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Control of magnetism across metal to insulator transitions
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Magnetic properties (coercivity and magnetization) of ferromagnetic films are strongly affected by
the proximity to materials that undergo a metal to insulator transition. Here, we show that stress
associated with structural changes across the metal-insulator phase transition in VO2 and V2O3
produces a magnetoelastic anisotropy in ferromagnetic films (Co and Ni) deposited on top of the
oxides. The changes in coercivity are as large as 168% and occur in a very narrow temperature
range. This effect can be controlled and inverted by the thickness and the deposition temperature of
C 2013
the ferromagnetic films, which is very flexible for important technological applications. V
American Institute of Physics. [http://dx.doi.org/10.1063/1.4798293]
Controlling the magnetic properties of ferromagnetic
(FM) layers without magnetic fields is an on-going challenge
in condensed matter with multiple technological implications. External stimuli and proximity effects are the most
used methods to control the magnetic properties. Examples
of external stimuli are light,1 and electrical fields.2–4
Nanostructured materials in proximity with other dissimilar
materials are particularly susceptible to external driving
forces such as temperature, time varying electric and magnetic fields, electromagnetic waves, pressure, sound, stress,
etc. These in turn produce a variety of functionalities, which
do not occur in nature. Examples of such structures include:
piezoelectric-ferromagnetic,5–7 ferromagnetic-multiferroic,8
and ferroelectric-ferromagnetic9,10 heterostructures. An
interesting possibility along these lines is offered by ferromagnets in proximity to materials that undergo a metalinsulator (MIT) and structural phase transition (SPT).11,12
The SPT and MIT are usually driven by temperature but they
may also be driven by current, light and pressure.13 Thus, if
the magnetism of the FM is affected by the proximity to
materials that undergo MIT, then tuning the magnetic properties by multiple stimuli may become possible.
Canonical examples of materials that undergo MIT and
SPT are the vanadium oxides VO2 and V2O3.14 VO2 exhibits
a first order phase transition at 340 K, from a low temperature insulating to a high temperature metallic phase.13 The
resistance changes can be as large as 4 orders of magnitude
across the MIT. Concurrent with the MIT there is a structural
change from a low temperature monoclinic to high temperature rutile phase.13 On the other hand, the transition in V2O3
at 160 K is from a low temperature antiferromagnetic insulating phase to a high temperature paramagnetic metallic
phase, with a resistance change up to 5 orders of magnitude.
The associate SPT is from monoclinic in the insulating phase
to rhombohedral symmetry in the metallic phase.15,16
In this letter, we show that the magnetic properties of
FM films can be tailored and controlled using the SPT and
MIT in VO2 and V2O3. We find reproducible changes in the
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coercivity and magnetization in a variety of configurations.
We also show that the magnetic properties can be modified
by the deposition conditions and thickness of the ferromagnetic films. This opens up an avenue for the study of ferromagnetic heterostructures and for the development of
devices.
The samples were prepared in a high-vacuum sputtering
deposition system with a base pressure of 1  107 Torr. The
VO2 and V2O3 films were deposited at 600  C and at 750  C,
respectively, by RF sputtering of a V2O3 target on r-cut
ð1012Þ sapphire (aAl2O3) substrates. The RF magnetron
power was kept at 100 W and the total pressure was 4 mTorr.
For VO2 a mixture of ultra-high purity (UHP) Ar and O2 was
used. The oxygen partial pressure was 0.4 mTorr. For V2O3
only UHP Ar (4 mTorr) was used as sputtering gas. After
recovering the base pressure the Ni was deposited by RF
sputtering from a Ni target at two different temperatures:
420 K and 300 K (room temperature, RT). Co was deposited
at RT by e-beam evaporation in a vacuum system with a
base pressure of 5  107 Torr. A capping layer of Cu or Al
was deposited to prevent oxidization. X-ray diffraction
(XRD) was performed with a Bruker D8 Discovery rotating
anode diffractometer using Cu Ka radiation. Magnetic characterization was performed using a Quantum Design superconducting quantum interference device magnetometer
(SQUID) and a Vibrating Sample Magnetometer (VSM).
The R vs. T characteristics were obtained from standard two
probe measurements using a constant current source and a
nanovoltmeter. Temperature was swept at constant rate of
1 K/min using a Lakeshore 332 temperature controller.
Fig. 1 shows the XRD pattern for bilayers with 100 nm
of VO2 (or V2O3) and 10 nm of Ni. The VO2 Bragg peak
could be indexed as the (200) and ð211Þ planes of the monoclinic phase. V2O3 grows epitaxially with the substrate along
the (012) direction. The instrumental limitations prevent us
to discriminate the 10 nm Ni film. However, for Ni films
with 50 and 100 nm thicknesses, we were able to determine
that the Ni grown at RT is polycrystalline. On the other
hand, the Ni film is textured along the (220) direction when
deposited at 420 K on top of VO2. This was concluded after
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FIG. 1. XRD pattern (Cu Ka, h=2h geometry) for: (bottom) 100 nm VO2/
10 nm Ni and (top) 100 nm V2O3/10 nm Ni. V2O3 (dots) and VO2 (square)
diffraction maxima are indexed in the figure. The non-indexed sharp XRD
peaks are from the substrate. For visualization the curves are shifted along
the Y axis.

extensive XRD studies using h=2h scans, grazing incidence
diffraction, and rocking curves with different sample alignment. Fig. 2(a) shows the XRD pattern focused around
the VO2 Bragg peak at 360 K and at RT for a 100 nm
VO2/10 nm Ni bilayer. Above the SPT, the Bragg peak at
37.27 corresponds to the (011) planes of the rutile phase.
Below the SPT, the VO2 Bragg peak shifted to 37.12 and
corresponds to the (200) and ð211Þ planes of the monoclinic
phase. The evolution of the Bragg peak with the temperature
is depicted in Fig. 2(b). Across the MIT transition, the resistance change shows the typical VO2 thermal hysteresis,
Fig. 2(c).
Fig. 3(a) shows the magnetization vs. field curves at different temperatures for a 100 nm VO2/10 nm Ni bilayer. The
most striking effect is the large increase in coercivity (HC) in
a narrow temperature range from 350 to 320 K, black squares
in Fig. 3(b). For a comparable 10 nm Ni film there is a not
surprising linear dependence of the coercivity with temperature, blue diamonds in Fig. 3(b). For our VO2/Ni bilayers,
the increase in the coercive field from 350 to 320 K is up to
168% (from 88 to 236 Oe). The magnitude of the change in
coercivity increases with decreasing Ni thickness, Fig. 3(b),
indicating that this is an interface effect. Thus, the change in
coercivity can be controlled with the Ni thickness. For
instance the 350 to 320 K coercivity increase is 51% and
15% for 50 and 100 nm Ni, respectively. The SPT and MIT
in VO2 at 340 K, are correlated with the changes in coercivity and magnetization as shown in Fig. 2. The coercivity
(Fig. 2(d)) tracks closely the SPT and MIT, (Figs. 2(b) and
2(c)) and shows the same thermal hysteresis.
The changes in magnetic properties across the MIT can
also be tuned by the growth conditions. The previous results
were obtained when the Ni was grown at 420 K, i.e., on the
VO2 in the metallic rutile phase. When the Ni was deposited
at RT on VO2 in the insulating monoclinic phase, the coercivity change reverses, i.e., decreases by 44% with decreasing the temperature from 350 to 320 K, open symbols in
Fig. 4(a). The behavior is opposite for the bilayers with the
Ni deposited at 420 K, solid squares in Fig. 4(a). In addition,
the magnetization changes with temperature in the two

FIG. 2. (a) XRD pattern at 300 and 360 K for 100 nm VO2/10 nm Ni bilayer.
(b) VO2 Bragg peak position vs. T. (c) R vs. T. (d) Coercivity vs. T.

samples are also opposite as shown in Fig. 4(b). When cooling across the MIT, the magnetization of Ni grown at RT
increases, while it decreases for the Ni deposited at 420 K.
These changes in the magnetization with temperature may
indicate that the Ni is not fully saturated at 1000 Oe, as
observed in the inset Fig. 3(b). Another mechanisms as
changes in the magnetization saturation due to interatomic
rearrangement cannot be discarded. Theoretical calculations
have predicted enhanced magnetic moments in metallic
surfaces due to variations in the lattice constant.17,18 Thus,
the growth temperature provides an additional reproducible
and repeatable control parameter. We measured R vs. T
curves as well as XRD at temperatures below and above the
transition. The VO2 MIT and SPT occur in the same way independently of the Ni deposition temperature. Thus, the differences in the magnetic properties of Ni are due to the
different Ni structure and how it responds to the stress across
the VO2 MIT.
To investigate the generality of these effects, we studied
V2O3/FM bilayers using V2O3 that shows SPT and MIT at
160 K.15,16 Films of 10 nm Ni or Co in proximity to
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FIG. 4. (a) Dependence of coercivity with temperature for bilayers of
100 nm VO2 and 10 nm Ni. (b) In plane SQUID magnetization versus temperature measured at 1000 Oe, no diamagnetic correction. Ni layers were deposited at 420 K (solid squares) and RT (empty squares).
FIG. 3. (a) In-plane hysteresis loops at various temperatures for a 100 nm
VO2/10 nm Ni bilayer. (b) Coercivity vs. temperature for a 10 nm Ni film
(blue diamonds) and bilayers of 100 nm VO2 with different Ni thicknesses:
10 nm (black squares), 50 nm (red triangles), and 100 nm (green stars). The
Ni layer was deposited at 420 K. Inset (b) M vs. H at 300 K for the same
100 nm VO2/10 nm Ni bilayer after diamagnetic background correction and
normalization.

100 nm of V2O3 behave identically to VO2 bilayers but at the
V2O3 MIT temperature, Fig. 5. There is an increase in the
coercivity and a decrease in the magnetization between 200
and 140 K. For Ni the coercivity increases by 115%, from
127 to 273 Oe at 200 and 140 K, respectively. The effect is
smaller in the case of Co, but an observable coercivity
increase from 76 to 89 Oe, inset Fig. 5(a).
These large reproducible effects probably originate from
the structural changes across the MIT. The (0.32%) volume
expansion in VO2 (Ref. 19) or the (1.4%) volume decrease
in V2O3 (Ref. 20) across the MIT produces epitaxial stress in
the FM overlayer. In turn, the stress in the FM layers changes
the magnetic properties by the inverse magnetostrictive
effect.21 This interfacial magnetoelastic effect provides a
natural explanation for the thickness dependence of the coercivity increase shown in Fig. 3(b). Therefore, a thin Ni film
is more sensitive to the interfacial stress and the changes in
coercivity are larger than for a thicker film. The observed
magnetic behavior is independent of the direction of the
in-plane magnetic field, thus ruling out the existence of inplane axial magnetic anisotropy. These changes in magnetization across the MIT are observed either with an applied

field or in remanence. At remanence the temperature was
cycled twice and the curves overlap. This overlap in the
magnetization curves with thermal cycling indicates the
reversibility of the process and confirms that the stress in
the FM layer is within the elastic limit.
The lattice distortions in VO2 and V2O3 occur mainly in
the V atoms along the c-axis of the rutile and hexagonal
basis, respectively. In the low temperature VO2 phase, the V
atoms are displaced along the rutile c-axis to form pairs of V
atoms with closer spacing than at high temperature.19 In
V2O3, the V-V distance along the c-axis in hexagonal basis
is larger in the monoclinic phase compared to the rhombohedral one.16 These translate into an anisotropic atomic rearrangement on the film plane (011) and (012) for VO2 and
V2O3, respectively; the atomic distance increases in one axis
and decreases in the other producing an overall shear strain.
This strain produces an anisotropic stress in the film deposited on top. In addition to the atomic rearrangement due to
the SPT there are two additional parameters, which may
affect the interfacial stress in VO2 samples: the coexistence
of the rutile and monoclinic phases across the transition22
and the presence of twin boundaries in the RT monoclinic
phase.23,24 These effects make it difficult to predict the exact
epitaxial stress on the FM produced by VO2. However, using
the FM inverse magnetostrictive properties it is possible to
estimate the type and magnitude of stress. Ni and Co have a
negative magnetostriction coefficient,21 so they contract
when magnetized. Conversely, the magnetization increases
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FIG. 5. (a) Dependence of coercivity with temperature for bilayers of
100 nm V2O3 and 10 nm Ni (solid dots) and Co (empty dots). (b) In plane
SQUID magnetization versus temperature measured at 500 Oe.

(decreases) with compressive (tensile) stress. For Ni deposited at 420 K, the magnetization decreases when cooling
across the SPT, Fig. 4(b). In contrast for Ni deposited at
RT the magnetization increases in the 350 to 320 K range,
Fig. 4(b). Thus, if the ferromagnet is deposited at temperatures above the phase transition, the stress upon crossing the
transition has opposite sign than when the ferromagnet is
deposited at temperatures below the phase transition.
The magnitude of stress needed to produce the variations in coercivity observed for the 100 nm VO2/10 nm
Ni bilayer (Fig. 3(b)) can be estimated as follows. The coercivity of a FM layer without stress has a linear dependence
with temperature. Thus, without any stress the values of the
coercivity at 320 K should be 105 Oe. This value is obtained
by extrapolating to 320 K, the coercivity values above the
SPT, Fig. 3(b). However, the observed value of the coercivity at 320 K is 236 Oe, 128 Oe larger. Assuming that the
stress in the film is uniform and that the change in coercivity
is caused by the stress anisotropy field given by21
HKr ¼

3ksi r
;
MS

(1)

where r is the stress in MPa, ksi is the saturation magnetostriction (for polycrystalline Ni kp ¼ 34  106),21,25 and
MS is the saturation magnetization in G or emu/cm3,
MS ¼ 470 emu/cm3, inset Fig. 3(b). Thus, to produce an anisotropy field of 128 Oe by this effect it is necessary to have

r ¼ 589 MPa. This value is close to those obtained from
stress measurements in single VO2 films across the SPT,26
supporting the idea that the effect is due to stress transferred
from VO2 to Ni. A similar calculation can be made for a
V2O3 / Ni bilayer. At 120 K the difference between the real
value of coercivity and the one extrapolated from the linear
behavior is 120 Oe. Therefore, using the same value of MS
for Ni the stress value obtained is r ¼ 553 MPa, similar to
the one found VO2. The differences between the Ni and Co
bilayers observed in Fig. 5 arise from the different magnetic
properties. MS for Co is approximately three times larger
than Ni. The ksi coefficient for polycrystalline Co is also negative but three times smaller than Ni.21 Thus, according to
Eq. (1), the stress induced anisotropy in Ni is up to nine
times larger than Co for the same applied stress.
In summary, we have shown that proximity effects
provide a control mechanism of the magnetic properties of
ferromagnetic layers grown on materials that undergo a
MIT. Interfacial stress across the SPT is responsible for the
magnetoelastic coupling, which causes large changes in the
coercivity and noticeable modifications of the magnetization
due to an inverse magnetostrictive effect. The thickness and
the deposition conditions of the FM Ni on the VO2 provide
the means by which it is possible to control coercivity and
magnetization. The large change in the coercivity in a very
narrow temperature range above the room temperature opens
possibilities for technological applications. The extension of
the study to V2O3 and Co shows that the effect is general for
other FMs in contact with materials that undergo SPT.
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