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Nanoscale

Driving magnetic domains at the nanoscale by interfacial strain-
induced proximity

Ilya Valmianski®, Arantxa Fraile Rodriguez®>*, Javier Rodriguez-Alvarez®<, Montserrat Garcia del
Muro®<, Christian Wolowiec®, Florian Kronast®, Juan Gabriel Ramirez¢, Ivan K. Schuller®, Amilcar
Labarta®c, and Xavier Batlle®*

We investigate the local nanoscale changes of the magnetic anisotropy of a Ni film subject to an inverse magnetostrictive
effect by proximity to a V.03 layer. Using temperature-dependent photoemission electron microscopy (PEEM) combined
with X-ray magnetic circular dichroism (XMCD), direct images of the Ni spin alignment across the first-order structural phase
transition (SPT) of V.03 were obtained. We find an abrupt temperature-driven reorientation of the Ni magnetic domains
across the SPT, which is associated with a large increase of the coercive field. Moreover, angular dependent ferromagnetic
resonance (FMR) shows a remarkable change in the magnetic anisotropy of the Ni film across the SPT of V,0s.
Micromagnetic simulations based on these results are in quantitative agreement with the PEEM data. Direct measurements
of the lateral correlation length of the Ni domains from XMCD images show an increase of almost one order of magnitude
at the SPT compared to room temperature, as well as a broad spatial distribution of the local transition temperatures, thus
corroborating the phase coexistence of Ni anisotropies caused by the V203 SPT. We show that the rearrangement of the Ni
domains is due to strain induced by the oxide layers’ structural domains across the SPT. Our results illustrate the use of
alternative hybrid systems to manipulate magnetic domains at the nanoscale, which allows for engineering of coercive fields

for novel data storage architectures.

Introduction

Coupling between lattice degrees of freedom and the spin
systems without the use of magnetic fields allows for efficient
spintronic devices!2. Typically, the coupling occurs via proximity
effects in hybrid materials in which a multifunctional material is
in contact with a magnetic onel>. Such experiments often
involve piezoelectric and ferromagnetic materials although
there are several other methods to realize spin-lattice coupling
such as ion manipulation (e.g. in shape memory alloys3-4), spin-
orbit coupling®, or lattice strain® . Via magnetoelastic effects, it
is possible to change the overall magnetic anisotropy either in
magnitude and/or direction, allowing for a control of the
magnetic properties of the ferromagnetic layer using a bias
voltage’-11. While piezoelectric systems allow for tuning the
magnetic properties, the effects are generally small (Ref. 12 and
references therein). A promising alternative to produce large

a-Department of Physics and Center for Advanced Nanoscience, University of
California San Diego, La Jolla, CA 92093, USA.

b-Departament de Fisica de la Matéria Condensada, Universitat de Barcelona, 08028

Barcelona, Spain

¢ Institut de Nanociéncia i Nanotecnologia (IN2UB), Universitat de Barcelona, 08028

Barcelona, Spain

*Corresponding author: arantxa.fraile@ub.edu

d- Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, 12489 Berlin,

Germany

e Department of Physics, Universidad de los Andes, Bogotd 111711, Colombia.

*Corresponding author, E-mail: arantxa.fraile@ub.edu

Electronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx00000x

effects uses materials which exhibit a first order structural
phase transition (SPT)13. It is particularly interesting to develop
devices in which the phase transition can be triggered by
thermal, electrical'4, or optical’® stimuli. Within this context, it
has been demonstrated that the proximity of a ferromagnetic
(FM) layer with an archetypal Mott vanadium oxide results in a
dramatic modification of the magnetic properties across the
vanadium oxide SPT due to interfacial stress216.17, In particular,
for Ni/V,0s3 bilayers, the V,03 SPT can induce changes in the
coercive field up to 500% due to the phase coexistence in the
oxide layer across the SPT.17

V,03 undergoes a monoclinic-rhombohedral SPT around 165 K
with a volume change of 1.4%18-20 that can be induced by
temperature!s, pressurel®21 or light. 22-24 It has been suggested
that the inverse magnetoelastic effect at the Ni/V,0; interface
leads to a drastic reconfiguration of the domain size and
magnetic pinning in the Ni layer!®17. However, the actual
mechanism governing this effect has only been addressed
indirectly by micromagnetic Direct
measurements of the local magnetic domain reconfiguration
across the V;03 SPT are still lacking. In addition to its
fundamental interest, direct observations of the strain-induced

simulations??.

magnetic domains across the SPT are highly relevant since
controlling the domain energy landscape and the magnetic
correlation length at the nanoscale may lead to novel data
storage architectures (Ref. 1 and references therein).

Here we have investigated the local nanoscale changes in the
magnetic anisotropy of Ni/V,03 layers, fabricated similarly to
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those in Refs. 17 and 25 using a combination of X-ray magnetic
circular dichroism (XMCD) and photoemission electron
microscopy (PEEM) to image the local Ni domain patterns,
together with macroscopic anisotropies determined by
magnetometry and ferromagnetic resonance (FMR). We find
that the Ni layer magnetic domain reconfiguration (domain size
and correlation length) across the V,03 SPT is responsible for
the large coercive field increase. Furthermore, the changes in
magnitude and direction of the magnetic anisotropy are
strongly correlated with the structural transformations
undergone by V,03 and are supported by angular dependent
FMR and magnetometry measurements. In addition,
micromagnetic simulations based on the change in the
magnetic anisotropy agree with the PEEM data. This opens the
possibility of manipulating the nanoscale magnetic domains of
a ferromagnetic layer using the strain produced by an oxide
layer undergoing an externally driven SPT.

In a wider context, it is also worth highlighting that, associated
with the SPT, vanadium oxides undergo a characteristic metal-
insulator transition (MIT)2¢ involving changes of several orders
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of magnitude in the electrical resistivity?7.2%2 and significant
changes of the optical properties at all wavelengths under
thermal excitations?®. These characteristics make vanadium
oxide an active component of photoelectric hybrid materials
such as tunable terahertz metamaterial absorbers30. In
combination with a proximal magnetic layer, vanadium oxide
provides an additional degree of freedom for the design of
hybrid functional materials combining the advantages of
straintronics3! and opto-electronic devices.

Results and discussion
Sample fabrication and characterizations

The Ni (10 nm)/V>03 (100 nm) heterostructures were prepared
by high-vacuum magnetron sputtering deposition with a base
pressure of 107 Torr. The V,0s3 films were deposited at 750 2C
in 4 mTorr of ultrahigh purity Ar by rf-sputtering at 100 W of a
V,03 target on r-plane (012) sapphire (a-Al,03) substrates, as
described earlier 16, The V,03 films were cooled to 300 K prior
to Ni deposition to improve film smoothness. After recovering
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Fig. 1 (a) Schematic illustration of the samples showing the nominal thickness of the layers composing the heterostructure. (b) Polar plots of the ferromagnetic
resonance (FMR) fields H, above the structural phase transition (SPT) at 180 K in Ni/V,0s3 and (c) below the SPT at 120 K. The initial 02 angle is set along the (0 1 -5)gy
direction. The easy axes correspond to the global minima in the resonance field H,. The hard axes correspond to global maxima in H,. Note the emergence of a
secondary easy axis at 772 (2559) in panel (c) and a roughly 322-352 shift in the hard axis upon cooling through the SPT. (d) Orientation of the sample with respect to
V,05 (01 -5)gy and (2 -1 0)gy crystallographic directions (red lines), the applied magnetic fields (green lines), and the projection of the X-ray wave vector on the sample

surface. Light brown and blue solid straight lines indicate the high- and low-temperature anisotropy axes, ny and n,, respectively. The expected orientations of the

high- and low-temperature Ni magnetizations, MH and ﬁL, are also depicted. 4¢ indicates the average value of MH and ﬁL rotation with respect to the applied

magnetic fields.
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the base pressure, the Ni layer was deposited at 300 K by rf
sputtering from a Ni target. A nominal 5 nm-thick Al cap layer
was deposited to prevent oxidation. A schematic illustration of
the heterostructure is shown in Fig. 1a. The X-ray
characterization, including X-ray reflectivity (XRR) for thickness
measurements and X-ray diffraction (XRD) for structural
characterization, was carried out using a Rigaku Smartlab
Diffractometer. XRD measurements show that the V.03 films
were epitaxial following the substrate directions as previously
found in similarly prepared films.163233 The low-temperature
phase of V,03 splits into a mosaic of two distinct crystallites,
with an average size of 8 nm, randomly distributed throughout
the film as shown in Ref. 32 The Ni films are textured with the
(111) axis perpendicular to the film surface and the roughness
at the Ni/V,0s; interface is ~ 2 nm. Due to the morphology of the
terraced sapphire substrate, long-range rips and localized voids
oriented along the V,05 (0 1 -5) diffraction vector appear in the
microstructure, which induce an effective uniaxial magnetic
anisotropy in the Ni film.32 The rips and voids are of
approximately 15 nm in width and lengths ranging from 30 nm
to several hundred nm. As a result, in the Ni/V,03 bilayer, a
ribbon-like microstructure shows up in the Ni layer, yielding
contiguous regions of about 100 nm in width and more than 500
nm in length.32

The Niand V,0s3 layers were further characterized by Near-Edge
X-ray Absorption Spectroscopy (NEXAFS), performed at the
UE49 SPEEM beamline at the BESSY Il synchrotron facility of the
Helmholtz-Zentrum Berlin (HZB)3435. The metallic character of
the Ni layer is confirmed by both the presence of the expected
satellite peak at about 6 eV above the L3 edge and the absence
of oxide-related multiplet features around the Ls, edges (Fig.
Slain the Supporting Information). As for the V,0s3, the NEXAFS
spectra, recorded in the insulating, low-temperature phase (150
K), show the wusual two main peaks at the energies
corresponding to the Ls and L, edges3¢ (Fig. S1b in Supporting
Information).

Global static and dynamic magnetic measurements

In-plane angular-dependent ferromagnetic resonance (FMR)
experiments were performed as a function of temperature both
above and below the SPT temperature of V,03 at 150 K (Fig. 1b
and 1c and Fig. S2 in the Supporting Information). In the high-
temperature, metallic phase of V,0s3;, there is an effective
uniaxial anisotropy in the Ni layer with the easy axis along the
(0 1 -5) direction of the rhombohedral phase (RH)32. Thus, the
sample was positioned in the resonant cavity so that the (0 1 -
5)rn direction corresponds to the initial angle of 0° (Fig. 1d). The
effective easy and hard axes at approximately 0° (or 175°) and
85° (or 265°), respectively, are identified in the FMR polar plots
(Fig. 1b and 1c) by the global minima and maxima in the
resonance field, H:, at which they occur. Furthermore, the
effective magnetic anisotropy in the Ni layer changes abruptly
through the V,03 SPT. The anisotropy energy is much higher in
the low-temperature monoclinic V,03; phase and lower in the
high-temperature rhombohedral phase, as evidenced by the

This journal is © The Royal Society of Chemistry 20xx
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sharp increase in the coercivity. In addition, below the SPT, in
the insulating phase of V,03, there is a slight rotation in the
anisotropy axes in the Ni layer (see for comparison Fig. 1b at 180
K and Fig. 1c at 120 K). For example, the FMR polar plot at 120
K reveals an average -12° rotation in the easy axis from 0°
(175°) at high temperature to -12° (163°) at low temperature,
as well as the emergence of two new, low-temperature hard
axes at about 117° (300°) and 45° (225°). The average value of -
12° for the angular rotation of the effective easy axis is found as
the mean value of the two minima at about -7° and -15° in the
polar plot shown in Fig. 1c. Consequently, the high-temperature
easy axis about the (0 1 -5)gn direction at 0° (175°) still persists
down to low temperature, but showing significant
enhancements in both its uniaxial character (compare the shape
of the polar plots in Fig. 1b and Fig. 1c) and the magnitude of
the effective anisotropy. Moreover, there is a secondary easy
axis at 77° (255°) but with a corresponding anisotropy energy
much smaller than that for the easy axis at -12° (163°).
Therefore, as a first approximation, we can neglect the effect of
this secondary easy axis and assume that the effective magnetic
anisotropy in the Ni layer is still uniaxial at low temperature
along a direction at about -12° (163°). However, it is worth
stressing that the ~3292-4092 shift in the hard axes and the
emergence of an additional easy axis suggest that there is a
departure from a true uniaxial anisotropy in the Ni layer upon
cooling through the SPT into the insulating phase of V,03. This
is further suggested by the fact that the angular dependences
of the coercive field at several temperatures across the SPT
show much a smaller variation than those expected from the
Stoner Wohlfarth model for a system with uniaxial anisotropy
(see Fig. 4 in Ref. 32. Fig. 1d shows a schematic for the definition
of the low- and high-temperature, effective, uniaxial anisotropy
easy axes, n; and ny, respectively, within this simplified model.
The effective uniaxial anisotropy in the Ni layer at high
temperature is induced by the strain caused by the V,03
microstructural terracing along the (0 1 -5)rn direction in the
high-temperature phase of V,0s3. Yet, the anisotropy energy
profile in the Ni layer at low temperature stems from the
emergence of additional strain in the low-temperature
monoclinic phase of V,0s. Indeed, this may result from the
combination of a strain along the (0 1 -5)gu direction —
coincident with the high-temperature easy axis, ny— and
another twin strain perpendicular to the (0 1 -5)gn direction, i.e.,
along the (2 -1 0)ry direction of the rhombohedral phase, see
Fig. 1d.37 The competition between those two strain directions
thus results in the emergence of an effective, uniaxial-like
anisotropy axis, n;, which is shifted by -122 with respect to the
(0 1 -5) gy direction, suggesting that the strain along the (0 1 -
5)ru direction is still dominant at low temperature. It is also
worth noting that even though two hard anisotropy axes at low
temperature can be distinguished from FMR, the anisotropy
energy associated with the hard axis oriented at 45° (225°) is
stronger than that for the hard axis at 117°(300°), as inferred
from the FMR intensity in Fig. 1c and Fig. S2 in the Supporting
Information. This suggests a smaller magnetoelastic coupling
between V,03 and the Ni layer at the 117°(300°) direction and,

J. Name., 2013, 00, 1-3 | 3
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consequently, a effective uniaxial-like
anisotropy.

To summarize this part, the complex strain transferred at low-
and high-temperature by the V,03 to the Ni layer, does not
imprint a true uniaxial anisotropy in the Ni layer, as shown by
the angular dependences of the FMR in Fig. 1b and 1c. However,
to gain an overall idea of how the Ni magnetization rotates
across the SPT, it is worthwhile to approximate the anisotropy
energy in the Ni layer, both at the high-temperature and low-
temperature phases of V.03, by effective uniaxial axes at 0°
(175°) (along the (0 1 -5)gy4 direction) and at -12° (163°),
respectively. Note also that a micromagnetic model based on
this effective uniaxial approximation of the anisotropy energy
for the low-temperature phase reflects well the rotation of the
Ni magnetization across the SPT, as will be discussed later.
Magnetic field and temperature-dependent magnetization data
were obtained with a field step of 5 Oe and at a slow sweep rate
(1-2 K/min), to minimize thermal lag and obtain reproducible
measurements across the V,03 SPT. Figure S3 in the Supporting
Information shows hysteresis loops at selected temperatures
across the V,03 transition with the magnetization normalized by
the Ni volume. Data were collected with the magnetic field
applied along the long axis of the sample, i.e. a direction forming
a 45° angle with ny ((0 1 -5)zn direction) (see Fig. 1d). Figure S3
in the Supporting Information shows symmetric, ferromagnetic
hysteresis loops with a sharp rise of their coercive field, H,,
across the V,03 SPT, consistent with previous findings on similar
bilayers.16.33 The temperature dependence of H. is shown in Fig.
2. During cooling from 300 K, a maximum of H.= 320 Oe is found
at 155 K, which is about four times the value at 300 K (H. (200K)
~ 85 0e) which remains almost constant down to 120 K
independent of the temperature sweep direction. For
extremely smooth Ni/V,0s interfaces, in addition to the four-

low-temperature,

fold increase, the coercive field has a superimposed sharp,
narrow peak at the transition temperature (~155K) 17, which is
barely visible in Fig. 2. For this paper, the above mentioned
ribbon-like Ni microstructure3? hinders the occurrence of a
smooth Ni/V,0s interface. The temperature corresponding to
the maximum of the H. is shifted by about 7 K to higher
temperatures during heating (not shown), which is consistent
with the thermal hysteresis observed for the V,0; first order
SPT.26

In addition, a minimum in the saturation magnetization (M) is
observed at the same temperature at which the maximum H.is
found (not shown). Such large and reproducible changes in both
H. and M; coincide with the onset of the V,03; phase
transition1®17 and are thus likely triggered by the structural
changes across the SPT. The 1.4% volume change across the
V,03 SPT18-20 produces stress in the Ni overlayer. In turn, the
stress in the Ni layer changes the magnetic properties by an
inverse magnetostrictive effect.38 This interfacial
magnetoelastic coupling shows up either with an applied field
or in remanence.’® The magnetization curves overlap with
thermal cycling, indicating the reproducibility of the process.16
It should be noted that, because the V,0s3 film has a roughness
of about 2 nm and the Ni film is thin and polycrystalline, the
strain induced in the Ni cannot be inferred from the Ni Bragg

4| J. Name., 2012, 00, 1-3

peaks from a standard, lab-based XRD measurement.16.37
However, a rough estimate was done in Ref. 16 on similar
samples, assuming that a uniform strain in the Ni layer causes
the coercivity changes due to the stress anisotropy energy, and
obtained similar values (o0 =553 MPa) than for the strain
reported in V,03.16
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Fig. 2 Coercivity as a function of temperature of Ni(10 nm)/V,03(100 nm) across the V,03;
structural phase transition recorded while cooling the sample from 300 K to 120 K (only
data from 200 K are shown). A sharp rise in the coercive field, H,, of about a factor of
four, is found as the temperature goes below the V,0; SPT. The arrows refer to the
experimental protocol prior to acquiring the XMCD-PEEM images (see text and Fig. 3).
The numbers refer to the XMCD-PEEM images at the corresponding temperatures (150
K, 163 K, 170 K, 200 K) in Fig. 3. The garnet dots represent the coercivity values obtained
from the experimental loops while the green triangles correspond to those obtained
from micromagnetic simulations, as discussed later. The error bars are smaller than the
data point symbols.

The effective uniaxial anisotropy field Hy induced in the Ni layer
by the high temperature V,03 phase (at around 200 K) is
estimated to be about twice the coercive field. Since the
coercive field was measured with the field applied 452 off the
easy axis, Hy ~ 170 Oe, assuming the Stoner Wohlfarth model
and an effective uniaxial anisotropy. The low-temperature
anisotropy field, H;, close to 120 K is thus estimated to be of the
order of H;~ [H.(120 K)/H:(200 K)] Hy ~ 600 Oe. These values of
the anisotropy fields will be used later in the micromagnetic
simulations to study the rotation of the Ni magnetization across
the SPT.

Imaging of magnetic domain configurations

Direct imaging of the Ni domain structure as a function of the
temperature was performed using PEEM3° and exploiting the
XMCD effect as magnetic contrast mechanism#0. PEEM
measurements were carried out at the UE49 SPEEM beamline
at the BESSY Il synchrotron facility of the Helmholtz-Zentrum
Berlin (HZB).3435 XMCD images reflect the projection of the local
magnetization on the photon propagation vector of the
impinging X-rays according to I (Ci) = |0 * }/(k . rﬁ) , where
C* denotes right- and left-handed circular polarization, I is
the isotropic (non-magnetic) contribution, k is the X-ray
propagation vector with an angle of incidence (9k =16° with

This journal is © The Royal Society of Chemistry 20xx
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respect to the surface of the sample, 7, is the magnetization
vector, and 7 is a material-_and photon energy-dependent
constant. The projection of kK onto the sample surface was
aligned parallel to the in-plane projection of the (-1 0 4)ru
crystallographic direction of V,03 (long axis of the sample),
which is at 45° with respect to the high-temperature Ni easy
axis, ny, and at 57° to the low-temperature easy axis, n, (see Fig.
1d).

The initial magnetic state of the sample was established by
saturating the Ni layer at 296 K with an in-situ magnetic field of
H =1 kOe applied along the long axis of the sample (Fig. 1d).
Subsequently, the magnetic field was reduced to Hec=500 Oe
and the samples were field cooled (FC) through the V,03 SPT
down to 130 K at a temperature rate of 2-3 K/min. The direction
of Hec during cooling was always along the long axis of the
sample (i.e., parallel to the in-plane projection of the X-ray
propagation vector, k ), while the magnitude of Hec was well
above the high-temperature anisotropy field, Hy ~ 170 Oe. This
procedure (shown in Fig. 1d and schematically outlined by
arrows in Fig. 2) ensured that the Ni film was uniformly
magnetized at high temperature. Then, at the lowest measuring
temperature of about 140 K, the direction of the magnetic field
was reversed along the long axis of the sample (in-plane
projection of k ) and was kept constant at a reversed field, Hz =
200 Oe. This value of Hy is less than H, in the low-temperature
state (H, ~ 600 Oe) but larger than Hy in the high-temperature
state (Fig. 2). It therefore induces a progressive rotation of the
Ni magnetization from a direction close to the anisotropy axis at
low temperature towards the field direction at high
temperature, as will be shown in the following.

ARTICLE

Next, we collected stacks of XMCD images under Hg at selected
temperatures while warming across the V,03 SPT. Magnetic
domain contrast was obtained by the pixel-wise intensity
asymmetry ratio of two PEEM images sequentially recorded
withC™ polarization, [HECH-1ECHIECH+I(C]
, at the resonant L; absorption edge of Ni (851.7 eV). The XMCD
intensity is proportional to the cosine of the azimuthal angle
¢ between the magnetization and the X-ray propagation vector
k. Thus, the local magnetization direction can be directly
extracted from the evaluation of the XMCD intensities. Note,
however, that PEEM data recorded at a fixed ¢ is insensitive to
the sign of the angle between the Ni magnetization and the field
direction. As a consequence, symmetric orientations of the Ni
magnetization at both sides of ﬁR appear with the same color
in the XMCD images. In these magnetization maps, the domains
exhibit a color contrast ranging from blue to yellow, depending
on the projection of the domain magnetization onto K (see Fig.
3). The blue regions represent the high-anisotropy, low-
temperature Ni domains, while the yellow regions represent the
low- anisotropy, high-temperature Ni domains. A typical
measurement sequence consisted of an average of 20 individual
PEEM images per Cir polarization with an acquisition time of
5s each. This sequence was then corrected for sample drifts and
then averaged to yield XMCD contrast images such as those
shown in Fig. 3. The spatial resolution of our X-PEEM
experiments is limited to about 30 nm. Figure 3 (top panels)
show representative XMCD images recorded in the low-
temperature (150 K) and high-temperature (200 K) states, as
well as at temperatures across the SPT (163 K, 170 K). The
corresponding points at these temperatures (150 K, 163 K, 170
K, and 200 K) in the macroscopic magnetometry measurements
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Fig. 3 Top row panels show representative XMCD-PEEM images recorded at temperatures below (150 K), across (163 K, 170 K) and above (200 K) the SPT of V,0;. The insets show

their Fourier transforms. The initial state (blue contrast) at low temperature (LT) splits into a pattern of small domains (yellow) which progressively rotate and grow across the V,0;
SPT as the high-temperature (HT) phase is reached. Bottom row panels show histograms of the absolute value of the average rotation angle of the Ni magnetization with respect to

the projection of the X-ray propagation vector on the sample surface, A¢, at selected temperatures (calculated from the images in the top row). Sharp 4¢ distributions are found for
the LT (150 K) and HT (200 K) phases in contrast to broader distributions in the middle of the V,03SPT (163 K, 170 K).

This journal is © The Royal Society of Chemistry 20xx
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(Fig. 2), are labeled with numbers (1, 2, 3, and 4). It is found
that while warming up across the V,03 SPT, the initially almost
saturated ferromagnetic state at low temperature (150 K) splits
into a pattern of small domains, which progressively coalesce
and rotate towards the field direction.

Figure 3 (top panels) unambiguously shows that ripple-shaped
domains of about 100 nm in width and up to a few hundred nm
in length are found in the Ni layer at all temperatures. This is
consistent with the typical size of the low-temperature
structural domains of V,03 of about 100 nm and the
characteristic isotropic length scale of electronic domains in the
range of 100 to 400 nm)25. The long-range ordering of the Ni
domains is also supported by the elliptical shape of the Fourier
transform of the XMCD images (see insets in Fig. 3) whose tilting
angle indicates the average orientation of the minority Ni
domains at each temperature. The orientation of the Ni ripple
domains matches well with that of the rips and voids in the V,03
microstructure along the (0 1 -5)rs vector.32 At low
temperature, although there is an emergent strain along the (2
-1 0)rn direction lying perpendicular to the (0 1 -5)rn direction3”
(see Fig. 1d), the ripple structure in the Ni layer is still present
(Fig. 3, top panels), as also suggested in Ref. 32.

The full thermal cycle was repeated twice in the same area and
in different areas of the sample to ensure reproducibility. In all
cases, stochastic domain nucleation was found between
thermal cycles with no appreciable defects acting as pinning
sites. Stacks of XMCD images were also recorded during the
cooling cycles (not shown). Reversible domain pattern
characteristics were found between heating and cooling cycles,
as well as thermal hysteresis of about 7 K, in agreement with
the macroscopic magnetic measurements6.17 (not shown).

Top panels in Fig. 3 also reveal that the magnetization rotation
occurs progressively, with most of the magnetic layer
transitioning through intermediate magnetization orientations
as the temperature is scanned across the SPT due to the
coexistence of the corundum and monoclinic phases of V,0s. It
is worth stressing that, at low temperature, after applying ﬁR,
the Ni magnetization tends to lie at an angle ¢, close to the
direction of the low-temperature easy axis n, (Fig. 1d) since H,
is about three times greater than Hy. As the temperature is
increased across the SPT, the Ni magnetization progressively
rotates towards ﬁR since, for the high-temperature phase,
Hy < Hp. Finally, at high temperature, the Ni magnetization
points at a small angle ¢ with respect to ﬁR (Fig. 1d). Note that
the XMCD contrast in these measurements is similar regardless
of the sign of these angles. In addition, there is an intrinsic
uncertainty of about 5-10° in the determination of ¢ from
XMCD data, due to the relative misalignment in either the
sample positioning or the magnetic field axis with respect to the
projection of k on the sample surface. Consequently, A¢,
defined as the absolute value of the rotation angle with respect
to an arbitrary direction (that of the projection of k on the
sample surface) close to the long axis of the sample (Fig. 1d), is
the actual magnitude we analyzed.

Bottom row panels in Fig. 3 show histograms of A¢ calculated
from the images displayed in the top row panels at selected
temperatures. The histograms indicate sharp distributions with
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values of the standard deviation of about 3-5° for the low-
temperature (150 K) and high-temperature (200 K) phases, and

60 - 1
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Fig. 4 a) Average rotation angle of the Ni magnetization, 4¢, as a function of the
temperature. Experimental data from XMCD images are plotted as solid garnet squares
(cycle 1) and solid blue circles (cycle 2). Data from micromagnetic simulations are
plotted as green triangles. (b) Standard deviation of the histograms of A4¢ as a function
of the temperature for the experimental cycle 2 (solid blue circles) and micromagnetic
simulations (solid green triangles).

broader distributions of intermediate orientations across the
SPT (163, 170 K), with a standard deviation within 8-10° (Fig.
4b), suggesting that the magnetization rotation is induced by
the V203 SPT.

The temperature dependence of the average value of 4¢ is
shown in Fig. 4a for two consecutive thermal cycles performed
in the same area of the sample following the same experimental
protocol. The XMCD images for the second run are shown in Fig.
S4 in the Supporting Information. Both runs show a consistent
transition occurring around 165 K, in agreement with the
macroscopic magnetic measurements (Fig. 2). The overall
reorientation of the Ni magnetization across the SPT shows an
average rotation of 30-35° from 1\7L to MH (¢, to ¢y) (see Fig.
1d). This average rotation is comparable with the results
computed applying the Stoner Wohlfarth model to the
anisotropy energy scheme depicted in Fig. 1d for H; ~ 600 Oe
and Hy ~ 170 Oe as estimated from H_(T) in Fig. 2. From these
calculations, 1\7L points along ¢; ~ 44° counter-clockwise from
ﬁR, while 1\7,_1 points along ¢y~ 20° counter-clockwise from I7R
(see Fig. 1d). This gives rise to an average A¢ ~ 24°, in

This journal is © The Royal Society of Chemistry 20xx
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agreement with the 30-35° average rotation found from XMCD,
considering the above-mentioned intrinsic uncertainty of about
5-10° in the determination of ¢.

Note that the minor disagreement in the initial magnetization
between the two cycles in Fig. 4a is possibly related to slightly
different initial magnetic states of the Ni layer. Furthermore,
the spread in the magnetization distribution (Fig. 4b),
determined from the standard deviation of A¢ in the bottom
panels in Fig. 3, progressively grows with increasing
temperature and reaches a maximum at a similar temperature
to which both the 50% areal fill fraction of the low-temperature
phase and 50% fill fraction of the high-temperature structural
V,03 phase are reached.?> This is clear evidence that the
reorientations of the magnetic moments are due to the lattice
deformation of the Ni. This is associated with the stress caused
by the coexistence of the low- (monoclinic) and high-
(corundum) temperature phases in V,03 at the SPT, which are
transferred to the magnetostrictive Ni layer by a strong elastic
coupling at the interface. It should also be noted that the stress
relief at grain boundaries may play a predominant role, as it
does for instance in artificial multiferroic heterostructures.4142

Micromagnetic simulations

In order to get a deeper insight into the magnetic domain
formation, we performed micromagnetic simulations using the
0.10

ARTICLE

OOMMF43 code. We model the Ni layer with a 10um x10pum x10
nm layer with a uniform exchange constant of A = 3.4-107
erg/cm and a saturation magnetization of My =494 emu/cm3.44
For the simulations, the Ni layer was discretized into a mesh of
100 x 100 x10 nm3 cells over the whole simulated area of 10 x
10 um?2. The cell size was of the order of the Ni grain size, as
observed by AFM on similar samples!’, and comparable to the
pixel size from both PEEM (Fig. 3) and Scanning Near-field
Optical Microscopy (SNOM) measurements.2> The simulated
area was also comparable to the size of the XMCD images (Fig.
3). Accordingly, a direct comparison with the experimental
domain configurations can be performed.

In addition, one of the two uniaxial anisotropies along the axes
n; and ny with respective values of H;, ~ 600 Oe and Hy ~ 170
Oe for the low- and high-temperature phases, as estimated in
section Il, were assigned to each of the cells to simulate the
effect on the Ni layer of the coexistence of structural domains
undergoing the SPT.2537 These domains were simulated in the
Ni layer as a random distribution of rectangular 500 nm x 700
nm regions, tilted 45° off the x-axis (parallel to the magnetic
field direction) to reproduce the shape of the Ni domains in the
XMCD images in Fig. 3. At each simulated temperature, both the
area fraction covered by the rectangular domains and the type
of uniaxial anisotropy were set to match those of the minority
Ni domains in the corresponding XMCD image. The rest of the
Ni cells were set to the uniaxial anisotropy corresponding to the

S 04
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Anisotropy domains
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20 40A 60
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Fig. 5 Results of micromagnetic simulations as a function of the temperature showing (top panels) histograms of the average rotation angle of the Ni magnetization, 4¢, and spatial
distributions of both the magnetization angle (middle panels) and the anisotropy domains (bottom panels). In the middle row panels, the regions with orientations of the Ni
magnetization corresponding to the high- and low-temperature phases are indicated by yellow and blue colors, respectively. In the bottom row panels, the regions with low- and
high-temperature anisotropies are indicated with blue and white colors, respectively. The remarkable agreement between the middle and bottom row panels for each temperature
is a good indication of how well such a simple micromagnetic model captures the essence of the magnetization reorientation across the V,03 SPT.
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majority phase. Therefore, the temperature was mapped into
the simulations by mimicking the experimental configurations
of anisotropy domains obtained from the XMCD images.
To reproduce the experimental PEEM conditions
simulations, a 200 Oe uniform magnetic field was applied to the
Ni layer in the opposite direction to the initial saturated state,
allowing the Ni magnetization to reach a stationary state. The
final configuration of cell magnetizations was greatly influenced
by the competing anisotropies introduced to simulate the
proximity with the V,03. The bottom row panels in Fig. 5 show
the configurations of high- and low-anisotropy domains in the
Ni layer at each simulated temperature across the SPT. The
middle row panels show the corresponding results for the
magnetization configurations, while the top row panels display
the histograms of A¢, defined as in the XMCD images. In the
middle row panels in Fig. 5, the blue regions represent the high-
anisotropy, low-temperature Ni domains, while the yellow
regions represent the low- anisotropy, high-temperature Ni
domains. The agreement with the corresponding PEEM
measurements shown in Fig. 3 is remarkable. Furthermore, the
temperature dependence of both the average value of 4¢ (Fig.
4a) and the corresponding standard deviation o(4¢) (Fig. 4b),
show a good correspondence with the values obtained from
PEEM. In particular, d(4¢)is small both at low and high
temperatures and reaches a maximum at the transition
temperature (about 165 K), a signature of the phase
coexistence across the transition.

We also performed a second set of simulations where the
distribution of low/high anisotropy domains is done according
to the spatial conductivity patternin V,03 taken from the SNOM
images in Fig. 4 of Ref. 25. The results, shown in Fig. S5 in the
Supporting Information, show a high resemblance between the
spatial patterns of the simulated local Ni magnetization and the

in our

experimental V,03 conductivity at the same temperatures?! as
well as with the electro-thermal filaments observed by optical
reflectivity during V,0s3 resistive switching.45

In summary, a simple micromagnetic model based on the
competition between two effective uniaxial-like anisotropy
axes for the high-temperature and low-temperature phases
reproduces well the observed local and global experimental
features across the V,03 SPT.

Domain correlation lengths and spatial Ni map of the SPT
temperatures

We determined the evolution of the lateral correlation length
of the rotated Ni domains imprinted by the V,03 across the SPT
using a radial distribution function analysis. For each XMCD
image within the whole temperature-dependent image stack
we calculated the radial average of the pair correlation of all
pairs of bright pixels as a function of the distance between them
(yellow pixels in Fig. 3). Such a pair correlation function is
related to the probability of finding a bright pixel at a given
distance from another bright pixel. The resulting pair
correlation curves (see Fig. S6 in the Supporting Information) fit
well to a single exponential decay from which the domain
correlation lengths are directly obtained. Figure 6a shows an
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increase of the Ni domain correlation length ranging from 0.75
um in the high temperature phase to 1.5 um in the low
temperature phase, and reaching a maximum of 2.25 pm at
~165 K, the temperature at which the largest phase coexistence
is found (see Fig. 3 for comparison). This behavior resembles the
universal scaling of temperature-dependent spatial correlations
near a critical point?¢, and is in agreement with both the
structural correlation length associated with the structural
phase coexistence and with the electronic correlation length
originating from the metal-insulator V,03 domains2?. In our
case, the increase and the peak in the Ni domain correlation
length near the SPT are good indicators of the tendency of Nito
break into a magnetic microstructure with a characteristic
length scale resembling the characteristic stripes of the
underlying V,03 structural domains.2> The Ni domain correlation
length reaches its maximum at a value a few times larger than
the correlation length associated with the metallic V.03
domains (around 400 nm)25 and are about 50% larger than the
maximum of the V,03 structural correlation length (about 1.5
pnm).

The fact that the correlation length of the magnetic domains is
larger than the underlying V,03 structural domains is not
surprising. The Ni domain configuration is given by the balance
between two main contributions. The energetic preference of
the Ni layer to form very large domains, of tens to hundreds of
microns,*” competes with the non-uniform stress caused by the
different V,03 phases. Such competition is the reason the Ni
domains may resemble the lateral structure of the underlying
V,03 domains. Spatially resolved maps of the local SPT
transition temperatures were also obtained from the analysis of
the Ni domain pattern at each temperature (Fig. 6b). Note that
such a spatial distribution of the local transition temperatures
cannot be directly inferred from macroscopic measurements,
which are subject to statistical averaging. Figure 6b reveals that
the temperature at which the induced Ni reversal occurs is a
local property of the sample, thus corroborating the spatial
phase coexistence across the V,03; SPT. Temperature cycling
studies show that different magnetic domains nucleate and
grow at different locations following a different detailed
evolution (see for comparison Fig. 3 and Fig. S4 in the
Supporting Information). Furthermore, there is no obvious
relation between the spatial distribution of the SPT
temperatures obtained from the Ni domain pattern and the size
and shape of the Ni domains themselves. This is a further
indication that the nucleation of Ni domains across the SPT is
stochastic and therefore not linked to specific V,03 structural
grains or defects acting as pinning centres, in agreement with
the largely spontaneous positions of the low-temperature/high-
temperature V,0s3 structural phases.?>

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Domain correlation length for Ni(10 nm)/V,03(100 nm) as a function of the
temperature across the V,0; structural phase transition obtained from a pair correlation
function analysis of the XMCD images. The correlation lengths are computed by fitting
the experimental pair correlation curves to an exponential decay (see also Fig. S6 in the
Supporting Information). The correlation length reaches a maximum at the temperature
at which the largest phase coexistence is found. (b) Spatially resolved map of local SPT
temperatures, obtained from the analysis of the Ni domain pattern at each temperature,
corroborating the spatial phase coexistence across the V,0; SPT.

Conclusions

We have used local XMCD imaging as a function of temperature
to show that the first-order structural phase transition of V,03
imprints a magnetic domain pattern in a proximity-coupled Ni
layer. By characterizing the Ni magnetic domains, we find a
bimodal distribution of XMCD intensities and a domain rotation
that persists below the SPT. Furthermore, the lateral correlation
length of the Ni domains shows a significant increase at the SPT
compared to either low- or high- temperature phases, and a
broad distribution of the local transition temperatures is found.
All the above features point to phase coexistence of Ni magnetic
anisotropies induced by interfacial stress transfer with the V,03
across the first-order structural phase transition of the latter.
These results are supported by global static (VSM) and dynamic
(FMR) magnetometry measurements as well as by

This journal is © The Royal Society of Chemistry 20xx
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micromagnetic simulations. The observed enhanced magnetic
response, namely the breaking down of the usual Ni domain
pattern and the significant increase of the magnetic anisotropy
that give rise to a factor of 4 coercivity increase across a very
narrow temperature range, is significantly larger compared with
other approaches aiming at the control of magnetism without a
magnetic field. Our findings thus provide promising groundwork
for novel device concepts based on straintronics.
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