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Synthetic antiferromagnets with high Curie temperature (approximately 290 K) are realized among
all-perovskite Lag 7Srg3MnO3 (LSMO)/CaRug 5Tip 503 (CRTO) superlattices, which show antiferromag-
netic (AF) interlayer exchange coupling (IEC) rather than traditional interfacial exchange coupling that is
usually observed under the Curie temperature of the spacer. The system shows layer-resolved magnetic
switching, resulting in sharp steplike hysteresis loops with magnetization plateaus depending on the rep-
etition number of the stacking bilayers. This bilinear IEC can be easily changed to biquadratic IEC by
change of orthorhombic NdGaO3(001) substrate to cubic (LaAlO3)3(SrAlysTags03)07(001) substrate.
The strength of AF IEC increases with decrease of temperature, and the modeling results suggest that both
magnetic LSMO and the CRTO space layer play a role in this behavior. Remarkably, the LSMO/CRTO
system shows controllability of AF-IEC behavior under a moderate magnetic field of hundreds of oersteds.
These observations may have potential applications in future oxide spintronic devices.
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I. INTRODUCTION

Antiferromagnets (AFMs) have been used as pinning
layers in spin valves and magnetic tunnel junctions in mag-
netic devices in recent decades [1]. Their inert reaction to
a disturbing magnetic field and lack of stray fields make
them more suitable for high-density storage compared with
ferromagnets, and innovative concepts of memory devices
directly based on AFMs were developed recently [2]. For
bulk AFMs, very large external fields are needed to induce
spin-flop transitions, resulting in their being difficult to
study experimentally. Because of advances in atomic-level
control in thin-film deposition, ferromagnetic (FM) lay-
ers periodically interleaved with nonmagnetic spacers can
be constructed as synthetic AFMs, where the adjacent
FM layers exhibit alternate magnetization due to antiferro-
magnetic (AF) interlayer exchange coupling (IEC) [3-5].
The properties of these synthetic AFMs can be easily
tuned by moderate magnetic fields [4,6]. For example,
the hysteresis loops of the Fe/Cr/Fe system [7] and the
[(Co/Pt)/Co/Ru] system [8] show metamagnetic transitions
with only a few hundred or thousand gauss. Moreover, they
all show a layer-resolved magnetic switching with step-
like transitions, which is closely related to the behavior of
individual FM layers and is important for modern magnetic
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technology, such as perpendicular recording for higher
data storage density, where local behaviors are crucial.
The IEC of synthetic AFMs with metallic spacers is dif-
ferent from that of those with insulating spacers; that is,
the IEC oscillates between FM and AF types as a function
of spacer thickness for the former [9—11], while the IEC
strength decays monotonically with the spacer thickness
for the latter [12,13]. The IEC strength also shows a tem-
perature dependency, but the dominant mechanism is still
unclear [14—16]. To explain these behaviors, many theo-
ries, such as the Ruderman-Kittel-Kasuya-Yosida model,
the free-electron model, the one-band tight-binding model,
the s-d mixing model, and the quantum interference model,
have been proposed [9,17-20]. So far, most of the theo-
retical and experimental achievements made on AF IEC
are built on magnetic multilayers with transition metals or
alloys. It is noted that there is an interesting AF-exchange-
coupling work on topological-insulator-based heterostruc-
tures [21]. However, AF IEC remains rare and challenging
among all-perovskite oxide multilayers. Perovskite oxides
have displayed a diverse array of functional and emergent
properties due to the strong correlations between charge,
spin, lattice, and orbital degrees of freedom. Therefore,
realizing synthetic AFMs among all-perovskite oxides
may open new pathways for device applications.
Recently, we realized synthetic AFMs and control-
lable AF-IEC behavior with Lag¢7Cag33MnO3; (LCMO)/
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CaRug5Tip503 (CRTO) superlattices [22]. To achieve
these results, epitaxial growth with atomic-layer con-
trol, ultrathin FM layers with ferromagnetism retained at
nanoscale thickness, and robust in-plane uniaxial magnetic
anisotropy are required at the same time. LCMO/CRTO
superlattices display a Curie temperature (7¢) of between
approximately 140 K and approximately 230 K, depend-
ing on their configurations, which is much lower than
room temperature (RT). Lag 7SrysMnO3 (LSMO) could be
a suitable substitute for LCMO, since bulk LSMO is a half-
metallic ferromagnet and has 7¢ of around 370 K [23].
Tc is enhanced in LSMO/SrRu;_, Ti,O3 combinations, but
pure bilinear AF IEC cannot be obtained even by chang-
ing the composition and the thickness of the SrRu;_, Ti,O;
spacer [24]. In this work, we build synthetic all-perovskite
oxide superlattices composed of ultrathin LSMO layers
and CRTO spacers, which substantially increases T¢ of
the system to approximately 290 K. LSMO/CRTO super-
lattices demonstrate not only a clear bilinear AF-IEC
behavior but also layer-resolved magnetic switching with
a series of magnetization plateaus depending on the rep-
etition number of the stacking bilayers. The AF IEC in
the LSMO/CRTO system is strongly correlated with the
symmetry mismatch, and its strength increases when the
temperature is decreased.

II. MATERIAL GROWTH AND
CHARACTERIZATION

The LSMO/CRTO superlattices are grown on
(001)-oriented NdGaO; (NGO; Pbnm symmetry) and
(LaAlO3)03(SrAlysTag503)97 (LSAT; Pm3m symmetry)
substrates by pulsed-laser deposition. The ceramic targets
of LSMO and CRTO are prepared by standard solid-state
reactions. The 248-nm ultraviolet radiation from a KrF
excimer laser is used with a frequency of 5 Hz and a laser
energy density of 2.0 J/cm?. The growth oxygen pressure
is 30 Pa, and the substrate temperature is kept at 700 °C.
After the deposition, the samples are annealed in situ for
15 min and then cooled to RT under an oxygen pressure of
10° Pa.

The superlattice structures are characterized by high-
resolution X-ray diffraction using Cu Ko radiation (A =
1.5406 A) and scanning transmission electron microscopy
(STEM). The magnetization is measured with a Quantum
Design vibrating sample magnetometer with an applied
magnetic field (H) along the in-plane [010] direction
(orthorhombic index for NGO and cubic index for LSAT;
see the Supplemental Material [45]).

ITI. RESULTS AND DISCUSSION

To maintain the internal LSMO layers in identical inter-
facial arrangements, all superlattices are initiated with
CRTO and terminated with a CRTO layer. For clarity, the

sample is written as [x/y]y (where x and y denote the thick-
nesses of LSMO and CRTO in nanometers, respectively,
and N denotes the period). The results for representative
[2.8/1.2]19 grown on NGO are presented in Fig. 1. The
high-resolution X-ray 6-26 linear scan displays clear Laue
fringes and first-order satellite peaks (—1, +1) around
the main reflection (0), as observed in Fig. 1(a), indicat-
ing a smooth surface and clear interfaces as well. The
high quality of [2.8/1.2];¢ is confirmed by reciprocal-
space mapping [Fig. 1(b)], where very confined reflections
are observed. Cross-section STEM images with elemental
mapping measured by spatially resolved electron-energy-
loss spectroscopy (EELS) show element-resolved inter-
faces between LSMO and CRTO layers [Figs. 1(c) and
S1] [45]. The period thickness obtained from the X-ray
6-20 linear scan and STEM images is consistent with the
nominal thickness. The LSMO layer is fixed at a thick-
ness of 2.8 nm (approximately seven unit cells) to avoid
the effects of the so-called dead layer [25-28], which will
decrease T¢ of manganite films. In LSMO/SrRuOj3 super-
lattices [28,29], LSMO layers with a thickness of two unit
cells show a stabilized FM order due to the charge-transfer
mechanism. Figure 1(d) shows that 2.8-nm thickness is
sufficient to retain the ferromagnetism of the LSMO layer.

The CRTO spacer is derived from paramagnetic
CaRuO; by doping with Ti, which has weak ferromag-
netism below 38 K and semiconductorlike behavior [30].
The NGO substrate shows paramagnetic behavior, and the
normalized M-T curve of the superlattice exhibits 7¢ of
approximately 290 K, as illustrated in Fig. 1(d). A sud-
den drop of the magnetization appears at about 215 K in
the M-T curve (indicated by the black arrow), and then the
curve overlaps with the paramagnetic signal of NGO at low
temperature. Similar M-T curves have been observed in
LCMO/CRTO and LSMO/SrRu, _, Ti, O3 systems [22,24].
Both AF IEC and AF interfacial exchange coupling can
result in the reduction of magnetization. AF interfacial
exchange coupling is usually observed below T¢ of the
spacer, as in the LSMO/SrRuOs system [28,31]. In con-
trast, here the LSMO/CRTO [2.8/1.2];¢ system shows a
drop of magnetization around 215 K, which is obviously
far above 38 K. This means when the AF coupling appears
in the LSMO/CRTO system, the CRTO has not changed
to a ferromagnet yet. The result implies that LSMO/CRTO
has AF-IEC behavior rather than AF-interfacial-exchange-
coupling behavior. To clarify this point, we also mea-
sure the magnetic hysteresis loops (M-H curves) of the
superlattice at 200 K [Fig. 1(e)], where the paramagnetic
signal of NGO is subtracted. Four steplike metamagnetic
transitions appear as indicated by blue arrows, and the
remnant magnetization My is nearly zero. These are sig-
nificant traits of bilinear Heisenberg-like AF IEC due to
the switching of LSMO in a certain sequence [32].

The AF IEC is further explored among LSMO/CRTO
superlattices of the form [2.8/1.2]y with different period
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FIG. 1. Characterization of LSMO/CRTO superlattice,

[2.8/1.2]19, grown on NGO(001). (a) High-resolution X-ray
0-26 linear scan. (b) Off-specular reciprocal-space mapping
on the (116) main reflection, where the main reflection (116)
(denoted as “0) and the satellites (denoted as “41”") are narrow
in Qqi10) direction and sharply defined even with the thickness
fringes. Note that Qqiio; and Qooi; are coordinates in the
reciprocal space and for the present system they are along the
in-plane and out-of-plane direction in real space, respectively.
The in-plane (out-of-plane) lattice constant can be calculated as
A/Qri101 BA/Qyoo17)- (c) Cross-section high-angle annular dark-
field (HAADF) STEM image with elemental mapping measured
by spatially resolved EELS. (d) Temperature-dependent mag-
netization curve. The magnetization is normalized to the value
at 350 K, and the paramagnetic signal of the bare NGO(001)
substrate is included for comparison. (¢) The corresponding
field-dependent magnetization loops measured at 200 K. rlu.

N. The normalized M-T curves show nearly the same 7¢
of approximately 290 K and an obvious reduction in mag-
netization around approximately 215 K, as shown in Fig.
2. All M-H curves present steplike metamagnetic tran-
sitions (Fig. 3), which means the realization of AF IEC
in the LSMO/CRTO system is feasible and it is indepen-
dent on the periods. The red M-H curves indicate sweep
along decreasing field and the blue curves indicate sweep
along increasing field. The right panel shows the switching
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FIG. 2. Temperature-dependent magnetizations of LSMO/
CRTO superlattices, [2.8/1.2]y, grown on NGO(001) are nor-
malized to the value at 350 K. The black arrow denotes the
reduction in magnetization.

process in the decreasing field direction. To facilitate anal-
ysis, four dashed lines are symmetrically and equidistantly
distributed as guidelines, and they are numbered as —2nd,
—1st, 1st, and 2nd from left to right. The LSMO layer near
the substrate is defined as layer 1 for convenience in the
following discussion. For N =2, the M-H loop has two
abrupt steps, corresponding to the antiparallel and paral-
lel alignments of LSMO layers. The small My could be
attributed to the sample quality, where the thickness of
two LSMO layers might have a small deviation, result-
ing in a nonzero My for antiparallel alignment. For N =3,
the loops centered around the —2nd and 2nd lines are
attributed to the switching of the central LSMO layer,
which interacts with two outer LSMO layers (layers 1 and
3). To overcome the interaction, twice as much energy as
for N =2 is needed. The My ~ (1/3)Ms (My is the satu-
rated magnetic moment) at step 1 originates from the single
uncompensated LSMO layer in the AF state. For N =4,
four steps are displayed in the M-H curve, and the loops
are centered around the —2nd, —1st, Ist, and 2nd lines,
respectively. This means that the internal LSMO layers
reverse first at higher field because of the twice as much
energy needed for internal FM layers. Given that internal
layers 2 and 3 are in an identical exchange environment,
two possible switching sequences can be adopted from
the positive to negative saturation: layers 2-4-1-3 or layers
3-1-4-2. The schematic in Fig. 3 shows only the former.
For a larger even N, these two sequences are also
applicable. On account of the magnitude of the magnetic
moment at step 1 [approximately (1/3)Mg and approxi-
mately (1/4)Ms] for N =6 and 8, several internal LSMO
layers reverse at the same time. The switching sequences
should be (2,4)-6-1-(3,5) or the reverse, and (2,4,6)-8-1-
(3,5,7) or the reverse, respectively. For odd N =5, the hys-
teresis loop differs dramatically from that for even N. As H
decreases, considering the magnetic moment M =~ (3/5)Ms
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FIG. 3. Field-dependent magnetization loops of LSMO/CRTO
superlattices, [2.8/1.2]y, grown on NGO(001) measured at
200 K. The right panel shows the switching process of LSMO
layers in decreasing field direction and the red arrows represent
the direction of magnetization of individual LSMO layers.

at step 1, we think layer 2 (or layer 4) switches to the oppo-
site direction first, and then layer 4 (or layer 2) switches at
step 2, bringing all layers into the AF array with nonzero
Mg = (1/5)Ms for one uncompensated LSMO layer. Lay-
ers 1, 3, and 5 and layers 2 and 4 switch simultaneously
at step 3, and layers 2 and 4 reverse in sequence at steps 4
and 5, respectively. These results match quite well with
Monte Carlo simulations for the prototype AF system [32],
although inverted steps have not been observed for N =5.

LSMO/CRTO superlattices of the form [2.8/1.2]y have
also been grown on cubic LSAT(001) substrates, which

means the in-plane strain is isotropic. Figure 4(a) shows
that the samples have 7¢ of around 300 K and exhibit
a peak in magnetization as the temperature decreases to
approximately 250 K, and then the magnetization reduces
as the temperature decreases from approximately 250 K
to approximately 150 K. The reductions of magnetiza-
tion are similar to those of samples grown on NGO(001),
where the reductions look sharper and start at around
215 K (Fig. 2). This implies the potential existence of
AF IEC in LSMO/CRTO grown on LSAT. The M-
H curves measured at 150 K [Fig. 4(b)] are far from
showing abrupt steplike metamagnetic transitions, and
these loops with nonzero My are centered at the origin.
These distinctly different M-H curves may stem from
the biquadratic IEC (90° coupling) on LSAT(001) rather
than bilinear Heisenberg-like IEC on NGO(001) [33-35].
The transitions indicated by black arrows in Fig. 4(b)
are at approximately (1/2)Ms, which is strong evidence
for the biquadratic AF IEC [35]. The lattice constants of
NGO and cubic LSAT differ only slightly, but their struc-
tural symmetries are orthorhombic and cubic, respectively.
Structural symmetry mismatch between components has a
great impact on the crystal quality and magnetic proper-
ties of samples [36,37], and the roughness at the interfaces
can result in competition between FM and AF states and
ultimately result in biquadratic IEC [38]. The structural
characterization by high-resolution X-ray 6-26 linear scan
evinces relatively good crystal quality of the sample grown
on LSAT(001) [Fig. 4(c)]. Thus, the effects of the rough-
ness at interfaces might be excluded. The biquadratic IEC
could be attributed to the domain structure, since cubic
LSAT can cause the formation of 90° domain ordering
in thombohedral LSMO due to the shear-strain relaxation
[39]. To maintain the lowest domain wall energy, the cou-
plings between FM layers tend to be biquadratic IEC. Any-
way, the LSMO/CRTO superlattices also show AF-IEC
behavior on LSAT substrates, but without pure bilinear
IEC and layer-resolved magnetic switching. Except for
the symmetry mismatch, the M-H curves observed for
LSMO/CRTO superlattices, [x/y]19, suggest the thickness
variation of LSMO and CRTO also has great effects on the
AF-IEC behavior (see Fig. S2) [45].

The effective IEC strength should be temperature
dependent, as proved by FM-resonance measurements on
Fe/Pd/Fe trilayers [40], where the coupling strength at 77 K
is nearly twice as large as that at RT. Therefore, M-H
curves of the superlattice [2.8/1.2];p grown on NGO(001)
are measured at different temperatures (50280 K), as
shown in Fig. 5(a). Apparent AF-IEC characteristics can
be observed from 50 to 270 K. Here we extract the value
of the field where it begins to drop at each step in decreas-
ing field direction from the M-H curves to delineate the
phase diagram, as shown in Fig. 5(b). With decrease of
the field there exists an intermediate state (IS) before the
system evolves to the AF state, and the magnetization
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FIG. 4. (a) Temperature-dependent magnetization curves of

LSMO/CRTO superlattices, [2.8/1.2]y, grown on LSAT(001)
measured at 300 Oe. (b) The corresponding field-dependent mag-
netization loops measured at 150 K. (c¢) High-resolution X-ray
0-26 linear scan for [2.8/1.2];9 grown on LSAT(001).

configuration can be softly modulated merely by hundreds
of gauss in a wide temperature region. Also, it is clear that
the lower the temperature, the broader the region of the
AF state. This is different from the LCMO/CRTO system,
where the AF state and the IS have a crossover when the
temperature is lower than 50 K [22], which means that in
the LSMO/CRTO system the IEC is still stronger than the
magnetic anisotropic energy even at low temperature.

The IEC strength of the system is given by the following
relationship:

Jigc = —HsMgtpm /20,

where Hg, My, and tg\; are the saturation field, saturation
magnetization, and thickness of the LSMO layer, respec-
tively. o ranges from 1 in a simple sandwich structure to
2 as the number of magnetic layer becomes very large
[5]. With this formula, the IEC strength of [2.8/1.2];( can
be evaluated as a function of temperature by extraction
of the parameters from the corresponding M-H curves,
as shown in Figs. 5(c)-5(e) (blue spheres). Jgc increases
monotonously with decreasing temperature, demonstrating
a strong temperature-dependent behavior.

In principle, two prevailing models have been discussed
in the literature to explain the temperature dependence of
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FIG. 5. (a) Field-dependent magnetization loops of

LSMO/CRTO superlattices, [2.8/1.2]19, grown on NGO(001)
measured at different temperatures. The inset shows the complete
loop measured at 150 K. (b) Phase diagram drawn with the val-
ues of the field where magnetization begins to drop at each step
in the decreasing field direction of loops measured at different
temperatures. FM denotes that all LSMO layers are parallel,
AF denotes that all adjacent LSMO layers are antiparallel, and
IS denotes that two LSMO layers are parallel and the rest of
eight LSMO layers are antiparallel. Temperature-dependent IEC
strength (Jgc, blue spheres) and the fitting results obtained with
(c) model 1, (d) model 2, and (¢) model 3.

IEC strength [15,16,41]. In model 1, the temperature effect
is related to the Fermi surface of the spacer material, where
the temperature variations of the IEC are provided by the
fact that electrons within the spacer layer have to follow
Fermi-Dirac statistics. The velocity of carriers at the sta-
tionary points of the spacer Fermi surface governs the
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temperature dependence. The expression in model 1 is as
follows:

Jiec,1 = Jo[(T/Ty)/sinh(T/Tp)],

where Ty = vr/2mwkpd is the characteristic temperature, vy
is the Fermi velocity, and d is the thickness of the spacer.
In model 2, the magnetic excitations of thermal spin waves
in coupled FM films with relatively low T¢ drive the
temperature dependence of IEC. This is given as

Jiecp = Jo[1 — (T/Tc)*"],

where T¢ is the Curie temperature of the system (not that
of the bulk). Note that J is a constant and is different in
these two formulas. The results are fitted by model 1 [Fig.
5(c)] and model 2 [Fig. 5(d)]. It is seen that the fitting
result obtained with model 1 is more rational, but there
still exists an obvious deviation when the temperature is
higher than 200 K. Thus, the data are further fitted by a
revised model [model 3; Fig. 5(e)], which combines mod-
els 1 and 2 as suggested by Almeida et al. [42]; that is,
Jiecs =Jieca X Jigcpe. Clearly, the results are best fitted
by this model, which leads to T of 292 K. This is almost
the same as we obtained from the M-T curves [Fig. 1(d)].
Although vy 2 8.1 x 10° cm/s, derived from Tp=83 K
obtained from this fitting, is 1 or 2 orders of magnitude
smaller than that of Ru and SrpRuQj [43], it is comparable
with that of Caz;Ru,O; [44], which behaves like a semi-
conductor as well. Therefore, the best fitting by model 3
implies that the CRTO spacer with low carrier density and
FM layers of the system with 7¢ near RT both play a role
in the dependency of temperature and IEC strength.

The origin of the temperature dependence of IEC has
been long debated. In quantum-well theory, it is suggested
that the strong variation of the coupling with temperature
depends not only on the spacer Fermi surface but also
on the degree of confinement of magnetic carriers in the
spacer quantum well [16]. In the Gd/Y/Tb system, Tb and
Gd have T¢ of 220 and 293 K, respectively. We believe
that the difference in the reflection coefficient for electrons
with opposite spins inside a quantum well, determined by
the exchange splitting of the valence bands of the mag-
netic material, leads to polarization of the valence band of
the spacer material, mediating magnetic coupling. When
the temperature is closer to 7, the IEC strength is increas-
ingly lower [14]. In addition, an alternative explanation for
the strong decrease of IEC strength with increasing tem-
perature is a magnetically dead layer at the interfaces. The
dead layer is expected to become thinner at lower tempera-
ture, and the quantum well is sharper than that at RT, which
modifies the confinement of the carriers and thus leads to
a strong temperature dependence of IEC [16].

IV. CONCLUSIONS

In conclusion, synthetic AFMs with high 7¢ and bilinear
AF IEC are realized in all-perovskite LSMO/CRTO super-
lattices. Steplike metamagnetic transitions depending on
the repetition number of bilayers are clearly seen due to the
separate switching of the outer and internal LSMO layers.
Cubic anisotropy introduced by the substrate could lead to
biquadratic IEC instead of bilinear IEC. The fitting results
suggest that both the spacers and the FM layers play a role
in the temperature dependence of IEC strength.
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