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ABSTRACT: The functional properties of oxide hetero-
structures ultimately rely on how the electronic and structural
mismatches occurring at interfaces are accommodated by the
chosen materials combination. We discuss here LaMnO;/
LaNiOj; heterostructures, which display an intrinsic interface
structural asymmetry depending on the growth sequence.
Using a variety of synchrotron-based techniques, we show that
the degree of intermixing at the monolayer scale allows
interface-driven properties such as charge transfer and the
induced magnetic moment in the nickelate layer to be
controlled. Further, our results demonstrate that the magnetic
state of strained LaMnO; thin films dramatically depends on
interface reconstructions.
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S ymmetry breaking at interfaces of transition metal oxides modified by such structural asymmetries.g_10 In this letter, we
results in multiple scenarios capable of solving the demonstrate that it is possible to completely modify an
interfacial discontinuities by tri%%ering a variety of electronic interfacial property by changing the degree of material

and structural reconstructions.’” Interfacial mismatches in intermixing at the monolayer scale. To this end, we build a

lattice parameter, oxygen octahedral dlStOI‘thIlS', chegnstr?r, or unique interface in a LaMnO,/LaNiO; (LMO/LNO) bilayer.
valence can lead to phenomena such as lattice distortions, . y
In order to vary the intermixing at the monolayer level, we use

charge transfer, or modified exchange interactions. The result is he intrinsi f th sine f h h
often the existence of interfacial transition layers with novel the intrinsic asymmetry of the system arising from the growt

physical properties different from the bulk material ones.’ sequence. Indeed, we show here that depositing LNO on LMO

The potential to design and control reconstructions of the does not produce the same interface as LMO on LNO. We take
different degrees of freedom (charge, spin, orbital, lattice) is a advantage of this asymmetry to explore to what extent
recognized strategy to tailor the electronic properties of these interfacial structural characteristics influence the resulting
artificial materials. physical properties of the system, even though the same

Oxide heterostructures can be today realized thanks to the materials combination is considered. Using a variety of state-of-

recent advances in deposition techniques enabling digital
heterostructures of excellent quality comparable to that
achieved in semiconductors to be synthesized.” On the other
hand, intrinsic growth limitations may arise adding extra
challenges to the design of functional heterostructures. Notice
that the response to the energetic costs of interfaces can lead to
electronic and atomic reconstructions in a way that depends on

the-art polarization-dependent absorption techniques, we
demonstrate that the nature of the LMO magnetic order can
be controlled by the degree of asymmetry and intermixing of
the interfaces while maintaining perfect lattice coherency.
Moreover, the net magnetic moment induced in interfacial

the specific layer termination or on the growth order, i.e., A-on- Received: July 9, 2015
B being different to B-on-A. Functionalities such as magnetic Revised:  September 27, 2015
moment or conductivity have been shown to be drastically Published: October 20, 2015
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Figure 1. (a) XRD scan for a (8LNO/8LMO), superlattice grown on (001)STO. Inset: atomic force microcopy image of the same sample. (b)
Corresponding low magnification HAADF-STEM image. (c) Atomically resolved EELS measurements showing the interfacial structural asymmetry
(indicated by arrows) that depends on the growth sequence; growth direction is from bottom to top. (d) EELS spectra of the Mn L, ;-edges for the
rough interface (red), the inner LMO layer (green), and the sharp interface (blue). Reference Mn L, ;-edges for Mn**, Mn*", and Mn*" are added for

comparison (black).*

All measurements reveal a Mn®* signal as a result of beam damage during the scan (marked by asterisk).

LNO layers relies on the charge transfer as determined by the
level of intermixing.

The parent compound of the manganites family, LMO, is a
Mott insulator with A-type antiferromagnetism (T & 140 K)
resulting from cooperative Jahn—Teller distortions, which lead
to anisotropic Mn—O—Mn superexchange, i.e., ferromagnetic
in-plane and antiferromagnetic out-of-plane.'"'* Superimposed
to these structural distortions, the rotation of MnOjg octahedra
leads to a small canted ferromagnetic moment as a consequence
of the Dzialoshinski—Moriya interaction."” These properties
occur for bulk stoichiometric orthorhombic LMO (a = 5.54 A,
b=2572A and ¢ = 7.70 A at room temperature).'* Like all
manganite compounds, LMO is highly sensitive to doping and
structural distortions. When grown as a thin film on cubic
SrTiO; (STO) substrates (a = 3.905 A), LMO typically
displays an insulating ferromagnetic behavior, possibly
attributed to off-stoichiometry, cubic in-plane strain imposed
by the substrate, development of a specific orbital order, and/or
electronic reconstructions due to polar discontinuity.>~"
However, the least distorted member of the perovskite
nickelates, LNO (rhombohedral structure with a pseudocubic
lattice parameter a,. = 3.84 A), is the only member of the
family that in bulk is a paramagnetic metal at all temper-
atures.””">> A thickness-driven metal-to-insulator transition
however occurs as the LNO film thickness is reduced to just a
few monolayers.””** LMO/LNO heterostructures are of
interest because of recent observation of exchange bias at low
temperature and induced magnetism in LNO.”™*’ Charge
transfer from Mn to Ni is an expected interfacial reconstruction
driven by the difference in electronegativity.” >****" The
resulting Ni*—~Mn*" cations are then anticipated to interact
ferromagnetically according to Goodenough—Kanamori rules,””
like in the case of the insulating ferromagnetic double-
perovskite La,NiMnOg.

LNO/LMO superlattices with periodicity (N-LNO/M-
LMO),, where N and M indicate the number of unit cells
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(uc.) of LNO and LMO, respectively, and x, the period
repetitions, were grown by off-axis radiofrequency magnetron
sputtering on (001)-oriented TiO,-terminated STO sub-
strates.”® Figure la shows a typical X-ray diffraction (XRD)
scan of a LNO/LMO heterostructure where well-defined
superlattice peaks and thickness fringes are distinguished in
agreement with the designed structure period. The samples
display smooth topographies characterized by atomically flat
terraces separated by 1 u.c. high steps (inset Figure la).
Atomically resolved high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images of
the superlattice projected onto the (010) plane confirm the
coherent and epitaxial growth of the heterostructure and the
absence of secondary phases (Figure 1b, and HAADF in Figure
1c). In the case of HAADF-STEM images, the intensity scales
roughly with the value of Z~'7. Therefore, the brighter features
correspond to the position of the heavier elements, the
lanthanum atoms (Z = §7) in both the LNO and LMO layers,
while the weaker spots in between show nickel (Z = 28) and
manganese (Z = 25) atom columns whose intensities are
similar. Spatially resolved electron energy loss spectroscopy
(EELS) elemental maps corresponding to the La-Ms, Mn-L, 5
and Ni-L, edges reveal a structural asymmetry between
interfaces depending on the growth sequence (Figure lc):
the growth of LMO-on-LNO displays an atomically flat
interface, whereas the LNO-on-LMO interface is diffuse with
about 2—3 monolayers roughness. As exemplified in Figure 1d,
the EELS spectra at Mn L, ; edges shift to higher energies close
to the rough interface compared to the inner LMO layers or the
abrupt interface, indicating an enhancement of the Mn
oxidation state in this 2—3 u.c. intermixed region (see also
Supporting Information (SI)).** This increase of the Mn formal
valence is attributed to electron transfer from Mn to Ni leading
to the configuration Ni** —~Mn**. A lowering of the branching
ratio I(L,;)/[I(L;) + I(L,)] is also observed at the rough
interface, consistent with a larger Mn**/Mn* ratio (SI).”

DOI: 10.1021/acs.nanolett.5b02720
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Figure 2. (a) Schematics of the LMO—LNO bilayers investigated, ie., the rough-interface (LNO/LMO),//(001)STO (top) and the abrupt-
interface (LMO/LNO),//(001)STO (bottom) sample. (b) Sheet resistance versus temperature for (7LNO/7LMO),//(001)STO (red), (7LMO/
7LNO),//(001)STO (blue), and 7LNO//(001)STO (gray). A 28 u.c. LMO film//(001)STO (black) is also shown. (c) Temperature-dependence
of the magnetization for two bilayers with N = M = 10 u.c. and a film 10LMO//(001)STO in 0.05 T with the magnetic field applied parallel to the
sample plane. LNO films are paramagnetic. Inset: optical MCD measurements at 90 K as a function of magnetic field for two bilayers with N = M =
12 u.c. acquired using a polarizer at 45° to the optical axes of a modulator (50 kHz) and a lock-in detection scheme. In all plots here and throughout
this letter, the blue line corresponds to the sharp-interface LMO-on-LNO bilayer and the red line to the intermixed-interface LNO-on-LMO one.

Therefore, there is an intrinsic structural asymmetry between
the two LMO—LNO interfaces with a concomitant asymmetry
in charge transfer, with both phenomena present throughout
the entire superlattice and independent of the periodicity. In
oxide heterostructures, it is known that surface segregation and
polar discontinuities can be self-limiting processes for interfacial
sharpness.*™'? In the present study, such asymmetric profiles
might be related to surface migration of Mn triggered by the
difference in transition metal ionic radii. The polar disconti-
nuity existing between STO and the LNO or LMO layers is
expected to be resolved within the monolayers close to the
STO substrate’®*” and is thus unlikely to be the driving-force
for the structural modifications observed at the LNO—LMO
interfaces.

In order to single out the influence of the structural interface
asymmetry on the resulting physical properties of the system,
we focus here on bilayers where just one of the two kinds of
interfaces is present. Figure 2a sketches the configuration of the
samples investigated, i.e., (N-LNO/M-LMO),//(001)STO and
(M-LMO/N-LNO),//(001)STO. Unless otherwise stated, in
the examples investigated N = M. Further details on sample
growth and characterization are provided in the SI In all cases,
XRD reciprocal space maps confirmed the coherent epitaxial
growth of the heterostructures on the STO substrates. DC
transport measurements for two bilayers N = M = 7 u.c. are
shown in Figure 2b. The sheet resistance of the sharp-interface
LMO-on-LNO sample is clearly reduced compared to that of
the rough interface bilayer or a 7-u.c.-thick LNO thin film.
Given the insulating behavior of LMO when strained to STO
substrates, it then appears that the total bilayer conductivity is
dominated by LNO. This difference in conductance of the two
bilayers is attributed to the specific growth sequence. Polar
and/or oxygen octahedral distortions occurring on the free
surface of LNO are known to deteriorate the metallic
conductivity of the nickelate films.”® The effect of capping
the LNO layers with LMO (= sharp interface configuration)
suppresses such distortions and improves conductivity (blue vs
gray curve in Figure 2b). Confirming this scenario, the relative
increase of conductivity of the capped LNO-layer compared to
the equivalently thick noncapped LNO film is found to be more
significant for low period bilayers, where the contribution of the

7357

upper (surface) distorted layers to the total LNO thickness
represents a major proportion (see SI).

Striking differences are also found in the temperature
dependence of the magnetization of the bilayers. Figure 2c
exemplifies the case of bilayers with N = M = 10 u.c. together
with an epitaxial ferromagnetic 10-u.c.-thick LMO film also
grown on (001)STO and shown for comparison. LNO thin
films are paramagnetic. The rough interface sample (LNO-on-
LMO, red curve) displays ferromagnetic behavior similar to the
bare LMO film but with enhanced magnetization. More
surprisingly, the magnetization of the sharp interface bilayer
(LMO-on-LNO, blue curve) is drastically reduced. Such
dissimilar magnetic properties are also observed for the other
bilayer thicknesses investigated (ie, N = M = 7 u.c, 12 uc,
etc.). Other measurements including optical magnetic circular
dichroism® (MCD) confirm these magnetic results (inset
Figure 2¢).

In the absence of interfacial reconstructions, the magnetic
properties of both bilayers are expected to be comparable to
those of the bare LMO film. In order to explore the origin of
these very different magnetic behaviors, we performed a variety
of X-ray absorption spectroscopy (XAS) experiments at the X-
Treme beamline of the Swiss Light Source (SLS), Paul Scherrer
Institut (PSI).* Figure 3a presents the Mn absorption L, 4
edges for bilayers consisting of N = M = 10 u.c. and a 10 u.c.
LMO film acquired at 2 K in 30° incidence in total electron
yield (TEY) mode after field cooling in 0.05 T with the field
parallel to the sample plane. The XAS spectrum of the rough
interface LNO-on-LMO sample is clearly shifted to higher
energies confirming the enhanced interfacial charge transfer,
i, larger Mn*/Mn** ratio, for this bilayer type consistent with
the TEM studies on the superlattices. Interestingly, the
coupling between Ni**—Mn*" is expected to be mediated by
ferromagnetic superexchange,32 which should enhance the
magnetization as observed for this rough interface bilayer.
Hole-doping of man§anites favors double-exchange and thus
also ferromagnetism. ! However, the double-exchange inter-
action should also be accompanied by an increase of metallicity,
which is not observed for this bilayer configuration, in
agreement with TEM analysis showing that Mn*" is confined
to the vicinity of the intermixed interface. The shift of the Mn
XAS spectra could also be related to a larger amount of oxygen

DOI: 10.1021/acs.nanolett.5b02720
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Figure 3. (a) XAS and (b) XMCD measurements at the Mn L, ; edges
corresponding to a rough interface (10LNO/10LMO),//(001)STO
(red), a sharp interface (10LMO/10LNO),//(001)STO (blue), and a
10LMO//(001)STO (black) sample. Inset in (b): XMCD-hysteresis
loops at L, edge for the same set of samples. (c) XAS scans at the Ni
L, ; edge for the 10 u.c. period bilayers. Notice the overlap of the Ni-L;,
edge and the La-M, edge measured on the 10 u.c. LMO film (black
line). Inset: corresponding XMCD spectra at Ni L,; edge, with the
arrow indicating the presence of a net magnetic moment on Ni for the
case of the rough interface bilayer (red). The noisy region before the
Ni L; edge comes from La M,. All absorption measurements were
carried out at 2 K in 0.05 T after field cooling in the same field.

vacancies,'” but given the same growth conditions and again
the reduced conductivity of this sample, this mechanism is
unlikely to be dominant. The same features (energy shift of Mn
L, ; edges, reduction of branching ratio) are also observed for a
trilayer heterostructure consisting of 10LNO/10LMO/10LNO
(SI), further validating that interfacial charge transfer is at the
heart of the enhanced magnetization of the bilayers with a
rough interface. However, these results do not disclose the
origin of the reduced magnetization of the sharp-interface
heterostructure.

X-ray magnetic circular dichroism (XMCD) corroborates the
extremely reduced magnetization for the sample with the sharp
interface (LMO-on-LNO) observed in SQUID and optical
MCD. The XMCD spectra at the Mn L, ; edges at 2 K in 0.05
T are presented in Figure 3b, where the XMCD signal is
obtained with plus and minus helicities of circularly polarized
light. The XMCD hysteresis curves at the Mn L (inset Figure
3b) show that the sharp-interface LMO-on-LNO bilayer
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presents high saturation fields and reduced remanence, a
behavior reminiscent of competing antiferromagnetic inter-
actions, in contrast with the square loops displayed by the two
other ferromagnetic samples. XAS and XMCD spectra at Ni
L,; edges face the problem of energy overlap between the Ni
L; and La M, edges. Nevertheless, and despite the low
intensity, magnetic dichroism is unambiguously distinguished at
the Ni L, edge of the rough interface bilayer revealing the
presence of a net magnetic moment in those Ni atoms (inset in
Figure 3c), which is much smaller than that of LMO. The same
sign of the Ni and Mn L, edges indicates that the net spin
moments of both layers are aligned parallel, as expected for a
Ni**~Mn*" ferromagnetic configuration. No signature of
magnetic dichroism is observed for the sharp-interface sample
or the LNO films.

Resonant soft X-ray reflectivity measurements allow us to
reconstruct the magnetic depth profile across the LMO layers.**
These measurements were performed at the SEXTANTS
beamline of the SOLEIL synchrotron.”’ Figure 4 displays the
reflectivity curves acquired with circularly left (CL) polarized
light in +0.1 T and —0.1 T for a set of bilayers N =M = 7 u.c. at
Mn L; edge at 30 K after cooling in 0.05 T. At the strongly
resonant Mn L; edge, the difference between the reflectivity
curves of the two bilayers is striking as the oscillation period
seems doubled in the LMO-on-LNO sample. This is another
clear indication of the interface quality as a rough interface
produces oscillations related to the thickness of the entire stack,
whereas a smooth interface creates interferences between the
two individual components’ thicknesses, which are very close,
and therefore, the q space oscillations almost superimpose.
Indeed, fits carried out using DYNA™ give a (7.5 + 12) A
roughness at the intermixed LNO-on-LMO interface, and (2.7
+ 0.7) A for the smooth one, in very good agreement with the
TEM results (Figure 1). The asymmetry ratio (CL* — CL7)/
(CL* + CL7) at Mn L;-edge are shown in the insets of Figure
4a and ¢, along with their fits, and the reconstructed LMO
magnetic profiles are plotted in panel e. These reveal that the
magnetization of the LMO layer in the rough interface
configuration is maximum at the interface with LNO and
diminishes away from it. For the sharp interface, the depth
profile shows maximum LMO magnetization in the inner
layers, and it is depressed in the vicinity of both interfaces, i.e.,
vacuum and LNO. Additionally, the overall magnitude of the
magnetization is strongly reduced compared to the rough
bilayer and appears to be negligible at the interface with LNO
(bottom). From polarized X-ray reflectivity measurements at
the Ni L, edge (Figure 4b,d), one can clearly see an asymmetry
between the two polarizations only for the rough bilayer LNO-
on-LMO. In this case, the proximity-induced magnetism is
found from the fits to extend over (3.5 + 1.5) A from the
interface. This result is consistent with the intermixing effect
expected to induce ferromagnetic superexchange, which
perturbs the antiferromagnetic order at the atomic layer scale.
No magnetic component is induced in the LNO layer for the
smooth LMO-on-LNO interface (Figure 4d), confirming that
in this case Ni—Mn bonds are not dominant.

At this stage, the enhanced magnetization of the rough
interface bilayers can already be attributed to several
contributions. First, ferromagnetic coupling between Ni*"—
Mn** cations resulting from interfacial charge transfer. Second,
a capping effect, as previously discussed for LNO in the context
of transport properties, also boosting magnetization by avoiding
the deterioration of the upper LMO monolayers. Indeed,

DOI: 10.1021/acs.nanolett.5b02720
Nano Lett. 2015, 15, 7355—-7361
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Figure 4. X-ray reflectivity curves acquired in —0.1 T (black) and +0.1 T (red) circular left polarized light at the Mn (and Ni) L; edge at 30 K and
0.05 T for (a,(b)) a rough interface (7LNO/7LMO);//(001)STO and (c,(d)) an abrupt interface (7LMO/7LNO),//(001)STO bilayer. Insets:
Corresponding asymmetry ratio curves (blue) and best fits to the data (black). (e) Plot of the depth magnetic profile of the LMO layer determined
from the fittings for the rough (red) and abrupt (blue) interface bilayer configurations. Square symbols indicate the extracted average magnetization
value as a function of thickness, and the hatched area indicates the Ni—Mn intermixed region as inferred from the fit in (a).

capping the LMO films with LAO also results in a slight
increase of total magnetization (SI). Moreover, a small
magnetic contribution of the LNO layers is also present. It
should be noticed that hole-doping of the whole managanite
layer plays a minor role at most to such enhanced
magnetization since no corresponding increase of conductivity
has been observed for this bilayer type. Interestingly, the
resistivity of the intermixed LNO-on-LMO bilayer could be
expected to be higher than that of the bare LNO film. The fact
that this is not the case suggests that the expected decrease of
conductivity due to intermixing might be compensated by the
increase of conductivity of the interfacial manganite layers.

For the sharp LMO-on-LNO interface bilayer, both XMCD
hysteresis loops and extracted magnetic profile point to a
canted antiferromagnetic order for LMO when grown on LNO
and coherently strained to STO. Further evidence for the
stabilization of such an antiferromagnetic phase is obtained
from X-ray magnetic linear dichroism (XMLD) measurements
presented in SI. Moreover, a systematic study of a series of
sharp-interface LMO-on-LNO bilayers in which the thickness
of the top LMO layer was progressively increased while keeping
LNO layer constant at N = 7 u.c. showed that the total
magnetization of the heterostructures rises upon increasing the
LMO thickness and approaches the magnetic moment of the
bare LMO thin films (all structures being strained to the STO
lattice). These results were confirmed both by SQUID
magnetometry and XMCD measurements (SI). Consequently,
the canted-antiferromagnetic phase of LMO when grown on
LNO is the result of an interface-driven phenomenon.

The sharpness of the LMO-on-LNO interface also appears to
be key for the development of such a magnetic structure. To
test this important point, we realized LMO-on-LNO bilayers
with artificially generated intermixed interfaces; this is done by
depositing at the interface submonolayers of LMO and LNO
mimicking an intermixed region. Doing so, one is turning the
sharp interface bilayers in a rough one. As shown in the SI, the
measured magnetic moment is indeed enhanced as compared
to the equivalent abrupt-interface samples demonstrating the
role of the sharp interface in achieving the canted-
antiferromagnetic phase in LMO films.
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As previously mentioned, the magnetic ground state of bulk
LMO exhibits a canted-antiferromagnetic order, which can be
easily pushed into a ferromagnetic state through epitaxial
strain.'®"” In addition to strain, octahedral connectivity
requirements across the interface between different perovskite
materials can be another source of interfacial lattice
reconstructions.* Indeed, dissimilar electronic properties have
been reported for Sr-doped LMO thin films grown on
substrates with similar lattice parameters but different
symmetry.*®*” Bulk orthorhombic LMO is characterized by
an aac’ tilt pattern (in Glazer notation) with Mn—O—Mn
bond angle 6y, _o_pm & 155°, whereas rotations are absent in
cubic STO (a%%°, Op;_o_1; ~ 180° at room temperature).
Consequently, in addition to lattice parameter mismatch,
modifications of the bulk LMO rotation pattern are indeed
expected to occur in response to the constraints imposed by the
substrate and/or the dissimilar neighboring layer, with
important consequences for the electronic properties due to
the sensitivity of the LMO magnetic order to cooperative
Jahn—Teller distortions and orbital ordering. For example, an
evolution from enhanced to quenched magnetic moment has
previously been observed in LMO/STO superlattices as oxygen
octahedral rotations are modified from low to high angles.**
LNO films grown on STO exhibit a rotation pattern a'a’c and
average Oy;_o_n; X 164°.* In our system, inserting a LNO film
between the LMO layer and the STO substrate stabilizes a
canted antiferromagnetic state in LMO despite keeping in-
plane the STO lattice parameter. Whether the induced
antiferromagnetic structure presents the same pattern as bulk
LMO remains an open question. As observed, the sharpness of
the interface is likely to help for the propagation of the
interfacial couplings. It should also be noted that the typical
length scales for the oxygen octahedral reconstructions induced
at the interface, and consequent modification of electronic
properties extend over 2—10 u.c,,”**™>” in agreement with the
thickness range where the canted antiferromagnetism of the
LMO is observed to occur in this work when grown on LNO//
(001)STO (SI).

In conclusion, we have shown that interfacial intermixing at a
single monolayer scale can have strong consequences on the
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resulting properties of oxide heterostructures. Focusing on the
LMO/LNO system, we report that the stabilized magnetic
structure of LMO is strongly related to the interfacial
reconstructions, which depend sensitively on the exact interface
morphology. In particular, we report here that a single
monolayer change in intermixing is able to significantly modify
the magnetic state of the manganite, from canted-antiferro-
magnetic to ferromagnetic, and the induced magnetic moment
in interfacial LNO layers. This underlines that in order to tailor
specific properties in an oxide superlattice, the choice of
materials and periodicity are not the only important
parameters. The exact local interface geometry can also greatly
influence charge transfer and magnetic exchange. Further
progress in deposition and materials control at the atomic scale
should make this interface parameter an important new tool to
better control artificial functionalities through interfaces.
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