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ABSTRACT

We demonstrate the stability of ferromagnetic order of one unit cell thick optimally doped manganite (Lay;Bag3;MnO3, LBMO) epitaxially
grown between two layers of SrRuO; (SRO) by using x-ray magnetic circular dichroism. At low temperature, LBMO shows an inverted hys-
teresis loop due to the strong antiferromagnetic coupling to SRO. Moreover, above SRO T¢, manganite still exhibits magnetic remanence.
Density Functional Theory calculations show that coherent interfaces of LBMO with SRO hinder electronic confinement and the strong mag-
netic coupling enables the increase in the LBMO T¢. From the structural point of view, interfacing with SRO enables LBMO to have octahe-
dral rotations similar to bulk. All these factors jointly contribute for stable ferromagnetism up to 130 K for a one unit cell LBMO film.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0043057

Optimally doped manganite (Lay;Sro3;MnO;3-LSMO) has
attracted interest for use in magnetic tunnel junctions due to its high
values of spin polarization and Curie temperature (T¢)." However,
such applications have been partially hindered, due to findings that T¢
strongly decreases for ultra-thin layers, with a non-ferromagnetic insu-
lator layer of about 5 unit cells.” * Several reasons have been attributed
for the origin of the magnetic dead layer in manganites. Among them,
charge transfer,” octahedral rotation,’ and symmetry breaking’ are
likely to play a role.

On the other hand, superlattices of LSMO with SrRuO; (SRO) or
Lay ;Sry3CrO; exhibit ferromagnetism for single LSMO layers down to
2 unit cells (u.c.), corresponding to around 0.8 nm.*’ In superlattices
composed of antiferromagnetic layers of manganite (La,/3Ca; /;3MnQO3)
and ruthenate (CaRuOj3), a ferromagnetic metallic ground state was
observed and attributed to charge transfer at the interface.'” LSMO and
SRO couple antiferromagnetically via the interfacial oxygen 2p states,’’
and heterostructures of manganites and ruthenates exhibit a
complicated antiferromagnetic structure as a function of field and

temperature.'” In fact, superlattices combining manganites and ruthen-
ates were proposed candidates for synthetic antiferromagnets.'”

Here, we investigate the stability of ferromagnetic order in 1
u.c.-thick (u.c. = unit cell) Lay ;Bag sMnO; (LBMO) interfaced epitaxi-
ally with two layers of 3 u.c.-thick SrRuO; (SRO), grown on SrTiO;
(001) (STO), which will be called 3|1|3 from now on. We have chosen
LBMO instead of LSMO since this has a much better lattice matching
with both STO and SRO. The magnetic properties of LBMO and
LSMO are, however, very similar. Using x-ray magnetic circular
dichroism (XMCD), we measure element specific magnetization
curves, thus being able to investigate the magnetism of LBMO and
SRO separately. We show that at low temperature, LBMO shows an
antiferromagnetic coupling to SRO, as also observed in superlattices
through total magnetometry.* Interestingly, our data undoubtedly
show that LBMO still exhibits magnetic remanence, even above SRO
Tc. To get further insight into the magnetic properties of the 3|1|3
heterostructure, we perform Density Functional Theory (DFT) calcu-
lations. Our calculations show that a combination of electronic and
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atomic structures together with the strong magnetic coupling between
SRO and LBMO helps stabilizing ferromagnetism in ultra-thin
LBMO.

High angle annular dark field imaging and electron energy loss
spectroscopy performed using a Cs-corrected scanning transmission
electron microscope showed the sharp interface of the systems studied
here."” The 3|1|3 heterostructure was previously investigated by the
anomalous Hall effect and SQUID magnetization.13 The XAS and
XMCD spectra for Ru and Mn are shown in Fig. 1. The measured
XAS for Mn in 3|1|3 is in agreement with other published spectra
from optimally doped manganites and very similar to the one we have
measured for 30 nm of LBMO [Fig. 1(a)]. No contribution from Mn?>*
is seen, which often is visible in ultrathin layers directly grown on
STO.'® The Ru Mj; edge overlaps with Ti Ls , edges. Figure 1(b) shows
the comparison of the Ru XAS in 3|1|3 with the one measured for a
30 nm thick SRO film and Ti L;, measured in an STO crystal. The
measured 3|1|3 Ru XAS can be very well reproduced by a combination
of the measured SRO and STO spectra in the same energy range, as
shown in Fig. 1(b).

Figures 1(c) and 1(d) show the XAS and XMCD measured for
Ru and Mn, respectively, measured at 10 K and 6.8 T for the 3|1|3 het-
erostructure. The XMCD signal is proportional to the net magnetic
moment projected along the x-ray beam direction. Therefore, two
measurement geometries are used for probing different magnetization
directions. Normal incidence (NI) measurement probes the out-of-
plane axis, while the grazing incidence measurement (GI) probes pre-
dominantly the component of in-plane magnetization. In NI [dashed
lines in Figs. 1(c) and 1(d)], Mn and Ru have opposite signs for the
XMCD signal evidencing the antiferromagnetic coupling between
these two layers. Since SRO has a larger contribution to the total
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FIG. 1. (@) Mn XAS for 3|1|3 compared to LBMO single layer. (b) Ru XAS mea-
sured for the 3|1|3 trilayer (blue) compared to a simulation (blue) of the spectra for
3]1|3 using a combination of the measured data for SRO and STO. The SRO (vio-
let) and STO (orange) contributions to the simulated XAS are also shown. The data
for 3|1|3 are normalized such that the maximum of SRO contribution is at 1. (c) Mn
and (d) Ru XAS (left scale in arbitrary units) and XMCD (right scale in % of the
XAS maximum) spectra measured at 10K and 6.8 T. The continuous lines corre-
spond to measurements in Gl and the dashed lines in NI.
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magnetization, the Ru moment is parallel to the field, while Mn is
opposite to the applied field. The Ru XMCD is about two times larger
in NI than in GI, which agrees with the expected out-of-plane easy
axis measured in SRO films deposited on STO(001)."” On the other
hand, the Mn XMCD in GI has the same sign as Ru, showing that at a
high magnetic field both have a component parallel to the applied
field. The overall smaller XMCD signals for GI indicate a canted mag-
netization state.

In order to understand further the field dependence of the
individual layers in both geometries, we have measured the XMCD
signal as a function of applied field in order to obtain an element
specific hysteresis curve. Figure 2 shows the magnetization curves
measured at Ru [Figs. 2(c) and 2(d)] and Mn [Figs. 2(e) and 2(f)]
resonances as a function of applied magnetic field. Figures 2(c) and
2(d) show further confirmation for the out-of-plane easy axis in
these trilayers: the Ru XMCD signal is larger and the coercive field
smaller for the NI measurement compared to GI. The coercive field
measured for out-of-plane [Fig. 2(c)] is ~2.0 T. This is about twice
the value measured for a bare 5nm-thick (~12u.c.) SRO film."”
This difference likely comes from the larger contribution of the
surface anisotropy in the much thinner SRO layer investigated
here as well as a reduced demagnetization field due to the AF con-
figuration. As mentioned before, at GI, the largest contribution is
from the in-plane magnetization, but an out-of-plane component
also contributes to the signal.

The Mn magnetization for the 1u.c.-thick LBMO for NI
[Fig. 2(e)] shows a clear inverted hysteresis, evidencing again the anti-
ferromagnetic coupling between optimally doped manganite and
SRO.”"" Similar inverted hysteresis were measured for thicker LSMO/
SRO bilayers using XMCD.'® Figure 2(e) shows that a single LBMO
layer still exhibits ferromagnetic behavior at 10K. In GI [Fig. 2(f)], the
LBMO layer does not rigidly oppose the SRO magnetization, as in NL
Instead, around 5T, the LBMO film XMCD is close to zero. Above
this applied field, the Mn magnetization changes sign having a compo-
nent in the direction of the applied magnetic field. This shows that the
Mn-Mn double exchange coupling and the in-plane magnetic anisot-
ropy for LBMO together with the Zeeman energy overcome the anti-
ferromagnetic coupling between Mn and Ru. This is particularly easier
at grazing incidence since the Ru magnetic moment component along
the field direction is smaller. A quantitative estimation of the magnetic
moment is obtained by applying sum rules'””’ to the XMCD spectra
at the applied field and in remanence (see the supplementary material,
SM). For Mn, the moments found for 3|1|3 are 1.8(2)uz (NI) and
—0.33(5) g (GI) at 6.8 T and 3.1(5) up (NI) and 1.9(3) 15 (GI) at rem-
anence. For LBMO single film, the moment found was 3.4(6) up. For
the SRO single film, the moment found was 1.37(7) up, in agreement
with neutron studies.”’ The Ru moment in SRO was probed by
XMCD with a certain disparity in results.”*”’ The sum rules on the
3/1|3 Ru data turned out to have very large error bars due to the uncer-
tainty of the XMCD baselines in comparison to the magnitude of the
signal. For this reason, we scaled the Ru XMCD for 3|1|3 to the one
for the SRO single film for an estimate of the moment size. The Ru
XMCD in 3|1|3 is about 75% of the one in SRO at NI and 40% in GI
(see the supplementary material).

We model the hysteresis using the magnetic total energy in the
semiclassical form of the 6 SRO layers coupled with 1 LBMO layer.
We consider the magnetic exchange between the Ru and Mn atoms,
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applied field (T)

the magnetocrystalline anisotropy, and the interaction between the
spin and the magnetic field,

E=2J3" 1 c0s (Ory — Opm) + 6Kpy c08*(Ory) + Kan 08 *(Opp)
—GMRuH COoS (gRu — 01—1) — MMnHCOS (GM,, — 01—1), (1)

where the magnetization of the Ru and Mn atoms is fixed to the exper-
imental values of Mg, =1.37 ug and M,;, = 3.4 up, while K, and
Ky, are the magnetocrystalline anisotropy for the Ru and Mn spins,
respectively. The angles O, and 0y, are the angles of the spins with
respect to the reference system (the film surface in our case). Because
of the AFM coupling between Ru and Mn, the O, and 0, angles dif-
fer by 180° at zero magnetic field and they change with the magnetic
field. H and 0y, are the intensity and the angle of the magnetic field, in
the experimental setup 0y =7 and Z. We tune the field H, and we cal-
culate Og,, and 0,y, for the given magnetic field from the minimum of
the total energy. For H larger than the coercive field, the Ru moment
aligns to the magnetic field and 0O, becomes equal to 0. There is a
competition between the 6 layers of SRO and the single layer of
LBMO. Since 6mp, > my,, the dominant behavior is given by the
magnetization of the 6 layers of SRO that follows the magnetic field; as
a consequence, the LBMO aligns antiparallel to the magnetic field. The
competition between 2J3! \ and My, H decides the rotation of the
Mn layer. The result is displayed in Fig. 3, showing good agreement
with the experiment. The calculations consider a single domain, which
could explain the discrepancy of the magnetization for Ru measured
in GL. In the experiment, clearly not all domains align with the applied
field, while in the calculations, the single domain does.

applied field (T)

Next, we look at the temperature dependence of the magnetic
behavior. Figure 4 shows the XMCD data measured in GI at rema-
nence for LBMO at 130K and 150 K compared to 10 K. The data for
SRO at 130K and the applied field are plotted for reference. For tech-
nical reasons, it is very difficult to have good signal/noise in the mag-
netization curve for fields close to zero, making it a challenge to detect
hysteresis opening below ~50mT. For this reason, we choose to

MMn MMn
/ o
H ' H
S AR

FIG. 3. The same quantities as Fig. 2 using the theoretical results of the semiclassi-
cal model. The unit of the magnetization is in g, and the unit of the magnetic field
is in Tesla. Left-hand side graphs are for NI, and right-hand side graphs are for GI.
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FIG. 4. XMCD measured in grazing incidence at (a) Mn L, 5 edges and (b) Ru M, 3
edges. Temperature and applied field are indicated in the legend. Remanence
(rem.) measurements were performed at no applied field after saturation at 6.0 T.

measure the XMCD in remanence as an evidence for the presence or
not of ferromagnetic order. The remanence data are measured at no
applied field after saturating the moments at 6 T. The superconducting
magnet coil used has a remanent field of approximately 10 mT. At
10K (blue curve in Fig. 4), the remanence signal for LBMO is opposite
to Ru, as expected from the XMCD vs field data shown in Fig. 2. At
130K, the XMCD signal for Ru is below the detection level, even at
6T. This is not so surprising since the T value for SRO in these tri-
layers is around 100K, as shown by Bern et al."” The XMCD signal
for LBMO at 0.1 T and 130K has the opposite sign as for LBMO at
10K, showing that at this temperature, the XMCD for LBMO is paral-
lel to the applied magnetic field. This is additional evidence that,
indeed, SRO is not anymore ferromagnetic and LBMO acts as an inde-
pendent magnetic layer. When removing the applied field, the Mn
XMCD retains the same sign and is reduced to 67% of the value at
0.1T, showing a clear magnetic remanence. Therefore, the XMCD
data unequivocally show that even above the T for SRO, the single
LBMO layer still retains its ferromagnetic ordering. When increasing
the temperature to 150 K, the XMCD signal for LBMO is not anymore
detectable as shown by the green curve in Fig. 4(a).

From the DFT calculations, the magnetic configuration of the
ground state is represented by the Mn-spins antiparallel to the Ru-
spins. The magnetic profile is reported in Fig. 5(b) for two sets of
Coulomb repulsion. In the first set, we have used the values in the bot-
tom of the typical range (Ug,=0.2¢V and Uy, = 3 eV), while in the
second set, we have used values in top of the typical ranges
(Ugu=1eV and Uy, =6eV).”" *° In both cases, we find the largest
magnetic moment for the SRO in the inner layers. The average mag-
netic moment is in the range of 0.9-1.3 up for Ru and 3.6-3.8 up for
Mn; these quantities are strongly dependent on the Coulomb repul-
sion. Lower values of U,;, will make the theoretical value closer to
3.4 iy experimentally found for the LBMO. The increase in Tc¢ gm0
due to the presence of the SRO is estimated in mean field approxima-

001
tion as S , which is of the order of 0.08-0.09. This Ru-Mn mag-

Y
netic coupling produces an increase of 8%-9% of T a0 With respect
to an isolated 1 u.c. of LBMO, in line with the experimental results.
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FIG. 5. (a) Crystal structure of the 3|1|3 heterostructures obtained after structural
relaxation in DFT. We use the same color of the atoms to define the corresponding
regions in the bottom figures. (b) Magnetic moments of the metal atoms in DFT for
Ug,=0.2eV and Uy, =3 eV (green dashed line) and Uz, = 1€V and Uy, =6V
(red solid line). The connecting lines are given as guides to the eye. (c) In-plane
and out-of-plane M-O-M bond angles of the 3|1|3 hetetrostructure in DFT for
Ug, = 1€V and Uy, =6¢€V. The lines are given as guides to the eye.

Additional contribution to T¢rpyo could come from the increase in
dimensionality. This is indicated by the density of states (see the
supplementary material), which show that the Ru and Mn bandwidths
lie in the same energy range, avoiding the quantum confinement.

We have also looked at octahedral rotations of the 3|1|3 hetero-
structure. STO with its cubic structure has no octahedral rotation and
will likely inhibit the corner sharing octahedral rotation in LBMO.
DFT results in Fig. 5(c) show how the octahedral distortions act for
the 3|1|3 heterostructure. The in-plane M-O-M bond angle in the first
layer of STO is theoretically constrained to be 180°. The STO sup-
presses the octahedral rotations of the layers interfaced with it, but
going away from STO, the octahedral rotations increase. Despite the
large octahedral rotations of the SRO, we can observe that in the
LBMO region, the octahedral rotations are comparable with bulk val-
ues of LBMO. Therefore, the SRO prevents the reduction in critical
temperature via structural effects.

In summary, our results show that 1 u.c. thick LBMO has a T¢
value between 130K and 150 K when epitaxially interfaced with two
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adjacent 3 u.c. thick SRO layers. This shows greatly improved ferro-
magnetic properties compared to a bare ultra-thin film of optimally
doped manganite. DFT calculations show that interfacing with SRO
adjacent layers provides a 3D electronic structure to the LBMO, hin-
dering quantum confinement effects. The strong Ru-Mn magnetic
coupling also enhances LBMO T even when SRO is already in the
paramagnetic phase. In addition, SRO favorably acts like a buffer that
enables LBMO octahedral rotation close to bulk values. All these
effects combined contribute to the stable ferromagnetic state for
LBMO. The results reported here demonstrate how impactful epitaxial
growth is for the physical properties of perovskite oxides and that
effective engineering of the properties can be obtained by the suitable
choice of the substrate and buffer layers. We found a particular solu-
tion for the design of ferromagnetically stable ultra-thin epitaxial films,
showing that there exist possibilities to circumvent the notorious dead
layer effect that has been thought to annihilate the ferromagnetic order
in ultra-thin manganite layers.

See the supplementary material for additional information on
film growth, computational details, and XMCD measurement condi-
tions as well as the XMCD sum rules.
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