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Intermediate switching states are of great interest for developing advanced magnetic memories.
In this paper, the magnetic switching process is studied in the multilayers that are fabricated us-
ing two distinct Lage7Sr933Mn0O; building blocks, i.e., PbTiO3/Lage7Sr033Mn0O3/NdGaO; (block A) and
PbTiOs/Lag ¢7S10.33MnO3/PbTiO5 (block B) with different intralayer ferromagnetic couplings. Accordingly, the
multilayer that consists of two types of Lag ¢7Sr(33MnOj3 blocks is featured by two distinct Curie temperatures
and coercive fields, as expected. On the other hand, the sample only composed of block B displays a single
Curie temperature but two unexpected coercive fields. While the single Curie temperature indicates the same
intralayer ferromagnetic coupling in all Lag7Sr033:MnO; sublayers, two coercive fields suggest the existence
of an intermediate switching state. The detailed study on polarized neutron reflectometry reveals that this
intermediate state exhibits a gradual change of magnetization, from parallel to antiparallel with respect to the
external magnetic field, across Lag ¢;Srg33MnOj3 sublayers approaching the substrate. The competition between
the interlayer exchange and magnetostatic interaction is highlighted to show the intermediate magnetization
structure of Lag ¢7519.33MnO3 multilayers with identical intralayer coupling. Our findings shed light on control-
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ling switching states and may contribute to the design of nanoscale high-density magnetic memories.
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I. INTRODUCTION

The precise manipulation of magnetization switching pro-
vides valuable insights into the complex interplay of spins,
holding significant potential to build topological spin tex-
ture with emergent physics properties [1-4] and develop
high-efficiency magnetic devices [5—8]. Especially, the inter-
play between the intralayer coupling and interlayer exchange
greatly enriches magnetization structures of multilayers, of-
fering additional tunability for key magnetic parameters
such as Curie temperature (7¢) and coercive field (H,) that
are essential for practical applications [9-12]. Synthetic an-
tiferromagnets, for instance, where neighboring magnetic
sublayers exhibit antiparallel alignment of magnetizations,
show promise in reducing stray fields, thereby improving data
storage density and reliability in magnetic devices [13,14].

However, achieving the effective control on individual
magnetic sublayers within a multilayer is not straightforward.
One feasible approach is to use various magnetic materi-
als with different coercivities to form magnetic sublayers,
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which result in multiple coercivities during the magnetiza-
tion process. In this case, extra attention needs to be paid
to solve the possible incompatibility stemming from distinct
lattice structures, growth parameters, and working conditions
of these selected magnetic materials. An alternative approach
is to design the multilayer using only one specific mag-
netic material, of which the magnetic coercivity is subject
to the interfacial boundaries, thus allowing for the tunability
within each sublayer. Pursuing the second approach requires
a sophisticated understanding and utilization on the interface
engineering. The ferromagnetic Lag ¢7519.33MnO; (LSMO)
may be a good candidate for the second approach [15,16].
Recent studies have documented that a wide tunable range of
magnetic parameters was achieved in the interface-engineered
LSMO heterostructures [17—19]. It is understood that an ad-
jacent layer can modify the oxygen octahedral rotation [17]
and charge concentration [18,19], via oxygen octahedral cou-
pling and interfacial charge transfer respectively, to alter the
intralayer magnetic coupling of LSMO sublayers. With this
rationale, it is reasonable to hypothesize that a multilayer sam-
ple containing several types of LSMO-based building blocks
will be featured by several field-separated coercivities and
intermediate switching states, due to different intralayer cou-
plings within magnetic sublayers. Meanwhile, for a multilayer
only consisting of one type of LSMO blocks with identical
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intralayer coupling, one would intuitively predict a collective
switching of all LSMO blocks with a single coercivity in the
hysteresis loop.

In this paper, two distinct LSMO building blocks,
namely PbTiO3/LSMO/NdGaO; as block A and
PbTiO3/LSMO/PbTiO5; as block B, are used to construct
LSMO-based multilayers. The nonmagnetic PbTiOs spacer
and NdGaOs; substrate are applied to control the intralayer
coupling of LSMO sublayers via interfacial charge transfer
and oxygen octahedral coupling. The multilayer sample
A1B7 is designed to contain one block A and seven blocks
B, demonstrating two corresponding Curie temperatures
and magnetic coercivities. However, sample B8 consisting
of eight blocks B with identical intralayer coupling shows
one Curie temperature, accompanied by two unexpected
field-separated coercivities. This observation cannot be
ascribed to the interface engineering regarding oxygen
octahedral coupling and interfacial charge transfer. Instead,
we discuss the interplay between ferromagnetic interlayer
exchange and magnetostatic interaction to account for the
intermediate switching state with antiparallelly magnetized
sublayers in LSMO/PbTiO3 multilayers.

II. EXPERIMENT
A. Sample preparation

Pulsed laser deposition. LSMO multilayers were fabricated
on (110)-orientated NdGaO3 substrates by pulsed laser de-
position (PLD) with in situ reflection high-energy electron
diffraction (RHEED). For all studied multilayers, the thick-
ness of the LSMO sublayer was fixed at 9 unit cells, while
the thickness of PbTiO; sublayers was kept at 12 unit cells.
During the deposition, the growth temperature was kept at
750 °C, oxygen partial pressure at 100 mTorr, and the laser
energy at 1.8 J/cm?. After the deposition, the in situ annealing
was performed at 600 °C in 1 atm oxygen for 15 min.

B. Magnetic and transport property measurements

Superconducting quantum interference device vibrating
sample magnetometer. The volume-averaged magnetic prop-
erties were measured using a superconducting quantum
interference device vibrating sample magnetometer (SQUID
VSM, Quantum Design). The temperature-dependent mag-
netic moment was measured upon warming in 200 Oe,
following the field cooling from 300 to 10 K in 2000 Oe. For
the field-dependent magnetic moment, the sample was first
zero-field cooled to the target temperature, and then measured
by sweeping the magnetic field.

Polarized neutron reflectometry. Polarized neutron reflec-
tometry (PNR) measurements were conducted on the Platypus
time-of-flight reflectometer located at the Australian Nuclear
Science and Technology Organisation (ANSTO) [20,21]. Data
were obtained with full polarization analysis as a function
of the scattering vector Q = 4 sin(6)/A, where A repre-
sents the neutron wavelength and 6 is the scattering angle.
Non-spin-flip (NSF) reflectivities, i.e., R4+ + and R— —,
probe the sample’s nuclear structure and the component of
the magnetization parallel to the neutron polarization axis,
while spin-flip (SF) reflectivities, i.e., R+ — and R— +,

probe the component of the sample’s magnetic moment
perpendicular to the neutron polarization axis only. Taken
together the four reflectivities (R + +, R— —, R+ —, and
R— +) allow the in-plane components of the sample’s magne-
tization parallel and perpendicular to the neutron polarization
axis to be spatially resolved to provide a quantitative measure-
ment of the sample’s magnetic moment per unit volume as a
function of sample depth. Specifically, the normalized differ-
ence between the R + + and R— — reflectivity as a function
of Q is directly proportional to the in-plane magnetic spin
configuration of the sample. Furthermore, the symmetrical
arrangement of the electromagnet and the pre- and postsam-
ple guide field coils of the Platypus instrument [21] allows
both positive and negative fields to be applied to the sample
space without depolarizing the neutron beam. In our cases,
the sample was initially field cooled from room temperature
under a magnetic field of 5000 Oe, applied parallelly to the
[1-10] axis (indicated as +5000 Oe). Subsequent R + —+,
R— —,R— +,and R + — data were recorded at 10 K at target
intermediate magnetic fields along the [—110] axis (indicated
as —110 Oe for sample A1B7 and —260 Oe for sample B8)
during magnetic reversal. For all fields, the SF intensity is
several orders of magnitude smaller than the NSF one (as
shown in Supplemental Material Fig. S1 [22]), indicating a ne-
glectable magnetization in the plane of the film perpendicular
to the external magnetic field during magnetic reversal. PNR
data analysis was performed using the SIMULREFLEC software
package [23].

Physical properties measurement system. The transport
measurements were performed using the van der Pauw
method with the physical properties measurement system
(PPMS, Quantum Design).

C. Sample characterizations

High-resolution x-ray reflectometry. The periodic chem-
ical structures of the samples were characterized by high
resolution x-ray reflectometry (HR-XRR, Panalytical, X’ pert)
utilizing Cu K, radiation (A = 1.5406 A).

Atomic force microscopy. The surface of the samples was
examined by atomic force microscopy (AFM, Cypher S,
Oxford Instrument) with TESPA-V2 tips.

Scanning transmission electron microscopy. The sample
for scanning transmission electron microscopy (STEM) anal-
ysis was prepared by focused ion beam (FIB) with 30-kV Ga
ions, followed by a 2-kV low voltage cleaning step. High-
resolution STEM-annular dark-field (ADF) imaging was
conducted using the JEOL-ARM200F microscope equipped
with an ASCOR aberration corrector and a cold-field emission
gun, operating at 200 kV. The high-angle annular dark-field
(HAADF) images were acquired using a probe-forming aper-
ture of 30 mrad and a collection angle ranging 68—280 mrad.

III. RESULTS AND DISCUSSION

A. Designs of LSMO heterointerfaces

Figure 1 compares two LSMO-based building blocks
that are used in our multilayer samples, i.e., block A
of PbTiO3/LSMO/NdGaO; [Fig. 1(a)] and block B of
PbTiO3;/LSMO/PbTiO; [Fig. 1(b)] (also see Fig. S2 in the
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Block A:PTO/LSMO/NGO Block B:PTO/LSMO/PTO

FIG. 1. (a) Block A of PbTiO3/LSMO/NdGaOj; and (b) block B
of PbTiO3;/LSMO/PbTiO; mediated by the oxygen octahedral cou-
pling and interfacial charge modulation. Here, NdGaO; (PbTiO3)
possesses an orthorhombic (tetragonal) crystal structure with a ro-
tation pattern cta~a~ (a’a’a®), resulting in the more intensive
octahedral rotation in block A. The assumed upward spontaneous
polarization Ps can affect the charge concentration and distribution
in the adjacent LSMO, leaving the increased (unchanged) average
hole concentration in block A (B), respectively.

Supplemental Material [22]). First, these materials share
similar bulk lattice parameters. When indexed by a pseu-
docubic ABOj; lattice, the close in-plane lattice constants
(ie., 3.873 A for LSMO, 3.867 A for NdGaO;, and
3.902 A for PbTiO3) [24-26] lead to the high-quality coher-
ent growth in both blocks A and B (also see Fig. S3 in the
Supplemental Material [22]). Second, if considering different
oxygen octahedral rotations between PbTiO3;, LSMO, and
NdGaOs, two blocks will display distinct rotation patterns
in their LSMO sublayers. It is worth noting that the LSMO
bulk exhibits a rhombohedral lattice with a Glazer rotation of
a~a”a~, whereas NdGaO; and PbTiOj3 possess orthorhombic
and tetragonal crystal symmetries with cta~a~ and aa%a°,
respectively [27-29]. The interfacial oxygen octahedral cou-
pling can enhance or suppress the degree of oxygen octahedral
rotations in LSMO sublayers in proximity to NdGaO; or
PbTiO3. Hence, compared to block A, block B is expected
to exhibit the less-rotated oxygen octahedra with the stronger
intralayer ferromagnetic coupling of LSMO. Third, the spon-
taneous polarization in the ferroelectric PbTiO3 layer can
modify the charge concentration and distribution in the ad-
jacent LSMO. If assuming an upward polarization in the
PbTiO; layer [18,30], block A is expected to have an in-
creased average hole concentration, making it less favored
by the ferromagnetic coupling compared to block B that has
an optimal charge concentration. Therefore, when consider-
ing the intralayer coupling modified by interface engineering
regarding oxygen octahedral coupling and charge transfer, the
ferromagnetic intralayer coupling will be stronger in LSMO
sublayers hosted by block B, resulting in the higher 7¢ and H,
compared to block A [18,31]. Meanwhile, given that blocks
A and B are featured by different intralayer ferromagnetic
couplings, the multilayer consisting of two types of LSMO
building blocks is anticipated to exhibit two distinct Curie
temperatures and coercivities, while the multilayer with only
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FIG. 2. The structural sketches, M(T) and M(H) curves are
shown for sample A1B7 in (a)—(c) and sample B8 in (d)—(f), respec-
tively. In (a) and (d), the schematics of multilayer samples A1B7 and
B8 are demonstrated. In (b), (c), (e), and (f), magnetization data [i.e.,
M(T) curves and M (H) curves at 25 K] are collected, where T¢; and
T, are determined by the peak positions of d>M/dT? curves and
indexed by the red dashed lines. In (c) and (f), M, and M, represent
the switched and unswitched magnetic moments for the intermediate
switching state with a magnetic field between H, ; and H,. 5.

one type of LSMO blocks should have single Curie tempera-
ture and coercivity.

B. Characterizations of magnetization switching
states in multilayers

The aforementioned model can be easily examined by
experimental results. Two multilayer samples have been
prepared and their corresponding temperature- and magnetic-
field-dependent magnetizations [M(T) and M(H) curves] are
plotted in Fig. 2. The first sample is constructed by growing
eight periods of (PbTiO3/LSMO) bilayers on the NdGaOs3
substrate to build a multilayer with one block A and seven
blocks B (labeled as sample A1B7). In contrast, the second
multilayer begins with the deposition of a PbTiO3 sublayer
on the NdGaO; substrate, followed by eight periods of
(PbTiO3/LSMO) bilayers. Thus, all LSMO sublayers are iden-
tically sandwiched by two adjacent PbTiO3 sublayers. This
sample, indexed as sample B8, exclusively consists of eight
blocks B. Hereby, the pair of samples A1B7 and B8 shall
display distinct magnetic switching features attributed to the
different configurations of LSMO as sketched in Figs. 2(a)
and 2(d).

In Figs. 2(b) and 2(c), sample A1B7 clearly exhibits
two distinct 7c and H.. Specifically, two kinks in M(T)
are recorded at 267 and 314 K, respectively, corresponding
to the two peaks in d’?M/dT? in Fig. 2(b). Moreover, two
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magnetic coercivities, H, | and H, », are observed around —20
and —165 Oe when sweeping the magnetic field from positive
to negative. The ratio of the two magnetizations (M, /M,) at
the intermediate field between H, ; and H, ; is approximately
1:7 in sample A1B7, revealing that one block A is softer and
therefore more easily reversed than the other seven blocks B.
This is in line with our interfacial designs discussed above. In
the frame of double-exchange-induced ferromagnetic metal-
lic state, as also suggested by Fig. S4 in the Supplemental
Material [22], the enhancement (suppression) of oxygen octa-
hedral rotation of LSMO close to the NdGaO3; (PbTiO3) can
decrease (increase) the Mn-O-Mn bond angle ¢. The resul-
tant narrowed (widened) conduction bandwidth w with w ~
cos [(m—¢)/2] will weaken (strengthen) the ferromagnetic
coupling [32-34]. If taking Tc (H.) to evaluate the thermal
(magnetic) stability of spin alignments, the LSMO sublayer
with stronger ferromagnetic coupling will require a higher
Tc and a larger H, to disrupt the aligned spins. In addition,
M (H) curves obtained at the temperatures below, in between,
and above two T¢ (i.e., 267 and 314 K) are compared in
Fig. S5 in the Supplemental Material [22] to demonstrate the
evolution of ferromagnetic phase in sample A1B7. So, the
experimental data of sample A1B7 unambiguously supports
the concept that the field reversal process of LSMO can be
mediated by interface engineering with the modified intralayer
ferromagnetic coupling. On the other hand, for sample B8 one
would intuitively predict that only one single 7¢ and H, should
be recorded, because all the LSMO sublayers are sandwiched
by two PbTiOj3 layers in the same way to have the identical
intralayer coupling. Although it is true that only one 7, around
286 K is identified in Fig. 2(e), sample B8 clearly displays two
distinct H, at —155 and —280 Oe, with a M| /M, ratio of 7:3 at
intermediate fields as depicted in Fig. 2(f). This ratio obtained
from the intermediate switching state indicates that 70% of
the total LSMO magnetization (or 5.6 LSMO sublayers out of
8) is parallel to the external magnetic field, while 30% (or 2.4
LSMO sublayers) is antiparallel. Given that the intermediate
state observed in sample B8 cannot be easily attributed to the
interface engineering discussed earlier, additional magnetic
mechanisms need to be considered to fully understand our
experimental observations.

The usage of polarized neutron reflectometry (PNR) allows
us to identify the layer-resolved magnetization configurations
in a magnetic multilayer [35-38]. The reflectivity profiles,
which are plotted as a function of the scattering vector Q,
are used to probe two distinct magnetization states in sam-
ples A1B7 and B8. The first magnetization state (indexed
as state I) is defined by the saturated magnetization state,
where a large magnetic field of 5000 Oe is applied along
[1-10] (indicated as +5000 Oe). The second magnetization
state (state II), which resides on the magnetization plateau
between H, and H, , to represent the intermediate switching
state, is achieved by applying an intermediate magnetic field
along [—110] (indicated as —110 Oe for sample A1B7 and
—260 Oe for sample B8). It shall be noted that the M(H)
loop is difficult to obtain due to the strong paramagnetic
background from NdGaOj; at 10 K, so we choose the ap-
plied magnetic field for state II based on the M(H) curve
measured at 25 K by considering the slight increase of both
H., and H., on cooling (see Fig. S6 in the Supplemental

Material [22] for the temperature-dependent M (H) curves of
sample BS).

For sample A1B7, the moderate field for state II is
chosen as —110 Oe based on the M(H) loop in Fig. 3(a).
The corresponding non-spin-flip (NSF) PNR data for states
I and II, are compared in Figs. 3(a) and 3(b). At an applied
field of 5000 Oe, the saturation magnetization of state I in
Fig. 3(a) is characterized by a single, dominant Bragg peak
located at Q = 0.075 A-!inboth the R + + and R— — data,
corresponding to a real-space periodicity of 83.7 A (Q =
277 /d) in agreement with the nominal thickness (81.4 A) of
the LSMO/PbTiO3 bilayer structure. No measurable spin-flip
(SF) signal is observed in state I, confirming that the magne-
tizations of all LSMO sublayers are aligned parallelly to the
external field in state I. Sweeping the applied field to —110 Oe
from the positive saturation, the reshaped PNR curves are
shown for state II in Fig. 3(b). The model, which is the best
fit to the PNR data, reveals that the in-plane magnetization
across the multilayer comprises of magnetic moments in the
top seven LSMO sublayers (blocks B) to align antiparallelly
to the applied magnetic field, and the magnetic moment of
the bottommost sublayer (block A) parallel to the field for the
intermediate state. This configuration is consistent with the
M (H) loop of sample A1B7, where the ratio between switched
and unswitched magnetization is about 1:7 in the magnetiza-
tion plateau region between H.; and H, . Furthermore, for
the best-fit magnetization configurations, the corresponding
depth profiles of the nuclear and magnetic scattering length
densities for states I and II are plotted in Figs. 3(c) and 3(d),
respectively.

On the other hand, the PNR data obtained from sample
B8 is summarized in Fig. 4, and the intermediate field is
chosen as —260 Oe. Similar to sample A1B7, the NSF profiles
of state I for sample B8 can be nicely fit by the homoge-
neous magnetization parallel to the external field in all eight
PbTiO3-sandwiched LSMO sublayers, as plotted in Fig. 4(a).
In state II, as depicted in Fig. 4(b), two dominant Bragg
peaks, which can be viewed as peak splitting compared to
the data obtained from state I, are recorded in the NSF pro-
files at Q = 0.077 A~! and 0.091 A~! to suggest a complex
magnetization configuration for the intermediate switching
state. Furthermore, in order to reproduce the peak splitting in
PNR and M, /M, ratio of 7:3 in M(H), the inhomogeneous
magnetization within the individual LSMO sublayer must be
taken into considerations for state II (also see Figs. S7 and S8
in the Supplemental Material [22]). The best-fit intermediate
magnetization configuration can be established by building
a gradual change of magnetization crossing the five LSMO
sublayers that are close to the substrate. The ratio of the mag-
netization parallel to the external field is gradually increased
from 0% to 100% in these five LSMO sublayers from the
side of the substrate. Specifically, such parallel magnetization
ratios for eight individual LSMO sublayers are 0%, 33%,
50%, 67%, 100%, 100%, 100%, and 100% from the substrate
side to the sample surface, respectively. Figures 4(c) and
4(d) plot the corresponding nuclear/magnetic scattering length
densities for states I and II, respectively. This fitted intermedi-
ate magnetization structure gives an estimated magnetization
change of 69% (or 5.5 LSMO sublayers), which is close to
the experimental data obtained from the intermediate state.
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FIG. 3. Layer-resolved magnetization configurations for sample A1B7. The PNR experimental data and fitting curves are plotted for state
I (saturated state) in (a) and state II (intermediate state) in (b). Insets: the corresponding M(H) curves and magnetization configurations. A
magnetic field of 5000 Oe (indicated as +5000 Oe) is applied along [1-10] to achieve state I, while a field of 110 Oe (indicated as —110 Oe)
is applied along [—110] for state II. The depth profiles of the nuclear (green) and magnetic (orange) scattering length densities used for PNR

fittings are shown for state I in (c) and state II in (d), respectively.

Given that only one type of LSMO block (block B) is present
in sample B8, the observed moment gradient with antiparallel
magnetizations cannot be simply accounted for the intralayer
coupling that is mediated by the oxygen octahedral rotation
and interfacial charge transfer. Other magnetic mechanisms
need to be taken into consideration.

C. Possible mechanisms for intermediate switching states

Next, we attempt to interpret the observed intermedi-
ate switching states regarding three energy terms, including
intralayer coupling Einq,, interlayer exchange E.x, and mag-
netostatic interaction E. It is well known that the intralayer
ferromagnetic coupling is dominated by the double-exchange
interaction, of which the strength is influenced by the doping
concentration x and electron hopping bandwidth w along the
Mn-O-Mn chain. Typically, for constant x, w decays as a
function of the Mn-O-Mn bond length d, i.e., the distance
between two magnetic Mn ions, in the power-law form of w
d =35 with d around 4 A [34,39]. So, the intralayer coupling
Einra 1s strongly mediated by the interface engineering with

interfacial charge transfers and octahedral deformations,
resulting in distinct magnetic properties such as Curie temper-
atures from different LSMO blocks. Given that seven blocks
B in sample A1B7 as well as eight blocks B in sample B8 give
a collective Curie temperature, we believe that the differences
of chemical structures and neighbors between blocks B, if any,
can be neglected in our samples.

For the second term of interlayer exchange FE., we
consider three possible types of interlayer exchanges, in-
cluding ferromagnetic, antiferromagnetic, and noncoupling
exchanges, across the stack of LSMO/PbTiO3/LSMO in
blocks B. If the interlayer exchange is antiferromagnetic,
the stacking of blocks B should always exhibit multiple co-
ercivities that are similar to synthetic antiferromagnets [9].
Apparently, this contradicts the experimental data obtained
from sample A1B7, where seven blocks B give one collective
coercivity in the M(H) curve and PNR data. So, the exchange
between LSMO sublayers in blocks B are either ferromagnetic
or noncoupling. The nature of interlayer exchange is further
elucidated by studying samples A1Bn, where “n” stands for
the quantity of blocks B integrated into the multilayer sample.
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fittings are shown for state I in (c) and state II in (d), respectively.

It can be inferred that Curie temperature of blocks B must
be enhanced (unchanged) with increasing the value of n, if
the interlayer exchange is ferromagnetic (noncoupling). As
recorded in our previous study [18], the Curie temperature for
blocks B was raised monotonously on increasing 7, suggesting
the ferromagnetic interlayer exchange in blocks B. There-
fore, the ferromagnetic interlayer exchange needs to be taken
into consideration for the formation of intermediate switching
state. Moreover, such ferromagnetic interlayer exchange can
be viewed as two spatially separated LSMO sublayers coupled
across a 5-nm-thick nonmagnetic PbTiO; spacer. Usually,
the long-distance spin exchanges, such as dipolar interaction
[40] or Ruderman-Kittel-Kasuya-Yosida interaction [41], are
also featured by a power-law decaying as a function of the
distance. In this case, if assuming the power-law exponents
of the intralayer coupling and interlayer exchange are close,
the interlayer exchange strength E., would be 3—4 orders of
magnitude weaker than the intralayer coupling Ejy,.

For the third term of magnetostatic energy E s that prefers
a magnetic structure with a minimal net magnetization (or
multidomains), the antiparallel magnetization between two

neighboring LSMO sublayers will be established. It shall be
noted that Ey is usually several orders of magnitude smaller
than Ej,y, [42], making Ej,, a dominant role in determin-
ing the intermediate magnetization structure when magnetic
sublayers have different Ei,.,. However, if all the magnetic
sublayers share the identical Ei,,, the interplays between
E. and E.s will be highlighted. In the heterostructure of
LSMO/PbTiO3/LSMO, the parallel magnetization between
two LSMO sublayers is favored by the ferromagnetic Ec,
while the antiparallel magnetization is favored by Ej.

Now we focus on the energy status for the intermedi-
ate states in both samples. For sample A1B7, two types
of interface-engineered LSMO blocks, i.e., blocks A and
B, exhibit different values of Ej,, with two distinct Curie
temperatures. Given the overwhelming role of Ejyy,, when
an intermediate magnetic field between H,; and H,, is ap-
plied, the antiparallel magnetization will be formed between
PbTiO3/LSMO/NdGaO; and PbTiO3/LSMO/PbTiO3; blocks
for the intermediate switching state. On the other hand, sample
B8 only contains blocks B with identical Ejy, for all LSMO
sublayers with single Curie temperature. Therefore, the
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FIG. 5. The definitions of energy scales using bilayer magnetiza-
tion configurations for Ee in (a) and Ep in (b). (c)—(e) Comparison
on E, and E,; among three typical magnetic configurations where
the total magnetization of eight LSMO sublayers are set to mimic the
one of sample B8 at the intermediate switching state. The total E
and E, are estimated by adding up individual E., and E,,; obtained
from seven pairs of LSMO bilayers, respectively.

energy competition between E.x and E\,s becomes crucial. As
shown in Fig. 5, the semiquantitative analysis is conducted on
several typical magnetic structures of LSMO multilayers with
the same total intermediate magnetization.

First, the energy scales of E. and E are defined based
on the bilayer magnetization in Figs. 5(a) and 5(b) with the
neglect of the nonmagnetic spacer. For the ferromagnetic in-
terlayer exchange, the parallel and antiparallel configurations
correspond to the low and high E, indexed as E = 0 and
E« = 1, respectively. On the other hand, for the magneto-
static interaction that favors the compensated magnetization,
the parallel and antiparallel magnetization alignments result
in the high and low E, labeled as Es =2 and Es = 0,
respectively. Accordingly, for the bilayer that contains one
sublayer with 50% parallel/antiparallel mixed magnetization,
E.. and E,s will show an intermediate value as E.x = 0.5
and E,s = 1. Following this method, Ex and Es can be
estimated for different magnetization configurations of LSMO
multilayers in Figs. 5(c)-5(e), corresponding to configurations
A-C, respectively. If the intermediate state of sample B8
with configuration A, the energy can be labeled as E = 1
and Es = 9.33, respectively. If increasing the magnetization
gradient and constraining the inhomogeneous magnetization
within one LSMO sublayer, as shown in configuration B,
E. will be unchanged (E. = 1) with an increased Ey

(Ems = 12). Hence, configuration A shall be more ener-
getically favored compared to configuration B. Moreover,
configuration C in Fig. 5(e) displays the alternative stacking
of antiparallelly magnetized sublayers, with a minimized Ey
(Ems = 6) but a raised Eex (Eex = 4). Therefore, the choice
between configurations A and C relies on the competition be-
tween Eys and E.x. Meanwhile, the fact that the magnetization
of LSMO layers close to the NdGaO; substrate is antiparallel
to the external field, as observed in the intermediate state of
sample B8, can also be ascribed to E,,s. While the paramag-
netic nature of NdGaO3; makes the substrate’s magnetization
parallel to the external field and enhanced on cooling, En;
drives the bottom LSMO layers (close to NdGaOs3) to exhibit
the antiparallel magnetization to lower the magnetostatic en-
ergy. This effect makes the top LSMO layers (away from the
NdGaO; substrate) magnetically softer and leads to the forma-
tion of the intermediate switching state in sample BS. Given
that the intermediate state inferred from the PNR data adopts
a magnetic structure of configuration A instead of C, the
reduction of magnetostatic energy cannot fully compensate
the rise of interlayer exchange in sample B8. In other words,
for the multilayers with an identical intralayer coupling, the
interplay between the interlayer exchange and magnetostatic
energy plays an important role.

IV. CONCLUSION

In this study, the magnetic switching process in LSMO-
based multilayers is investigated. Owing to the applica-
tion of nonmagnetic PbTiO; and NdGaOj;, two distinct
LSMO blocks, i.e., PbTiO3/LSMO/NdGaO3 (block A) and
PbTiO3/LSMO/PbTiOj3 (block B), are constructed to exhibit
different 7¢c and H, due to the oxygen octahedral coupling
and interfacial charge transfer. Sample A1B7 contains both
types of LSMO blocks, thus showing two distinct 7¢ and
H.. However, sample B8 only consists of one type of LSMO
block (block B), but presents two unexpected coercivities. The
PNR results uncover the complex magnetic structure, where a
gradual change of magnetization is found in the five LSMO
sublayers that are close to the substrate, for the intermediate
switching state of sample B8. The competition between the
interlayer exchange and magnetostatic interaction is discussed
to interpret our observations. Our findings contribute to a
deeper understanding of the magnetic reversal processes in
manganite multilayers and may help develop more efficient
and versatile magnetic memory devices for advanced tech-
nologies.
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