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We report a spin-rectification effect in a spin-valve structure consisting of ferroelectric croconic acid
(CsH,05) sandwiched between ferromagnetic electrodes Lag 7St 3MnO3 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 elec-
trostatic effect or from the interfacial redox process. The observed spin-rectification effect suggests the
possibility of diodelike devices for spin-polarized current.
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I. INTRODUCTION

Electrical control of spin transport is critical for devel-
oping 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 polariza-
tions P*, which manifest in magnetoresistance (MR) [4].
Therefore, manipulation of P° can be an effective method
for the electrical control of spin transport.

A significant change of P? is its sign reversal. The rever-
sal of the P* 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 spin-
valve structure can be inferred from an MR sign reversal
with the measurement voltage, if the P* 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 (CsH,Os or CA for abbreviation) sand-
wiched between ferromagnetic electrodes Lag7Srg3MnOj3
(LSMO) and Co. The advantage of CA [Fig. 1(b)] is
its large electric polarization (25 1C/cm?) [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 volt-
age, the spin-valve structure is switched between a low-
resistance (on) state and a high-resistance (off ) state, in
which the spin-rectification effect is observed.

II. METHODS

The Lag7Srg3MnO3(15-nm) thin films are epitaxially
grown on SrTiO3 (001) substrate by pulsed laser depo-
sition and magnetron sputtering, where the 0.7/0.3 com-
position is chosen for its robust magnetic properties [17].
The nanometer-thin film of CA is fabricated by thermal
evaporation followed by the growth of SiO, by electron-
beam (e-beam) evaporation. The Co(20-nm)/Al(2-nm) top
electrode, with a diameter of approximately 200 pm, is
grown using e-beam evaporation with a shadow mask. The
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FIG. 1. (a) A schematic illustration. Upon current rever-
sal, when the P° sign of the FM1-NM interface remains the
same, MR sign reversal suggests P* sign reversal, or the spin-
rectification effect of the FM2-NM interface. The vertical arrows
indicates the spin polarization at the FM/NM boundary; the hor-
izontal arrows indicate the current directions; the magnetization
of the two FM electrodes is always aligned. (b) The crystal struc-
ture of CA, where the electrical polarization is along the ¢ axis.
P indicates electric polarization.

growth of the CA, Si0,, Co, and Al layers is carried out in
high vacuum with an EvoVac system from Angstrom Engi-
neering, at —30 °C substrate temperature to optimize the
CA-layer morphology and to minimize the interlayer dif-
fusion [18]. The cross-section STO/LSMO/CA/SiO,/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 piezo-
response-force microscopy are used to characterize the
ferroelectric properties of the CA film, as demonstrated
by our previous study [18]. Electrical and magnetotrans-
port 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 elec-
trode. 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”
Vineas; @ pulsed (20-ms duration) “poling voltage,” Vpole,
is applied on the junction to change the resistance states,
which are measured with a low Va5 right after Vple.

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.

III. RESULTS

A. Spin-valve structure

Figure 2(a) shows schematically the structure of the
LSMO/CA/SiO;/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 SiO, layer
as a diffusion barrier.

B. Electroresistance

As indicated by the structure in Fig. 2(a), a voltage is
applied to the Co top electrode and the LSMO bottom elec-
trode is always grounded. Figure 3(a) shows the typical
current-voltage (/-V) characteristics measured at 30 K with
bipolar switching between a high-resistance (on) state and
a low-resistance (off’) state. The weak temperature depen-
dence of the resistance suggests the tunneling nature of
the conduction (see Fig. S1 in the Supplemental Mate-
rial [19]). The electroresistance, defined as ER = R,5/R,n,
increases with decreasing Vieas and reaches 3500% close
to zero Vyeas (see Fig. S1 in the Supplemental Material
[19]), where R,5and R,, 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 (20-
ms duration) poling voltages (Vplc) on the junction to

@ (b)
Al

Co (20 nm)

Si0, (1 nm) '
Croconic acid (6 nm) )
Lag 7Sro ;MnO; (15 nm)
S1TiO; substrate - sm
(c) C))
Co
Si10,
———
LSMO
HAADF ’ EBERRE -3 nm
R STO —
FIG. 2. (a) The schematics of the LSMO/CA/SiO,/Co spin-

valve structure. (b)~d) Transmission electron microscopy
images on the cross section of a STO/LSMO/CA/SiO,/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 (¥meas) characteristics. (b) The resistances as a function of V4 measured at Vipeas = —0.01 V.

(c) The typical resistance switching between the o and off states measured at Vcos = —0.1 V, after applying a Vo 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 con-
stant Vieas = —0.1 V right after the pulse; the measured
resistance as a function of V. is shown in Fig. 3(b). Con-
sistent with the /- measurement in Fig. 3(a), the junction
shows low-resistance states after negative Vpoe < —2.3 V
and high-resistance states after positive Ve > 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 mag-
netometry measurements (see Fig. S2 in the Supplemental
Material [19]).

The behavior of the MR for the on and off states dif-
fers dramatically; here, MR = (Rap — Rp)/Rp, Where Rp

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 Vi, = —1
and 1 V, as shown in Figs. 4(a) and 4(b), respectively.
The voltage dependence of the MR, i.e., MR(Vppeas), 1S
shown in Fig. 4(c); negative MR is observed regardless
of the sign of Vpeas in the on state. This is typical for
magnetic tunnel junctions using two ferromagnetic elec-
trodes with opposite P* signs [20,21]. The magnitude of
the MR, up to 12.5%, decreases with an increasing | Vieas|
in the on state, consistent with the mechanism of spin
depolarization of hot electrons [12]. In contrast, in the off’
state, the MR at Vieas = —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 neg-
ative Vpeas and negative at positive Vie,s with a 0.1 V
offset in the off state. This is different from the Vieas-
independent MR sign in previously reported organic spin
valve [22].

The dramatic difference between the MR (Vjeqs) values
of the on and off states is also observed at higher temper-
atures, e.g., 100 K, as shown in Fig. 5(a). In the off state,
the MR sign reverses at around Vye,s = —0.1 V, which is
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FIG. 4. The MR under (a) Vieas = —1 V and (b) Vineas = +1V after applying Vyore = +2.5 Vand Ve = —2.5 V, respectively. The
arrows indicate the measurement sequence. (¢) The MR as a function of Vi, 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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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 tempera-
ture 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 V. on the resistance of the junc-
tion, i.e., ER, can be understood with the mechanism of
tunnel ferroelectric resistance, which has been predicted
theoretically in a SrRuQO;/BaTiO;/SrTiO3/SrRuO; het-
erojunction [23]. The surface charge op 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 oy =
opdp /(81 + 8, + dr), where dr is the thickness of the fer-
roelectric layer and &; and &, are the screening lengths
of the two electrodes [24]. When §; + §, < dr, which

is the case for typical metals, og approaches op, mean-
ing a complete screening. The change of vacuum poten-
tial in the ferroelectric layer can be written as AVyp =
dr(op — 05) /80 [24], which vanishes when o approaches
op, where g is the vacuum permittivity. With the dielec-
tric layer SiO; inserted, the screening charge follows o5 =
opdp/ (8, + 82 + dp + dp/ep), where dp and ep are the
thickness and the relative dielectric constant of the SiO,
layer. If 8; + &, 4+ dp/ep is comparable to dp, o is sub-
stantially reduced and AV 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 con-
sistent with the observation in the LSMO/CA/SiO;/Co
junction in Fig. 3: a positive (negative) poling voltage
leads to the off (on) state.

() (b) (c)
2.5
s 7 !,ﬂ-w.&oz 8 20}
- <.
off El
= g Lo}
» e
<
on § 05k l on, VPole ==2V
. . . V =2V
LSMO Si0, Co LEMO B - i Tl V= 2V
: 774 776 778 780 782 784
Oﬁ state Photon energy (eV)
FIG. 6. (a) The schematics of the electronic vacuum potential for both the on and off states; the arrows indicate the polarization

direction of CA. AV;ﬁr is the change of vacuum potential in the ferroelectric layer in the off state. (b) An energy diagram illus-
trating the shift of the Fermi energy in interfacial Co at zero measurement voltage Vpe,s 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.
(¢) X-ray absorption spectra of the Co L3 edge for the on and off states. The arrows indicate features from Co®*. The measurements

are carried out at 80 K.
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To understand the effect of Vyore on MR(Vipeas), we
first note that MR (Vess) depends on the energy landscape
of the LSMO/CA/SiO,/Co junction. For spin-conserved
tunneling across the junction, according to Julliere’s model
[25], the sign of the MR is determined by the prod-
uct Py g\oPe,- Previous work has demonstrated that, in a
LSMO/SrTiO;/Co spin valve, the energy and spin polar-
ization of electrons participating in the charge transfer
depend on Vs, causing the dependence of the effective
P?* and the MR on Vye,s and even a MR sign change [20,
21]. While the spin polarization of the LSMO interface,
(P} gmo0)» 1s 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
interface (P{, ) changes dramatically with the energy (see
also Appendix B). So, it is concluded that the MR (Viyeas)
relation in the LSMO/SrTiO3/Co spin valve comes mostly
from the dependence of P{  on Ve [20,21]; Unfor-
tunately, the Vyeas 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/Si0,/Co junction, the MR sign reversal
occurs at much lower Vieas (approximately 0.1 V). There-
fore, assuming that the P; ¢, sign remains the same, in the
off state of the LSMO/CA/SiO,/Co spin valve reported
here, P basically changes sign when Vo5 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(Vneas) relation will be shifted
accordingly. In particular, to have a sign change of the
MR around zero Vpeas in the off state, it is required that
P(, reverses sign around the Fermi energy, which means
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 fer-
roelectric 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 vac-
uum potential shift causes a shift of the density of states
of Co. In short-circuit conditions (zero Vyeas), 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 polariza-
tion pointing toward the LSMO causes electron depletion
in the Co, raises its density of states, and down-shifts its
Fermi energy at zero Ve (see also Appendix C). The
order of magnitude of the energy shift can be estimated
using ® = 058/69 & opd/eg ~ 1 V (see also Appendix A),
where op ~ 10 uC/cm? and 8 ~ 1 A are assumed; this
is in reasonable agreement with the expected energy shift
considering the Vieas (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 spec-
troscopy 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 Co®" 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 elec-
trostatic effect of a ferroelectric interface on spin trans-
port [29-33]. The ferroelectric interface can significantly
impact the spin transport by altering the interfacial crys-
tal 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 organic-
inorganic interaction, the electrostatic effect is expected
to be more important in spin valves with organic fer-
roelectric spacers. Following this idea, spin valves with
an organic ferroelectric spacer poly(vinylidene fluoride)
(PVDF) have previously been studied in LSMO/PVDEF/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 interfa-
cial 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 (PbZr(,Tip303)/Alq;/Co spin
valves, where Alq;, short for tris-(8-hydroxyquinoline)
aluminum [31], has been inserted between the ferroelec-
tric PZT spacer and the magnetic electrode Co. On the
other hand, in this structure, a large shift in the Co inter-
facial 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) Alq; layer.

The benefit of using organic ferroelectric CA is that its
small interfacial structural change and large electric polar-
ization (25 £C/cm?) [13] due to the proton-transfer origin
of ferroelectricity [13—16], plus the weak interactions at the
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organic-inorganic interfaces, are expected to minimize the
structural effect and promote the electrostatic effect. The
results of this work indeed provide evidence of voltage-
controlled 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 inter-
facial 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) in SiO, may migrate when the poling
voltage (Vpole) is applied. The on state results from a nega-
tive Vpole, which moves the oxygen vacancy toward the Co
and reduces the Co. In contrast, the off state results from
a positive Vple, 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 (Vyeas) relation
and causes reversal of the MR sign around zero Vieas.

Whether the Fermi-energy shift is caused by the fer-
roelectric 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°. This mecha-
nism appears to be a viable route to adjust MR(Vpyeas) to
generate the spin-rectification effect, which could be cru-
cial 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/SiO,/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 (Vjye,s) rela-
tion 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 energy-
band alignment in spin transport across spin valves, con-
firm 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
AVp =drpoP/ey, where dr and op are the thickness
and surface charge of the ferroelectric layer and gy 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 inter-
faces, or screening charges, which reduces the vacuum
potential change in the FE layer. In short-circuit con-
ditions, where the Fermi levels of M1 and M2 are the
same, the electric potential in M1 and M2 can be written
as ®; = ogd; exp(x/81)/ey and P, = —ogd, exp[—(x —
dr)/82]/ 0, respectively, where §; and §, are the screen-
ing lengths of M1 and M2 and oy is the screening charge.
The vacuum potential change in the FE layer is reduced
to AVp =dp(op — 05)/e9. Using this relation and the
expressions for ®; and ®; and solving ®;(0) — ®,(dr) =
AVg, one finds that o = opdr/[81 + 82 + dr]. The cor-
responding spatial distributions of the electric charge and
the vacuum potential are illustrated in Figs. 7(a) and 7(b).
If 8; + 8, < dF, which is the case for typical metals, oy is
close to o, suggesting complete screening.

When a dielectric (DE) layer is inserted between
FE and M2, the total vacuum potential change across
the DE layer is AVp = —dpos/(e9ep), where the rel-
ative dielectric constant of the dielectric layer is &p.
The electric potential in M1 and M2 can be rewritten
as ®; = ggd; exp(x/81)/ep and P, = —asd, exp[—(x —
dr — dp)/82]/¢0, respectively. Solving ®(0) — @, (dr +
dp) = AVi + AVp, one finds that o5 = opdr/[§1 + 62 +
dr +dp/ep]. If dp/ep is comparable to 8; + 8, + dF, os
is reduced with respect to the case in which there is no
dielectric layer; AVy is then enhanced. The corresponding
spatial distributions of the electric charge and the vacuum
potential are illustrated in Figs. 7(c) and 7(d).
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FIG. 7. The charge distribution and the vacuum potential.

(a) The charge distribution of a metal (Ml)/ferroelectric
(FE)/metal (M2) junction. The thickness of the ferroelectric layer
is dr. (b) The vacuum electric potential of the M1/FE/M2 junc-
tion. (c) The charge distribution of a M1/FE/DE/M2 junction,
where DE denotes a dielectric layer of thickness dp. The relative
dielectric constant of the DE layers is ¢p. (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. Follow-
ing this idea, the schematic energy diagrams of the
LSMO/CA/SiO,/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, SiO,. Figure 6(a) shows

p w=p

E CA
I Co r Co

LSMO LSMO

Si0, SiO,
X on state X

off state

FIG. 8. The band structure of the spin valve. A schematic
illustration of the energy diagram of the LSMO/CA/SiO,/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.

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

APPENDIX B: SPIN POLARIZATION AND
MAGNETORESISTANCE

For spin-polarized (ferromagnetic) materials, at the
energy of electron transfer, one can define the propor-
tion of the density of states the spin of which is parallel
(antiparallel) to the magnetization as o4 (et} ). The transi-
tion probability is then proportional to 41 cpr + oy oy,
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 = (4oy1042 —
20[T1 — 20(¢2 + 1)/(20@10@2 — 0y — U2 + 1), where RP
and Rap are the resistance when the magnetization are
parallel and antiparallel, respectively. Defining the spin
polarization P = o4 — o, one has (Rap — Rp)/Rap =
2P1Py/(1 4+ P1P;). Note that 0 <a <1 and —1 <P <
1. Obviously, the sign of the magnetoresistance is deter-
mined by the product PP,. If the spin polarization of
two electrodes at the Fermi level is the same, a normal
magnetoresistance, i.e., higher resistance when the magne-
tization 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 Vieas, the tunneling only
occurs at the Fermi energy. Therefore, the sign of the mag-
netoresistance is determined by the PpysoPc, at the Fermi
energy. For bulk LSMO, Pryso > 0 and P, < 0 at the
Fermi level. Therefore, typically, an inverse magnetore-
sistance 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

C) (b)

Energy
Vmeds

LSMO

FIG. 9. The relation between the energy landscape and the
MR (Vimeas) function. (a) The energy diagram of a junction with
LSMO and Co as the two ferromagnetic electrodes under a volt-
age Vieans- 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 Pc, as a function of the energy for bulk Co.
(c) The MR (Vieas) function corresponding to the energy land-
scape in (a) and the spin polarization in (b).
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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, Prmso > 0. In contrast, Pc, changes
dramatically with the energy, as illustrated in Fig. 9(b).
Therefore, by varying Vpeas, both the positive and nega-
tive parts of the spin polarization of Co can contribute to
the magnetoresistance, causing the bias dependence of the
magnetoresistance or the function MR(Vpeas), as illustrated
in Fig. 9(c). In fact, a sign change of the magnetoresis-
tance 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 (Vijeas)
function, the magnetoresistance tends to have a maximum
close to zero bias.

(2) If, somehow, the Fermi energy of the Co at the inter-
face is displaced, the MR (Veqss) function is expected to
shift. In particular, if the Fermi energy is moved down, a
sign reversal of the MR (V},,ea5) function close to zero Vieqs
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 deple-
tion 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/SiO,/CA interface. There-
fore, the Fermi energy is pushed up relative to the bulk den-
sity of state. (II) When the polarization is pointing to the
LSMO, or the off state, there is depletion of electrons in

LSMO CA Co
on state

LSMO CA Co
off state

FIG. 10. Ferroelectric-polarization-reversal-induced Fermi-
energy 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.

(@) .»Sio2
Vg

V+
0 -Ep
Vg
Vg
LSMOCA V& Co LSMO CA Co
on state off state

FIG. 11. Redox-process-induced Fermi-energy shifting in Co.
(a) The on state, where the oxygen vacancy (V},) is close to the
Co and reduces the interfacial Co to the metallic state. (b) The off
state, where the oxygen vacancy (V) is distant from the Co, the
Co gets oxidized (e.g., to Co*"), 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/SiO,/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) in SiO, migrates
when the poling voltage (Vpolc) is applied. As illustrated in
Fig. 11, a Vo < O results in the on state, where the oxy-
gen vacancy migrates toward the Co and reduces the Co.
The Fermi energy should remain close to the bulk level.
In contrast, a Ve > 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 Co*™), which is corrobo-
rated 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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