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Abstract 

 

 We report the nonvolatile modulation of microwave conductivity in ferroelectric 

PbZr0.2Ti0.8O3-gated ultrathin LaNiO3/La0.67Sr0.33MnO3 correlated oxide channel visualized by 

microwave impedance microscopy. Polarization switching is obtained by applying a tip bias above 

the coercive voltage of the ferroelectric layer. The microwave conductivity of the correlated 

channel underneath the up- and down-polarized domains has been quantified by finite-element 

analysis of the tip-sample admittance. At room temperature, a resistance on/off ratio above 100 

between the two polarization states is sustained at frequencies up to 1 GHz, which starts to drop at 

higher frequencies. The frequence-dependence suggests that the conductance modulation 

originates from ferroelectric field effect control of carrier density. The modulation is nonvolatile, 

remaining stable after 6 months of domain writing. Our work is significant for potential 

applications of oxide-based ferroelectric-field-effect transistors in high-frequency nanoelectronics 

and spintronics. 
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At the heterointerface between a ferroelectric and a functional material, the polarization 

reversal of the former can lead to substantial modulation of various properties, such as electrical 

resistivity1-3, magnetic order4, magnetic anisotropy5, spin texture6, and superconductivity7, in the 

latter. The effect is particularly important for strongly correlated oxides8-10, where the carrier 

density is high and strong polarization fields are essential to induce appreciable changes in channel 

conduction. Such a combination of the nonvolatile nature of ferroelectric gating and sub-

nanometer screening length in near-metallic correlated materials is highly desirable for low-power 

logic operations and memory functions11-14. To date, different combinations of ferroelectric thin 

films and correlated oxides have been studied for Mott ferroelectric-field-effect transistors 

(FeFETs)9-17, and the field continues to attract strong interest from both scientific and engineering 

communities. 

For electronic device applications of Mott FeFETs, the conductance modulation of channel 

materials has to persist up to the operation frequency, which is usually in the gigahertz (GHz) 

regime. While this is straightforward for traditional semiconductor-based transistors, it is not 

obvious if the requirement is met in complex oxides, where slow ionic conduction due to oxygen 

vacancies is not negligible18. In fact, conventional investigations of Mott FeFETs only evaluate 

the on/off conductance ratio at the DC limit. A powerful technique to assess the high frequency 

conductance of the correlated channel is microwave impedance microscopy (MIM).19,20 In this 

work, we study the microwave conductivity of the epitaxial heterointerface between a ferroelectric 

layer and an ultrathin correlated oxide composite layer by MIM. Polarization reversal is achieved 

by applying a tip bias above the coercive voltage of the ferroelectric and confirmed by piezo-

response force microscopy (PFM). The MIM contrast between the correlated oxide layer gated by 

the up- and down-polarized ferroelectric domains has been quantified by finite-element analysis 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
3
1
4
2
4



3 
 

of the tip-sample admittance. At room temperature, the conductance on/off ratio between the two 

nonvolatile states is above 100 at frequencies up to 1 GHz, which drops at higher frequencies. The 

frequence-dependence suggests that the conductance modulation originates from ferroelectric field 

effect control of carrier density. The modulation is nonvolatile, remaining stable after 6 months of 

domain writing. Our results are important for further development of Mott FeFETs towards 

applications in high-frequency nanoelectronics and spintronics. 

The epitaxial complex oxide heterostructure in this work consists of a 100 nm-thick 

ferroelectric PbZr0.2Ti0.8O3 (PZT) thin film and a bilayer composite oxide of 1.2 nm or 3-unit-cell 

(u.c.) LaNiO3 (LNO) and 0.8 nm or 2 u.c. La0.67Sr0.33MnO3 (LSMO), as illustrated in Figure 1a. 

These layers were sequentially deposited on (001) SrTiO3 (STO) substrates by off-axis radio 

frequency magnetron sputtering15. The LSMO layer was grown at 650 °C in 150 mTorr gas (Ar:O2 

= 2:1). The LNO and PZT layers were deposited at 500 °C with process gas of 60 mTorr (Ar:O2 = 

1:2) and 120mTorr (Ar:O2 = 2:1), respectively. All layers are single crystalline along (001) 

orientations, as confirmed by X-ray diffraction (XRD) measurements (Fig. 1b). Atomic force 

microscopy (AFM) measurements reveal smooth sample surface with a typical root-mean-square 

roughness of 5 Å (Fig. 1b inset). In terms of functionality, the 3 u.c. LNO is the active conduction 

channel. While bulk LNO is a correlated metal, previous studies have shown that ultrathin LNO 

becomes a Mott insulator and exhibits a charge density-driven metal-insulator transition15, 21-24. 

The 2 u.c. LSMO, on the other hand, is well below the electric dead layer thickness and thus highly 

insulating25. It not only serves as a charge-transfer layer26-28 that reduces the net carrier density in 

the LNO channel but also as an extended screening layer to mitigate the depolarization effect in 

the PZT thin film9,15. It has been shown previously that for the same channel thickness, the 

ferroelectric field effect in LNO/LSMO composite channels is orders of magnitude higher than 
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that in single-layer LNO channels.15 All measurements to be discussed below were performed at 

room temperature, highlighting the technological relevance of our work. 

 
Fig. 1. (a) Schematics of the sample layer structure and the PFM/MIM experiments. (b) XRD 2  

scan taken on a PZT/LNO(3)/LSMO(2) heterostructure deposited on (001) STO. Inset: AFM 

topography image of the sample. The scale bar is 600 nm. (c) PFM phase the amplitude hysteresis loops 

of the PZT layer. Inset: PFM phase image of a pattern written by +10 V in the outer box and -10 V in 

the inner box. The scale bar is 4 m. (d) Gate-dependent sheet resistance measured at room temperature 

showing an on/off ratio of 280 at the initial state. 

Figure 1c shows the PFM switching hysteresis loop taken on a PZT/LNO(3)/LSMO(2) 

sample. The voltages to switch the up-polarized (P ) and down-polarized (P ) states are +2.3 V 

and 1.1 V, respectively, as seen from both the rectangular phase loop and butterfly-like amplitude 

loop. The difference in coercive fields indicates that P  is the preferred state for as-grown films15. 
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Next, we wrote ‘box-in-box’ patterns by applying 10 V bias on the tip. As seen in the inset of 

Fig. 1c, the PFM phase image clearly shows the presence of P and P domains after the writing. 

The polarization state after writing with −10 V is the same as that of the unwritten film, which 

again suggests that the as-grown PZT is uniformly up-polarized. For DC transport measurement, 

we followed the method in Ref. [15] and patterned the sample into top-gated FET devices via 

photolithography. The in-plane (perpendicular to the c-axis) resistance is then measured by a 

Keithley 2400 SourceMeter and the result is converted to sheet resistance Rsh by the geometric 

factor. As shown in Fig. 1d, the gate-dependent Rsh exhibits a clear hysteresis loop, where the P 

(P) polarization displays high (low) channel conduction, consistent with hole-type doping in LNO. 

The Rsh values for the on-state and off-state are 52.7 k/sq and 14.8 M/sq, respectively. A 

previous study15 indicates that the relaxation of on- and off-state resistance usually stabilizes over 

several hours, with the on/off ratio reduced to about 55% of the initial value. We thus deduce a 

steady-state on/off ratio of about 150 at zero frequency for PZT/LNO(3)/LSMO(2). 

The study of high-frequency conductance of the PZT-gated LNO channel was performed 

by MIM. As illustrated in Fig. 1a, the MIM is an AFM-based technique29 that detects the tip-

sample interaction at the range of frequency (f) from high-MHz to low-GHz. Signals from the two 

output channels, MIM-Re and MIM-Im, are proportional to the real and imaginary parts of the tip-

sample admittance Yt-s, respectively. Figures 2a and 2b show the MIM images of a box-in-box 

pattern taken at f = 104 MHz and 966 MHz, respectively. The contrast shows no sign of decay 6 

months after the pattern writing, consistent with the nonvolatile nature of ferroelectric gating. 

Interestingly, while the MIM-Im signals in the P domain are higher than that in the P domain in 

both images, i.e., Im = Im(P) – Im(P) > 0, the MIM-Re contrast Re = Re(P) – Re(P) is 

opposite in sign for the two frequencies. In Figures 2c and 2d, we plot the histograms, i.e., number 
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of pixels versus signals, for f = 104 MHz and 966 MHz, respectively. The values and standard 

deviations of Im and Re can be readily extracted from Gaussian fits to the two peaks associated 

with signals in P  and P  domains. 

 
Fig. 2. (a) MIM-Im and MIM-Re images taken at 104 MHz and (b) 966 MHz. All scale bars are 5 m. 

(c) Histogram of the MIM-Im and MIM-Re signals in (a). Peaks associated with the P  and P  states 

are marked in the plots. The dash lines represent Gaussian fits to individual peaks. Here Im = Im(P ) 

 Im(P ) = 24  5 mV and Re = Re(P )  Re(P ) = 7.5  2.6 mV. (d) Histogram of the MIM-Im and 

MIM-Re signals in (b). Here Im = 260  54 mV and Re = Re(P )  Re(P ) = 96  8 mV. 

In order to quantify the MIM signals, we carried out finite-element analysis30 using the 

AC/DC module of the commercial software COMSOL 6.0. As LSMO is below the dead-layer 

thickness, we assumed all conduction modulation originates from LNO. Taking the shape of tip 

apex from the scanning electron microscopy image (inset of Fig. 3) and the sample layer structure, 

we can simulate the real and imaginary parts of Yt-s as a function of the sheet conductance Gsh of 
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the LNO layer. The MIM response curves, which shift to lower (higher) Gsh at lower (higher) f, 

are flat when the sample is very conductive or very resistive. For intermediate Gsh, the MIM-Im 

signal increases monotonically and MIM-Re shows a peak, which is the ‘sensitivity window’ of 

this technique19,20. It should be noted that, due to background subtraction in MIM electronics29, 

one cannot use the absolute signals in Fig. 2 to determine the local Gsh. The common practice is to 

find a region of the sample with known electrical properties as the reference19,20. Here, the on-state 

resistivity of the sample is around 10-3 to 10-2 Ohmcm. For the frequency up to 10 GHz, this is 

well below the resistivity range of non-metallic conductors (well above 1 Ohmcm) where the 

dielectric response is dominated by hopping, as depicted by Jonscher’s Law of Universal Dielectric 

Response.31 Indeed, the 3 u.c. LNO in this study is on the metallic side of the thickness-driven 

metal-insulator transition,15 and the charge transfer at the LNO/LSMO interface does not change 

the metallicity of the active Mott channel at the PZT/LNO interface. As a result, it is reasonable to 

assume that the on-state AC conductance remains the same as the DC value up to GHz frequencies, 

i.e., Gsh(on) = 1/Rsh(on) ~ 2  10-5 Ssq (dash-dotted line in Figure 3). The off-state AC conductance 

Gsh(off) can be determined by comparing the ratio of Re/Im, which effectively cancels the scaling 

factor from Yt-s to MIM output, between experimental data and simulated curves. Qualitatively, 

the MIM contrast between P and P domains (Re/Im ~ −0.3 at 104 MHz and ~ +0.4 at 966 MHz) 

corresponds to Gsh(off) ~ 2  10-7 Ssq, as indicated by the shaded column in Figure 3. A large 

on/off ratio on the order of 100 thus persists up to the GHz regime in this sample, reaching about 

120 at 1 GHz. Since ionic conduction due to oxygen vacancies cannot follow the fast AC electric 

fields at this frequency regime, we conclude that the dominant conduction mechanism in our 

device is electronic in nature. In this scenario, the strong polarization of PZT either accumulates 

or depletes the carrier density in LNO, resulting in a carrier-density-driven metal-insulator 
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transition. The ferroelectric polarization doping induced metal-insulator transition has previously 

been observed in 4 u.c. single layer LNO channels.15 Since the modulation is electronic in nature, 

the zero-frequency resistance switching (Fig. 1d) can persist up to 1 GHz, till which 

electron/polaron hopping start to have notable contribution to the off-state conductance.31 

 
Fig. 3. Simulated MIM signals of the LNO layer at (top) 104 MHz and (bottom) 966 MHz. The on-

state sheet conductance is assumed to be the same as the DC value of 2  10-5 S sq. The shaded column 

indicates the estimated sheet conductance of the off-state. The MIM contrasts Re and Im are labeled 

in the plots. The inset shows a scanning electron microscopy image of the tip. The scale bar is 1 m. 

We extended the MIM study to cover a wide frequency range from 0.1 GHz to 6 GHz. In 

Fig. 4a, the false-color scale is adjusted such that all MIM-Im images appear to have the same 

contrast between P  and P  domains. In addition, the two MIM images at each frequency are 

plotted with the same color scale. It is clear that Re = Re(P )  Re(P ) is negative at ~ 100 MHz, 
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approaches zero at ~ 300 MHz, turns positive at ~ 1 GHz and continues to increase at higher 

frequencies. Using the same analysis as above, we estimated the f-dependent Gsh(off) and on/off 

ratio. As summarized in Fig. 4b, the on/off ratio exhibits weak frequency-dependence over a wide 

range of operating frequency up to ~ 1 GHz and starts to drop at higher frequencies. For correlated 

oxide materials, ultrafast spectroscopy studies32 indicate that the characteristic time scale for 

structure-related transition is on the order of 100 ps. It is possible that the lattice degree of freedom 

is responsible for the increase of Gsh(off) and decrease of on/off ratio at frequencies above 1 GHz. 

Note that the off-state resistivity is on the order of 1 Ohm cm, where the universal dielectric 

response31 starts to apply. In that case, the observed frequency-dependent conduction modulation 

provides another example of the empirical Jonscher-law behavior,31 with the electron or polaron 

hopping being the underlying mechanism. Further experimental and theoretical works are needed 

to explain the f-dependent on/off ratio observed in this study. 

 
Fig. 4. (a) From left to right: MIM images taken at 104 MHz, 300 MHz, 966 MHz, 2.97 GHz, ad 6.04 

GHz. The color scales are adjusted such that all MIM-Im images display the same contrast between the 

two domains and each pair of the MIM-Im/Re images at the same frequency share the same color scale. 

All scale bars are 5 m. (b) Frequency-dependent on/off ratio extracted from the MIM data. The red 

dashed lines are guides to the eyes. 
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In summary, we report the high-frequency conductivity imaging of ultrathin correlated 

oxides with ferroelectric gating by microwave impedance microscopy. Polarization reversal is 

achieved by applying a tip bias beyond the coercive voltage. The MIM contrast between the up- 

and down-polarized domains can be quantified by finite-element analysis of the tip-sample 

admittance. The observed room-temperature resistance ratio between the two nonvolatile states is 

on the order of 100 from DC to 1 GHz and drops at higher frequencies. The result confirms that 

the large on/off ratio originates from the field-effect modulation of charge density rather than ionic 

conduction. Our work is significant for potential applications of Mott FeFETs in high-frequency 

nanoelectronics and spintronics. 
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