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Reversible electrical switching of spin polarization
in multiferroic tunnel junctions

D. Pantel, S. Goetze, D. Hesse and M. Alexe*

Spin-polarized transport in ferromagnetic tunnel junctions,
characterized by tunnel magnetoresistance', has already been
proven to have great potential for application in the field
of spintronics? and in magnetic random access memories®.
Until recently, in such a junction the insulating barrier
played only a passive role, namely to facilitate electron
tunnelling between the ferromagnetic electrodes. However,
new possibilities emerged when ferroelectric materials were
used for the insulating barrier, as these possess a permanent
dielectric polarization switchable between two stable states*°.
Adding to the two different magnetization alighments of the
electrode, four non-volatile states are therefore possible in
such multiferroic tunnel junctions". Here, we show that
owing to the coupling between magnetization and ferroelectric
polarization at the interface between the electrode and barrier
of a multiferroic tunnel junction, the spin polarization of the
tunnelling electrons can be reversibly and remanently inverted
by switching the ferroelectric polarization of the barrier.
Selecting the spin direction of the tunnelling electrons by short
electric pulses in the nanosecond range rather than by an
applied magnetic field enables new possibilities for spin control
in spintronic devices™,

In a spintronic device the spin degree of freedom of an
electron is used as well as its charge’. In a magnetic memory
cell, such as magnetic random access memories (MRAM), the
spin degree of freedom is usually controlled using local magnetic
fields delivered by high currents. However, this approach is
energetically unfavourable, and manipulating remanently the spin
by short electric field pulses instead of large current pulses would
be a great advantage®'’. As mentioned, a multiferroic tunnel
junction (MFTJ) can exhibit four states, characterized by the
tunnel magnetoresistance (TMR), which is determined by the
spin polarization of the tunnelling electrons, and by the tunnel
electroresistance (TER), given by different junction resistances
for the two different ferroelectric polarization directions®. A
combination of both TMR and TER is thus used to read the
four above-mentioned states and to detect magnetoelectric effects,
respectively the interplay between the ferroelectric polarization and
magnetic properties at the multiferroic interfaces.

For the present study we have used multiferroic Co/PbZr,,Tip s
05;/Lay;Sr3MnO; (Co/PZT/LSMO) tunnel junctions, epitaxially
grown on (100)-oriented SrTiO; (STO) crystals (see Methods).
Here, half-metallic LSMO with a nominal spin polarization of
+100% (ref. 13) serves as an analyser for the spin polarization
of the tunnelling electrons®!*. However, the spin polarizations
of LSMO surfaces extracted from transport measurements
usually yield less than +95% (ref. 15). PZT is a ferroelectric
material with a very high spontaneous and remanent polarization

(Ps~ 110 uCcm™? for thicker films'®), which is advantageous for
magnetoelectric coupling at a multiferroic interface by electronic
means'’ . Whereas a large magnetoelectric effect is not expected
at the LSMO/PZT interface because of the robust ferromagnetic
properties of the LSMO in the composition used®* the opposite
applies to the Co/PZT interface.

The epitaxial and fully coherent growth of the oxide materials on
the STO substrate is revealed by both high-resolution transmission
electron microscopy (HRTEM) and atomic force microscopy
(AFM) investigations. Figure la shows a HRTEM cross-section
image of a typical tunnel junction with sharp interfaces. The high-
quality, atomically smooth growth of the bottom LSMO electrode,
necessary for high-quality tunnel junctions, is maintained even
for relatively thick LSMO films (Fig. 1b). It is worth noting that
the thickness of LSMO has to be large enough to maintain the
effective resistance of the bottom electrode across the entire sample
significantly lower than the tunnel resistance of any MFTJ device
and to rule out any influence of the magnetoresistance of LSMO
or of geometrical effects, as previously described®!. PZT barrier
layers with average thicknesses of about two to sixteen unit cells,
respectively 1.0 nm to 6.4 nm, were coherently grown on the LSMO
bottom electrode layers.

Piezoresponse force microscopy (PFM) investigations shown in
Fig. 1c and d prove the ferroelectric character of the PZT layers
down to at least 3.2 nm PZT layer thickness for a bare surface of
PZT and in a MFT]J, respectively, at room temperature. The coercive
voltage is about 1V (3MVcm™), but it is well known that the
ferroelectric coercive voltage increases for decreasing temperature.
A single domain state of the as-grown PZT films with a ferroelectric
polarization pointing away from the LSMO bottom electrode is
also revealed by PFM. The overall electrical properties of the PZT
and LSMO layers are similar to those obtained in ref. 16. The
MFT]J is completed by thermal evaporation of about 20 nm metallic
polycrystalline Co through a shadow mask. To protect the Co/PZT
interface from possible oxidation, a 5nm top Au layer was in situ
deposited onto the Co electrode through the same mask.

It is worth noting that the present devices are large-area devices
(4,000 um?) and that they do not require extensive and expensive
photolithography and/or processing. Despite this, the tunnelling
properties are similar to those previously reported in the literature
for nanoscale devices. The product of the MFT]J resistance and
device area (RA) is greater than 10MQum? for PZT barrier
thicknesses larger than 1 nm (see Supplementary Fig. S1), consistent
with the previous analysis of tunnel junctions* and with data for
MFT]Js (refs 6,7) and Co/STO/LSMO junctions'*?. This, along with
the analysis of the tunnel current in the Brinkman model*, shown
in Supplementary Fig. S1, supports the fact that even in large-area
devices tunnelling is the dominant transport mechanism, provided
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Figure 1| Structure and basic properties of the multiferroic tunnel junctions. a, HRTEM image of a Co/PZT/LSMO tunnel junction; the PZT and LSMO
layers are 3.2 nm and 32 nm thick, respectively. b, AFM-topography image of a 50 nm thick LSMO layer, showing the atomically smooth surface, preserving
the terraces of the vicinal STO substrate. ¢, Piezoresponse (phase) measured after successively switching the polarization of a 3.2 nm PZT layer without Co
top electrode with +3V and —3 V. d, PFM amplitude (red squares) and phase (black triangles) on a MFTJ (as depicted in the inset) proving the

ferroelectric nature of the PZT layer sandwiched between the Co and LSMO.

a high-quality barrier is used. Indeed, the properties, for example
the temperature and voltage dependencies of the TMR, and the
resistance of the Co/PZT/LSMO tunnel junctions are similar to
those found in Co/STO/LSMO tunnel junctions', as shown in
Supplementary Fig. S2, albeit here some properties can be modified
by the ferroelectric polarization.

The values of the TMR, which are lower than the theoretical
values expected in the Julliere model' from the spin polarization
values of LSMO and Co, can be improved by a smaller junction
size, reducing the probability of defects within the barrier and
therefore of spin-independent transport channels. Furthermore,
different terminations of the LSMO, different interface structures
at the PZT/Co interface underneath the large area Co-electrodes,
or a magnetic multi-domain structure of the electrodes may
have reduced the TMR.

The Co/PZT/LSMO tunnel junctions should in principle exhibit
a TMR due to the ferromagnetic electrodes as well as a TER given
by the switching of the ferroelectric polarization of the barrier,
as explained above. However, if the PZT is too thin the TER
vanishes and if it is too thick it suppresses the TMR. These effects
can be explained by a loss of ferroelectricity due to increasing
depolarization fields*® and by transport mechanisms different from
direct tunnelling, respectively. But, as shown in Fig. 2a, a MFT] with
an intermediate PZT thickness of 3.2 nm exhibits a TMR at 50K,
and the resistance can be switched from low (ON state, 5.6 kQ2) to
high (OFF state, 62 k2) and vice versa (Fig. 2b) if the polarization
is switched from pointing towards Co to pointing towards LSMO
by an electric field. TMR data for the other PZT barrier thicknesses
are shown in Supplementary Fig. S3.

For similar heterostructures we recently showed that the
resistive switching is due to ferroelectric polarization reversal, both
occurring at the same electric field'®. As resistive switching occurs

290

here at a similar electric field range (however at slightly higher fields,
due to the known thickness dependence of the ferroelectric coercive
field*®), it is reasonable to assume that the observed resistive
switching has a purely electronic and not a electrochemical origin?’.

Surprisingly, switching the polarization from pointing towards
Co (the as-grown state) to pointing towards LSMO, by applying a
+3V external voltage pulse to the Co electrode, not only modifies
the resistance of the junction, but also switches the TMR from
inverse (—3% at 50 K) to normal (+4%, see Fig. 2a). Moreover, by
switching the ferroelectric polarization back with a —3 V pulse, the
TMR switches back to its initial inverse sign. Subsequent voltage
pulses, as shown in Fig. 2b and Supplementary Fig. S4, switch the
TMR accordingly. Figure 2b summarizes the combined TER and
TMR effect at 10K as the polarization switches from one state to
the other under the application of 3 V voltage pulses. The MFTJ re-
sistance switches reversibly from about 11 k€2 to about 70 k<2, while
simultaneously the TMR changes from about —7.5% to +5%. The
switching time between the two TMR states is chiefly determined by
the switching time of the ferroelectric polarization. In the present
case, the shortest voltage pulse which still switched the polarization
was as short as 250ns. The effect was observed over a wide
temperature range up to about 250 K (Fig. 2¢), the only limitation
being the ferromagnetic properties of the bottom LSMO layer!2.

The performance of the devices could be extended to well
above room temperature by using a half-metallic material with
a higher Curie temperature as the bottom electrode. However,
the choice of bottom electrode materials is restricted by the
prerequisite of being chemically and structurally compatible with
the ferroelectric PZT barrier. Possible candidates are the half-
metallic double perovskites?.

Figure 2d shows that, besides the two non-volatile TER states,
the two magnetic states are truly non-volatile. These results not
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Figure 2 | Tunnel electro- and magnetoresistance properties of Co/PZT(3.2 nm)/LSMO junctions. a, Resistance versus magnetic field curves measured
at 50 K'in the as-grown state of a junction (black squares) and after polarization switching with a +3V applied electrical bias (red circles). The polarization
state of the barrier as well as magnetization directions in each magnetic layer are schematically shown for each non-volatile state. b, Resistance (black
squares) and TMR (red circles) after successive switching with &3 V voltage pulses for a different junction at 10 K. The first data point shows the respective
value in the as-grown state. The minimum voltage pulse width required to switch the TMR from the inverse to normal state is 250 ns. ¢, Temperature
dependence of the TMR (black squares) and of the TER, given as resistance ratio between OFF and ON (blue circles). d, TMR versus magnetic field (minor
loop) in the as-grown state of the junction in ¢ after electrode magnetizations were aligned parallel with an applied magnetic field of =100 mT at 10K.

only show that a MFTJ is a four-state non-volatile memory cell,
as shown theoretically'"'”!* and experimentally®”® before, but also,
in contrast to earlier experiments, that switching the ferroelectric
polarization inverts the spin polarization at the Co/PZT interface.
We assume that this is due to the polarization being higher
in our ferroelectric PZT barrier than in the commonly used
BaTiO; barriers®® or due to a difference in the interface between
Co/PZT and Co/BaTiO;.

The spin inversion is in some ways similar to that described by
De Teresa et al.'* in Co/STO/LSMO tunnel junctions, where the sign
of the spin polarization at a Co/STO interface, and thus the sign
of the TMR of the junction, can be changed (albeit permanently)
by inserting an additional Al,O; layer between Co and STO.
However, in our case the ferroelectric polarization of the PZT layer
switches the spin polarization, and consequently the TMR, in a fully
reversible as well as remanent way between positive and negative
TMR. Therefore, the spin direction of carriers injected into, for
example, a spin-based device can be selected without any applied
magnetic field, just by the ferroelectric polarization direction.
Because the ferroelectric polarization is controlled by short voltage
pulses, this is a fast and energy-saving way of controlling the
spin polarization and a major advantage over previously achieved
changes in the spin polarization by low voltage pulses.

The microscopic mechanism of this effect is most probably
an electronic effect given by a strong magnetoelectric coupling
between the ferroelectric polarization and magnetization at one
of the two multiferroic interfaces''”. As such an effect is not
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expected at the PZT/LSMO interface with our composition of
LSMO (refs 6,20), the change in spin polarization and the
magnetoelectric effect is most probably located at the Co/PZT
interface. The magnetoelectric coupling at such a multiferroic
interface could be due to hybridization at the interface, charge-
carrier doping, or spin-dependent screening in the magnetic
electrode®, as discussed below.

The hybridization effect within the first interface layers was
investigated in ab initio studies by Fechner et al.'®* and was
recently experimentally demonstrated for Co or iron (Fe) on top of
ferroelectric BaTiOs (ref. 9). The theoretical studies revealed that
for Fe on top of PbTiOs, a system which is quite similar to the
Co/PZT interface investigated here, the magnetic moment of the
interfacial Ti ion changes drastically with ferroelectric polarization
direction'®. For the polarization pointing towards the interface (Fe)
the magnetic moment of the Ti is aligned antiparallel to the Fe
magnetic moment, owing to the hybridization between Fe and Ti,
whereas for the other polarization direction almost no magnetic
moment is induced on Ti (ref. 18). This can be explained on the
basis of the distance between the Fe and Ti atoms. We assume the
same situation for the Co/PZT interface as sketched in Fig. 3. A
similar interface structure was found to be energetically favourable
for the Co/STO interface (an interface similar to the Co/PZT
interface’). The real structure at the Co/PZT interface might be
different, either because of oxygen located at the interface, as is the
case for Fe on BaTiO; (ref. 32), or because of the polycrystalline
nature of the cobalt. Nevertheless, the magnetic moment at the
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Figure 3 | Model of the influence of the ferroelectric polarization on the
spin polarization. A microscopic model of the Co/PZT interface similar to
refs 18,30, which reveals the reversal of spin polarization at the interface
by switching of the ferroelectric polarization P. The model is based on the
different bonding lengths (and strengths) between Ti and Co for different
polarization directions. The induced local magnetic moment mT; on the
interfacial Tiion is antiparallel (almost 0) to the Co magnetization mc,
for polarization pointing towards Co (towards LSMO, as shown in the

left image).

interface can still be changed by polarization direction even if
oxygen is present at the interface!®.

It was shown that the negative spin polarization at the Co/STO
interface observed in Co/STO/LSMO tunnel junctions is due to the
induced magnetic moment on the interfacial Ti, which is aligned
antiparallel to the Co magnetic moment®. Analogously, the sign
of the spin polarization at our Co/PZT interface is negative if
the polarization points towards Co. For the polarization pointing
towards LSMO the antiparallel magnetic moment on the Tivanishes
and the spin polarization at the interface is positive. This should lead
to inverse or normal TMR for the polarization pointing towards or
away from the Co electrode, respectively.

A second possible explanation relies on the basic concept of
spin-dependent screening due to splitting of the conduction band
in the ferromagnetic electrodes into majority and minority spin
bands because of exchange splitting. In the case of half-metallic
LSMO, the Fermi energy lies in the resulting energy gap, leading to
a fully spin-polarized conduction band. The polarization switching
changes the potential energy landscape as a result of an electrostatic
contribution due to unscreened polarization charges'’. It has been
theoretically calculated that this can lead to a change in the sign of
the TMR if one electrode is half-metallic, as is the case here®.

Both the above-described models can equally explain the exper-
imentally observed behaviour of the present Co/PZT/LSMO tunnel
junctions. Nonetheless, inversion of the sign of the TMR could also
possibly be induced by other effects, such as resonant tunnelling* or
electrochemical effects®, but we believe that this is not the case here.
A contribution from resonant tunnelling can be ruled out because
different defect levels in the barrier are averaged out over the large
junction size**. Electrochemical effects rely on the segregation and
oxidation of another metal at the barrier/electrode interface®®, for
example Cr, which is not present in our junctions. Furthermore, in
the absence of ferroelectricity, for instance for a barrier thickness of
1 nm, the junctions do not show a switchable TMR or TER (see Sup-
plementary Fig. $4) as in the case of Co/STO/LSMO junctions'**.

The effect presented shows that polarization plays an important
role in the electronic and magnetic reconstruction of multiferroic
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interfaces and in determining the spin polarization in MFTTJs, that
is, polarization switching fundamentally influences the magnetic
ground state of the ferroelectric—ferromagnetic multiferroic inter-
faces. This has important implications for both the understanding
of the origin of spin-polarized transport at multiferroic interfaces
and for applications. Showing clearly the ability to control the
amount and sign of the spin polarization by using small voltages
in macroscopically large tunnel junctions paves the way for both
four-state memory devices and spintronics.

Methods

Sample preparation. The oxide films were epitaxially grown by pulsed laser
deposition on (100)-oriented STO substrates at temperatures between 550 °C
and 600 °C in an oxygen atmosphere of 0.2 mbar by ablating stoichiometric
ceramic targets (with 10% Pb excess for the PZT target). The 0.1° off-cut STO
(100)-oriented substrates were etched and annealed before deposition to obtain
an atomically flat, single TiO,-terminated surface. The energy fluence of the KrF
excimer laser (A =248 nm) at the target was about 300 mJ cm 2. The ferromagnetic
top Co electrodes (4,000 um?) were prepared by thermal evaporation from a
tungsten coil through a shadow mask and subsequently capped by a protective
Au layer. The pressure during the room-temperature deposition process was kept
below 7 x 107° mbar to prevent oxidation of the Co layer.

Structural characterization. The oxide heterostructures are grown epitaxially and
fully strained on the STO substrate, as shown by HRTEM and X-ray diffraction
(Philipps X’Pert MRD), with a quality similar to ref. 16. HRTEM investigations
were performed using a JEM-4010. HRTEM samples were prepared by mechanical
and focused ion-beam milling.

Electrical characterization. The ferroelectricity of the ultrathin PZT layers was
confirmed by PFM. These AFM-based investigations were carried out using a
XE-100 AFM (Park Systems) with a conductive AFM tip (NSC35/Pt) in contact
mode. An a.c. probing voltage (f = 24.5kHz) with an amplitude of 0.5V (below
the effective coercive voltage of the PZT films) was applied to the tip. A lock-in
amplifier (SR 830 DSP) was used to detect the piezoresponse signal. For remanent
hysteresis measurements a poling voltage pulse (200 ms) was applied to the tip
to switch the polarization. Afterwards, the PEM signal was measured. The poling
voltage was varied between +3 V.

Temperature-dependent magnetoresistance measurements were performed
using a low-temperature probe station equipped with a superconducting solenoid
(LakeShore CPX-HF). The measurements were performed in two-probe geometry
with a Keithley Sourcemeter 2635 in constant voltage mode (10 mV). The resistance
of the bottom electrode was estimated from the LSMO resistivity (about 30 €2
at 10K) to be well below the junction resistance, therefore not influencing the
measurement. The ferroelectric polarization was switched by rectangular voltage
pulses (3 V) applied to the top Co electrode and generated by an arbitrary function
generator. The TMR is defined as:

Rantiparallel — Rparallel

TMR =
Runtiparallel
where Ryngiparael 18 the junction resistance in the antiparallel magnetic state and
Rparalle i the resistance in the parallel magnetic state.
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Figure S1. Tunneling properties of the MFTJs. a Resistance area product RA versus barrier
thickness of Co/PZT/LSMO junctions and tunnel junctions from the literature [1, 2, 3, 4, 5] at
10 K. The tunnel junction with a barrier thickness of 1 nm (=) does not show ferroelectricity
and hence no electroresistance. b Current density j and ¢ tunneling conductance G (G = dj/dV)
of'a Co/PZT(3.2nm)/LSMO junction as a function of voltage V" at 50 K. Current density as a
function of voltage for a MFTJ with ad 1.6 nm and e 1.0 nm thick PZT barrier. The insets
show dj/dV versus V. The solid lines in b, d, and e represent a fit according to the Brinkman
model [6]. In subfigures a-d, the ferroelectric ON-state (OFF-state) is represented by -m- (-e-).

The RA product in the Co/PZT/LSMO is in the range (or above) the values of similar
tunnel junctions reported in the literature [1, 2, 3, 4, 5]. Furthermore, the resistance (and hence
the RA product) exponentially depends on PZT-barrier thickness, which is expected for
tunneling. The tunneling conductance shows a parabola-like dependence on voltage and the
J(M-curves fit with the Brinkman model [6]. The Brinkman model describes direct tunneling
of charge carriers with an effective tunneling mass m. ox through a metal/insulator/metal
junction. The potential energy barrier is characterized by thickness d of the insulator and the
potential energy barrier height ®, and @, at the metal/insulator interfaces. The extracted
parameters are given in Tab. S1. The barrier thickness d agrees well with the measured
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thickness. The effective tunneling mass m. ox is in agreement with literature values for
ferroelectric barriers (1 to 6 m.[7 8 1 9]). Barrier heights ®,,, are in the range of usual values
for PZT electrode interfaces (0.6 to 1.3 eV, see, e.g., Ref.[10, 11, 12]). Especially for the

3.2 nm thick PZT barrier values are slightly lower. Therefore, other contributions to the
transport in these large area (4000 um?) junctions cannot be excluded, but should not be
dominant, and thus the direct tunneling should govern the transport in the

Co/PZT(3.2 nm)/LSMO junctions.

Table S1: Parameter extracted from the IV curves in Fig. S1 by fitting to the Brinkman model.

Fig. Ferroelectric state d Me ox D, D,

S1b OFF 3.2 nm 12m. 020eV  0.44eV
S1b ON 3.2nm 12m. 0.13eV  0.39eV
S1d OFF l.6nm 47m. 028eV  042eV
Sid ON 1.6 nm 1.0m. 135eV  141eV
Sle - 09nm  25m. 1.62eV  1.63eV
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Figure S2. Temperature and voltage dependency. a Temperature dependence of the
resistance Rjunciion Of @ Co/PZT(3.2nm)/LSMO junction with parallel magnetizations and
polarization pointing towards Co and LSMO (-m- and -e-), respectively, and the estimated
serial resistance of the LSMO bottom electrode Ry smo (- A -). b Voltage dependence of the
TMR of a junction for polarization towards Co at 50 K. The lines are guide to the eye.

The serial resistance of the LSMO bottom electrode is almost two orders of magnitude
lower than the junction resistance at all investigated temperatures. Hence, it cannot contribute
to the observed magneto- and electroresistive behavior. The junction resistance increases
slightly with increasing temperature from 10 K to about 200 K. At higher temperatures it
decreases with increasing temperature. The overall resistance change from 10 K to 300 K is
less than a factor of 3. This is the temperature dependency of the resistance which is
commonly observed for high quality LSMO-based tunnel junctions [3, 1, 13]. This behavior is
in contrast to oxygen deficient or defective barriers which yield strong temperature
dependence [3].

The TMR decreases as the negative bias voltage increases. It has a maximum at
positive bias (=100 mV) and at large positive voltages it becomes positive. This is a similar
behavior as in the Co/STO/LSMO system and reveals that the tunneling for polarization
towards Co is predominantly due to the d-character electrons [2].

Together with Fig. 2d from the main manuscript showing the temperature dependence
of the TMR, these results confirm a similar quality of the tunnel junctions as usually observed
for tunnel junctions with LSMO and Co electrodes separated by an epitaxial barrier.
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Figure S3. TMR for other PZT thicknesses. Magnetic field dependence of the resistance of
a Co/PZT/LSMO junction with a PZT thickness of a 1.0 nm and b 1.6 nm at 50 K. The two
measurements of b are from two different junctions in which the polarization state is pinned
into opposite directions due to the small ferroelectric thickness.
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Figure S4. Switchable TMR. Magnetic field dependence of a the resistance and b the TMR
of Co/PZT(3.2nm)/LSMO junctions at 10 K after voltage pulses of +3 V applied to the Co
electrode. a shows part of the raw data of Fig. 2b of the main manuscript and b data from
another junction.
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