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We report on a drastic change of the Ni collective magnetization dynamics when incorporated into a Ni/V,0;
heterostructure. Two, unexpected, well-defined Ni ferromagnetic resonance (FMR) modes are observed in the
coexistence region of the first-order V,0; structural phase transition (SPT). The phase coexistence across the
V,0; SPT can explain the presence of the two resonance fields but not their anticrossing and large linewidth
broadenings. Our results imply a strong coupling between the lattice dynamics of the strongly correlated oxide
(V203) and the magnon modes of the ferromagnet (Ni) in this hybrid. This and additional experiments on Ni
grown on SrTiOs3, a prototypical second-order phase transition oxide, imply that these effects require the presence

of first-order transitions in the oxides.
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Novel functionalities can be achieved in hybrid materi-
als by the coupling of electronic, magnetic, and structural
properties between the constituents when they are in close
physical proximity [1,2]. For example, quasistatic magnetic
properties of conventional ferromagnets can be controlled via
piezoelectric [3] or multiferroic materials [4]. Recently, it
was shown that first-order structural phase transitions (SPTs)
of proximal transition metal oxides drastically influence the
static magnetic properties [5,6]. On the other hand, the
dynamical properties of the magnetization, i.e., the dispersion
of spin waves or magnons across the SPT of a proximal
layer, have not been explored. The collective modes in the
ferromagnetic layer of a hybrid heterostructure may couple to
other collective modes, such as phonons [7—12], which may
lead to new physics and enhanced functionalities. Therefore,
incorporation of ferromagnets and materials with SPTs into a
single hybrid structure opens up a new avenue for tuning the
magnetization dynamics and the creation of novel properties in
artificially designed hybrid materials. An example of this type
of hybrid materials is a Nickel film in contact with Vanadium
sesquioxide (V,03), which undergoes a first-order SPT, a
metal-insulator transition (MIT) and an antiferromagnetic
phase transition in the temperature range of 150-160 K
[13,14]. The volume change across the SPT is around 1%,
and complex phase coexistence has been shown to affect
the static magnetism of a proximal ferromagnetic material
[13].

In this letter, we report on a drastic modification of the mag-
netization dynamics of a Ni thin film caused by the first-order
SPT of a proximal V,0; thin film. We found that the typical
out-of-plane uniform ferromagnetic resonance (FMR) mode
of Ni splits into two distinct modes in the temperature region
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of the V,03 SPT. The two resonances change proportionally to
the phase fraction evolution of V,03 and the related laterally
differently strained Ni in the heterostructure. However, the
resonance field shifts (anticrossing), and linewidth changes
are completely unexpected and cannot be accounted by
the phase coexistence. This shows that mode splitting and
anticrossing can occur even if the collective modes are located
in different spatial locations. The origin of this behavior is
related to coupling to other collective modes possibly soft
phonon modes. These conclusions are based on extensive
x-ray diffraction (XRD), low-temperature scanning electron
microscopy (SEM), scattering-type scanning near-field optical
microscopy (s-SNOM), temperature, angle, the use of different
materials, buffer layers, and substrates (many presented in the
Supplemental Material [15]).

V;03 thin films (100 nm thick) were deposited by radio fre-
quency (RF) magnetron sputtering of a V,0j3 target (>99.7%
purity, ACI Alloys, Inc.) on R-plane sapphire substrates
at 750°C. The sputtering chamber has a base pressure of
1x 1077 Torr. During sputtering, 4 mTorr ultrahigh purity
(UHP) Ar and 100 W RF forward power were used. After V,03
deposition, the substrate was cooled to 25 °C for the deposition
of 10 nm Ni and 7 nm Nb as capping layer. The thickness and
structural morphology of the individual layers were measured
by x-ray reflectometry (XRR) and XRD (Acyke = 1.54 A)
(in and out of plane) as a function of temperature. The Ni
roughness obtained from the refinement of XRR is 1.3 nm,
mostly determined by the interface with the oxide (2 nm
roughness). The XRD confirmed epitaxial single-phase growth
of V,03. The SPT of the V,03 film from a rhombohedral (012)
to monoclinic (011) crystal structure is characterized by a shift
of the out-of-plane diffraction peak, giving a change of the
out-of-plane lattice constant from d(;2) = 3.66 A at 300 K to
doiy =3.70 Aat 100K [6,13,16]. See Supplemental Material
for details on the XRR and XRD [15].
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FIG. 1. (a) Contour plot of the out-of-plane FMR signal (¢ = 0°)
as a function of dc magnetic field at different temperatures from 200 K
to 120 K. The horizontal dotted lines indicate different temperature
regions (A-E), and the dashed lines indicate Hg; and Hg,. (b) The
FMR signal from 157 K to 147 K [region C in (a)] with 1 K steps.
The dashed line corresponds to the center of the SPT at 152 K. Curves
are shifted vertically for clarity. Vertical arrows indicate the resonance
fields Hg, at 147 K and Hpg, at 157 K. The sketch depicts the sample
geometry used in the measurements: The dc magnetic field, A, is
perpendicular to the sample surface, and the microwave field A, is
in the plane. The arrow indicates the angle increase direction from
out of plane to in-plane.

The FMR was measured using a Bruker EleXsys EPR
spectrometer with a cylindrical cavity resonator at 9.4 GHz
connected to a liquid helium flow-cryostat in the 3.8 to 300 K
temperature range. The effect of the V,03 SPT on the FMR
was monitored at temperature intervals of 1 K between 200 K
and 100 K while cooling. At each step the temperature was
stabilized within +0.1 K. The samples, placed in the center
of the cavity, were mounted on a quartz rod allowing for
in- and out-of-plane orientation of the dc magnetic field (see
sketch in Fig. 1). An automatic goniometer allowed for precise
rotation with an accuracy of Af = 0.025°. Alignment of the
sample with respect to the ac and dc fields was performed by
finding the highest resonant field while rotating the sample
about the out-of-plane direction (8 = 0°) within 0.2°. This
procedure was repeated at 100 K and 300 K to account for
changes in the alignment due to thermal expansion. The dc
magnetic field was swept from 0 to 9000 Oe at 60 Oes™'.
The microwave power was kept constant at 10 mW in order to
increase the signal-to-noise ratio. Similar results were obtained
with microwave powers as low as 0.1 mW. The linewidth
(AH), peak-to-peak distance, and the resonance field (Hp),
the field at zero crossing from positive to negative signal
were obtained by fitting the FMR signal to the derivative of
a Lorentzian function. Analyses of the resonant field and the
extracted anisotropy constants from the main FMR (uniform)
mode as a function of the temperature are discussed in the
Supplemental Material [15].

The temperature dependent FMR measurements are
summarized in the contour plot Fig. 1(a). From 200 K to
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165 K, a single resonance mode is observed and the associated
resonance field decreases monotonically (region A). Below
165 K, the resonance field shifts to higher values by 60 Oe in
region B. In the center of the SPT (region C), the FMR signal
splits into two well-defined modes. The resonance field Hg
of each mode increases with decreasing temperature in this
central region and shows an anticrossinglike behavior [gray
dash lines in Fig. 1(a)]. The FMR signal in this region is shown
for selected temperatures in Fig. 1(b) with two resonance
modes observed at Hg; and Hg,. Below 147 K, a single FMR
mode is recovered [Fig. 1(a), region D], and the resonant field
resumes the decreasing trend with decreasing temperature. The
low (region D) and high (region A and B) temperature regions
were fitted using the derivative of a single Lorentzian function,
while for the intermediate temperatures (157 to 147 K,
region C) we used derivatives of two Lorentzian functions
(for details about the fitting procedure see the Supplemental
Material [15]).

The temperature dependences of Hgr and AH extracted
from the fits are summarized in Fig. 2. The resonance field
in Fig. 2(a) represents the cooling branch, as indicated by the
arrow. For comparison, resonance fields extracted from the
fits to the FMR signal of a 10 nm Nickel film grown directly
on R-plane sapphire substrate under similar conditions are
included in Fig. 2(a) (open green squares). At 200 K, the
resonant field for the Ni film is 80 Oe smaller than for the
Ni/V,03 bilayer possibly due to different roughness [1,2,17],
which is on the order of 0.5 nm for a 10 nm Ni film on Al,O3
substrate. For all temperatures measured, the Hy of the Ni film
shows a linear decrease with decreasing temperature.

The FMR linewidths obtained from the fits are shown
in Fig. 2(b) for the Ni/V,03 bilayer and the Ni reference
film. In the bilayer, the FMR linewidth is 128 Oe at 200 K
and remains constant until 165 K (region A). With further
decreasing temperature, the linewidth increases (region B),
reaching 264 Oe at 160 K, a 67% increase above that at 166 K.
Once the FMR mode splitting takes place (region C), the
linewidths (A H;, A H,) associated with each resonance (Hp;,
Hpg») show a maximum at different temperatures. A H; reaches
a maximum of 831 Oe at 158 K, while AH, increases to
345 Oe at 154 K. The linewidth of Hg, below the SPT (region
E) remains slightly higher (approximately 40 Oe) compared to
A H, above the SPT (region A). In contrast, the linewidth of
the single Ni film is temperature independent between 300 K
and 100 K [green open squares in Fig. 2(b)] with a value close
to that of the Ni/V,0; bilayer above the SPT.

The temperature region with a coexistence of two V,0;
crystallographic phases during the transition can be obtained
from the temperature dependent XRD [13]. Two vertical dotted
red lines in Fig. 2 indicate the coexistence region of the two
phases extracted from Fig. 3. Remarkably, the width of the
SPT coincides with the region in which the resonance field
and linewidth of Ni film deviates from the behavior of a single
Ni film of similar thickness [Fig. 2(a), regions B, C, and D].
Furthermore, XRR measurements as a function of the tem-
perature reveal no changes in the Nb/Ni/V,03 layer structure
and suggest no significant change in the interface roughness
and grain morphology along the out-of-plane direction across
the SPT (see Supplemental Material [15]). Therefore, we can
conclude that the existence of two well-defined collective
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FIG. 2. (a) Temperature dependence of the resonance field Hy
across the SPT of V,05. Letters on top correspond to the temperature
regions in Fig. 1(a). (b) Temperature dependence of the linewidth
AH. Data in (a) and (b) are extracted from fits to the data. Hp
and AH for 10 nm Ni deposited on R-cut sapphire and SrTiO;
substrates are shown at selected temperatures (green open symbols
for Ni and black solid symbols for SrTiO3/Ni). The gray area at 105
K corresponds to the STO phase transition region. Dotted vertical
lines correspond to the V,Os; SPT phase coexistence region as
measured by the temperature dependent x-ray diffraction. Dashed
vertical lines indicate the region of the splitting of the FMR mode
[region C in Fig. 1(a)].

modes is due to the V,05 crystallographic phase coexistence,
typical of first-order phase transitions.

As a control experiment we deposited a 10 nm Ni film
on a SrTiO3 (STO) substrate. The second-order displacive
phase transition of STO at 105 K [18] involves a rotation
of TiO¢ octahedra and has been regarded as a classic example
of a soft-mode-induced phase transition [19]. Thus, no phase
coexistence is expected nor found across the SPT of STO.
The resonant field and linewidth are plotted in Fig. 2 (black
solid symbols). These results across the SPT of STO (gray
region in Fig. 2) show no indication of the behavior described
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FIG. 3. Normalized peak intensity for the two resonances ob-
served across the SPT. LT (HT) corresponds to low (high) tem-
perature phase fraction. The vertical dashed line depicts the tem-
perature of the crossing point at which both intensities are equal
(154 K). The continuous lines (red and blue) correspond to the phase
fraction obtained from the temperature dependent out of plane XRD
measurements. The vertical dotted lines indicate the same temperature
range as in Fig. 2.

above. This reinforces the conclusion that the spatial phase
coexistence of the first-order transition is the source of the
two resonances observed in Ni/V,0Oj3 bilayers. The absence of
any temperature dependence of the resonant field and linewidth
suggest a small crystalline anisotropy compared with Ni on the
R-cut sapphire substrate or in the case of V,03/Ni samples.
Additional control experiments were performed in
Nb/Ni/V,03 with thicker Ni layers and Nb/Ni/Cu/V,03 het-
erostructures. We observed that for thick Ni films, the splitting
of the FMR modes becomes less evident for thicknesses
above 100 nm. Insertion of a Cu layer into Nb/Ni/Cu/V,0;3
heterostructures was used to decouple a possible magnetic
effect arising from interfacial magnetic coupling between
the Ni film and the antiferromagnetic phase of V,03; below
the SPT. We found that the mode splitting persists for Cu
thicknesses up to 20 nm if the Ni layer is kept constant at 10 nm.
In general, the temperature dependence of the resonance
field of a magnetic thin film is determined by the magnetocrys-
talline anisotropy and the magnetization [1]. This gives rise to
the expected reduction of Hg with decreasing temperature in
the reference Ni film for all temperatures and for the bilayer
Ni/V;,03 above and below the V,03 SPT [Fig. 2(a)]. Therefore,
our results in the temperature region outside the SPT are con-
sistent with early results for single highly oriented Ni thin films
[5,20,21] and with the behavior of the Ni reference samples.
In contrast to the linear temperature dependence above
and below the SPT, the two resonance modes across the
V,0; transition cannot be explained using additional terms
in the anisotropy of a homogeneous Ni film (see Supplemental
Material [15]). Instead, the presence of two well-defined
resonances arises naturally from the existence of two different
and spatially separated anisotropies in the same sample, similar
to the presence of two ferromagnetic materials or a photonic
crystal [22,23]. This implies that the coexistence of two phases
across the V,03 SPT produces two well-defined anisotropies in
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the Ni film. This agrees with the static magnetometry [5,6,13].
Figure 3 shows the normalized areas of the two deconvoluted
Lorentzian obtained from a fit of the FMR (see Supplemental
Material [15]). The low temperature FMR mode, arising from
the nucleation of monoclinic V,03, grows at the expense
of the high temperature mode related to the rhombohedral
V,03 phase. At maximum phase coexistence (50% of each
phase), two resonance modes of equal intensity are observed
(dashed line in Fig. 3 at 152 K). This behavior of the FMR
intensities coincides with the relative phase fraction extracted
from the XRD across SPT of V,0s3 (Fig. 3) (see Supplemental
Material [15]). This model, in which two crystallographic
domains across the SPT produce two well-defined anisotropies
in the Ni explains the appearance of two collective modes
and their intensity evolution in the V,0j3 coexistence region.
The splitting of collective modes implies regions of the two
anisotropies that are laterally well separated. Microscopy
investigations of the SPT of V,0; indicated nucleation sites
of 100 nm diameter [24,25], which can be approximated as
the magnetic domain of altered anisotropy. Despite the direct
proximity of the two domains, the modes do not average and
appear to act as independent materials. This is in direct contrast
to, for example, the observation of a single, averaged transition
in metallic heterostructures, which only show two distinct ac
susceptibilities upon separation [26].

On the other hand, the repulsion (anticrossing) of the two
resonance modes and the inverted temperature dependence
of the resonance fields [see Figs. 1(a) and 2(a)] across SPT
cannot be explained by the phase coexistence and implies the
existence of new physics. In a more general way, the mode
splitting observed is reminiscent of the topology of the von
Neumann—Wigner noncrossing rule [27]. Avoided crossings
are a common observation in quantum mechanics of coupled
oscillators, for example, between phononic or electronic states
of same symmetry [28]. Consequently, the two FMR modes
must be coupled to each other, either directly or by indirect
coupling over the lattice of the oxide, which is further enhanced
by the SPT. This coupling may be estimated to be weak since
the two modes do not average into a single collective mode.
To our knowledge, no observation of avoided crossings in
magnonic systems with laterally inhomogeneous anisotropies
has ever been reported. In coupled piezoelectric/ferromagnetic
heterostructures only a shift in resonance field and no signifi-
cant change in linewidth are observed [3].

The linewidth is attributed to loss processes and magnon
relaxation. In ferromagnetic metals these are commonly
related to spin-orbit coupling [29,30], which depends only
weakly on the temperature. Thus, the linewidth of the single Ni
film is constant from 300 K down to 100 K. In the Ni/V,03, on
the other hand, the difference in linewidth between 200 K and
100 K indicates enhanced dissipation (decreased relaxation
time) at low temperatures. These changes point to an altered
magnetic damping and additional relaxation mechanisms aris-
ing due to the SPT, which indicates new physics. The impor-
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tance of phase coexistence is implied by the linewidth increase
shown in Fig. 2(b). The strong increase of the Ni linewidth
at the SPT of V,0; indicates that spatial crystallographic
disorder is responsible for the additional dissipation since it
coincides with the temperature at which there is maximum
two-phase coexistence. Additional relaxation mechanisms
could arise from more complex magnon-lattice coupling due to
spatial variations in the lattice, anisotropy, and magnetization
fields [31]. For instance, two-magnon processes [32,33] or
inhomogeneous line broadening [34] are related to the pres-
ence of intrinsic or extrinsic disorder. Both observed modes in
the Ni/V,0; transition region show line broadening, therefore
indicating that each domain shows a disordered substructure
on smaller length scales, either intrinsic within the domains or
at their boundary [34]. While disorder is the most likely cause
of the increased losses, the detailed underlying mechanism
is yet unclear and requires further detailed studies, for
example, by investigating the frequency dependence of each
FMR mode.

In summary, we showed that the phase coexistence of the
first-order phase transition of an oxide strongly modifies the
collective spin dynamics of a proximity coupled ferromagnetic
layer. Our results imply strong coupling between the lattice dy-
namics of a strongly correlated oxide and the magnon spectra
of the proximal ferromagnet. The phase coexistence across the
V,03 SPT can explain the presence of two resonance fields
but not their anticrossing and large nonmonotonic linewidth
broadening. The absence of similar effects in Ni/STO suggests
that phase coexistence and disorder of a first-order SPTs are
essential for the observation of these effects. We showed that
the evolution of the FMR modes throughout the SPT allows
access to underlying strain, disorder, and spatial coupling
energies. Our results also open up a new avenue for the
manipulation of magnetization dynamics by the incorporation
of materials into properly designed hybrid heterostructures.
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