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A LaCoO3/SrTiOj; heterostructure grown on Si (001) is shown to provide electrically switchable
ferromagnetism, a large, electrically tunable magnetoresistance, and a vehicle for achieving and
probing electrical control over ferromagnetic behavior at submicron dimensions. Fabrication of
devices in a field-effect transistor geometry enables application of a gate bias voltage that
modulates strain in the heterostructure via the converse piezoelectric effect in SrTiO;, leading to an
artificial inverse magnetoelectric effect arising from the dependence of ferromagnetism in the
LaCoOj; layer on strain. Below the Curie temperature of the LaCoO; layer, this effect leads to
modulation of resistance in LaCoQOj as large as 100%, and magnetoresistance as high as 80%, both
of which arise from carrier scattering at ferromagnetic-nonmagnetic interfaces in LaCoOs.
Finite-element numerical modeling of electric field distributions is used to explain the dependence
of carrier transport behavior on gate contact geometry, and a Valet-Fert transport model enables
determination of spin polarization in the LaCoOj; layer. Piezoresponse force microscopy is used to
confirm the existence of piezoelectric response in SrTiO3; grown on Si (001). It is also shown that
this structure offers the possibility of achieving exclusive-NOR logic functionality within a single

device. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4831673]

. INTRODUCTION

Complex oxide materials and heterostructures have
excited tremendous interest in research due to the wealth of
new physical phenomena they exhibit and their potential for
producing solid-state device functionality unattainable with
conventional semiconductor materials. In particular, multi-
ferroic and other multifunctional oxide materials offer rich
possibilities for exploration of both fundamental physical
phenomena and device applications,'® and with the
advancement of thin film growth techniques for such oxide
materials, epitaxial oxide heterostructures are emerging as
outstanding candidates for realization of devices in which
diverse material properties—ferromagnetism, piezoelectric-
ity, ferroelectricity, and others—are flexibly coupled to
achieve new functionality. Among various possibilities for
combining electronic, magnetic, or other functionalities,
electric-field control of magnetism has piqued particularly
intense interest, and may provide an attractive alternative to
approaches such as current-induced spin-transfer torque for
low-power magnetization switching. Electric-field modula-
tion of magnetization direction, saturation magnetization, or
coercive field has previously been demonstrated,'*™® as
have switching between ferromagnetic and paramagnetic
states via modulation of carrier concentration in itinerant
magnetic materials, generally using a liquid electrolyte as a
gate contact,”* and macroscopic control over interfacial
magnetocrystalline anisotropy in a multiferroic epitaxial het-
erostructure.***> However, practical device structures mak-
ing use of electric-field switching of ferromagnetism that
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remain amenable to on-chip integration with established Si
and Si-based electronics and device size scaling are still
lacking.

In this work, we have employed an approach that com-
bines strain-dependent ferromagnetism in LaCoO; (Refs.
46-53) with piezoelectric response in SrTiO5 (Refs. 20 and
54-57) in a single-crystal oxide heterostructure grown on Si
(001) to enable application of a gate voltage in a suitably
fabricated device to modulate strain in both the SrTiO5; and
LaCoOg3, and consequently ferromagnetism in the LaCoO;
layer. Creation of spatially alternating ferromagnetic and
nonmagnetic regions in a LaCoOs film in this manner leads
to a voltage-dependent magnetoresistance,’® and engineering
of the strain distribution within the LaCoO3/SrTiO3 hetero-
structure enables realization of exclusive-NOR logic func-
tionality within a single device. In addition, monolithic
integration on Si (001) via epitaxial growth offers the possi-
bility of incorporating these and related devices into main-
stream Si-based nanoelectronic circuits and systems.

Il. EXPERIMENT

The epitaxial layer structures employed in these studies
were grown by molecular beam epitaxy (DCA M600) from
elemental sources and consisted of 8 nm SrTiO; grown on a
p-type Si.(001) (p ~0.01 Q cm) substrate, followed by 30 nm
LaCo05.*’ Prior to growth, the Si substrates were degreased
in acetone, isopropanol, and deionized water for 5min each
with sonication. The substrates were then exposed to ultravio-
let/ozone for 15min to volatilize hydrocarbon impurities.

© 2013 AIP Publishing LLC
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After loading into the MBE chamber, the Si was outgassed for
10min at 650°C and the native SiO, layer was removed by
Sr-assisted deoxidation.>® SrTiO; was grown on Si using a 1h
monolayer Sr template® with the metal fluxes adjusted to
yield a total growth rate of 0.4 nm/min. The first 1.6 nm were
grown at 200°C and vacuum annealed at 550°C for 5 min.
The rest of the SrTiO5 layer was grown at 550 °C to achieve a
total thickness of 8 nm. SrTiO3 growth was done using molec-
ular oxygen as the oxidant at a partial pressure of
2 x 107" Torr. After SrTiO5 growth, the substrate temperature
was raised to 700°C while the atomic oxygen rf plasma
source power was being ramped up. LaCoO5 was grown under
atomic oxygen (rf power 300 W and oxygen background pres-
sure of 1 x 107> Torr) at a growth rate of 0.6 nm/min to a total
thickness of 30nm. After growth, the sample was cooled in
oxygen (1 x 107> Torr) at a rate of 10°C/min down to room
temperature. High temperature growth of the LaCoO; layer
under atomic oxygen also results in the formation of ~8.5nm
SiO, between the Si and SrTiOs, which relaxes compressive
strain in SrTiO5 on Si®' and provides additional tensile strain
in LaCoOj that helps stabilize ferromagnetism in that layer,
and also isolates the active device region from the conducting
Si substrate. Electrical contacts to the LaCoO5 layer were
formed by initial deposition of 25nm SiO,, followed by
e-beam lithography and etching of 4 um x 2.5 um contact
windows and deposition of Ti/Au contact metallization. The
typical length of the LaCoO5 channel formed in this manner
was 13 um for M =9 and 26 um for M = 18. For each device,
two Ti/Au gate contacts were formed on the SiO, layer above
the channel in an alternating finger pattern by e-beam lithogra-
phy, e-beam evaporation, and lift-off. The finger widths for
the two gate contacts are 500 nm and 200 nm, with adjacent
fingers separated by 150nm. A Carl Zeiss Neon 40 scanning
electron microscope was used to obtain the images shown in
Figure 1(b).

X-ray diffraction (XRD) was performed at the National
Synchrotron Light Source beamline X20A using a high reso-
lution triple-axis geometry with a Ge(111) monochromator
and analyzer. The x-ray wavelength was 1.5407A and the
incident beam divergence was ~0.01°. Grazing incidence
and reflection scans were measured for the determination of
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in-plane lattice parameters at an angle of o= f§=0.4° to the
sample surface, along both the h00 and hkO directions. Out-
of-plane lattice parameters were measured from Bragg-
Brentano scans through the 001 peaks. Rocking curves were
also taken to determine the FWHM of epitaxial alignment.

All the electrical measurements were performed in a
LakeShore EMPX-HF probe station with a high vacuum
(107° mbar) chamber. Liquid nitrogen was used for low tem-
perature measurements. An Agilent 4156A precision semi-
conductor parameter analyzer was used for applying a
channel bias voltage and measuring electrical currents; an
Agilent B2912A precision source/measure unit was used to
apply a gate bias voltage. The temperature dependence of
the LaCoOs; resistivity was determined by using standard
four-probe measurements in which one port from the Agilent
B2912A precision source/measure unit was connected as a
current source providing 1 nA—400 pA of current (depending
on temperature) between the two end contacts of a standard
four-contact device designed and fabricated specifically for
four-probe measurements and the other port connected to the
two middle contacts across which the voltage drop was
measured. For magnetic field sweep measurements, the mag-
netic field was first swept from 0Oe to +5 kOe (—5 kOe)
with Vg1 =+15V, followed by resetting Vg, and H succes-
sively and then a second field sweep from 0Oe to +5 kOe
(=5 kOe).

The electrostatic module from Comsol Multiphysics
was used for the finite element modeling and simulations. A
gate bias voltage of 15V was applied as a boundary condi-
tion at locations corresponding to the gate contacts. The Si
substrate was assumed to form a conductive plane in the sim-
ulation since it was heavily doped. Relative dielectric con-
stants used are 3.9 for SiO,, 1000 for LaCoO5 (estimated
based on Huang er al.%%) without considering the rather lim-
ited electric field screening effect, and 300 for SrTiO3.63 64

The piezoresponse force microscopy (PFM) measure-
ments were performed at room temperature using a Bruker
ICON atomic force microscope system with a Co/Cr coated
MESP-tip in contact mode. PFM images were obtained with
4.5V amplitude, 8§ kHz ac voltage modulation at 0 V dc bias
and the setpoint was minimized to prevent excessive wearing
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FIG. 1. (a) Schematic diagram of device structure, applied voltages, and external magnetic field geometry. (b) SEM images of device. Scale bars from left to
right are 1.5 um, 6 um, and 1 um, respectively. (c¢) Conductivity of the LaCoO; channel measured as a function of temperature ranging from 77 K to 300 K.
Two distinct slopes are observed in different temperature ranges (77 K to 150K and 150K to 300 K) indicating two different regimes of electronic transport.
(d) Magnetization of LaCoOs as a function of temperature at a constant magnetic field of 1 kOe under field-cooled conditions. The film is ferromagnetic with a
Curie temperature of 85 K. (e) X-ray diffraction data of LaCoO3 (30 nm)/SrTiO; (8 nm)/SiO, (8.5 nm)/Si. The LaCoOj; peaks are indexed using the pseudocu-
bic notation. The data show that LaCoO; and SrTiOj; are coherently strained to each other, and they are indeed epitaxially grown on Si.
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of the tip coating. The system has two lock-in amplifiers
which detect the same frequency component of the four-
quadrant photodiode detector as that of the applied electric
field, one for the horizontal and the other for the vertical
deflections.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows a schematic diagram of a completed
device structure along with electrical contact and external
field geometries, with scanning electron micrographs of a
representative device structure shown in Figure 1(b). The
8.5nm SiO, layer indicated in Figure 1(a) forms during the
growth of LaCoO;, which requires high temperature
(700°C) and the use of atomic oxygen from an oxygen
plasma source. The oxidation of the Si after SrTiO3; growth
does not disrupt the crystalline structure of the SrTiO; layer
away from the SiO,, allowing for subsequent epitaxial
growth of LaC005,°! and relieving strain induced by the Si
substrate in the SrTiO;. Minimal intermixing at the
LaCo03/SrTiO5 interface is expected under these condi-
tions.*” The basic device geometry is that of a field-effect
transistor in which the LaCoO; layer acts as the transistor
channel, with source-drain voltage V- and dual gate contacts
with voltages Vg and Vg, applied.

Figure 1(c) shows temperature-dependent channel con-
ductivity, measured using a standard four-probe method
under zero external magnetic field. Two temperature
regimes, 77 K-150K and 150K-300K, both showing an
Arrhenius or Arrhenius-like relation, can be seen with differ-
ent activation energies, respectively, providing insight into
the temperature-dependent electrical transport in thin-film
single-crystal LaCoOs. It is known that polaronic conduction
plays an important role in electrical transport in many
strongly correlated oxides. This has been observed for bulk
LaCoOs3, in which small polarons are formed by mobile
holes in the valence band due to electron thermal excitation
whereas electrons are deeply trapped and therefore immo-
bile.®® The small-polaron motion is known to occur by two
distinct mechanisms.®®®” At low temperatures, the small
polaron moves by Bloch-type band motion and the tempera-
ture dependence of the dc conductivity is given as
0 = el tM0eXp(—E,/2kgT), where e denotes the elec-
tronic charge, ng is the number of low-spin Co(III) sites per
unit volume at very low temperatures, p,, v is the mobility
of small-polarons at low temperatures slowly depending on
T as for conventional semiconductors, and E, is the
quasi-constant band gap of LaCoOs. In this regime, the
small-polaron transport can be described in a conventional
way widely used for most semiconductors. At high tempera-
tures, however, thermally activated phonon-induced small-
polaron hopping dominates and the conductivity-temperature
relation is expressed as 6T = Agexp|—(Wu + Ey/2) /ksT],
where Ay is a constant, Wy is the hopping energy of a po-
laron, and the small-polaron hopping mobility is exponen-
tially depending on 1/7. The ¢ — T data obtained in our work
for the LaCoOj thin film are in accord with this theory, from
which E, and Wy are estimated to be 0.14eV and 0.19eV,
respectively, close to those reported by Iguchi er al®®

J. Appl. Phys. 114, 183909 (2013)

Therefore, as described below, the Valet-Fert model derived
from the Boltzmann equation can be used to describe electrical
transport in the LaCoOs film at temperatures below 150 K.*®

The magnetic properties of the LaCoO5; were measured
using a Quantum Design superconducting quantum interfer-
ence device (SQUID) magnetometer. The magnetization as a
function of temperature from 300K to 10K was measured
under an applied field of 1 kOe in a field-cooled condition,
after the film was first saturated at 10 K under a field of 40
kOe. The field was applied in the plane of the film. Figure
1(d) shows the ferromagnetic transition temperature of 85 K
for the strained LaCoOj5 in our study. The LaCoOj; film was
also characterized using XRD to determine the lattice con-
stants and overall crystalline quality (Figure 1(e) and Figure
S1). The ¢ lattice constants of the LaCoO5 layer and the
underlying SrTiO; layer are determined to be 3.79A and
3.91/0%, respectively, whereas the a (in-plane) lattice con-
stants of the two layers are both 3.87 /OX, consistent with biax-
ially tensile-strained LaCoO; with an in-plane lattice
constant identical to that of the SrTiO;. Excellent crystalline
quality of the LaCoQOj layer as well as the SrTiOj5 layer is evi-
dent from both Figure 1(e) and the results of the transmission
electron microscopy as well as the x-ray photoelectron spec-
troscopy measurements of the same structure.*’ The observa-
tion of coherent strain in LaCoO; thin films at such a large
thickness (30 nm) has also been reported by Fuchs ef al.%® and
is known to be anomalously large compared to the expected
critical thickness from the Blakeslee formula. This has been
attributed to the existence of nanotwins in LaCoQO; that
accommodate the strain without elastic relaxation.

Figures 2(a) and 2(b) show channel current / measured
as a function of V for different gate voltages V1, at 300 K
and 77 K, respectively, with Vg, =0V and an external mag-
netic field of 4.5 kOe applied in all cases. The I-V curves
are nonlinear throughout the entire channel bias range, indi-
cating the presence of Schottky contacts to the LaCoOs;
channel and leading to a contact resistance that is voltage
dependent. [ is seen to be independent of Vg, at 300K,
but to be strongly suppressed for Vg =-+15V at 77K.
Furthermore, a +15V bias was applied to either set of gate
fingers with O V channel bias at 77 K, and the measured cur-
rent at either end of the channel was smaller than 50 pA (not
shown), so the possibility of any contribution by a gate leak-
age current to the observed current suppression can be elimi-
nated. We can define a normalized resistance change,

AR/Ro = (R|v0, _R|VG]:0)/R|VG|:07 (1)

as a function of Vg, where R =V/I is the channel resist-
ance. Here, R contains both the total contact resistance R,
and the LaCoOs; channel resistance R panne;- TO compare and
analyze R panner Under different conditions, we use a fixed
channel voltage V=8V, in which case R, is fixed and rela-
tively small, and makes a negligible contribution to the re-
sistance change. Figure 2(c) shows AR/R as a function of
temperature for Vg =—15V and Vg =+I15V, with
Vc=8Vin all cases. For Vg, =415V, there is a sharp drop
in AR/Rq between 80K and 90K, with negligible depend-
ence on temperature observed above 100 K. This transition
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FIG. 2. (a) Channel current / vs. channel voltage V¢ at 300 K with H =4.5 kOe for gate voltages Vg1 =—15V, 0V, and +15V. Vg, is seen to have no effect
on channel current flow. (b) Channel current vs. Ve at 77K with H=4.5 kOe for Vg; =—15V, 0V, and +15 V. Channel current is strongly suppressed for
Vg1 =+15V. (c) AR/Ry vs. T for Ve =8V and H=4.5 kOe at Vg, =+15V and V5, = —15V. Nonzero AR/R is observed only for V5, =+15V, and only
below the Curie temperature of the LaCoOj; layer. (d) AR/R vs. Vg for Ve =8V at 77 K with/without an external magnetic field H. Negligible change in re-
sistance is observed in the absence of an external magnetic field. For H =4.5 kOe, an abrupt transition in AR/Ry is observed at V5, =7.5 V. (e) MR vs. external
magnetic field H for Vc=8V at 77K, and gate bias voltages Vg, =0V, + 15V. Magnetic field was first swept from 0Oe to +5 kOe (—5kOe) with
Vg1 =415V, followed by resetting V; and H successively and then a second field sweep from 0 Oe to +5 kOe (—5 kOe). (f) Illustration of the postulated
materials response to Vg =-+15V and —15V, respectively. Vg =-+15V results in lateral compression of the SrTiO5 layer below the fingers followed by a
ferromagnetic-nonmagnetic transition of LaCoOj; in these regions, whereas V5, = —15 V increases tensile strain in the SrTiO; layer and the LaCoOj layer atop

remains ferromagnetic.

coincides in temperature with the measured Curie tempera-
ture of strained LaCoO; of ~85K,*’ suggesting a connection
between the electrical behavior shown in Figures 2(b) and
2(c) and ferromagnetism in the LaCoOj5 layer. Further evi-
dence suggesting such a connection can be seen in Figure
2(d), which shows AR/R, as a function of Vg, at 77K for
Ve =28V and external magnetic fields of 0 and 4.5 kOe. (see
supplementary material, Figure S2, for the full dependence
of I on V¢ and Vg,.%%) Two features are of particular interest.
First, no dependence of channel resistance on Vg, is
observed in the absence of an applied magnetic field, indicat-
ing that magnetic-field-dependent transport plays a signifi-
cant role. Second, in the presence of an external magnetic
field, the channel resistance increases very abruptly at
Vg1 =7.5V, indicative of an abrupt change in magnetotran-
sport behavior at that voltage. We define magnetoresistance
in the channel of the device to be given by

MR = (R‘H - R|H:O)/R‘H:O’ 2

where R is again the channel resistance and H is the external
magnetic field. Figure 2(e) shows magnetoresistance as a
function of external magnetic field for Vg; =0 and 15V.
Nonzero magnetoresistance is observed only for Vg =15V,
and increases to values as high as 80% for an external field
of 5 kOe. We also fabricated a device with a uniform planar
gate structure, but for reasons described below AR/R, and
MR were both found to be zero for this device.

The mechanism we propose as being responsible for the
observed electrical behavior is illustrated schematically in
Figure 2(f). Application of a gate voltage V5, modulates
strain in the SrTiO; layer through the existence of a piezo-
electric response, specifically the converse piezoelectric
effect in which the electric field produced by Vg, leads to

mechanical deformation of the SrTiO;. The resulting strain
field extends into the adjacent LaCoO; layer, allowing the
strain in that layer to be modulated by the gate voltage as
well. Because a critical minimum level of tensile strain is
required to induce ferromagnetism in the LaCoO; layer,*’*°
varying Vg, allows strain in the LaCoO; layer to be modu-
lated across the critical level required to induce the transition
to ferromagnetic behavior, enabling electrical control of fer-
romagnetism in LaCoO; to be achieved. As previously
reported,*® ferromagnetism occurs in the LaCoO; layer
above a threshold value of tensile strain; for lower strain val-
ues, the LaCoOj3 is nonmagnetic. The XRD data shown in
Figure 1(e) suggest that the tensile strain of LaCoO3 without
gate bias is in the vicinity of this critical point, so that modu-
lation of ferromagnetism of the LaCoO; would require an
in-plane strain change of order ~0.1%. The dependence of
channel resistance on gate voltage and magnetic field then
arises as a consequence of spatially dependent modulation of
ferromagnetism in the LaCoOs5 channel due to the geometry
of the gate contacts, and increased carrier scattering at
ferromagnet-nonmagnet interfaces within the channel. It
should be noted that screening of the gate electric field by
the thin LaCoOs layer is weak due to the low carrier density
in that layer at low temperatures (e.g., 77 K), and therefore
most of the electric field under a sufficient gate bias (e.g.,
15 V) still enters the SrTiO3 layer beneath.

Key to this mechanism is the existence of piezoelectric
response in the SrTiO5 layer. Figure 3 shows results of PEM’°
measurements performed on a LaCoO3(30 nm)/SrTiO3(8 nm)
heterostructure grown on Si (001). Room-temperature piezo-
electric response, which in our SrTiO5 layers can be stabilized
by compressive strain®> >’ imposed by the upper LaCoOs
layer, is clearly visible in images of both amplitude (Figure
3(b)) and phase (Figure 3(c)), and the statistical distribution of
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FIG. 3. (a) Surface topography. Scale
bar is 150 nm. (b) PFM lateral ampli-
tude image. (c) PFM lateral phase
image. (d) PFM lateral phase histo-
gram. Nonzero signal in the PFM am-
plitude image confirms the existence
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PFM phase response shown in Figure 3(d) unambiguously
indicates the existence of a dominant material polarity, verify-
ing the poled nature of the piezoelectric SrTiO; layer and con-
sistent with the observation that only a positive gate voltage
(above a threshold) results in current suppression. While the
PFM measurements shown here were performed at room tem-
perature, earlier studies have indicated that piezoelectricity in
SrTiO3 can be maintained and, indeed, increase at low tem-
perature.”* Similar measurements were performed on samples
in which the SrTiOj3 layer was replaced by MBE-grown heav-
ily La-doped highly conductive SrTiO; in which sufficient
carriers are activated from the La doping level and the electric
field across the SrTiOs layer would be dramatically reduced
or eliminated due to free carrier screening; no PEM response
was observed, indicating that the piezoelectric response shown
in Figure 3 arises from SrTiO; rather than LaCoOs.
Investigation of the influence of gate finger geometry
provides further insight into the roles of strain, strain-
dependent ferromagnetism, and ferromagnet-nonmagnet
interface scattering on electronic transport characteristics.
Figure 4(a) shows a cross-sectional schematic of the device
geometry illustrated in Figure 1, with two sets of interdigi-
tated gate fingers of length (in the direction of channel cur-
rent transport) 500nm and 200nm separated by gaps of
150 nm between adjacent fingers, to which voltages Vg and
Vo, respectively, are applied. Figure 4(b) shows channel
current, measured at 77 K with H =4.5 kQe, as a function of
Ve for different gate voltage configurations. High channel
current is observed for Vg =Vg, =0V, while much lower
current is observed when +15V is applied to one, but not
both, sets of gate fingers—consistent with the influence of
ferromagnet-nonmagnet interface scattering that arises when
regions of nonmagnetic material are created by application
of positive voltage to one set of gate fingers. However, high
current flow is observed for Vg, =Vg, =-+15V. The origin
of this ostensibly counterintuitive observation is revealed in
Figure 4(c), which shows a finite-element numerical simula-
tion of the vertical component of electric field within the de-
vice region indicated by the dashed line in Figure 4(a) for
different gate voltage configurations. Note that the simulated
vertical electric field in the SrTiOj3 layer is approximate since

of piezoelectric response in the struc-
ture, while the histogram showing a bi-
modal phase response distribution
indicates the presence of one dominant
orientation for piezoelectric response,
and the existence of smaller regions
with inverted orientation.

7150-100 50 0 50 100 150
Phase (deg)

the dielectric constant used for SrTiO5 in the simulation is
assumed to be 300¢,, which is for strain-free SrTiO5 at room
temperature and not necessarily applicable to piezoelectric
strained SrTiO; thin films.>” Nevertheless, the electric field
distribution profile elucidated by the simulation is qualita-
tively correct, and sufficient to illustrate the key points in our
discussion. For Vg =Vg, =0V (not shown), no electric
field, and consequently no strain modulation arising from the
converse piezoelectric effect, is present. When either Vg, or
V2 (but not both) is increased to +15V, there is a strong
modulation of the electric field, and consequently strain,
along the length of the channel, resulting in alternating
regions of ferromagnetic and nonmagnetic LaCoOj3 in the
channel. The resulting interface scattering leads to reduced
channel current, as seen experimentally in Figure 4(b). For
Vg1 =Vga=+15V, however, the spacing between adjacent
gate fingers is sufficiently small that the fringing fields at the
edge of each gate finger yield much weaker variation in elec-
tric field, and consequently strain, along the length of the
channel. As a result, the transition from ferromagnetic to
nonmagnetic behavior occurs throughout the channel, result-
ing in high channel current due to the absence of interfacial
scattering except at the ends of the channel region. We also
note that this behavior further excludes the conventional
MOSFET working mechanism as being responsible for the
observed effect and, more interestingly, allows the device to
provide exclusive-NOR logic functionality, as illustrated in
Figure 4(d).

An analysis based on the Valet-Fert model’® for current
transport in magnetic and nonmagnetic multilayers provides
both insight into factors dominating current transport in these
devices, and quantitative estimates of spin polarization in the
LaCoOs; layer (see supplementary material for detailed deri-
vations and discussions®®). Applicability of the Valet-Fert
model to describe electrical transport in the LaCoOj film at
77K can be confirmed from the conductivity data shown in
Figure 1(c). As discussed above, the small-polaron transport
in the LaCoO; film at temperatures below 150K is
Bloch-type band motion, analogous to carrier transport in
conventional semiconductors with a large effective mass, to
which the Boltzmann transport equation is applicable.®®
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FIG. 4. (a) Cross-sectional view of de-
vice geometry and contact configuration
for finite-element modeling of electric
field distribution. Simulation results of
the circumscribed region are shown in
(c). (b) Channel current vs. V- at 77K
with H=4.5 kOe for (i) VG =0V,
Ve =0V; (ii) Vg =+15V, V5 =0V,
(iii) Vg1 =0V, Vg =+ 15V; and (iv).
Va1=+15V, Vg,=+15V. Different
gate biasing configurations lead to dif-
ferent electric field distributions and
therefore variations in modulation of
strain in the SrTiO; layer, and of ferro-
magnetism in the LaCoO; layer. (c)

- Ti/Au metal contacts
SiO, (25 nm)
LaCoO; (30 nm)

_—SrTiO, (8 nm)

T Si0, (8.5 nm)

= Si substrate

Va1 | Va2 Y

0 0 1 Finite element simulations of electric
field (vertical component) distributions
Y 0 1 0 in the SrTiO; layer for gate voltage

applied in different configurations. In
R, the first two cases where +15V is
applied to either set of gate fingers,
well-defined unbiased regions in the
SrTiO; layer can be found. In the third
case, fringing fields at the gate contact
edges penetrate the unbiased region,
leading to laterally extended modulation
in electric field and consequently strain.
\' This expansion in electric field modula-
tion results in reduced modulation of
channel current in the case of
Va1 =Vea=+15V. (d) Schematic dia-

500 nm

(b) (d)
2.0 . T r
] Vgi=0V, Vg,=0V 77K Ve
5] - Ver=15 ViV =0V T
’ Vg1=0V, Vg, =15V
T i Vg1=15V, Vg, =15V 4 Vg,
< H=4.5 kOe XNOR
s R VGZ o—
(C) S Va2
I 1
500 nm 150 nm . 200 nm_ . 150 nm

Ve =15V, Vg, =0V
SrTio, —

gram (left) and truth table (right) for a

SrTio,—

Vg =15V, Vg, =15V

6V pm-1 two-input  exclusive-NOR  (XNOR)
logic gate implemented by our device
structure. High (low) voltage is defined
as 1 (0) for both inputs and output so
that Y =Vg; © Vgo.

0V pm~

SrTio, —

Valet and Fert™® derived macroscopic transport equations,
i.e., the Valet-Fert model, starting from the Boltzmann equa-
tion and formally justified its validity in the limit that the
spin-diffusion length of each material is long compared to
the mean free path of the same material, regardless of the
layer thicknesses. This approach was further proved to be
accurate for spin-diffusion lengths comparable to the mean
free paths both theoretically by numerical studies of the
Boltzmann equation’' and experimentally.”® In our device
structure, the minimum length of each ferromagnetic or non-
magnetic region is 200 nm, which is expected to be much
larger than the mean free path in the LaCoO; layer given the
large effective mass and consequently low mobility in the
small-polaron narrow band. Therefore, the Valet-Fert model
can be safely used to describe electrical transport in the
LaCoOj; layer at low temperatures (77 K-150K). Figure 5
shows schematic illustrations of the primary factors contrib-
uting to the resistance of the LaCoOj; channel in the presence
(Figure 5(a)) and absence (Figure 5(b)) of nonmagnetic
regions within the ferromagnetic LaCoO;. In Figure 5(a),

alternating ferromagnetic and nonmagnetic regions of length
tr and ty, respectively, have areal resistance (1 — ﬁz)pp*fp and
oNFin, Where [ is the spin polarization in the ferromagnetic
LaCoOs; layer, and pg* and pn* are the resistivity of the ferro-
magnetic and nonmagnetic segments. These segments are sep-
arated by interfacial regions of areal resistance (1 —7 %)ry*,
where 7 is the spin polarization at the interface and r,* the
interfacial resistance. In Figure 5(b), the entire channel is fer-
romagnetic and the resistance of a single period L is given by
(1 — ppr*L. To estimate the spin polarization f in LaCoOs,
we note that the resistance change AR/R, and magnetoresist-
ance MR, defined in Egs. (1) and (2), respectively, can be
related to each other according to the expression

R = (1—*)AR/Ry — f*. 3)

Using values for MR and AR/R, from Figure 2 for H=4.5
kOe, V=8V, and Vg =15V at 77K, we obtain
p=0.24 = 0.02. An independent estimate of f§ can be obtained
from a comparison of values for AR/R, obtained using
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FIG. 5. (a) The Valet-Fert current channel model for the case of Vg > Vyy.. f
and y are bulk spin polarization in ferromagnetic LaCoO3 and interfacial spin
polarization at the interface between ferromagnetic LaCoO3 and nonmagnetic
LaCoOs, respectively. Both p* and pn* are resistivities of the LaCoO; chan-
nel at 77K, L is the length of the channel for one period within which 7 (#y)
is length of the ferromagnetic (nonmagnetic) channel, and M is the total num-
ber of periods in the channel. Nonmagnetic regions form and lead to nonzero
magnetic domain wall resistances at the interface with ferromagnetic regions
so that three terms, i.e., (1 — [iz)pp*tp from ferromagnetic LaCoOs, pn*in
from nonmagnetic LaCoO3, and 2(1 — yz)rb* from magnetic domain walls,
contribute to the total channel resistance R. b) The Valet-Fert model for
Vg < Vi The entire channel is ferromagnetic and domain wall resistance is
absent, in which case only one term (1 — 8%)pg*L contributes to R.

different gate dimensions, as in Figure 4(b). This approach
yields f=0.29 =0.01, in very good agreement with that
obtained from Eq. (3). Equation (3) also implies that MR
should be independent of the number of periods, M, of the
interdigitated finger structure, and therefore of the number of
ferromagnet-nonmagnet interfaces traversed. It should be
noted that since a magnetic field of 5 kOe is not sufficient to
saturate the magnetization of our LaCoO; film,*’ the spin
polarization f3 extracted at 5 kOe is not the spin polarization of
a magnetically saturated LaCoOj; layer. The extracted spin
polarization in this work, however, is still useful in validating
our use of the Valet-Fert model, and more importantly, the
method described to extract the spin polarization should be ap-
plicable in magnetically saturated films as well. Table I shows
measured values of MR for device structures with different

TABLE 1. Measured and calculated MR at Vo =8V, T=77K, and H=4.5
kOe for different gate biasing configurations and number of periods in a sin-
gle device. Excellent consistency between measured MR data and corre-
sponding values calculated using the Valet-Fert model, particularly the fact
that MR is independent of M, strongly supports the basic applicability of the
Valet-Fert model and the role of ferromagnet-nonmagnet interface scattering
in the experimental observation.

M 9 18
Var (V) 15 0 15
Va2 (V) 0 15 0
MR e (%) 75.0*+0.5 71.0*+0.8 75.7*+0.6
MR .1 (%) 71.8 3.0 68.7+3.0 723 *+3.1

J. Appl. Phys. 114, 183909 (2013)

gate dimensions and number of periods M, along with MR val-
ues predicted by Eq. (3) using values of AR/R, measured using
the same devices and spin polarization §=0.27 = 0.03. As
predicted, MR is seen to be independent of M, and to vary as
expected with AR/R, for different gate dimensions. As dis-
cussed in more detail in supplementary material,® the value of
f obtained above together with the fact that no distinguishable
resistance change was observed by applying a positive voltage
to a planar gate uniformly over the entire channel further
indicates that the magnetic domain wall scattering at
ferromagnetic-nonmagnetic interfaces rather than the differ-
ence in conductivity of the ferromagnetic and nonmagnetic
phase predominantly leads to the large AR/R, and MR. As
a thought experiment, it might seem surprising that
(1 — B*)pr*te vanishes as § approaches 1, yielding a negative
resistance change when ferromagnetic-nonmagnetic interfaces
form. However, as discussed in supplementary material,® the
resistance due to interfacial scattering would increase with f3,
still leading to positive AR/R, and MR.

IV. SUMMARY

In summary, we have designed, characterized, and ana-
lyzed devices based on LaCoOs/SrTiOs heterostructures
grown on Si (001) substrates by MBE in which the combina-
tion of strain-dependent ferromagnetism in LaCoQOs, the con-
verse piezoelectric effect in SrTiOz;, and strain coupling
between these layers enables electrically controlled ferromag-
netism and magnetoresistance to be achieved. Detailed mech-
anisms explaining this behavior are developed and verified
using (i) the Valet-Fert model to quantify LaCoOs spin polar-
ization, magnetic interfacial resistances, and the dependence
of magnetoresistance on device geometry; (ii) finite-element
modeling of electric field distributions to explain variations in
current transport for different gate finger geometries; and (iii)
PFM studies to confirm the presence of piezoelectric response
in SrTiO3 films within our device structures. These results
illustrate a new approach for electrically controlling local fer-
romagnetism in complex oxide heterostructures and for prob-
ing and controlling spin transport behavior in complex oxides
at submicron dimensions, and offer the possibility of straight-
forward integration with conventional Si-based electronics via
epitaxial growth directly on Si substrates.
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