PHYSICAL REVIEW B 83, 184404 (2011)

Complex phase separation in Laj ¢Cay4MnQO; films revealed by
electron spin resonance
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We have used electron spin resonance to study an epitaxial thin-film sample of the manganite LaysCag4MnO3
in which ferromagnetic and paramagnetic phases were previously shown to coexist [Phys. Rev. B 78, 054409
(2008)]. Resonant absorbtions arise on either side of the paramagnetic resonance and reveal that the ferromagnetic
phase is itself phase separated into regions with Curie temperatures of ~ 190 and ~ 250 K. This extra complexity
is attributed to the coexistence of strained and relaxed regions, as verified by x-ray diffraction.
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I. INTRODUCTION

Doped perovskite manganites such as La;_, AE, MnOj_;
(alkaline earth AE = Ca, Sr, Ba) have attracted much attention
during the past two decades, sparked by the discovery of colos-
sal magnetoresistance (CMR) around the Curie temperature
Tc.'? Near or just below room temperature, the manganites
develop magnetically and/or electronically ordered phases
as a result of competition between highly spin-polarized
ferromagnetic (FM) metallic phases and charge-ordered (CO)
insulating phases. The FM phases arise when mobile electrons
couple Mn core spins via double exchange.> The CO phases
have traditionally been associated with Jahn-Teller distortions
of Mn ions that were each assumed to trap an entire valence
electron, but overinterpretation has led to controversy.*

The competing physics in doped manganites causes tradi-
tional and also peculiar phases to arise’>~ and coexist>’® over
a wide range of length scales. The balance between competing
phases may be tuned via small changes in either intrinsic
parameters such as doping, or extrinsic parameters such as
magnetic field and temperature.®'” Strain plays a particularly
significant role'"!> and therefore sample morphology can
strongly influence physical properties. Epitaxial films on
which we focus here are desirable for studying basic manganite
physics in the absence of extrinsic effects associated with grain
boundaries and twin boundaries.

Magnetic and electronic phase separation is commonly
observed in many manganites. It has attracted widespread
interest over the past decade'’ and may be exploited to
yield memory effects associated with local variations in FM
phase fraction,'*!> cf. phase-change random access mem-
ory (PC-RAM). We recently exploited phase separation in
epitaxial thin-film Lag¢Cag4MnO; in order to magnetically
decouple FM manganite electrodes of Lag7Cap3MnO3; and
thus demonstrate two-state low-field magnetoresistance effects
in trilayer structures grown on NdGaOj; (001) substrates.'®

Although bulk Lay¢Cap4MnOs3 lies well within the FM
phase field and has a FM volume fraction approaching
100%,'” epitaxial films of Lag¢Cag4MnOs3 grown by pulsed
laser deposition on NdGaO3 (001) substrates possess a ~ 50%
FM volume fraction that coexists with a ~ 50% paramagnetic
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(PM) insulating phase.'® In Ref. 16 we investigated the
microscopic nature of this phase separation in a 55-nm film
of this type, which as expected'® had a Curie temperature of
~ 150 K, a low-temperature FM volume fraction of ~ 42%,
and a metal-insulator transition temperature at ~ 145 K.
Using conducting-tip atomic force microscopy (CTAFM) and
magnetic force microscopy (MFM), we concluded that our
55-nm film contains FM metallic regions within a PM matrix.
We further concluded that some of these FM regions are
isolated, but that most form a three-dimensional network of
filamentary conducting pathways. This network was found to
be invariant across cooling runs, suggesting that it is created
by frozen-in local strain fields.

Here we use electron spin resonance (ESR) as an alter-
native microscopic probe of exactly the same 55-nm film
of Lajy¢Cap4MnO3 on NdGaOjs that was characterized and
then studied using CTAFM and MFM in Ref. 16. ESR has
been used previously to successfully show phase separation in
200-nm-thick films of LaysCapsMnO3; on LaAlO3 and MgO
substrates,'” and we find that ESR distinguishes the FM and
PM phases as expected.”’ Surprisingly, we also find that the
FM regions are themselves phase separated into regions that
we identify to be strained and relaxed. Results from x-ray
diffraction support this assignment.

II. EXPERIMENTAL

X-ray diffraction (XRD) data were collected using a
high-resolution Panalytical diffractometer with a four-bounce
primary monochromator and a three-bounce analyzer crystal.
Absolute values of film lattice parameters were established
from (116) Lag ¢Cag 4MnO5 film reflections measured relative
to the (116) NdGaO;s substrate reflection, for which the
orthorhombic lattice parameters are known with precision to
be a = 54276 A, b = 54979 A, and ¢ = 7.7078 A?' In
principle, reflections such as (316) and (136) would enable a
and b to be determined independently, but these reflections are
too weak for the satellite reflections of interest to be observed
(A and B in Fig. 1), and so, in practice, we have assumed the
NdGaOj3 unit cell to be tetragonal (a = b = 3.8628 A and ¢ =
3.8539 A).

©2011 American Physical Society
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The ESR studies were carried out in 110-270 K using an
x-band ELEXSYS E500 EPR spectrometer (Bruker BioSpin
GmbH, Germany). The measurements were performed at v =
9.44 GHz with applied magnetic field H either parallel or per-
pendicular to the film plane. Three parameters can be extracted
from ESR spectra: intensity /, which provides information
about the relative FM and PM phase fractions; resonance field
Hy, from which the magnetization of ferromagnetic species
can be calculated; and peak-to-peak linewidth AH, which
is extracted from dI/dH vs H, and indicates the degree of
inhomogeneity in the local magnetization.

For a bulk manganite in the PM phase above T¢, the
resonance signal is a symmetric line centered at

HM=ow/y, (1

where w is angular frequency, y is the gyromagnetic ratio
(y = 2mgeiribs/h),2*> h is Planck’s constant, up is the Bohr
magneton, and g is the effective g factor which for doped
manganites is usually close to the free-electron value of 2.0023
or only slightly different.”>>® The value of HFM displays
a negligible dependence on temperature and magnetic-field
direction.”*?* On lowering the temperature, / grows monoton-
ically but AH exhibits nonmonotonic changes with a minimum
slightly above T¢.2>°

Below T¢, magnetic resonance in the FM state is governed
by the effective magnetization, and this depends on the
spontaneous magnetization M, as well as anisotropies due to
shape, strain, and Crystallinity.n30 For thin films, in which
we assume anisotropy only due to shape, the resonances
in homogeneous regions may be described using the Kittel
formulas with appropriate demagnetizing factors:

(w/y)* = H)(H) + 47 My), )

w/y = Hy — 47 My, 3)

where HA‘ and HOL are, respectively, the resonance fields
for H parallel and perpendicular to the film plane in which
the magnetization lies.*® Equations (1)~(3) imply H) < HI™
and HOJ- > H(f M and the imbalances in these inequalities
increase with decreasing temperature due to an increase
in M().

III. RESULTS AND DISCUSSION

Figure 1 shows a high-resolution XRD (116) reciprocal
space map. The majority of the LapsCap4MnO; film is
coherently strained as expected, and has in-plane lattice
parameters @ = b ~ 3.862 A and an out-of-plane lattice
parameter ¢ ~ 3.864 A using pseudocubic notation. The two
satellites A and B, showing a weak and broad intensity near the
main film reflection, are attributed to the relaxed regions of the
film. For satellite A the relaxation increases the in-plane lattice
parameter to ~ 3.865 A and decreases the out-of-plane lattice
parameter to ~ 3.861 A, whereas for satellite B the relaxation
decreases the in-plane lattice parameter to ~ 3.856 A and
increases the out-of-plane lattice parameter to ~ 3.869 A.
All three regions of the film have similar unit-cell volumes
(~ 57.6 & 0.1 A3) that are slightly larger ( ~ 0.8%) than the
unit-cell volume of the Lag ¢Cag4MnQOj; target as determined

PHYSICAL REVIEW B 83, 184404 (2011)

0.779
)
®
3
o]
0.777 13
=
0" =
0.775 » || E
_‘@ L=
C
3
[e]
ks
0.773 =7
(@]
S
0.259 0.261 0.263
S (A"

X

FIG. 1. (Color online) High-resolution XRD reciprocal space
map of the Lay¢Cap4MnO; film showing (116) reflections, where
reciprocal lattice units Sy and S, correspond to inverse lattice
spacings. The NdGaOs substrate peak has the highest intensity /. The
weaker peak with S, =0.2611 A~" and S, = 0.7755 A~! comes from
fully strained Lag ¢Cap4MnO; and the out-of-plane lattice parameter
is similar to results from a high-resolution XRD w-26 scan of the
Lay¢Cap4MnO3 (004) symmetric reflection, where the out-of-plane
lattice parameter ¢ ~ 7.729(2) A (not shown). The vertical spread
in the Lay¢Cap4MnO; (116) reflection suggests a film thickness of
~ 60 nm that is consistent with the 55-nm thickness deduced in
Ref. 16. Weak satellite intensities A and B may be seen near the
Lay¢Cag4MnOj; (116) reflection. Two diagonal streaks, and a single
vertical streak, arise near the NdGaOj reflection as a consequence of
instrumental effects (Ref. 31).

via Rietveld analysis (¢ = b = 3.8545 A and ¢ = 3.8463 A such
that a’>c = 57.144 A%). This volumetric discrepancy, which
one of the authors (Vickers) has also observed for thin films of
other materials systems, makes it impossible to say whether the
observed relaxation is partial or complete. Varying degrees of
structural relaxation could explain the spread of intensity near
A and B, but so could finite-size effects and the orthorhombic-
ity of NdGaOs, which is here assumed to be tetragonal.

Figure 2 shows the temperature evolution of the differential
absorption curves dlI/dH vs H, with H applied parallel to
the film plane. At 270 K, there is one broad line (AH ~
980 Oe) and one narrow line (line 1, AH ~ 16 Oe). The
former is the resonance signal from the PM phase?*2>%? with
geft & 2.025, and it can be seen that / and AH depend strongly
on temperature, as expected.”®?’ Line 1 has parameters that
show a negligible temperature dependence, suggesting that it
does not arise from the film whose properties are strongly
temperature dependent at least near T¢. If pure, the substrate
cannot be responsible for line 1 either, as NdGaO; yields a
negligible ESR signal.*> However, paramagnetic impurities
in NdGaOj3 are known to yield narrow ESR lines with little
temperature dependence,’*3* and so we suggest that these are
responsible for line 1.

At 170 K and below, the distinct signature of ferromagnetic
resonance is seen at Hé'FMS < H(f M (dashed circle and arrow,
Fig. 2), consistent with Eq. (2) for an in-plane magnetization

of magnitude MgMS. Given such a low onset temperature
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FIG. 2. Differential absorption dI/dH vs H at different tempera-
tures measured on cooling, for H applied parallel to the film plane. The
narrow line (line 1) slightly below 4000 Oe is essentially temperature
independent. The apparent variation in its height arises because the
vertical scale varies between traces. Onsets for the resonances due to
strained (s) and relaxed (r) FM regions are indicated.

relative to bulk FM manganites where T¢c ~ 250 K,'7 we
suggest that this resonance comes from FM regions lying
within the coherently strained part of the film, and we denote
this strained (s) phase FM;. Later (Figs. 3 and 4) we show
that this resonance persists to 190 K rather than 170 K, and
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FIG. 3. Differential absorption dI/dH vs H at different temper-
atures measured on cooling, for H applied perpendicular to the
film plane. The narrow line (line 1) slightly below 4000 Oe is
essentially temperature independent. The apparent variation in its
height arises because the vertical scale varies between traces. Onsets
for the resonances due to strained (s) and relaxed (r) FM regions are
indicated.
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so we identify 73 ~ 190 K. This is slightly higher than the
145 K metal-insulator transition for this sample,'® but an
exact correspondence is not necessarily expected given that
on cooling one expects the nucleation of FM metallic regions
to precede the percolation in which most are involved.'®
The PM resonance persists down to our lowest measurement
temperature of 110 K, confirming the expected'® coexistence
of FM and PM phases at low temperatures. The PM phase
is assumed to arise within the coherently strained part of the
film, given that relaxed regions should show bulk-like FM
behavior.!” Thus FM, and PM regions coexist in the coherently
strained regions that form the majority of the film.

At 250 K and below, there is also a weaker ferromagnetic
resonance at Hé‘FM' > Hé) M (dotted circle and arrow, Fig. 2),
consistent with Eq. (3) for an out-of-the-plane magnetization
with magnitude Mg M- Given that this onset temperature
corresponds well to T¢ ~ 250 K for bulk FM manganites,!”
we suggest that this resonance comes from the small fraction
of the film that is relaxed (satellites A and B, Fig. 1), and
we use FM; to denote this relaxed (r) FM phase, which has
T¢ ~ 250 K. The connectivity between the FM; and FM;
phases is assumed to be at most rather limited, in view of their
orthogonal magnetizations. The low-temperature three-phase
coexistence of the PM, FM;, and FM; phases reveals that the
FM phase seen in Ref. 16 is itself phase separated.

ESR measurements performed with H applied perpen-
dicular to the film plane (Fig. 3) provide complementary
information to Fig. 2, with the FM and FM; lines interchanged
[see Egs. (2) and (3)] such that HOLFMS > H{M and HOLFM“ <
HM. 1t is apparent here that 78 ~ 190 K (cf. Fig. 2). In
addition, we find that the FM; line comprises a superposition
of a few narrower lines, suggesting that the FM; phase is
inhomogeneous, e.g., because it occupies regions of irregular
shape and/or because of the influence of the other phases
present. However, this interpretation is not unique as spatially
nonuniform modes can be excited in spatially uniform ultrathin
ferromagnetic films.? Figure 3 also differs from Fig. 2 because
the FM; line becomes indiscernible at low temperatures,
possibly due to strong line broadening.

The spectra of Fig. 2 were analyzed by fitting each line to
the derivative of a single Lorentzian by using

dl 2A d AH
i) o

dH 7 dH | 4(H — Hy)* + AH?

where A is the area under the absorption curve, AH is
the full width at half intensity, and Hy is the resonance
field.*> We found good fits (dashed lines, Fig. 4) consistent
with the presence of three phases at and below 7 ~ 190 K.
Figure 5 shows the temperature dependences of the extracted
linewidths AH™s, AH™ and AH™: all of which are
large in our magnetically inhomogeneous system as compared
with single-phase epitaxial manganite films.*® Figure 6 shows
the corresponding temperature dependences of the resonance
fields H)™, HP™, and H)™.

On cooling, the reduction in HA'FM* (Fig. 6) corresponds
to an increase in MgMS via Eq. (2), and the reduction in
AH™: (Fig. 5) is due to the correspondingly enhanced
exchange interactions and reduced spin fluctuations. The
concomitant increases in AH™ and AH™! could be due
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FIG. 4. (Color online) Experimental (circles) and fitted (red
curves) plots of dI/dH vs H, at selected temperatures for H applied
parallel to the film plane. The fits were constructed by summing the
derivatives of one (270 K), two (230 K), and three (170 K) Lorentzian
functions (blue curves). The black lines between data points are a
guide to the eye. Source data appears in Fig. 2.

to stray field from the dominant FM; phase which changes
the resonance conditions in the randomly distributed PM
and FM, phases.”>?” This stray field can also modify the
resonance fields H(]; M and HJFMr of the other phases,37‘39 and
the observed reduction of H} ™ on cooling (Fig. 6) is consistent
with the presence of FM regions in a thin-film geometry.?*

Our results may be used to estimate the temperature
dependence of Mg M: and Mg M with getf = 2.025 from above.
It is possible that the FM, regions, whose magnetization lies
out of the film plane (H;™ < HEM), could correspond to
the conducting pathways that run perpendicular to the film
plane in this sample.'® If these FM, regions were infinitely thin
cylinders, then the values of Mg M: at different temperatures,
deduced® from H)™ and H; ™", agree with neither each
other nor Mg M: (T — 0) ~ 622 emucm? for unstrained bulk
FM manganites.'” These discrepancies reach up to 30% but
may be reconciled by assuming that the FM, phase lies
in ellipsoids with an aspect ratio of 0.24 such that the
demagnetizing factor is 8.54 in CGS units (0.68 in SI units).??
This suggests that the FM; phase occurs in regions that are
intermediate between disks and rods, with the changes in
H(;'FM' (Figs. 2 and 6) yielding the temperature dependence
of MgM' (triangles, Fig. 7).

For the FM; phase whose magnetization lies in plane
(HOJ‘ M HM), we interpret only the ESR data with H
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FIG. 5. The temperature dependence of linewidths AH™
(squares), AH™ (circles), and AH™ (triangles) for H applied
parallel to the film plane. Source data appears in Fig. 2.
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FIG. 6. The temperature dependence of resonance fields HA‘FM*

(squares), H(f M (circles), and HJ'FM’ (triangles) for H applied parallel
to the film plane. Source data appears in Fig. 2.

applied perpendicular to the film plane (Fig. 3) in order
to avoid the influence of in-plane anisotropy. Assuming a
demagnetizing factor of 4z yields M(};MS ~ 300 emucm™> at
low temperatures, which is lower than MOFMr due to strain,
and consistent with bulk magnetometry.'®!8 The changes in
HOL FM (Fig. 3) with temperature then yield the temperature
dependences of MgMS (squares, Fig. 7).

The temperature dependences of M(f M and M(I): M, may also
be calculated in a mean-field approach using the Brillouin

function,

MM (T) 27 + 1 27 +1
FM—:B,(X): coth[ X}
My (T — 0) 2J 2J

1 1
—57 coth [EX} , (®)]
where X = 2L Ic My (T) and J is the total angular

JHT MM (T 0)
momentum.”? For the doped manganites, the orbital contribu-
tion to the total angular momentum is negligible and J is given
by the spin quantum number S.** Assuming Mn oxidation
states of 34+ and 44 with spin quantum numbers S = 2 and
3/2, respectively,** we have J = 0.4x3/24+(1-0.4)x2 =
1.8 for Lag¢Cag4MnOj3. Using the Curie temperatures and
low-tempeature saturation magnetizations from earlier, we find
that the magnetization vs temperature plots for the FM; (solid
curve, Fig. 7) and FM; (dashed curve, Fig. 7) phases agree
well with the data that we extracted from resonance spectra
using the Kittel equations for the distributed phases.

600+

300+

Magnetization (emu cm™®)

100 200 300

FIG. 7. Magnetizations of the ferromagnetic phases FM, (trian-
gles) and FM; (squares) as functions of temperature, determined from
the ESR spectra of Figs. 2 and 3 respectively. Values calculated using
the Brillouin relation for FM; (solid curve) and FM; (dashed curve)
phases are also shown.
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FIG. 8. Relative intensities of the FM; (squares), PM (circles),
and FM, (triangles) resonance lines as functions of temperature. As
explained in the text, these intensities are not quantitatively equal to
phase fractions.

Figure 8 shows the temperature dependences of the relative
intensities of the resonance peaks for the FM;, PM, and
FM, phases, as determined at each temperature from Al =
Al/=N A’ where A is the area under the ith Lorentzian
I(H). These relative intensities cannot be directly interpreted
as phase fractions, because the intensity per unit volume
for each phase displays a potentially different temperature
dependence.?>?®? This explains why the low-temperature
intensities in Fig. 8 are inconsistent with the ~ 42% FM
volume fraction of the sample at 48 K, as determined by bulk
magnetometry.'® Qualitatively, Fig. 8 shows that on cooling
the FM; phase initially grows at the expense of the PM phase,
and that below T¢ the FM; phase coexists primarily with the
PM phase.

The complexity we observe in strained manganite films is
reminiscent of previous observations in which the magnetic
properties of FM manganites are modified in mesoscale
regions by anisotropic strain from structural defects such
as twin boundaries, grain boundaries, microcracks, and
dislocations.'?*!=** Here, coherent film strain prevents some
PM regions of our film becoming FM'® and modifies the
dominant FM; phase. Relaxed regions contain the minority
FM; phase, but we cannot distinguish the magnetic properties
of satellite A with respect to satellite B.

Our speculation that the minority FM, phase lies in
those parts of the three-dimensional FM pathways that run
perpendicular to the film plane'® is reasonable as these have an
appropriately small volume fraction which may correspond to
the small volume fraction of relaxed film seen by XRD. Strain
release could arise at the small number of misfit dislocations
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expected for a substrate-film lattice-parameter mismatch of
just ~ 0.4%, cf. the reduced suppression of T¢ at grain
boundaries in strained FM manganite films.'? The out-of-plane
magnetization in the FM; phase is consistent with previous
observations of mesoscopic magnetism in films,*'*> and can
be reconciled with vibrating-sample magnetometer (VSM)
data for this sample, where only an in-plane moment was
detected,'® by assuming that the small volume fraction of the
FM; phase cannot be resolved above the strong PM signal of
the NdGaOj; substrate.

IV. SUMMARY

We have studied exactly the same epitaxial thin film of
Lag¢Cap4MnO; that at low temperature was found to show
metallic FM regions and pathways within a PM matrix.'® XRD
reveals that most of the film is coherently strained, with a
small fraction relaxed. ESR reveals that the FM phase is itself
phase separated into FMg and FM, phases. The FM; phase

is considered strained because it has a low 78 ~ 190 K and

a low M(fM’ ~ 300 emucm™ as compared with the bulk.!”

This FM; phase occupies a large fraction of the sample that
we identify to lie within the coherently strained regions seen
by XRD. The PM phase coexists with the FM; phase in these
coherently strained regions, as low-temperature PM phases
are only found in Lag Cag4MnOj3 due to strain.'®'® The FM,
phase is considered relaxed because its Curie temperature
T¢ ~ 250 K corresponds well to the bulk value for FM phases
of manganites.'” It occupies a small fraction of the sample
consistent with the small fraction of relaxed film seen in
XRD. The low-temperature coexistence in our film of the
FM;, FM,, and PM phases demonstrates that manganites are
prone to contain small phase fractions that cannot be detected
in many standard types of macroscopic or even microscopic
measurement. By reducing film thickness or nanopatterning,
it may be possible to tune and exploit such minority phases in
devices.
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