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We report a spin-rectiﬁcation eﬀect in a spin-valve structure consisting of ferroelectric croconic acid
(C5 H2 O5 ) sandwiched between ferromagnetic electrodes La0.7 Sr0.3 MnO3 and Co, which can be switched
between a high-resistance (oﬀ ) and a low-resistance (on) state by a poling voltage. In the oﬀ state, the
magnetoresistance (MR) sign reverses with the measurement voltage with a 0.1-V oﬀset, suggesting a
spin-rectiﬁcation behavior, while in the on state the MR remains negative. These observations can be
understood in terms of electrically controlled interfacial energy-band alignment either from the electrostatic eﬀect or from the interfacial redox process. The observed spin-rectiﬁcation eﬀect suggests the
possibility of diodelike devices for spin-polarized current.

I. INTRODUCTION
Electrical control of spin transport is critical for developing spin-based circuitry [1–3]. The realization of this
control hinges on the sensitivity of fundamental processes
such as the generation and detection of spin currents to
the electrical ﬁeld. In multilayer structures such as spin
valves, spin current can be generated and detected using
ferromagnetic (FM)-nonmagnetic (NM) interfaces. Their
eﬃciencies are determined by the interfacial spin polarizations P s , which manifest in magnetoresistance (MR) [4].
Therefore, manipulation of P s can be an eﬀective method
for the electrical control of spin transport.
A signiﬁcant change of P s is its sign reversal. The reversal of the P s sign when the electrical current is reversed
can be viewed as a spin-rectiﬁcation eﬀect for the FM-NM
interface, which could be useful for tunable spin ﬁltering.
The spin rectiﬁcation of an FM-NM interface in a spinvalve structure can be inferred from an MR sign reversal
with the measurement voltage, if the P s sign of the other
FM-NM interface is unchanged, as illustrated in Fig. 1(a).
Although the magnitude of the MR naturally decreases
with the measurement voltage [5–11] due to, e.g., spin
depolarization of hot carriers [12], MR sign reversal at low
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voltage, or the spin-rectiﬁcation eﬀect, has been found to
be rare.
In order to realize the spin-rectiﬁcation eﬀect, in this
work, we employ active band-alignment engineering in a
spin-valve structure consisting of molecular ferroelectric
croconic acid (C5 H2 O5 or CA for abbreviation) sandwiched between ferromagnetic electrodes La0.7 Sr0.3 MnO3
(LSMO) and Co. The advantage of CA [Fig. 1(b)] is
its large electric polarization (25 μC/cm2 ) [13] and the
unique proton-transfer origin of the ferroelectricity [13–
16], which enhances the electrostatic eﬀect and minimizes
the interfacial structural change. Using a poling voltage, the spin-valve structure is switched between a lowresistance (on) state and a high-resistance (oﬀ ) state, in
which the spin-rectiﬁcation eﬀect is observed.
II. METHODS
The La0.7 Sr0.3 MnO3 (15-nm) thin ﬁlms are epitaxially
grown on SrTiO3 (001) substrate by pulsed laser deposition and magnetron sputtering, where the 0.7/0.3 composition is chosen for its robust magnetic properties [17].
The nanometer-thin ﬁlm of CA is fabricated by thermal
evaporation followed by the growth of SiO2 by electronbeam (e-beam) evaporation. The Co(20-nm)/Al(2-nm) top
electrode, with a diameter of approximately 200 μm, is
grown using e-beam evaporation with a shadow mask. The

(a)

III. RESULTS

(b)

A. Spin-valve structure
Figure 2(a) shows schematically the structure of the
LSMO/CA/SiO2 /Co spin valve. The HRTEM image of
the cross-section structure is shown in Figs. 2(b)–2(d),
conﬁrming the desired thicknesses of the diﬀerent layers.
More importantly, there is no visible diﬀusion of Co into
the CA layer, indicating the eﬀectiveness of the SiO2 layer
as a diﬀusion barrier.
FIG. 1. (a) A schematic illustration. Upon current reversal, when the P s sign of the FM1-NM interface remains the
same, MR sign reversal suggests P s sign reversal, or the spinrectiﬁcation eﬀect of the FM2-NM interface. The vertical arrows
indicates the spin polarization at the FM/NM boundary; the horizontal arrows indicate the current directions; the magnetization
of the two FM electrodes is always aligned. (b) The crystal structure of CA, where the electrical polarization is along the c axis.
P indicates electric polarization.

growth of the CA, SiO2 , Co, and Al layers is carried out in
high vacuum with an EvoVac system from Angstrom Engineering, at −30 ◦ C substrate temperature to optimize the
CA-layer morphology and to minimize the interlayer diffusion [18]. The cross-section STO/LSMO/CA/SiO2 /Co
structure is characterized by high-resolution transmission
electron microscopy (HRTEM) using a FEI Tecnai Osiris
S/TEM operating at 200 kV. Electron-transparent samples
are produced using standard lift-out procedures on a FEI
Helios Nanolab 660.
Polarization-hysteresis-loop measurements and piezoresponse-force microscopy are used to characterize the
ferroelectric properties of the CA ﬁlm, as demonstrated
by our previous study [18]. Electrical and magnetotransport measurements are performed with a Keithley 2450
SourceMeter, using a four-probe method in a Janis cryostat
with a 0.5-T electromagnet. The positive bias corresponds
to current ﬂow from the top Co to the bottom LSMO electrode. Constant-voltage biases are used and an automatic
feedback loop is turned on to ensure a constant voltage
drop across the junction through the voltage leads. All the
resistances are measured under the “measurement voltage”
Vmeas ; a pulsed (20-ms duration) “poling voltage,” Vpole ,
is applied on the junction to change the resistance states,
which are measured with a low Vmeas right after Vpole .
The temperature and magnetic-ﬁeld dependencies of
the magnetization are measured using a superconducting
quantum interference device (SQUID) magnetometer, with
the ﬁeld along the in-plane direction. X-ray absorption
spectroscopy (XAS) of the Co L edge measurements and
x-ray magnetic circular dichroism (XMCD) are performed
with normal incidence at the bend-magnet beamline 6.3.1
in the Advanced Light Source at the Lawrence Berkeley
National Laboratory.

B. Electroresistance
As indicated by the structure in Fig. 2(a), a voltage is
applied to the Co top electrode and the LSMO bottom electrode is always grounded. Figure 3(a) shows the typical
current-voltage (I -V) characteristics measured at 30 K with
bipolar switching between a high-resistance (on) state and
a low-resistance (oﬀ ) state. The weak temperature dependence of the resistance suggests the tunneling nature of
the conduction (see Fig. S1 in the Supplemental Material [19]). The electroresistance, deﬁned as ER ≡ Roﬀ /Ron ,
increases with decreasing Vmeas and reaches 3500% close
to zero Vmeas (see Fig. S1 in the Supplemental Material
[19]), where Roﬀ and Ron are the resistances for the oﬀ and
on states, respectively.
To further demonstrate the ER behavior, we apply a
sequence (2.5 V → −2.5 V → 2.5 V) of pulsed (20ms duration) poling voltages (Vpole ) on the junction to
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FIG. 2. (a) The schematics of the LSMO/CA/SiO2 /Co spinvalve structure. (b)–(d) Transmission electron microscopy
images on the cross section of a STO/LSMO/CA/SiO2 /Co
structure. (b) A high-angle annular dark-ﬁeld (HAADF) image.
An enlarged view of the area in the box in (b) is shown in (c).
(d) Element mapping of the same area as shown in (c).
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FIG. 3. (a) The current versus voltage (Vmeas ) characteristics. (b) The resistances as a function of Vpole measured at Vmeas = −0.01 V.
(c) The typical resistance switching between the on and oﬀ states measured at Vmeas = −0.1 V, after applying a Vpole of +2.5 V or
−2.5 V. The measurements in (a)–(c) are carried out at 30 K.

change the resistance state, which is measured at a constant Vmeas = −0.1 V right after the pulse; the measured
resistance as a function of Vpole is shown in Fig. 3(b). Consistent with the I -V measurement in Fig. 3(a), the junction
shows low-resistance states after negative Vpole < −2.3 V
and high-resistance states after positive Vpole > 1.5 V. To
conﬁrm the reversible switching between the on and oﬀ
states, measurements are performed by applying +2.5 V
and −2.5 V pulses back and forth; the reproducibility is
demonstrated in Fig. 3(c).
C. Magnetoresistance
Figures 4(a) and 4(b) show representative curves of the
resistance versus the magnetic ﬁeld R(H ) for the junction
in the on and oﬀ states. Typical R(H ) curves with a rapid
resistance change at the coercive ﬁelds of LSMO and Co
electrodes are observed. Here, the switching at the smaller
(larger) magnetic ﬁelds corresponds to the magnetization
reversal in LSMO (Co) electrode, consistent with the magnetometry measurements (see Fig. S2 in the Supplemental
Material [19]).
The behavior of the MR for the on and oﬀ states differs dramatically; here, MR ≡ (RAP − RP )/RP , where RP

(a)

off
on

and RAP are the resistance when the magnetization of the
FM electrodes are parallel and antiparallel, respectively.
In the on state, the MR is negative at both Vmeas = −1
and 1 V, as shown in Figs. 4(a) and 4(b), respectively.
The voltage dependence of the MR, i.e., MR(Vmeas ), is
shown in Fig. 4(c); negative MR is observed regardless
of the sign of Vmeas in the on state. This is typical for
magnetic tunnel junctions using two ferromagnetic electrodes with opposite P s signs [20,21]. The magnitude of
the MR, up to 12.5%, decreases with an increasing |Vmeas |
in the on state, consistent with the mechanism of spin
depolarization of hot electrons [12]. In contrast, in the oﬀ
state, the MR at Vmeas = −1 and 1 V has opposite signs,
as shown in Fig. 4(a) and 4(b), respectively. In fact, as
shown in Fig. 4(c), the MR is essentially positive at negative Vmeas and negative at positive Vmeas with a 0.1 V
oﬀset in the oﬀ state. This is diﬀerent from the Vmeas independent MR sign in previously reported organic spin
valve [22].
The dramatic diﬀerence between the MR(Vmeas ) values
of the on and oﬀ states is also observed at higher temperatures, e.g., 100 K, as shown in Fig. 5(a). In the oﬀ state,
the MR sign reverses at around Vmeas = −0.1 V, which is
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FIG. 4. The MR under (a) Vmeas = −1 V and (b) Vmeas = +1 V after applying Vpole = +2.5 V and Vpole = −2.5 V, respectively. The
arrows indicate the measurement sequence. (c) The MR as a function of Vmeas for both the on (low resistance) and oﬀ (high resistance)
states. The measurements are carried out at 30 K, with an in-plane magnetic ﬁeld.
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FIG. 5. (a) The bias-dependent
MR at 100 K for the on and the
oﬀ states. (b) The temperaturedependent MR for the on and the
oﬀ states. The magnetic ﬁeld is
in the ﬁlm plane.
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similar to that at 30 K, while in the on state, the MR sign is
also always negative, with a peak value about −9.1%. The
magnitude of the MR in general decreases with temperature and vanishes at around room temperature, as shown in
Fig. 5(b), measured in a diﬀerent device.

D. Spin-rectiﬁcation eﬀect and theoretical model
The direct eﬀect of Vpole on the resistance of the junction, i.e., ER, can be understood with the mechanism of
tunnel ferroelectric resistance, which has been predicted
theoretically in a SrRuO3 /BaTiO3 /SrTiO3 /SrRuO3 heterojunction [23]. The surface charge σP of a ferroelectric
layer sandwiched between electrodes is normally screened
at the ferroelectric-electrode interfaces. More speciﬁcally,
in short-circuit conditions, the screening charge is σS =
σP dF /(δ1 + δ2 + dF ), where dF is the thickness of the ferroelectric layer and δ1 and δ2 are the screening lengths
of the two electrodes [24]. When δ1 + δ2  dF , which
(a)
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is the case for typical metals, σS approaches σP , meaning a complete screening. The change of vacuum potential in the ferroelectric layer can be written as VF =
dF (σP − σS )/ε0 [24], which vanishes when σS approaches
σP , where ε0 is the vacuum permittivity. With the dielectric layer SiO2 inserted, the screening charge follows σS =
σP dF /(δ1 + δ2 + dF + dD /εD ), where dD and εD are the
thickness and the relative dielectric constant of the SiO2
layer. If δ1 + δ2 + dD /εD is comparable to dF , σS is substantially reduced and VF becomes nonzero. The change
of vacuum potential aﬀects the energy landscape of the
tunnel junction and, most importantly, the eﬀective height
of the tunnel barrier. As illustrated in Fig. 6(a) (see also
Appendix A), the overall vacuum level shifts up (down)
when the CA polarization points “down” (“up”) toward the
LSMO (Co), which is expected to raise (lower) the tunnel
barrier and cause higher (lower) resistance; this is consistent with the observation in the LSMO/CA/SiO2 /Co
junction in Fig. 3: a positive (negative) poling voltage
leads to the oﬀ (on) state.

(c)

FIG. 6. (a) The schematics of the electronic vacuum potential for both the on and oﬀ states; the arrows indicate the polarization
oﬀ
direction of CA. VF is the change of vacuum potential in the ferroelectric layer in the oﬀ state. (b) An energy diagram illustrating the shift of the Fermi energy in interfacial Co at zero measurement voltage Vmeas due to the electrostatic eﬀect in the oﬀ
state. The vertical thick arrow indicates the magnetization directions. The horizontal thick arrows indicate the electric polarization.
The horizontal (green) arrow indicates the tunneling process. The (yellow) dashed lines indicate the bulk Fermi-energy level of Co.
(c) X-ray absorption spectra of the Co L3 edge for the on and oﬀ states. The arrows indicate features from Co2+ . The measurements
are carried out at 80 K.

To understand the eﬀect of Vpole on MR(Vmeas ), we
ﬁrst note that MR(Vmeas ) depends on the energy landscape
of the LSMO/CA/SiO2 /Co junction. For spin-conserved
tunneling across the junction, according to Julliere’s model
[25], the sign of the MR is determined by the prods
s
uct PLSMO
PCo
. Previous work has demonstrated that, in a
LSMO/SrTiO3 /Co spin valve, the energy and spin polarization of electrons participating in the charge transfer
depend on Vmeas , causing the dependence of the eﬀective
P s and the MR on Vmeas and even a MR sign change [20,
21]. While the spin polarization of the LSMO interface,
s
(PLSMO
), is believed to remain positive around the Fermi
level due to the large gap between the Fermi energy and the
minority band [17,26,27], the spin polarization of the Co
s
interface (PCo
) changes dramatically with the energy (see
also Appendix B). So, it is concluded that the MR(Vmeas )
relation in the LSMO/SrTiO3 /Co spin valve comes mostly
s
on Vmeas [20,21]; Unforfrom the dependence of PCo
tunately, the Vmeas needed for the MR sign change is
too large (approximately 1 V) in the LSMO/SrTiO3 /Co
spin valve. In contrast, in this work, in the oﬀ state of
the LSMO/CA/SiO2 /Co junction, the MR sign reversal
occurs at much lower Vmeas (approximately 0.1 V). Theres
fore, assuming that the PLSMO
sign remains the same, in the
oﬀ state of the LSMO/CA/SiO2 /Co spin valve reported
s
here, PCo
basically changes sign when Vmeas changes sign,
i.e., the Co interface exhibits the spin-rectiﬁcation eﬀect,
as illustrated in Fig. 1(a).
Following the mechanism of spin-conserved tunneling
[20,21], if the Fermi energy of Co is shifted relative to the
density of states, the MR(Vmeas ) relation will be shifted
accordingly. In particular, to have a sign change of the
MR around zero Vmeas in the oﬀ state, it is required that
s
reverses sign around the Fermi energy, which means
PCo
a down-shift of the Fermi energy relative to the density
of states, since the minority spin dominates at the Fermi
energy in bulk Co. The measured R(H ) relation [Figs. 4(a)
and 4(b)] indicates that the coercivity of the Co is clearly
larger (smaller) when the junction is in the oﬀ (on) state,
suggesting a change of electronic structure. In contrast,
the magnetic hysteresis loop of Co measured using a local
XMCD probe shows less obvious change between the on
and oﬀ states (see Fig. S3 in the Supplemental Material
[19]), suggesting that the change occurs at the interface.
Here, we propose that the down-shift of the Fermi energy
relative to the density of state for the interfacial Co in the
oﬀ state is caused by the electrostatic eﬀect of the ferroelectric polarization, as illustrated in Fig. 6(b) (see also
Appendix C).
As depicted in Fig. 6(b), the electric polarization of
a ferroelectric material may shift the vacuum potential
across the junction. In open-circuit conditions, this vacuum potential shift causes a shift of the density of states
of Co. In short-circuit conditions (zero Vmeas ), to unify the
Fermi energy of the whole junction, a charge accumulation

or depletion and a shift in the Fermi energy relative to the
density of states in the interfacial Co occurs. For example,
as illustrated in Fig. 6(b), in the oﬀ state, the polarization pointing toward the LSMO causes electron depletion
in the Co, raises its density of states, and down-shifts its
Fermi energy at zero Vmeas (see also Appendix C). The
order of magnitude of the energy shift can be estimated
using  = σS δ/ε0 ≈ σP δ/ε0 ∼ 1 V (see also Appendix A),
where σP ∼ 10 μC/cm2 and δ ∼ 1 Å are assumed; this
is in reasonable agreement with the expected energy shift
considering the Vmeas (approximately 1 V) needed for the
MR sign change in the LSMO/STO/Co junction reported
previously [20,21].
To conﬁrm the possible depletion of electrons in Co
for the oﬀ state, we carry out an x-ray absorption spectroscopy study on the Co L edge at 80 K. As shown in
Fig. 6(c), the depletion of electrons in Co for the oﬀ state
relative to that for the on state is observed: the spectrum for
Co in the oﬀ state shows a larger signature of Co2+ than
that for the on state [28] (see Fig. S3 in the Supplemental
Material [19]).
IV. DISCUSSION
The above proposed explanation is based on the electrostatic eﬀect of a ferroelectric interface on spin transport [29–33]. The ferroelectric interface can signiﬁcantly
impact the spin transport by altering the interfacial crystal and electronic structures [22,34–40] or by changing the
energy-band alignment due to the electrostatic eﬀect of
the polarization [24,31,41,42]. Due to the weak organicinorganic interaction, the electrostatic eﬀect is expected
to be more important in spin valves with organic ferroelectric spacers. Following this idea, spin valves with
an organic ferroelectric spacer poly(vinylidene ﬂuoride)
(PVDF) have previously been studied in LSMO/PVDF/Co
junctions [22]. However, instead of the electrostatic eﬀect,
the signiﬁcant change in the interfacial structure of PVDF
from H termination to F termination due to the rotation of
polymer chains is found to cause the change in the interfacial spin polarization after the reversal of the ferroelectric
polarization [22]. The idea of minimizing the structural
eﬀect at the ferroelectric interface has previously been
examined in LSMO/PZT (PbZr0.2 Ti0.8 O3 )/Alq3 /Co spin
valves, where Alq3 , short for tris-(8-hydroxyquinoline)
aluminum [31], has been inserted between the ferroelectric PZT spacer and the magnetic electrode Co. On the
other hand, in this structure, a large shift in the Co interfacial Fermi energy relative to its density of state is not
expected, because the Co is separated from the PZT by a
thick (approximately 50-nm) Alq3 layer.
The beneﬁt of using organic ferroelectric CA is that its
small interfacial structural change and large electric polarization (25 μC/cm2 ) [13] due to the proton-transfer origin
of ferroelectricity [13–16], plus the weak interactions at the

organic-inorganic interfaces, are expected to minimize the
structural eﬀect and promote the electrostatic eﬀect. The
results of this work indeed provide evidence of voltagecontrolled energy-band alignment, which is the expected
electrostatic eﬀect of the polarization reversal.
We note that it is also possible that the down-shift of the
Fermi energy relative to the density of state for the interfacial Co in the oﬀ state of the junction is caused by the
redox eﬀect of Co (see also Appendix C). In principle, the
oxygen vacancy (V+
O ) in SiO2 may migrate when the poling
voltage (Vpole ) is applied. The on state results from a negative Vpole , which moves the oxygen vacancy toward the Co
and reduces the Co. In contrast, the oﬀ state results from
a positive Vpole , which moves the oxygen vacancy away
from the Co and causes oxidation of Co at the interface.
In the oﬀ state, the interfacial Co layer may be viewed as
depleted in electrons; correspondingly, the Fermi energy is
shifted downward, which may shift the MR(Vmeas ) relation
and causes reversal of the MR sign around zero Vmeas .
Whether the Fermi-energy shift is caused by the ferroelectric electrostatic eﬀect or by the Co redox eﬀect, it
appears that the energy-landscape engineering is the key
to tuning the interfacial spin polarization P s . This mechanism appears to be a viable route to adjust MR(Vmeas ) to
generate the spin-rectiﬁcation eﬀect, which could be crucial for the design of spintronics devices, similar to the role
of charge-current rectiﬁcation in modern semiconductor
electronics.
V. CONCLUSION
In summary, we demonstrate the voltage control of the
spin transport in the LSMO/CA/SiO2 /Co spin valves.
Both the ER eﬀect and the MR eﬀect are obtained and
the MR sign can be tuned not only by the poling voltage
but also by the measurement voltage. The MR(Vmeas ) relation in the oﬀ state suggests the spin-rectiﬁcation eﬀect
at the Co interface. These observations are consistent with
the mechanism of voltage-tunable interfacial energy-band
alignment that may result from the electrostatic eﬀect of
the ferroelectric polarization or the redox eﬀect of the Co
electrode. These results suggest the importance of energyband alignment in spin transport across spin valves, conﬁrm the advantage of organic spintronics using a molecular
semiconductor as the barrier in spin valves, and reveal an
intriguing spin-rectiﬁcation behavior that is promising for
future functionalities.
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APPENDIX A: ENERGY-BAND STRUCTURE
When there is a ferroelectric (FE) layer in space, the
vacuum electric potential will be changed due to the
polarization of the FE layer, which can be written as
VF = dF σ P/ε0 , where dF and σP are the thickness
and surface charge of the ferroelectric layer and ε0 is
the vacuum permittivity. When the ferroelectric layer is
sandwiched by two metal layers (M1 and M2), there
is charge accumulation at the FE-M1 and FE-M2 interfaces, or screening charges, which reduces the vacuum
potential change in the FE layer. In short-circuit conditions, where the Fermi levels of M1 and M2 are the
same, the electric potential in M1 and M2 can be written
as 1 = σS δ1 exp(x/δ1 )/ε0 and 2 = −σS δ2 exp[−(x −
dF )/δ2 ]/ε0 , respectively, where δ1 and δ2 are the screening lengths of M1 and M2 and σS is the screening charge.
The vacuum potential change in the FE layer is reduced
to VF = dF (σP − σS )/ε0 . Using this relation and the
expressions for 1 and 2 and solving 1 (0) − 2 (dF ) =
VF , one ﬁnds that σS = σP dF /[δ1 + δ2 + dF ]. The corresponding spatial distributions of the electric charge and
the vacuum potential are illustrated in Figs. 7(a) and 7(b).
If δ1 + δ2  dF , which is the case for typical metals, σS is
close to σF , suggesting complete screening.
When a dielectric (DE) layer is inserted between
FE and M2, the total vacuum potential change across
the DE layer is VD = −dD σS /(ε0 εD ), where the relative dielectric constant of the dielectric layer is εD .
The electric potential in M1 and M2 can be rewritten
as 1 = σS δ1 exp(x/δ1 )/ε0 and 2 = −σS δ2 exp[−(x −
dF − dD )/δ2 ]/ε0 , respectively. Solving 1 (0) − 2 (dF +
dD ) = VF + VD , one ﬁnds that σS = σP dF /[δ1 + δ2 +
dF + dD /εD ]. If dD /εD is comparable to δ1 + δ2 + dF , σS
is reduced with respect to the case in which there is no
dielectric layer; VF is then enhanced. The corresponding
spatial distributions of the electric charge and the vacuum
potential are illustrated in Figs. 7(c) and 7(d).

(a)

the more complete picture, taking the screening length of
the electrodes into consideration.

(b)
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FIG. 7. The charge distribution and the vacuum potential.
(a) The charge distribution of a metal (M1)/ferroelectric
(FE)/metal (M2) junction. The thickness of the ferroelectric layer
is dF . (b) The vacuum electric potential of the M1/FE/M2 junction. (c) The charge distribution of a M1/FE/DE/M2 junction,
where DE denotes a dielectric layer of thickness dD . The relative
dielectric constant of the DE layers is εD . (d) The vacuum electric
potential distribution of the M1/FE/DE/M2 junction.

The energy diagram in Fig. 7 can obviously be tuned
when the ferroelectric polarization is changed. Following this idea, the schematic energy diagrams of the
LSMO/CA/SiO2 /Co structure are displayed in Fig. 8 for
both the oﬀ and on states corresponding to two diﬀerent
polarization states of the CA layer. The ﬁnite screening
lengths of the electrodes are ignored here to highlight
the eﬀect of the dielectric layer, SiO2 . Figure 6(a) shows

(a)

For spin-polarized (ferromagnetic) materials, at the
energy of electron transfer, one can deﬁne the proportion of the density of states the spin of which is parallel
(antiparallel) to the magnetization as α↑ (α↓ ). The transition probability is then proportional to α↑1 α↑2 + α↓1 α↓2 ,
where the indices 1 and 2 represent the two electrodes, this
being the assumption of the Julliere model. It follows that
the magnetoresistance is (RAP − RP )/RAP = (4α↑1 α↑2 −
2α↑1 − 2α↑2 + 1)/(2α↑1 α↑2 − α↑1 − α↑2 + 1), where RP
and RAP are the resistance when the magnetization are
parallel and antiparallel, respectively. Deﬁning the spin
polarization P ≡ α↑ − α↓ , one has (RAP − RP )/RAP =
2P1 P2 /(1 + P1 P2 ). Note that 0 ≤ α ≤ 1 and −1 ≤ P ≤
1. Obviously, the sign of the magnetoresistance is determined by the product P1 P2 . If the spin polarization of
two electrodes at the Fermi level is the same, a normal
magnetoresistance, i.e., higher resistance when the magnetization is antiparallel, is expected. Otherwise, one expects
an inverse magnetoresistance.
Figure 9 shows a scenario of electron transfer through a
junction via quantum tunneling, where LSMO and Co are
the two electrodes. Under zero Vmeas , the tunneling only
occurs at the Fermi energy. Therefore, the sign of the magnetoresistance is determined by the PLMSO PCo at the Fermi
energy. For bulk LSMO, PLMSO > 0 and PCo < 0 at the
Fermi level. Therefore, typically, an inverse magnetoresistance is observed. Following De Teresa et al. [20,21],
when a bias voltage is applied, quantum tunneling occurs
over the range of energy indicated in Fig. 9(a). Depending
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off state

on state

FIG. 8. The band structure of the spin valve. A schematic
illustration of the energy diagram of the LSMO/CA/SiO2 /Co
structure in the oﬀ (a) and on (b) states. The horizontal thick
arrows indicate the electric polarization. The shifts of the energy
levels are due to the vacuum level change, as illustrated in Fig. 7.

FIG. 9. The relation between the energy landscape and the
MR(Vmeas ) function. (a) The energy diagram of a junction with
LSMO and Co as the two ferromagnetic electrodes under a voltage Vmeans . The vertical red arrows indicate the spin polarization.
The horizontal green arrow indicates the band of energy where
electrons may tunnel from LSMO to Co. (b) A schematic of the
spin polarization PCo as a function of the energy for bulk Co.
(c) The MR(Vmeas ) function corresponding to the energy landscape in (a) and the spin polarization in (b).

on the bias voltage, this energy range may cover electrons
with spin polarizations of diﬀerent signs, which may aﬀect
the magnetoresistance. It is generally believed that around
the Fermi energy, PLMSO > 0. In contrast, PCo changes
dramatically with the energy, as illustrated in Fig. 9(b).
Therefore, by varying Vmeas , both the positive and negative parts of the spin polarization of Co can contribute to
the magnetoresistance, causing the bias dependence of the
magnetoresistance or the function MR(Vmeas ), as illustrated
in Fig. 9(c). In fact, a sign change of the magnetoresistance has been observed experimentally at high bias in a
LSMO/STO/Co junction [20,21].
Two points are worth noting.
(1) At high bias voltage, the hot electrons are expected
to be less spin polarized [12]. Therefore, in the MR(Vmeas )
function, the magnetoresistance tends to have a maximum
close to zero bias.
(2) If, somehow, the Fermi energy of the Co at the interface is displaced, the MR(Vmeas ) function is expected to
shift. In particular, if the Fermi energy is moved down, a
sign reversal of the MR(Vmeas ) function close to zero Vmeas
is possible.
APPENDIX C: TWO MECHANISMS FOR
SHIFTING THE FERMI ENERGY OF Co
1. Electrostatic eﬀect of polarization
As shown in Fig. 10, a ferroelectric material changes the
vacuum potential due to the electric polarization and the
surface charge. There is charge accumulation and depletion at the FE-metal interface, where the state at the Fermi
energy is not the state at the Fermi energy in bulk material.
In particular, the following apply. (I) When the polarization
is pointing to the Co, or the on state, there is accumulation
of electrons in the Co at the Co/SiO2 /CA interface. Therefore, the Fermi energy is pushed up relative to the bulk density of state. (II) When the polarization is pointing to the
LSMO, or the oﬀ state, there is depletion of electrons in
(a)

(b)

on state

off state

FIG. 10. Ferroelectric-polarization-reversal-induced Fermienergy shifting in Co. (a),(b) The energy diagrams of the on
and oﬀ states, respectively, where the horizontal green arrows
indicate the electron-tunneling process. The yellow dashed lines
represent the position of the bulk Fermi energy.

(a)

(b)

on state

off state

FIG. 11. Redox-process-induced Fermi-energy shifting in Co.
(a) The on state, where the oxygen vacancy (V+
O ) is close to the
Co and reduces the interfacial Co to the metallic state. (b) The oﬀ
state, where the oxygen vacancy (V+
O ) is distant from the Co, the
Co gets oxidized (e.g., to Co2+ ), and the Fermi energy is shifted
downward relative to the bulk density of states. The horizontal
green arrows indicate the electron-tunneling process. The dashed
yellow lines represent the position of the bulk Fermi energy at
which the spin polarization is negative.

the Co at the Co/SiO2 /CA interface. Therefore, the Fermi
energy is pushed down relative to the bulk density of state.
2. Redox process
In principle, the oxygen vacancy (V+
O ) in SiO2 migrates
when the poling voltage (Vpole ) is applied. As illustrated in
Fig. 11, a Vpole < 0 results in the on state, where the oxygen vacancy migrates toward the Co and reduces the Co.
The Fermi energy should remain close to the bulk level.
In contrast, a Vpole > 0 results in the oﬀ state, where the
oxygen vacancy migrates away from the Co. The Co at the
interface gets oxidized (e.g., to Co2+ ), which is corroborated by the XAS study in Fig. 6(c). Here, the Co layer can
be viewed as depleted in electrons; correspondingly, the
Fermi energy is shifted downward.
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