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Ferroic-order parameters1 are useful as state variables in non-
volatile information storage media because they show a hys-
teretic dependence on their electric or magnetic field.
Coupling ferroics with quantum-mechanical tunnelling allows
a simple and fast readout of the stored information through
the influence of ferroic orders on the tunnel current. For
example, data in magnetic random-access memories2 are
stored in the relative alignment of two ferromagnetic electro-
des separated by a non-magnetic tunnel barrier, and data
readout is accomplished by a tunnel current measurement.
However, such devices based on tunnel magnetoresistance3

typically exhibit OFF/ON ratios of less than 4, and require
high powers for write operations (>1 3 106 A cm22). Here, we
report non-volatile memories with OFF/ON ratios as high as
100 and write powers as low as ∼1 3 104 A cm22 at room
temperature by storing data in the electric polarization direc-
tion of a ferroelectric tunnel barrier. The junctions show
large, stable, reproducible and reliable tunnel electroresistance,
with resistance switching occurring at the coercive voltage of
ferroelectric switching. These ferroelectric devices emerge as
an alternative to other resistive memories4, and have the
advantage of not being based on voltage-induced migration of
matter at the nanoscale5,6, but on a purely electronic
mechanism7.

A ferroelectric tunnel junction (FTJ) is composed of a few-unit-
cell ferroelectric thin film sandwiched between two electrodes.
Applying an electric field across the ferroelectric film enables the
reversal of its order parameter (the ferroelectric polarization),
giving rise to two logic states with polarization pointing either up
or down. Switching the ferroelectric polarization is predicted to
give rise to large changes in the tunnel resistance, an effect called
giant tunnel electroresistance (TER)8. TER can be produced by at
least three mechanisms that depend on polarization direction9: (i)
asymmetrical deformation of the barrier potential profile10, (ii)
changes in the density of states at the barrier/electrode interfaces
and (iii) voltage-dependent variations of the barrier thickness due
to piezoelectricity11. In 1971, Esaki et al. proposed the first
concept for an FTJ, at that time termed a ‘polar switch’12.
However, because of the difficulty in preserving ferroelectricity
down to thicknesses compatible with quantum-mechanical electron
tunnelling13–16, experiments with FTJs only began a few decades
later. In 2003, one group reported TER at room temperature,
without being able to clearly ascribe the resistive switching events
to ferroelectric polarization reversal17. This group later pointed
out the difficulty in distinguishing ferroelectricity-driven TER

from resistive switching related to ionic displacements (such as
electromigration)18. By combining piezoresponse force microscopy
(PFM) and conductive-tip atomic force microscopy (CTAFM),
several groups demonstrated conclusively in 2009 that switching
ferroelectric domains in bare ferroelectric tunnel barriers leads to
large TER at room temperature19–21. Here, we report the observation
of giant TER at room temperature in solid-state ferroelectric tunnel
junctions and qualify them as high-potential non-volatile random
access memories. Although leakage current is detrimental in con-
ventional capacitive ferroelectric random access memories
(FeRAMs), these ferroelectric resistive memories take advantage of
it to read information non-destructively19.

The BaTiO3(2 nm)/La0.67Sr0.33MnO3(30 nm) (BTO/LSMO)
heterostructures used in this study were grown on (001)NdGaO3
single-crystal substrates by pulsed laser deposition (see Methods
and ref. 19). The BTO film is fully strained, which favours the stabil-
ization of a ferroelectric character at room temperature22, as con-
firmed by PFM19. The PFM signal does not decay significantly
over several days on these BTO ultrathin films, excluding other
mechanisms related to ionic dynamics23. The BTO/LSMO bilayer
was left unpatterned and gold(10 nm)/cobalt(10 nm) top-electrode
circular pads (typically 500 nm in diameter) were defined by
electron-beam lithography and lift-off (see Methods). An AFM
image of four junctions and a sketch of their structure are
presented in Fig. 1.

To measure the ferroelectric properties of the BTO barrier and
the electrical response of the junctions, an electrical contact on
the top-electrode pads was made using an AFM conductive tip.
Figure 2a,b shows the results of PFM characterization for a represen-
tative junction. The out-of-plane piezoresponse acquired as a func-
tion of the d.c. voltage between the top and bottom electrodes shows
a clear hysteretic behaviour, both in the phase (Fig. 2a) and ampli-
tude (Fig. 2b) signals, suggesting a ferroelectric character for the
BTO barrier integrated in the junctions. As expected for a ferroelec-
tric signal, the phase difference between the two polarization states
is �1808, and the minima in the amplitude loop coincide with the
switching voltages in the phase signal. As bias voltage is applied to
the cobalt electrode, these data suggest that applying a positive
voltage orients the ferroelectric polarization towards the LSMO,
whereas applying a negative voltage orients it towards the cobalt,
with coercive voltages VC of �2 V (absolute value).

To investigate resistive switching in our ferroelectric devices, we
applied short voltage pulses through the AFM tip (Vwrite) and
measured the tunnel resistance (R) at low d.c. voltage (|Vread| ≪
|VC|). Figure 2c presents typical R versus Vwrite characteristics
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measured at Vread¼ 100 mV after applying successive values of
Vwrite from 23.5 to þ3 V and from þ3 to 23.5 V. A clear large
hysteretic variation of the resistance state with Vwrite is observed,

and well-defined resistive switching occurs at the coercive voltage
inferred from the PFM loops. Following Kohlstedt et al.18 and
Maksymovych et al.20, we argue that resistive switching is most
probably due to ferroelectric polarization reversal in our junctions,
although more complex resistive switching mechanisms involving
electrochemical interface reactions associated with ferroelectric
polarization reversal cannot be completely excluded24,25. At positive
VC, resistance switches from a low to a high value and the device is
in the high resistance (‘OFF’) state when the polarization is pointing
towards the LSMO. Symmetrically, the low resistance (‘ON’) state is
reached by orienting the polarization towards the cobalt.

We then applied voltage pulses larger than the coercive field
(|Vwrite| . |VC|) and characterized the ON and OFF states in
more detail. Note that the poling (or ‘write’) operation requires a
write power of �1 × 104 A cm22. This is at least two orders of mag-
nitude lower than the value required for MRAMs (ref. 2). Figure 3a
presents a series of junction readout operations at Vread¼ 100 mV
for the ON and OFF states, which have resistances of �1 × 105

and 1 × 107 V, respectively. This corresponds to a TER effect of
10,000% or an OFF/ON ratio of 100. This number agrees well
with the value measured across 2-nm-thick BTO barriers by
CTAFM on pre-poled ferroelectric domains19. It is larger than
what we have found at low temperatures in iron/BTO/LSMO
junctions with 1-nm-thick BTO barriers26, which we interpret as
being a result of the larger barrier thickness and the more effective
poling procedure that we have used here (Supplementary
Information). From Fig. 3a it is clear that both states are very
stable for successive readouts.

Figure 3b shows I(Vread) between 20.5 and 0.5 V in the ON and
OFF states. Both are nonlinear, highly symmetric and free of discon-
tinuities, in contrast with what often occurs with other resistive
switching devices6. Both traces can be well fitted using classical
models of direct quantum-mechanical tunnelling through trapezoidal
tunnel barriers21,27 (Supplementary Fig. S1), indicating that mechan-
isms based on the modulation of tunnel transmission (through
variation of the barrier height and the tunnelling effective mass)
by ferroelectricity are probably responsible for the TER effect10,11.
Additional I(Vread) measurements collected at 85 K for the ON and
OFF states (Fig. 3c) show little variations from those obtained at
room temperature (the current drops by less than a factor of 3 in
the ON or OFF states, and the OFF/ON ratio is �100 at 85 K).
This confirms that transport occurs by direct quantum-mechanical
tunnelling through the ultrathin BTO films. Furthermore, the relative
difference in the current level in the OFF and ON states and the TER
do not decrease rapidly with Vread (Fig. 3d), allowing the readout
levels to be increased with limited performance loss.

Figure 4a shows the ON and OFF resistance states for 50 junc-
tions with an average OFF/ON ratio of 64. The reproducibility of
both resistance levels and the TER effect attest to the high yield
and good uniformity of the sample. The ON and OFF states are
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Figure 1 | Sketch of the devices. a, AFM image of four typical nanodevices defined using electron-beam lithography. b, Schematic of one gold/cobalt/BTO/

LSMO nanodevice on a NGO substrate.

−4 −3 −2 −1 0 1 2 3 4

105

106

107

−90

−45

0

45

90

1

10

R 
(Ω

)

Vwrite (V)

−4 −3 −2 −1 0 1 2 3 4
Vwrite (V)

−4 −3 −2 −1 0 1 2 3 4
Vwrite (V)

Ph
as

e 
(d

eg
)

A
m

pl
itu

de
 (a

.u
.)

a

b

c

Figure 2 | Ferroelectric switching versus resistive switching. a,b, Out-of-

plane PFM phase (a) and amplitude (b) measurements on a typical

gold/cobalt/BTO/LSMO ferroelectric tunnel junction. c, R(Vwrite) for a

similar capacitor measured in remanence (Vread¼ 100 mV) after applying

successive voltage pulses of 100 ms. The open and filled circles represent

two different scans to show reproducibility.
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highly stable over read/write cycles and do not exhibit resistance
variations related to fatigue. Fatigue tests were performed over 900
read/write cycles (Fig. 4b), after which electrical contact was lost
due to tip drift. The device displayed the same ON and OFF resist-
ance states after repositioning the tip. Fully patterned junctions with
permanent electric contacts should allow further endurance charac-
terization and investigation of TER dynamics up to the gigahertz
range. Complementary experiments were performed to show
resistive switching in FTJs with high OFF/ON ratio (.100) after
applying write voltage pulses of 10 ns (Fig. 4c). We calculated
write energies of �100 fJ/bit for these devices (Supplementary
Information). Additionally, preliminary experiments with 50-nm-
wide nanojunctions (Supplementary Fig. S2) suggest ultimate
write energies ,10 fJ/bit, which is competitive with other non-vola-
tile memory technologies (Supplementary Table 1)28.

Although all the above results have been obtained on non-fully
optimized devices, they constitute a proof of concept for novel
types of memories based on nanoscale ferroelectrics. The electro-
static mechanism probably responsible for the TER effect strongly
depends on the screening lengths at both barrier/electrode inter-
faces and on the barrier characteristics (dielectric constant and
polarization)10. Strain engineering22 and a careful control of electri-
cal boundary conditions29 are valuable means with which to adjust
these parameters and achieve enhanced performance.

As well as their potential as non-volatile memories, solid-state
FTJs also demonstrate exciting perspectives at a basic science
level. Combining epitaxial electrodes and ferroelectric barrier
systems would enable investigations of the interplay between ferro-
electric polarization reversal and the symmetry of tunnelling wave-
functions8. FTJ coupling with magnetic electrodes has the potential
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Figure 4 | Reproducible, fast and reversible switching. a, ON and OFF resistance states measured after applying 100ms voltage pulses to 50 different

junctions. Average OFF/ON ratio is 64 (range, 15–220). b, Reversible resistance switching between ON and OFF resistance states of a typical junction for

more than 900 cycles (five resistance measurements are carried out at Vread¼ 100 mV between each 100 ms voltage pulse of þ2.9 V and 23.4 V).

c, OFF/ON resistance switching of a typical device measured at Vread¼ 100 mV after applying 10 ns voltage pulses.

a b c

d

−0.4 −0.2 0.0 0.2 0..4
−20

−15

−10

−5

0

5

10

105

106

107

0 1 × 104 2 × 104

−3

0

3

−0.4 −0.2 0.0 0.2 0.4

103

104

101

102

−0.4 −0.2 0.0 0.2 0.4

10−9

10−8

10−7

10−6

10−5

OFF

ON

OFF

I (
μA

)

Vread (V)

ON

ON

R 
(Ω

)
OFF

V w
rit

e 
(V

)

Nread

O
FF/O

N
 ratioTE

R 
(%

)

Vread (V)

300 K,
, 85 K

I (
A

)

Vread (V)
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to yield low-power electric-field-controllable spintronics device
operation at room temperature. Furthermore, FTJs are emerging
as ideal systems with which to investigate polarization switching
mechanisms30 and high-frequency dynamics of nanoscale ferroelec-
trics, a virtually unexplored area.

Methods
The BTO/LSMO bilayers were grown on (001)NdGaO3 single-crystal substrates by
means of pulsed laser deposition (KrF excimer laser (l¼ 248 nm), fluence of
2 J cm22, repetition rate of 1 Hz). LSMO films (30 nm) were grown at 775 8C under
0.15 mbar oxygen. BTO films were subsequently grown at 775 8C and 0.10 mbar
oxygen. The samples were annealed for 1 h at 750 8C and 500 mbar oxygen and
cooled to room temperature at 10 8C min21. The thickness of the films was
calibrated with X-ray reflectivity and cross-checked with transmission electron
microscopy19. Nanodevices with diameters ranging from 200 to 700 nm were
defined from these bilayers using electron-beam lithography and lift-off of sputter-
deposited cobalt (10 nm) followed by a capping layer of gold (10 nm). PFM
experiments were performed at room temperature using a MFP-3D Asylum AFM in
DART (dual a.c. resonance tracking)31 mode. Commercial silicon tips coated with
chromium/platinum (Budget Sensors) were used for PFM at typical contact
resonance frequencies of 1.2–1.3 MHz. Electrical measurements were performed
either with the MFP-3D or with a multimode Nanoscope IV set-up (Digital
Instruments) at room temperature and under nitrogen flow with the same AFM tips.
Additional low-temperature (85 K) experiments were performed using an AttoAFM
I (Attocube Systems) and commercial silicon tips coated with boron-doped diamond
(Nanosensors). The bias voltage was applied to the tip, and the sample was grounded
for all measurements.
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