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Interfacial charge transfer and its impact on transport
properties of LaNiOs/LaFeOs superlattices

Le Wang1*'r, Zhifei Yangz’31', Krishna Prasad Koirala', Mark E. Bowden', John W. Freeland®,
Peter V. Sushko’, Cheng-Tai Kuo®, Scott A. Chambers’, Chongmin Wangﬁ,

Bharat Jalan?, Yingge Du'*

Charge transfer or redistribution at oxide heterointerfaces is a critical phenomenon, often leading to remarkable
properties such as two-dimensional electron gas and interfacial ferromagnetism. Despite studies on LaNiO3/
LaFeOs; superlattices and heterostructures, the direction and magnitude of the charge transfer remain debated,
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with some suggesting no charge transfer due to the high stability of Fe3* (3d°). Here, we synthesized a series of
epitaxial LaNiO3z/LaFeOj; superlattices and demonstrated partial (up to ~0.5 e /interface unit cell) charge transfer
from Fe to Ni near the interface, supported by density functional theory simulations and spectroscopic evidence
of changes in Ni and Fe oxidation states. The electron transfer from LaFeOs to LaNiO3 and the subsequent rear-
rangement of the Fe 3d band create an unexpected metallic ground state within the LaFeOs layer, strongly influ-
encing the in-plane transport properties across the superlattice. Moreover, we establish a direct correlation
between interfacial charge transfer and in-plane electrical transport properties, providing insights for designing

functional oxide heterostructures with emerging properties.

INTRODUCTION
ABOjs-type perovskite transition metal oxides (TMOs) exhibit numer-
ous fascinating properties, including ferroelectricity, ferromagnetism,
superconductivity, and adjustable electrical, optical, and catalytic
functionalities, making them invaluable for diverse applications in
electronics, energy conversion, and catalysis (1-4). Advances in thin-
film growth methodologies, such as pulsed laser deposition and mo-
lecular beam epitaxy (MBE), synthesize junctions of two structurally
similar but electronically distinct TMOs and form sharp heterointer-
faces with atomic precision. These heterointerfaces often display ex-
otic properties not observed in bulk materials due to the intricate
interplay between charge, spin, orbital, and lattice order (5-8). Among
various interfacial effects, charge transfer or redistribution is a com-
mon but important one, resulting in remarkable emergent properties,
including two-dimensional (2D) electron gas and hole gas formation
at the LaAlO3/SrTiO5; (STO) interface (9, 10), exchange bias at the
LaMnO3/LaNiOjs interface (11, 12), interfacial ferromagnetism at the
SrMnO5/SrIrO3 and CaRuO5/LaNiOj; interfaces (13, 14), and unex-
pected magnetic anisotropy at the La;_,SryMnQOj3/SrIrO; interface
(15). Thus, understanding and controlling these charge transfer pro-
cesses are essential for unlocking the full potential of oxide heteroin-
terfaces in advanced technological applications.

Since the oxygen (O) sublattice is continuous across the inter-
face, a simple electronic structural model in which the O 2p
bands are aligned at the interface has been proposed to predict
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the direction and relative magnitude of interfacial charge trans-
fer (16, 17). According to this model, the energy difference be-
tween the O 2p band center (gp) and the Fermi level (E) of bulk
components emerges as a critical parameter in determining the
charge transfer dynamics (17). Specifically, electrons are expect-
ed to hop from compounds with more negative €,-E to those
with less negative g,-Ep. This prediction has been observed in
various heterointerfaces involving 3d/3d and 3d/5d TMO sys-
tems, which typically share the same A-site element but feature
different B-site elements, such as LaTiOs;/LaFeO3; (LTO/LFO)
(18, 19), LaTiO3/LaCoOj3 (20, 21), LaTiO3/LaNiO3 (LTO/LNO)
(22, 23), LaMnO3/LaNiO; (11, 24-26), StVO3/SrMnQO3; (27), and
SrMnQ3/SrIrO; (13, 28). Moreover, the degree of charge transfer
has been connected to the values of band offsets at the heteroin-
terfaces (17). For example, nominally complete charge transfer
from Ti to Ni has been demonstrated at the LTO/LNO interface
due to the system exhibiting the largest band offset among all
those involving first-row 3d TM elements at the B sites (23, 29),
leading to an emergent quasi-2D antiferromagnetic order with
high magnetic exchange correlations (30). Similarly, electron transfer
up to 1.2 + 0.2 e /interface unit cell (u.c.) from Ti to Fe and the
rearrangement of the Fe 3d bands have been observed at the LTO/
LFO interface, resulting in a nonmagnetic band insulator inter-
face phase (18).

In this work, we investigate charge transfer from Fe to Ni at the
LNO/LFO interface. Bulk LNO is a paramagnetic metal, while bulk
LFO is an antiferromagnetic charge transfer insulator. Compared to
LTO/LNO and LTO/LFO systems, the LNO/LFO heterostructure
exhibits a relatively smaller band offset (16, 17). According to the O
2p band-alignment model (17), partial charge transfer from Fe to Ni
is expected near the LNO/LFO interface. However, on the basis of
the ionic bonding paradigm, no charge transfer should occur, as
Fe’* in LFO is considered as a highly stable 3d” system with a half-
filled 3d orbital (31, 32). Recent experimental studies support the
latter model, where no such charge transfer was observed at the
LNO/LFO heterostructures (33-35).
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Contrary to this, our previous study on LaNi,_,Fe,O3; (LNFO)
solid solutions showed that Fe substitution for Ni in LNO in-
duced partial electron transfer from Fe to Ni sites, leading to
oxidation states of Ni*~® and Fe’™® (36). The presence of Fe**?
cationic species in LNFO effectively increases the total TM 3d
bandwidth via Ni-O-Fe bridges and enhances TM 3d-O 2p hy-
bridization, thereby boosting the electrochemical activity. Unlike
the random distribution of Fe in LNFO solid solutions, Fe is con-
fined to LFO layers in LNO/LFO superlattices (SLs). Thus, deter-
mining the sign and magnitude of the charge transfer in these
heterostructures is crucial for elucidating the impact of cation
distribution near the surface on electronic states and related
electrochemical properties.

Here, we present direct evidence of charge transfer from Fe to Ni
at the LNO/LFO heterointerfaces. Our study integrates density func-
tional theory (DFT) calculations with various spectroscopic tech-
niques including in situ x-ray photoemission spectroscopy (XPS), ex
situ x-ray absorption spectroscopy (XAS), and layer-resolved elec-
tron energy loss spectroscopy (EELS). Through these combined
analyses, we conclude that electron transfer up to 0.5 e”/interface u.c.
from Fe to Ni occurs in these LNO/LFO SLs, as evidenced by spec-
troscopically determined changes in the Ni and Fe oxidation states
within the (LNO)3/(LFO),, SLs (where 3 and m denote the number
of u.c. for LNO and LFO, respectively). Furthermore, our analysis of
the in-plane electrical transport data establishes a quantitative rela-
tionship between the magnitude of interfacial charge transfer and the
corresponding changes in sheet resistance for (LNO)3/(LFO),, SLs.
These findings provide insights into the precise control of Ni and Fe
oxidation states through heterointerface structural manipulation,
which in turn hold substantial implications for designing and opti-
mizing electronic and energy-related devices.

RESULTS

Interfacial charge transfer from Fe to Ni predicted by DFT

To theoretically model charge transfer at the LNO/LFO interface, we
conducted DFT calculations on bulk LNO, bulk LFO, and an (LNO)3/
(LFO); SL, all epitaxially strained to STO(001) substrates. A-type
and G-type antiferromagnetic order was assumed for LNO and LFO,
respectively (18, 37, 38). The calculated geometrical structure for the
(LNO)3/(LFO); SLis illustrated in Fig. 1A. Figure 1B shows the den-
sity of states (DOS) projected onto atomic orbitals in layers contain-
ing BO; planes for bulk LNO (top), bulk LFO (bottom), and the
(LNO)3/(LFO); SL (middle). Figure S1 displays the DOS projected
in the O 2p, Fe s, p, e, and t, orbitals, and Ni s, p, eg, and tg orbitals
for bulk LFO and bulk LNO. Vertical black dash-dot lines and red
dashed lines indicate the positions of Er and &, respectively. Without
introducing the Hubbard correction term (U), bulk LNO shows me-
tallic behavior with nonzero Ni 3d DOS across Ef, consistent with
experimental data. In contrast, bulk LFO exhibits a small gap, consis-
tent with its insulating ground state. Analysis of the projected DOS
(pDOS) allows us to generate the schematic band diagrams (Fig. 1C)
and determine the energy difference between €, and Er. for bulk LFO
and bulk LNO. Specifically, we find that the ep-Ep values are —3.4 and
—3.1 eV for bulk LFO and bulk LNO, respectively. This difference
suggests that if we align the g, values, as is customary due to the
continuity of the O sublattice across the interface, the Ez mismatch
(AEg) between these two bulk phases is ~0.3 eV. Epitaxial strain,
which strongly influences octahedral rotations in complex oxides
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Fig. 1. DFT calculation results. (A) Side view of the optimized geometrical structure
of the (LNO)3/(LFO), (m = 1) SL. (B) Calculated DOS projected on the BO; layers (green
for NiO, and purple for FeO,) and O 2p states (red lines) and the neighboring AO layers.
The Fermi level (E) is labeled by a vertical black dash-dot line. The center of O 2p states
(ep) is marked by a vertical red line. a.u., atomic unit. (C) Schematic of the energy bands
before the formation of the LNO/LFO heterointerface. The blue arrows in (A) and (C)
indicate the direction of interfacial charge (electron) transfer from Fe to Ni sites.

(39, 40), can alter the orbital overlap and shift the energy levels (41—
43), thereby affecting €,-Er values in both phase-pure LNO and LFO
films as well as the AEg value for LNO/LFO heterointerfaces. We ob-
serve that AEg increases to ~0.6 eV when the substrate is changed
from STO to (LaAlO3)q3(SryAlTaOg)g 7 (LSAT), which has a smaller
lattice parameter than STO. This increase in AEy is indicative of the
impact of strain on the charge transfer across the heterointerface and
the resulting in-plane transport properties of the SL. Since Er must
be constant across heterostructures at equilibrium, we anticipate
electron transfer from the occupied Fe 3d eg-O 2p hybridized band
to the unoccupied Ni 3d e,-O 2p hybridized band (marked by the
blue arrow in Fig. 1C) during the formation of the LNO/LFO hetero-
structure. This expectation is supported by our DFT findings for the
(LNO);/(LFO); SL. As seen in Fig. 1B, the top occupied Fe 3d e,
bands in bulk LFO (marked by the black arrow at ~8 eV) are par-
tially depleted in the (LNO);/(LFO); SL. This electron depletion is
accompanied by a downward shift of the FeO, layer pDOS relative to
that of bulk LFO (marked by the black arrow at ~1.2 eV), suggesting
an increase in the Fe formal charge in the SL. Furthermore, we ob-
served an upward shift for all NiO, layer pDOS in the (LNO)s/
(LFO), SL compared to bulk LNO, indicating that the Ni cation
charge decreases relative to that in the bulk LNO and that the elec-
tron transfer occurs over all 3-u.c. LNO. These observations align
with the scenario of charge transfer from LFO to LNO, consistent
with the O 2p band-alignment procedure (17). Moreover, our DFT
calculations reveal the presence of a metallic interfacial LFO layer
(Fig. 1B) as a result of electron transfer from LFO to LNO and the
subsequent rearrangement of the Fe 3d band. This finding indicates
the formation of a new ground state within the LFO layer, which
could have a notable impact on the in-plane transport properties of
the SL—a topic we will discuss in detail later.
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Moreover, Fig. 1B clearly indicates a high degree of hybridization
between both Ni and Fe 3d orbitals and O 2p orbitals in the BO,
layers within LNO and LFO, respectively. Thus, the actual charges
on the Ni and Fe cations in bulk LNO and LFO are not the 3+ for-
mal charge values generated by the ionic model (see fig. S2). The
same is true for the SL according to Fig. 1B. However, we use the
formal charge designations 3 + & and 3 — d throughout the discus-
sion of charge transfer below as a convenience in our electron count-
ing but not to designate the actual cationic charges.

Synthesis and characterization of the [(LNO)3/(LFO),,]« SLs

To investigate charge transfer experimentally, we synthesized phase-
pure 22-u.c.-thick LNO and 39-u.c.-thick LFO films, along with a
series of [(LNO);/(LFO),,]x SLs on (001)-oriented STO substrates
using oxygen plasma-assisted MBE. Details of the growth are de-
scribed in Materials and Methods. In situ reflection high-energy
electron diffraction (RHEED) was used for real-time monitoring
of film growth and surface structure/morphology. Figure 2A dis-
plays the growth sequence for [(LNO)3/(LFO),,]i SLs terminated with
3 u.c. of LNO, where k was fixed at 6 and m was varied from 1 to 8.
RHEED patterns (fig. S3A) exhibit sharp, bright, and unmodulated
streaks, revealing the epitaxial nature of the as-grown films with
smooth surfaces. Atomic force microscopy (AFM) measurements
(see the inset in Fig. 2B) further confirm the atomically smooth film
surfaces with well-defined step terrace structures. In Fig. 2B, a rep-
resentative x-ray reflectivity plot of the m = 5 SL reveals good agree-
ment in the multilayer structure between experimental data and
simulations, suggesting that the SLs maintain the targeted structures

described in Fig. 2A. X-ray diffraction (XRD) patterns (fig. S3B) ex-
hibit distinct Bragg peaks and thickness oscillation fringes, further
indicating good crystallinity and planar morphology. Figure 2C shows
XRD 0-20 scans near the (003) reflection for all these samples. Re-
ciprocal space mapping data (Fig. 2D) confirm that all as-grown sam-
ples were coherently strained to the STO substrate. The SL Bragg angle
shifts to a lower 26 value with increasing m, indicating an increase in
the average out-of-plane lattice parameter (c) (Fig. 2E). As expected, the
c value for the m = 8 SL approaches that of the phase-pure LFO film.

In situ XPS and ex situ XAS

To determine the B-site cation charges in these SLs, we conducted
both in situ XPS and ex situ XAS measurements. XPS survey (fig.
S4) revealed a substantial overlap between Ni 2p and La 3d features,
as well as between Fe 2p and Ni LMM Auger peaks. Thus, Ni 3p and
Fe 3p core-level spectra were used to determine changes in the for-
mal charges of Ni and Fe in these SLs relative to those for films of
the phase-pure materials. All spectra were shifted in energy, so the
associated O 1s peaks fall at 530.0 eV. Figure 3A shows the Ni 3p
spectra of the (LNO)3/(LFO),, SLs, the phase-pure LNO (N ref-
erence) film, and a NiO (Ni*" reference) film (44). Compared to the
Ni’* reference spectra, the lower Ni 3p binding energy observed for
all (LNO)3/(LFO),, SLs indicates a Ni formal charge less than 3+.
In contrast, the Fe 3p peaks for all (LNO)3/(LFO),, SLs shift toward
higher binding energy relative to the phase-pure LFO (Fe’* refer-
ence) spectrum (Fig. 3B), indicating a Fe formal charge higher than
3+. Using nominal Ni**, Ni’*, Fe’*, and Fe'" reference data, we
quantify the Ni and Fe formal charges by calculating the binding
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Fig. 2. Synthesis and characterization of [(LNO)3;/(LFO),lx SLs. (A) Schematic of the deposition sequence for these SLs. (B) X-ray reflectivity data and theoretical fit of
an m =5 SL, showing total thickness fringes as well as first- and second-order SL reflections (marked by black arrows). The inset displays a representative AFM image for
the as-grown m =5 SL on STO(001). The scan size is 5 pm by 5 pm. (C) Experimental XRD 8-20 scans near the (003) reflection for the pure LNO film, (LNO);/(LFO), SLs, and
the pure LFO film. Red arrows indicate the main peaks for the SLs and films.“*” denotes the peak position of the STO substrate. (D) Reciprocal space maps near the (103)
reflection of the substrate confirm coherent strain states. (E) Average out-of-plane lattice parameter (c) for the SLs as a function of m (LFO layer thickness).
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Fig. 3. In situ XPS and ex situ XAS results. The reference spectra for Fe** and Ni* were measured using oxygen plasma-annealed SrFe**03 and as-grown NiZ*O films,
respectively. In situ Ni 3p (A) and Fe 3p (B) XPS. As a guide to the eye, we mark the Ni (Fe) 3p binding energy for the LaNiOs (LaFeOs) film as a dashed green (purple) line.
For comparison with SLs, we replot the Ni (Fe) 3p XPS spectra of the LaNiO3 (LaFeOs) film as dashed lines. (C) Fe L3-edge XAS. (D) Spectroscopically determined B-site

cation formal charges as a function of m in (LNO)3/(LFO), SLs. Open (closed) squares

are for Fe, and circles are for Ni and were taken from L-edge XAS (3p XPS). (E) VB XPS

of the 22-u.c.-thick LaNiO3 film grown on STO(001) and 39-u.c.-thick LaFeOs film grown on Nb-STO(001). The intensity was normalized to the area of the binding energy
region of —2 to 10 eV. O 2p states (peaks A and B) and TM 3d states (peak C) are indicated schematically. Raw data are shown as open dots, while the fitting spectra are
represented as blue lines. Dark red dashed lines denote the center of peak B. E¢ is labeled by a vertical black dash-dot line.

energy shifts in the Ni 3p and Fe 3p spectra (fig. S5) (36). The re-
sults are represented by closed circles (for Ni) and squares (for Fe)
in Fig. 3D.

To assess €p- Er values experimentally, we examined the electron-
ic structure of phase-pure LNO and LFO films in detail using va-
lence band (VB) spectroscopy (Fig. 3E). The binding energy scale is
accurate in an absolute sense, as no charging was observed during in
situ XPS measurements. Both VB structures consist of bonding O
2p states (peak A), nonbonding O 2p states (peak B), and TM 3d
states (peak C). After Shirley background subtraction, Voigt func-
tions were used to fit the VB spectra. We determined the positions
of the nonbonding O 2p states (Eogp, relative to Er) to be —3.7 eV for
LFO and —2.3 eV for LNO, consistent with previous studies (45, 46)
and our DFT results shown in Fig. 1.

The formal charge changes determined using XPS were corrobo-
rated by XAS measurements collected in total fluorescence yield
(TFY) mode at the Ni and Fe L-edges. Figure S6A compares the Ni
L,-edge spectra for the (LNO)3/(LFO),, SLs with those of Ni** and
Ni** reference materials. Notably, the shapes of the Ni L,-edge spec-
tra for the (LNO)3/(LFO),, SLs deviate from that of the phase-pure
LNO film, exhibiting a double-peak structure and suggesting a mix
of Ni** and Ni’* features in the SLs. Model spectra consisting of a
linear combination of Ni** and Ni** reference spectra align well with
the experimentally measured SL spectra (fig. S6A), facilitating the
quantification of the average Ni formal charge in (LNO);/(LFO),,
SLs. In addition, although the Fe L;-edge spectra of (LNO)3/(LFO),,
SLs exhibit peak shapes similar to that of pure LFO, the broader Fe
Ls-edge spectra (as shown in Fig. 3C) indicate a formal Fe charge
greater than 3+ (36). To estimate the Fe formal charge in (LNO);/
(LFO),, SLs, fitting based on linear combinations of Fe** and Fe''
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reference spectra was used. The resulting peak widths match the ex-
perimental data very well (fig. S6B). The formal charges deduced for
Ni and Fe on the basis of Ni L,-edge and Fe L;-edge XAS spectra are
also displayed in Fig. 3D as open circles (for Ni) and squares (for Fe).
Together, our XPS and XAS measurements provide a consistent picture
of electron transfer from Fe to Ni at the interface, resulting in the reduc-
tion of Ni formal charge and the increase in Fe formal charge in these
(LNO)3/(LFO),, SLs, in agreement with our DFT prediction (Fig. 1).

Layer-resolved Fe oxidation states through EELS

Layer-resolved EELS was used to establish the spatial extent of electron
transfer at the LNO/LFO interface. The left panel of Fig. 4A shows an
atomically resolved, high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image of a represen-
tative m = 5 SL, viewed along the [100] direction. The right panel of
Fig. 4A presents atomically resolved energy-dispersive spectroscopy
maps, illustrating the elemental distributions of La (brown), Ni (green),
Fe (purple), Sr (blue), and Ti (yellow) across the interface. A TiO,-
terminated STO surface is clearly visible at the film/substrate inter-
face. Within the m = 5 SL, we observe limited Fe/Ni cation intermixing
spanning ~1 u.c., as also confirmed in the m = 1 SL shown in fig. S7,
comparable with findings from other epitaxial oxide interfaces (47-
50). Because of the notable overlap between La M-edge and Ni L-
edge EELS signals, our analysis primarily focuses on the Fe L-edge
EELS results, which were conducted within an energy loss range of
690 to 740 eV, to examine variations in the Fe L-edge across the
LNO/LFO interface. Fe L, 3-edge EELS spectra measured at various
locations (marked by black arrows in Fig. 4A) across the LNO/LFO
interface are depicted with different colored lines in Fig. 4B. Compared
to the phase-pure LFO film, the Fe L;-edge EELS spectrum of the
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Fig. 4. STEM-EELS results. (A) HAADF-STEM image of the m = 5 SL and corresponding energy-dispersive spectroscopy maps. The black arrows point out which layer the
corresponding EELS signal was taken from. (B) Layer-resolved EELS spectra of the Fe L-edge. The Ni L-edge spectra were not shown due to the strong overlap with the La
My s-edge. The black dashed line denotes the Fe L3-edge peak position of bulk LFO. (C) Fe L/L; ratio as a function of each Fe layer in the m =5 SL.

interfacial layers (layers 1 and 5) appears broader with a less well-
resolved double-peak feature, suggesting that the Fe formal charge
is higher than Fe’*. Moreover, the observed energy shift (~0.3 eV) of
the Fe L3-edge relative to the phase-pure LFO also points to Fe in the
interfacial layers having a formal charge higher than 3+. Looking
next at the middle layer 3, the Fe L;-edge displays a smaller energy
shift and a clearer double-peak feature, indicating a lower Fe formal
charge than is found in the interfacial LFO layers. Previous studies
have demonstrated that the ratio of the integrated EELS intensities
under the Ls- and L,-edges can serve as a reliable indicator of the Fe
valence (19, 51, 52). Typically, the Ls/L, ratio decreases with increas-
ing formal charge from Fe** to Fe* (52), a trend also verified by our
Fe L-edge XAS results for LaFe** 05 and SrFe*tO; reference materi-
als (fig. S8). From the EELS data, we extract the Fe Ls/L, ratio for
each LFO layer of the m = 5 SL. As summarized in Fig. 4C, the Fe
Ls/L, ratio for each LFO layer was found to be smaller than that of
pure LFO (~5.1), suggesting a formal charge higher than Fe’* for each
LFO layer. In addition, the volcano shape of the L3/L, ratios across
5-u.c. LFO indicates a decrease in Fe formal charge from the inter-
face layer to the middle layer. Consequently, the Fe L-edge EELS re-
sults provide strong evidence of Fe oxidation from Fe** in the bulk to
a mixture of Fe’* and Fe** at the interface. This indicates that electron
transfer from Fe to Ni occurs at the LNO/LFO interface and spreads
over at least 2 u.c., consistent with previously reported characteristic
length (2 to 3 u.c.) of charge transfer at oxide heterostructures (53, 54).

Impact of charge transfer on in-plane electrical transport

To characterize the electrical properties of the SLs, we measured the
sheet resistance (Rg) of the samples. As shown in Fig. 2A, the SL struc-
ture consists of seven layers of 3-u.c. LNO and six layers of m-u.c. LFO
(where m = 1, 2, 3, 5, and 8). Considering the charge transfer at the
LNO/LFO interface, the resistance contribution from each layer can be
simplified as shown in Fig. 5A, where R}, represents the sheet resis-
tance of 3-u.c. LNO after charge transfer, R .. ) denotes the sheet resis-
tance of the m-u.c. LFO after charge transfer, and R; ... represents
the sheet resistance of the interfacial layer formed due to charge transfer
from LFO to LNO. Note that R, and Ry ., are, in principle, different
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from the intrinsic sheet resistance of 3-u.c. LNO and m-u.c. LFO, re-
spectively, due to the charge transfer at the interface. Thus, the mea-
sured sheet resistance can be assumed to be the effective resistance of
these individual layer sheet resistances in a parallel circuit. This simpli-
fied picture of resistance contribution can help us qualitatively under-
stand the impact of interfacial charge transfer on transport behaviors.

Figure 5B presents the measured R versus temperature (Rg-T) re-
lationships for these SLs, along with the Rg-T curve of the 22-u.c.-thick
phase-pure LNO film (considered as the m = 0 case) for comparison.
The sheet resistance was measured using the Van der Pauw geometry.
As m increases, the sheet resistance of the samples also gradually in-
creases. For m ranging from 0 to 5, the samples exhibit metallic be-
havior (dRs/dT > 0) at high temperatures (T > 200 K). An upturn in
Rg as the temperature decreases is also observed with increasing m.
The temperature at which the upturn occurs rises with increasing m,
as illustrated by the arrows in fig. S9, which plots average resistivity
(p) as a function of temperature using the total thickness of the SLs.
This upturn could be attributed to the localization effect or the in-
creasing contribution from intrinsic LFO layers as their thickness in-
creases. For m = 8, the sample exhibits insulating-like behavior (dRs/
dT < 0), and the sheet resistance crosses the quantum resistance
threshold (h/e® ~ 25.8 kilohms, where /4 is PlancK’s constant and e is
the electron charge) at low temperatures. Furthermore, Hall measure-
ments on both the 22-u.c. phase-pure LNO film and the SLs (fig. S10)
indicate p-type conduction with holes as the majority carriers.

In Fig. 5C, we plot the measured conductance (G = 1/Rs) of the
samples as a function of m at various temperatures. We define three
regions in the plot (represented by a color gradient): small m (m <
3), large m (m = 8), and an intermediate range (m = 5). At first
glance, G appears to decrease with increasing m, likely due to the
increasing influence of the thicker intrinsic LFO layers. To quantita-
tively understand the contribution of each layer to the overall con-
ductance, we use the analysis illustrated in Fig. 5A, where G can be
characterized by the following formula

1 7 2 1
+ + n X 6
Rinterface RLFO

G=—= 7
RLNO

(1)
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Fig. 5. In-plane transport data. (A) Proposed schematic of the SL structure with resistance contributions from different layers to the overall sheet resistance (Rs).
(B) Measured Rs as a function of temperature for (LNO)3/(LFO),, SLs with varied m. Data of the 22-u.c.-thick phase-pure LaNiOs film (considered as m = 0) are also included
for comparison. (C) Conductance (1/Rs) of (LNO)3/(LFO), SLs as a function of m at different temperatures. Green and brown dashed lines are guides to illustrate the trends

of 1/Rs with increasing m at high temperatures and low temperatures, respectively.

Here, there are seven layers of 3-u.c. LNO with effective conduc-
tance 7/ R] > six layers of m-u.c. LFO with effective conductance
6/R| ., and 12 interfacial layers between LNO and LFO with effec-
tive conductance 12 / Ry, erfoce- We assume that R} and Ry epace Te-
main constant across different SLs at a given temperature, while
R{ ., Varies with . In the case of small m, the thermal energy avail-
able at ambient temperature drives hole hopping and overlapping of
the interfacial layers, making the contribution of the intrinsic LFO
layers to the overall conductance negligible. Hence, the SL conduc-
tance is effectively independent of the LFO layer thickness, as illus-
trated by the green dashed line in Fig. 5C. Such behavior can be

captured using the following equation

1 7 2 1

=—=— X6~
Ry Ry R Rivo

2

interface

where R; o is the measured sheet resistance of the 22-u.c. LNO film.
In other words, when m is small, it appears that only LNO layers
contribute to the overall conductance. As verified from DFT calcu-
lations (Fig. 1) and layered-resolved Fe L-edge EELS results (Fig. 4),
the charge transfer at the LFO/LNO interface spreads over at least
2 u.c. For the (LNO)3/(LFO),, SL, there are two interfaces for each
LFO layer with m-u.c. thickness. With m < 3, the interfacial layers
can theoretically overlap and contribute to the conductance. Thus,
the observation that the measured conductance is independent of m
when m < 3 at high temperatures indicates the presence of charge
transfer at the LFO/LNO interface.

As the temperature decreases, carriers may start to localize be-
cause they lack enough thermal energy to overcome potential energy
barriers between lattice sites. In addition, the width of the interfacial
layer may decrease. Consequently, the influence of the intrinsic LFO
layers on the overall conductance increases notably. On the basis of
Eq. 1, at a given temperature, as the thickness of the LFO layer in-
creases, R| ., contributes more to the overall resistance, leading to a
decrease in measured conductance. This trend is illustrated by the
data at T < 150 K (guided by the brown dashed line) in Fig. 5C.

As m increases to 5 and 8 u.c., the thickness of the LFO layer
would eventually become larger than the width of the interfacial
layer, and the properties of the intrinsic LFO layers progressively
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contribute to the overall measured conductance. According to Eq. 1,
the increasing R| ., from the LFO layer should not notably affect the
measured conductance once R, becomes at least one order of
magnitude higher than the sheet resistance of other layers due to the
resulting minimal value of 1/ R] ... However, since Al wires are con-
nected to Au electrodes as illustrated in Fig. 5A and the wires are
unlikely to penetrate throughout the entire SL to the STO substrate

when the LFO layer is thick (10), what we are measuring is effectively

1 1 1 1

=—= + +
3
Ry R’LNO R RILFO (3)

interface

This suggests that when LFO layers are thick, the measured con-
ductance is likely dominated by the effective conductance of the top
3-u.c. LNO layer, the interfacial layer, and the first m-u.c. LFO layer,
with reduced contributions from layers below. The thick LFO layer
acts as an insulator and can potentially prevent the probe deep into
the sample. Thus, the measured conductance decreases with in-
creasing m (m > 5). It has been demonstrated that LNO films ex-
hibit a dimensionality-driven metal-to-insulator transition (55),
where ultrathin LNO films (<5 u.c.) show strongly localized charac-
ter. With m = 8, we argue that the measurement primarily captures
the behavior of 3-u.c. LNO, along with some contributions from the
interfacial layer and 8-u.c. LFO. The measured sheet resistance
shows an insulating-like behavior, consistent with the expected be-
havior of ultrathin LNO films. This observation provides an expla-
nation for the low conductance of the m = 8 SL (Fig. 5C).

DISCUSSION

In summary, we provide spectroscopic evidence based on two inde-
pendent methods for electron transfer from Fe to Ni across inter-
faces with an LNO/LFO SL. The observed direction of electron
transfer is consistent with our DFT calculations, which reveal that
bulk LFO exhibits a more negative value of &,-Er compared to bulk
LNO, consistent with the electron transfer criteria proposed in (17).
The observation of change transfer from LFO to LNO is unexpected
under the ionic bonding paradigm because in this model, Fe’* is
taken to be a d° system and, as such, is thought to be unusually
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stable (31-33). However, we emphasize that the high extent of hy-
bridization between Fe 3d and O 2p orbitals that is evident from our
DFT calculations shows that the electron count on Fe cations is not
actually 5 but in fact greater than 5.

The character of the interfacial charge transfer is further sup-
ported by (i) our observations of a depleted Fe eg-derived band and
the downward shift of the FeO, layer pDOS relative to bulk LFO and
(ii) the upward shift of the NiO, layer pDOS relative to bulk LNO
in the (LNO)3/(LFO); SL. In addition, our DFT calculations reveal
that this interfacial charge transfer, along with the depletion of Fe eg—
derived band, leads to the formation of a new metallic ground state
within the LFO layers of the (LNO)3/(LFO); SL. By synthesizing a
series of (LNO)3/(LFO),, SLs with m varying from 1 to 8 as a model
system, we have created well-defined materials for analysis of the
local electronic structure at the associated heterointerfaces. Our
spectroscopic measurements for these (LNO)s/(LFO),, SLs yield
values for the changes in oxidation states for Ni and Fe, with the Ni
charge dropping from Ni*" to Ni*™ and the Fe charge increasing
from Fe’* to Fe>*®. Quantitative analysis indicates electron transfer
up to 0.5 e /interface u.c. from Fe to Ni in these LNO/LFO SLs.
Layer-resolved Fe L-edge EELS data of a representative (LNO)s/
(LFO)s5 SL corroborate the direction of charge transfer, with the Fe
charge at the interfacial layers surpassing that of the middle layer
and both exhibiting higher oxidation states than bulk LFO.

Our analysis of in-plane electrical transport data establishes a di-
rect link between the interfacial charge transfer and the measured
sheet resistance of (LNO)3/(LFO),, SLs. Our findings reveal that the
interfacial charge transfer plays a substantial role in shaping the
in-plane transport behavior, particularly in SLs with smaller LFO
thickness (m < 3). In these cases, the charge transfer at the LNO/
LFO interface results in an overlapping of the interfacial layers,
which greatly affects the overall conductance. This is reflected in the
independence of the measured conductance from LFO thickness at
higher temperatures, as shown in Fig. 5C and explained through Eq.
2. The formation of a conductive interfacial layer due to charge
transfer is further supported by our DFT calculations and layer-
resolved Fe L-edge EELS results, which show that the charge trans-
fer spreads over at least 2 u.c. at the interface, enabling overlapping
contributions from adjacent interfacial regions.

Furthermore, as m increases beyond 3, the transport properties
become progressively dominated by the thicker LFO layers, especial-
ly at lower temperatures. For example, the insulating-like behavior
for the m = 8 SL sample illustrates the point where the intrinsic LFO
layers notably affect the transport characteristics, although charge
transfer still plays a role at the interface. The transition from metallic
to insulating-like behavior with increasing LFO thickness under-
scores the combined influence of both the intrinsic LFO layers and
the charge transfer on the overall transport characteristics. In addi-
tion, our DFT calculations reveal that using a more compressively
strained substrate, relative to bulk LFO, can lead to the increase in
AEg at the LNO/LFO interfaces. This change can strongly influence
the extent of charge transfer and, consequently, the in-plane trans-
port properties of the LNO/LFO SLs. These findings underscore the
pivotal role of interface engineering in tailoring the electronic prop-
erties of complex oxides. Overall, this work represents a notable step
forward in our endeavor to harness the potential of oxide hetero-
structures for next-generation electronic and energy-related tech-
nologies because it provides fundamental insights into the interplay
between structure, charge transfer, and electronic properties.
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MATERIALS AND METHODS

Sample growth

All (LNO)5/(LFO),, SLs and pure LNO and LFO thin films were fab-
ricated on (001)-oriented undoped TiO,-terminated STO or 0.5 wt %
Nb-doped STO (Nb-STO) substrates using oxygen plasma-assisted
MBE. La, Ni, and Fe were evaporated from high-temperature effu-
sion cells, and their individual evaporation rates were calibrated using
a quartz crystal oscillator before each growth. The substrate temper-
ature was maintained at 650°C, while the activated oxygen partial
pressure remained at ~3 X 10™° torr throughout the growth process.
In situ RHEED served to monitor the overall growth rate and surface
crystallography and structure. Sequential assembly of SLs with vary-
ing LNO and LFO layer thicknesses was achieved through shutter-
controlled deposition. After growth, the sample was gradually cooled
down to room temperature at a rate of 25°C/min under an activated
oxygen atmosphere. The choice of a 22-u.c. thickness for the LNO
film allows for a meaningful comparison to the (LNO)3/(LFO),, SL
(comprised of seven layers of 3-u.c. LNO and six layers of m-u.c.
LFO), which contains a total of 21 u.c. of LNO. For the pure LFO
thin film, we chose a thickness of 39 u.c. to ensure that the VB XPS
signals accurately reflect the bulk LFO, minimizing any potential in-
fluence from the LFO/Nb-STO interface (56).

XPS and XAS measurements

In situ XPS measurements were conducted on all freshly grown
samples. A low-energy electron flood gun was used to neutralize the
surface charge. The binding energy scale of Ni 3p and Fe 3p XPS
spectra was calibrated by using the O 1s binding energy as an inter-
nal reference and set to 530.0 eV for all samples. TFY mode XAS
measurements of the Fe and Ni L-edges were carried out at the
beamline 4-ID-C of the Advanced Photon Source. In addition, total
electron yield mode Fe and Ni L-edge XAS measurements of select
samples were also carried out at the beamline 13-3 of the Stanford
Synchrotron Radiation Lightsource to verify the formal charge
changes in Fe and Ni. The total electron yield XAS results aligned
with those obtained from TFY measurements, indicating similar
trends in the changes of charge states for both Fe and Ni. All XPS
and XAS measurements were conducted at 300 K, with x-rays inci-
dent at a normal angle to the sample surface.

Sample characterization

The surface morphology of all samples was characterized by AFM
(Dimension Icon), while their lattice structures were analyzed using
a high-resolution x-ray diffractometer (Rigaku SmartLab). The cross-
sectional STEM specimens were prepared using focused ion beam
(FIB) techniques. Specifically, a FEI Helios Hydra FIB-SEM with a Xe
plasma source from Thermo Fisher Scientific was used. The FIB was
operated within a voltage range from 30 kV down to 2 kV to extract
a cross-sectional lamella for the TEM sample. Initially, the lamella
was thinned to approximately 200 nm at 30 kV, followed by addi-
tional milling steps at 5 and 2 kV, with the final milling step carried
out at 2 kV to reduce the thickness to around 50 nm. For the STEM
experiments, a Spectra-Ultra microscope equipped with an aberra-
tion corrector and field emission gun was used. The semiconvergence
angle was set to 30 mrad, and the semicollection angle range was set
to 60 to 200 mrad for HAADF-STEM imaging. Both HAADF imag-
ing and EELS were conducted at an acceleration voltage of 300 kV
and a probe current of approximately 30 pA. The STEM-EELS data
were collected using a Gatan Imaging Filter Quantum spectrometer
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(Gatan Inc.) with a low dispersion of 0.05 eV/channel to an active
energy resolution of ~400 meV for analyzing the Fe and La L-edges.
Calibration of the energy scale was achieved by acquiring spectra in
dual-EELS mode, which simultaneously captures the zero-loss spec-
trum along with the Fe and La L-edge spectra.

In-plane electrical transport measurements

To make ohmic contact, 30-nm-thick Au films were deposited on
four corners of the as-grown samples using sputtering. Van der Pauw
geometry was used for both electrical transport and Hall measure-
ments, with Al wire-bonded contacts connecting to the Au elec-
trodes. These measurements were carried out using a 9 T Quantum
Design DynaCool physical property measurement system, with tem-
peratures ranging from 10 to 300 K and a warming rate of 3 K/min.

DFT calculations

Bulk LNO, bulk LFO, and the (LNO)3/(LFO); SL configurations were
represented using the 2 by 2 by 4 supercells and strained to the
STO(001) and LSAT(001) substrate. In all cases, the off-interface lat-
tice parameters were adjusted to minimize the total energies of the
corresponding systems. The calculations used the PBEsol exchange-
correlation functional (57) within the Vienna Ab initio Simulation
Package (58) using projector augmented-wave potentials to approxi-
mate the electron-ion interactions (59). A 500-eV plane-wave basis
was used, with a 4 by 4 by 2 gamma-centered k-mesh for energy min-
imization and 8 by 8 by 4 k-mesh for DOS calculations. The total en-
ergy convergence criterion was set to 107° eV. One-electron DOS was
smeared by convoluting it with Gaussian functions with a full width at
half maximum of 0.1 eV for both valence and conduction band states.

Supplementary Materials
This PDF file includes:

Figs.S1to S10
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