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ABSTRACT

Magnetoelectric coupling in artificial multiferroic interfaces can be drastically affected by the switching of oxygen vacancies and by the inver-
sion of the ferroelectric polarization. Disentangling both effects is of major importance toward exploiting these effects in practical spintronic
or spinorbitronic devices. We report on the independent control of ferroelectric and oxygen vacancy switching in multiferroic tunnel junc-
tions with a Lag 7Sro3MnOj3 bottom electrode, a BaTiOs3 ferroelectric barrier, and a Ni top electrode. We show that the concurrence of interface
oxidation and ferroelectric switching allows for the controlled inversion of the interface spin polarization. Moreover, we show the possibility
of a spin-memristor where the controlled oxidation of the interface allows for a continuum of memresistance states in the tunneling magne-
toresistance. These results signal interesting new avenues toward neuromorphic devices where, as in practical neurons, the electronic response

is controlled by electrochemical degrees of freedom.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039030

The incorporation of ferroic materials in electronic devices
is a strategy being pursued to reduce their power consumption.
The recent proposal of the novel magnetoelectric spin orbit logic
device based on the use of multiferroic materials to control mag-
netization"” has boosted the interest in magnetoelectric devices for
spintronics and spinorbitronics.” Magnetoelectric coupling exists
naturally in multiferroics, but it can be achieved also in artificial
interfaces combining ferroelectric and ferromagnetic materials. This
is the case of the so-called muliferroic tunnel junctions, which are
tunnel devices with ferromagnetic electrodes and a ferroelectric bar-
rier. In these devices, the inversion of the ferroelectric polarization
produces large changes in the value of the tunneling conductance
giving rise to the tunneling electroresistance.* '® This effect is driven

by the modulation of the height of the tunnel barrier by the direction
of the ferroelectric polarization.*” Besides tunneling conductance,
the direction of the ferroelectric polarization also produces large
modifications of the spin polarization of the interface'>!”'* through
its effect on hybridization and bonding'’~** and/or spin dependent
screening.”>”* This is an interesting magnetoelectric effect that could
be the source of novel device concepts.

Another family of interesting phenomena in multiferroic tun-
nel junctions comes from the switching of oxygen vacancies, which
modifies the oxidation of interfaces. Early works in the field of
oxide tunnel junctions have also outlined the role played by oxi-
dation of the interface in modifying its spin polarization. It has
been shown that different oxide barriers have different bonding and

APL Mater. 9, 031110 (2021); doi: 10.1063/5.0039030
© Author(s) 2021

9, 031110-1


https://scitation.org/journal/apm
https://doi.org/10.1063/5.0039030
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0039030
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0039030&domain=pdf&date_stamp=2021-March-23
https://doi.org/10.1063/5.0039030
http://orcid.org/0000-0001-8751-8643
http://orcid.org/0000-0002-3201-3338
http://orcid.org/0000-0003-1229-6868
http://orcid.org/0000-0002-2891-6198
http://orcid.org/0000-0001-8036-707X
http://orcid.org/0000-0002-3262-1843
http://orcid.org/0000-0002-6703-3339
http://orcid.org/0000-0003-4594-2686
mailto:jacsan@ucm.es
https://doi.org/10.1063/5.0039030

APL Materials

hybridization with the orbitals of the ferromagnet yielding different
exchange splitting of bonding and antibonding orbitals and accord-
ingly different spin polarization of the interface bands.”>** Oxide
devices typically involve interfaces between ultrathin oxide layers
where oxygen vacancies are usually present and can be driven by
the strong electric fields building up in these devices.”” Their accu-
mulation at interfaces, besides modifying conductance in resistive
switching processes, has been shown to change their magnetic state
enabling the electric field control of magnetism in magnetoionic
devices.”* %

Multiferroic tunnel junctions, thus, may present effects related
to the inversion of the ferroelectric polarization and to the switching
of oxygen vacancies both yielding changes in the tunneling con-
ductance and in the magnetoelectric response.’* Moreover, both the
electrochemical and the ferroelectric states of the interface may cou-
ple in what has been called ferroionic states where the stability of
the ferroelectric polarization is controlled by the electrochemistry of
surfaces and interfaces.’ The relative importance of both effects on
magnetoelectric coupling has been the subject of debate and con-
troversy. Disentagling the effect of oxygen vacancy and ferroelec-
tric switching is a major step to harness magnetoelectric coupling
in multiferroic tunnel junctions toward its future applications in
spintronics and spinorbitronics.

In this paper, we show the possibility of separately controlling
ferroelectric and oxygen vacancy switching on the same device. We
show that the concurrence of interface oxidation and ferroelectric
switching allows for the controlled inversion of the interface spin
polarization. We moreover show the possibility of a spin-memristor
where the controlled oxidation of the interface allows for a contin-
uum of memresistance states in the tunneling magnetoresistance.

We have used a high pressure (3.4 mbar) pure oxygen sput-
tering technique to epitaxially grow BaTiO3 (BTO)/Lag7Sro3MnO3
(LSMO) bilayers onto (001) SrTiOs (STO) substrates. This tech-
nique has been shown to produce atomically sharp LSMO/BTO
interfaces as demonstrated by scanning transmission electron
microscopy (STEM) high angle annular dark field (HAADF) imag-
ing combined with atomic column resolution electron energy-loss
spectroscopy (EELS) elemental maps.”® Piezo-force microscopy
demonstrated ferroelectric switching in these bilayers and the ability
to write and erase domains.”

Lag7Sro3MnO;3 (25nm)/BaTiO3 (4nm)/Ni (20-50 nm) mul-
tiferroic tunnel junctions fabricated on micrometer-size pillars
are defined by combined optical lithography techniques and ion
milling. Electroresistance was measured in the temperature range of
20-100K by recording the low voltage (10 mV) resistance after
applying (for ~100ms) dc voltages varied in a hysteresis loop
sequence. The results are shown in Fig. 1(a). Positive (negative)
voltages in Fig. 1 correspond to electric fields pointing up (down).

We observe quite asymmetric counterclockwise electroresis-
tance loops with sharp resistance switches at large voltages of +4V
(hereafter major loops). A low resistance state (LRS) is achieved at
large (—4 V) negative voltages, which switches into an intermediate
resistance state (IRS) at 4 V. Once in the IRS, reducing voltage yields
an additional gradual switch starting at —1 V into a high resistance
state (HRS) that switches back into the LRS at —4 V. Counterclock-
wise major loops thus have positive electroresistance [ER = (R(V)
— R(-V))/R(-V)]. If the sense of the voltage sweep is reversed from
the HRS, minor electroresistance loops have been found connecting
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FIG. 1. Ferroelectric and oxygen vacancy resistance dc loops. (a) Electroresis-
tance loops (10 mV) of a Ni/BTO/LSMO multiferroic tunnel junction measured at
30 K. The different resistance states are identified according to the orientation up
(P1) or down (P!) of the ferroelectric polarization and to the location up (1) or
down (OJ) of oxygen vacancies (i.e., oxygen vacancies pushed by electric field
against to the top or the bottom BTO interface). (b) IV loops illustrating the switch-
ing between the three resistance states. Wide voltage loops (in blue) show the
switching of the ferroelectric polarization and oxygen vacancies. Narrow voltage
range loops show the switching of the oxygen vacancies only.

the HRS and the IRS with somewhat reduced values of the coercive
electric fields (1.5 and 2.5V). Note that minor loops are clock-
wise (negative electroresistance) reflecting that different processes
underlie both switching loops. Non-linear IV curves characteristic
of tunneling transport were obtained. Voltage loops measuring IV
curves [see Fig. 1(b)] capture the three resistance states shown by
electroresistance loops.

The counterclockwise major loops (with sharp switches at coer-
civity) are driven by the inversion of the ferroelectric polarization.
Note that the high resistance state attained at positive voltages cor-
responds to polarization-up state for which the high resistance state
is expected according to the giant electroresistance model,” where
the hole doping at LSMO to screen the negative polarization charges
in the P-up state triggers an increase in the average height of the
tunneling barrier. On the other hand, the gradual flank at negative
voltages indicates that minor loops are triggered by the switching of
oxygen vacancies, which exist naturally in these ultrathin oxide lay-
ers, as inferred from combined high resolution electron microscopy
together with energy-loss electron spectroscopy showing reduced Ti
oxidation states (3.85-3.90) at the surface. The switching of oxygen
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vacancies is a slow process as compared with the switching of the
ferroelectric polarization, which occurs in the range of hundreds of
picoseconds to a few nanoseconds.’” The switching of oxygen vacan-
cies on the other hand is known to produce electric field relaxation in
impedance spectroscopy experiments limited by their ionization and
transport, which yield characteristic times in the audio frequency
range.

We have examined the evolution of the minor loops with volt-
age pulse excitation of a duration ranged between 100 ns and 10 ms.
While pulses are long enough to switch ferroelectric polarization,
the relaxation time of the oxygen vacancy switch is expected to be
precisely in this range. Single pulses have been applied with differ-
ent amplitudes following hysteresis loops. IV curves in the voltage
range of —1 to 1V have been measured between pulses to quan-
tify resistance from the dV/dI derivative at 750 mV [see Fig. 2]. In
actual measurements, the LSMO bottom electrode was grounded,
which preserved the better square pulse shape; however, voltage in
the x axis of Fig. 2 has been mirrored to allow direct comparison
with the measurements of Fig. 1. We can qualitatively compare pulse
measurements (50 K) and dc measurements (30 K) since, being in
the tunneling regime, the resistance displays a weak dependence on
temperature (see Fig. S1 of the supplementary material). Note that
the pulse excitations yielded negative electroresistance and resem-
ble the minor loops at large (>1 ms) pulse duration, albeit with a
larger positive voltage coercive field. However, the amplitude of the
loops decreases when the duration of the pulse is reduced toward the
100 ns level, and it remains stable in the value corresponding to
the HRS for the shortest pulses. This shows that the minor loop
drives oxygen vacancies between the bottom (LSMO/BTO) and the
top (Ni/BTO) interfaces and that the stable configuration is oxy-
gen vacancies accumulating toward the top interface, i.e., in posi-
tive voltages, oxygen vacancies switch with ferroelectric polarization
although cycling of the electric field can be used to switch them to

ARTICLE scitation.org/journal/apm

accumulate at the bottom interface yielding the HRS. Experiments of
pulse switching at different temperatures showed that longer pulses
are necessary to switch oxygen vacancies when the temperature is
lower, indicating that the process is thermally activated.

The reason for the asymmetry in the major electroresistance
loop thus becomes clear. It results from the concurrent switch-
ing of ferroelectric polarization and oxygen vacancies at the pos-
itive coercive field at 4V from the LRS with polarization down
and oxygen vacancies down (P|, O}) to the IRS state with polar-
ization pointing up and oxygen vacancies pushed toward the top
interface (P1, O%). The reduced resistance compared to the HRS
(P, OJ) results from the opposite effects of ferroelectric polariza-
tion, which increases resistance and oxygen vacancy switching that
lowers it.

The finding of three resistance states (instead of the four, one
could expect from the independent switching of oxygen vacan-
cies and the ferroelectric polarization) demonstrates the ferroionic
coupling of oxygen vacancies and of the ferroelectric polarization.
While in the polarization-down state ferroelectricity and oxygen
vacancies switch concurrently, their switching is decoupled in the
polarization-up state to form the more stable HRS (note the differ-
ence in the switching fields) with oxygen vacancies accumulating at
the bottom interface.

A very interesting consequence is that since both the LRS (P,
0J) and the HRS (Pt, O}) have oxygen vacancies accumulating at
the bottom interface, the resistance change between the LRS and
HRS is entirely caused by the switching of the ferroelectric polar-
ization through its effect on the barrier height” and/or the electronic
structure of the interfaces, i.e., this rules out that resistance switch-
ing is due to the formation of filaments, which would be driven by
different oxygen vacancy states. Spontaneous (massive) oxidation of
the Ni electrode can also be discarded since it would render a high
resistance state for both orientations of the ferroelectric polarization.

120

10 ps |

100 ps

1ms 10 ms

4 20 2 4 6
Vwrite(v)

4 20 2 4 6
vwrite(v)

4 20 2 4 6
Vwrite(v)

FIG. 2. Resistance loops of oxygen vacancies measured with voltage pulse excitation. Differential resistance as a function of pulse amplitude at 50 K after applying pulses
with different amplitude (V) and time width. Several loops are shown for each pulse duration to assess stability never surpassing —4 V to avoid ferroelectric switching.
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Such a process would be energetically disfavored by the highly nega-
tive formation Gibbs free energy of TiO, (-884.5 kJ/mol) compared
with that of NiO (-211.7 kJ/mol).** It appears that the O oxygen
vacancy state produces a subtle oxidation of the Ni interface whose
electronic states are modulated by the ferroelectric switching.

Next, we describe the magnetoresistance response of our
devices. We measured electrical transport of the multiferroic tun-
nel junctions in magnetic fields applied along the [110] direction
(easy axis of LSMO). Tunnel magneto-resistance [TMR = (Rap
- Rp)/Rp] was computed from magnetic field (H) sweeps where
resistance [R(H)] was recorded as a function of field. R(H) curves
(see Fig. 3) showed abrupt switches allowing to identify parallel and
antiparallel alignment of LSMO and Ni layer moments. Magnetore-
sistance was also obtained from I(V) curves acquired in the parallel
(Rp) and antiparallel (or misaligned) (Rap) magnetic configurations.
First, TMR was measured after applying electric fields to select either
the low resistance (LRS) or the high resistance (HRS) electroresis-
tance states. Positive TMR was obtained in the LRS (P}, OJ), while
the HRS (P1, OJ) produced negative TMR, as shown in Figs. 3(a)
and 3(b). By switching resistance in the oxygen vacancy loop and
making use of the gradual low voltage flank, resistance could be
stabilized at different memresistance states [see Fig. 3(c)] between
the IRS and the HRS identified in Fig. 3(d). Different memresis-
tance states had also different TMR [see Fig. 3(e)], thus displaying

scitation.org/journal/apm

a spin-memrestive behavior. TMR was strongly reduced toward the
IRS (P4, O1). Since LSMO is a half metal with positive spin polar-
ization, the positive TMR indicates also a positive spin polarization
of the top interface. LSMO based ferroelectric tunnel junctions with
polarization pointing up have shown large positive TMR, indicating
positive spin polarization.’® The negative TMR in the HRS thus indi-
cates an inversion of the spin polarization of the top interface driven
by the inversion of ferroelectric polarization (note that both the LRS
and HRS are in the same 0O state concerning the oxygen vacancies).
The strong reduction of the TMR when the IRS is approached upon
switching oxygen vacancies from the HRS to the IRS is thus con-
nected to the oxidation of the top Ni/BTO interface. On the other
hand, the first TMR switch in the HRS occurs at positive magnetic
fields (before crossing zero field) and with much larger coercivity
than the LRS indicating substantial changes of magnetic anisotropy,
which forces magnetic moments to point away from the [110] field
direction. The bias dependence of the MR in both the LRS and HRS
is also markedly different. While the positive TMR in the LRS is
weakly dependent on bias [see Fig. 3(a)], the negative TMR of the
HRS is strongly bias dependent and is suppressed by bias voltages
of 100 mV [see Fig. 3(b)], which indicates that the tunneling pro-
cess giving rise to the negative TMR is driven by a highly localized
electronic state close to the Fermi energy. This localized state prob-
ably results from the interface bonding of interfacial oxygen to Ni

2x10°%1 10 mV]
Pit BTN, T
a)2X104°;. B, S S— b) wmy
@ b ”#.;.:nﬂ!’!u:; —— @ 100 mV|
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FIG. 3. Ferroionic control of the tunneling magnetoresistance (TMR). TMR at 15K at different bias voltages measured in the LRS (a) and in the HRS (b). (c) TMR measured
at 10 mV at different resistance states as indicated in (d) between the HRS and the IRS. () Detail of the TMR switches. Note that the first TMR switch occurs before
crossing zero field. A low temperature (15 K) was chosen to prevent samples for shorts during the many cycles necessary to show the TMR of the different resistance states.
However, TMR depends only weakly in the temperature range of 15-100 K (see Fig. S2 of the supplementary material).
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that assists the tunneling process giving rise to a resonant inversion
of the spin polarization as described previously.” Furthermore, an
atomically thin NIO layer at the interface in contact with the Ni
has been shown, along with the inversion of the spin polarization,
to develop canted moments, which drive deep changes of magnetic
anisotropy.*’

It is important to remark that, although interface oxidation is
at the bottom of the observed behavior, the inversion of the spin
polarization is driven by ferroelectric switching, and it is not a pure
magnetoionic effect as observed recently in hafnia based multiferroic
junctions.”’ On the other hand, multilevel control of TMR by the
domain state of the ferroelectric has been shown in Co/PZT/LSMO
structures,'® but in this case, it results from the controlled switch-
ing of oxygen vacancies in a way determined by the orientation of
the ferroelectric polarization, i.e., not only oxidation or ferroelectric
switching but also their concurrence determines the observed inver-
sion of the spin polarization and the observed spin memristor effect.
We speculate that ferroelectricity, through its effect on hybridiza-
tion, may have a drastic effect on the electronic structure (and con-
sequently magnetic anisotropy) of the interface as shown recently for
the Fe/BTO interface where the inversion of the ferroelectric polar-
ization triggers the transition between interfacial ferromagnetic and
antiferromagnetic states.’” Further studies will be directed to clarify
the effect of polarization on the electronic structure of the Ni BTO
interface.

In summary, we have found that the controlled independent
switching of ferroelectric polarization and oxygen vacancies in mul-
tiferroic tunnel junctions shows the presence of electronic states
controlled by the interplay between ferroelectric and electrochemical
processes. The gradual switching of oxygen vacancies in the pres-
ence of a definite polarization state has allowed the observation of
a continuum of spin memristive states. These results signal interest-
ing new avenues toward neuromorphic devices where, as in practical
neurons, the electronic response is controlled by electrochemical
degrees of freedom.

See the supplementary material for Figs. S1 and S2.
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