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Realization of exchange bias control with manipulation of interfacial frustration
in magnetic complex oxide heterostructures
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Rich exchange bias (EB) behaviors were previously observed when ferromagnetic (FM) materials contacted
a spin glass, demonstrating magnetic degrees of freedom of the coupling between the glass and FM spins.
However, the correlation between the degree of magnetic spin frustration and the strength of the resulting
EB is far from being understood. Here, we systematically investigate the dependency of EB on interfacial
spin frustration in magnetic complex oxide heterostructures including Lag 7Cag 3MnO3/CaMnO; (LCMO/CMO)
systems. The experimental analysis revealed that the extent of interfacial spin frustration is determined by
the subtle competition between different types of magnetic orders related to the glassy spin behaviors at the
interface. Such spin frustration can be manipulated through strain engineering through changes in the Mn e,
orbital by alternating the stacking sequence of the heterostructures. A highly tunable EB field with 95% change
of strength between the highly and weakly frustrated heterostructures has been achieved. Magnetic depth profiles
of the heterostructures provide convincing evidence that a magnetically depressed region always occurs in the
LCMO layer at the LCMO/CMO interfaces irrespective of the stacking sequence. Finally, EB is established at
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the magnetic interface in the LCMO layer.
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I. INTRODUCTION

Exchange bias (EB) is a physical phenomenon of the ex-
change interaction between an antiferromagnet (AFM) and
a ferromagnet (FM) at their interface. It has been widely
used to stabilize the magnetization of soft FM layers from
the influence of thermal fluctuation to reduce magnetic noise
for maximizing the sensitivity of the magnetic sensors [1,2].
This phenomenon is particularly important for nonvolatile
magnetic memories. While microelectronic devices continue
to diminish in size to achieve better performance, controlling
the EB has become more prominent because of the energy
loss and heat dissipation caused by passing the signals from
one transistor to the next. With the limits of magnetic domain
miniaturization in sight, there has been an enormous drive to
radically innovate materials and technologies to overcome the
fundamental limit of magnetic coupling associated with the
thermal fluctuation to embrace the era of massive informa-
tion/data explosion for the data-centric computing paradigm.

In general, an externally applied magnetic field has very
limited influence on the spin orientation of AFMs, resulting in
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a very small or no net magnetization. When a soft FM material
is strongly exchange-coupled to an AFM, an interfacial spin
pinning effect is induced, also known as EB. This pinning
effect manifests as a horizontal shift of the magnetic hysteresis
(M—H) loop along the magnetic field axis. It enhances the
coercivity when the material is cooled below the blocking
temperature (7p) under a static magnetic field. In the case that
interfacial spins are colinearly aligned, FM coupled interfacial
spin [Fig. 1(a)] results in a negative EB, i.e., a left-shifted
M—H loop [1], while a positive EB is achieved as a result
of AFM coupled interfacial spins [Fig. 1(b)] [3]. However,
interfacial spin configurations can be far more complicated in
the case of noncolinearly aligned interface spins [Fig. 1(c)]
[4]. It is demonstrated that the EB direction changes from
negative to positive as the cooling field is enhanced. In ad-
dition, the role of frustration in EB systems is highlighted
using a FM and canonical spin-glass (SG) bilayer [5], and it
is suggested that the exchange coupling exists randomly at the
bilayer interface, as illustrated in Fig. 1(d). It is also suggested
that the existence of frustration is consistent with the existence
of EB, and strong frustration supports a large EB. Further,
the experimental results on a FM coupled to a SG provide a
direction for studies of EB and possibilities for manipulation
of internal magnetic degrees of freedom.

Frustration is a common phenomenon in nature and often
exists as disorder or impurities in ordered systems. In mag-
netic materials, frustration is induced by strong, short-range
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FIG. 1. Schematic diagrams of the interfacial spin alignments of exchange biased multilayers, depicting the collinearly aligned (a)
ferromagnetic (FM)-coupled and (b) antiferromagnetic (AFM)-coupled interfaces, and the (c) noncollinearly aligned and (d) FM/spin-glass
(SG) interfaces resulting an interfacial domain state and random pinning regions, respectively.

magnetic interactions which disrupt the long-range magnetic
order, leading to unexpected properties and magnetic states,
such as SGs [6], spin liquids [7], spin ices [8], and skyrmions
[9]. Experimental and theoretical studies on these complex
spin textures have been extensively carried out, particularly
for SGs, due to their fundamental importance [6] and their
potential applications in neural information processing [10].
Some pioneering works have observed EB from SGs in al-
loys and compounds [6], dilute magnetic oxides [11], and
nanoparticles [12]. Recent studies on perovskite manganite
and cobaltite thin films suggest that SG phases are established
at the chemical interfaces through the competition between
double-exchange-mediated FM and superexchange-mediated
AFM spin orderings [13—15]. It is found that EB is typically
strongly correlated with interfacial frustration, indicating that
EB is observed only at temperatures below the freezing point
of the SG phase [13]. Another less common example of EB
in manganites is observed in a magnetically separated but
chemically uniform Laj;3Ca;;3MnOs3 thin film [16,17]. In
both examples [16,17], EB is believed to be induced at the
nominal interface of a magnetically frustrated layer (i.e., SG)
and a FM layer. It was suggested that the existence of frustra-
tion is consistent with the existence of EB [5]. A theoretical
study suggests that a system with a higher degree of frus-
tration favors greater EB [18]; however, direct experimental
evidence of such a relation is still pending. Moreover, the
frustration-induced magnetization reduction has a significant
effect on the magnetotransport of the FM layer in a magnetic
tunneling junction and exchange coupling in a heterostruc-
ture [19]. Therefore, understanding and precise control over
the interfacial SG properties and magnetization dynamics of
frustrated perovskite manganite heterostructures are of vital
importance.

In this paper, we focus on controlling the EB by manipulat-
ing the glassy spin behaviors at the Lag 7Cag 3sMnO3/CaMnOs3
(LCMO/CMO) interface by manipulating the interfacial
strain. The raised glassy spin is due to the frustration at
the nominal interface between the FM and the G-type AFM
[13]. It is well established that strain-induced Jahn-Teller

distortions and octahedral tilting in perovskite manganites
can significantly modify the orbital couplings of MnOg oc-
tahedra, leading to a shift in the relative spin density states
of Mn ions and resulting in rich phase diagrams for the
manganites [20]. This suggests that strain engineering is a
viable route to control the degree of magnetic spin frustration
at the LCMO/CMO interface, which consequentially deter-
mines the EB strength [21]. This is achieved in this paper by
changing the stacking sequences of LCMO and CMO layers
deposited onto (001)-oriented SrTiO3 (STO) substrates. Com-
pressive strain (Type C) is introduced into the LCMO layer
through a stacking sequence of LCMO/CMO(relaxed)/STO,
while tensile strain (Type T) is introduced into the LCMO
layer to form the heterostructure with a stacking sequence
of CMO(relaxed)/LCMO/STO. Volume-averaged magnetic
measurements reveal that the heterostructure under com-
pressive strain displays greater spin frustration than the
heterostructure under tensile strain. In addition, an enhanced
EB effect is found in the heterostructure with a higher degree
of spin frustration induced by the compressive strength. Going
beyond volume-averaged magnetic measurements (which was
the only type of magnetic data examined in prior studies
[13,22,23]), we obtain detailed magnetic depth profiles of the
heterostructures using polarized neutron reflectometry (PNR).
This enables us to reveal the spatial spin configurations at the
different LCMO/CMO interfaces of the two heterostructures,
from which the fundamental physics of EB induced by inter-
facial spin frustration is consolidated.

II. METHODS

Pulsed-laser deposition with a KrF excimer laser
(A =248nm) and in situ reflective high-energy electron

diffraction were used to fabricate the LCMO/CMO
heterostructures [24]. The films were deposited on
TiO,-terminated (001)-oriented STO substrates. Two

heterostructures were grown comprised of an LCMO (24 nm)/
CMO (47 nm)/STO structure and a CMO (45 nm)/LCMO
(25 nm)/STO structure denoted as Type-C and Type-T
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heterostructures, respectively. The thicknesses of the LCMO
and CMO layers in both heterostructures are intentionally
retained as similar as possible. Both heterostructures were
prepared under the identical deposition conditions, i.e., a
laser energy density of 1.7J/cm? at a frequency of 2 Hz
and a chamber base pressure of 1078 Torr, with a substrate
temperature of 800°C and a 100 mTorr oxygen partial
pressure. After deposition, each heterostructure was allowed
to be cooled down to room temperature at a ramp rate of
20 °C/min with the same oxygen partial pressure.

The layer structure, layer thicknesses, and lattice strain of
each heterostructure were characterized by x-ray diffractom-
etry (XRD), x-ray reflectivity (XRR), and x-ray reciprocal
space mapping (RSM), respectively. Magnetic properties were
measured using a superconducting quantum interference de-
vice magnetometer with an in-plane magnetic field applied
parallel to the STO (100) direction. Magnetic hysteresis
(M —H) loops were measured after field cooling (FC) in a
set of selected cooling fields H . During the M—H mea-
surements, the measuring field was swept between 40 kOe,
ensuring that all spins were aligned with the field to min-
imize the possibility of measuring minor M —H loops. The
temperature-dependent magnetization (M —T7) was measured
during the warming process after FC and zero-field-cooling
(ZFC) processes under a set of selected magnetic fields. The
EB field (Hg), which results in the horizontal shift of the
M—H loops along the field direction, is defined as Hg =
(Hy + H_)/2, and the coercivity H¢ is defined as He =
(Hy — H_)/2, where H, and H_ are the right and left coer-
civity fields, respectively. The shift of the M —H loop along
the magnetization direction denoted as Mg is defined as
Mg = (M4 + M_)/2, where M and M_ are the positive and
negative remnant magnetization, respectively. Magnetization
relaxation [M (¢)] was measured to examine the spin dynamics
of the heterostructures.

Magnetic memory measurements were carried out by pos-
itive (T} — T, — Ty) and negative (T, — T — T>) temperature
cycles (T cycles) with 7, > T;. Both positive and negative
T cycles were performed after FC/ZFC protocols. Within a
negative T cycle, the heterostructures were cooled by FC
(ZFC) protocols from 300 to 50 K, and then the magnetic field
was changed to 0 Oe (300 Oe) with respect to the cooling
protocols. Then M(¢) measurements were carried out. Upon
the completion of the first M () measurement, the tempera-
ture was decreased to 10 K without changing the magnetic
field to measure the second M(¢) datum. Subsequently, the
temperature was increased back to 50 K, and the last M(¢)
dataset was measured. In contrast, for the positive 7' cycle,
the temperature was decreased from 300 to 10 K for the first
M (¢) measurement and then raised up to 50 K for the second
measurement and finally decreased back to 10 K for the last
measurement.

PNR measurements were carried out using the time-of-
flight instrument PLATYPUS located at Australian Nuclear
Science and Technology Organization (ANSTO). PNR is a
technique capable of accurately determining the magnetic and
chemical depth profiles of heterostructure thin films [25].
PNR measures the reflectivity of a neutron beam at small
scattering angles as a function of the scattering vector (Q).
For a specular reflected neutron beam, Q is directed perpen-
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FIG. 2. (a) X-ray diffraction, and (b) x-ray reflectivity data of
the Type-C and Type-T heterostructures. Reciprocal space mapping
(RSM) of the asymmetric lattice point around the (103) reflection
of the SrTiO; (STO) substrate is shown for the (c) Type-C and (d)
Type-T heterostructures.

dicularly to the surface of the heterostructure. By analyzing
the PNR data, a model consisting of the depth-dependent
scattering length density (SLD) profile can be obtained. The
SLD profile comprises the nuclear and magnetic SLDs of
the heterostructure which are related to the chemical com-
position and magnetization of the materials in the sample,
respectively. The neutron scattering lengths relevant to this
paper are [26] Sr: 7.02x10° nm, Ti: —3.44%x10%nm, O:
5.803x 10 nm, Mn: —3.73x10° nm, La: 8.244x 107 nm,
and Ca:4.70x 10"° nm. PNR data were obtained for two neu-
tron spin cross-sections, namely, R™, and R™. Here, the +
and — signs represent the polarization of the neutron spin,
i.e., either spin up or spin down. The reflectivity difference
between R™" and R channels provides information about
the component of the in-plane magnetization parallel to the
measurement field, in which the depth dependence of the
magnetization is encoded in the scattering vector (Q).

III. RESULTS AND DISCUSSIONS

A. Correlation of stacking sequence and states of strain

Firstly, we demonstrate that epitaxial strains of LCMO can
be manipulated by the stacking sequence of a heterostruc-
ture while minimizing the influence from the substrate. The
pseudocubic lattice parameter of bulk LCMO and CMO are
0.386 nm [27] and 0.375 nm [28], respectively. We use
a relatively thick CMO (45 nm) to ensure full strain re-
laxation in both Type-C (LCMO/CMO/STO) and Type-T
(CMO/LCMO/STO) heterostructures. When grown on top of
a fully relaxed CMO lattice (lattice constant ~0.375 nm),
LCMO shows an in-plane compressive strain state, while it ex-
periences an in-plane tensile strain state when grown on top of
an STO substrate (lattice parameter of 0.390 nm), as revealed
by XRD. Figure 2(a) shows the 6-20 spectra of the Type-C and
Type-T heterostructures, measured with respect to the surface
normal. For the Type-C heterostructure, the LCMO (002)
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reflection is located at the left of the STO (002) reflection. In
comparison, the LCMO (002) reflection is located at the right
of the STO (002) reflection in the Type-T heterostructure. This
indicates the Type-C and Type-T heterostructures are subject
to tensile and compressive strains, respectively. The occur-
rence of lattice strain relaxation in both heterostructures is
further verified through the RSM of the (103) planes, as shown
in Figs. 2(c) and 2(d). Figure 2(b) shows the XRR data of each
heterostructure, overlaid with best fit profiles. The presence of
persistent thickness fringes (up to Q = 3nm™') indicate the
high quality of both interfaces. The fitted layer thicknesses
were also confirmed with cross-section transmission electron
microscopy images shown in Fig. S1 in the Supplemental
Material [29] (see also Refs. [27,28] therein). The extracted
lattice parameters and individual layer thicknesses for both
films are shown in Table S1 in the Supplemental Material
[29]. It is found that the lattice of the CMO layer in both
heterostructures is relaxed, as the critical thickness of CMO
on STO is ~10 nm [30], as determined by classic Matthews-
Blakeslee or People-Bean models [31,32]. As a result, the
out-of-plane and in-plane lattice parameters of the CMO lay-
ers are like that of the bulk lattice parameter of 0.375 nm for
the pseudocubic structure [28]. On the other hand, the lattice
parameters of the LCMO layers (0.386 nm in the bulk pseu-
docubic phase [27]) are dependent on the stacking sequence
of the heterostructure. The c/a ratios of 0.97 and 1.03 are ob-
tained for the CMO (45 nm)/LCMO (25 nm)/STO and LCMO
(24 nm)/CMO (47 nm)/STO heterostructures, verifying that
they are in compressive (Type-C) and tensile (Type-T) strain
states, respectively, which is like other oxide heterostructures
[17,33,34]. This provides us the foundation to investigate the
interactions between strains and spin frustrations in complex
oxide heterostructures as detailed below.

B. EB and glassy spins

Magnetic hysteresis (M —H) loops shown in Figs. 3(a) and
3(b) for the Type-C and Type-T heterostructures demonstrate
that EB is induced by the strained interfaces. When a small
cooling field (H, = 1500e) is applied during the cooling
process, the negative coercive field (H_) is shifted to the
left, while the positive coercive field (H,) remains almost
unchanged. Furthermore, the stacking sequence significantly
affects the shape of the hysteresis loops. While the Type-T
heterostructure shows a sharp magnetic reversal with a smaller
coercivity (Hc), the Type-C heterostructure shows a relatively
slow magnetic reversal response with a much larger Hc.

The presence of EB in both Type-C and Type-T het-
erostructures may be attributed to the presence of glassy spins
therein. Figures 3(c) and 3(d) plot the magnetic field depen-
dence of the M—T (temperature) behaviors for the Type-C
and Type-T heterostructures, respectively. The paramagnetic-
to-FM transition temperature (Curie temperature, T¢) is
determined using M —T curves measured at 50 Oe for both the
Type-C (T =~ 155K) and Type-T (T¢ ~ 147 K) heterostruc-
tures. As expected, the bulk Curie temperature (7 ~ 250 K)
is higher than both heterostructures due to straining exerted
on the LCMO layer. It is attributed to Jahn-Teller distortion
causing the splitting of the twofold e, degenerated states
from Mn, consequentially weakening the double-exchange
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FIG. 3. M—H data (enlarged view) of the (a) Type-C and (b)
Type-T heterostructures after zero-field cooling (ZFC; O Oe) and
field cooling (FC; 150 Oe) procedures. M —T data of the (c) Type-C
and (d) Type-T heterostructures after ZFC and FC procedures in a
range of measurement fields between 50 and 2000 Oe. The inset
shows the corresponding H? vs T plots, where the fitting (line) to
the data (dot) is obtained using Eq. (1). Schematic representation of
the MnQOg octahedral distortions influenced by (e) compressive strain
and (f) tensile strain and subsequent energy degeneration of Mn*" e,
subbands.

coupling [35]. Moreover, features are observed in the M —T
curves which include a maximum temperature (7p) with a
cusp shaped ZFC magnetization and a bifurcation between
the FC and ZFC curves defined as the irreversible tempera-
ture (7). The existence of Tp and T, has been reported in
different magnetic systems, such as superparamagnetic and
frustrated magnetic interactions like SG and spin-cluster sys-
tems [36]. In this paper, superparamagnetism can be excluded
due to the lack of monotonous increase behavior for FC
magnetization when lowering the temperature. As expected,
both T, and Tp shift to lower temperatures with increasing
field, indicating spin freezing is suppressed by the applied
magnetic fields. Furthermore, both 7p and 7;;, for the Type-T
heterostructure respond faster (slopes of the inset in Fig. 3) to
the increased field than those in the Type-C heterostructure,
indicating stronger spin frustration in the latter.

Different degrees of magnetic frustration originate from the
subtle competition among several types of magnetic order-
ings. These include the interfacial superexchange and double
exchange at the interface [13], octahedral distortion-induced
orbital degeneracy in LCMO favors an AFM superexchange,
which competes with the native FM double-exchange interac-
tions [37], and the coupling of degenerate orbital states across
interfaces [38]. In our case, the degree of frustration reflects
the total contributions from the ordering competitions, which
is closely related to the lattice strain of the heterostructure.
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For the Type-C heterostructure, elongation of the LCMO lat-
tice along the out-of-plane direction would potentially lower
the energy level of 372 — #2 orbits in e, subbands [39,40],
as demonstrated in Fig. 3(e), which can further weaken the
FM coupling along the in-plane direction. This strain effect
would lead to the strong reduction of magnetization observed
in the Type-C heterostructure. While for the Type-T het-
erostructure, the x> — y* orbital in e, subbands is favored as
excepted from a shrinkage of the LCMO lattice along the
out-of-plane direction [39,40], as demonstrated in Fig. 3(f).
As observed in Type T, a higher magnetization along in-plane
direction is observed. Consequently, the Type-C heterostruc-
ture as expected has stronger interfacial coupling across the
LCMO/CMO interface than the Type-T heterostructure, as
illustrated in Figs. 3(e) and 3(f), the 3z> — r? orbits would
have more overlapping with neighboring O 2p orbitals than
the x> — y? orbits. Therefore, Type C is expected to show a
strong interfacial coupling and a strong competition between
the AFM and FM orderings. However, weaker interfacial
coupling is excepted for the Type-T case as overlapping of
the x?> — y? orbitals across the LCMO/CMO interface is very
minimum. To fully understand the interfacial magnetism of
the LCMO/CMO interfaces, further quantitative investigation
of the orbital states of Mn ions is required. However, this is
beyond the scope of this paper.

To better understand the glassy magnetic characteris-
tics of the Type-C and Type-T heterostructures, Tj, as a
function of the applied magnetic field were fitted using
the Almeida-Thouless equation based on the Sherrington-
Kirkpatrick model (mean field theory of SG) [41]:

T

Tr

AJ M
where H(Ti;) is the applied magnetic field, AJ is the width
of the distribution of the exchange energy interaction, and
Tr is the zero-field freezing temperature below which spins
are “frozen” in each orientation. The fitting results are shown
as insets in Figs. 3(c) and 3(d) for the Type-C and Type-T
heterostructures, respectively. The data can be fitted by Eq. (1)
for two distinct magnetic field regimes which yield two Ty for
each heterostructure. This result indicates that our system is
not Ising type in the mean field theory of SG since a linear
fit to the results is not possible [42]. Similar results have also
been observed in strained BiFeO; thin films [43], where the
observed crossover region in the Tj; vs H*/3 plot was thought
to be coupled with some long-range order interactions, i.e.,
strain.

H(Ti)*?

C. Magnetic relaxation

Up to here, both EB effect and glassy spin behaviors
are present in the LCMO/CMO heterostructures. Generally,
in systems with glassy spins, the dynamic relaxation of the
magnetization and memory effect (detailed in Sec. 4 in the
Supplemental Material [29]; see also Refs. [28,36,42,44—
47] therein) is expected [6]. The spin dynamics of the het-
erostructures are measured to acquire the time-dependent
magnetic moment data M(¢) at the selected temperatures to
further consolidate the glassy nature of the heterostructures.
Both heterostructures were cooled to the selected temperature
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FIG. 4. Magnetic relaxation data of the (a) Type-C and (b)
Type-T heterostructures after field cooling (FC) measured at vari-
ous temperatures. The measured data (dots) are fit (lines) using the
standard stretched exponential function of Eq. (2).

under a cooling field of H.s = 300 Oe. The magnetic field was
switched off after waiting for 600 s. Subsequently, the M(¢)
signals were measured. The measurement results are shown
in Figs. 4(a) and 4(b) for Type-C and Type-T heterostructures,
respectively, wherein the data were fitted using the standard
stretched exponential function:

l—n
M@)= My + Mgexp[—<£) :|, (2)

where M, and M, are the magnetization of the intrinsic FM
and glassy components, respectively. Here, 7 is a character-
istic relaxation time constant, and n is a stretching exponent
which has a value between O and 1. For n = 1, there is no
relaxation of the system, whereas when n = 0, the system has
a uniform energy barrier with an exponential relaxation of
M(t), which relaxes with a single time constant. Fitting the
M((t) data measured at temperatures 7 < 230K yields a value
of n between 0.5 and 0.6 for both heterostructures (for detailed
fitting results see Fig. S2 in the Supplemental Material [29]),
which is typical for SG systems [48]. In addition, the value
of t for both Type-C and Type-T heterostructures increases
with decreasing temperature, which is also the characteris-
tic behavior of a SG system [49]. Again, the fitted results
indicating a stronger frustration are present in the Type-C
heterostructure, as the value of 7 is always larger than the
Type-T heterostructure.

D. Correlation of glassy spins and EB

The above results show that different degrees of spin frus-
trations in CMO/LCMO heterostructures are controllable by
the epitaxial strains, which subsequently lead to the observed
EB phenomena in these heterostructures. It is believed that
external parameters such as cooling field strength and temper-
ature can also regulate the degree of spin frustration. Here,
we demonstrate that EB can be manipulated through con-
trolling the applied magnetic field and temperature, revealing
the operating conditions under which EB can be harnessed in
real device applications. Similar experiments have also been
reported on SG/FM bilayers [50] and FM/G-type AFM per-
ovskite heterostructures [22]. A wide range of cooling fields
from O to +40 kOe were used for the M—H loop measure-
ments at 5 K, as shown in Figs. 5(a) and 5(b) for Type-C and
Type-T heterostructures, respectively. Both heterostructures
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FIG. 5. The H.j-dependent M —H loops of the (a) Type-C and (b) Type-T heterostructures. The values of (c) Hg, (d) Hc, and (e) Mg as
a function of H,s are also plotted. Note that zero-field cooling (ZFC) results are displayed as H.; = 1 Oe since the x axis is plotted on a log
scale. The (f) Hg, (g) Hc, and (h) M as a function of temperature are also shown.

exhibit a smaller volume-averaged saturation magnetization
(M) of 103 emu/cm? for Type C and 430 emu/cm? for Type
T, as compared with theoretical magnetization of LCMO
[596 emu/cm? (3.7 ug/u.c.)]. The reduction of Ms has previ-
ously been observed in strained Laj 7Cay3MnOj films [35]; it
is attributed to the octahedral distortion of the LCMO lattice,
causing the degeneracy of the e, orbital to be lifted, which
weakens the double-exchange interaction [35], as we have
discussed earlier, while the strongly reduced My of the Type-C
heterostructure is related to factors such as lattice defects (see
Fig. S1(f) in the Supplemental Material [29]) and enhanced
interfacial spin frustration [discussed later in Fig. 7(d)].
Figures 5(c)-5(e) plot the cooling field-dependent Hg, He,
and Mg, respectively, for both heterostructures. The evolution
of Hg shows dramatically different behaviors between the two
heterostructures. The Type-T heterostructure exhibits a maxi-
mum Hg = —15Oe in a very low H.; of 50 Oe, and it reaches
zero in H.y of 10 kOe, while the Type-C heterostructure shows
a continuous increase of Hg with H.; up to the critical value
of 20 kOe, showing the maximum biased field of —334 Oe.
Subsequently, the magnitude of Hg starts to decrease with

further increasing H.s [see Fig. 5(c)]. Likewise, Hc maximize
at the critical H.r value, which corresponds to Type C and
Type T, respectively, followed by the reduction of Hy with
further increasing H.¢. The increase of Hc is expected because
the FM spins are exchange coupled with the frustrated spins;
thus, extra magnetic field is required to reverse the exchange
coupled FM spins. The observed critical H.; suggest a di-
rect correlation between the EB and the frustrated spins. The
cooling field aligns the FM spins and forces portions of the
frustrated spins to become FM coupled. Before the critical
H.s, the enhanced EB is predominant due to a better FM
spin alignment; while H.; is further increased, the reduced
EB caused by the number of frustrated spins is decreased.
As shown in Fig. 5(c), there is a large difference between the
values of the critical H.; of Type T (H.s = 50 Oe) and Type C
(H.s = 20kOe) at which the maximum Hg is obtained. This
result reflects the degree of frustration of the glassy region,
where a higher degree of frustration results in a larger Hg
[21]. Direct proof is seen in the PNR results, which is included
in the following section. For the less frustrated Type-T het-
erostructure, a small cooling field can transfer the glassy spin
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phase into a predominantly FM ordered state (i.e., the field
is large enough to align with the majority of spins), which
lowers the amount of overall exchange coupled spins, while
switching to the predominantly FM ordered state requires a
much larger magnetic field for the strong frustrated Type-C
heterostructure. Moreover, as shown in Figs. 5(a) and 5(b),
both heterostructures show vertical shifts in the magnetization
axis, e.g., Mg, which increases with increasing H.r. This
behavior in Mg with cooling field is believed to be related
to the competition among different energies at the interface of
the FM domains and the glassy spin domains [51]. According
to the scenario of Tang et al. [51], these competing energies
include (i) the Zeeman energy (E7), (ii) the anisotropy energy
of the FM domain (EF), (iii) the anisotropy energy of the
glassy spin domain (Egs), and (iv) the exchange energy at
the FM/SG interface (Eiy). When | — E; + Ep| < |Eiy| and
| — Ez + Er| < |Egs|, a positive Mg results because the ef-
fective Zeeman energy | — Ez + EF| is too weak to overcome
the interfacial energy barrier or to rotate the glassy spins. Con-
sequentially, portions of FM spins remain pinned, leading to a
vertical shift of the magnetization axis. Similar positive shifts
of M—H loops along the M axis have also been observed in
SG perovskite cobaltite [51] and in LCMO/STO thin films
[16]. In the case of the Type-T heterostructure, the overall
trend of increasing Mg with H.s can also be explained using
the above competing energy mechanism. However, the reason
for the observed negative Mg in the Type-T heterostructure is
still unclear.

To understand the temperature effects on the EB behaviors,
i.e., blocking temperature (73), M —H loop results measured
at elevated temperatures after FC processes were performed
(Fig. S4 in the Supplemental Material [29]), as shown in
Figs. 5(f)-5(h). Both magnitudes of Hr and Hc decrease as
the temperature increases because the interfacial exchange
energy is weakened. The characteristic 7 is determined when
Hp = 0. By extrapolating the Hg—T plots [Fig. 5(f)], it is
found that 73 = 90 and 45 K for the Type-C and Type-T
heterostructures, respectively. The Ty is lower than the Neel
temperature of bulk CMO and just below the 7r 1 of the glassy
spins, indicating that spin freezing play an important role in
enhancing the EB effect. Similarly, Mg reaches zero at T as
well. In addition, the value of Hc reduces to zero when the
temperature nears the 7¢ of each heterostructure.

E. PNR: Magnetic depth profiles

The magnetic measurements performed above can only
provide us with a volume-averaged magnetic behavior of
CMO/LCMO heterostructures; it cannot provide us the loca-
tions of the spin frustration regions in these heterostructures
at atomic scale with the corresponding degree of spin frus-
tration. To overcome these limitations, PNR measurements
were conducted to establish the magnetic depth profiles for
these heterostructures. Figure 6(a) shows the experimental
setup used for the PNR measurements. Figures 6(b) and
6(c) plot the PNR R*™* and R~ reflectivity patterns (top
panel) and the corresponding neutron spin asymmetry data
(bottom panel), defined by (R™* — R™™)/(R™ + R~ ™), of
Type-C and Type-T heterostructures, respectively. Experi-
mental data were obtained at 6.1 K after FC in the presence
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FIG. 6. (a) A schematic of polarized neutron reflectometry
(PNR) experimental setup. The top panels of (b) and (c) display
the PNR reflectivity data of the Type-C and Type-T heterostructures,
respectively. The experimental data are represented by the data points
with error bars, and the best fits are represented by lines which were
obtained through a least-squares fitting procedure. The bottom panels
of (b) and (c) display the corresponding Neutron spin asymmetry
data which is calculated using (R*™" — R™7)/(RtT + R~ 7).

of a 1000 Oe external magnetic field, and a set of PNR mea-
surements was performed at various magnetic fields starting
from 1x10*Oe and reduced to —1x10%Oe. Only the data
measured at 1 x 10* Oe are shown here, and the best fits (lines)
to the experimental data (data points with error bars) were
obtained using a least-squares fitting procedure. As shown
in Figs. 6(b) and 6(c), the directly visualized difference in
PNR results indicate there is distinct chemical and magnetic
heterostructure stacking. The volume-averaged M—H loop
obtained following the same field history employed during
PNR measurements is shown in Fig. S5 in the Supplemental
Material [29], and an additional PNR dataset measured at 300
K is shown in Fig. S6 in the Supplemental Material [29] (see
also Ref. [52] therein).

Figures 7(a) and 7(b) show the extracted nuclear SLD
(NSLD) and magnetic SLD (MSLD) profiles of the het-
erostructures. The SLD profiles were extracted by fitting the
R** and R~ data and cross-checking against the XRR, cross-
sectional TEM, and volume-averaged magnetometry results.
More information about the fitting procedure is detailed in
the Supplemental Material [29]. As shown in Fig. 7(a), for
the Type-C heterostructure, the CMO layer displays a reduced
NSLD that is 89% of the bulk value (35.520x10nm2),
while LCMO shows an enhanced NSLD that is 103% of
the bulk value (36.087x 1073 nm™2). The reduction of CMO
NSLD is due to the oxygen vacancies in the relaxed CMO
lattice; the oxygen vacancies cannot diffuse out of the CMO
layer due to the presence of the LCMO overlayer [52]. While
the reason for the slight increase in the NSLD of the LCMO
layer is unclear, the increase is within the error resolution of
the PNR technique. On the other hand, the NSLD profile of
the Type-T heterostructure shown in Fig. 7(b) is distinctly
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FIG. 7. The nuclear scattering length density (NSLD) and mag-
netic scattering length density (MSLD) model obtained from best
fits to the polarized neutron reflectometry (PNR) data of the (a)
Type-C and (b) Type-T heterostructures. The colored regions rep-
resent the different stacking sequences of the chemical layers within
each heterostructure. The interfacial spin configurations of the het-
erostructures extracted from the analysis of the PNR data are
depicted in (c) and (d) for the Type-C and Type-T heterostructures,
respectively. A M, layer forms at the interface between the nonfrus-
trated ferromagnetic (FM) Laj;Cap3MnO; (LCMO) layer and the
antiferromagnetic (AFM) CaMnO; (CMO) layer in each heterostruc-
ture. The depicted magnetic state of each heterostructures is one
where the critical cooling field is applied, giving rise to a maximum
HF.

different. In the Type-T heterostructure, the NSLD of the
CMO layer gradually increases from 98 to 102% of its bulk
value, while the LCMO layer shows 99% of the bulk value.
The gradual increase in the NSLD of the CMO layer toward
the heterostructure surface is due to the presence of oxygen
vacancies in the relaxed CMO lattice which tend to diffuse
into the atmosphere [52]. As for the MSLD profiles of the
heterostructures, both show similar architectures consisting of
magnetically depressed (M) regions and bulk like regions
within the chemical LCMO layer, where the M, layer is lo-
cated at the LCMO/CMO interface in both heterostructures.
Moreover, the magnetization (and thickness) of the M, layer
in Type-C and Type-T heterostructures are 32emu/cm’ (6
nm) and 130emu/cm® (14.5 nm), respectively. For compar-
ison, the bulk like part has a magnetization of 130 emu/cm?
(19 nm) and 310emu/cm?® (11 nm) for Type-C and Type-T
heterostructures, respectively. The fitted Myyerage for Type-
C and Type-T heterostructures are 107 and 208 emu/cm?,
respectively, which are in very good agreement with our mag-
netometry data (Fig. S5 in the Supplemental Material [29]).
The PNR analysis suggests the existence of spin frustration
at the LCMO/CMO interface, as evidenced by the presence
of the M, layer. The level of frustration is reflected in the
magnetization of the M, layer, whereby higher magnetization
corresponds to a lower level of frustration and vice versa.
The magnetization density ratio between the M, layer and
the bulk like layer [ratio = (area of the bulk like layer under
the MSLD curve)/(area of the M, layer under the MSLD
curve)] are 0.09 and 0.55 for Type-C and Type-T heterostruc-
tures, respectively, which confirms this interpretation, and

it agrees with the volume-averaged magnetic measurements
discussed earlier (i.e., the H.r-dependent M—H loops and
M—T curves).

A schematic representation of the interfacial spin structures
of the heterostructures extracted from the analysis of the PNR
data is shown in Figs. 7(c) and 7(d), for Type-C and Type-
T heterostructures, respectively. In both heterostructures, an
interfacial layer of frustrated spins arises from the competition
between the AFM superexchange interaction of the CMO
layer and the FM double-exchange interaction of the LCMO
layer. Magnetic frustration at the LCMO/CMO interface re-
sults in a M, layer which is treated as a combination of FM
ordered regions (denoted by red arrows) and uncompensated,
glassy spin regions which act as pinning sites (denoted by
white areas). The spins within a single spin-cluster domain
align parallel to each other, resulting in a net magnetic mo-
ment, while not all spin-cluster domains align colinearly with
the field, resulting in the M, layer possessing a net reduced
magnetic moment (compared with the moment of the bulk
like component of the LCMO layer). The EB interaction
(Jgg) occurs at the magnetic interface in the LCMO layer,
which is evidenced by the evolution of magnetization of the
heterostructures when the magnetic field swept from 1x10*
to —1x10? Oe, results shown in Fig. S7 in the Supplemen-
tal Material [29]. The M, layer reaches zero magnetization
before the spin reversal occurs in the bulk like LCMO layer
and remains zero after the spin reversal has completed. This
suggests that magnetic spin in the bulk like LCMO layer are
pinned. Moreover, the strength of the Jgg depends on the de-
tailed spin configurations present at the interface between the
FM domains in the bulk like LCMO layer and the frustrated
glassy spin domains. To this end, the phenomena observed
in the H.; data and their dependence on Hg and H¢ can be
explained as follows. When a small H.s is applied, a large
volume of the glassy spin phase exists in the M, layer, re-
sulting in a reduced magnetization in the bulk like component
of the LCMO layer because the spins are not fully collinear
with the field. The frustrated glassy spin domains randomly
couple with the FM layer, creating an exchange anisotropy
and a small negative Hg. As a result, there is no significant
effect on the number of reversible spins, leading to a small
increase in Hc. With increasing H,.y, more FM spins align with
the cooling field, and more random exchange-coupled regions
are induced, resulting in an enhancement of Hg. When H.r
surpasses a critical value that leads to the maximal Hg values,
the density of frustrated glassy spin domains is reduced, and
consequently, the region that enables the exchange coupling is
reduced, resulting in a decreased Hf.

IV. CONCLUSIONS

In this paper, the correlation between the degree of spin
frustration and the strength of EB is experimentally investi-
gated in LCMO/CMO heterostructures with various atomic
stacking sequences. Our results indicate that the degree of
interfacial spin frustration can be efficiently controlled by
manipulating the strain state through changes in the Mn e,
orbital at the chemical interface by alternating the stacking
sequence of the LCMO/CMO heterostructures. We experi-
mentally demonstrated that EB interaction occurs between
the frustrated spin layer and the bulk like LCMO layer.
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Furthermore, the frustrated spins are present within the
LCMO layer at the interface to the CMO layer, which consist
of glassy spin domains and small clusters of FM coupled
spins. Multiple effective pinning regions randomly occupy the
glassy spin domain of the frustrated layer M,;, wherein the
density of pinning centers exhibits a dependence on temper-
ature and field history. Strong exchange anisotropy, resulting
from the coupling between FM spins and random distributed
glassy spin pinning sites, presents within the LCMO layer,
where a large Hg results by a high degree of spin frustration.
A maximum Hg of —334 Oe is found for the highly frustrated
Type-C heterostructure, while a maximum Hg of —15 Oe is
observed for the less frustrated Type-T heterostructure. The
achieved EB is one of the highest values in the complex oxide
heterostructures. Finally, our findings establish a fundamental

principle, as well as a potential high-throughput device fab-
rication methodology, to realize tunable and high EB field
spintronics through manipulating the strains in high-quality
epitaxial complex oxide heterostructures. It creates the degree
of interfacial frustration as another dimension to control the
EB.
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