of conduction.*’

After subtracting the linear diamagnetic signals from the
total measured ones, paramagnetic-type behavior is found in
the STMO films [Figs. 1(a) and 1(d)]. The temperature
dependence of the small-signal magnetization, determined
on cooling at 0.01 T, is smooth, free of any anomalies, and
possesses a typical hyperbolic shape. The magnetization-
field loops are also of paramagnetic character and consistent
with those in disordered SrTipsMngsO; ceramics.?!
Additional cooling in the magnetic field of 3T has not
revealed any new features.

The real and imaginary parts of the complex response
(en) of the STMO/LSAT film evidence a broad anomaly
around 200 K [Figs. 1(b) and 1(c)]. The anomaly contrasts to
the smooth paramagnetic curve in Fig. 1(a) and, hence, can
be ascribed to the electrical, rather than magnetic, properties
of STMO.

In the STMO/STO film, the broad anomalies around
200K are observed in the temperature dependence of the
permittivity [Fig. 1(e)], loss, and conductivity [Fig. 1(f)].
Again, these anomalies are in contrast to the smooth magne-
tization curve [Fig. 1(d)].

In addition to the broad anomalies at ~200K, a pro-
found increase in the permittivity with increasing tempera-
ture above 300K is seen in the STMO/LSAT and STMO/
STO films. Such behavior is often observed at high tempera-
tures in perovskite oxide ferroelectrics, where carriers,
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FIG. 1. (a) and (d) Magnetic and (b), (c), (e), and (f) electric properties as a
function of temperature in the (a)—(c) STMO/LSAT and (d)—(f) STMO/STO
films. (a) and (d) Magnetization M as a function of temperature 7 at 0.01 T
and (insets) normalized magnetization as a function of magnetic field at
10K. (b) Real and (c) imaginary parts of the complex microwave response
at a frequency of 12.7 GHz. (e), (f) Real parts of the (e) dielectric permittiv-
ity and (f) ac conductivity at a frequency of 1 MHz.
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trapped on deep-level defect states, are thermally released.®’
The conductivity rises correspondingly [Fig. 1(f)].

The broad electric anomalies possess strong frequency
dispersion [Fig. 2]. We stress that this dispersion is clearly
separated from the high-temperature conductivity-related
dispersion [compare Figs. 2(b) and 2(c)]. The temperatures
T,, of maxima in the permittivity [Fig. 2(a)], loss [Fig. 2(b)],
and conductivity shift to higher temperatures with increasing
measurement frequency f. An Arrhenius-type relationship
f=foexp(—E4/kgT,,) is found by plotting In(f) as a function
of inverse temperatures (T,)" [Figs. 2(d) and 2(e)]. Here,
fo, Ea, and kg are the attempt frequency, activation energy,
and Boltzmann constant, respectively. The fitted values are
approximately f ~ 10'' Hz and E, ~ (0.1-0.2) eV.

To get better insight in the nature of the electric anoma-
lies, the conductivity ¢ is analyzed in more detail. First,
log-log plots of ac conductivity versus frequency reveal a
power-law behavior [Fig. 3(a) and supplementary material].
Good fits to universal relaxation in the form [0 = 0g¢+Aw ]
are obtained at all temperatures.32 Here, o is the dc conduc-
tivity, s is the exponent, and ® is the angular frequency
o = 27nf. Note that the low-frequency ac conductivity and the
fitted dc conductivity are small, ~107°8 cmfl, at room
temperature and decrease on cooling. The magnitude of the
conductivity evidences that the STMO films are insulators.
The power-law relaxation [Fig. 3(a)] is typical for numerous
disordered insulators.

Here, the exponent s is temperature-independent and close
to unity at temperatures 7> 150K [Fig. 3(b)]. This behavior
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FIG. 2. Frequency dispersion of the dielectric response in the STMO/STO
film. (a) Real part of the dielectric permittivity ¢ and (b) and (c) loss factor
tan D as a function of temperature at frequencies (a) and (b) 1 Hz—1 MHz and
(c) 1 Hz—1kHz. The arrows show the directions of frequency increase. (d)
and (e) Relationship between frequencies and temperatures 7, of maxima in
(d) tan D and (e) ac conductivity. Lines show fits to the Arrhenius law.
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FIG. 3. Conductivity in the STMO/STO film. (a) Log-log plots of ac
conductivity versus frequency at different temperatures. Solid curves show
fits to universal relaxation law. (b) Exponent s and (c) dc conductivity g,
as a function of temperature. (d) Relationship between In(go7T) and inverse
temperature. The solid line shows fit to polaronic hopping.

of s indicates that phonon-assisted quantum-mechanical
tunneling, or polaron tunneling, is the mechanism of ac con-
ductivity (see, e.g., Ref. 33 and references therein). A mini-
mum exhibited by the exponent s at temperatures around 75 K
implies tunneling (hopping) of large, or overlapping, polarons.

Next, the presence of polarons is corroborated by the
behavior of dc conductivity o, [Figs. 3(c) and 3(d)]. The
conductivity g, was analyzed at temperatures between 200
and 300K, where the influence of the high-temperature
conductivity and overlapping polarons is minor. Different
models including adiabatic polaronic hopping [ooT
xexp(—Egy/ksT)], Mott-type variable range hopping
[ooT"* o exp{ —(Ty/T)""*}1, and Efros—Shklovskii hopping
[aoT"* o exp{—(Tgs/T)"*}] were applied.> ¢ Although fits
to the Mott and Efros—Shklovskii models are satisfactory, the
obtained characteristic temperatures T, and Tz and hopping
energies appear extremely large, discarding these mecha-
nisms (supplementary material). The polaronic hopping is
confirmed by the good fit [Fig. 3(d)] and reasonable activa-
tion energy Ey ~ 0.1eV.

Our observations imply that polaronic hopping is
responsible for the frequency and temperature dependent
conductivity, leading to the apparent dielectric anomalies in
the STMO films. Because polarons are known to result from
electron-lattice (or electron-phonon) correlations, the dielec-
tric anomalies evidence the presence of electron-phonon,
rather than spin-phonon, correlations here. Note that the
shape of the dielectric anomalies in our films [Figs. 1(b),
1(c), and 1(e)] is remarkably similar to that in thin epitaxial
Sto.6Bag.4MnOs5 films.?® The anomalies were considered as a
proof for spin-phonon coupling in those films.>’ However,
the lack of conductivity data makes this interpretation
incomplete, because electron-phonon coupling may give the
same apparent electrical behavior.

It is worth mentioning that strong electron-phonon cor-
relations produce stable polarons in manganites of (Rey_x
A, )MnO;-type, where Re and A stand for the rare-earth and
alkaline cations, respectively.****° The polaronic conduc-
tivity is sensitive to the applied magnetic field and
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contributes significantly to magneto-resistance in these man-
ganites. The presence of magnetic polarons is manifested in
magneto-optical behavior as well.*"** Such polarons are
related to electrons trapped in narrow d-orbitals of Mn, indi-
cating that many manganites may exhibit magneto-polaronic
effects. We therefore argue that magneto-polarons may
mimic spin-phonon coupling in multiferroic manganites.

In summary, broad anomalies in the temperature depen-
dence of complex dielectric response are observed at
100-200K in epitaxial films of SrTiyeMng 405, which are
paramagnetic insulators at all temperatures. The anomalies
are shown to result from polaronic electrical conductivity,
implying strong electron-phonon correlations in the films.
The electron-phonon correlations, rather than spin-phonon
correlations, are suggested to be responsible for magneto-
dielectric behavior in many multiferroic manganites.

See supplementary material for details of microstruc-
tural characterization and conductivity analyses.
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