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ABSTRACT

Heterostructure engineering provides an efficient way to obtain several emergent phases of LaNiOs3, as demonstrated in recent studies. In
this work, a new class of short-periodic superlattice, consisting of LaNiO3 and EuNiOs3, has been grown by pulsed laser interval deposition
to investigate the effect of structural symmetry mismatch on the electronic and magnetic behaviors. Using synchrotron-based soft and hard
x-ray resonant scattering experiments, we have found that these heterostructures undergo simultaneous electronic and magnetic transitions.
Most importantly, LaNiO3 within these artificial structures exhibits a new antiferromagnetic, charge ordered insulating phase, which may be
a potential candidate to achieve high temperature superconductivity.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0004530

The prediction of achieving high T. superconductivity in
LaNiOj; through interface and orbital engineering has led to remark-
able progress over the last 10 years in the synthesis and charac-
terization of RENiOs-based heterostructures,’™ culminated with
the very recent discovery of superconductivity in Ndo sSr02NiO5.”
Bulk NdNiO; (NNO) is metallic and paramagnetic without any
charge ordering (CO) and has an orthorhombic structure at
room temperature.”’ On lowering the temperature, NNO under-
goes simultaneous transitions to an insulating, antiferromagnetic,
charge ordered phase having monoclinic structural symmetry.
On the other hand, LaNiO3; (LNO) has a rhombohedral struc-
ture and remains paramagnetic as well as metallic down to the
lowest temperature.”” The absence of any superconductivity in
a LNO-based analogous compound (Lao,gSro,zNiOZ)5 with Ni in
square planar oxygen coordination points toward possible strong
interconnections between the electronic and magnetic phases of
the parent compound and the doping induced superconductiv-
ity. In this paper, we have investigated whether an emergent

antiferromagnetic, charge ordered phase can be achieved in a
LaNiOj; based system, which can be used to achieve unconventional
superconductivity.

The heterostructure route has been shown to enable several
unconventional behaviors of LNO (see Refs. 3 and 4, and references
therein). For example, unlike the negligible orbital polarization
of bulk LNO, the LaNiO3/LaTiO3 heterostructure exhibits strong
orbital anisotropy.” '’ Helical spin configurations were realized in
LNO through the interfacial charge transfer from Lag ¢7Sr9.33MnO3
layers.'" Such charge transfer can be further tuned by epitaxial
strain.'” The reduction in LNO film thickness results in an insu-
lating phase due to the quantum confinement effect.”'* A ferro-
magnetic phase in the epitaxial LNO film on the LaAlOs (1 1 1)
substrate was also demonstrated.”” Interestingly, magnetic order-
ing, analogous to the E'-AFM phase and without any charge order-
ing, was obtained in two UCs (unit cells) of LNO layers sand-
wiched between the insulating spacer LaAlO3.'**"*" Despite all these
findings and somewhat surprisingly, long-range charge ordered
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(CO), antiferromagnetic phase of LNO has not been demonstrated
so far.

Apart from the abovementioned RENiO3/ABO;3 (B # Ni) het-
erostructures, the epitaxial growth of two different members of the
RENIOs3 series in a layer-by-layer way offers another interesting
route to achieve unconventional behaviors.”>>* For example, bulk
EuNiO3 (ENO) undergoes simultaneous electronic and structural
transition at 410 K and a magnetic transition around Tn ~ 200 K.
However, the artificial structure in the form of [1 UC ENO/1 UC
LNO] (UC = unit cell in pseudocubic setting) superlattice (SL)
grown on single crystalline NdGaO;3 exhibits all four simultane-
ous transitions similar to bulk NNO.”” As illustrated in Fig. 1(a),
each Ni in the 1ENO/1LNO SL [marked as Ni(I)] has Eu on
one side and La on the opposite side along [0 0 1], imply-
ing that each layer is equivalent to an ordered analog of the
Eugs5LagsNiOs composition.th On the contrary, [m UC EuNiOs/m
UC LaNiO3] (mENO/mLNO) superlattices with m > 1 have addi-
tional bulk-like ENO and LNO unit cells, where each Ni has
either Eu or La on both sides [respectively, marked by Ni(II)

LaO
Ni(l)O2

Ni(I)O2
EuO

(EuNiO3)1/(LaNiO3)1 (EuNiOs)s/(LaNiOs)s

© - - - - ;

Intensity (a.u.)

14 1.6 1.8 2.0 22 24
[ of NdGaOs (r.l.u.)

FIG. 1. Schematics of atomic planes along [0 0 1] for (a) m = 1 and (b) m = 5
samples. Ni()O, layers have EuO on one side and LaO on the opposite side.
Ni(I1)O, [Ni(lll)O,] layers have neighboring EuO [LaO] layers on both sides. (c)
I-scans through (0 0 2),c truncation rod. # indicates the film peak. Data have been
offset along the intensity axis for visual clarity.

scitation.org/journal/apm

and Ni(Ill) in Fig. 1(b)]. Since bulk ENO and LNO have differ-
ent octahedral rotational patterns aac vsaaa,® strong
structural competition between ENO and LNO layers in these
[MENO/mLNO] systems can lead to emergent electronic and
magnetic phases.

Here, we report the development of a new LNO-based het-
erostructure and demonstrate the emergence of a charge ordered
antiferromagnetic insulating (AFI) phase of LaNiOs. To avoid com-
plications caused by the quantum confinement and/or interfacial
charge transfer, we have judiciously built a series of [m EuNiOs/m
LaNiO3] x N superlattices (here, N denotes the number of repeats)
using pulsed laser deposition.”” ** While the long-periodic super-
lattice (m = 8) shows entirely metallic behavior, the short-periodic
superlattices undergo metal to insulator transition. Soft x-ray scat-
tering experiments not only have found a simultaneous paramag-
netic to antiferromagnetic transition but also confirmed that the
magnetism is developed throughout the ENO and LNO layers. Res-
onant hard x-ray scattering experiments have revealed the signature
of monoclinic symmetry and Ni resonance features in the metal-
lic phase of the m = 5 film. The Ni resonance further increases
after entering into the insulating phase, signifying the development
of charge ordering throughout the whole superlattice. Magneto-
transport measurements show a sign change in the Hall coefficient
Ry on crossing the transition temperature in all cases, which can
be explained as a consequence of Fermi surface reconstruction. The
combination of advanced experimental probes has confirmed the
successful creation of an antiferromagnetic, charge ordered insulat-
ing phase in LNO, which is otherwise a paramagnetic metal in the
bulk form.

mENO/mLNO superlattices were grown on single crystalline
NdGaO; (1 1 0)or [(0 0 1)pc] (here, or and pc denote orthorhom-
bic and pseudocubic setting, respectively) substrates using a pulsed
laser deposition system.”” ** The layer-by-layer growth of each unit
cell of both ENO and LNO has been confirmed by in situ reflec-
tion high energy electron diffraction (not shown). For each SL, the
deposition on the NGO substrate starts with an ENO layer and ter-
minates with a LNO surface layer. The sample thickness (2 mN)
is 36 UC for SLs with m = 1, 3, and 30 UC (32 UC) for the m
=5 (m = 8) sample. The sample quality has been checked by x-
ray diffraction using a laboratory based x-ray diffractometer and
also by using a six-cycle diffractometer in 6-ID-B beamline of
Advanced Photon Source (APS) in Argonne National Laboratory.
Magneto-transport properties of these samples have been mea-
sured in the four probe Van Der Pauw geometry using a Quan-
tum design PPMS (Physical Property Measurement System). The
issue of charge ordering in these thin films has been investigated
by resonant hard x-ray scattering experiments on the Ni-K edge
in 6-ID-B beam line of APS. Resonant soft x-ray scattering exper-
iments at the Ni-L3 edge were performed at beam line 4.0.2 of the
Advanced Light Source (ALS) to probe the E’-antiferromagnetic
order.

The effect of epitaxial strain of these ENO/LNO SLs has been
investigated using synchrotron x-ray diffraction. Surprisingly, the
effect of tensile strain in LaNiO3 and EuNiOj3 ultra-thin films is com-
pensated by octahedral rotations and breathing-mode distortions,
instead of the expected out-of-plane compression.”” ** Figure 1(c)
shows representative diffraction scans along the (0 0 /), truncation
rod. As seen, the diffraction pattern of each SL consists of a sharp
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FIG. 2. (a) Sheet resistance of
mENO/mLNO SLs. All transport mea-
surements were carried out with a
temperature ramp rate of 5 K/minute.
Transport data of m = 1 SL have been
reproduced with permission from Middey

et al, Phys. Rev. Lett. 120, 156801
(2018). Copyright 2018 American

Physical Society. (b) log(dRs/dT) vs
log(T) plot for the m = 5 sample. The
solid line represents a linear fitting of
the experimental data. (c) Transport
data of these SLs have been analyzed
in terms of d(InRs)/d(1/T) vs T plot to
determine Ty.
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substrate peak, a broad film peak (indicated by #), and a set of Kies-
sig fringes. The presence of the satellite peaks further testifies for the
intended superlattice structure of each film. Surprisingly, the out-of-
plane lattice constants of all of these SLs (cpc = 3.793 A,3.793 A, and
3.791 A form =1, 3,and 5 sample, respectively) are very similar to
the cpc (3.8 A) of the EuNiOj; thin film on the NGO substrate.”” This
observation clearly suggests that the LNO layers follow the structural
response of the ENO layers within these short-periodic superlattices.
The cpc of SENO/SLNO is slightly larger (3.807 A), pointing toward
different structural effects in the LNO layers within a long-periodic
superlattice.

The modification in the electronic behavior as a function of m
has been investigated by dc-transport measurements. Using a par-
allel resistor model with bulk-like ENO, bulk-like LNO, and the
interfacial ELNO layer, the expected resistance of the SL can be
expressed as

RenoRiNoRELNO

RsL (1)

N (RenoRino + RenoREINO + RinoREING)

Here, all NiO; layers in mENO/mLNO SLs having EuO layers on
both sides along [0 0 1] are named as bulk-like ENO throughout
the paper. Similarly, bulk-like LNO layers refer to the NiO, lay-
ers with LaO layers on both sides and the interfacial ELNO layer
refers to the NiO, layer, having EuO on one side and LaO on the
other side. As expected from Eq. (1), the long-period SL (m = 8)
is completely metallic [see Fig. 2(a)]. In sharp contrast, all short-
periodic SLs exhibit first order MIT as a function of temperature.
The transport data of m = 1 SL also show the first order MIT of the
interfacial ELNO layer [marked as Ni(I) in Fig. 1]. Unexpectedly,
a large change in the layer number (e.g., m = 1 — 5) within each
period does not result in any drastic change in the transition temper-
ature (Table I). The observation of a MIT in the m = 5 film implies
that bulk-like LNO layers marked by Ni(III) in Fig. 1(b) also become
insulating below Tyt ~ 120 K. The observation of strong thermal
hysteresi)s zsigniﬁes the spatial coexistence of metallic and insulating
phases.””

Apart from the bulk LNO, the metallic phase of RENiO3 shows
a distinct non-Fermi liquid (NFL) behavior with the NFL expo-
nent tunable by hydrostatic pressure or by epitaxial strain.”>”” ** To
extract the value of the power exponent n, we plot log(dR/dT) vs
log(T) shown in Fig. 2(b), which yields # = 1.05 + 0.05, which is very
close to n =1 for T > 175 K for the m = 5 sample. Similar linear T-
dependent behavior is also observed for the IENO/1LNO SL.”” Such
NEFL behavior implies that the electronic behavior of LNO in these
artificial structures is very different compared to the bulk LNO. The
insulating phase of all RENiOj; based systems hosts an E’-type anti-
ferromagnetic phase (E'-AFM), characterized by the (1/2 0 1/2)o;
[=(1/4 1/4 1/4)pc] magnetic wave vector.”® A reliable estimate of the
magnetic transition temperature (Tn) can be obtained from resis-
tivity analysis.r““ The d(InR;)/d(1/T) vs T plot [Fig. 2(c)] yields Tx
of 145K, 115K, and 110 K for SLs with m = 1, 3, and 5 SL, respec-
tively, illustrating simultaneous electronic and magnetic transitions
of these superlattices.

Simultaneous MIT and paramagnetic to E'-AFM transition for
m = 1 SL were also confirmed by our earlier resonant soft x-ray
diffraction (RSXD) experiments with the photon energy tuned to
852 eV.”” Such a RSXD technique has been demonstrated as a very
effective way to investigate the E'-AFM phase of various RENiO;
thin films and heterostructures.””*>*****>"** As shown in Fig. 3(a), a
(1/4 1/4 1/4), diffraction peak is also observed at 50 K in RSXD
of m = 5 SL, which vanishes gradually with increasing T. A plot
of the area under this peak as a function of T gives Ty ~ 115 £
5K [see Fig. 3(b)], which is very close to the values of Ty obtained
from our transport data shown in Fig. 2(c). Thus, apart from the

TABLE I. Summary of transport data (heating run).

m Tmrr (K) Ty (K) NFL exponent (n)

1 155 145 1for T >180K
120 115 1for T >240 K

5 120 110 l1forT>175K

APL Mater. 8, 041113 (2020); doi: 10.1063/5.0004530
© Author(s) 2020

8, 041113-3


https://scitation.org/journal/apm

APL Materials

ARTICLE

scitation.org/journal/apm

Intensity (a.u.)

FIG. 3. (a) Measured magnetic scattering for the m =5 sam-
ple at different temperatures. The integrated intensity of this

peak has been plotted as a function of T in panel (b). (c)
] Temperature dependence of the HWHM of the peak (upper
panel) and the magnetic correlation length (lower panel).
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interfacial unit cells, bulk-like LNO layers also undergo simulta-
neous metal-insulator and paramagnetic-antiferromagnetic transi-
tions in such heterostructures. The temperature dependence of the
Lorentzian half width at half maximum (HWHM) of the E'-AFM
peak is plotted in the upper panel of Fig. 3(c). The magnetic correla-
tion length along the [1 1 1], direction, & = ango/ [2\/§ﬂ*HWHM]
is approximately 285 A up to 90 K [lower panel of Fig. 3(c)], which
is larger than the film thickness along the [1 1 1], direction. This
finding establishes that the E'-antiferromagnetic spin arrangement
is developed throughout the entire sample, including the bulk-like
LNO layers.

The microscopic origin of the simultaneous electronic and
magnetic transitions in RENiO3 can be accounted by the hole-Fermi
surface nesting driven spin-density wave (SDW) transition.””*"****
The consequence of nesting driven transition in multi-band nick-
elates can be captured by measuring the Hall coefficient (Ry) as
a function of temperature.”® For example, the previous measure-
ments of Ri°" reveal that Ry, dominated by the contribution from
large hole pockets, is positive in the paramagnetic metallic phase
and becomes negative below the SDW transition as the remaining
small electron pockets contribute to Ry in the antiferromagnetic
insulating phase. Figures 4(a) and 4(b) show the variation of trans-
verse resistance (Ryy) as a function of the applied magnetic field (H)
after antisymmetrization}s for the m = 3 and m = 5 SLs, respec-
tively. These measurements were performed in the cooling run. As
shown in Fig. 4(a), the positive slope of the curves Ry (=tdRyy/dH,
t = film thickness) is hole-like above 100 K for the m = 3 sam-
ple and then becomes electron-like. For the m = 5 film, Ry is also
hole-like down to 120 K and is completely electron-like at 80 K.

In the intermediate temperature range around 100 K, Ry, shows a
non-linear behavior with H and switches from the electron-to hole-
like behavior with increasing H. Such a small value of R, indicates
that the difference in volume between electron and hole pockets is
very small at that temperature. Similar switching of Ry was also
observed in the 1IENO/1LNO SL (not shown). The crossover of Ry
in the vicinity of Twvit ~ Tn strongly suggests a SDW driven origin
of the antiferromagnetic insulating (AFI) phase of these ENO/LNO
superlattices.

After confirming the simultaneous electronic and magnetic
transitions in SLs, we investigated the issue of the highly debated
charge ordering. Unlike the bulk samples, thin films can host an
insulating phase without any CO.”>""**** The conventional pic-
ture of charge disproportionation (CD) on Ni ions (d’+d” — d’*°
+d’ %) is also challenged by the alternative mechanism of the
bond disproportion (BD) transition, specially proposed for the most
distorted members of the series.”” *® Such BD transition (d°L+d°L
— d® + d®L?, L represents a hole on oxygen) results in a rocksalt-
type pattern with alternating NiOg octahedra with d® having long-
bond (LB) and 48L? having short-bond (SB). Most importantly,
the results of x-ray absorption spectroscopy and x-ray scattering
experiments, conventionally used to conclude CD on Ni sublat-
tices'” """ can be also accounted by the BD transition.”"”*”*"’
However, a larger amount of BD can generate a significant amount
of Ni e; charge disproportionation. For example, double cluster
calculation with a BD of 6d ~ 0.2 A by Green et al.”’ has not
only obtained unequal spin values (S ~ 1.0 and 0.1 on LB and SB
sites, respectively) but also a difference of ~0.3e in the g electronic
occupancy between LB and SB sites. It is important to note that
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FIG. 4. Transverse resistance Ry, as a function of H at
different T for the (a) m = 3 and (b) m = 5 samples. Ry,
of selected datasets are scaled and indicated by scaling
factors.

FIG. 5. Resonance energy scan of the m = 5SL at various
temperatures for (a) (—1/2 1/2 1/2)pc and (d) (1/2 1/2 1/2)pc
Bragg peaks. Temperature dependence of the correspond-
ing resonant intensity (les) and the off-resonant intensity
(Iofres) are plotted in (b) and (e). (c) Variation of the reso-
nance enhancement factor (v/Zyes — /T ogtres) for the (—1/2
112 1/2)pc peak with T. (f) Site-centered SDW with charge

ordering vs bond-centered SDW without charge ordering.**
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the amount of CD, obtained experimentally, is of the same order
28 ~ 0.45¢."* This implies BD and CD are cooperative in nature for
bulk rare-earth nickelates. On the other hand, Lee et al. have shown
that CD on Ni sublattices can be realized as a simple consequence of
the SDW transition.”""’

In order to investigate BD/CD in the weakly insulating phase
of the m = 5 film, we have measured resonant x-ray scattering at
the Ni-K edge (1 s — 4p) around (0 1 1)or [=(=1/2 1/2 1/2)pc] and
(10 Dor [=(1/2 172 1/2)pc] reflections.”””>"* " The details of the
energy and momentum dependence of these diffraction peaks are
given in Ref. 61. Here, we note that the (-1/2 1/2 1/2),. peak is
allowed for monoclinic and forbidden for orthorhombic symmetry.
On the other hand, the (1/2 1/2 1/2),. reflection is allowed in both
monoclinic and orthorhombic phases, but both of these reflections
are forbidden for rhombohedral symmetry. As shown in Fig. 5(a),
the m = 5 sample exhibits a resonance feature for the (—1/2 1/2 1/2),.
diffraction peak around 8.345 keV photon energy at 50 K. Gener-
ally, both the resonant intensity (Ires) and the off-resonant intensity
(Ioftres) decrease with the increase of T as previously reported for the
insulating phase of the thick NdNiOj3 film and for the IENO/1LNO
SL.2#2% However, Iofes increases strongly up to 90 K for m =5
SL [Fig. 5(b)] suggesting the existence of additional structural effects
below 90 K. Furthermore, both I;es and I, g decrease above 90 K,
where the magnetic correlation length also decreases. This strongly
implies strong interconnection between charge ordering and mag-
netic ordering. Interestingly, Ires is also non-zero in the metallic
phase and the line shape is very similar to the resonant line shape
observed in the insulating phase of the EuNiO; thin film."” The res-
onance and off-resonance intensities for the (1/2 1/2 1/2)p diffrac-
tion peak increase up to 90 K and shows a marked jump across the
insulator to metal transition [see Figs. 5(d) and 5(e)]. The obser-
vation of both (-1/2 1/2 1/2)pc and (1/2 1/2 1/2)p. reflections and
Ni resonance in the metallic phase of the SL clearly establishes the
presence of strong monoclinic distortion in the metallic phase of
the m = 5 SL. Moreover, the temperature dependence of the reso-
nance enhancement factor [v/T,es — VI ofres] for the (=1/2 1/2 1/2)pc
diffraction peak [Fig. 5(c)] demonstrates the onset of a CO transition
around 110 K.

From these experimental results, we suggest the following sce-
nario for simultaneous metal-insulator, CO, and magnetic transi-
tions in these SLs. As shown in Fig. 1(a), m = 1 SL consists of only
interfacial Nis, having EuO on one side and LaO layers on the oppo-
site side. The site-centered type SDW transition [Fig. 5(f)] in all of
these interfacial layers can give rise to the AFI phase with CO. Apart
from the interfacial NiO, layers, m = 5 SL also contain bulk-like
ENO and bulk-like LNO layers. The interfacial layers and the bulk-
like LNO layers remain metallic down to 120 K and the bulk-like
ENO layers are bond ordered insulators with monoclinic symmetry,
resulting in the overall metallic behavior of the sample. In addition
to the interfacial layers, bulk-like LNO layers also undergo the SDW
transition to develop the antiferromagnetic, charge ordered, insu-
lating phase throughout the 5SENO/5LNO sample. Unlike the pure
SDW phase without CO obtained in the LaNiO3/LaAlO3 SL through
dimensionality control,'”*"”" LaNiO; layers in the present study
undergo the SDW transition in spite of the presence of three dimen-
sional NiOs octahedral networks, resulting in this emergent charge
ordered, antiferromagnetic phase of LaNiO3, which is unattainable
in the bulk.

ARTICLE scitation.org/journal/apm

To summarize, our detailed measurements, including magneto-
transport, hard x-ray resonant scattering, and soft x-ray res-
onant magnetic scattering, have found simultaneous metal-
insulator, charge ordering, and magnetic transitions in these
(EuNiO3),/(LaNiOs3),, SLs. Moreover, these measurements demon-
strated strong interrelation between the spin and charge orders. In
addition, the Hall coefficient shows crossover from the hole-like to
electron-like behavior across the transitions. All of these experimen-
tal observations can be successfully accounted by the notion of Fermi
surface nesting emerging in the bulk-like LNO layers and the inter-
facial layer. The emergent antiferromagnetic, charge ordered phase
of LaNiOs3 can be explored as a parent compound to achieve high T
superconductivity.
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STwe recap that the scattering intensities of (0 1 1), and (1 0 1), peaks are given
by

Tpi(QE) o [Ad 1 (Q) + 2408 (Q) 2(Af5(Q) + Afy (E)
+ ARG (E)) + 4(AR(Q) + ARG (E) + ARG (E))*],

Lioi(Q.E) o< [Bg i (Q) - 2Boxe(Q) 2(Afy; (Q) + Afy; (E)
+ ARG (E)) +4(AR(Q) + M (E) + M (E))*],

with ARG (Q) = [ (Q) = R (1 A4 (EB) = [ (B) = Rin(®)], and ARG (E)
= [f5 (E) = £, (E)1.” Aore(Q) and Bo re(Q) represent the energy-independent
Thompson scattering (TS) terms for the RE and O sites and f;(Q) corresponds
to the TS term for the Ni sites. fy;(E) and £ (E) term, responsible for the reso-
nance behavior, are the real and imaginary energy-dispersive correction factors.
Since fy;(E) and £ (E) are negligibly away from the resonance, the off-resonant
intensity represents pure structural information. The energy-independent terms
Aore and Bogg can also result in energy dependent features at the resonance
energy due to their coupling with the energy dependent terms Afy; and Afy;.
The minus sign in the last equation implies that the resonance feature around
8.345 keV would appear as a dip for the (1 0 1), diffraction peak. We also note
that the off-resonance intensity of (1 0 1), will be stronger compared to the (0 1
1)or peak due to the strong structural contribution via the Borg term in the last
equation.
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