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Multiferroics are singular materials that can exhibit simultaneously electric and magnetic orders. Some are ferroelectric and
ferromagnetic and provide the opportunity to encode information in electric polarization and magnetization to obtain four logic
states. However, such materials are rare and schemes allowing a simple electrical readout of these states have not been demonstrated
in the same device. Here, we show that ﬁlms of La0.1 Bi0.9 MnO3 (LBMO) are ferromagnetic and ferroelectric, and retain both ferroic
properties down to a thickness of 2 nm. We have integrated such ultrathin multiferroic ﬁlms as barriers in spin-ﬁlter-type tunnel
junctions that exploit the magnetic and ferroelectric degrees of freedom of LBMO. Whereas ferromagnetism permits read operations
reminiscent of magnetic random access memories (MRAM), the electrical switching evokes a ferroelectric RAM write operation.
Signiﬁcantly, our device does not require the destructive ferroelectric readout, and therefore represents an advance over the original
four-state memory concept based on multiferroics.

The research on magnetic multilayers in the 1980s1 has led to a
new type of electronics exploiting the spin of the carriers, so-called
spintronics2 . Simultaneously, advances in ferroelectric thin-ﬁlm
research have produced technological applications in the sensor
industry and consumer electronics3 . Although magnetism and
ferroelectricity usually exclude each other4 , it has been known
since the 1960s that they can coexist in a few materials known as
multiferroics5,6 . These compounds exhibit magnetic and electric
orders and thus provide a unique opportunity to exploit several
functionalities in a single material7,8 .
A simple way to exploit this multifunctional character, which
has never been reported yet, is to design magnetic tunnel junctions
integrating a nanometric ferromagnetic–ferroelectric ﬁlm as the
tunnel barrier. The main problem is the scarcity of ferromagnetic–
ferroelectric materials. Another key prerequisite is the stability of
ferroelectricity at the very small thickness of a tunnel barrier9 .
Here, we report on the fabrication and characterization of
epitaxial thin ﬁlms of La0.1 Bi0.9 MnO3 (LBMO). We show that
these ﬁlms are both ferromagnetic and ferroelectric and retain
these properties down to a thickness of 2 nm. This allows us to
use them as tunnel barriers in magnetic tunnel junctions and
explore simultaneously two recently proposed concepts, namely
spin-ﬁltering by a ferromagnetic barrier10–12 and the inﬂuence
of ferroelectricity on the tunnelling properties13–15 . Spin ﬁlters
are tunnel junctions in which the tunnel barrier height is spin
dependent because the bottom level of the conduction band in the
ferromagnetic barrier material is spin-split by exchange. This allows
the tunnelling electrons to be eﬃciently ﬁltered according to their
spin12 , in other words to create a highly spin-polarized current, thus
leading to a large tunnel magnetoresistance (TMR) eﬀect if one of
the electrodes is also ferromagnetic10,11 (see Fig. 1a). In addition,
we observe an electroresistance (ER) eﬀect that we suggest reﬂects
a modulation of the tunnel current by the ferroelectric polarization
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in the LBMO barrier (see Fig. 1b). These junctions thus deﬁne
a four-resistance-state system and constitute an important step
towards the integration of nanometric multiferroic elements in
spintronics devices.
The BiMnO3 (BMO) perovskite has well-established
ferromagnetic properties with a magnetic Curie temperature
TCM = 105 K (ref. 16) and a saturation magnetization of 3.6 μB /Mn
(that is, ∼540 e.m.u. cm−3 ) (ref. 17). A ferroelectric character
has been claimed by several groups. For example, Moreira
dos Santos et al. have reported ferroelectric loops in bulk and
polycrystalline thin-ﬁlm samples, with a small polarization P
of 0.15 μcm−2 (ref. 18). Kelvin force microscopy experiments19
and electric-ﬁeld-dependent second-harmonic generation signals20
have also been used to infer a ferroelectric behaviour. The
ferroelectric Curie point was reported to be TCE = 450–490 K
(refs 18,21). A hysteretic magnetic-ﬁeld dependence of the
dielectric constant of BMO ceramics was reported in ref. 22 and
ascribed to the multiferroic character.
Practically, the stabilization of the pure BMO phase is diﬃcult
to achieve in bulk but is facilitated by partial substitution of
Bi by isovalent La, with only little inﬂuence on the structural
and magnetic properties at low La content23 (TCM is reduced
to ∼95 K for 10% La (ref. 23)). We have also found that the
growth temperature–pressure window for obtaining optimal ﬁlms
is broader for La-substituted BMO ﬁlms24 . These reasons have led
us to explore the multiferroic properties of LBMO and its potential
for spintronics.
We have grown epitaxial LBMO ﬁlms on SrTiO3 (001) (STO)
substrates and manganite La2/3 Sr1/3 MnO3 (LSMO) buﬀers25 . The
LSMO layer can be used as a bottom metallic electrode for
ferroelectric characterization and as a half-metallic ferromagnetic
electrode26 for spin-dependent tunnelling studies. X-ray diﬀraction
analysis showed that 30-nm-thick LBMO ﬁlms grow fully strained
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Figure 1 Schematic representation of the tunnel barrier potential proﬁles and
tunnel currents for a ferromagnetic and a ferroelectric barrier. a, Schematic
diagram of the spin-dependent tunnelling for parallel (left) or antiparallel (right)
conﬁgurations of the LBMO and LSMO magnetizations, considering a half-metallic
LSMO electrode with only spin-up states at the Fermi level EF . For simplicity, we
assume a non-ferroelectric LBMO barrier. Φ0 is the barrier in the absence of
ferromagnetism and  Φex is the exchange splitting. Spin-up is represented in red
and spin-down in blue. In the parallel case, spin-up electrons tunnelling from LSMO
experience a small barrier height (Φ0 −  Φex /2), which results in a large current
density (J, shown by a red arrow) and a low resistance. In the antiparallel case,
these electrons tunnel through a larger barrier height (Φ0 +  Φex /2), which results
in a low current and a large resistance. b, Schematic diagram of the potential proﬁle
seen by the tunnelling electrons for the two directions of the barrier electric
polarization, according to the model in ref. 13 (assuming a non-magnetic barrier).
Φ0 is the barrier in the absence of polarization. Φ+ and Φ− are the average barrier
heights seen by the carriers when P points towards LSMO and Au, respectively. The
black arrows indicate the direction of the ferroelectric polarization in the barrier. The
purple arrows indicate the current density.

on the STO substrates. φ-scans carried out on several reﬂections
of LBMO and STO indicate that the ﬁlms are epitaxial and
suggest that the LBMO has a tetragonal unit cell even though its
space group may have a lower symmetry25 . As shown in Fig. 2a,b,
30-nm-thick LBMO ﬁlms exhibit a ferromagnetic behaviour with
TCM ≈ 90 K, that is, close to the Curie temperature of bulk LBMO.
The saturation magnetization is lower than that of bulk BMO, as
often observed in BMO and LBMO ﬁlms27,28 , and possibly due to
Bi vacancies.
The ferroelectric nature of the LBMO ﬁlms was characterized
at room temperature using piezoresponse force microscopy (PFM)
experiments. Figure 2c shows a PFM image collected after writing
negatively or positively polarized stripes in a 30 nm LBMO
ﬁlm grown on LSMO. A clear contrast between up and down
ferroelectric domains is observed. Contrast is also present in
the non-written regions and we estimate the domain size to be
about 50 nm. More quantitatively, the piezoelectric phase versus
electric-ﬁeld hysteresis cycle shown in Fig. 2d conﬁrms that two
remnant electric polarization states are stable in the ﬁlm. The
electric-ﬁeld dependence of the piezoelectric coeﬃcient d33 can be
constructed by using the dependences of the phase and amplitude
(not shown), see inset in Fig. 2d. The hysteresis cycle is not square
as in thick ferroelectric capacitors29 , which is possibly due to the
relatively small LBMO thickness, but it undoubtedly conﬁrms the
ferroelectric character. The d33 coeﬃcient is rather small compared
with the values found for lead zirconium titanate30 or another
nature materials VOL 6 APRIL 2007 www.nature.com/naturematerials

Bi-based multiferroic material, BiFeO3 (d33 ≈ 50 pm V−1 ) (ref. 31).
Such a small value is not surprising in view of the small ferroelectric
polarization found experimentally18 or calculated32 for BiMnO3 .
Given the similarities of bulk BMO and LBMO (ref. 23), it
is anticipated that, as is thought to occur in BMO (refs 32,33),
ferroelectricity in LBMO arises from the presence of directional
6s lone pairs on the Bi ions. Substrate-induced eﬀects may not
be essential but rather modify the magnitude of this oﬀ-centre
distortion and thus possibly change TCE and the polarization. The
presence of a small fraction of La at the perovskite A site and the
concomitant disorder in A-site occupancy could eventually modify
the ordering temperature and the polarization as well. Further
experimental and theoretical work is needed to better understand
the ferroelectric properties of LBMO.
Figure 3 shows that the magnetic and ferroelectric properties
of LBMO ﬁlms are stable on thickness reduction down to
a few nanometres. As can be seen in Fig. 3a, a 6-nm-thick
ﬁlm is still ferromagnetic, with roughly the same magnetization
as a 30-nm-thick ﬁlm (see Fig. 2a). Figure 3b shows that the
temperature dependence of magnetization is also very similar to
that of the 30 nm ﬁlm (Fig. 2b), with a TCM of around 90 K. These
results stand in contrast with what is found for other ferromagnetic
Mn oxides such as La2/3 Ca1/3 MnO3 (LCMO) for which a strong
reduction of M and TCM is found when thickness decreases34 . This
is probably related to the type of ferromagnetic interaction active
in LBMO, super-exchange, which is not carrier mediated and is
thus insensitive to charge localization eﬀects that tend to occur at
reduced dimensions in double-exchange systems such as LCMO
or LSMO. We emphasize that ferromagnetism is retained down
to even lower LBMO thickness (2 nm), as demonstrated by the
observation of a spin-ﬁlter eﬀect in LSMO/LBMO(2 nm)/Au tunnel
junctions, see later.
Figure 3c–e shows PFM images of a 2 nm (that is, 5 unit cells)
LBMO ﬁlm grown on LSMO. Figure 3c was collected after writing
1.5-μm-wide stripes at a voltage of ±2 V. A clear contrast is
observed between the two opposite polarities. To demonstrate the
switchable character of this contrast, a 1 μm2 square was written
with a positive voltage (2 V) onto a negatively polarized stripe
(Fig. 3d) and vice versa (Fig. 3e). Clearly, the PFM contrast is
reversed, which shows that polarization in this ﬁlm is indeed
switchable. We have checked that this contrast was stable over
several hours. Control experiments were carried out on samples
with non-ferroelectric layers such as STO(8 nm)/LSMO/STO and
no contrast was observed. The good stability of the contrast
observed in the case of LBMO supports the well-preserved
ferroelectric nature of LBMO ﬁlms as thin as 2 nm. To be
more quantitative on the thickness dependence of ferroelectricity
in LBMO ﬁlms is diﬃcult, as the signal measured on very
thin ﬁlms was too low to estimate the d33 coeﬃcient. The
degradation of ferroelectricity at low thickness is a long-standing
issue that has attracted the attention of both theorists35 and
experimentalists36,37 . We anticipate that the presumably small
value of the LBMO polarization strongly limits depolarizing ﬁeld
eﬀects, hence enabling ﬁlms to retain a ferroelectric character at
room temperature even at a thickness of 2 nm (or maybe even
less), contrary to what occurs in some systems with a stronger
polarization35 . We further note that even though we did not attempt
to measure the ferroelectric Curie temperature of our LBMO ﬁlms,
the observation of a ferroelectric character at 300 K sets a lower
limit for TCE .
To exploit the multiferroic character of LBMO in spintronics,
we have integrated such ultrathin ferromagnetic–ferroelectric
LBMO ﬁlms as barriers in tunnel junctions (40 ± 10 nm in
diameter) using an LSMO ﬁlm (30 nm) as the bottom electrode
and a gold layer for the top one (for lithography details, see ref. 38
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Figure 2 Magnetic and ferroelectric properties of 30 nm LBMO ﬁlms. a,b, Field (a) and temperature (b) dependence of the magnetization of a 30 nm LBMO ﬁlm. c, PFM
phase image after applying a positive (4 V) or negative (−4 V) writing voltage along stripes on a 30 nm LBMO ﬁlm grown on an LSMO electrode. d, Variation of the
piezoresponse phase with the applied voltage.
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Figure 3 Magnetic and ferroelectric properties of ultrathin LBMO ﬁlms. a,b, Field (a) and temperature (b) dependence of the magnetization of a 6 nm LBMO ﬁlm. a is
reused with permission from ref. 39. Copyright 2006, American Institute of Physics. c–e, PFM phase images of a 2 nm LBMO ﬁlm grown on an LSMO electrode, after writing
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Figure 4 Tunnel magnetoresistance of LBMO-based spin-ﬁlters and temperature dependence of the tunnel magnetoresistance and electroresistance. a,b, Tunnel
magnetoresistance curves at 4 K at Vd.c. = 10 mV in an LSMO/STO(1.6 nm)/LBMO(4 nm)/Au junction (a) and an LSMO/LBMO(2 nm)/Au junction (b). Negative to positive: red;
positive to negative: black. c, Temperature dependence of the TMR of an LSMO/STO(1.6 nm)/LBMO(4 nm)/Au junction and of the tunnel electroresistance (TER) of an
LSMO/LBMO(2 nm)/Au junction. The arrows indicate the ferromagnetic Curie temperature measured on LBMO ﬁlms (see Figs 2b and 3b) and the ferroelectric Curie
temperature reported for bulk BMO (see text).

and the Methods section). An ultrathin (a few unit cells) STO
spacer was intercalated between the two magnetic layers in some
of the samples. This proved to be an eﬃcient way to decrease
the ferromagnetic coupling existing between adjacent LBMO
and LSMO layers and thus achieve independent magnetization
reversals25 . As shown in Fig. 4a, junctions integrating this STO
spacer exhibit a TMR eﬀect (deﬁned as the diﬀerence between
the junction resistance in the antiparallel, ap, and parallel, p,
conﬁgurations of the LSMO and LBMO magnetizations, that is,
TMR = (Rap −Rp )/Rp ) with two well-deﬁned switching ﬁelds, even
though a fully antiparallel alignment is not achieved because of the
low remanence of LBMO. This suggests a ferromagnetic domain
size smaller than the junction area, ∼2,000 nm2 . For an LBMO
thickness of 4 nm, a large TMR is obtained at 3 K at 10 mV (81%
in the curve shown in Fig. 4a and up to 90%, see ref. 39). This TMR
eﬀect is due to the spin-ﬁltering eﬀect11,12 by the ferromagnetic
LBMO barrier. Taking a value of 90% for the spin polarization
of the LSMO/STO interface, a maximum spin-ﬁltering eﬃciency
(SFE) of 35% is inferred40 . We note that the positive sign of the
SFE is in agreement with what is expected from the calculated
band structure of BiMnO3 (ref. 32), that is, a lower barrier height
for spin-up than for spin-down. We point out that the SFE and
nature materials VOL 6 APRIL 2007 www.nature.com/naturematerials

hence the TMR should be much larger if a better-deﬁned ap
state could be achieved. The inﬂuence of a ferromagnetic coupling
between adjacent LBMO and LSMO layers is evident from TMR
curves collected on junctions without an STO spacer: in this
case the switching ﬁelds are poorly deﬁned (see Fig. 4b). In the
absence of such a spacer and at lower LBMO thickness (2 nm),
the junction resistance and the maximum TMR are lower (22% in
the example in Fig. 4b). As can be seen in Fig. 4c (black squares),
the TMR decreases with temperature and vanishes at about 60 K,
that is, lower than the TCM found for a 6 nm ﬁlm (Fig. 3b).
However, because ﬁnite-size eﬀects become increasingly important
as thickness decreases, it is possible that the TCM of 2–4-nm-thick
ﬁlms is signiﬁcantly reduced from the bulk value. Nevertheless,
the observation of a spin-ﬁltering eﬀect by such thin LBMO layers
demonstrates their ferromagnetic character. We therefore conclude
that our LBMO ﬁlms are thus both ferromagnetic and ferroelectric,
that is, multiferroic, down to 2 nm.
Just as the ferromagnetic nature of the LBMO barrier aﬀects
the tunnel current and produces a spin-ﬁlter eﬀect, its ferroelectric
nature is also expected to inﬂuence the tunnelling properties.
The inﬂuence of the electrical polarization on tunnelling has
been investigated from both experimental41 and theoretical13,14
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Figure 5 Tunnel electroresistance and its combination with tunnel magnetoresistance in LBMO-based spin ﬁlters, deﬁning a four-resistance-state system.
a, Bias-voltage dependence of the current of an LSMO/LBMO(2 nm)/Au tunnel junction, for two different bias sweep directions (negative to positive: red; positive to negative:
black). Inset: I(V ) curves up to the maximum applied bias voltage of 2 V. b, Bias dependence of the tunnel electroresistance and tunnel magnetoresistance measured on an
LSMO/LBMO(2 nm)/Au junction. c, Tunnel magnetoresistance curves at 4 K at Vd.c. = 10 mV in an LSMO/LBMO(2 nm)/Au junction, after applying a voltage of +2 V (ﬁlled
symbols) and −2 V (open symbols). The combination of the electroresistance effect and the tunnel magnetoresistance produces a four-resistance-state system. d–g, Tunnel
magnetoresistance curves at 4 K at Vd.c. = 10 mV in another LSMO/LBMO(2 nm)/Au junction on the same sample, after applying a large positive or negative voltage.

points of view. A ﬁrst mechanism leading to a modulation
of the tunnel current by the polarization of the barrier is
the variation of the barrier thickness owing to the converse
piezoelectric eﬀect. This mechanism gives rise to asymmetrical
current–voltage, I (V ), curves with a shift of the conductance
minimum to a non-zero voltage14 . From the low d33 value estimated
by PFM (see Fig. 2d), we expect a shift of only 3.6 mV. A second
mechanism for the inﬂuence of the ferroelectric polarization is
related to the charge screening at the electrode–barrier interfaces
and the diﬀerence in its spatial extension at both sides of the
barrier. This screening controls the depolarizing ﬁeld across the
junction and therefore the proﬁle of the barrier potential seen
by the tunnelling electrons13 (see Fig. 1b). By using electrodes
with diﬀerent screening lengths, the average barrier height is
diﬀerent for diﬀerent orientations of the polarization. In our case,
the electrodes are Au and LSMO for which screening lengths
of 0.07 nm and 0.2–1.9 nm (refs 42,43), respectively, have been
reported. This second mechanism is thus likely to be active in our
LBMO-based junctions.
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In Fig. 5a, we show I (V ) curves obtained at 6 kOe by cycling
the bias voltage between +2 and −2 V in a LSMO/LBMO(2 nm)/Au
junction. A noticeable hysteresis is observed: the tunnelling current
is smaller (larger) for a given voltage when the voltage is swept
from +2 V to −2 V (from −2 V to +2 V). A similar hysteresis is
observed at low magnetic ﬁeld, in the ap state, and for diﬀerent
junctions (see the Supplementary Information). We also note
that the voltage dependence of the current and the conductance
G = dI /dV is the one that is expected if transport occurs by direct
tunnelling (see the Supplementary Information). The hysteresis in
the I (V ) curves corresponds to an ER eﬀect that we deﬁne as
the normalized diﬀerence between the I (V ) curves at increasing
and decreasing voltage ER = [I (V < 0 → V > 0) − I (V > 0 →
V < 0)]/I (V > 0 → V < 0). The ER has been observed for
diﬀerent values of the magnetic ﬁeld and in several junctions. It is
reproducible and does not depend on the voltage sweep rate (see the
Supplementary Information). As shown in Fig. 5b, the ER amounts
to 22% and we can distinguish a low-voltage regime where the ER is
roughly constant, and a symmetric high-voltage regime where the
nature materials VOL 6 APRIL 2007 www.nature.com/naturematerials
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ER decreases to zero. This may reﬂect a transition from tunnelling
through to over the tunnel barrier.
Signiﬁcantly, the ER is largest at low voltage, as is also the
case for TMR (which decreases with voltage, presumably owing
to the excitation of magnons in the magnetic barrier11,44 and to
density-of-state eﬀects45 ). Consequently, it is possible to combine
both ER and TMR to obtain four diﬀerent resistance states at
low bias voltage. This is illustrated by Fig. 5c, which shows two
TMR curves recorded at 10 mV after applying a large positive or
negative voltage (+2 V or −2 V) across the junction. We note that
this eﬀect has been observed in several junctions and that it is
possible to cycle between the diﬀerent states via the application of a
magnetic and/or electric ﬁeld (see Fig. 5d–g). Our junctions based
on a multiferroic tunnel barrier therefore deﬁne a four-resistancestate system.
Several mechanisms have been invoked to explain
electroresistance eﬀects in oxides46 (Mott insulator–metal
transition, charging/discharging trap states47 , formation of local
current domains48 , electronic modiﬁcations at dislocations49 ).
These eﬀects are usually very large (orders of magnitude in
variation) and the switching is sharp. In addition, they have been
observed for much thicker oxide layers (>30 nm), far beyond
the limit for tunnelling. This contrasts with our observation of
a smooth electroresistance of ∼20% in junctions with a 2-nmthick barrier through which current ﬂows by tunnelling (our
G(V ) curves can be well-ﬁtted by a parabolic function beyond
the magnon excitation regime, that is, ±150 mV). We have also
checked that I (V ) curves up to ±2 V measured on LSMO/STO/Au
junctions fabricated by the same technique do not show hysteresis.
We therefore suggest that the observed electroresistance eﬀects
most likely arise from ferroelectric switching in the LBMO
tunnel barrier. A possible mechanism is the one proposed by
Zhuravlev et al.13 that considers the asymmetric deformation of the
barrier potential proﬁle induced by the ferroelectric polarization
of LBMO. If we assume that the P(E) loop of the ferroelectric
barrier is hard to saturate (as can be inferred from the d33 versus
E dependence of a 30 nm LBMO ﬁlm, see inset of Fig. 2d), we do
not expect to observe sharp switching events in the I (V ) curves,
in agreement with the experimental data. The observation of an
increase of the ER with increasing the maximum applied voltage
(not shown) is also consistent with this picture. Signiﬁcantly,
the ER decreases with temperature but is still ∼4% at room
temperature (see Fig. 4c). This is consistent with the observation of
a ferroelectric character at 300 K (see Fig. 3c–e) and is reasonable
in view of the reported values of TCE ≈ 450–500 K for bulk BMO,
see refs 18,21 (the TCE of bulk LBMO is not known at present). All
of these arguments support our interpretation of hysteretic I (V )
curves and the ER eﬀect on the basis of the ferroelectric character
of the LBMO barrier.
In summary, we have reported the concomitant observation
of ferromagnetism and ferroelectricity in epitaxial thin ﬁlms. The
material we have chosen is La0.1 Bi0.9 MnO3 and, remarkably, it
retains its multiferroic character in thin-ﬁlm form down to a
thickness of 2 nm. Using such ultrathin LBMO layers as tunnel
barriers allows the device to operate as a four-resistance-state
system. Consequently, our results suggest that it is possible
to encode quaternary information by both ferromagnetic and
ferroelectric order parameters, and to read it non-destructively
by a resistance measurement. We anticipate our results to be
a starting point for more studies on the interplay between
ferroelectricity and spin-dependent tunnelling, and for the use of
nanometric multiferroic elements in prototype devices. On a wider
perspective, they may open the way towards novel reconﬁgurable
logic spintronics architectures and to electrically controlled readout
in quantum-computing schemes using the spin-ﬁlter eﬀect50 .
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METHODS
The LBMO ﬁlms used in this study were grown by pulsed laser deposition on
SrTiO3 (001) single-crystalline substrates using a KrF laser (l = 248 nm) with a
ﬂuence of 2 J cm−2 and a repetition rate of 2 Hz. The oxygen partial pressure
was set to 0.1 mbar and the substrate temperature to 625 ◦ C. LSMO templates
were grown in situ before LBMO deposition (at a pressure of 0.2 mbar and a
temperature of 700 ◦ C) except for tunnel-junction structures for which the
LSMO and LSMO/STO templates were grown previously by pulsed laser
deposition on STO substrates with a Nd:YAG laser (at a frequency of 2.5 Hz, a
pressure of 0.41 mbar and a temperature of 720 ◦ C). After growing the LBMO,
the samples were cooled to room temperature in 1 bar of pure oxygen. Tunnel
junctions 40 ± 10 nm in diameter were deﬁned by spinning a thin (∼30 nm)
photoresist layer on the LSMO/LBMO or LSMO/STO/LBMO bilayers and
indenting it with a conductive-tip atomic force microscope (AFM) while
monitoring the LSMO-tip resistance in real time (see ref. 38 for details). The
indents where subsequently ﬁlled with ∼100 nm of Au. Magnetization was
measured in a Quantum Design superconducting quantum interference device
with the magnetic ﬁeld applied in the plane. PFM was carried out with a Digital
Instruments Nanoscope IV AFM with CrPt-coated conducting tips. PFM
signals were extracted through the AFM signal access module to an SR830
lock-in ampliﬁer. The phase and amplitude of the signal were collected
simultaneously. The a.c. modulation voltage applied between the tip and the
bottom electrode for reading had a typical frequency of 4 kHz and a
peak-to-peak amplitude of 0.5 V. The junction transport properties were
measured using a Keithley 6514 electrometer and a Keithley K230 voltage
source or a Keithley 2400 multimeter, in an Oxford Instruments cryostat
(3–300 K) equipped with an electromagnet (0–6 kOe). Positive voltage
corresponded to electrons tunnelling from the bottom electrode to the
top electrode.
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