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Evidence of antiferromagnetism in ultrathin metallic (111)-oriented LaNiO; films

Margaret Kane 12 Purnima P. Balakrishnan ® %" Okan Koksal ®,* Megan Holtz ,> Andreas Suter®,°
Michael R. Fitzsimmons,’”%° Chao-Yao Yang R Christoph Klewe,!! Paige Quarterman J Timothy R. Charlton,’

Andrew A. Herzing ©,° Zaher Salman ®,% Thomas Prokscha®,® Rossitza Pentcheva ®,

4

Alexander J. Grutter®,*" and Yuri Suzuki®!%2:#
' Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, USA
2Geballe Laboratory for Advanced Materials, Stanford University, Stanford, California 94305, USA
3NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
4Department of Physics and Center for Nanointegration (CENIDE) Universitit Duisburg-Essen, Lotharstrasse 1, 47057 Duisburg, Germany
SMaterial Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
opsI Center for Neutron and Muon Sciences, 5232 Villigen PSI, Switzerland
T Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
8 Department of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
9Shull Wollan Center-A Joint Center for Neutron Sciences, Oak Ridge, Tennessee 37831, USA
YDepartment of Material Science and Engineering, National Yang Ming Chiao Tung University, Hsinchu 300093, Taiwan
" Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
12Department of Applied Physics, Stanford University, Stanford, California 94305, USA

M (Received 13 May 2024; revised 15 October 2024; accepted 12 November 2024; published 11 December 2024)

Antiferromagnets with exotic spin textures promise low-power spintronic devices with extremely high op-
erating frequencies and resistance to external perturbations. In particular, the combination of highly tunable

correlated electron physics, as in complex oxides, with metallicity and antiferromagnetism is desirable but ex-
ceedingly rare. LaNiOs3, the lone example of a perovskite nickelate which is metallic across all temperatures, has
long been a promising candidate, but the antiferromagnetic metallic state has remained elusive. We demonstrate
the emergence of this state in ultrathin films of (111)-oriented LaNiO; using a combination of polarized neutron
reflectometry, low-energy muon spectroscopy and anomalous Hall effect measurements, and density functional
theory calculations with a Hubbard U term. Further, we find a highly strained symmetry-breaking interfacial
region which may support canting of the AFM moments leading to a vanishingly small net magnetization
at the film-substrate interface, providing a convenient route toward control of the Néel order. Evidence of
antiferromagnetic metallic behavior in (111)LNO films highlights the role of crystal symmetry in tuning the

novel quantum states in complex oxides.

DOI: 10.1103/PhysRevMaterials.8.124406

I. INTRODUCTION

Antiferromagnets (AFM) are a promising materials plat-
form for energy-efficient spintronics. In contrast to ferromag-
nets (FM) and ferrimagnets (FiM), AFMs are insensitive to
moderate external fields and exhibit higher characteristic fre-
quencies while preserving nonvolatility, endurance, and low
power consumption. While technological implementation has
been hindered by a lack of effective schemes to control and
probe AFM order, recent studies of unconventional AFMs
with nontrivial topology or broken inversion symmetries have
opened practical routes to Néel vector switching, and elec-
trical readout in conductive AFMs [1-4]. Further work has
successfully realized angular momentum transfer through the
generation of AFM spin waves [5-8]. These advances have
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brought practical AFM devices closer to reality and spurred a
great deal of interest in unconventional AFMs.

Many technologically promising AFMs can be found in the
family of superexchange-dominated oxide materials. Among
oxides, there are many insulating AFMs but relatively few
AFM metals (for example, RuO,, CaCrOs;); as such, it is
highly desirable to identify new unconventional AFM metals
with tunable correlated electron physics [9-11]. Here, we
report the discovery of emergent AFM in ultrathin films of
(111)-oriented LaNiO3 (LNO), identified using a combination
of polarized neutron reflectivity (PNR), low-energy muon spin
relaxation (LE-uSR) spectroscopy, and magneto-transport
measurements, which together provide compelling evidence
for long-range magnetic order. Structural characterization
of the films by scanning transmission electron microscopy
(STEM) reveals a highly strained region near the interface
that is associated with insulating behavior while thicker films
exhibit metallicity. Evidence of AFM metallic behavior in
thicker (111)LNO films highlights the role of crystal symme-
try in stabilizing the rare AFM metallic state in complex oxide
materials.

©2024 American Physical Society
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The phase diagram of rare earth perovskite nickelates is
primarily comprised of AFM insulating, paramagnetic in-
sulating, and paramagnetic metallic ground states [12]. A
metallic AFM state remained elusive until the recent demon-
stration of dopant-induced conductivity in Ce,Nd;_,NiO3
[13]. While the parent NdNiO;3 is a typical AFM insulator
with Nd and Ni moments ordered around a (1/4 1/4 1/4)
propagation vector, Ce,Nd;_,NiO;3 retains both AFM order
and metallicity for 0.01 < x < 0.06. The metallic AFM state
supports magnetic order exclusively on the Ni sites, suggest-
ing that it should be possible to decouple the metal-insulator
transition and rare-earth magnetism from the magnetic order
on the Ni site in related systems. An ideal test case for this is
LNO, the lone perovskite nickelate exhibiting paramagnetism
and metallicity at all temperatures. LNO has attracted much
attention for its proximity to electronic and magnetic phase
transitions, e.g., the metal-insulator transition exhibited by
ultrathin (001) LNO [14-24].

We demonstrate the presence of AFM ground states in
ultrathin films of (111)LNO with both insulating and metallic
behavior depending on thickness. In metallic films, a non-
linear, hysteretic anomalous Hall effect (AHE) emerges with
temperature dependence indicating multiple complex long-
range magnetic orders. Using LE-uSR, we directly probe
the magnetic fields within (111)LNO, revealing that the en-
tire film volume is magnetically ordered below T = 50 K.
SQUID magnetometry and PNR show no net moment in
the film within the accuracy of the measurement, consistent
with AFM order. However, magnetotransport measurements
and density functional theory calculations with a Hubbard U
term suggest a trace net magnetization may emerge near the
(111)LNO/LaAlO3 (LAO) interface. These results indicate
that distortions induced by (111) epitaxy stabilize AFM in
the correlated metal LNO, highlighting a new approach to
stabilizing novel AFM states in complex oxides.

II. RESULTS

Longitudinal magnetoresistance (MR), angle-dependent
magnetoresistance (AMR), and AHE measurements have pre-
viously provided the only evidence of long-range magnetic
order in (111)LNO [25-27]. Although AHE signals are usu-
ally associated with FMs or FiMs, the reformulation of the
intrinsic mechanism of the AHE in FMs in terms of the Berry
curvature in momentum space has led to the prediction and
observation of large AHEs in noncollinear AFMs [28,29].

Figure 1 shows the temperature-dependent magnetotrans-
port of a representative 10 u.c. (111)LNO film, where we
define “unit cell” as a single LNO plane along the [111]
direction i.e., ~ 2.23 A. As reported previously and shown
in the Supplemental Material, all thicknesses measured in
this study are above the metal-insulator transition observed in
(111)LNO and therefore exhibit metallic conduction [26,30].
The increasing magnitude of the AHE [Fig. 1(a)] and the
development of negative, hysteresic MR [Fig. 1(b)] both in-
dicate magnetic order. The saturated AHE signal normalized
by the average total R,, [Fig. 1(c)] can be fit to estimate a
magnetic ordering temperature of 54 K, in agreement with
previous work. Notably, the nonlinear AHE contribution is
nonhysteretic above 30 K, but upon cooling below 30 K, hys-

teresis emerges and the AHE coercivity H¢ increases rapidly,
exceeding 4 T at 2 K. The hysteresis in the longitudinal MR
(AR™™"), defined as the maximum difference between the
ascending and descending MR curves, follows a similar trend.
Thus, the temperature dependences of the AHE coercivity and
MR contrast starkly with that of the saturated AHE magnitude
and indicate two distinct ordering temperatures.

To understand these two transitions, we investigated the
temperature-dependent AMR, shown in Fig. 1(d). The AMR
lineshape evolves significantly between 50 K and 20 K,
exhibiting twofold in-plane symmetry at 50 K and ac-
quiring additional periodicities upon cooling. Surprisingly,
these additional AMR periodicities largely disappear at 2 K.
Low-temperature AMR confirms an increase in magnetic
anisotropy, with hysteresis between the ascending and de-
scending AMR branches of in-plane angle ¢ present at 2 K
even in a H = 9 T applied magnetic field [Fig. 1(e)]. The fast
Fourier transform (FFT) of the AMR data reveals three pri-
mary symmetry contributions in the AMR, with temperature
dependences shown in Fig. 1(f). The film is twofold dominant
at 50 K, but cooling to 30 K yields increased fourfold and
sixfold symmetry contributions while the twofold contribution
remains constant. At 30 K, the twofold and fourfold FFT
contributions are of the same magnitude, while cooling below
30 K results in a rapid increase in the twofold Fourier compo-
nent, while fourfold and sixfold symmetries remain constant
to 10 K and then sharply decrease. At 2 K, the AMR is again
overwhelmingly dominated by twofold symmetry. Similar to
the AHE, the AMR supports a picture in which magnetic order
is stabilized between 50 K and 60 K, but at 30 K undergoes a
transition that modifies the anisotropy.

Recalling that previous x-ray diffraction studies have
indicated significant structural reconstructions near the
(111)LNO/LAO interface [26], we probed the local struc-
ture and strain state of the films using STEM and nanobeam
electron diffraction (4D-STEM) as shown in Fig. 2. Full
characterization and strain analysis can be found in the Sup-
plemental Material [30]. At the (111)LNO/LAO interface, the
out-of-plane lattice parameter is approximately 0.1 A larger
than the rest of the LNO film. This expansion is consistent
with our previously published synchrotron XRD studies [26].
In comparison, the in-plane lattice parameter and other strain
components (see Supplemental Materials (SM) Ref. [30])
show no significant variation at the interface or in the bulk
of the film, indicating a coherently strained film without rota-
tional distortions.

These interfacial reconstructions imply that understanding
the long-range magnetic order requires spatially resolved,
high-sensitivity magnetic characterization. Our efforts to de-
tect a net magnetization through bulk magnetometry and
element-specific x-ray magnetic circular dichroism (XMCD)
yield signals below the noise floors of these techniques.
We therefore turn to polarized neutron reflectometry (PNR),
which provides a detailed chemical and magnetic depth profile
of the film and can readily detect magnetizations as low as
2 kA/m. Details of the measurement technique and fitting
analysis can be found in the Methods section and SM. PNR
measurements were performed on a 6 nm (26 u.c.) sample
with a cap of 35 nm of sputtered AuPd. The 6 nm thick-
ness was chosen to maximize any magnetic signal while still
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FIG. 1. (a) Temperature-dependent AHE of a 10-unit cell (111)LNO film between 2 K and 75 K. (b) Temperature-dependent longitudinal
magnetoresistance of the same film. Curves offset for visibility. (c) Comparison of the saturated AHE, AHE coercivity, and longitudinal
magnetoresistance hysteresis vs. temperature. The dashed line is a Brillouin function fit to the saturated AHE values suggesting an ordering
temperature of ~50 K. (d) Temperature-dependent AMR normalized by the average longitudinal resistance as a function of temperature.
Here, the ascending and descending branches of the in-plane angle ¢ have been averaged. (¢) AMR at 2 K and 50 K showing ascending and
descending branches of the in-plane angle ¢. The average longitudinal resistance has been subtracted at both temperatures. (f) Temperature
dependence of the Fourier components corresponding to 180° (twofold), 90° (fourfold), and 60° (sixfold) rotational symmetries.
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FIG. 2. (a) High-resolution STEM image of (111)LNO/LAO projected along the [110] direction. Lattice parameter (d100 equivalent)
measurements from 4d STEM in the (b) [111] out-of-plane direction, (c) [110] in-plane direction, with (d) the corresponding line profiles.
Increased out-of-plane lattice parameter is seen at the film-substrate interface, while the in-plane lattice parameter shows coherent strain. The
d100 equivalent notation here refers to the associated pseudocubic [100]-type direction after scaling to the diffraction planes actually measured.
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FIG. 3. (a) Sum of spin-up (R*) and spin-down (R™) neutron
reflectivities from a (111)LNO (6 nm) / AuPd (35 nm) film on LAO,
alongside a theoretical fit. (b) Spin asymmetry of the reflectivity
data shown, alongside a theoretical fit. (c) Nuclear and (d) magnetic
scattering length density profiles associated with the fits shown. The
shaded region represents the 95% confidence interval range of the
LNO magnetization obtained using the interface model. Error bars
represent + 1 standard deviation.

preserving a measurable AHE (Fig. S1). The capping layer in-
creased the number of oscillations in the observable Q range,
improving sensitivity. Long count times yielded such high
magnetic field sensitivity that even the weak paramagnetism
of the Aug¢Pdp4 capping layer must be accounted for; we
find a net magnetization in the cap of (1.31 &£ 0.024) kA/m, as
expected for H = 4.8 T [31-33].

We considered two candidate models of the depth pro-
file. The first (Fig. 3) confined any net magnetization to the
first few LNO unit cells (interfacial magnetism) while the
second (Fig. S2) allowed for magnetism throughout the en-
tire LNO layer (bulk magnetism) [30]. Both models were
optimized when the magnetization of the LNO layer was
negative and extremely small, with best-fit values correspond-
ing to (—0.047 £ 0.038) wp/Ni for the interfacial model and
(—0.007 £ 0.004) pp/Ni for the bulk model. The upper limits
(95% confidence) on the magnetization were 0.03 pz/Ni and
0.006 wp/Ni for the interfacial and bulk magnetism models,
respectively.

PNR was also performed on a thick 38 nm (175 u.c.)
sample with no cap yielding essentially the same result as the
previous measurement, with a 95% confidence upper bound
of 0.02 up/Ni for the interfacial magnetism model (Fig. S5)
and 0.008 p/Ni for the bulk magnetism model (Fig. S6) [30].
The PNR measurements place extremely tight upper limits on
the net magnetization of both samples, in agreement with null
results from both SQUID magnetometry and element-specific
XMCD. We therefore conclude that any net magnetization
must be vanishingly small, consistent with AFM or nearly
compensated FiM.

To further characterize the magnetic order, we performed
LE-uSR measurements—which are sensitive to magnetic
order even without a net magnetization—on 6 nm thick
(111)LNO/LAO films. Spin-polarized muons (u™) were
implanted into the sample, where they precess about an ex-
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FIG. 4. (a) Simulated stopping profiles show 31% of 1 keV
muons stop within the (111)LNO film. (b) Asymmetry spectra
A(t, T) for two temperatures. (c) Temperature dependence of Hall
resistance (black triangles) and magnetic volume fraction Fy (T')
within the (111)LNO (blue circles) and within the LAO substrate
(orange squares). (d) Depolarization rate A (black triangles) and
internal measured field (blue circles) of the (111)LNO film (1.0
keV). (e) Temperature-dependent zero-field LE-SR measurements
performed at an implantation energy of 1 keV, alongside fits to the
data. (f) Fitted zero-field asymmetry values for the slow exponential
decay function vs. temperature.

ternally applied magnetic field and decay, emitting positrons
preferentially along the spin direction. The directional asym-
metry of positrons detected at time ¢ and temperature 7T,
A(t, T), can be expressed as

A(t, T) = Ag(T)e T cos(wyt), (D

where A is the depolarization rate and wy, is the Larmor pre-
cession frequency in the applied magnetic field. To implant
precisely at the surface of an ultrathin film, slow-moving u*s
must be used, limiting the inherent time resolution of the mea-
surement. While w;, is low enough for asymmetry oscillations
to be detected in nonmagnetic samples, muons that stop in a
magnetically ordered region of the film experience a broad
field distribution and depolarize much faster than the mea-
surement time. These u*s do not contribute to the measured
asymmetry, decreasing Aj. The magnetically ordered volume
fraction, Fjy, can then be determined by comparing the asym-
metry ratio above and below the ordering temperature and
normalizing for the fraction of u*s stopping in the magnetic
layer.

Measurements were performed using u* implantation en-
ergies of 1 keV and 10.5 keV while cooling from 100 K to
5 K in a 10 mT applied magnetic field. As shown in the
simulated implantation profiles of Fig. 4(a), a large fraction
of 1 keV uts stop within the LNO, while 10.5 keV uts are
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FIG. 5. (a) Side view of the isosurface of the spin densities where blue (red) show the majority (minority) contributions for the
(LaNiOs3)s/(LaAlO3)4(111) SL. The corresponding layer-resolved PDOS is displayed in (b). (c) Spin-resolved band structures, blue/orange

denote majority/minority bands.

implanted almost exclusively into the LAO substrate. Fig-
ure 4(b) shows A(¢, T) at both 5 K and 100 K for 1 keV
uts. As the temperature is lowered, the oscillation decreases
in magnitude and decays more quickly, indicating higher mag-
netic volume fraction and u* depolarization rate, respectively.

Figure 4(c) shows a correlation between Fy(T) and the
saturated AHE resistance in 6 nm (111)LNO. Fj, increases
gradually below 50 K, and at the lowest temperature of 5 K,
Fy exceeds 90% and is still increasing, indicating that nearly
the entire 6 nm LNO film orders magnetically at a low
temperature. As expected, there is no notable temperature de-
pendence in the substrate. The depolarization rate experienced
by 1 keV uts increases sharply below 60 K, indicating a
magnetic transition, but does not return to the prior value as
expected. Instead, A plateaus briefly before increasing again
at 30 K. These two transitions match the AHE onset and hys-
teresis onset temperatures shown in Fig. 1(b). Alternatively,
this could be interpreted as a broad percolative transition,
although the distinct temperature regions previously identified
make this explanation less plausible. Further, the effective
field within the disordered regions of LNO [Fig. 4(d)] peaks
at approximately 50 K, indicating a transitory increase in
magnetic susceptibility.

To confirm the transverse-field LE-uSR results, we also
performed measurements in zero applied magnetic field as
shown in Fig. 4(e). Zero-field (ZF) LE-uSR measurements
require significantly longer count times than transverse field
measurements, but allow more definitive detection of mag-
netic transitions through precise determination of the muon
depolarization rate. In this case, we fit our asymmetry, after a
rapid initial decay, to a stretched exponential with the form

A(t, T) = Ag(T) (e~ Gor D"y, )

The interpretation of zero-field LE-uSR is complex and
subtle, especially in the present case where a large fraction of
the implanted p*s are either reflected from the surface or im-
planted into the nonmagnetic LaAlOj; substrate. Nevertheless,
it is expected that a magnetic transition will cause the fitted
zero-field depolarization rate (Azr) to peak on cooling through
a magnetic transition before then falling as the temperature

is further lowered. This is precisely the behavior observed in
Fig. 4(e), where Azr peaks at 20 K for an implantation energy
of 1 keV. At 5 keV, which mostly probes the LaAlOj3, there is
no statistically significant variation in Azr from 5 K to 20 K.
The ZF LE-uSR therefore indicates that the LaNiOj3 films are
in the middle of a magnetic transition that has largely been
completed by 5 K. This is in agreement with the transverse
field results that suggest the entire film is magnetically ordered
by 5 K.

Our results indicate that ultrathin (111)LNO/LAO films
gradually evolve from magnetic disorder above 55 K to a
fully magnetically ordered state at 5 K, with at least two
distinct temperature regimes i.e., 0 K to 30 K and 30 K
to 50 K. The low-temperature state is marked by twofold
symmetry within the (111) plane and large coercivity, while
the higher-temperature state is identified by a mix of twofold,
fourfold, and sixfold symmetry. Although the fully ordered
state exhibits a vanishingly small net magnetization, the ob-
servation of hysteresis in the MR, AMR, and AHE suggests
either a minority volume fraction exhibiting FM/FiM order or
a weakly canted AFM. In either case, we suspect that the two
observed temperature regions indicate either separate AFM
and FM/FiM ordering temperatures or an AFM to canted
AFM transition.

The highly strained region observed at the interface is an
excellent candidate for hosting magnetic states different from
the rest of the LNO film, and we posit that this modified
interface provides a net magnetization that evades detection
due to spatial localization and small magnitude. To identify
potential interfacial electronic and magnetic ground states,
we performed density functional theory calculations with a
Hubbard U term (DFT+4+U) of (LaNiO3)g/(LaAlO3)4(111)
superlattices where the lateral lattice parameter was fixed
to the one of LaAlOs to simulate epitaxial growth. Besides
the FM configuration, we examined three AFM configura-
tions between layers of the 8 u.c. LNO: AFM1 4, 1, 1+, 1, J,
bbb ARM2 4,1, L )4 1 L s and AFMS 4, 0L 1
), 1, | where 1 / | denote the relative orientation of mag-
netic moments (see SM).

The most favorable configuration corresponds to the AFM 1
system with two antialigned FM blocks of 4 ML each with P1
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symmetry. Both the spin-density and the layer-resolved pro-
jected density of states (PDOS) [see Figs. 5(a) and 5(b)] show
a tendency toward a layerwise disproportion at the Ni sites
with values ranging from —1.48up (IF1) to nearly quenched
in IF4 (—0.04 up), resulting in a ferrimagnetic state (FiM)
with a nearly quenched magnetization and a net magnetic
moment of 0.12 up per Ni site. This state is energetically more
stable by 0.5 eV, 0.73 eV, and 1.08 eV than the FM, AFM?2 and
AFM3 configurations (with alternating orientation of mag-
netic moments), respectively. For the AFM1 arrangement, the
spin-projected band structure [Fig. 5(c)] shows a set of two
dispersive majority and two minority bands crossing the Fermi
level which are mainly contributed from the interface layers
(IF1/TF2 and IF7/IF8) and lead to a metallic state. In contrast,
band gaps of 0.34 eV and 0.27 eV open for the AFM2 and
AFM3 cases, while a semimetallic band structure emerges
in the FM case. Hence, DFT + U calculations confirm that
a region of (111)LNO constrained through epitaxy is an
excellent candidate to stabilize the experimentally observed
AFM metallic state with a slight parasitic net magnetization.
These calculations consequently explain both the appearance
of AHE hysteresis and the vanishingly small net moment.

III. DISCUSSION AND CONCLUSIONS

(I111LNO films thus exhibit a fully magnetically or-
dered ground state with vanishingly small net magnetization
and evidence of multiple magnetic transitions, indicating a
complex magnetic order with the bulk of the (111)LNO
films being both AFM and metallic below approximately
50 K. Previously, Guo et al. presented neutron and sus-
ceptibility data supporting AFM ordering below 157 K in
LNO single crystals [34]. This work claimed high-quality,
metallic LNO single crystals, essentially free of Ni** impu-
rities, with G-type AFM and metallicity. However, extensive
follow-up experiments and theoretical studies have noted
that these observations are better explained by the pres-
ence of ordered oxygen vacancies [35-39]. Specifically,
AFM with similar transport properties and Néel tempera-
tures has also been observed in oxygen-deficient LaNiOs,
as well as in LaNiO,5 [35,36]. We note in particular the
challenge of characterizing the Ni valence in bulk crys-
tal samples using x-ray absorption measurements which
probe only a tiny fraction of the crystal volume near the
surface, as in Ref. [34]. Without a direct probe of the AFM-
ordered volume fraction or a volume-averaged Ni-valence,
excluding oxygen-deficient ordered vacancy phases is very
difficult.

On the other hand, total-electron yield x-ray absorption
measurements of our ultrathin films probe the entirety of the
film, so that there is nowhere for an oxygen-deficient phase
to hide. Further, the LE-uSR results show magnetic order
throughout the entire film, again leaving no portion of the film
in which oxygen-deficient AFM phases may evade detection.
Previously reported (Ref. [26]) and new (Fig. S10) x-ray ab-
sorption measurements demonstrate a dominant Ni** valence
in the bulk of the 6 nm thick films [30]. Further, no ordered
oxygen defect structures were observed in our STEM results,
nor in previous diffraction measurements [26]. Lastly, we note

that the 50 K to 60 K transition temperature reported here is
very far from the approximately 150 K transition reported in
bulk crystals. For all of these reasons, we may exclude the
possibility of domains of LaNiO, s surrounded by metallic
LNO. Rather, the AFM reported here appears to be an intrinsic
property of the unique (111)-oriented strain state induced in
our LNO films.

The phase diagrams of other bulk rare earth nickelates
are comprised of AFM insulating, paramagnetic insulating,
and nonmagnetic metallic regions. In rare earth nickelate thin
films other than LNO, AFM has been observed but with a
suppressed Néel temperature compared to their bulk counter-
parts; examples include EuNiOj3 [40], SmNiOj3 [41], NdNiO;3
[42], and PrNiOs [43]. Furthermore, AFM ordering induced
by charge transfer has been reported in multilayers of LNO
[44—49]. The reported (1/4 1/4 1/4) AFM order corresponds
to a fourfold rotational stacking of FM layers of LNO in
the (111) orientation, and such helical order can explain the
periodic modulation of the coupling through LNO between
FM manganite layers in (111)-oriented superlattices [44,49].
In these cases, the LNO remains insulating. The lone example
of a metallic AFM nickelate film has been achieved through
doping and exists in a narrow compositional band [13]. In
contrast, the (111)LNO AFM transition seen here appears to
be a true case of metallic AFM without doping or rare-earth
magnetism.

Previous reports examining magnetism on (111)LNO/LAO
have indicated the stabilization of ferromagnetism [25]; this
appears not to be the case. Rather, we come to the unexpected
determination that the majority of the film is in a metallic
AFM-ordered state, albeit with some indications of a weak
magnetization in a minority of the film volume. LE-uSR and
PNR measurements show the stabilization of long-range AFM
order below 50 K, while AHE and magnetotransport measure-
ments are consistent with an AFM metallic state below 50 K,
with hysteresis emerging below 30 K. The thinnest LNO films
exhibit insulating behavior while metallic behavior emerges in
thicker LNO films. Local structure as determined by 4DSTEM
shows a highly strained (111)LNO layer at the interface,
while DFT + U calculations identify this interface as a prime
candidate for hosting a modified metallic AFM state with
a small associated net moment. Specifically, we speculate
that this layer likely breaks symmetry in a way that yields a
vanishingly small parasitic net magnetization on the parent
AFM phase for the one to two monolayers of LNO closest to
the substrate interface. Lastly, we note that there have been
previous unexplained reports of anomalous thermopower and
magnetic susceptibility near approximately 50 K, which have
appeared intermittently in the study of both films and bulk
LNO [50,51]. It is possible that the hidden order suggested
by these works may correspond to the magnetic ground state
achieved in our (111)LNO/LAO. The existence of these mul-
tiple potential AFM states can explain the observed order and
hysteresis, while also supporting a vanishingly small net mag-
netization. Evidence of AFM metallic behavior in (111)LNO
films highlights the role of crystal symmetry in revealing and
tuning the rare AFM metallic state in complex oxide materials
via epitaxial strain, expanding the materials phase space that
can be exploited in future oxide electronic applications.
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IV. METHODS
A. Synthesis

(111)-oriented LaNiOj3 thin films were grown using pulsed
laser deposition on LaAlOjz substrates at 7 = 780 °C and
Po, = 20 mTorr (2.7 Pa) with a 248-nm KrF laser operating
at a fluence of 0.8J/cm?. Films ranged in thickness from
2 nm to 38 nm. These thin films were grown on 0.5 mm
thick LaAlO3 (111) single-crystal substrates. For our (111)-
oriented films, one unit cell is defined as the distance between
(111) planes or dy; = aLNo/\/g =2.23 A where arnNo 18 the
pseudocubic lattice parameter of LaNiOj3. To achieve smooth
films, we used interval pulsed laser deposition, where 1 unit
cell worth of material is deposited quickly (10 Hz) and the
deposition is paused until the in sifu reflective high energy
electron diffraction (RHEED) signal intensity recovers and
stabilizes. Thin film surface morphology was characterized
with atomic force microscopy (AFM) and showed a low RMS
roughness (0.064 nm to 0.285 nm). Averaged structure and
film thickness were confirmed by x-ray diffraction (XRD) and
x-ray reflectivity (XRR). AuPd capping of the PNR sample
shown in the main text was performed ex situ after growth in
a room-temperature chamber in order to avoid modifications
to the strain state of the LNO film.

B. Transport Measurements

Magnetotransport measurements were performed using a
Quantum Design Physical Property Measurement System. For
magnetoresistance and Hall measurements, films were pat-
terned into a Hall bar structure using photolithography and
Ar ion milling. Contact pads were deposited via sputtering
using an AugePdg4 target. Hall bars of two different in-
plane orientations—with current along the [110] and [112]
directions—were compared, with no observed difference in
either magnetoresistance or Hall effect for a field along the
out-of-plane [111] direction. Due to a slight misalignment
of contacts, the R,, measurement contains some contribution
from R,, and a quadratic background contribution due to
the magnetoresistance was subtracted. A linear ordinary Hall
effect signal was then subtracted to extract the anomalous Hall
contribution. The AHE measurements as shown in Fig. 1(c)
were normalized by the average presymmetrized values of R,
for each measurement.

Anisotropic magnetoresistance (AMR) measurements
were performed using a horizontal sample rotator insert to
vary the field direction within the film plane. Here, ¢ =0
is defined as a field along the current direction of [110].
Scans were performed for both increasing and decreasing ¢,
as shown in Fig. 2(b) of the main text. This AMR signal was
then symmetrized by averaging the ascending and descending
branches to remove hysteresis, as shown in Fig. 2(a), prior
to frequency analysis. All samples were field cooled in an
H = 9T field.

C. Polarized Neutron Reflectivity

Polarized neutron reflectometry (PNR) measurements were
taken at the Polarized Beam Reflectometer (PBR) and
CHRNS Chromatic Analysis Neutron Diffractometer or Re-
flectometer (CANDOR) instruments at the NIST Center for

Neutron Research and the Magnetism Reflectometer on beam-
line BL4-A at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory. On BL4-A, samples were cooled
to 10 K in an applied field of 4.8 T in-plane in the [110]
direction. Incident and scattered neutrons were polarized ei-
ther spin-up or spin-down with respect to the applied magnetic
field. Due to the large applied field, the difference in trajec-
tories between spin-up and spin-down neutrons allows us to
determine the polarization of scattered neutrons using the 2D
detector rather than a polarization analyzer.

The specular reflectivity of spin-polarized neutrons is de-
pendent on the depth profile of the sample magnetization
parallel to the applied field, as well as the depth profile
of the nuclear composition. Subtracting and normalizing the
two non-spin-flip reflectivities, R** and R~ yields the spin
asymmetry (SA), which is sensitive to the magnetization par-
allel to the applied field. Fitting for PNR measurements was
done using Refl1D software package [52] to simulate reflec-
tivity from a slab model. Due to the small magnetic signal,
an alternative approach to polarized neutron data reduction
and fitting was performed to reduce the uncertainty due to ex-
perimentally measured instrumental corrections. Rather than
fitting the individual polarization cross sections (R*+(Q) and
R™7(Q)) simultaneously, a change of basis was performed
on the simulated curves in order to fit spin asymmetry and
average reflectivity directly. Spin asymmetry (SA = gi;g: )
was calculated directly for each wavelength and detector
angle, then combined into constant-wavelength bins. This
analysis avoids the introduction of unnecessary statistical and
experimental errors in normalizing by the measured incident
wavelength spectrum. The average reflectivity R = %
was calculated by exploiting the position-sensitivity of the
neutron detector to combine counts into constant-Q bins.
These two quantities SA(Q(X, 6)) and R(Q(, )) were then
fit simultaneously using x> minimization.

Additional PNR measurements were performed at both the
PBR and the (CANDOR) beamlines at the NIST Center for
Neutron Research. Measurements at the PBR, taken at 6 K un-
der 2.5 T in-plane applied field, used a 4.75 A monochromated
and polarized incident beam with polarization analysis. Mea-
surements at CANDOR, taken at 30 K under 0.7 T in-plane
applied field, used a polarized incident beam of wavelengths
in the range of 4 A to 6 A. PBR and CANDOR data were
reduced using the reductus software package [53]. These data
were refined simultaneously with the data taken on BL-4A,
using identical structures—aside from any surface adsorbates
which can vary depending on sample handling and cooling—
to obtain strict bounds on the magnetization profile.

D. Low-Energy Muon Spin Relaxation

Low-energy muon spin relaxation measurements were per-
formed at the Low-Energy Muon (LEM) beamline at the
Swiss Muon Source (SuS), Paul Scherrer Institute, Switzer-
land [54,55]. Measurements were taken on a mosaic of four
identical 5 mm x 10 mm samples between 5 K and 100 K
with an applied field of 10 mT out-of-plane. The samples were
cooled in a helium-flow cryostat (CryoVac, Konti). Muon
implantation energy was varied between 1 keV and 10.5 keV
to probe different regions of the sample. Measurements were
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analyzed using musrfit [56]. The magnetically ordered volume
fraction of the (111)LNO was calculated using

AT\ 1
)vap

Fy(T) = <1 - ; 3

Aahove
where A pove 1S the asymmetry above the suspected magnetic
transition temperature, and Fy,, represents the fraction of the
muons stopping within the film.

Zero-field measurements were taken on the same samples
after a degaussing of the magnet, and the muon spin-
polarization asymmetry was fit to a combination of a rapid
decay with a Gaussian lineshape and a slower stretched expo-
nential function, as described in the main text.

Here, we note that there are significant differences between
bulk 1SR measurements, which implant very high-energy
(4 MeV) muons, and LE-u SR, which generally utilizes muons
with kinetic energies between 1 keV and 30 keV. Because of
the lower muon velocity in LE-uSR, there is a much wider
spread in the muon arrival times, so that oscillations of a muon
that are significantly faster than the width of the distribution of
muon implantation times will not appear in the data [57,58].
As discussed in the main text, LE-u SR therefore has a much
lower inherent time resolution than measurements utilizing 4
MeV muons.

One associated limitation of the technique is the require-
ment that measurements be performed in a weak applied field
in order to observe asymmetry oscillations. Relying on the
internal magnetic order of the system, as in Ref. [59], will
yield no useful signal. Instead, the fraction of muons stop-
ping in a magnetically ordered region of the film is probed
inversely using measurements in a weak applied transverse
magnetic field which induced precession at a detectable fre-
quency. Muons stopped in a magnetically ordered region do
not contribute to the asymmetry signal, such that normalizing
to a high-temperature nonmagnetic background allows Fy, to
be calculated. In this way, it has been robustly demonstrated
that weak transverse-field LE-uSR may be used to track Fy,
[60]. Further, zero-field LE-uSR is demonstrated to be sen-
sitive to changes in magnetic order even in very thin films,
although the information can be more challenging to extract
[61].

E. Scanning Transmission Transmission Electron Microscopy

Scanning transmission electron microscopy (STEM) ex-
periments were performed at the Material Measurement
Laboratory at the National Institute of Standards and Tech-
nology using a Thermo Fisher Titan 80 to 300 keV (S)TEM
instrument operating with a primary beam energy of 300
keV. High-resolution annular dark field (ADF) images were
acquired using a Fischione high-angle annual dark field
(HAADF) detector with a convergence semi-angle of 24 mrad
and an inner collection semi-angle of approximately 60 mrad.
To obtain a high signal-to-noise image with minimal specimen
drift, 12 to 15 scans taken with a dwell time of 1 us per pixel
were acquired, aligned via cross-correlation, and averaged to
form a single image.

The strain maps were created by scanning nanobeam
electron diffraction measurements. Diffraction patterns were
collected at each point in the scan using a Merlin Medipix

3RX from Quantum Detectors. The acquisition time for each
pattern was 2 ms and the pixel size of the scan was 1 nm. To
extract lattice parameters and strain maps, the Fourier trans-
form of the logarithm of the diffracted spots was calculated,
following the exit wave power cepstrum (EWPC) method as
described in Ref. [62].

F. Density Functional Theory calculations

The DFT+U calculations on (LaNiO3)y/(LaAlO3)(111)
were carried out with the Vienna ab initio Simulation Pack-
age (VASP) [63] code using the projector augmented wave
method [64]. The generalized gradient approximation (GGA)
of Perdew, Burke, and Ernzerhof has been applied for the
exchange-correlation functional with an on-site Coulomb re-
pulsion parameter considered within the GGA+U approach to
take into account the static local electronic correlations with
U = 5 eV and Hund’s exchange parameter of J/ = 0.7 eV (Ni
3d) and U = 8 eV (La4f). We used the approach of Dudarev
et al. [65], which considers U,;r = U — J. The lateral lattice
constant is fixed to apao = 3.79 A, corresponding to an
epitaxial growth on an LAO(111) substrate used in the exper-
iments. The simulation cell of the perovskite-derived SL [see
Fig. 5(a)] contains 120 atoms (24 La, 72 oxygens, eight Al,
and 16 Ni cations). The calculations were performed using a I'
centered k-point mesh of 4 x 8 x 2 and the plane-wave cutoff
energy was fixed to 500 eV. The lattice parameter ¢ and the
atomic positions were optimized until the Hellman-Feynman
forces were less than 10 meV/A. Due to the large supercell
size used for DFT calculations, spin-orbit interactions were
not considered.
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