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Materials in low dimensions show interesting physics and excellent potential in practical applications.
The atomic-level control of two-dimensional (2D) behavior in a traditional three-dimensional (3D) system is
quite hard, and the (Lay;Sry3MnO3),/(LaAlO;), (LMSO/LAO) superlattice on a (001) SrTiO; substrate was
investigated to explore its quasi-2D behavior. The number of magnetic phase transitions has a close relationship
with the number of unit cells (n): only one phase transition for n = 2 and four phase transitions for n = 8. It
was found that the local structure of each Lay;Sry;MnQO; atomic layer is responsible for the multiple phase
transitions: the gradual change of the tetragonal ratio and the in-plane tensile strain-induced 3d electronic orbital
occupancy control the magnetic properties of 2D-LSMO atomic layers. For the outmost 2D-LSMO atomic layer
contacting LaAlO; directly, interface-related factors reduce the intensity of magnetic interaction significantly.
With the increase of n, the properties around the LSMO/LAO interface changes, which demonstrates that the
superlattice configuration and the lattice-mismatch strain could be employed to explore the quasi-2D behavior

of a traditional 3D system.
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I. INTRODUCTION

Materials in low dimensions have attracted much attention
due to their fascinating properties [1,2] and rich physics,
such as superconductivity [3] in thin films, phases induced
[4] around the interface, and enhanced magnetic properties.
Materials in two-dimensional (2D) form, such as ultrathin
films and superlattices, have been widely investigated and
exploited in different scenarios [5,6] with excellent potential
in practical applications. One surprising discovery recently is
the superconductivity observed in an infinite-layer nickelate
NdygSrp,NiO, film [3], which was obtained by reduc-
ing traditional three-dimensional (3D) perovskite nickelate
Nd §Sro,NiOj3 film with largely enhanced NiO, in-plane an-
tiferromagnetic (AFM) coupling, and the electronic structure
with a singly occupied in-plane 3d,>_,» band was proposed to
be essential. Perpendicular to the NiO, plane, due to the lack
of oxygen, the coupling among cations along this direction
is believed to be weak by analogizing to a cuprate super-
conductor. In addition, around the SrTiO3/LaAlO; interface,
charge transfer from LaAlO; to StTiOs occurs [7,8], which
was constrained in several unit-cell thickness with high in-
plane mobility (2D electron gas), which is in sharp contrast to
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the insulating parent components. Hence, exploring strategies
to obtain quasi-2D behavior with limited interlayer magnetic
coupling mediated by electrons in a traditional 3D perovskite
oxide would be useful to tailor materials properties.

Authors of recent work [9] utilized the superlattice configu-
ration to modulate the ferromagnetic (FM) and AFM coupling
between magnetic layers by changing the periodic thickness,
which reveals that changing the perpendicular magnetic cou-
pling could induce different phenomena. Manganite in an
ABOj; perovskite structure is a strongly correlated electron
system [10] with coupling between crystal structure, spin,
charge, and the orbital structure. The electron could move
not only in the MnO; plane but also transport perpendicular
to the MnO, plane, where the cations couple with neigh-
boring cations both in the MnO, plane and out of plane.
Hence, controlling the properties of a 3d perovskite at the
atomic layer level is not easy due to the strong coupling of
cations among different atomic layers. Considering a het-
erostructural interface with lattice mismatch, the structural
coupling with structural connectivity [11] would cause the
gradual change of the crystal structure/local structure [12] at
the atomic level from the interface to the center of each layer,
which might induce variation of the electronic structure and
materials properties. In addition, a strained single layer of
manganite thin film could induce orbital polarization of 3d
e, orbitals, either 3d,>_> or 3ds,_,» preference [13]. Hence,
the superlattice configuration with lattice mismatch strain
is worthy of study, to polarize the occupancy of electronic
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orbitals and control the in-plane and out-of-plane magnetic
coupling.

In this paper, the (Lag;Sro3Mn0O3),/(LaAlO3),
(LSMO/LAO) superlattice with n unit cells for each layer in
one period was investigated. The number of magnetic phase
transitions (Curie temperature) has a close relationship with
the number of unit cells (n): only one phase transition for
n =2 and four phase transitions for n = 8. Further study
shows that each Lag7Sro3MnO;3; 2D atomic layer with a
different local structure was responsible for the multiple
phase transitions. The gradual change of the tetragonal ratio
and the corresponding 3d electronic orbital occupancy control
2D-LSMO atomic layers with the intensity of the magnetic
interaction in the progression ratio; for the outmost 2D-LSMO
atomic layer contacting LaAlO; directly, the interface-related
factors reduce the intensity of the magnetic interaction
significantly. With the change of n, the properties around the
LSMO/LAO interface change, which demonstrates that the
quasi-2D behavior of the manganite film could be induced in
a superlattice with an inhomogeneous local structure, which
could be applicable in other 3D systems.

II. EXPERIMENTAL DETAILS

The LSMO/LAO superlattice with n unit cells of
Lag7Srp3MnO3; or LaAlO; in each period was grown on
a (001) SrTiO; (STO) substrate by pulsed laser deposition
equipped with reflection high-energy electron diffraction to
monitor the thickness at 100 mTorr oxygen pressure at a
substrate temperature of 780° C. There are two series of super-
lattices: one is with fixed total thickness 120 u.c., and the other
one is with six fixed periods. After deposition, the sample
was cooled at 15° C/ min in a 200 mTorr oxygen atmosphere.
The energy density of the 248 nm KrF excimer laser beam
on the target was 1.5J/cm? at a pulse frequency of 2 Hz.
The magnetic properties were measured by a superconducting
quantum interference device. The crystallographic properties
of the films at room temperature were studied using a four-
circle diffractometer (Huber 4-circle system 90000-0216/0) at
the Singapore Synchrotron Light Source (SSLS), with x-ray
wavelength equivalent to Cu K« radiation. The polarized x-
ray absorption spectrum (XAS) with different incident angles
at L3 edges of Mn were measured at the SINS beamline at
SSLS, using total electron mode for data collection. The local
structure was measured by high-resolution scanning transmis-
sion electron microscopy (HR-STEM) equipped with electron
energy loss spectroscopy (EELS).

III. RESULTS AND DISCUSSION

Figure 1 shows magnetization-temperature (MT) curves
for LSMO/LAO superlattice with fixed total thickness 120
u.c., n unit cells of each layer in one period, which was mea-
sured during the warming process at zero magnetic field after
100 Oe field cooling (FC) from room temperature to 10 K, and
the magnetism comes from the LSMO layer. For n = 2, there
is only one peak from the first-derivative (red) curve of the
MT curve, which reveals the phase transition—Curie tempera-
ture; with the increase of n, more phase transitions—multiple
Curie temperatures appear. Figure 1(d) summarizes the phase
transition temperatures with different periodic thickness. The
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FIG. 1. Magnetization-temperature (MT) curve for (a) n = 2, (b)
n =4, and (c) n = 10 measured during the warming process at zero
magnetic field after 100 Oe field cooling from room temperature to
10 K. (d) Summarized phase transition temperatures with different n.

numbers of phase transitions are 1, 2, 3, 4, and 4 for n = 2, 4,
6, 8, and 10, respectively. There is a close correlation between
the number of phase transitions and the periodic thickness
(n): The number of phase transitions is half of the number of
LSMO unit cells in each period for n < 8, and the exception
with n = 10 is discussed later. The total thickness of each su-
perlattice is the same, and the difference in magnetic behavior
should correlate with the superlattice configuration, which is
characterized by x-ray reflectivity and x-ray diffraction below.

To study whether the number of interfaces (period number)
affects the phenomenon, additional superlattices with six fixed
periods and n = 4 and 6 were fabricated, and the properties
are shown in Fig. 2. Including the above sample with n = 10
(6 periods), it is found that, in this series with fixed periods,
the phenomenon is the same as the above series with fixed
total thickness: There are two phase transitions for n = 4 and
three phase transitions for n = 6. This suggests that the num-
ber of interfaces (periods) is not the reason for the observed
phenomenon. However, the temperature of the phase transi-
tion for the n = 4 superlattice (6 periods, 48 u.c.) is lower
than that of the n = 4 superlattice in the series with fixed
total thickness (15 periods, 120 u.c.), like what occurs for n =
6. Considering the existence of magnetic dipole interactions
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FIG. 2. Magnetization-temperature (MT) curve for (a) n = 4 and
(b) n = 6, with fixed period of 6, measured during warming process
at zero magnetic field after 100 Oe field cooling from room temper-
ature to 10 K.
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FIG. 3. The (002) and (—103) reciprocal space mapping (RSM) of superlattice with (a) and (b) n = 4 and (c) and (d) n = 10. (e) X-ray

reflectivity for different superlattice.

among different periods in the superlattice [9], the decrease
in the transition temperature is attributed to the lower thick-
ness with decreased coupling between periods. The following
discussion focuses on the series with fixed total thickness
120 u.c.

Either coexistence of several magnetic phases [14] or the
multiple phase transitions [15] in a single magnetic phase
may cause the above phenomenon with the decrease in tem-
perature. For a superlattice with different n, the transition
temperatures of LSMO are different. If only a single phase
of LSMO exists, several factors may cause the appearance
of multiple phase transitions with decreasing temperature.
(a) The LAO layer: There is no phase transition of LAO
<300 K reported, and the LAO layer was fabricated at the
same parameters for all superlattices. (b) The LSMO layer:
For bulk LSMO, only one PM-to-FM phase transition exists
[10], and the LSMO thin film was fabricated at the same
parameters for all superlattices. The phase transition temper-
atures at different n should be the same if the multiple phase
transitions came from the single phase of LSMO (and/or the
effect of the LAO layer) under the same fabrication parame-
ters. (c) The STO substrate: There is a phase transition at 105
K for STO [16,17], but this temperature is different from the
phase transition temperatures observed above. Based on the
above discussion, the appearance of multiple phase transitions
should have other origins.

If multiple magnetic phases exist, either a 3D magnetic
cluster or a 2D-LSMO atomic layer with different magnetic
properties may occur. For n = 2, the two LSMO atomic layers
contacting the LAO directly have the same local environ-
ment; for n = 4, there are two different local environments:
two outmost LSMO atomic layers contacting the LAO di-
rectly and two inner LSMO atomic layers. Similarly for
n=6 and 8, there are three and four different local en-
vironments, respectively. The close correlation between the

number of local environments and phase transitions suggests
that each 2D-LSMO atomic layer with a different local en-
vironment has a corresponding magnetic property, such as
phase transition points. For n = 10, there are five different
local environments, but only four phase transitions occur with
decreasing temperature, which suggests that the fourth and
fifth local environments of the LSMO atomic layer (central
four LSMO atomic layers) have similar magnetic properties
or strong interlayer interactions, supported by measured or-
bital occupancy discussed below. If the 3D magnetic cluster
with different magnetic properties is the origin of multiple
phase transitions, a difference in the crystal structure could
be expected according to the double-exchange model with
structural distortion [18]. For example, an observable differ-
ence in the crystal structure between n = 2 and 8 exists with
different Curie temperatures. However, for n = 8 with quite
large difference among its own four Curie temperatures 15,
110, 143, and 190 K, there is no observable difference in
the crystal structure from high-resolution x-ray diffraction
(HRXRD) in Figs. 3(a)-3(d). Hence, the 2D-LSMO atomic
layers with different local environments are responsible for
the multiple phase transitions observed in Fig. 1(d).

To study the large difference in Curie temperature, the
crystal structure was investigated by HRXRD. From (002) and
(—103) reciprocal space mapping, the in-plane lattice constant
is fully clamped by the STO substrate. For different n, the
x-ray reflectivity shows peaks [labeled by orange arrows in
Fig. 3(e)] due to the reflection of Lag;Sro3MnO3;/LaAlO3
interfaces, and multiple small peaks [unlabeled peaks in
Fig. 3(e)] due to reflection of film surface and film/substrate
interface also appear, indicating the high quality of the inter-
faces and the formation of a superlattice configuration. The
x-ray diffraction also shows satellites peaks, labeled £1, 2,

.. in Figs. 4(a) and 4(b), which is consistent with the x-ray
reflectivity results. For n = 2, the superlattice shows only one
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FIG. 4. The (002) L scan for superlattice with (a) n =4 and
(b) n = 10. (c) The (002) peak and corresponding fitting for n = 4
and 10; the red and blue fitted curves correspond two separated
structures, and the green curve is the sum of them; the black dots are
measured results. (d) Summarized out-of-lattice constant of LSMO
and LAO parts in superlattice with different n.

(002) peak. However, for n > 2, the main peak (zeroth order)
of the (002) L scan is asymmetric, which could be well fitted
by two separated subpeaks even though no strain relaxation
occurs, as shown in Fig. 4(c). Previous work [19] has shown
that, in a superlattice with large thickness of two components
in one period, each component forms one peak in the x-ray
diffraction; with the decrease of thickness, these two inde-
pendent peaks move toward each other, and the asymmetry
of the zeroth-order peak appears before finally merging into
one symmetric peak. The pseudocubic lattice constants are
3.880 A for bulk LSMO [20] and 3.790 A for bulk LAO [13],
which are smaller than that of the STO substrate 3.905 A.
Under in-plane tensile strain, the out-of-plane lattice constant
¢ would decrease for both LSMO and LAO layers. Hence,
with the in-plane lattice constant fully clamped by the STO
substrate, the main contribution to the left subpeak with larger
c is attributed to the LSMO layer and the right one to the
LAO layer, due to the larger pseudocubic lattice constant of
bulk LSMO than that of bulk LAO. The summarized c of the
LSMO and LAO layers is shown in Fig. 4(d). For LAO, the
averaged cpap decreases with the increase of n and gets to
its equilibrium value for n > 6. For LSMO, with the increase
of n, the averaged c smo decreases first and then increases
for n > 6. The different behavior between LSMO and LAO
should be due to their intrinsic properties, and the following
focuses on its effect on materials properties.

HR-STEM and EELS have been employed to study the
local structure of the superlattice. Figure 5(a) shows the
EELS mapping of the whole cross-section of the superlattice
with n = 10, and the LAO and LSMO layers separate from
each other clearly, consistent with the nominal structure. The
atomic-resolved high-resolution EELS mapping around the
substrate/superlattice interface and the center of the superlat-
tice in Figs. 5(b) and 5(c) show that the LSMO/LAO interfaces

FIG. 5. (a)—(c) Low-resolution transmission electron microscopy
(TEM) image and corresponding electron energy loss spectroscopy
(EELS) mapping for n = 10; and the high-resolution TEM image and
corresponding EELS mapping (d)—(f) around the STO/superlattice
interface and (g)—(i) at the center of the superlattice.

are good quality, although atomic diffusion occurs in ~ 1
atomic layer, commonly observed in film fabricated at high
temperature. From the HR-STEM image, the in-plane lattice
constant was clamped by the substrate, and the trend of the
out-of-plane lattice constant ¢ was summarized in Figs. 6(a)
and 6(b). For LSMO around the substrate in the first LSMO
layer, ¢ is close to that of the STO substrate due to the
interfacial coupling, like that reported before [21], then de-
creases gradually. For other LSMO layers, c is smaller at two
LSMO/LAO interfaces and larger at the center of the LSMO

FIG. 6. (a) High-resolution transmission electron microscopy
(TEM) image and (b) corresponding trend of the out-of-plane lattice
constant.
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FIG. 7. Illustration of out-of-plane lattice constant in LSMO/LAO superlattice. The lower part shows the change of the tetragonal ratio at
different part of LSMO layer; (b) the normalized intensity of magnetic intensity for different magnetic phases; (c) the illustration of intensity
of exchange coupling at each LSMO atomic layer for different n. The green bar illustrates the outmost LSMO atomic layer connecting with

the LAO atomic layer directly.

layer. For the LAO layer, c is larger at two LAO/LSMO inter-
faces and smaller at the center of the LAO layer. This trend is
important for the materials properties as discussed below.

Across the LSMO/LAO interface, the out-of-plane lattice
constant changes gradually from the LAO layer to the LSMO
layer. Considering the connectivity around the LSMO/LAO
interface [12], the sketch of ¢ for the superlattice is illustrated
in Fig. 7(a), which changes gradually around the interface.
Due to the clamp of the in-plane lattice constant by the
substrate, the tetragonal ratio c/a of the LSMO layer from
the interface to the center increases gradually, illustrated in
the lower part of Fig. 7(a). According to the double-exchange
model with structural distortion [22], the Curie temperature
would increase with the tetragonal ratio increasing to 1 due to
the electronic delocalization. For fixed n, the local ¢ of LSMO
would increase from the LSMO/LAO interface to the center of
the LSMO layer. Then the phase transition temperature of the
LSMO atomic layer at the LSMO/LAO interface is the lowest,
and it should increase gradually to the center of the LSMO
layer, which seems consistent with the above discussion on
phase transition.

In Fig. 1(c) for n = 10, the four transition temperatures are
19, 129, 187, and 268 K. With the averaged strain from x-ray
diffraction, the strain-induced change of the phase transition
temperature could be described by a phenomenological equa-
tion [22,23] T = Ty(1—aep—3 Ac}y), where &5 is the bulk
strain, &y is the Jahn-Teller distortion, the Curie temperature
of the bulk 7, ~ 370 K, «~10, and A ~ 1470. The calculated
Curie temperature for n = 10 is ~ 290 K, which is close
to the onset of magnetism at the highest phase transition
268 K. With decrease of n, the averaged out-of-plane lattice
constant decreases and should induce decreasing tempera-
ture of the highest phase transition, which is consistent with
experimental results for n > 6. Further decreasing n, the av-
eraged out-of-plane lattice constant increases with decreasing

temperature of the highest phase transition, which cannot be
explained by strain status and suggests an additional factor
should be considered.

Although the phase transition temperatures of the
LSMO/LAO superlattice with different periodic thicknesses n
are different, an interesting intrinsic relationship among them
was observed from quantitative analysis. When the phase
transition temperatures for different n were normalized by the
lowest phase transition temperature of each superlattice for
clarity, it merges into one curve, as shown in Fig. 7(b). Consid-
ering that the phase transition temperature reveals the intensity
of magnetic exchange coupling J among neighboring Mn ions
[14], which tends to align the spins at different Mn ions and
stands against the thermal disturbance, this coincidence sug-
gests that, for different superlattices (n), the relative intensity
of exchange coupling J in different 2D-LSMO atomic layers
has a universal trend. Defining J, as the intensity of exchange
coupling of the central LSMO atomic layer for a superlattice
with n unit cells in one period, the intensity profile of ex-
change coupling in terms of J,, was demonstrated in Fig. 7(c).

Taking n = 8 for example, the intensity from the LSMO
center to the interface is Jg, 0.7Jg, 0.5J5 (~ 0.7 x 0.7 Jg), and
0.1Jg, respectively, and the coefficient before Jg comes from
the ratio of each transition temperature to the lowest transition
point. The intensity of three inner 2D-LSMO atomic layers
(local structure) shows geometric progression with the ratio
~ 0.7; for the outmost 2D-LSMO atomic layer connecting
with LAO layer directly, the intensity of interaction was sig-
nificantly reduced. For those < 4 phase transitions (n = 6, 4),
the intensity of exchange coupling of an individual LSMO
atomic layer shows the same trend with 0.1J, for the outmost
LSMO atomic layer. The missing fourth phase transition with
the highest transition temperature does not affect the trend of
rest phase transitions, suggesting that the exchange coupling
between different 2D-LSMO local environments has limited
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effect in these superlattices. Hence, the magnetic properties
of a superlattice are dominated by intrinsic properties of each
2D-LSMO atomic layer, of which the universal feature should
be sensitive to the local environment.

Combining the above discussion on the crystal structure
and the interaction intensity, the magnetic interaction in these
superlattices could be understood as below: For n = 2, each
LSMO atomic layer contacts the LAO layer directly and has
quite low intensity of intralayer exchange coupling within the
2D-LSMO atomic layer, which may result from interface-
related factors, such as oxygen defects, cation diffusion
[24,25], or orbital reconstruction [26] at the heterostructural
interface, which is supported by x-ray linear dichroism (XLD)
below. With the increase of n, the lowest point of the phase
transition is close to that of n = 2, and an additional phase
transition with a higher transition temperature appears. For
n = 8, the additional three phase transitions show geometric
progression with the ratio ~ 0.7, which suggests the domi-
nant factors for magnetic interactions are similar. Normally,
the properties of materials are controlled by the chemical
composition and local structure. Then combining the above
discussion on the gradual change of the tetragonal ratio and
the coincidence between n and the number of phase transi-
tions, the trend of geometric progression should come from
the gradual change of the tetragonal ratio: the closer to the
center of the LSMO layer, the higher the tetragonal ratio with
higher phase transition temperatures [22]. To sum up, the
phase transition with the lowest transition temperature is con-
trolled by interface-related factors with significantly reduced
intensity of magnetic interaction, and the rest phase transi-
tion is mainly controlled by the tetragonal ratio. This could
explain the lower onset temperature of magnetism for n = 2
with larger averaged csmo than that of n = 6. Frequently, a
superlattice configuration with different periodic thicknesses
is employed to increase the interface/bulk ratio and then to
control the properties. However, in this paper, we reveal that
the change of periodic thickness not only changes the inter-
face/bulk ratio but also the properties of the heterostructural
interface, which should be considered to design the superlat-
tice configuration and to explain the results.

The next question is, why does each 2D-LSMO atomic
layer behave independently? According to the double-
exchange model in manganite, the intensity of exchange
coupling depends on the probability of the electron hopping
along all directions [27], which relates to the occupancy of the
3d e, orbitals and the local structure. The electronic structure
of the superlattice measured by the polarized Mn L edge
of XAS to provide more information is shown in Fig. 8(a).
For the grazing incident (GI) measurement (incident angle
6 = 70°) with the electric field 20° to the normal direction
of the film plane, the out-of-plane Mn 3d,>_,. dominates the
absorption, while for the normal incident (NI) measurement
(incident angle 6 = 0°) with the electric field parallel to the
film plane, the in-plane Mn 3d,>_,» dominates the absorption.
The obvious kink ~ 641 eV in both NI and GI measurements
for n = 2 comes from the Mn>* ion [28,29], and with the
increase of n (> 4), the Mn®* signal decreases gradually.
With the increase of the chemical valence, both L; and L,
edges shift to a higher-energy position, and the overall shape is
the summarized contribution of all Mn valence states. Then

(b)

XLD (a.u.)

XAS (a.u.)

L, L,

640 660 640

650 ‘
Energy (eV) Ene?f:% (eV)

FIG. 8. (a) X-ray absorption spectrum (XAS) and (b) x-ray linear
dichroism (XLD) measured at room temperature around the Mn L; »
edge for different n. The inset shows the configuration of the normal
incident (NI) and grazing incident (GI) measurements.

the relative concentration of the Mn** ion should be high
at the LSMO atomic layer connecting with the LAO atomic
layer, which might come from the atomic diffusion/defect
across the LSMO/LAO interface due to the high temperature
during the fabrication process. When La** in the LAO layer
diffuses into the LSMO layer by replacing Sr**, the chemical
valence of Mn would decrease and the lattice constant would
increase due to the large ionic radius of La®*. This is consis-
tent with the discussions above.

XLD in Fig. 8(b), which is the difference of XAS between
GI and NI configurations Ix p = Int — I, could measure the
difference of occupancy in the two 3d e, orbitals. The shape
of XLD means a larger occupancy of the in-plane-oriented
orbital 3d,>_» in n = 2, and the increasing dip at ~ 641 eV
with increasing n indicates the gradual increasing occupancy
of 3d;,2_,» orbitals [30,31]. According to the crystal structure
of the LSMO/LAO superlattice in Fig. 4, the out-of-plane
lattice constant of the LSMO layer is smaller than the in-
plane lattice constant, which would shift up the energy of
the 3ds,2_,> orbital with low occupancy, consistent with XLD
measurement. With the suppressed probability of electron
hopping along the out-of-plane direction with reduced inten-
sity of magnetic exchange coupling, each atomic layer could
behave independently and show multiple phase transitions, as
observed. With the increase of n to 10, the innermost 4 LSMO
atomic layers [Fig. 7(c)] with relatively higher c/a ratios and
enhanced occupancy of 3d;,2_,2 orbitals, which would enlarge
the electron hopping along out-of-plane direction, the inter-
layer interaction becomes strong, and these four atomic layers
show only one phase transition (Jjg), as observed above. For
the phenomenon that the multiple phase transitions are miss-
ing during MT measurement with external magnetic field, it
should be due to the relatively low anisotropy in the film
plane [23]. Hence, the superlattice configuration with lattice
mismatch could be exploited to explore the quasi-2D behavior
of traditional 3D materials.

As is well known, the FM and AFM interactions coexist
in manganite; the magnetic materials present a characteristic
time dependence of the magnetization when the external mag-
netic field changes. During the magnetic relaxation process,
multiplicity of available metastable states provides insights
into the magnetic structure. The above discussion indicates
that both the tetragonal ratio-dominated crystal structure and
atomic/defect diffusion affect the materials properties. To
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FIG. 9. (a)—(d) Time-dependent remnant magnetization (TRM) of n = 4 measured at different temperatures. The red line are fitting results
according to the power law or logarithm law. (e) Magnetic memory effect and (f) zero-field cooling (ZFC) and field cooling (FC) magnetization-

temperature (MT) curves for superlattice with n = 4.

study the effect of these factors on quasi-2D magnetic prop-
erties, the sample n = 4 with only two phase transitions was
studied at different temperatures. Figures 9(a)-9(d) show the
time-dependent remnant magnetization (TRM) [32] at dif-
ferent temperatures. As can been seen, the TRM curve at
the magnetic phase with a higher phase transition (>15 K)
follows the power-law decay [33] m(t) = mg + mt~"7 with
n decreasing with decreasing temperature, which depends on
the density of the FM cluster in the LSMO atomic layer and
hence on the strength of the intercluster interaction. With
further decreasing temperature to 5 K, where the magnetic
phase with lower phase transition temperature contribute to
the overall properties, the TRM curve follows the logarithm
decay [34] m(t) = my — m; exp[—(t /ty)' "], which normally
occurs in systems without intercluster interactions. The differ-
ent decay laws at these two magnetic phases suggest that the
absence of intercluster interaction contributes to the deterio-
ration of magnetic properties at the interface.

The FC and zero-FC (ZFC) MT diverges at the maximum
of the ZFC curve, which suggests uniform distribution of the
magnetic cluster size [35]. In addition, the ZFC curves show
two sharp jumps of magnetism, corresponding to two mag-
netic phases. Then the memory effect in magnetic properties
[36] was measured in Fig. 9(e) to provide more information
on the cluster behavior. The red MT curve of superlattices
was measured during cooling from 300 to 5 K under a mag-
netic field of 100 Oe. During the measurement, it stops for
2.5 h at 30 and 14 K with magnetic field off, respectively.
Due to the relaxation of magnetization, a steplike downturn
in the MT curve appears at 14 K. After cooling, a MT curve
during the warming process was measured without stopping
at any temperature. The measurements clearly show the mem-
ory effect at 14 K with magnetic properties dominated by
the outermost 2D-LSMO atomic layer connecting with LAO

directly: The warming MT curve shows anomalous upturns
at 14 K with magnetization recovering back to the value
observed during the cooling process. This observed memory
effect reveals that the metastable states are established and
frozen during the cooling process. Melting of these states
during the warming process induces anomalous features of
magnetization at the same stopping temperatures. At 30 K,
with magnetic properties dominated by the inner 2D-LSMO
atomic layer, the memory effect is quite weak. The results
suggest the existence of spin frustration [37] is exaggerated
at the outermost 2D-LSMO atomic layer without intercluster
(dipole-dipole) interaction, which should be responsible for
the significantly weakened interaction at this LSMO atomic
layer (magnetic dead layer). Combining the above discussion,
the magnetic dead layer mostly is constrained at the outer-
most 2D-LSMO atomic layer connecting with LAO directly,
illustrated as green bars in Fig. 7(c), which is different from a
single LSMO layer on a STO substrate ~7 u.c. [38]. Between
the superlattice and a single layer, the interface components
and the coupling to strain are different, resulting in different
magnetic dead layers. Hence, the superlattice configuration
could be exploited to control the quasi-2D behavior of the
LSMO layer and improve the magnetic properties.

IV. CONCLUSIONS

In this paper, the LSMO/LAO superlattice with 7 unit cells
for each layer in one period was investigated. The number of
magnetic phase transitions has a close relationship with the
number of unit cells (n): only one phase transition for n = 2
and four phase transitions for n = 8. Further study shows that
the local structure with the corresponding electronic structure
of each 2D-Lag 7Srg3MnQOj3 atomic layer was responsible for
the multiple phase transitions. In this paper, we demonstrate
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that the quasi-2D behavior of the manganite film could be
induced in the superlattice, which could be applicable in other
system.
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