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ABSTRACT: Magnetic proximity-induced magnetism in paramag- . 2 — T
netic LaNiO; (LNO) has spurred intensive investigations in the past |«
decade. However, no consensus has been reached so far regarding the
magnetic order in LNO layers in relevant heterostructures. This
paper reports a layered ferromagnetic structure for the (111)-
oriented LNO/LaMnO; (LMO) superlattices. It is found that each
period of the superlattice consisted of an insulating LNO-interfacial
phase (five unit cells in thickness, ~1.1 nm), a metallic LNO-inner
phase, a poorly conductive LMO-interfacial phase (three unit cells in
thickness, ~0.7 nm), and an insulating LMO-inner phase. All four of
these phases are ferromagnetic, showing different magnetizations.
The Mn-to-Ni interlayer charge transfer is responsible for the
emergence of a layered magnetic structure, which may cause

magnetic interaction across the LNO/LMO interface and double exchange within the LMO-interfacial layer. This work indicates
that the proximity effect is an effective means of manipulating the magnetic state and associated properties of complex oxides.
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D ue to strongly correlated electrons, transition metal
oxides (TMOs) have exhibited a wide range of exotic
properties, such as high-T superconductivity, ferromagnetism,
ferroelectricity, and multiferroicity.' ™ Among TMOs, perov-
skite nickelate LaNiO; (LNO), a metallic Pauli paramagnet,
has attracted a great deal of research interest recently.” LNO
usually demonstrates a rhombohedral structure, in which the
Ni** ions have 3d’ electron configuration with a full ty, shell
and one electron in the degenerated e, bands. Theoretical
studies proposed that, by sandwiching an ultrathin LNO layer
between insulating oxide layers such as LaAlO; one could
realize a planar d,2_ orbital order, confining the conduction to
two dimensions.® This electronic structure is analogous to that
of high-T. superconducting cuprates,”'’ and therefore, a
tremendous amount of experimental effort has been devoted to
the dependence of the transport properties of LNO on
dimensionality and orbital polarization."' ™"

Although bulk LNO lacks any magnetic order, on the
contrary, LNO-based heterostructures offer new perspectives.
Gibert et al. first reported an unexpected exchange-bias effect
in the (111)-oriented paramagnetic/ferromagnetic (PM/FM)
superlattices (SLs) that consisted of LNO and LaMnO,
(LMO) sublayers.'® Subsequent works showed that the
exchange-bias effect generally existed in LNO/FM-oxide
heterostructures, such as LNO/La, 3Sr;,;MnO; (LSMO) and
LNO/La,/;Ca;/sMnO;."”*° These results are interesting
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because the PM LNO layers have generated magnetic pining
to the neighboring FM layers. This implies the development of
magnetic order in the LNO layers, which is usually understood
by the concept of the magnetic proximity effect.”' ™’ However,
there is still controversy regarding the magnetic ground state of
LNO layers. On the basis of the polarization-dependent
resonant X-ray reflectivity (XRR) experiments, Gibert et al.
declared that the ultrathin (111)-LNO layer sandwiched
between LMO layers was in an antiferromagnetic state with
a (1/4, 1/4, 1/4) wavevector.”® Later, Hoffman et al. proposed
a helical spin structure for the LNO layers in the (001)-LNO/
LSMO SLs, based on the polarized-neutron reflection (PNR)
results.'” Also on the basis of PNR measurement, however,
Bhatt et al. claimed that the LNO-interfacial layers were FM
and formed either a FM or an antiferromagnetic coupling with
neighboring LSMO layers, depending on the stacking order.”
Obviously, the controversial conclusions about the magnetic
ground state of LNO have strongly impeded the understanding
of such an interfacial effect and its potential applications.
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Figure 1. (a) XRR spectrum of the LNO,5/LMO;, SL (gray symbols). The thickness of each layer of the SL is obtained by curve fitting (red line).
The curve fitting of the XRR confirms the well-ordered structure of the SL. The inset shows the AFM image, presenting a root-mean-squared
roughness as low as ~2.2 A. (b) XRD spectra around the STO (111) peak of the SLs. Numbers above the curves mark satellite peaks. (c) RSM of
the (114) and (132) reflections of the LNO,;/LMO5, SL. The diffraction spots of the SL (marked by red arrows) are located just above that of the
substrate. (d) HAADF image of the cross section of the LNO,;/LMOj, SL, recorded along the [110] zone axis by STEM. (e) Ni L, and Mn L, ;
XAS spectra of the LNO,/LMO,, and LNO3;/LMOj; SLs. For comparison, the corresponding spectra of the LNO and LMO bare films are also

presented. Dashed lines are the standard Ni** L, edge and Mn*" L, ; edge for NiO and MnO,, respectively, obtained from in the literature.
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As mentioned above, the magnetic structure has already
been investigated for the (111)-LNO/LMO superlattices, and
an antiferromagnetic state with a (1/4, 1/4, 1/4) wavevector
was reported.”” We noticed that the investigated SLs were
composed of ultrathin LNO and LMO sublayers, and the
whole sublayer will be charge-doped because its thickness is
comparable to the charge transfer length (approximately three
to four monolayers; each sublayer has two interfaces).’*”*
What will happen to the SLs when the sublayer thickness well
exceeds the length of charge transfer or the proximity effect
remains an open question. In this case, the most likely process
taking place in LNO or LMO will be magnetic phase
separation; ie., the magnetic state in the near interface region
is different from that in the inner region of the sublayers. In
this Letter, high-quality LNO/LMO SLs with remarkably thick
LNO and LMO layers (11, 15, and 19 monolayers for LNO
and 30 monolayers for LMO) are prepared on a (111)-
oriented SrTiO; (STO) substrate and their transport and
magnetic properties are systematically investigated via PNR,
electron energy loss spectroscopy (EELS), X-ray absorption
spectroscopy (XAS), and the Hall effect. We found layered
magnetic structure that is totally different from the noncol-
linear antiferromagnetic structure in ultrathin LNO/LMO
superlattices. Notably, layered ferromagnetic structures appear
in not only LNO but also LMO. A further unusual feature is
that the FM order in LNO is not limited to the interfacial layer.
It extends to the inner region that is beyond the range of
charge transfer, though it has a degenerated order degree now.
More than that, the interfacial layer of LMO becomes
conducting and exhibits a Curie temperature (250 K) much
higher than that of inner LMO (180 K). Such a layered FM
structure in LNO/LMO heterostructures provides a template
for understanding the emergent phenomena at oxide interfaces
associated with the combined effects of magnetic proximity
and charge transfer.
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(LNO,/LMO;,), SLs were epitaxially grown on (111)-
oriented STO substrates by pulsed laser deposition. Each
period consists of an LMO layer of 30 u.c. and an LNO layer of
n u.c., where n equals 11, 15, or 19. Notably, the interplanar
distance for the (111)-LNO or LMO layer is smaller by a

factor of \/ 3 than that for the (001)-oriented layer, i.e.,

diyy = dgor/ \/ 3. Figure 1) shows the XRR result and surface
morphology of the LNO,5/LMO;, SL, which is representative
of all of the samples studied here. The Keissing fringe patterns
in the XRR curve reveal the perfect periodicity of the LNO/
LMO stacks. The inset AFM image also confirms the
uniformity and smooth surface of the SL. The X-ray diffraction
(XRD) spectra of the SLs are presented in Figure 1b. In
addition to the (111) main peak, distinct satellite peaks and
thickness oscillation fringes are observed, indicating the
excellent quality of SLs. Because LNO has a smaller lattice
constant (~3.84 A) compared to that of LMO (~3.91 A), it is
natural that the (111) main peak will right shift with the
increase in LNO layer thickness. Figure lc shows the
reciprocal space mapping (RSM) around the (114) and
(132) reflections of the LNO,o/LMO;, SL. Vertical alignment
of the diffraction spots of the SL and substrate suggests that
the SL is coherently strained to the substrate along both [112]
and [110] directions. To gain knowledge of the atomic lattice
structure, a high-angle annular dark-field (HAADF) image of
the LNO,5/LMOy, SL is recorded by scanning transmission
electron microscopy (STEM). As shown in Figure 1d, the
LNO and LMO layers both grow highly epitaxially along the
[111] orientation with atomically flat interfaces. All of these
results reveal the high crystal quality of the samples with well-
ordered SL structure.

In previous works, interlayer coupling at the LNO/LMO
interface was believed to be closely related to the charge
transfer between Ni and Mn ions. To determine the chemical
state of Ni/Mn ions, we performed XAS analysis on the SLs as
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Figure 2. (a) STEM-HAADF image of LNO,;5/LMO3, SLs. The dashed rectangular box indicates the region along the B-site atoms (the [110]
direction), where the EELS spectra were acquired. (b and c) Layer-resolved EELS spectra of the Mn L, edge and Ni L, edge, respectively. The Ni
L; edge is not shown here due to its overlap with the La M, 5 edge. The averaged peak positions of the Mn L; edge and Ni L, edge are shown in the

right parts of panels b and ¢, respectively.
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Figure 3. (a) Temperature dependence of the resistivity for the three SLs, measured from 2 to 300 K. (b) Hall resistivity as a function of magnetic
field for the (b) LNO,y/LMO5 and (c) LNO,5/LMO5, SLs, measured from —2 to 2 T at temperatures ranging from S to 250 K. (d) Temperature
dependence of ordinary Hall coefficient Ry for the LNO,o/LMO;, and LNO,;/LMO3, SLs, showing a crossover from electron type to hole type
conduction. (e and f) Anomalous Hall resistivity (pfp‘) of the LNO;y/LMO;, and LNOs/LMOj, SLs, respectively, measured at different

temperatures.

well as LNO or LMO bare films. To highlight the interfacial
contributions, the LNO;/LMO; and LNO,/LMO, SLs, with
relatively thinner period thickness, were adopted. As shown in
Figure le, the Ni Ly-edge spectra of SLs have a double peak
structure, significantly deviating from the standard Ni**
spectrum of the LNO bare film but being close to the Ni**
spectrum.’”*" This suggests that the Ni ions in SLs are in a
Ni**/Ni** mixed valence state close to Ni**. Correspondingly,
the Mn L, ; edge of SLs shows a high-energy shift compared
with the standard Mn®" spectrum of the LMO bare film.
Meanwhile, a shoulder peak emerges on the left side of the
main peak, which is the typical feature of the spectrum of
Mn*"** Therefore, Mn ions in the SL are in a valence state
close to 4+. These results confirm the charge transfer from Mn
to Ni ions at the LNO/LMO interface, consistent with
previous reports.’’~>> A quantitative analysis shows that the
valence state is 2.2+ for Ni ions and 3.8+ for Mn ions in the
LNO,/LMO; and LNO,/LMO, SLs (Figure S1).
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Notably, for the SLs with thicker LNO or LMO layers,
charge transfer may mainly take place in the interface regions,
resulting in interfacial layers with distinct properties. A further
issue to be addressed is the thickness of each interfacial layer.
To probe the range of charge transfer, spatially resolved EELS
spectra were measured for the LNO,;/LMOj, SL, around the
Mn L, ; and Ni L, edges (the Ni L; edge is not shown here due
to its overlap with the La M, 5 edge). Figure 2a is the enlarged
HAADF image of one period of the SL, where the EELS line
profile is conducted in the dashed box along the [110]
direction. As shown in Figure 2b, the Mn L; edges exhibit a
high-energy shift for the first three Mn—O layers near the
interface; i.e., the LMO-interfacial layer is ~3 u.c. in thickness.
Correspondingly, the Ni L, edge exhibits a low-energy shift
within five to six (or four to five) Ni—O layers near the upper
(or bottom) interface. To demonstrate the layer thickness
more reliably, panels b and ¢ of Figure 2 show the statistical
peak positions of the Mn L; edge and Ni L, edge layer by layer
near the interface. The thicknesses of the LMO-interfacial layer
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Figure 4. (a) Hall resistivity as a function of magnetic field, obtained at different temperatures for the LNO;o/LMO;, SL. Gray circles are
experimental data. Blue and red lines represent the Hall resistivity of phase 1 (inner layer of LNO) and phase 2 (interfacial layer of LMO),

respectively. (b) Corresponding anomalous Hall resistivity. (c) Saturation anomalous Hall resistivity (/)f?y

1E) as a function of temperature for the

LNO,y/LMO3, and LNO,;/LMOs5, SLs. The top and bottom panels show the data from the interfacial layer of LMO and the inner layer of LNO,
respectively. (d) Magnetic moment as a function of temperature for the SL samples, measured with an applied field of 0.05 T.

and LNO-interfacial layer are ~3 and ~5 u.c., respectively. The
~0.4 eV high-energy shift of the Mn L; edge suggests an ~0.4
charge/Mn doping to the interfacial layer of LMO.

To further explore the effect of interlayer charge transfer, the
transport properties of SLs are investigated. Figure 3a
illustrates the temperature dependence of longitudinal
resistivity p,, for the LNO,/LMO;, (n = 11, 15, and 19)
SLs. LNO,y/LMO3, and LNO,;/LMO;, SLs exhibit metallic
behavior in the temperature range from 70 to 300 K and a
slight increase in resistance at low temperatures. In contrast,
the LNO;;/LMO;, SL is completely semiconducting. As
shown in Figure S2, the 11-u.c.-thick (111)-LNO single layer
on STO is highly resistive, exhibiting a resistivity that is more
than 1 order of magnitude higher than that of the LNO,,/
LMO;, SL. Therefore, the transport behavior of LNO,,/
LMO;, SL may be dominated by the interfacial layer of LMO,
which becomes fairly conductive after the interlayer charge
transfer that introduces holes into the LMO layer.”” When the
LNO layer is thick enough, the metallic LNO phase will appear
in the inner regions of the LNO layer. Accordingly, the
transport behavior of the SL exhibits a transition from a
semiconducting to metallic behavior.

To determine the magnetic states of the SLs, we investigated
the Hall effect. For a metallic ferromagnet, Hall resistivity can
be described by the equation p,, = pSyHE + pﬁyHE = RyH + RgM,
where the first term represents the ordinary Hall effect (pryHE)
that is proportional to applied magnetic field H and the second
term is the anomalous Hall resistivity (pfyHE) that is
proportional to spontaneous magnetization M. The Pw—H
dependence of the metallic LNO,y/LMO;, and LNO,s/
LMO;, SLs, measured from S to 250 K, is shown in panels
b and ¢, respectively, of Figure 3. At first glance, the p,,—H
curves are warped and twisted in the low-field region and
linearly shaped in the high-field region. The slopes of the linear
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parts give ordinary Hall coefficient Ry. Interestingly, the sign of
Ry undergoes a negative to positive crossover as the
temperature increases, suggesting a transition from electron
type to hole type conduction (Figure 3d). This is a unique
behavior of the SL samples, which is not observed in the LNO
and LMO bare films.

By subtracting the linear ngE contribution, we obtain the
prHE values for the two SLs. As shown in Figure 3e, the p?yHE—
H curves of the LNO,3/LMO;, SL exhibit a N-like twist in the
low-field region and saturate at fields above 1 T. At low
temperatures, saturation p‘%,HE shows the same sign as H; i.e,
anomalous Hall coefficient Rg is positive. The N-like twist
varies regularly with an increase in temperature and finally
disappears when the temperature exceeds 150 K. Correspond-
ingly, R takes negative values. As mentioned above, the LNO-
inner layer and the LMO-interfacial layer will both contribute
to the electronic transport process of the SL. The complex
dependence of the Hall effect on magnetic field could be a
consequence of the competition of these two phases,
resembling the Hall effect observed in some multilayers with
two FM components.””*” Similar featured Hall curves are also
observed in the LNO,;/LMO,, SL, the sample with thinner
LNO layers. The difference is that now saturation p?yHE shows
the opposite sign as H regardless of temperature; ie., Rg is
always negative. Obviously, from LNO,y/LMO;, to LNO,5/
LMO;, the effective Rg at low temperatures undergoes a
positive to negative transition. Considering that the contribu-
tion of the LMO-interfacial layer is highlighted by the decrease
in the LNO layer thickness, this result suggests that Ry is
negative for the LMO-interfacial layer and positive for the
LNO-inner layer. Further evidence for this inference comes
from the Hall data of the LNO,;/LMO;, SL, which shows the
presence of only one FM phase with p type conduction (Figure
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Figure S. (a) PNR and normalized spin asymmetry data (symbols) and results of corresponding curve fitting (solid line) as a function of wave
vector transfer Q = 4 sin 6/, obtained for the LMO,3/LNO,3/LMO,j; trilayer sample. 8 is the incident angle of the neutron beam, and 1 is the
neutron wavelength. (b) Nuclear and magnetic scattering length density (nSLD and mSLD, respectively) profiles for the trilayer sample.

S$3). As mentioned above, the transport behavior of this sample
is dominated by the interfacial layer of LMO.

Combining the EELS and Hall measurement results, we
propose a multilayer model for each period of the LNO/LMO
SL, consisting of a LMO-inner layer, a LMO-interfacial layer, a
LNO-interfacial layer, and a LNO-inner layer. According to a
previous analysis, the LMO-inner layer and LNO-interfacial
layer in the SLs are highly insulating. Therefore, the two FM
phases seen by the Hall effect may be the metallic LNO-inner
layer with Ni** ions and the semiconducting LMO-interfacial
layer due to the mixing of Mn®* and Mn** ions. When these
two FM layers connect to each other in parallel, the effective
Prw Ry and pi' will be*

o = 1 d +d,
oy od, + 0yd, (1)
Ry0,d, + Ryp,0,°d
pxc;HE =R H = H101 %1 Hzazz 2(d1 + dz)H
(0d; + 0,d,) (2)
AHE Px}y\HEo'lzdl + ijy\HEo'zzdz
= — 2 d, +d,)
pxy 2 ( 1 2
(01, + 0,d,) (3)

where the subscript 1 and 2 represent phase 1 (LNO-inner
layer) and phase 2 (LMO-interfacial layer), respectively, o is
the longitudinal conductivity, and d is the layer thickness. A
sketch of the layered FM structure and a detailed derivation of
eqs 1—3 are available in Figure S4 and Note 1. Here, d, and d,
adopt the values deduced from the depth profile analysis of SLs
by STEM. When the p,,—T curves of SLs are fit to eq 1, the
temperature dependence of o, for the LNO-inner layer and o,
for the LMO-interfacial layer can be deduced. Indeed, the
LNO-inner layer is metallic, whereas the LM O-interfacial layer
is semiconducting (Figure SS). When parameters o, 0,, d;,
and d, are input into eqs 2 and 3, the pg,HE—H and p;\yHE—H
relations for the two FM phases are further determined.
Figures 3b and 4a and Figure S6 show the results at several
different temperatures for the LNO,y/LMO;, and LNO,s/
LMOs;, SLs. The sum of the contributions of these two phases
is in good agreement with the experimental data at all
temperatures. Notably, the LNO-inner layer (phase 1) shows
electron type conduction and considerable AHE signals with a
positive Rg sign. The latter behavior reveals the FM character
of the LNO-inner phase. In contrast, the LMO-interfacial layer
(phase 2) exhibits hole type conduction and is also FM with a
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negative Rg, which are consistent with the characteristics
observed in alkali earth-doped manganite films. Deduced
carrier density n as a function of T is presented in Figure S7,
ranging from 10** to 10* cm™ for the LNO-inner layer and
from 10" to 10*' cm™ for the LMO-interfacial layer. With an
increase in temperature, both the reversion of Ry and the
evolution process of the twist-shaped p‘,?fE—H curves are well
reproduced.

Figure 4c depicts saturation pfyHE as a function of
temperature for the LNO-inner layer and LMO-interfacial
layer, where the critical temperature (T) of the two FM
phases can be determined. For comparison, the temperature
dependence of the magnetic moments (M—T) of the two SLs
is presented in Figure 4d. As shown, the p'*—T curves of the
LMO-interfacial layers are nearly identical for the two SLs,
showing a T as high as ~250 K that is higher than the value
deduced from M—T curves (~190 K). This is understandable,
noting that the M—T curves are dominated by the inner layer
of LMO, which is much thicker than the interfacial layer (24
u.c. vs 6 u.c. as indicated by the EELS spectra). One thing
deserving special attention is the increase in T as the
thickness of the LNO-inner layer increases. It is ~125 K for the
LNO,;/LMOs, SL and ~170 K for the LNO,y/LMOs, SL.
This result suggests the establishment of FM order in the inner
layer of LNO; ie, the FM order is unrestricted to the
interfacial layer. As shown below by the PNR data, the middle
region of the LNO layer is indeed FM, though it is ~12 u.c.
from the LNO/LMO interface. This is in sharp contrast to the
SrIrO;/LSMO heterostructure, for which the proximity effect-
induced FM order appears only in the interfacial region.”> A
possible reason is that the mean free path of the charge carriers
in metallic LNO (~3 nm) is longer than that in semimetal
SrIrO; (~1 nm).41_43

The Hall measurements reveal the FM order in the LNO-
inner layer. It is natural to be curious about the magnetic state
of the LNO-interfacial layer, which is invisible for transport
measurements. To capture the magnetic depth profile across
the LNO/LMO interface, we performed PNR measurement on
a LMO,;/LNO,;/LMO,; trilayer sample. Details of PNR
experiments are given in the Supporting Information. Figure Sa
shows the neutron reflectivity of the trilayer, measured at 120
K with the neutron spin parallel (R**) or antiparallel (R™) to
the magnetic field (1.2 T). The inset plot shows the spin
asymmetry defined by the equation SA = (R*> — R7)/(R** +
R7), providing information about the depth variation of the net
magnetization. A best curve fitting is obtained for the SA data
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of PNR (SA), based on the multilayer model shown in Figure
Sb. This suggests that both LNO and LMO layers are in the
FM state, and the magnetic moments of all of these layers align
along the same direction, implying a FM coupling between the
Mn and Ni ions. The average magnetization of ~1.0 up/Ni for
the LNO-interfacial layer is comparable to the value of ~1.4
py/Ni for the Ni** jons in double perovskite La,NiMnOg.**
However, a low magnetization of ~0.4 up/Ni is obtained for
the LNO-inner layer. This is understandable, noting the great
separation between the LNO-inner layer and the LNO/LMO
interface. The magnetization is ~2.8 uz/Mn for the LMO-
inner layer and ~2.5 uz/Mn for the LMO-interfacial layer
close to the right interface. This result is consistent with the
picture of charge transfer, because the electron loss of the
LMO-interfacial layer will result in a low magnetic moment.
Moreover, we find that the magnetic order has deteriorated
considerably in the left LMO layer (1.5—1.7 pz/Mn). This
may be ascribed to the appearance of oxygen vacancies in the
LMO layer adjacent to the STO substrate, as suggested by the
slightly decreased nSLD of this layer. This deterioration effect
usually happens to the LMO layer nearest the STO substrate.
Fortunately, it does not affect the other LMO layers in the SL
structure.

The XAS and EELS spectra confirm the existence of a large
amount of Ni** (t'e,’) and Mn* (t’,’) ions in the
interfacial layers of LNO and LMO, respectively. According to
the Goodenough—Kanamori rules, a FM superexchange
interaction is expected between the Ni** and Mn*' ions,
resulting from the interaction of the half-filled Ni e, orbital
with a vacant Mn e, orbital as evidenced in La,NiMnO,. 2>
This aligns the spins of Ni ions along with the Mn ions at the
interface. As a result, FM order is transferred from the LMO-
interfacial layer to the LNO-interfacial layer. Due to the
presence of itinerant electrons in the LNO-inner layer, the
induced FM state will not be limited to the LNO-interfacial
layer and extends to the metallic LNO-inner, though it is fairly
far from the LNO/LMO interface.

In summary, a layered FM structure jointly caused by
interlayer charge transfer and the magnetic proximity effect is
detected in LNO/LMO SLs. When PM LNO is close to FM
LMO, a Mn to Ni charge transfer takes place, resulting in an
~S-u.c.-thick LNO-interfacial layer and an ~3-u.c.-thick LMO-
interfacial layer. The charge transfer also causes FM super-
exchange interaction between Mn*' and Ni** near the
interface, inducing FM order first in the LNO-interfacial
layer and then in the LNO-inner layer that is far from the
interface. Meanwhile, the LMO-interfacial layer becomes
poorly conductive due to double exchange, showing a T
(~250 K) that is higher than that of the LMO-inner layer of
LMO (~190 K). The layered ferromagnetic structure in the
LNO/LMO heterostrucutres provides a template for under-
standing the emergent phenomena at oxide interfaces
associated with magnetic proximity and charge transfer effects.

B EXPERIMENTAL SECTION

The details of the experimental and simulation methods are
available in the Supporting Information.
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and Mn L;-edge XAS spectra for LNO,/LMO, and
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