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Nonmonotonic crossover in electronic phase separated manganite superlattices
driven by the superlattice period
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Studying manganite superlattices [(LCMO),,/(PCMO),]; made of Laggs5Cags7sMnO; (LCMO) and
Pry.625Cag375sMn0O; (PCMO), we found an unexpected behavior varying the period n. At small n, the ensemble
is a three-dimensional ferromagnetic metal due to interfacial charge transfer. At large n, the LCMO layers
dominate transport. However, rather than a smooth interpolation between these limits a sharp transport and
magnetic anomaly is found at an intermediate critical PCMO thickness n*. Magnetic force microscopy reveals
that the phase-separation length scale also maximizes at n* where, unexpectedly, it becomes comparable to that of
the (La;_,Pr,)o.625Cag37sMnO3 (LPCMO) alloy. We conjecture the phenomenon originates in a disorder-related
length scale: Large charge-ordered clusters as in LPCMO can only nucleate when Pr-rich regions reach a critical

size related to n*.

DOLI: 10.1103/PhysRevB.102.235107

I. INTRODUCTION

The superlattice period often influences the global physi-
cal behavior of artificially engineered systems [1-4]. In the
short period limit, superlattices are governed by interfaces,
with emerging novel phenomena commonly observed [5-8].
In the long period, the superlattice behavior is dominated by
individual components. In between these limits, the interlayer
coupling between the interface layers determines the phys-
ical properties of the ensemble. Thus, the global physical
properties with changing superlattice period are anticipated to
reflect on the interplay between proximity effects, interlayer
coupling, and the individual characteristics of the formation
components. A smooth evolution is expected from one limit
to the other. However, if experimentally determined physical
properties of a superlattice exhibit instead a nonmono-
tonic sharp dependence on its period, then an unexpected
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characteristic length scale, not obvious “a priori,” must be
responsible for such unusual behavior.

For correlated oxide superlattices, besides the proximity
effects and interlayer coupling [9—12], electronic phase sepa-
ration (EPS) caused by competition of phases becomes impor-
tant adding complexity into the system [13—18]. Here, we fab-
ricate Lag ¢p5Cag375sMnO3 (LCMO) and Prg >5Cag 375MnOj3
(PCMO) superlattices with the form [(LCMO),,,/(PCMO),,];
to investigate the n dependence of the superlattice physical
properties and EPS. The ground states of LCMO [19,20]
and PCMO [21,22] are ferromagnetic metal (FM) and anti-
ferromagnetic insulator (AFI), respectively. The LCMO and
PCMO alloy, i.e., (Laj_yPr;)o.625Cag 37sMn0O3 (LPCMO), has
a FM/AFI mixed-phase ground state where the EPS domain
size is remarkably large, of submicron scale [23-26]. Sur-
prisingly, in the [(LCMO),,,/(PCMO), ]; superlattice studied
here, we observe a dramatic nonmonotonic n dependence
of the FM-AFI phase transitions, with a sharp critical point
at n* = 6 or 7. Figure 1 contains a qualitative summary of
the naively expected smooth interpolation, explaining that a
broad peak in the resistivity should occur with varying n
(see orange curve in Fig. 1) if only charge transfer at small
n and individual component behavior at large n dominate.

©2020 American Physical Society
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FIG. 1. Intuitive explanation of expected results in our superlat-
tices. (i) Represents bulk metallic LCMO (blue) at large n, while (ii)
represents just a LCMO single layer. The red curve is the idealized
LCMO superlattice evolution (without PCMO) from 3D to 2D, i.e.,
from (i) to (ii). Naturally the resistivity increases by decreasing n;
see text. Now consider our superlattice LCMO-PCMO. At small
n, work function differences induce charge transfer from metal to
insulator, panel (iii) (yellow is PCMO metallized by LCMO). Panel
(iii) becomes, thus, metallic and 3D. Its resistivity is higher than 3D
LCMO, because PCMO is insulatinglike even after charge transfer.
Thus, p(iii) > p(i) as observed. As n grows from n = 1, the PCMO
region affected by charge transfer covers a smaller fraction of PCMO
(red); see panel (iv). Thus, p(iv) > p(iii), as observed, defining the
green curve. Combining results, the orange curve emerges, naturally
containing a broad peak. The big purple arrow indicates how the
effective dimension changes in the figure. While this sketch contains
the essence of our results, the observed intermediate peak is much
sharper than here anticipated, revealing a conjectured length scale
related to quenched disorder that renders the superlattice similar to
the LPCMO alloy with giant phase separation.

However, instead of such a smooth evolution, here we found
a far more subtle transition involving sharp peaks in several
observables near n*. Even more surprisingly, at n* the Curie
temperature (7¢), insulator to metal transition temperature
(Tp), and even the EPS domain size are nearly identical to
those of the LPCMO alloy, a totally unexpected result because
a superlattice by construction should behave quite differ-
ently from a random alloy. We conjecture that this complex
n-dependent behavior of the [(LCMO),,/(PCMO),]; super-
lattice is caused by the existence of a critical length scale
related to the quenched disorder needed to nucleate the unusu-
ally large charge-ordered clusters typical of phase separated
LPCMO. We emphasize that this disorder seed size (a few
lattice spacings) is much smaller than the EPS cluster sizes
in LPCMO (hundreds of lattice spacings) or in our superlat-
tices at n*: a disorder seed simply unbalances the competing
effects between phases, in this case FM vs AFI states. This is
analogous to a gentle push in a potential V(x) when the particle

is at a local maximum (unstable equilibrium). Essentially FM
and AFI are in a fragile competition, and a small effect (in this
case disorder) can totally tilt the balance in favor of one or the
other.

II. RESULTS

We fabricate a series of [(LCMO),,/(PCMO),], super-
lattices from n =1 to 18. All the [(LCMO),,/(PCMO),],
superlattices are epitaxially grown on SrTiO3(100) substrates
using laser molecular beam epitaxy (see “Sample preparation”
in the Methods section of the Supplemental Material [27]).
The superlattice’s quality is monitored by in situ reflection
high-energy electron diffraction (RHEED) intensity oscilla-
tions (Fig. S1 in the Supplemental Material [27]), and cross
examined by ex situ x-ray diffraction (XRD) (Fig. S2 [27])
[28] and transmission electron microscopy (TEM) (Fig. S3
[27]). For comparison, LPCMO alloy thin films with the same
total thickness and nominal chemical compositions are also
epitaxially grown on SrTiOj3 substrates (Fig. S1(a) [27]). Mag-
netic and transport properties of the samples are respectively
characterized using a superconducting quantum interference
device (SQUID) and physical property measurement system
(PPMS), and the EPS domain patterns are imaged by variable
temperature magnetic force microscopy (MFM).

Figure S1(d) in the Supplemental Material [27] shows typ-
ical unit cell by unit cell RHEED intensity oscillations of a
[(LCMO),o/(PCMO)s];o superlattice. There is distinguish-
able intensity difference between the LCMO (black) and the
PCMO (red) layers. The superlattice period is cross examined
by XRD measurements, where distinct superlattice peaks and
fringe oscillations are seen (Fig. S2 [27]). Figure S3(a) [27]
shows the high-angle annular dark field (HAADF) STEM
image at n = 5. Although the contrast between LCMO and
PCMO layers is not sharp, due to the small difference in
atomic number between Pr and La, the HADDF image shows
that the superlattice does not have noticeable defects or dis-
locations at the LCMO/PCMO interfaces. Figure S3(b) [27]
contains the electronic energy loss spectrum (EELS) along the
scan line (brown), clearly indicating well separated Ms 4 edges
of La and Pr. The EELS image acquired from the marked box
area (green) in Fig. S3(a) [27] is in Figs. S3(c) and S3(d)
for La and Pr, respectively, with a color mixture shown in
Fig. S3(e) [27]. The interfaces between LCMO and PCMO
layers are atomically sharp without noticeable intermixing.

The transport and magnetic properties of the superlattices
evolve nonmonotonically with increasing n. Figures 2(a) and
S5 [27] show the temperature-dependent resistivity (o-T)
curves for different n’s. The p-T curves of the LPCMO alloy
film and a 40-nm-thick LCMO film were also measured for
comparison. Figures 2(b) and 2(c) show the deduced 7p and
low-temperature resistivity (pjox) values from the p-T cool-
ing curves, respectively. For n < 7 superlattices, Tp decreases
with increasing n and reaches a minimum value of 110 K,
surprisingly close to that of the LPCMO alloy film (101 K).
For n > 7, Tp increases with increasing n, exhibiting an n
dependence similar to that of LCMO single-layer films (Fig.
S6 [27]). For n large enough (e.g., n = 18), the superlattice
behaves like LCMO films with similar 7p (240 K) and p-T
curves. pjok exhibits a consistent n-dependent behavior, first
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FIG. 2. Transport properties of the superlattice system. (a) Temperature-dependent resistivity (p-7') curves of n-dependent super-
lattices, LPCMO and LCMO films, measured at zero magnetic field. (b) n-dependent 7p (red square) from the cooling curve and
(c) low-temperature resistivity (blue up triangle) measured at 10 K for all the superlattice samples. (d) Magnetoresistance (green circle)
where MR = (R0)—R#))/R)- () Integral area (magenta hexagon) of p-T curves between the cooling and warming curves, which reflects the
thermal hysteresis. LCMO (orange spheres) and LPCMO (purple stars) are also marked in (b)—(e) for comparison.

increasing and then decreasing with increasing n. Remark-
ably, the maximum resistivity is reached sharply at n =17.
Figure 2(d) shows the maximum magnetoresistance (MR)
obtained from the p-T curves. Here MR is defined as
(Roy—R(#)) /Ry with Ry and Ry representing resistivity
measured at 0 and 9 T, respectively. Figure 2(e) shows the
integral area of the thermal hysteresis between the cooling
and warming p-7 curves. The nonmonotonic turning points
for both the n-dependent MR and thermal hysteretic area are
reached atn = 7.

Figures 3(a) and 3(b) show temperature-dependent mag-
netization curves (M-T) and initial magnetization curves at
10 K after zero field cooling, respectively (details in Fig. S7
[27]). The M-T curves show two magnetic transitions, clearly
identified by two distinct peaks of the slope of the M(T) curve
[see Fig. 3(c) inset for the n = 1 superlattice]. The high- and
low-temperature peaks are known to represent the onset and
percolation of FM domains, respectively [29]. We thus use
the low-temperature peak to deduce 7¢ values [red arrows
in inset of Fig. 3(c)]. The initial magnetization curves, at
10 K after zero field cooling, show a fast initial rise due to the
magnetization of the existing FM phase, followed by a slow
field-driven AFI to FM phase transition [30]. The FM phase
volume fraction arises from the ratio between the initial fast
rising magnetization and the saturation magnetization [inset
Fig. 3(d)]. Figures 3(c) and 3(d) show the n dependence of
the 7c and FM volume fraction reaching their minimum at

n =6 and n = 7, respectively. Interestingly, the minima for
both T¢ and the FM volume fraction are, once again, almost
the same as those of the LPCMO alloy thin film. Beyond the
minimum point, both the 7 and FM volume fraction increase
with increasing n and exhibit a clear trend towards those of
the 40-nm-thick LCMO thin film.

III. DISCUSSION

What causes the unexpected nonmonotonic dependence of
the physical properties on the superlattice periodicity? Be-
cause of the LCMO-PCMO work function difference [31],
charge transfer likely occurs at the LCMO/PCMO interface.
This renders the interfacial PCMO layers more metallic, in
turn enhancing the magnetic proximity effect and inducing
ferromagnetism in the PCMO interfacial layers [12,32]. The
vicinity of the LCMO/PCMO interfaces, thus, has a clear
tendency towards ferromagnetism (Fig. S8 [27]). At the ex-
treme n = 1, the superlattice consists only of LCMO/PCMO
interfacial layers and has been observed to favor ferromag-
netism with a considerably higher 7¢ and 7p than those
of the LPCMO alloy [13]. Increasing n, the coupling be-
tween the FM interfacial layers weakens, as evidenced by
the continuous reduction of 7 and 7p until n = 6-7 is
reached.

Beyond the minimum points, both 7¢ and 7p start to in-
crease with increasing n. The n dependence of Tp is nearly
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FIG. 3. Magnetic properties of the superlattice system. (a) Temperature-dependent magnetization curves (M-T). (b) Initial magnetization
curves measured from O to 7 T after zero field cooling to 10 K. Both M-T curves and initial magnetization curves are normalized for better
visualization. (c) n-dependent T of all the superlattice samples. Inset shows the temperature-dependent magnetization (M-T) of n = 1 SLs
measured at 100 Oe, with 7¢ defined as the inflection points of M(T) (indicated by arrows as shown in inset). (d) The FM volume fraction of
each sample extracted from the initial magnetization curves measured at 10 K. The inset shows the initial magnetization curves of n = 1 SLs
measured at 10 K after cooling from room temperature under zero magnetic field. 7c and FM volume fraction of LPCMO and LCMO films

are also marked for comparison.

identical for the superlattices and the LCMO films (Fig. S6
[27]) clearly indicating that the n > 7 physical properties are
dominated by the individual LCMO films, whose T¢ and Tp
increase with increasing thickness due to finite-size effects.
The minima in T¢ and 7p thus represent the crossover of two
competing factors with opposite n dependence—the coupling
strength between the LCMO/PCMO interfacial layers decays
with increasing n while the intrinsic 7¢ and 7p of LCMO
layers increase with n.

To support this point, we fabricated SLs with fixed thick-
ness for the LCMO layers [8 UC (unit cells)] and varying
PCMO layer thickness, i.e., [(LCMO)g/(PCMO), ], superlat-
tices (x = 1,4,5,6,7,10). The 8-UC LCMO thickness is chosen
because the 8-UC LCMO film is a ferromagnetic insulator
with Tc ~ 98K, distinctly different from the behavior of
the [(LCMO),,/(PCMO),]; superlattices and the LPCMO
alloy thin films. Beyond the critical x, one would expect
the LCMO/PCMO layers to decouple leading to a ferromag-
netic insulating behavior with a distinctly lower 7¢. Indeed,
Fig. S9 in the Supplemental Material shows (a) the x de-
pendence of FM volume fraction, (b) magnetic moment, (c)
Tc, and (d) p-T curves [27]. Clearly, ferromagnetism and
metallicity drop around x = 6, indicating that LCMO/PCMO
interfacial layers are indeed decoupled when the PCMO layer
thickness reaches 6 UC, in agreement with the n-dependent
behavior of the [(LCMO),,/(PCMO),]; SLs. We thus con-

clude that the interface effect diminishes beyond 3 UC of
PCMO layers (Fig. S10 [27]) [32].

The aforementioned competition between the interlayer
coupling of LCMO/PCMO interfacial layers and the size of
the LCMO layers is also reflected in the evolution of the EPS
domain size with increasing n for the [(LCMO),, /(PCMO), ],
superlattices. Figure 4(a) shows the n dependence of the EPS
domain size measured by MFM, with the inset showing the
corresponding MFM images for various n. The MFM im-
ages and domain size distribution were acquired at the same
T/Tp (~1.05) for each n, right before the FM percolation.
Figure 4(a) clearly shows that the FM phase domain size
increases with increasing n and becomes comparable with
that of the LPCMO alloy film for n = 6 or 7. For n > 7, the
domain size decreases with increasing n, which is expected
because the EPS domain size of the LCMO layers is known
to be considerably smaller than that of the LPCMO system
[33-35]. The n dependence of the EPS domain size distribu-
tion is summarized in Fig. S11 [27].

Here we discuss a simple calculation to understand quali-
tatively the relationship between the period n and the sizes of
phase separated domains. We rely on the random-field Ising
model (RFIM) for phase separation [13,36]. Physically, the
competition between disorder and potential modulation tuned
by the superlattice period determines the coexisting clusters.
Typical simulation patterns for the surface layers are shown
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FIG. 4. MFM imaging and FMM domain size comparison.
(a) Mean FM domain size of each (LCMO),,/(PCMO), super-
lattices (red sphere) and LPCMO film (purple star). The domain
size was analyzed from five images for each sample at each T /Tp
temperature. Inset shows n-dependent MFM images (7 um x 7
pm) at temperature 7 /Tp under 1 T field cooling (magnetic field
applied perpendicular to sample surface). Areas with negative-phase
signals are the FM states (red), while areas with zero-phase signal
or positive-phase signals are charge-ordered insulating (COI) states
(blue). (b) Schematic side view of phase separation. (c)—(e) Top view
of the corresponding simulation of EPS for (c) bulk LPCMO, (d)
n = 1SLs, and (e) n = 6 SLs. Black: FM region; yellow: AFI region.

in Figs. 4(b)—4(e), qualitatively reproducing the experimental
observation. Given the same volume ratio, the FM clusters
become more fragmentary at small n, and the characteristic
length scale of the AFI and FM phases is reduced compared
to that of LPCMO; see Figs. 4(c) and 4(d). Increasing n, the
modulation suppresses the EPS but the reduced randomness
enhances the EPS (see “Model explanation” in the Methods
section of the Supplemental Material [27]). This competition
leads to the resulting characteristic length scale finally ap-
proaching typical sizes in LPCMO when n = 6, as shown in
Fig. 4(e) (for details, see “Model simulation of EPS” in the
Methods section [27]). According to our simulation, the more
fragmentized the FM cluster is, the easier it is to reach the
magnetic percolation, which may be helpful to understanding
the physical tendency observed in our LCMO/PCMO super-
lattices and LPCMO thin films (for details, see Fig. S12 and
“Model simulation of magnetic percolation” in the Methods
section [27,37-39]).

Summarizing the experimental results, we presented
the evolution of physical properties and EPS vs the
[(LCMO),, /(PCMO), ]; superlattice period. The ferromag-
netism, metallicity, and length scale of EPS exhibit a
nonmonotonic dependence on n, with the critical point at
n* =6 or 7. Our experiments indicate the LCMO/PCMO
interfacial layers have a strong tendency towards FM due
to charge transfer. The nonmonotonic dependence originates
from two competing factors with opposite trends: the cou-

(b)) AT AT AT

FIG. 5. Proposed explanation of our results. (a) At n = 1, ran-
dom Pr clusters are flat, and not strong enough to seed large CO
clusters. (b) At large n, the PCMO component (yellow) contains large
Pr clusters inducing CO regions, but the LCMO component (green)
dominates the metallic flow of charge. (c) At the critical n* = 6-7,
the size of randomly created Pr clusters that seed large CO clusters
reaches the same optimal volume (crudely, a cube of size r* = n*a)
that also seeds the charge-ordered (CO) clusters in the LPCMO alloy
(pink), as shown in (d). In both (c,d) transport is percolative. The Pr
clusters, CO clusters, and electric current are marked by red cubes,
transparent bubbles, and blue arrows, respectively.

pling strength between the LCMO/PCMO interfacial layers
decays with increasing n while the intrinsic 7¢ and Tp of the
LCMO layers increases with n. As a result, the superlattices
transit from a quasi-three-dimensional (3D)-like system of
LCMO/PCMO interfacial layers at small #, to decoupled thick
LCMO/PCMO layers at large n, was eventually dominated by
the properties of the single LCMO regions at large n. This
dimensionality crossover should be a general phenomenon for
all superlattices with emerging interfacial properties.

This proposed general scenario allows us to formulate
an explanation about the last piece of the puzzle, which is
the remarkable resemblance in the physical characteristics
of the n* SLs with the LPCMO alloy, a percolated phase
separated system. In previous theoretical studies [40] it was
shown that chemical disorder plays a key role in nucleating
regions of the competing metallic and insulating phases near
a first-order phase transition. In alloy LPCMO, in the random
distribution of atoms, small regions rich in Pr of the proper
size, dubbed r*, are formed. These regions can nucleate much
larger charge-ordered clusters; i.e., we remark that these
Pr-rich regions are certainly not submicrometer in size, but of
the scale of a few lattice spacings. In the abnormally fragile
regime of competition metal versus insulator in LPCMO even
small amounts of seeding disorder have vastly amplified con-
sequences, as shown theoretically in Ref. [40] when two states
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are in close competition through a first-order transition. In our
SLs, at large n the LCMO metallic regions shortcut the large
insulating PCMO components [Fig. 5(b)] and charge only
conducts through LCMO. That is, at large n, the size of
Pr aggregates is irrelevant for global transport. At small
n, Pr can only randomly accumulate in individual planes
forming “Pr-rich pancakes” but not form the required
3D-like seeding region of diameter »* [Fig. 5(a)]. However,
clearly there must be an intermediate n* value where the
random distribution of Pr in PCMO can reach the size of
r* in the LPCMO alloy, i.e., r* = n*a with “a” being the
lattice spacing perpendicular to the interfaces, leading to
the submicrometer phase-separation properties similar to
LPCMO [Figs. 5(c) and 5(d)]. Thus, we have indirectly found
that in the LPCMO alloy the critical disorder seed size is
r* = 6-7a. Our study has general implications. In [34] a
widely discussed scenario to explain the abnormally large
coexisting clusters in LPCMO was formulated: Disorder can
nucleate abnormally large regions of two different competing
phases near a first-order transition, but in that coarse-grain
phenomenological calculation employing the random-field
Ising model, with spin up denoting one phase and spin down
the other phase, [34] disorder was on site and uncorrelated
from site to site. Here we conjecture that a critical length
scale r* for disorder appears to be needed for the generation

of LPCMO’s giant cluster coexistence. This conjecture is
generic and should affect any first-order transition that is
smeared by quenched disorder into large cluster coexistence.
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