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Magnetic tunnel junctions with ferroelectric barriers, often referred to as multiferroic tunnel junc-

tions, have been proposed recently to display new functionalities and new device concepts. One of
the notable predictions is that the combination of two charge polarizing states and the parallel and

antiparallel magnetic states could make it a four resistance state device. We have recently studied

the ferroelectric tunneling using a scanning probe technique and multiferroic tunnel junctions using
ferromagnetic Lag 7Cag.3MnO3 and Lag 7Srg 3sMnOs3 as the electrodes and ferroelectric (Ba, Sr)TiO3
as the barrier in trilayer planner junctions. We show that very thin (Ba, Sr)TiO3 films can sustain
ferroelectricity up till room temperature. The multiferroic tunnel junctions show four resistance

states as predicted and can operate at room temperatures.

Keywords multiferroic tunnel junction, ferroelectric film, tunneling magnetoresistance effect, tun-
neling electroresisitance effect, magnetoelectric coupling

PACS numbers 75.85.+t, 77.55.fe, 75.70.Cn, 75.60.Ej, 77.80.Fm

1 Introduction

The demands for faster, smaller, and non-volatile elec-
tronics have pushed the limit of semiconductor devices to
ever smaller dimensions. However, the challenge of power
dissipation places a limit on the future device scaling. In
addition, size effects may also post constraint on device
miniaturization. These have led to an emergent need and
development of new concepts for information processing
and storage [1, 2]. For the next generation devices, mul-
tifunctional structures have been envisioned, which can
perform new functionality, can be manipulated by several
external independent controls, and can operate with low
power [3, 4]. One of the approaches to multi-functional
devices is to combine ferromagnetic (FM) based spin-
tronics with ferroelectric (FE) based functionality [3, 4].
It can be used as memory cells with multiple resistance
states or to combine logic and memory operations. It

may also be able to achieve cross control of the spin and
charge degrees of freedom. This offers significant oppor-
tunities for new device concepts.

Magnetic tunnel junctions (MTJs) is the most widely
used spintronic device in computer read heads, sensors,
and memories [5]. The parallel and antiparallel magne-
tization alignments of the two electrodes represent two
logic states with different resistances (tunneling magne-
toresistance, TMR). Ferroelectric tunneling refers to a
tunnel junction using a ferroelectric as the barrier. The
basic idea of an FTJ was raised by Esaki et al. [6] decades
ago. However, it only aroused considerable research inter-
est recently, largely because only in recent years experi-
ments [7-9] have shown that ferroelectricity can persist
down to the nanometer scale. This makes it possible to
use ferroelectrics as tunneling barriers. The key property
of an FTJ is the switching of junction resistance with the
reversal of ferroelectric polarization, namely, tunneling
electroresistance (TER) effect. As reviewed by Tsymbal
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et al. [10], the TER effect of an FTJ could at least be
obtained through the following three effects: i) electro-
static effect which will change the depolarization poten-
tial through the asymmetrical screening of the two inter-
faces of the barrier [11]; ii) asymmetrical interface atomic
arrangement that will influence the transmission proba-
bility by the ferroelectric ionic displacement at interfaces
[12]; and iii) strain effect which will affect the barrier
width due to the piezoelectricity effect [13]. Very recently
large TER effect tested using a scanning probe technique
has been reported on BaTiO3 [14-16] and PbZr, Ti; O3
[17, 18] ferroelectric films.

Combining a magnetic tunnel junction with a fer-
roelectric barrier, i.e., a multiferroic tunnel junctions
(MFTJs), will add new functionality beyond the single
MTJs or FTJs. The junction resistance will be sensi-
tive to not only the magnetization alignment of the elec-
trodes, but also the polarization direction of the bar-
rier. This makes MFTJ a quaternary-state device which
can be switched by both electric and magnetic fields.
Theoretical calculations on SrRuO;/BaTiO3/SrRuOs;
structure have predicted [19] about ~ 50% resistance
differences between the two polarization states, mak-
ing the MFTJ a practically useful device. Moreover,
due to the mechanical coupling [20], chemical bonding
[21] or spin dependent screening [22] at the ferromag-
netic/ferroelectric interfaces, these artificial composites
of ferroic materials may enable the magnetoelectric cou-
pling effect (as reviewed by [3, 4, 23-26]), making it pos-
sible to control magnetization by electric field or control
electric polarization by magnetic field.

The first reported MFTJ is another type of MFTJ
employing a single phase multiferroic Lag 1Bip.9MnOs3
barrier in a Au/Lag/3Sri/3sMnO3 junction where the
TMR is due to the spin filtering effect and the TER
is related to the barrier potential change when polar-
ization is reversed [27]. Recently, by using a Fe in-
dentation technique, Garcia et al. have fabricated the
nanoscale Fe (or Co)/BaTiO3/Lag.7Sro.3MnO3 ferroelec-
tric/ferromagnetic/ferroelectric MFTJs and reported the
control of carrier spin polarization by electrically re-
versing the ferroelectric polarization [28, 29]. More-
over, not only the magnitude, but also the signs of
the TMR can be inverted by ferroelectric switching in
Co/PbZr.2Tip g03/Lag.7Sro.3Mn0O3 MFTJs, showing a
new method of spin control in spintronic devices [30].
The four resistance states have also been reported on
all perovskite La0_7Sr0_3Mn03/BiFeOg/La0_7Sr0_3MnOg,
MFTJs where BiFeOs is an intrinsic multiferroic mate-
rial [31]. However, all of these results showed small mag-
netoresistance and can work only at low temperatures.

To obtain both TMR and TER effects in a MFTJ, thin
insulating barrier with persistent ferroelectricity and fer-
romagnetic electrodes with high spin polarization are
critical. Here, we choose (Ba, Sr)TiOj3 as ferroelectric
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barrier which shows ferroelectricity down to one unit
cell under proper strain condition [7] and half metallic
La0_7Ca0,3MnOg, (LCMO) and La0_7Sr0,3Mn03 (LSMO)
as ferromagnetic electrodes for the proper lattice match
with the barrier [32]. Large TMR and TER effects have
been observed in the LCMO-based MFTJs [33], and in
LSMO-based MFTJs the four resistance states can be
achieved even up to room temperature [34].

2 Experiment

Epitaxial (Ba, Sr)TiOs/Lag.7Srg.3sMnOgs bilayers for
piezoresponse force microscopy (PFM) measurements
and La0_7Ca0,3Mn03/(Ba, Sr)TiOg/Lao_7Ca0,3Mn03and
La0_7Sr0_3Mn03/(Ba, SI‘)TiOg/La()jSI‘OVgMHOg trilayers
for MFTJ investigations were grown on SrTiOjs (100)
substrates by pulsed laser deposition. The heterostruc-
tures were deposited in situ at 750°C in a 300 mTorr
flowing oxygen. The laser energy density was about 1.5
J/cm?. The epitaxial growth of the trilayers on SrTiO3
is revealed by high-resolution transmission electron mi-
croscopy (TEM) and the TEM specimens were prepared
using conventional mechanical polishing followed by Ar
ion milling. Cross-sectional scanning TEM (STEM) was
performed in a JEOL-2010F field-emission TEM/STEM
operated at 200 keV. The ferroelectric property of the
(Ba, Sr) TiOgs ultrathin films were investigated by PFM
[Asylum Research-MFP-3D atomic probe microscopy
(AFM)].

The micron-scale MFTJ in the cross-strip geometry
was fabricated by using photolithography and Ar ion
milling in a process similar to what we have used before
[35]. Sputtered MgO or SiOy was used as an insulating
layer to allow making gold contact leads with the top
electrode without shorting to the bottom electrode. The
schematic drawing of the MFTJ structure is illustrated in
Fig. 1(a). A four-probe method was used to do electrical
transport measurement. The positive bias corresponds to
the current flow from top to bottom electrode and the
magnetic field was applied along the longitudinal direc-
tion of the bottom Lag 7Srg.3MnO3 lead.

3 Results and discussion

To characterize the structural quality, X-ray diffraction
0260 and ¢ scans as well as high resolution cross sec-
tional STEM have been conducted on selected samples.
X-ray diffraction shows that all layers are grown epi-
taxially. Figure 1(b) is a high-resolution cross-sectional
high-angle annular-dark-field (HAADF) STEM
age of an as-grown Lag7CagsMnQOs/Bag 5Srg5TiOs/
Lag.7Cap.3sMnOg3 trilayer. Almost atomically smooth
growth of the BagsSrg5TiO3 barrier was obtained
even for our relatively thick Lag7Cag3MnO3z bottom

im-
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Fig. 1 (a) The schematic diagram of the MFTJ (the
MgO or SiO2 insulating layer between the top and bot-

tom lead is not shown). (b) Cross-sectional HAADF STEM
image of a Lag.7Cag.3MnO3(LCMO)/Bag.5Sro.5TiO3(BSTO)/
Lag.7Cag.3MnO3 trilayer.

film (~30 nm), indicating high quality heterostructure
growth.

To confirm the ferroelectricity of nanoscale (Ba,
Sr)TiOs film, PFM and conducting atomic force mi-
croscopy (CAFM) have been performed at room temper-
ature on several (Ba, Sr)TiO3/Lag 7Srg.3sMnO3 samples.
As illustrated in Fig. 2(a), these investigations were car-
ried out based on a scanning probe microscopy (Asylum
Research-MFP-3D AFM) using a conductive AFM tip
in contact with the (Ba, Sr)TiOs surface. Figure 2(b)
shows an out-of-plane PFM phase image at room tem-
perature for a 3.5 nm Bag.g55r9.05Ti0O3 thin film on top
of a 30 nm Lag 7Srg.sMnO3 bottom electrode. Here, a
word “PSU” and the background were written by nega-
tive (—6.0 V) and positive (+6.0 V) voltages respectively.
The observed “PSU” pattern indicates the occurrence of
ferroelectric switching. Figure 1(b) shows a local volt-
age dependence of piezoresponse phase which suggests a
~ 180° phase contrast and provides evidence for ferro-
electricity of nanoscale (Ba, Sr)TiO3 film. The current

(b)
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(I)-voltage (V') characteristic of this sample have also
been tested by CAFM, as shown in Fig. 3. After polar-
ize the ferroelectricity upward and downward, two obvi-
ous different -V was observed. At —1 V, a large TER
~30 000% was obtained.

In trilayer junction structures, due to the large junc-
tion area (~ 10 um x 10 um) in comparison with the
scanning probe contact area (with a diameter of about
several tens of nanometers), large TER has not been re-
ported presumably due to the weak links and multido-
main structures when the ferroelectric barrier is poled to
reverse its directions using a large voltage. In addition,
it was proposed that the large TER observed from the
PFM measurement without the top electrode is due to
the surface absorption of elements which acted as an ad-
ditional dielectric layer on top of the ferroelectric layer
[36]. By increasing the asymmetry of the junction, the
dielectric layer will serve as a switch changing its bar-
rier height dramatically when the electrostatic potential
is changed by polarization reversal, leading to the giant
TER values in PFM test.

Figure 4(a) shows the non-linear I-V characteristic
of a Lao_7Sr0_3Mn03/Ba0,95Sr0_05T103/LaO_7Sr0_3Mn03
MFTJ (~ 10 wm x 20 um in area) at room temperature.
The corresponding differential conductance G = dI/dV
shows a parabolic dependence on bias voltage, as can be
seen in the normalized conductance G(V)/G(0) shown
in the inset of Fig. 4(a). As indicated by the solid line in
the inset of Fig. 4(a), the good fitting of the conductance
curve with Brinkman model [37] indicates that the elec-
tron tunneling dominates the transport process. Figure
4(b) shows potential diagrams drew based on the fitting
parameters, the barrier thickness (d), average barrier
height (@) and the asymmetry in the barrier (Ay) for the
curves with the barrier polarized downward and upward
(with a poling voltage of Vyuise ~ +1.4 Vor —1.4 V). The
differences between the barrier parameters after poling
the ferroelectricity down or up suggest that the ferro-
electricity can affect the electron transport properties of
MFTJ, which will result in the TER effect. Similar to the
theoretical prediction [19], the TER effect may be caused
by the asyrnmetric Ba0_95Sr0_05T103/LaO_7Sr0_3Mn03
interface which will induce asymmetric ferroelectric
displacements in the barrier and lead to a change in
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Fig. 2 (a) A shematic drawing of PFM and CAFM measurement setup. (b) Out of plane PFM phase image and (c) local
PFM phase as a function of bias voltage of a 3.5 nm Bag.955r9.05TiO3 film on 30 nm Lag.7Srp.3MnO3 electrode.



Yue-Wei Yin, et al., Front. Phys., 2012, 7(4)

20

<
£ 0
—10H
=20 ' T
-2 0 2
Vv
Fig. 3 [-V characteristics measured by CAFM on a

Bag.955r0.05TiO3/Lag.7Sr0.3MnOs sample. Arrows indicate the
orientation of ferroelectricity.
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Fig. 4 (a) I-V curve of a Lag.7Sr0.3MnO3/Bag.g5Sr0.05TiO3/
Lag.7Srg.3sMnO3 MFTJ. Inset: Bias dependence of the normalized
dynamics conductance calculated from the I-V curve (round dots)
and fitting results by Brinkman model (solid line). (b) The bar-
rier potential diagrams of the MFTJ with ferroelectric polarization
upward and downward.

complex band structure in Bag.g551r9.05Ti03. Moreover,
although £+ 1.4 V was used as poling voltages, we do
not have direct evidence that the voltage is enough to
completely poling the ferroelectric layer. Therefore, other
switching mechanisms like the interfacial electrochemical
modification by electric field may also take responsibility
for the results [38-40]. More work is being carried on to
understand the underlying mechanism.

Figure 5 shows that, by reversing the barrier polar-
ization repeatedly, the junction resistances measured at
10 pA bias between the two polarization states can be
switched between each other directly. Here, the red and
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blue dots means that the switching was observed between
parallel and antiparallel magnetic states [reached by R—
H sweep (see Fig. 6)], respectively. Hence, after apply-
ing positive and negative voltages, two parallel and two
antiparallel states i.e. a distinct four-state device was
represented.
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Fig. 5 In response to (a) the applied voltage pulses, (b)
switching of the junction resistance (measured at 10 pA) for
a Lag.7Sr0.3MnO3/Bag.g5Sr0.05 TiO3/Lag.7Srg.3MnO3z MFTJ at
parallel (red) and antiparallel (blue) states.
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Fig. 6 R vs. H of the Lag.7Srg.3MnO3/Bag.g95Sr0.05TiO3/
Lag.7Srg.3sMnO3 MFTJ measured at 10 mV and 280 K after pol-
ing the ferroelectricity upward (red) and downward (blue). The
horizontal arrows indicate the directions of the electrode magneti-
zation and the vertical arrows indicate the directions of the barrier
polarization.

Figure 6(a) shows the magnetic field (H) dependence
of the junction resistance (R) at a fixed voltage bias
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of 10 mV after aligning the ferroelectric polarization of
Bag.955r0.05TiO3 barrier downward or upward. A sharp
resistance change against the magnetic field is observed
between two magnetic states (parallel and antiparallel),
suggesting an almost entire flip of the magnetic domains.
After reversing the polarization of barrier, the entire R—
H curve shifts so that both parallel and antiparallel re-
sistances switched to different values and four resistance
states were observed. Figure 6(b) shows two resistance
memory loops (measured at 10 mV) as a function of
magnetic field for the two polarization states. A standard
MTJ memory loop with two states (parallel and antipar-
allel) is obtained for both polarization states and it can
be switched between two states by sweeping magnetic
field. Similar to the R—H loops in Fig. 6(a), the resis-
tance can be switched from one memory loop to aother
by reversing the ferroelectricity of the barrier. It is worth
mentioning that, from Fig. 6(b), the four states can be
observed at zero magnetic and electric field, which means
that the memory device is non-volatile.

Larger TER and TMR effect (up to ~300%) can
be obtained at lower temperatures in the trilayer
junctions [33]. Figure 7 shows the R-V, loops of
a Lao_7Ca0_3MnOg/Ba0_5Sr0_5T103/La0,7Ca0_3Mn03
MFTJ (~ 8 wm x 8 wm in area) in parallel magnetization
state at 4.2 K. Here, each data point in the hysteresis
loop is tested at a fixed voltage bias [—0.1 V for Fig. 7(a),
—0.15 V for Fig. 7(b)] after pulsing a voltage. The TER
values decreases from 45 % to 22 % with the increasing
bias from —0.1 V to —0.15 V, and are all higher than
the TER at room temperature shown in Figs. 5 and 6
(~2%) which are tested at even lower bias. The junction
resistance changes when the polarization was switched
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Fig. 7 R vs. V, of a Lap7Cap.3MnO3/Bag.55r0.5TiO3/
Lag.7Cao.3sMnO3z MFTJ at 4.2 K measured with (a) —0.1 V and
(b) —0.15 V bias. The horizontal arrows indicate the directions
of the electrode magnetization and the vertical arrows indicate the
direction of the voltage pulse sequence. Lines are guide to the eyes.
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by external voltage pulses and saturates afterward, in-
dicating the coercive field for the polarization rever-
sal should be reached. The switching voltage is slightly
asymmetric, possibly due to the imprint of the ferroelec-
tric layer.

4 Conclusions

In conclusion, we have fabricated all-oxide multiferroic
tunnel junctions by pulsed laser deposition technique.
Four distinct resistance states with large resistance dif-
ferentials have been obtained and the device can operate
at room temperatures. Using scanning probe technique,
much larger TER effect can be obtained than that of
the large size planner trilayer tunnel junctions. Further
study on the origins of the differences should be con-
ducted so that larger TER effect can also be obtained
in trilayer junctions, which can be used in practical de-
vices. These results pave the way for new multilevel and
nonvolatile devices.
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