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In this work, we investigate the effects of the V,Oj3 structural phase transition on the magnetic properties of an
amorphous magnetic thin film of CoFeB in contact with it. V,Os; thin films are deposited epitaxially on sapphire
substrates, reaching bulklike properties after few nm of growth. By means of temperature dependent Kerr
effect characterizations, we prove that crossing the V,0; structural phase transition induces reproducible and
reversible changes to CoFeB magnetic properties, especially to its coercive field. By decreasing the oxide layer
thickness, its effects on the magnetic layer decreases, while reducing the magnetic layer thickness maximizes
it, with a maximum of 330% coercive field variation found between the two V,0Oj3 structural phases. By simply
tuning the temperature, this systematic study shows that the engineering of V,0; structural transition induces
large interfacial strain and thus strong magnetic property variations to an amorphous thin film, opening wide
possibilities in implementing strain-driven control of the magnetic behavior without strict requirements on

epitaxial coherence at the interface.

DOLI: 10.1103/PhysRevMaterials.5.034413

I. INTRODUCTION

In the last decades, many attempts have been performed
to find efficient and fast manipulation of magnetization in
different material arrangements with the goal of reducing
both the power required and the noise typical of H-field
switching; the use of electric fields [1,2], light [3,4], acous-
tic waves [5-7], injection of spin-polarized currents [8—10],
morphology [11-13], or strains are pursued to reach this
goal. Indeed, the latter is now commonly used to tailor ma-
terial properties by modifying the crystalline structure and/or
the electron-lattice interactions [14]. Recent results on the
enhancement/creation of ferroelectric polarization [15,16],
tailoring of the Curie temperature [17,18], and superconduc-
tivity critical temperature [19] have been reported.

Strain can be introduced in the active magnetic layers by
different mechanisms: (i) purely mechanical strain [20,21],
(ii) application of electric fields in ferro/piezoelectric mate-
rials [22], (iii) optical photostriction [23], (iv) structural phase
transitions (SPTs) [24,25].

Vanadium sesquioxide (V,03) is a highly correlated oxide
particularly attractive in this research because of its first-
order phase transition around 160 K from a rhombohedral
paramagnetic high temperature metallic state to a monoclinic
antiferromagnetic low-temperature insulating state [26,27],
therefore combining a metal-insulator transition (MIT) to a
SPT one [24]. The associated volume expansion is of 1.4%
when going from the high-temperature phase to the low-
temperature one [28]. Bulk V,0; undergoes a destructive MIT
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due to the large volume increase, which can result in the single
crystal sample turning to powder [29]. For this reason, sev-
eral studies have been focused on the nondestructive MIT of
V,03 thin films [30-33], which display bulklike properties at
thicknesses of a few nm [34] while undergoing nondestructive
and reversible SPTs, as evidenced by temperature dependent
x-ray diffraction characterizations [35-37]. These thin films
can be exploited as elements of hybrid magnetic heterostruc-
tures therefore offering unique opportunities for the design of
functional material systems [33,38—40]. However, up to now,
few studies have concentrated on the interfacial coupling as a
function of the thickness of both the oxide and the magnetic
layers [33,40].

We present here a systematic study on the strain-driven
changes on the magnetic properties of V,03/CogoFeroBag
(CoFeB) heterostructures, thus including one of the most
widely used materials in spintronics, from magnetic tunnel
junctions [41,42] to spin-transfer torque [43], spin pumping
[44] or spin Hall effect [45]-based devices. With a magne-
tostriction coefficient comparable to those of other transition
metals such as Co [46], and very small anisotropy [47] and
low coercivity, it is expected to be sensitive to the effects
of the SPT at the interface. V,0;3 thin films of thicknesses
in the 5-80-nm range were grown in UHV by pulsed laser
ablation deposition (PLD) on sapphire and their structural
and electrical properties were characterized. We subsequently
grew on top of the atomically clean surface different thick-
nesses of CoFeB, by physical vapor deposition in UHV, and
studied their magnetic properties as a function of temperature
[48]. In the temperature range above the V,03 MIT transition
the magnetic coercive field (H¢) of CoFeB has a negligi-
ble temperature dependence, but a sharp increase of H¢ is

©2021 American Physical Society
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FIG. 1. (a) 8-26 scans recorded on Al,03/V,05(t)/CoFeB (30 nm)/MgO for different oxide thicknesses: O nm (green), 5 nm (blue), 25 nm
(black), and 80 nm (red). Diamonds indicate the spurious diffraction peaks coming from the nonmonochromatic source. For the 25-nm-thick
V,0; (b), ¢ scans are shown on the (0 2 —2 10) reflection of the substrate (black) and the oxide (grey) as well as (c) normalized 2D reciprocal
space map around this reflection. In (a) and (c), the bulk values of V,0; are pointed out by a dashed line.

observed after crossing the phase transition reaching a
maximum coercive field change of 330% between room tem-
perature (RT) and 77 K [from now on, low temperature (LT)]
for the heterostructure made of V,03(80 nm)/CoFeB(3 nm),
i.e., a thick oxide layer and very thin CoFeB. While decreas-
ing the V,0; layer thickness reduces the effect of the SPT
on the coercive field of CoFeB; the highest sensitivity to the
SPT of the substrate oxide is obtained for the thinnest mag-
netic layer. Our results show how tuning the thicknesses of
both layers in the heterostructure can tailor the strain-induced
effects on the magnetic properties. V,03 appears clearly as
a promising candidate for functional strain-driven magnetic
heterostructures. Moreover, a similar study could be now ex-
tended to other compounds belonging to the same family,
such as, for example VO,, which presents a structural phase
transition just above room temperature [49].

II. EXPERIMENTAL DETAILS

Highly (0 0 0 1)-oriented c-plane sapphire substrates were
cleaned with acetone and ethanol in an ultrasonic bath, and
outgassed in air at 400 K for 30 min before being introduced in
the ultra high vaccum (UHV) deposition and characterization
apparatus.

Epitaxial V,03 (0 0 0 1) thin films of different thicknesses
were deposited on the substrate by PLD technique using a
Nd:YAG laser of 1064 nm wavelength (first harmonic, as
described in [50]) and a laser repetition rate of 1 Hz, leading to
a deposition rate of 13 A min~!, with thicknesses in the range
from 5 to 80 nm. The films were deposited at a pressure lower
than 10”7 mbar, at a substrate temperature of 1000 K, with
a substrate to target distance of 6 cm. After deposition, the
films were cooled down to RT under UHV. We first character-
ized, ex situ, the film resistivity as a function of temperature
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using the four-probe van der Pauw method. The oxide films
were subsequently transferred into the UHV apparatus for
the deposition of CoggFez0Byg by e-beam evaporation of a
stoichiometric sample [48] without performing any prelimi-
nary chemical or physical surface treatment. CoFeB thin films
of different thicknesses were deposited at a pressure never
exceeding 1.107° mbar, with a deposition rate of 2 A min™
while maintaining the substrate at RT. Shadowing effects [51]
were minimized by orienting the sample surface perpendic-
ularly to the metal vapor beam average direction during the
deposition. Together with these samples, Al,O3/CoFeB ref-
erence samples were grown under the same conditions. The
angular and temperature dependent magnetic characterization
of the V,03/CoFeB samples was performed by in situ lon-
gitudinal magneto-optic Kerr effect (MOKE) measurements.
Measurements were taken, ranging from RT to LT, using a
s-polarized red laser (658 nm) and a photoelastic modulator
(PEM) operating at 50 kHz coupled to a lock-in setup, with a
laser spot size of about 500 pm?.

Before removing the samples from UHV, a 3-nm-thick
MgO capping layer was deposited by electron gun evaporator
with a deposition rate of 2 A min~! at RT. Finally, the structure
and thickness of these heterostructures were characterized
by x-ray diffraction (XRD), doing a specular, azimuthal phi
scan and two-dimensional (2D) reciprocal space map around
asymmetric Bragg reflections, and low-angle x-ray reflection
(XRR) techniques with a PanAnalytical X’Pert Pro diffrac-
tometer (Cu-K, wavelength). The whole sample growth and
characterizations were carried out at the NFFA facility in
Trieste [48].

III. RESULTS AND DISCUSSION

In Fig. 1 we present the specular 6-26 scans of the
Al,03/V,05(1)/CoFeB (30 nm)/MgO(3 nm) samples for ¢ in
the 5-80-nm range [Fig. 1(a)], along with the ¢ scan
[Fig. 1(b)] and the 2D map reciprocal space map [Fig. 1(c)]
around the Al,O03/V,05 (0 2 —2 10) reflection for the 25-nm-
thick V,03 sample.

In Fig. 1(a) we observe a V,03 (0 0 0 1) peak appearing
along the same crystallographic direction of the substrate for
thicknesses equal or larger than 25 nm, giving a hexagonal
surface symmetry [52]. The intensity and sharpness of the
peak reveal a good crystalline quality, further improving for
larger thicknesses. This is confirmed by the small full width
at half maximum of rocking curve across the V,03 (0 0 0 6)
Bragg peak of approximately 0.3° recorded for both 25 and
80 nm thicknesses (not shown here). A small tensile (compres-
sive) in-plane (out-of-plane) strain of about 0.1-0.2% (0.4%)
with respect to the substrate was found [from Figs. 1(a) and
1(c)] and may be attributed to high temperature deposition
and different thermal dilatation coefficients between the de-
posited film and the substrate [53], changes in stoichiometry
(O vacancies and/or defects) [31], or to ion bombardment
issues [54]. Nonetheless, we can consider both thicknesses
as relaxed oxide layers. From Fig. 1(b), the asymmetrical
reflections of both substrate and V,0;3 layer show peaks
every 120°, evidencing the [0 0 O 1] orientated hexagonal
phase structures with the in-plane orientation relationships
V,0;[01 —10] | ALOs [01 —10].

—— \}203 25 nm
—o—V,0, 80 nm

Resistivity (mQ.cm™)

90 120 150 180 210 240 270 300
Temperature (K)

FIG. 2. Transport measurements collected between LT and RT
for two different thickness of V,0; thin films, 25 nm (black) and
80 nm (red). On both curves, the left branch corresponds to the
cooling one and the right branch to the heating one.

Due to the large in-plane lattice mismatch of approximately
4% between the bulk V,05 and the substrate, relaxation via
introduction of misfit dislocations is expected to occur after a
critical thickness of few nm [53]. To check it, the 2D recip-
rocal space map of Fig. 1(c) was recorded around the same
(0 2 —2 10) reflection of both the Al,O3 substrate and V,03
(25 nm). For both cases, the elliptical shape and broadening
of the peak are due to the tilt of these diffracting planes
and finite in- and out-of-plane coherence lengths. The peak
position with respect to the substrate and its position and
width in the k space prove that the film is relaxed, since its
in-plane lattice parameter corresponds to the expected V,03
bulk value of 0.49521 nm [52], as marked by the dashed lines
in Fig. 1(c). Coherently with 8-20 scans, this diffracted V,03
plane started being detectable for thicknesses of 25 nm and
similar results were obtained for the 80-nm-thick film. In all
these experiments, no magnetic diffraction peaks were found,
confirming their amorphous types.

Figure 2 shows the resistivity temperature dependence of
two V,03 thicknesses, 25 nm (black) and 80 nm (red), prior
the CoFeB deposition. The characterization of the thinnest
V;,0;3 film of 5 nm could not be obtained as its signal was
below the sensitivity of our setup.

The measured resistivity values at RT are consistent with
results reported in literature [30,34] and close to the bulk
value of 0.5mQcm™"' [28]. The fact that RT resistivity of
metallic V,03 decreases when reducing the thin film thickness
is counterintuitive, but already highlighted in previous studies
[24,55], and can be tentatively attributed to an increase of de-
fects (O vacancies [31] or ion bombardment effects [54]) or to
the higher density of dislocations [53] in thicker films. When
lowering the temperature, one can observe a change of slope
for both samples displayed in Fig. 2, which is more marked for
thicker films, and the opening of the loop in correspondence
to the MIT. The values of the two MITs, as determined from
the first derivative of the transport curves, are marked with
vertical dotted lines. The MIT of bulk V,0;5 is at around
170 K. In the thin films grown on single crystal substrates
it may vary in temperature depending on the deposition
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FIG. 3. (a) Hysteresis loops measured along 270° in-plane angle at two relevant temperatures, i.e., RT (black and green) and LT (red
and blue), and for two different CoFeB thicknesses, i.e., 3 (black and red) and 30 nm (green and blue), deposited on 25-nm-thick V,0s5. (b)
Polar plot of the magnetic coercive field H- measured for the same conditions. The two black arrows represent the in-plane crystallographic
directions of both the substrate and V,03. (c) Hysteresis loops of V,03(25 nm)/CoFeB(3 nm) along the same angle are recorded at LT after

ZFC (red) and FC (pink).

methods and conditions, such as pressure, temperature, and
rate [31,34]. In particular, the MIT temperature is expected
to increase with thickness, as already observed for un-
strained films in [34]. Considering the resistivity curves below
the MIT, the loop opening is quite similar for both film
thicknesses, with a maximum of resistivity coercivity in tem-
perature of approximately 10 and 20 K for 25 and 80 nm
respectively. The origin of the hysteresis is due to the co-
existence of insulating and metallic mesoscopic-nanoscopic
domains crossing the MIT, whose working principle can be
modeled as a percolative one [27]. The detailed analysis of
the domain evolution and related kinetics are however beyond
the scope of this work.

We explored the magnetic properties of the V,03/CoFeB
heterostructures by different methods; MOKE polar plots and
temperature dependence were carried out for all combination

of V,03 and CoFeB layer thicknesses. The reproducibility
of all the following characterizations have been confirmed
multiples times. Figure 3 shows (a) the in-plane hysteresis
loops at a given angle and (b) the polar characterization of H¢
for the two temperature limits (RT and LT) and for 3- and 30-
nm-thick CoFeB deposited on 25-nm-thick V,0j3. In addition,
we compare the in-plane hysteresis loops after field cooling
(FC) to LT under an in-plane magnetic field of 5000 Oe and
after zero field cooling (ZFC), as depicted in Fig. 3(c).

The in-plane magnetic anisotropy for 3-nm-thick CoFeB is
slightly uniaxial, with an easy axis of magnetization, identi-
fied by larger remanent magnetization and less rounded shape
of the hysteresis loop, along the 90-270° axis, whose di-
rection with respect to the crystallographic axis is shown in
Fig. 3(b). Even if CoFeB is expected to be amorphous, multi-
ple reasons can drive this small anisotropy, such as shadowing
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FIG. 4. (a) Half hysteresis loops of V,03(25 nm)/CoFeB(6 nm) heterostructure along the easy between LT and RT. (b) H¢ (T) curves for

both the same (black) and the reference (green) samples.

effects [51], residual strains from the interface [56], or rough-
ness [57]. Increasing the thickness of the CoFeB film leads
to an increase of the coercive field values and to isotropic
behavior with a larger remanent magnetization, suggesting the
interfacial origin of the anisotropy present in the thinner films.
The CoFeB thickness dependence of the coercive field has
been observed previously [58,59], and it was explained by an
increase of defects.

As expected from the Curie-Weiss law, for both CoFeB
thicknesses, the coercive field increases at LT with the same
anisotropic/isotropic (3 nm/30 nm) behavior observed at RT.
Since the MIT of V,03 is accompanied by a magnetic transi-
tion from paramagnetic at RT to antiferromagnetic at LT, we
can infer that an additional interfacial magnetic effect of ex-
change bias coupling to the ferromagnetic layer. However, the
magnetic hysteresis loops are identical [red and pink curves
of Fig. 3(c)] after both FC and ZFC. Despite the formation
of an antiferromagnetic/ferromagnetic interface at LT, no in-
terfacial exchange bias field is measured, contrary to what is
reported in the case of other V,0Os/ferromagnetic heterostruc-
tures (Ni or Co) [40]. Such discrepancy, especially for small
CoFeB thicknesses, may be due to the surface quality of the
V,03 after air exposure or to the relatively small setting field
(5000 Oe) applied in our experiment and/or the formation of a
dead layer, which was observed for Fe thin film on V,03 [40].
Since no differences were observed, all the following Hc¢ (7T)
curves were taken using ZFC treatment.

Temperature dependent hysteresis loops where then mea-
sured from LT up to RT (heating branch) by applying the
magnetic field along the easy axis [90-270°] highlighted in
Fig. 3(b) for the V,03(25 nm)/CoFeB(6 nm) sample and
the Al,O3/CoFeB(6 nm) reference sample. Similar results
were obtained along different in-plane axes (not shown).
Figure 4(a) displays half of the hysteresis loops across the
whole temperature range, while in Fig. 4(b) the correspondent
values of coercive field are plotted and compared to those of
the reference sample.

From the measurement in Fig. 4(a), one can see a sharp
decrease of the coercive field from LT up to around 160 K,

i.e., in correspondence to the SPT, consistently with the resis-
tivity measurements show in Fig. 2(b), while little changes
in the hysteresis loops are measured above it, as displayed
in Fig. 4(b). Moreover, the ratio between the magnetiza-
tion at remanence and at saturation remains roughly constant
over the whole temperature range without a marked variation
when crossing the SPT temperature, as already observed in
[33,36,39]. Here, the comparison between the reference sam-
ple and the heterostructure clearly shows the role of the SPT
in the evolution of the V,03/CoFeB coercive field. While
the reference sample (in green) shows an almost constant,
slight decrease of Hc when increasing the temperature, the
V,03/CoFeB heterostructure (black curve) clearly presents an
additional contribution below the SPT, leading to an H¢ value
at LT whose magnitude is almost doubled. The V,03; SPT
volume expansion contributes to an additional strain/stress
to the interfacial CoFeB layer compatible with an inverse
magnetostrictive effect.

Before any tailoring of this strain-driven control of the
magnetic behavior, we checked the reversibility of the ob-
served trends by recording in Fig. 5 both heating (red) and

140 T T T T T T r
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FIG. 5. Hc (T) curves of the V,05(80 nm)/CoFeB(3 nm) het-
erostructure for both heating (red) and cooling (blue) branches.
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FIG. 6. (a) Hc (T) curves of the 80-nm-thick V,0; for different CoFeB thicknesses: 3 nm (red), 6 nm (pink), 15 nm (light orange), and
30 nm (orange). (b) Hc (T) curves of the 3-nm-thick CoFeB for different V,03 thicknesses, 0 nm (green), 5 nm (blue), 25 nm (black), and 80
nm (red). (c) Percentage variation of the coercive field measured between LT and RT for different thicknesses of V,05; and CoFeB.

cooling (blue) branches for the V,03(80 nm)/CoFeB(3 nm)
heterostructure.

A small hysteresis in the coercive field variation appears
in Fig. 5, which is consistent with the transport measure-
ments shown in Fig. 1 and with findings reported for Ni
heterostructures [27,33]. The change obtained in H¢ is thus
totally reversible between the two V,0j5 structural phases, and
it is especially evident at temperatures well below and above
the SPT temperature. Therefore, all the subsequent H¢ (7)
curves were obtained by heating up the heterostructures. In
addition to this important verification, we observed a larger
coercive field variation for the V,03(80 nm)/CoFeB(3 nm)
sample with respect to that recorded in the case of the
V,03(25 nm)/CoFeB(6 nm) heterostructure shown in Fig. 4.

In Fig. 6, we show data that stress the role of the interfacial
coupling by playing with the thicknesses of both layers in the
heterostructure. First, by keeping the V,0j3 thickness constant
at 80 nm (i.e., the thickest case), the H¢c temperature depen-
dence of the whole range of CoFeB thicknesses is shown in
Fig. 6(a). In Fig. 6(b), we fix the CoFeB thickness to 3 nm

(i.e., the lowest one) and explore the whole V,0; thickness
range. Finally, in Fig. 6(c) we sum up the coercive field varia-
tion between LT and RT, expressed in %, for the ensemble of
samples.

Several conclusions can be drawn from the above results.
As already observed in Figs. 3(a) and 3(b), the RT coercive
field increases as a function of the CoFeB thickness [see
Fig. 6(a)]. Interestingly, to this RT increase does not corre-
spond a proportional increase of H¢ at LT (below the SPT):
the largest variation of He between RT and LT is measured for
the thinnest CoFeB layers. On the other hand, when fixing the
CoFeB thickness and changing the V,03 thickness, the initial
coercive field values measured at RT, as shown in Fig. 6(b),
are quite similar among the different V,03 thicknesses, and
not far from those of the reference sample. Increasing the
V,03 thickness leads to higher SPT temperatures consistently
with the transport data shown in Fig. 2.

If one compares Figs. 6(a) and 6(b), and as it is summarized
in Fig. 6(c), the smaller the CoFeB thickness the larger the
effect on the coercive field variation of the two V,03 structural

034413-6



TUNING THE MAGNETIC PROPERTIES OF ...

PHYSICAL REVIEW MATERIALS §, 034413 (2021)

phases: this clearly indicates that the observed effect is inter-
face driven. On the other hand, the coupling effect decreases
when reducing the V,03 thickness till it disappears for 5 nm
thickness: this can be attributed to the highly strained oxide
layer whose SPT is likely to be inhibited. We observe a maxi-
mum coercive field variation of 330% between RT and LT for
heterostructures between the thickest V,0O3 substrate and the
thinnest CoFeB ferromagnetic overlayer, corresponding to a
coercivity variation of approximately 70 Oe. As mentioned in
the introduction, the V,03 oxide structure passes from rhom-
bohedral to monoclinic, and experiences a three-dimensional
volume expansion of 1.4% that influences both lattice and
angle parameters [28], making the calculation of strain-
induced changes in magnetization not trivial.

The coercive field temperature dependence of a relaxed
ferromagnetic layer, i.e., in the absence of an induced
temperature-dependent strain, has a linear behavior, as con-
firmed by the Al,O3/CoFeB case in Fig. 6(b), and expected
from the standard Stoner-Wohlfarth model. The differences in
the coercive field variations between a relaxed ferromagnetic
layer and the V,03/CoFeB case are directly linked to the
strain variation induced by the SPT. In the presence of an
external uniaxial stress, assumed to be uniform in a polycrys-
talline film, the additional magnetic anisotropy induced by the
SPT of V,03 is given by

A0
=i
where o is the stress in MPa, A, is the saturation magne-
tostriction (—35 ppm in the case of CogyFeo0Bo [46]), and M,
is the saturation magnetization (approximately 800 kA m~ in
the case of CogoFey0Boo [46]). From the above equation, one
can see that either an increase of A or a decrease of Mg would
increase the impact of the stress on the coercive field variation.
This is coherent with the larger coercivity variations observed
in the case of V,03/Ni [33] compared to V,03/Co [33,36,39].

The stress variation induced by V,03; when crossing its
SPT is expected to be constant all over the surface and
roughly 550 MPa [33]. The additional coercive field induced
by the stress is thus nearly 70 Oe, consistent with what ob-
tained in the case of the thickest V,0j3 substrate and thinnest

Hy

3

CoFeB ferromagnetic overlayer [see Figs. 6(b) and 6(c)].
Since stress/strain propagation is extremely sensitive to the
interfacial roughness and microstructure [36], it is however
not possible to easily model a more accurate quantitative
comparison with other V,03-based heterostructures with fer-
romagnetic materials such as Ni, Fe, or Co, where the order
of magnitude of the strain-induced effects is comparable with
what obtained in our case [33,36,39].

From all these observations, the coupling could thus pos-
sibly be increased by further optimizing the thickness ratio of
the heterostructure, or by exploiting a stronger magnetostric-
tive material like Terfenol [60-62].

As observed in Fig. 6(c), the coercive field trends as a
function of the V,03/CoFeB relative thickness decay much
faster for thin CoFeB films rather than thick ones, indepen-
dently on the V,0; thicknesses. One must finally note that
the interfacial coupling still affects the coercive field even for
30-nm-thick CoFeB on V,0s; (thicker than 25 nm).

IV. CONCLUSION

We tailored ferromagnetic heterostructures between amor-
phous CoFeB thin films and epitaxially grown V,0Oj3 thin films
by playing with the absolute thicknesses and explored their
magnetic properties in the temperature range that crosses the
V,03 SPT. The V,05; SPT leads to interfacial strains to the
CoFeB layers that induce very large Hc variations, up to 330%
at LT in the case of 80-nm-thick V,03 and 3-nm CoFeB. Since
the interfacial strain is due to the structural V,0O3 expansion
across its SPT, its effect on the magnetic properties of the
ferromagnetic overlayer can be optimized by proper choice
of the parameters, notably the thicknesses of the interfacing
layers, which may lead to advanced magnetic heterostructure
engineering.
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