
COMMUNICATION

1701385 (1 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Interfacial Charge Engineering in Ferroelectric-Controlled 
Mott Transistors

Xuegang Chen,* Xin Zhang, Mark A. Koten, Hanghui Chen, Zhiyong Xiao, Le Zhang, 
Jeffrey E. Shield, Peter A. Dowben, and Xia Hong*

DOI: 10.1002/adma.201701385

degree of freedom, the all-oxide ferroelec-
tric field effect transistor (FET) device has 
been utilized as a model system to probe 
and control a wide variety of nanoscale cor-
related phenomena, including carrier-den-
sity-driven quantum phase transitions,[1] 
interface magnetoelectric coupling,[2,3] 
and domain-patterning-induced super-
conductor vortex lattices.[4] One intriguing 
application of this device concept is to take 
advantage of the nonlinear carrier density 
dependence of conduction in a Mott insu-
lator, employing polarization switching 
to achieve nonvolatile channel resis-
tance modulation for low power logic and 
memory operations,[5,6] where the intrin-
sically high carrier density of the channel 
material (1021–1023 cm−3) promises 
sub-nanometer-size scaling beyond the 
fundamental limit of the conventional 
semiconductor industry.[7,8] However, 
the high carrier density also imposes 
significant challenges to achieving sub-
stantial field-effect modulation via a solid 
state gate. To date, despite the intensive 
research efforts in developing ferroe-

lectric-controlled Mott transistors, only moderate resistance 
switching has been reported at room temperature.[9–13]

Previous efforts to enhance the ferroelectric field effect 
in strongly correlated oxides involve either working with 
channel materials with intrinsically lower carrier density 
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The energy competition between charge itinerancy and strong 
electron–electron and electron–phonon couplings in strongly 
correlated oxides makes their electronic and magnetic ground 
states highly susceptible to variations of charge density or 
mobility. Capitalizing on such high sensitivity to the charge 
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(1019–1020 cm−3),[12,14] or manipulating the channel mobility 
via thickness control[10,13] or strain modulation.[15] While the 
former approach does not have distinct advantage in size 
scaling over doped semiconductors, the latter significantly 
suppresses the mobility of the entire channel, thus compro-
mising the operating speed and power of the device. Here, we  
have leveraged the charge-transfer effect at the epitaxial inter-
face between two different strongly correlated oxides to engi-
neer the ferroelectric field effect in a prototype Mott transistor, 
which allows us to manipulate the charge density profile from 
a region that is spatially separated from the active field-effect 
channel, the central concept for modulation-doped semicon-
ductor heterojunctions to achieving high interface mobility.[16] 
Employing a ferroelectric PbZr0.2Ti0.8O3 (PZT) gate, we have 
achieved nonvolatile switching between the high (Rhigh) and 
low (Rlow) resistance states in the charge-transfer-type Mott 
insulator Sm0.5Nd0.5NiO3 (SNNO). Inserting an ultrathin 
La0.67Sr0.33MnO3 (LSMO) base layer significantly enhances the 
channel resistance-switching ratio, defined as ΔR/Rlow, which 
cannot be explained by the parallel conduction based on the 
noninteracting SNNO and LSMO layers. With the same total 
channel thickness, the bilayer channels exhibit up to two orders 
of magnitude higher ΔR/Rlow at room temperature (300 K) 
compared with the single-layer channels, reaching 640% in the 

sample composed of 1.5-nm SNNO/1.5-nm LSMO. The giant 
enhancement of ΔR/Rlow has been attributed to the charge-
transfer effect between the interfacial Ni and Mn layers, which 
can effectively tailor the carrier density profile in SNNO, and 
thus extend the charge screening region. X-ray absorption spec-
troscopy (XAS) and X-ray photoelectron spectroscopy (XPS) 
studies of SNNO/LSMO heterostructures reveal about 0.1 
electron per 2D unit cell (u.c.) transferred between the inter-
facial Mn and Ni layers, consistent with first-principles density 
functional theory (DFT) calculations. Our study points to an 
effective route to engineering the performance of ferroelectric-
controlled Mott transistors for developing low power nanoelec-
tronic and spintronic applications.

We deposited epitaxial PZT/SNNO and PZT/SNNO/LSMO 
heterostructures on LaAlO3 (LAO) and SrTiO3 (STO) sub-
strates. X-ray diffraction (Figure S1a, Supporting Information) 
and high-resolution (scanning) transmission electron micros-
copy (HR-S/TEM) measurements reveal high crystallinity and 
atomically sharp interfaces (Figure 1a and Figure S1b (Sup-
porting Information)). Quantitative analysis of the HRTEM 
data shows that the SNNO and LSMO layers are fully strained 
to the STO substrates (Figure S1c, Supporting Information). 
Element mapping based on electron energy loss spectroscopy 
(EELS, Figure 1b and Figure S1d (Supporting Information)) and 
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Figure 1. Characterizations of the PZT/SNNO/LSMO heterostructures. a–c) Structural characterizations and element mapping of a sample with 3-nm 
SNNO (7 u.c.)/2-nm LSMO (5 u.c.) channel on STO. a) Cross-sectional HRTEM image. b) HR-STEM image of a similar region as in (a) at a lower 
magnification, with superimposed EELS maps of Ti L2,3, Nd M4,5, and La M4,5 edges. c) High-angle annular dark field (HAADF) image and EDS maps 
of Mn, Ni, Pb, and Ti. d–f) PFM Characterizations of a sample with 1.5-nm SNNO/2-nm LSMO channel. PFM phase (d) and amplitude (e) images 
with the Pup (Pdown) domains written with −5 V (+5 V) tip bias (Vtip). f) PFM phase (left axis) and amplitude (right axis) switching hysteresis. g) Room 
temperature R□(Vg) taken on the same sample (left axis), and the corresponding dR/dVg versus Vg (right axis). h) Schematic view of the FET structure.
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energy dispersive spectroscopy (EDS, Figure 1c) also confirms 
that the interfaces are chemically sharp. Figure 1d–f shows the 
piezoresponse force microscopy (PFM) studies of a sample with 
1.5-nm SNNO/2-nm LSMO bilayer channel on STO, where the 
PZT layer exhibits robust polarization switching between the 
polarization up (Pup) and down (Pdown) states at about −1 V and 
+3 V, respectively. A noticeable polarization asymmetry was 
observed in the coercive voltages and piezoresponse amplitude 
in both types of channel systems (Figure 1f and Figure S2 (Sup-
porting Information)), which can be attributed to the different 
band alignments with the conducting electrodes in epitaxial fer-
roelectric thin films.[17] Figure 1g shows the sheet resistance R□ 
of this sample at 300 K as a function of gate voltage Vg through 
the PZT layer (Figure 1h). We observed a resistance hysteresis 
similar to that of the PFM switching (Figure 1f). As both SNNO 
and LSMO possess p-type charge carriers,[6,18] the Pdown (Pup) 
state depletes (accumulates) charge carriers in the channel, 
yielding the Rhigh (Rlow) state.

We first compared the polarization-reversal-induced resist-
ance modulation in the single-layer SNNO (on LAO) and bilayer 
SNNO/LSMO (on STO) channels. For each channel system, we 
chose the type of substrate that gives rise to a more pronounced 
field effect (Figure S3, Supporting Information).[15] The mag-
nitude of the field effect depends sensitively on temperature 
and the channel thickness tSNNO. Figure 2a shows R□(T) for 
two single-layer-channel samples on LAO. For the 4-nm SNNO 
channel, R□(T) exhibits a bulk-like first-order metal–insulator 
transition, signaled by a thermal hysteresis (Figure S4a, 

Supporting Information), which leads to a non-monotonic 
temperature dependence in ΔR/Rlow (Figure 2a inset). The 
maximum ΔR/Rlow is observed in the insulating phase where 
the sample is going through a percolative transition, reaching 
about 44% at 160 K. At 300 K, ΔR/Rlow reduces to only about 
2.4%, which is attributed to the high sheet charge density of 
SNNO in the metallic phase (about 2.9 × 1016 cm−2 or 4 holes 
per u.c.).[18] Previous Hall effect studies have shown that the 
polarization field of PZT on SNNO is 88 µC cm−2,[15] similar to 
the values reported for PZT of this composition on SrRuO3

[19] 
and LSMO.[20] For a 4-nm film, the polarization reversal only 
yields about 4% change in the channel carrier density. The 
sample with 2.5-nm SNNO channel is approaching the elec-
trical dead layer thickness (Figure S4b, Supporting Informa-
tion).[18] We observed a substantially larger resistance switching 
at the high and low temperature regimes, with ΔR/Rlow ≈21% at 
300 K (Figure 2a inset). The enhanced resistance switching can 
be attributed to the density-driven mobility modulation, similar 
to that observed in LaNiO3-based ferroelectric FETs.[13] Around 
160 K, the ΔR/Rlow values are comparable in these two samples. 
Here the conduction in the 4-nm SNNO is percolation domi-
nated,[18] so that even a small variation in the carrier density can 
induce pronounced resistance modulation.[15]

For the bilayer channel samples, we worked with SNNO and 
LSMO layer thickness varying from 1.5 to 3 nm. At this thick-
ness range, SNNO on STO remains to be insulating at 300 K 
(Figure 2b and Figure S5a (Supporting Information)).[15,18] 
Figure 2b inset shows ΔR/Rlow taken on two bilayer channels at 

different temperatures. Similar as the single-
layer channels, more pronounced resistance 
switching is observed in the thinner channel. 
For the sample with 1.5-nm SNNO/1.5-nm 
LSMO channel, ΔR/Rlow increases monotoni-
cally with decreasing temperature, varying 
from about 640% at 300 K to 3400% at 100 K. 
In contrast, for the 2-nm SNNO/3-nm LSMO 
channel, where ΔR/Rlow is 113% at 300 K 
and increases to 360% at 100 K, the magni-
tude of resistance modulation tends to satu-
rate at low temperature. This is likely due 
to the high conductance of the 3-nm LSMO 
base layer in the metallic phase (Figure S5b, 
Supporting Information).

The thickness dependence of the field 
effect attests the interfacial nature of polariza-
tion-induced charge screening within the cor-
related channel. Previous studies have shown 
that the screening length in strongly corre-
lated oxides can be within a couple of unit 
cells.[10,21] Assuming rigid band filling, we 
can estimate the screening length using the 
Thomas–Fermi model, LTF = ⌊4πe2g(EF)⌋−1/2, 
where g(EF) is the density of states of SNNO 
at the Fermi level EF. Using the band struc-
ture calculation of g(EF) for SmNiO3 and 
NdNiO3,[22] we find that LTF is about 0.2-nm for 
bulk SNNO. For ultrathin films approaching 
the electrical dead layer thickness, LTF is 
expected to be larger due to the suppressed 
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Figure 2. Ferroelectric field effect modulation of the correlated channels. a,b) R□(T) upon 
warming for the Pup (solid lines) and Pdown (dotted lines) states for samples with different 
channel thicknesses. a) Single-layer SNNO channels on LAO. b) Bilayer SNNO/LSMO chan-
nels on STO. The thicknesses of the SNNO and LSMO layers are labeled in the unit of nm. 
Insets: ΔR/Rlow versus T taken on these samples. c,d) Reversible resistance switching at 300 K in  
c) a 3.5-nm SNNO channel and d) a 1.5-nm SNNO/2-nm LSMO channel.
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density of states close to the mobility edge. For example, neu-
tron reflectometry studies of PZT/LSMO heterostructures have 
shown that the polarization control of the interfacial magnetiza-
tion can extend to a couple of nanometers within LSMO.[23,24] 
In the bilayer channels, we work with SNNO thickness tSNNO ≥ 
1.5 nm, which is comparable with or larger than LTF. We thus 
expect that the field effect modulation is mostly confined within 
the SNNO top layer, while the LSMO bottom layer contributes 
a parallel conduction channel that is not affected by the field 
effect. Without considering the interaction between the SNNO 
and LSMO layers, LSMO merely serves as a shunting resistor 
that effectively attenuates the overall field effect.

We next examined the effect of the LSMO shunting layer on 
the net resistance modulation. We focused on the room tem-
perature switching data, where the carrier density of SNNO on 
both types of substrates approaches the metallic value (about 
4 holes per u.c.).[18] Since the electronic properties of epitaxial 
correlated oxides can be drastically modified in ultrathin 
films,[10,18,25] we have characterized the thickness depend-
ence of conduction of single-layer LSMO and SNNO films 
on STO. For the same thickness, the LSMO films are consist-
ently more resistive than SNNO (Figure S5, Supporting Infor-
mation). For example, R□(300 K) of a 2-nm LSMO is 252 kΩ, 
about four times higher than that for the 
2-nm SNNO of 63 kΩ. As the field effect is 
confined at the PZT/SNNO interface within 
the screening length of SNNO, it is natural 
to expect that the bottom layer of the single-
layer SNNO channel beyond the screening 
region would also attenuate the field effect, 
and the damping effect would be more pro-
nounced compared with the LSMO shunting 
layer due to its higher conductance. Such dif-
ference is indeed observed in the single-layer 
and bilayer channel systems with identical 
total channel thickness ttot. Figure 2c,d shows 
the nonvolatile resistance switching at 300 K 
in two samples with the same ttot of 3.5 nm 
upon the application a stream of alternating 
±5 V voltage pulses to the PZT gate. Resist-
ance relaxation after the removal of Vg has 
been observed in both resistance states, 
which can be attributed to a slow charge 
trapping process induced by strain-mediated 
interfacial impurity states and/or the depo-
larization effect.[15] In general, the relaxation 
is more pronounced in the Rhigh state and 
in more resistive channels (Figure S6, Sup-
porting Information). We used the initial 
Rhigh value to define ΔR/Rlow, which is a more 
accurate measure of the field-effect switching 
(see the Supporting Information for details). 
The resistance-switching ratio increases from 
5.3% for the 3.5-nm SNNO channel to about 
260% for the 1.5-nm SNNO/2-nm LSMO 
channel. The latter value is also much higher 
than the reported effect observed on thinner 
single-layer LSMO channels of the same 
composition.[26]

To understand the critical length scales that determine 
the net field effect, we carried out a systematic study of 
ΔR/Rlow at 300 K in both types of channels with different 
layer thicknesses. For the single-layer channels, ΔR/Rlow 
increases exponentially with decreasing film thickness with 
tSNNO ≥ 2.5 nm, and then exhibits a substantial drop in the 
2-nm SNNO channel (Figure 3a). A possible scenario for this 
non-mon÷onic thickness-dependence is that the screening 
length in SNNO is about 2–2.5 nm. Below the screening 
length, the channel cannot provide sufficient itinerant charges 
to completely screen the polarization change, which results 
in depolarization. This is consistent with the notion that the 
screening length imposes the fundamental size scaling limit 
in the field effect devices.[8] The constrain on tSNNO can be 
overcome by inserting the LSMO base layer. In Figure 3b, we 
investigated a set of bilayer channel samples with the same 
total thickness ttot = 5 nm. As tSNNO decreases from 3 to 2 nm, 
ΔR/Rlow increases monotonically from 23% to 110%, con-
sistent with the scenario that the bottom SNNO layer pro-
vides more efficient damping of the field effect than LSMO. 
The sharp increase of ΔR/Rlow at tSNNO = 2 nm, on the other 
hand, confirms that the sample thickness has approached the 
screening length.

Adv. Mater. 2017, 1701385

Figure 3. Enhanced ferroelectric field-effect in SNNO/LSMO bilayer channels. a) ΔR/Rlow 
versus ttot for both channel systems. The SNNO/LSMO layer thicknesses are labeled in the 
unit of nm. b) ΔR/Rlow versus tSNNO for the bilayer channels with ttot = 5 nm. c) ΔR/Rlow versus 
tSNNO for both channel systems. d) Schematic views of (top) the carrier density distribution in 
the PZT/SNNO/LSMO heterostructure, and (bottom) the hole density nh in SNNO as a func-
tion of the distance d from the interface with PZT in the Pup state (black solid lines), with n0 the 
unperturbed thin film value. The blue dashed line and green dotted–dashed line correspond to 
the individual effects of ferroelectric polarization-induced screening and charge transfer from 
the interface with LSMO, respectively. Here LTF and L′TF label the effective screening length in 
SNNO with and without the LSMO base layer, respectively. LCS is the charge-transfer length.
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An important implication of this result is that the LSMO 
layer not only serves as a conduction shunting layer, it also 
provides a natural extension layer to accommodate the field-
effect-induced charge density redistribution. The exponential 
dependence of ΔR/Rlow with reducing channel thickness can 
be thus sustained in the bilayer channels with the SNNO layer 
as thin as 1.5 nm (Figure 3a). Moreover, for the same ttot, the 
bilayer channels consistently show substantially higher ΔR/Rlow 
relative to the single-layer SNNO channels. In the sample with 
1.5-nm SNNO/1.5-nm LSMO channel, ΔR/Rlow reaches 640% 
at room temperature (Figure S6, Supporting Information), over 
two orders of magnitude higher than that in the 3-nm single-
layer channel. This result suggests that enhanced field effect 
can be achieved by exploiting a composite correlated channel 
with designated charge profile.

More surprisingly, we find that for samples with the same 
tSNNO, inserting a bottom LSMO buffer layer may amplify, rather 
than attenuate, the overall field effect, which clearly contradicts 
the noninteracting parallel conduction model. Figure 2c shows 
ΔR/Rlow taken on single-layer channels with tSNNO = 2, 2.5, and 
3 nm, and their bilayer counterparts with a 2-nm LSMO base 
layer. In all three cases, it is the bilayer channel with thicker ttot 
that exhibits higher resistance modulation. This means that the 
LSMO and SNNO layers cannot be treated as two independent 
conduction channels. Rather, additional interfacial mecha-
nisms may have actively modified the conduction of SNNO in 
response to the polarization switching.

We consider the potential impact of two important 
phenomena occurring at the heteroepitaxial interfaces, the 
structural distortion due to epitaxial strain and the charge redis-
tribution, on the field effect modulation. Although epitaxial 
strain does not have a direct impact on the carrier density,[18] 
it may modify the effective thickness of the SNNO channel 
through enhanced structural distortion. It has been shown in 
previous studies of correlated oxide thin films that the sur-
face/interface layers exhibit enhanced oxygen octahedral rota-
tion,[23,27–29] which can suppress the lattice c/a ratio by up to 
8%.[27,29] The structural distortion, however, should be at the 
similar level for the single-layer and bilayer channels grown 
on the same type of substrate. The fact that ΔR/Rlow in the 
single layer SNNO on STO is lower than that on LAO of similar 
thickness (Figure S3, Supporting Information) yields strong 
evidence that the structural effect alone cannot account for the 
giant enhancement of ΔR/Rlow in the bilayer channels.

The second important mechanism is the charge-transfer 
effect between SNNO and LSMO, which can effectively modify 
the underlying carrier density profile in the FET channel. This 
phenomenon has been widely observed at the hetero-epitaxial 
interfaces between different correlated oxides, which can origi-
nate from the interfacial polar discontinuity and/or orbital 
reconstruction.[30–33] Previous studies of GdTiO3/RNiO3 (R: rare 
earth) heterostructures have revealed up to 0.15 electron transfer 
between the interfacial Ti and Ni layers.[31] As LSMO has intrin-
sically lower carrier density,[6] interfacing with LSMO may effec-
tively reduce the carrier density in SNNO and extend the corre-
sponding screening length L′TF (Figure 3d), which can increase 
the fractional density change during the polarization reversal.

In this scenario, to achieve a tailored carrier density profile 
in SNNO, it is critical to have a strong overlap between the 

charge-transfer region from the SNNO/LSMO interface and the 
charge screening region from the PZT/SNNO interface. Pre-
vious dynamic mean field theory studies of ABO3-type correlated 
oxide superlattices have shown that the spatial mobile electron 
density variation on the B-site cations depends critically on the 
relative strength of electron hopping energy and the Coulomb 
interaction.[34,35] The characteristic length for charge transfer is 
the Coulomb charge screening length, defined as κε=L ta e/CS 0

2 2 ,  
where ε0, t, and a are the vacuum permittivity, transfer integral, 
and lattice parameter, respectively. We estimated the dielectric 
constant κ using the value of NNO (κ = 30).[36] The param-
eter t can be calculated using σ≈ ∆t pd( ) /2

eff , where pdσ is the 
Slater–Koster parameter and Δeff is the effective charge-transfer 
energy gap between the occupied nonbonding O 2p state and 
an unoccupied Ni or Mn 3d state. The pdσ values for SmNiO3 
and NdNiO3 are −1.68 and −1.58 eV, respectively.[22] Using the 
Δeff values of SmNiO3 (0.65 eV) and NdNiO3 (0.89 eV),[22] we 
estimated the Coulomb screening length LCS for SNNO to be 
0.7–1.2 nm (2–3 u.c.). The SNNO layer thickness in the bilayer 
channels is thus approaching the charge-transfer length. As the 
charge reconstruction at the SNNO/LSMO interface would lead 
to a smoothly varying background in the carrier density over a 
length scale that would extend beyond LCS,[34,37] we expect the 
spatial density distribution from the PZT/SNNO interface in 
these samples to be strongly perturbed (Figure 3d), making the 
field effect modulation more effective.

To quantitatively assess the charge-transfer effect between 
SNNO and LSMO, we carried out XAS and XPS studies on 
SNNO/LSMO heterostructures to characterize the shift of the 
Mn and Ni formal valence states. Figure 4a shows the XAS 
spectra of Mn L-edge for a 2-nm LSMO film and a SNNO 
(2 nm)/LSMO (2 nm) heterostructure on STO, which exhibits 
two broad peaks at the Mn L3 and L2 edges, respectively. The 
Mn L3 peak for the bilayer sample (642.02 eV) shows a pro-
nounced shift toward the higher binding energy compared 
with that of the single-layer LSMO (641.10 eV), indicating an 
increase of the Mn formal valence due to the electron transfer 
to the neighboring Ni ions (Ni3+ + Mn3+→ Ni2+ + Mn4+). The 
0.92 eV shift indicates about 0.08 electron Mn−1 charge transfer 
to Ni ions. The charge-transfer effect is confirmed by the XPS 
measurements, where the 2p3/2 peak for Mn in the bilayer 
sample is shifted by ≈1.04 eV toward the higher binding energy 
(Figure 4b), corresponding to an increase of about 0.09 hole 
Mn−1 doping. This increase of hole occupancy is also supported 
by the spectra weight shift to the shallow tail at higher binding 
energies in both the XAS L3 and the XPS 2p3/2 core-level spectra 
in the bilayer samples. Such an increase in spectral densities 
toward higher binding energies is a fairly standard signature of 
MnO2 (Mn4+) and differs from the spectral line shape for MnO 
(Mn2+) and Mn2O3 (Mn3+).[38] In passing, the shoulder feature 
at the binding energy of 637 eV in the XPS Mn 2p spectrum of 
the bilayer sample is the Ni LVV/LMM Auger electron peak[39] 
and does not affect the analysis here.

Due to their surface-sensitive nature, the XAS and XPS 
spectra taken on Ni are dominated by the SNNO surface 
layers, so we cannot directly probe the change of the valence 
state for Ni at the SNNO/LSMO interface. On the other hand, 
we observed a clear change in the XAS spectra on Ni L3,2-edge 
when the SNNO layer is thinner than 3 nm, which can be used 

Adv. Mater. 2017, 1701385
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to evaluate the length scale of charge transfer LCS in SNNO. 
We focused on the Ni L2-edge spectra, as the Ni L3-edge spectra 
overlaps strongly with that of the La M4-edge.[40,41] As shown 
in Figure 4c, the L2-edge spectra can be decomposed into two 
peaks (marked as “a” and “b”). It has been shown that the 
relative intensity of the low energy absorption peak Ia with 
respect to the sum (Ia + Ib) can be associated with the Ni formal 
valance, and increases from 15% in LaNiO3 (Ni3+) to 45% in 
NiO (Ni2+).[31,41] Figure 4d shows Ia/(Ia + Ib) taken on two sets 
of bilayer samples with 2- and 3-nm LSMO base layers, which 
clearly falls in this range. For the same tLSMO, Ia/(Ia + Ib) shows 
a sharp increase when tSNNO is below 3 nm, suggesting an 
increased fraction of the Ni2+ state. This result yields strong 
evidence that the thickness of the SNNO top layer becomes 
comparable with the charge-transfer length. As expected, the 
thickness of the LSMO layer does not have a strong influence 
on Ia/(Ia + Ib) for the Ni valence spectra.

We have also modeled the charge-transfer effect at the 
SNNO/LSMO interface using the DFT+U method (see 
the Supporting Information for details). Previous studies 
have shown that the charge transfer is mainly controlled by 
the energy difference between the d states of two dissimilar 
transition-metal ions, which can be well described by a mean-
field approximation.[32,33] To model the mixed terminations in 

our samples, we calculated the formal valence of Ni and Mn 
in (Sm0.5Nd0.5NiO3)n/(La1−xSrxMnO3)n (labeled as (n/n) u.c.) 
superlattices, and took the average charge transfer from both 
interfaces; one with (Sm,Nd)O/MnO2 termination and the other 
with (Sr,La)O/NiO2 termination. The in-plane lattice parameter 
of the superlattice is fixed to be the theoretical value of STO 
to capture the effect of strain. It is important to note that due 
to the rehybridization effect,[32,42] the charge transfer is mod-
eled as the formal valence change, which is calculated using 
the atomic projected magnetic moments (m) on Mn and Ni 
atoms. The number of electrons doped into Ni atoms does not 
necessarily match that donated by Mn atoms due to the mixed 
ionic/covalent bonding character of the transition metal oxide, 
which yields different hybridization between Mn–O and Ni–O 
(i.e., some electrons move into the O p states). Figure 4e shows 
the calculated valence change for the Mn and Ni ions in a (2/2) 
u.c. superlattice, where each Mn layer is interfaced with one Ni 
layer, at different compositions of LSMO. The amount of charge 
transfer decreases with Sr concentration x in LSMO, interpo-
lating to about 0.12 e− per 2D unit cell for x = 0.33. The values 
extracted from XPS/XAS studies only account for about 70% of 
the interpolated value, which is understandable as those tech-
niques can penetrate beyond the interfacial atomic layer. The 
measurements are thus probing a spatially weighted average of 
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Figure 4. Interfacial charge transfer between SNNO and LSMO. a–d) Spectroscopy studies of Mn valence for a 2-nm LSMO film and a SNNO (2 nm)/
LSMO (2 nm) heterostructure on STO. a) XAS spectra of the Mn L3,2 edge. b) XPS spectra of the Mn 2p3/2,1/2 edges. The blue arrow marks the shoulder 
at 637 eV due to the Ni LUU/LMM Auger electron peak and the shake-off effect. The red arrows highlight a shift of the spectra weight toward higher 
binding energy due to an increase in the unpaired spins. c) XAS spectra of Ni L2 edge for x-nm SNNO/3-nm LSMO (labeled as x/3) heterostructures 
with x ranging from 1 to 3. The dotted lines in (a)–(c) are fits to the Gaussian line shape. The dashed lines are a guide to the eye. d) Relative intensity 
of peak “a” in (c) as a function of the SNNO thickness tSNNO. e,f) DFT+U calculations of Sm0.5Nd0.5NiO3/La1−xSrxMnO3 superlattices strained on 
STO. e) The amount of electron transferred from (into) Mn (Ni) atoms in the (2/2) u.c. superlattices as a function of the Sr doping level x. f) Atomic 
projected magnetic moments on Mn and Ni atoms as a function of atomic layers in a (4/4) u.c. superlattice with x = 0.25. The dashed line marks the 
interface. The dotted lines correspond to the bulk values. Insets: schematic atomic structures of the (2/2) and (4/4) u.c. superlattices, with the layer 
numbers for the (4/4) u.c. superlattice labeled.
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the valence change, which can extend over a length scale on 
the order of LCS from the interface.[33–35] The spatial variation 
of charge transfer is clearly demonstrated in the calculations of 
superlattices with a larger periodicity. Figure 4f shows the dis-
tribution of m in a (4/4) u.c. superlattice with x = 0.25. While 
the interfacial layers yield a charge transfer of 0.12 e− Mn−1 
(0.19 e− Ni−1), the effect decays quickly for the second atomic 
layer from the interface. In addition, the effects at the two ter-
minations are consistent with each other, with less than 15% 
difference in the amount of charge being transferred.

Taking an average charge transfer of about 0.1 hole Mn−1 and 
a Coulomb screening length of 3 u.c. in LSMO, we estimated 
the total sheet charge density transfer to be 2 × 1014 holes cm−2 
(32 µC cm−2), which is about 36% of the polarization field of 
PZT and 1–2% of the sheet carrier density of the SNNO layer. 
The fact that such a small perturbation in the carrier density 
can lead to up to two orders of magnitude change in the resist-
ance modulation is a direct manifestation of the strongly corre-
lated nature of the Mott channel. This result also explains why 
the charge-transfer effect does not enhance the conductivity 
in the LSMO base layer, which would also modify the conduc-
tion profile within the bilayer channel. An increase of 0.1 hole 
per Mn would push LSMO (x = 0.33) close to the half-doping 
regime, which is a phase boundary to the antiferromagnetic 
state and corresponds to lower conductivity.[6]

In conclusion, we have leveraged the intricate interplay 
between interfacial charge screening and charge-transfer effects 
at strongly correlated oxide interfaces to achieve more than two 
orders of magnitude enhancement in the room temperature 
resistance-switching ratio in ferroelectric-controlled Mott FETs. 
Our study points to an effective strategy to developing high-per-
formance, nonvolatile Mott transistors for low power logic and 
memory applications by atomistic design of the charge-density 
profile in complex oxides.

Experimental Section
Sample Growth: Epitaxial PZT/SNNO and PZT/SNNO/LSMO 

heterostructures were deposited in situ on LAO and STO substrates via 
off-axis radio frequency magnetron sputtering. The LSMO films were 
grown at 650 °C in 120 mTorr process gas (Ar:O2 = 2:1). The SNNO 
films were grown at 500 °C in 135 mTorr process gas (Ar:O2 = 1:2). The 
PZT films (80–150 nm) were grown at 490 °C in 150 mTorr process gas 
(Ar:O2 = 2:1).

Device Fabrication and Characterization: Up to four Hall bar devices 
were fabricated on each sample via optical lithography followed by 
50-nm Au deposition as contact electrodes. The devices had channel 
length to width ratio of 1 or 2, with the channel length varying from 80 
to 10 µm. Four-point resistance measurements were carried out in a 
Quantum Design PPMS using external Keithley 2400 SourceMeter and/
or standard lock-in technique. Low excitation current (≤1 µA) was used 
to avoid Joule heating.

Atomic Force Microscopy (AFM) and PFM Studies: The AFM and 
PFM studies were carried out using a Bruker multimode 8 atomic 
force microscope. The PFM measurements were conducted in the 
contact mode (tip: SCM-PIT cantilever with Platinum-Iridium coating). 
The imaging measurements were performed by applying AC voltages  
(200–500 mV) close to the tip resonance frequency (around 300 kHz).

TEM, EELS, and EDS Studies: A cross-section of the thin film 
heterostructure was prepared for (scanning) transmission electron 
microscopy (S/TEM) using an FEI Helios 660 dual-beam instrument. 

To prevent charge buildup during the sample preparation procedure, 
a 5-nm film of Pt/Pd was sputter-coated onto the PZT layer, which 
was then covered by a 2-µm-thick amorphous C layer to protect the 
heterostructure from the ion beam during milling. The cross-section was 
then mounted on a double-tilt holder and viewed inside a 200 kV FEI 
Tecnai Osiris S/TEM equipped with a field emission gun. The sample 
was tilted to the [100] zone axis, and then high resolution (HR)
TEM and STEM images were used to evaluate the film thickness and 
interface uniformity. EDS and EELS were used in combination with the 
HAADF detector and STEM mode to acquire elemental maps of the 
heterostructure. Collection times were about 10 min for each map. After 
background subtraction was applied, the EDS map was quantified using 
1:1 binning by the Cliff–Lorimer method, and the EELS composite map 
was derived from postprocess energy filtering of the appropriate L or M 
edge for Ti, La, and Nd.

XAS and XPS Studies: The XAS measurements were performed 
at room temperature at the bending magnet beamline 6.3.1 at the 
Advanced Light Source at Lawrence Berkeley National Laboratory. 
We used positive circular polarized X-ray with the photon flux on the 
order of 1 × 1011 photons s−1/0.1%BW. The total electron yield mode 
was used to measure the absorption at Mn 2p3/2 (L3), 2p1/2 (L2), and 
Ni 2p3/2 (L3), 2p1/2 (L2). The XPS measurements were carried out using 
non-monochromatized Al Kα X-ray source, with a photon energy of 
1486.6 eV, and a SPECS PHOIBOS 150 energy analyzer. The core-level 
binding energies were calibrated to a gold reference, with the Au 4f7/2 
core-level peak placed at 84 eV, all at room temperature.
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