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We report a spin-rectification effect in a spin valve structure consisting of ferroelectric croconic
acid (C5H205) sandwiched between ferromagnetic electrodes Lag.7Sr0.3sMnOs and Co, which can
be switched between a high-resistance (OFF) and a low-resistance (ON) states 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 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 diode-like devices for spin-polarized current.

Electrical control of spin transport is critical for de-
veloping spin-based circuitry! 3. The realization of this
control hinges on the sensitivity of fundamental processes
such as 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
ferromagnet (FM)/non-magnet (NM) interfaces. Their
efficiencies are determined by the interfacial spin polar-
izations P*, which manifest in magnetoresistance (MR)?.
Therefore, manipulation of P* can be an effective way for
electrical control of spin transport.

A significant change of P? is its sign reversal. Reversal
of P? sign when the electrical current is reversed, can be
viewed as a spin-rectification effect for the FM/NM in-
terface, which could be useful for tunable spin-filtering.
Spin-rectification of an FM/NM interface in a spin valve
structure can be inferred from an MR sign reversal with
measurement voltage, if the P* sign of the other FM/NM
interface is unchanged, as illustrated in Fig. 1(a). Al-
though the magnitude of MR naturally decreases with
the measurement voltage® ''due to, e.g., spin depolariza-
tion of hot carries'?, MR sign reversal at small voltage,
or the spin-rectification effect, has been rare.

In order to realize the spin-rectification effect, in this
work, we employed active band-alignment engineering in
a spin valve structure consisting of molecular ferroelectric
croconic acid (CsH205 or CA) sandwiched between fer-
romagnetic electrodes Lag 7Srg.3sMnO3 (LSMO) and Co.
The advantage of CA [Fig. 1(b)] is its large electric polar-
ization (25 p#C/cm?)!3 and unique proton-transfer origin
of ferroelectricity'® 16, which enhances the electrostatic
effect and minimizes the interfacial structural change.
Using a poling voltage, the spin valve structure can be
switched between a low-resistance (ON) state and a high-
resistance (OFF) state in which the spin-rectification ef-
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FIG. 1. (Color online) (a) Schematic illustration: upon cur-
rent reversal, when the P® sign of one FM/NM interface re-
mains the same, MR sign reversal suggests P* sign reversal or
the spin-rectification effect of the other interface. (b) Crystal
structure of CA, where the electrical polarization is along the
c axis. (c¢) Schematics of the LSMO/CA /SiO2/Co spin valve
structure and its (d) HRTEM image.

fect can be observed.

The structure of the LSMO/CA/SiO5/Co spin valve is
schematically shown in Fig. 1(c) (see Fig. S1 in Supple-
mentary Material!”). A 15 nm thick LSMO layer was first
epitaxially grown on the SrTiO3 (001) substrate, where
the 0.7/0.3 composition is chosen for its robust magnetic
properties'®. A 6 nm CA film was then evaporated on
the LSMO surface as the spacer, followed by a SiOs layer
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FIG. 2. (Color online) (a) Current versus voltage (Vineas)
characteristics. (b) Resistances as a function of Ve mea-
sured at Vineas = -0.1 V. (c) The typical resistance switching
between the ON and OFF states measured at Vieqas = -0.1V,
after applying Vpoe of +2.5V or -2.5V. The measurements
were carried out at 30 K.

(~1 nm) on the CA film as a diffusion barrier. The Co
(20 nm)/Al (2 nm) top electrode with a diameter of ~200
pm was grown using e-beam evaporation with a shadow
mask. The growth of CA, SiO3, Co, and Al layers was
carried out at -30 °C substrate temperature to optimize
the CA layer morphology and to minimize the inter-layer
diffusion'®. Figure 1(d) shows a high-resolution trans-
mission electron microscopy (HRTEM) image from an as-
grown LSMO/CA/SiO3/Co heterostructure, confirming
the epitaxy of LSMO and the desired thicknesses of dif-
ferent layers. Polarization hysteresis loop measurements
and piezoresponse force microscopy were used to char-
acterize the ferroelectric properties of the CA film, as
demonstrated by our previous study*®.

As indicated by the structure in Fig. 1(c), a voltage
was applied to the Co top electrode, and the LSMO bot-

tom electrode was always grounded. Figure 2(a) shows a
typical current-voltage (I-V) characteristics measured at
30 K with a bipolar switching between a high-resistance
(ON) state and a low-resistance (OFF) state. The weak
temperature dependence of resistance suggests tunnel-
ing nature of the conduction (see Fig. S2 in Supple-
mentary Material'”). The electroresistance, defined as
ER= Rorr/Ron, increases with decreasing Vi,eqs and
reaches 3500 % close to zero Vieqs (see Fig. S2 in Sup-
plementary Material”), where Roppr and Ron are the
resistance for the OFF and ON states respectively.

To further demonstrate the ER behaviors, we applied a
sequence (2.5V — -2.5 V — 2.5V) of pulsed (20 ms dura-
tion) poling voltage (Vpore) on the junction to change the
resistance state which is measured at a constant V,,cqs =
-0.1 V right after the pulse; the measured resistance as a
function of Vjoe is shown in Fig. 2(b). Consistent with
the I-V measurement in Fig. 2(a), the junction shows
low-resistance states after negative V5. <-2.3 V and
high-resistance states after positive Ve >1.5 V. To con-
firm the reversible switching between the ON and OFF
states, measurements were performed by applying +2.5
V and -2.5 V pulses back and forth; the reproducibility
was demonstrated in Fig. 2(c).

Figure 3(a) and (b) show representative curves of resis-
tance versus magnetic field R(H) for the junction in the
ON and OFF states. Typical R(H) curves with rapid
resistance change at the coercive fields of LSMO and
Co electrodes were observed. Here, the switching at the
smaller (larger) magnetic fields corresponds to the mag-
netization reversal in LSMO (Co) electrode, consistent
with the magnetometry measurements (see Fig. S3 in
Supplementary Materiall?).

The behavior of MR for the ON and OFF states dif-
fer dramatically; here MR = (Rap — Rp)/Rp where Rp
and Rap are the resistance when the magnetization of
the FM electrodes are parallel and antiparallel respec-
tively. In the ON state, MR is negative at both V,cqs
=-1and 1V, as shown in Fig. 3(a) and 3(b) respectively.
Voltage dependence of MR, i.e. MR(Vjcas), is shown in
Fig. 3(c); negative MR has been observed regardless of
the sign of Vj,eqs in the ON state. This is typical for
magnetic tunnel junctions using two ferromagnetic elec-
trodes with opposite P*2%:2!, The magnitude of MR, up
to 12.5 %, decreases with increasing |V,eqs| in the ON
state, consistent with mechanism of spin depolarization
of hot electrons'?. In contrast, in the OFF state, MR at
Vimeas =-1 and 1 V has opposite sign, as shown in Fig.
3(a) and 3(b) respectively. In fact, as shown in Fig. 3(c),
MR is essentially positive at negative V;,.qs and negative
at positive Vipeqs with a 0.1 V offset in the OFF state.
This is different from the V,,¢qs-independent MR sign in
previously reported organic spin valve?2,

The dramatic difference between MR(Veqs) of the
ON and OFF states was also observed at higher tem-
peratures, e.g. 100 K (see Fig. S4 in Supplementary
Material’”). In the OFF state, the MR sign reverses at
around Vi,cqs=-0.1 V which is similar to that at 30 K,
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FIG. 3. (Color online) MR under (a) Vipeas = -1 V and (b)
Vimeas = +1V after applying Vpoie = 4+2.5 V and Vjore =25V
respectively. The arrows indicate the measurement sequence.
(¢) MR as a function of Vieqs for both ON (low resistance)
and OFF (high resistance) states. The measurements were
carried out at 30 K, with an in-plane magnetic field.

while in the ON state, the MR sign is also always negative
with a peak value about -9.1%.

The direct effect of Vpoie on the resistance of the junc-
tion, i.e. ER, can be understood with the mechanism
of tunnel ferroelectric resistance, which was predicted
theoretically in  SrRuOs/BaTiO3/SrTiO3/SrRuOs
heterojunction?. The surface charge op of a ferroelec-
tric layer sandwiched between electrodes is normally
screened at the ferroelectric/electrode interfaces. More
specifically, at short-circuit condition, the screening
charge is og = Ude/(51 + 0o + dF), where dp is
the thickness of the ferroelectric layer, 6; and 0o are
the screening lengths of the two electrodes®*. When
01402 << dp, which is the case for typical metals, og ap-
proaches op, meaning a complete screening. The change
of vacuum potential in the ferroelectric layer can be writ-
ten as AVr = dp(op — 0s)/e0?*, which vanishes when
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FIG. 4. (Color online) (a) Schematics of the electronic vac-
uum potential for both the ON and OFF states; the arrows
indicate polarization direction of CA. AVS ¥ is the change of
vacuum potential in the ferroelectric layer in the OFF state.
(b) Energy diagram illustrating the shift of Fermi energy in
interfacial Co at zero measurement bias voltage due to the
electrostatic effect in the OFF states. The vertical thick ar-
rows indicate magnetization directions. The horizontal green
arrows indicate the tunneling process. The yellow dashed lines
indicate the bulk Fermi energy level of Co. (c) X-ray absorp-
tion spectra of the Co L3 edge for the ON and OFF states.
The arrows indicate features from Co?". The measurements
were carried out at 80 K.

os approaches op, where ¢( is the vacuum permittivity.
With the dielectric layer SiOs inserted, the screening
charge follows o = opdp/(01 + 02 + drp + dp/eD),
where dp and ep are the thickness and the relative
dielectric constant of the SiOs layer. If §; + d2 + dp/ep
is comparable to dp, og is substantially reduced and
AVp becomes nonzero. The change of vacuum potential
affects the energy landscape of the tunnel junction and



most importantly the effective height of the tunnel bar-
rier. As illustrated in Fig. 4(a) (see also Fig. S6 and Fig.
S7 in Supplementary Material!?), the overall vacuum
level shifts up (down) when the CA polarization points
down (up) towards 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 [Fig. 2]: positive
(negative) poling voltage leads to the OFF (ON) state.

To understand the effect of Vjpe o MR(Vieqas), we
first notice that MR(V,cqs) depends on the energy land-
scape of the LSMO/CA/SiO3/Co junction. For spin-
conserved tunneling across the junction, according to the
Jullieres model?®, the sign of the MR is determined by
the product Pjg,0FP5,- Previous work demonstrated
that, in a LSMO/SrTiO3/Co spin valve, the energy and
spin polarization of electrons participating in the charge
transfer depend on Vj,eqs, causing the dependence of
effective P° and MR on Vj,cqs and even a MR sign
change???!, While the spin polarizations of the LSMO
interface (P} g,0) is believed to remain positive around
the Fermi level due to the large gap between the Fermi
energy and the minority band!'®2%:27  the spin polar-
izations of the Co interface (P5,) changes dramatically
with energy (see Fig. S8 in Supplementary Materiall?).
So, it was concluded that the MR(Vjeqs) relation in
the LSMO/SrTiO3/Co spin valve came mostly from the
dependence of PS5 on Viyeqs???'; Unfortunately, the
Vineas needed for the MR sign change is too large (&1
V). In contrast, in this work, in the OFF state of the
LSMO/CA/SiO5/Co junction, the MR sign reversal oc-
curs at much smaller V,,,cqs (= 0.1 V). Therefore, assum-
ing that the P; ¢, sign remains the same, in the OFF
state of LSMO/CA/SiO5/Co spin valve reported here,
P¢, basically changes sign when V,,cqs 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?®:2!, if the Fermi energy of Co is shifted
relative to the density of states, the MR(V;,eqs) relation
will be shifted accordingly. In particular, to have a sign
change of MR around zero V,..s in the OFF state,
it is required that the P72, reverses sign around the
Fermi energy, which means a downshift 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. 3(a) and (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 X-ray
magnetic circular dichroism (XMCD) probe, show less
obvious change between the ON and OFF states (see
Fig. S9 in Supplementary Material'?), suggesting the
change occurs at the interface. Here we propose that the
downshift of 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. 4(b) (see Fig. S10 in Supplementary
Materiall7).

As depicted in Fig. 4(b), the electric polarization
of a ferroelectric material may shift the vacuum poten-
tial across the junction. At open circuit condition, this
vacuum-potential shift causes the shift of density of states
of Co. At short-circuit condition (zero Vi,eqs), to unify
the Fermi energy of the whole junction, a charge ac-
cumulation/depletion and a shift of Fermi energy rel-
ative to the demnsity of states in the interfacial Co oc-
curs. For example, as illustrated in Fig. 4(b), in
the OFF state, the polarization pointing toward LSMO
causes electron depletion in Co, raises its density of
states, and downshift its Fermi energy at zero Vi,cqs (see
Fig. S10 in Supplementary Material’”). The order of
magnitude of the energy shift can be estimated using
O = 0g5d/eg =~ opd/eg ~ 1 V (see Section S4 in Supple-
mentary Material'”"), where op ~ 10 uC/em? and § ~
1 A are assumed; this is in reasonable agreement with
the expected energy shift considering the Vi,eqs (=1 V)
needed for the MR sign change in the LSMO/STO/Co
junction reported previously?%:2!,

To confirm possible depletion of electron in Co for the
OFF state, we carried out X-ray absorption spectroscopy
study on the Co L edge at 80 K. As shown in Fig. 4(c),
the depletion of electron in Co for the OFF state relative
to that for the ON state has been observed: the spectra of
Co in the OFF state show a larger signature of Co?* than
that of the ON state®® (see Fig. S9 in Supplementary
Material'7).

The proposed explanation above is based on the
electronstatic effect of ferroelectric interface on spin
transport?® 33, The ferroelectric interface can signifi-
cantly impact the spin transport by altering interfacial
crystal and electronic structures?>34+ 40 or by changing
the energy-band alignment due to the electrostatic ef-
fect of the polarization?*3141:42 " Due to the weak or-
ganic/inorganic interaction, the electrostatic effect is ex-
pected 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) was previously studied in LSMO/PVDF/Co
junctions?2. However, instead of the electrostatic effect,
the significant change of interfacial structure of PVDF
from H termination to F termination due to the rota-
tion of polymer chains, was found to cause the change of
interfacial spin polarization after the ferroelectric polar-
ization reversal.?? The idea of minimizing the structural
effect at the ferroelectric interface, was previously exam-
ined in LSMO/PZT/Alqs/Co spin-valves, where Alqs,
short for tris-(8-hydroxyquinoline) aluminum3!, was in-
serted between the ferroelectric spacer PZT and the mag-
netic electrode Co. On the other hand, in this structure,
a large shift of Co interfacial Fermi energy relative to its
density of state is not expected, because Co is separated
from PZT by a thick (=50 nm) Alqs layer.

The benefit of using organic ferroelectric CA is that
its small interfacial structural change and large electric



polarization (25 pC/cm?)!'® due to the proton-transfer
origin of ferroelectricity® 16, plus the weak interactions
at the organic/inorganic interfaces, is expected to min-
imize structural effect and promote the electrostatic ef-
fect. The results of this work indeed provide evidence
of the voltage-controlled energy-band alignment, which
is the expected electrostatic effect of the polarization re-
versal.

We note that it is also possible that downshift of 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 Fig. S11 in Supplementary Material'”).
In principle, the oxygen vacancy (VO+ ) in SiO2 may mi-
grate when the poling voltage (Vpoie) is applied. The ON
state results from a negative Vo, which moves oxygen
vacancy toward Co and reduces Co. In contrast, the OFF
state results from a positive V4., which moves oxygen
vacancy away from Co and causes oxidation of Co at
the interface. In the OFF state, the interfacial Co layer
may be viewed as depleted with electron; correspondingly
the Fermi energy is shifted downwards, which may shift
the MR(Vipeas) relation and causes reversal of 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 tune the interfacial spin polarization P*®. This mecha-
nism appears to be a viable route to adjust MR(V;,eqs) to
generate the spin-rectification effect, which could be cru-
cial for designing spintronics devices, similar to the role
of charge-current rectification in modern semiconductor
electronics.

In summary, we demonstrate the voltage control of the
spin transport in the LSMO/CA/SiO2/Co spin valves.

Both ER effect and MR effect were obtained, and the
MR sign could be tuned not only by the poling voltage
but also by the measurement voltage. The MR (V,eqs)
relation in the OFF state suggests the spin-rectification
effect at the Co interface. These observations are con-
sistent with the mechanism of voltage-tunable interfacial
energy-band alignment that may result from the electro-
static effect of the ferroelectric polarization or the redox
effect of Co electrode. These results suggest the impor-
tance of energy-band 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 behav-
ior which is promising for functionalities.
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