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Vanadium sesquioxide (V,03) is a strongly correlated electronic material that famously undergoes a triple
coupled first-order transition where it transitions from a paramagnetic metal with a rhombohedral structure at
high temperature to an antiferromagnetic insulator with a monoclinic structure. While several studies have used
one of both electronic and structural transitions to control the properties of a heterostructure, evidence of mag-
netic coupling has notoriously yet to be found. In this paper, we report on a robust magnetic coupling between
the antiferromagnetic (AFM) V,0; and ferromagnetic (FM) Permalloy (Py) layers that results in a significant
exchange bias and strain-induced coercivity enhancement. We provide a temperature and angle-dependent study
of magnetic properties, which clearly indicates exchange bias at the AFM/FM interface that appears at the onset
of the metal-insulator transition. The magnitude of the exchange bias is strongest when the field is applied
along the [001] V,0; crystallographic orientation which corresponds to an AFM spin configuration on the [110]
surface. This opens the door to designing and implementing novel functionalities in transition metal oxide-based
computing using the connection between magnetism and the metal-insulator transition.

DOLI: 10.1103/PhysRevMaterials.8.054407

I. INTRODUCTION

The study of interface effects in magnetism has been the
subject of intense research in past decades ranging from the
discovery of emergent phenomena [1] to potential uses in
technological applications. Chief amongst them is the ex-
change bias (EB) [2] occurring between a ferromagnetic (FM)
and an antiferromagnetic layer (AFM), which appears as a
shift of the FM hysteresis loop away from zero fields. When
FM layers are combined with antiferromagnetic functional
materials, improved functionalities arise by adding additional
magnetic degrees of freedom. This effect has been exploited
to reduce power consumption in numerous commercially
available devices such as magnetoresistive random-access
memory, magnetic sensors [3], spin valves [4], and spintronic
devices [5].

Vanadium sesquioxide (V,03) is a strongly correlated
electronic material that famously undergoes a triple coupled
first-order transition where it transitions from a paramagnetic
metal with a thombohedral structure at high temperature to
an antiferromagnetic insulator with a monoclinic structure.
When V,0; is coupled to a FM layer, it can act as an
active component enhancing coercivity through strain [6,7],
shunting due to insulator to metal transition (IMT) in a
nanoconstriction [8], controlling a spin valve [9], or as an
active layer in spin-orbit torque devices [10]. The combina-
tion of functional layers in artificially layered heterostructure
including one or more transition metal oxides has allowed
control of the magnetic [11], optical [12], and electrical
[13,14] properties of devices. Interestingly, the interactions
stemming from the magnetic coupling between the AFM
phase of V,03 and a FM layer in a heterostructure, i.e., ex-
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change bias, have remained elusive for a long time, although
some recent reports have claimed an appearance of a relatively
weak coupling [15,16].

The coupled magnetic, electronic, and structural proper-
ties across the V,0j; transition can not only be triggered by
temperature but also by electric field, strain, and local heat
[17-19]. These additional switching methods of the V,0;
transition provide the potential for multifunctional applica-
tions such as in neuromorphic computing and spintronics [19].
Hence, a V,03 based EB system can provide functionalities
beyond those of a classical exchange biased AFM/FM het-
erostructure.

Here, we report on a robust magnetic coupling between
the V,03 and Py in heterostructures. This results in a signifi-
cant exchange bias and strain-induced coercivity enhancement
caused by the V,03 magnetic and structural phase transitions.
We provide a temperature and angle-dependent study of mag-
netic properties, which clearly indicates exchange bias at the
interface between AFM V,03 and an FM layer. The angular
study also shines light on the AFM spin configuration of the
V,03 at the interface and paves the way to develop devices
that use this coupling.

II. METHODS AND EXPERIMENT

V,0;3 films were grown by reactive radio frequency (rf)
magnetron sputtering on [110] oriented Al,O3 substrates (A
cut). The Al,O3 substrates were prepared using an ultrasonic
cleaner with acetone and methanol solution separately, each
with a 10-min duration. Then, the substrate was thoroughly
washed with isopropyl solution and dried with ultrahigh purity
nitrogen gas to clean off residual contamination. The samples
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FIG. 1. Uniaxial anisotropic Py on a-cut V,0;. (a) X-ray diffraction (XRD) scan of an Al,0;/V,03/Py/Pt heterostructure in specular
geometry. The different peaks have been indexed. (b) Wide range reciprocal space map obtained by a Chi rotation of the sample showing pairs
of Al,O3 and V,0;5 peaks. (c) X-ray reflectivity measurements and fitting of samples with varying V,05 thicknesses. (d) In-plane MOKE
loops for different applied in-plane field angles. 0° and 90° indicate the applied field along the V,05 [001]/[1-10] crystallographic directions,
respectively. The inset shows the measurement geometry. These MOKE loops were measured at room temperature before FC.

were grown in a 7.9-mTorr Ar atmosphere and at a substrate
temperature of 640 °C from a homemade V,0; sputter target
at arate of ~1.6 A/s. After the growth, the samples were ther-
mally quenched at a rate of ~ 90 °C min~!. This step has been
shown to drastically improve the film’s electronic properties
[20]. Without breaking the vacuum, a 5-nm permalloy (Py)
layer is then deposited from a commercial Py sputter target by
if sputtering in a 3-mTorr Ar atmosphere at a rate of 1 A/s. A
Pt capping layer is then deposited by DC sputtering to prevent
the oxidation of the Py surface and unwanted changes in the
sample stoichiometry.

Magneto-optical Kerr effect measurements were per-
formed in a Montana Instruments NanoMOKE 3 system. The
light source was a 660-nm laser focused on an approximately
5-um spot. The magnetic field was cycled at a 0.13-Hz repeti-
tion rate. The sample was mounted on a stage in a closed cycle
refrigerator cryostat with optical windows. Additional mag-
netic moment versus temperature curves were measured using
a Quantum Design Dynacool system with the vibrating sam-
ple magnetometer (VSM) module. The vibrating frequency

was set to 40 Hz and the amplitude to 2 mm. The samples
were attached to a quartz sample holder using rubber cement.
Angular adjustments of the sample were made manually using
a protractor. The temperature was cycled between 50 and
220 K at a 2-K/min rate. X-ray diffraction measurements were
performed in a Rigaku SMARTLAB diffractometer using Cu
K-alpha radiation and a five-axis goniometer. Thickness and
roughness parameters were extracted from x-ray reflectivity
fitting using the GENX 3.6 software package [21].

III. MAIN RESULT

We have grown several V,0; thin films under similar
growth conditions on different crystallographic orientations
of sapphire substrates. The V,03; along the [110] direction
maximizes the coupling between AFM spins at the V,03 sur-
face and the FM layer resulting in a significant exchange bias.
Fig. 1 shows the x-ray diffraction spectra of a V,03/Py/Pt
heterostructure measured in the specular geometry. The ap-
pearance of both the [110] V,03 and the [110] Al,O3 peaks
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FIG. 2. Exchange bias and enhancement of coercivity. (a) In-plane MOKE loops measured on an Al,O3/V,0;/Py/Pt heterostructure
while increasing temperature after a 500 Oe field cooling (FC) along the V,03 [001] crystallographic direction. (b) Temperature dependence
of the exchange field H, (c) the coercive field H,, and (d) an in-plane four-probe resistance measurement. The dashed line indicates the V,0;

metal-to-insulator transition (MIT).

in specular geometry at 36.05° and 37.81° implies highly
oriented growth of V,03, as has been previously reported
[20,22]. We also note the appearance of diffraction peaks at
26 angles of 37.8° and 44°, indicating textured growth of the
Py and Pt layers along the [111] direction, typical of these
heterostructures [23]. Figure 1(b) shows a wide range recipro-
cal space map obtained by rotating the sample along an axis
perpendicular to the x-ray beam (Chi rotation). Bragg peaks
corresponding to both film and substrate confirm the highly
textured growth of V,03 on the Al,O3 substrate. Figure 1(c)
shows x-ray reflectivity (XRR) scans (solid points) of several
V,03/Py heterostructures where we varied the thickness of
the V,03 layer between 12 and 360 nm as well as their
respective fits (lines).

Figure 1(d) shows averaged magneto-optical Kerr effect
(MOKE) loops showing the magnetization reversal of the Py
layer measured on a V,03 (120 nm)/Py (5 nm) at room tem-
perature while varying the angle between the in-plane applied
field and the sample by rotating the sample. The curves la-
beled 0 and 90° correspond to the field applied along the [001]
and [1-10] V,03 crystallographic direction, respectively. The
curves labeled 0 and 180° (shown in red and purple) corre-
spond to hysteresis loops typically obtained along an easy axis
characterized by a sharp and single jump in the magnetization.
On the other hand, the curve labeled 90° corresponds to one
obtained along a hard axis exhibiting a gradual and continuous
change in magnetization.

Figure 2 shows averaged MOKE loops obtained while
increasing temperature after a —500-Oe field cooling on the
same V,03 (120 nm)/Py (5 nm) sample. The magnetic field
is applied along the [001] V,0j3 crystallographic direction in
the sample plane. At high temperatures, the magnetization
reversal is reminiscent of an easy-axis behavior where the

magnetization reverses in a single and sharp jump for each
branch. As the temperature decreases, however, the hysteresis
loop widens, and the remnant magnetization starts decreasing
as its general shape changes from squarelike to springlike.
This change in shape suggests a difference in the magneti-
zation reversal mechanism, where increasing pinning of FM
magnetization takes place as the temperature decreases.
Figures 2(b) and 2(c) confirm the magnetic coupling
change where the exchange bias field H.x and coercive field H,
are plotted as a function of temperature. Hx decreases from
about 26 Oe at 50 K with increasing temperature, and vanishes
around 165 K. On the other hand, H, decreases significantly
over the whole temperature range by close to an order of
magnitude. The temperature at which H.x appears and H;
starts increasing corresponds to the middle of the V,03 metal-
to-insulator transition (MIT), as shown by the temperature-
dependent resistance measurement of the same sample. This
is highlighted by the dotted line in Fig. 2(d). Note that the
resistance is measured across the entire heterostructure, in
which the Py and Pt layers dominate electrical conduction,
as the temperature is swept across the V,03 phase transition.
This explains both the metallic behavior of the resistance
above and below the MIT as well as the suppression of the
absolute change in resistance attributed to the V,03 MIT.
The appearance of a robust exchange bias in this sam-
ple is somewhat surprising since it was not observed before
in our previous studies with V,03/Ni systems [24,25]. To
further investigate the dependence of the exchange bias ob-
served in the V,03/Py heterostructure, we varied the angle
(0) at which the field cooling was applied. We also studied
the same sample in a separate vibrating sample magne-
tometry system. The magnetization reversal hysteresis loops
measured by VSM at 50 K for the same field cooling
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FIG. 3. Exchange bias dependence on field cooling angle. (a) Magnetization reversal hysteresis loops measured by VSM at 50 K for
different field cooling directions. 0° and 90° indicate a field applied parallel to the V,05 [001]/[10—1] crystallographic directions, respectively.
(b) Temperature dependence of the exchange bias field H., for different field cooling directions. (c) Exchange bias field as a function of

cos (0) at various temperatures.

conditions applied at different angles are shown in Fig. 3(a).
Aligning the external field to the V,0; [001] and [1-10]
crystallographic direction corresponds to § = 0° and 6 = 90°,
respectively. At 50 K, the shape of the hysteresis loop gradu-
ally changes as 6 increases from 0 to 90°: with a hysteresis
loop evolving from a springlike behavior that develops at
low temperature when the field is along the [001] direction
to a squarelike loop where the magnetization reversal hap-
pens abruptly when the field is applied along the [1-10].
Figure 3(b) shows the exchange bias field as a function of
temperature for different applied field configurations for the
same cooling protocols. Below the V,03; Néel temperature
and when the field is applied along the [001] direction the
exchange bias field measured is highest and reaches close
to 20 Oe at 50 K. As 0 increases, a gradual decrease in the
maximal exchange field is measured at 50 K until no ex-
change bias is found at & = 60°. No exchange bias is observed
when the external field is applied along the [1-10] crystal-
lographic direction. The features around 100 K may result
from changes in the coupling strength due to the decrease
in thermal fluctuations at lower temperatures. The magnetic
reversal also changes from a steplike to a springlike behav-
ior at temperatures below 100 K [Fig. 2(a)]. The details are
discussed in the next section. Figure 3(c) summarizes the
angular behavior of the exchange bias observed on this sample
at different temperatures. The cos(6) dependence highlights
the linear dependence of the unidirectional anisotropy energy
term Kyp cos(8) in the macroscopic model.

Figure 4 shows MOKE loops obtained at 50 and 220 K
on six different V,03/Py samples where the thickness of
the V,0;3 layer varies from 12 to 360 nm after the same
—500-Oe field cooling protocol. At 220 K, the magnetiza-
tion reversal hysteresis loops are qualitatively similar for all
six samples indicating minimal changes between the sam-
ples above the V,03 AFM transition. On the other hand,
the magnetic hysteresis loops at 50 K (below the AFM
transition of V,03) vary significantly between the sam-
ples. As the thickness of the V,0; layer increases, the
hysteresis loop shape evolves from a squarelike loop to a
springlike loop [Figs. 4(g)—4(1)]. This hysteresis loop shape
hints at a change in the magnetization reversal mechanism
of the exchange coupled Py with increasing AFM V,03

thickness, which could also be related to the interfacial
properties.

IV. DISCUSSION

The FM layer grown on (110) V,03 is characterized by an
in-plane uniaxial anisotropy [Fig. 1(d)]. As the field direction
is rotated by 90° in the sample plane, the magnetization re-
versal mechanism changes. This has been previously reported
in the literature [16,23,25] and attributed to the microstructure
of the film, i.e., the presence of rips and terraces on the V,0;
surface. This results in a strong domain wall pinning along
one direction that can lead to a change in the magnetization
reversal mechanism. Furthermore, the sudden increase in co-
ercivity at the onset of the V,03 MIT in Fig. 2(c) has also
been observed in the literature [6] and attributed to structural
phase coexistence as the vanadium oxide undergoes the phase
transitions.

While V,03/Ni and V,03 /Py bilayers share many simi-
larities, the absence of EB in V,03/Ni bilayer [24,25] may be
due to the following reasons. First of all, Ni has a much larger
magnetostriction than that of Py. The stress-induced uniaxial
or biaxial anisotropy can dominate over any unidirectional
anisotropy. In addition, Py has a smaller magnetocrystalline
anisotropy which may facilitate AFM domain formation as
field cooled across the triple V,0; transition. Moreover,
the V,03/Ni bilayers in Refs. [24,25] are grown on r-cut
sapphire while V,03 /Py bilayers are grown on a-cut sapphire
substrates. The choice of substrate orientation can affect the
morphology of the V,03/Py interface and hence impacts on
the magnetic coupling. All factors mentioned above are essen-
tial to the fact that EB can be observed in V,03/Py but not in
V,05/Ni bilayers.

The exchange bias (EB) observed in V,03 /Py heterostruc-
ture is produced by the magnetic coupling between the AFM
V;,03 and the ferromagnetic Py. This is indicated by the ap-
pearance of EB at the V,03 AFM transition temperature, also
indicated by the MIT [Fig. 2(c)]. The magnitude of the EB de-
pends on the relative direction of the cooling field with respect
to the V,0j3 crystallographic direction, as plotted in Fig. 3(c).
The highest exchange bias field is observed when the field
cooling (FC) is applied along the V,03 [001] crystallographic
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FIG. 4. Hysteresis loop evolution with AFM thickness in-plane MOKE loops of Al,O3/V,0;/Py/Pt heterostructure with varying V,0;
thicknesses as indicated on each top panels (a)—(f) at 220 K, and (g)—(1) at 50 K after a field cooling of —500 Oe along the V,0; [001]
crystallographic direction.

direction, the direction in which the spins are ferromagneti-
cally aligned (see Fig. S1 of the Supplemental Material [26]).
When the direction of the FC is applied at 60° with respect
to the [001] direction, the magnitude of the exchange field is
greatly diminished since neighboring vanadium atoms along
this direction are antiferromagnetically aligned.

Although recent reports have demonstrated exchange bias
in V,0; based systems ([15,16]), these measurements have
proven to be challenging. We attribute our positive findings to
the following factors:

(1) The use of Py as an FM material with little mag-
netostriction. Vanadium sesquioxide undergoes a structural
phase transition (from rhombohedral to monoclinic) coupled

to its antiferromagnetic phase transition, which has a drastic
effect on the properties of the exchange coupled neighboring
FM, i.e., an increase in the coercive field at the antiferromag-
netic transition which could effectively mask any exchange
interaction on the properties of the FM layer.
(2) The orientation of the V,0j; layer at the interface. The
AFM spin configuration is expected to consist of ferromag-
netically aligned spins on V atoms in the (010) plane, with

antiferromagnetic coupling between (010) planes [27,28].
The in-plane anisotropy and the V,0; surface topography
are expected to preferentially align FM spins along specific
crystallographic orientations such as [001]. This would in
turn lead to strong coupling along certain crystallographic
directions such as [001] and result in a measurable exchange
bias. A schematic representation of the antiferromagnetically
aligned V,0s spins at the interface along the [110] crystallo-
graphic orientation is illustrated in Fig. S1 [26].

(3) The relative size of the exchange bias effect (~ 30%
of the coercive field) depends strongly on the state of the
AFM/FM interface. With the same magnetic protocol, the
results are different if the vacuum is broken between the
V,03 and the Py growths. In this case, the exchange bias and
the low temperature springlike loop are absent highlighting
the importance of the interfacial coupling in these systems
(Figs. S2c and S2d [26]).

The evolution of the magnetization reversal loops with
the thickness of the AFM seen in Figs. 4(a)-4(l) is gov-
erned by the effective size of the magnetic domains in the
V,0;3 layer. The change in the qualitative shape of the
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magnetization reversal loops is monotonous with ty,o,
[Figs. 4(g)-4(1)]. Decreasing V,0s3 thickness decreases the
AFM grain and domain sizes. This produces a decrease in
the effective pinning of the FM layer during magnetization
reversal. See the Supplementary Material [26] for detailed
discussion (see also Refs. [29-31] therein). This leads to the
change in the shape of the hysteresis loop from a springlike
to an abrupt squarelike behavior. The exchange spring can
be observed not only in hard-soft FM configurations but also
in EB systems [32]. It was predicted that for a compensated
AFM interface, EB energy is mainly stored in the so-called
incomplete domain wall (the twist of exchange spring) close
to the interface in the FM layer [33]. In V,03/Py, when
the temperature goes below ~100 K, the reversal behavior
becomes springlike along the [001] orientation [Fig. 2(a)], and
it is accompanied by a sizable increase of Hex [Fig. 3(b)]. We
speculate that decreased thermal fluctuations at lower temper-
atures allow for better pinning of the AFM layer close to the
interface, hence enhancing the exchange spring region which
reflects on the reversal behavior. However, when the applied
field is 48° relative to the [001] orientation [Fig. 3(b)], Hex
decreases with temperature instead, and with no springlike re-
versal [Fig. 3(a)]. In this case, magnetocrystalline anisotropy
can force the AFM spins to align away from FM spins because
of fewer thermal fluctuations, resulting in a weaker coupling.

V. CONCLUSION

In this paper, we have investigated the angle and
temperature-dependent structural and magnetic properties of

a V,03/Py heterostructure. An exchange bias appears at
the onset of the V,0; antiferromagnetic transition. The
magnitude of the exchange bias is more prominent for a
field applied along the [001] V,0s3, consistent with the
AFM spin configuration on the (110) surface. We have pro-
vided evidence of the existence of a magnetic coupling
at the interface below the MIT. This opens the door to
voltage-controlled magnetism by electrical manipulation of
exchange bias, for example, by combining V,03 resistive
switching with the functional properties of magnetic thin
films.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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