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Control of Ferromagnetism of Vanadium Oxide Thin Films

by Oxidation States

Kwonjin Park, Jaeyong Cho, Soobeom Lee, Jaehun Cho, Jae-Hyun Ha, Jinyong Jung,
Dongryul Kim, Won-Chang Choi, Jung-1l Hong, and Chun-Yeol You*

Vanadium oxide (VO,) is a material of significant interest due to its
metal-insulator transition (MIT) properties as well as its diverse stable
antiferromagnetism depending on the valence states of V and O with distinct
MIT transitions and Néel temperatures. Although several studies reported
ferromagnetism in the VO,, it is mostly associated with impurities or defects,
and pure VO, has rarely been reported as ferromagnetic. The research
presents clear evidence of ferromagnetism in the VO, thin films, exhibiting a
saturation magnetization of ~13 kA m~" at 300 K. The 20-nm thick VO, thin
films via reactive sputtering from a metallic vanadium target in various
oxygen atmospheres is fabricated. The oxidation states of ferromagnetic VO,
films show an ill-defined stoichiometry of V,0;,, ,, where p = 0.05, 0.23, 0.49,
with predominantly disordered microstructures. The ferromagnetic nature of
these VO, films is confirmed through a strong antiferromagnetic exchange
coupling with the neighboring ferromagnetic layer in the VO, /Co bilayers, in
which the spin configurations of the Co layer is influenced strongly due to the

discovery of the metal-insulator transition
(MIT).['3] Tt has been observed that var-
ious valence states of VO, exhibit dis-
tinct MIT temperatures, which systemati-
cally depend on the valence numbers of
the oxides. These transitions are invari-
ably accompanied by crystal phase changes
and significant electron-electron correla-
tions. Numerous comprehensive review ar-
ticles have addressed the MIT and elec-
trical properties of VO,. Furthermore, it
is well-established that VO, exhibits anti-
ferromagnetism at low temperatures when
x < 2.0. Typically, the Néel temperature de-
creases with increasing x (for x > 1.5), tran-
sitioning to paramagnetism at x = 2.0.1]
The absence of ferromagnetic phases in
VO, has led to a perception that the study

additional anisotropy introduced by VO, layer. The present study highlights
the potential of VO, as an emerging functional magnetic material with
tunability by oxidation states for modern spintronic applications.

1. Introduction

The electrical properties of a series of vanadium oxides (VO,)
represent one of the most extensively studied topics since the
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of its magnetic properties is unremarkable
and has garnered limited attention, as the
magnetic applications of antiferromagnetic
and paramagnetic VO, are constrained.

Several reports have documented the
occurrence of ferromagnetic phases in
VO,.[*#l For instance, room-temperature ferromagnetism has
been observed in I- or Li-doped nanotube structures. These stud-
ies suggest that the origin of ferromagnetism was attributed to
the frustrated vanadium spins in self-assembled nanotubes in-
duced by electron or hole doping.*! Another approach involves
the introduction of defects with unpaired electrons (V**) by ex-
ploiting the twin boundaries of epitaxially grown VO, struc-
tures without chemical reactions, which resulted in a satura-
tion magnetization of ~18 kA m~! at room temperature and
a high Curie temperature (~500 K).’! Moreover, in nanowire
structures utilizing VO,, annealing facilitates the creation of oxy-
gen vacancies, leading to the formation of superparamagnetic
chains of V**-V* dimers from singlet V*-V** dimers, thereby
resulting in weak ferromagnetism.®! In addition to VO,, research
has also been directed toward V,Os, a polycrystalline material,
where the generation of oxygen vacancies induces changes in
structural, electrical, and magnetic properties.”*1% This study
reported the coexistence of antiferromagnetism and ferromag-
netism, contingent upon the degree of vacancy, leading to vari-
ations in the dominant magnetic phase as elucidated through
density functional theory. Collectively, these prior investigations
strongly support the potential for ferromagnetic VO, phases
through structural variations or alterations in oxygen vacancy
content.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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In this study, we present clear experimental evidence for the ex-
istence of a ferromagnetic phase in 20 nm thick VO, thin films.
At room temperature, we observed a magnetization of 13 kA m~!
and a magnetic susceptibility (¥ = 10). Although the magnetiza-
tion and susceptibility values are lower than those typically ob-
served in strong ferromagnetic materials, they are significantly
greater than those found in typical paramagnetic and/or antifer-
romagnetic phases (|y| < 107°), with the Curie temperature ex-
ceeding room temperature. The 20 nm VO, thin films were fabri-
cated using a reactive sputtering system with a metallic vanadium
target on thermally oxidized silicon wafers. During the sputtering
process, we meticulously controlled the O, gas flow to achieve
nonstoichiometric VO, phases. The resulting samples do not
belong to the well-known specifically V,0,, ; (Magnéli phases),
V,0,,, nor V,0,,., phases,'!l but rather consist of a mixture of
various valence states of vanadium. Our analysis reveals the pres-
ence of vanadium ions in the V3* and/or V** states, with their
relative concentrations dependent on the composition and O, gas
flow rate. We speculate that the unpaired V ions are the source
of the observed ferromagnetism. The observed ferromagnetism
is somewhat surprising because V,0,,, ; are antiferromagnet for
n = 2-8 and VO, (corresponding to n — oo) is paramagnet,!1213]
while our VO, samples (x = 1.53, 1.65, 1.72) are close to the V, 0,
antiferromagnetic phase when we consider the composition only.
According to the ab initio calculations using spin DFT (density
function theory), the magnetic moment of V atom is 1-2 p;
(Bohr magnetron), but they form antiferromagnetic phase so that
the net moment of VO, is almost zero. But, the lack of oxygen
atoms, and oxygen vacancies, induces a ferromagnetic phase. It
must be noted that the magnetization of our Sample 1 is only 1-
2% of a typical ferromagnet whose atomic moment is ~2 y, and
we will explain it later.

Additionally, we discovered significant exchange coupling be-
tween the VO, layers and an adjacent ultra-thin Co layer, which
serves as one of the signatures and possible functionality of
the ferromagnetic VO, phase. A detailed examination of the ex-
change coupling in VO, /Co/Pt trilayer structures indicates that
the spin configurations of the Co layer are notably influenced by
the VO, layers. This suggests that, despite the relatively low net
magnetization of the VO, layers, the atomic moments are on the
order of yj (Bohr magnetron), countering previous predictions
by Xiao.[”?] Consequently, the ferromagnetic VO, phase has the
potential to function as a novel magnetic material, synergizing
with its unique electrical properties for emerging applications.
We believe that our findings broaden the scope of VO, usage in
next-generation multifunctional devices.

2. Results and Discussion

Figure 1 illustrates the magnetization hysteresis curves (a, b) and
the susceptibility (y = dM/0H) (c, d) of various VO, films with
a thickness of 20 nm at temperatures of 10 and 300 K, respec-
tively. Samples 1, 2, and 3 were fabricated using different oxygen
flow rates of 2.5, 3.5, and 4.5 sccm during the magnetron sputter-
ing process (refer to Section 3: Experimental for detailed sample
preparation methods). Detailed information on Samples 1, 2, and
3 is provided in Table 1, alongside comparative data for V,0; and
VO,. It is important to note that V,0, and VO, samples were
also prepared in the same chamber but under different oxygen
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gas flow conditions. The susceptibility y ~ 0 for V,0, and VO,
at both 10 and 300 K suggests that these samples exhibit antifer-
romagnetic and/or paramagnetic phases.

Focusing on Samples 1, 2, and 3, particularly Sample 1, which
was prepared under the lowest oxidation conditions, a distinct
hysteresis loop and y = 10 at both 10 and 300 K indicate ferro-
magnetism, as shown in Figure la-d. In these measurements,
the paramagnetic signal from the 550 um thick Si/SiO, sub-
strate is significant due to its relatively large volume, necessi-
tating careful analysis to accurately obtain the magnetization
hysteresis loops. To mitigate potential errors, the dimension-
less susceptibility y = 0M/0H was calculated, where the para-
magnetic contribution from the substrate introduces an offset
of ~#107°. While y =~ 10 is small compared to typical ferromag-
netic materials, it is significantly larger than the typical values
for paramagnetic and/or antiferromagnetic phases (|y| < 107).
By measuring the Si/SiO, substrate, diamagnetism was elimi-
nated and plotted the derivative of magnetization with respect
to the applied magnetic field to better eliminate the substrate’s
contribution from the signal. The observed magnetization of
13 kA m™! is also considerably lower than that of typical ferro-
magnets (%1000 kA m~). To clarify, VO, was re-fabricated with
the same conditions, and the magnetization error range for each
sample was measured to be 13 + 0.6 kA m~!. We will later dis-
cuss the physical reasons for the 1-2% magnetization of VO,.
Initially, such a low magnetization value may suggest weak ferro-
magnetism or altermagnet.['>1°] However, a rigorous definition
of weak ferromagnetism and altermagnet requires a well-defined
crystal structure, which is not applicable in this context. Addition-
ally, weak ferromagnetism originates from a slight non-collinear
spin alignment of isomorphous atoms in antiferromagnetic ma-
terials, resulting in a finite tilting angle and a non-zero magnetic
moment. The altermagnet necessitates specific crystal symme-
tries to exhibit non-degenerate k-space dependent spin splitting,
which is not applicable to our cases.['”8] We hypothesize that
the observed ferromagnetic properties are due to small volumes
of ferromagnetic phases within an antiferromagnetic phase ma-
trix. This ferromagnet-antiferromagnet composite model will be
discussed in detail later. Consequently, we refrain from labeling
our findings as “weak ferromagnetism” despite the low magne-
tization values. Furthermore, the Curie temperature is evidently
higher than room temperature, indicating that our ferromagnetic
VO, can be utilized in room-temperature magnetic devices.

The magnetization and susceptibility of Samples 2 and 3, pre-
pared under more oxidizing conditions, are smaller than those
of Sample 1, yet they still exhibit ferromagnetic phases. Sam-
ple 1, with the lowest oxidation condition, exhibits the high-
est susceptibility, which decreases gradually with increasing ox-
idation. Samples 1, 2, and 3 were intentionally prepared under
non-stoichiometric conditions to create mixtures of V3* and/or
V* ions, with the ratio of each ion controlled by the oxygen
gas flow rates. Previous studies suggest that unpaired electrons
(V*) and/or oxygen vacancies may serve as the origin of ferro-
magnetism. Therefore, we speculate that the observed ferromag-
netism is closely related to the valence state of oxygen.

To elucidate the physical origin of the ferromagnetism ob-
served in the samples, it is crucial to quantify the relative
amounts of V** and V* ions in Samples 1, 2, and 3. We em-
ployed electron energy loss spectroscopy (EELS) to determine
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Figure 1. The hysteresis loops and magnetic susceptibilities are analyzed to confirm the presence of ferromagnetism in VO,. (a) and (c) present the
hysteresis loops measured at 10 and 300 K, respectively. These loops show that VO, with the lowest oxidation state (Sample 1) exhibits finite magneti-
zation, which is indicative of ferromagnetic behavior. The presence of a hysteresis loop with non-zero coercivity and remanence is a classic signature of
ferromagnetism. (b) and (d) display the susceptibility results for each sample. The magnetic susceptibility (¥ ~ 10) is significant and cannot be explained
by paramagnetic or antiferromagnetic phases alone. This elevated susceptibility further supports the presence of ferromagnetism in the samples. For
a more comprehensive understanding, the hysteresis loops and susceptibilities of single crystal V,0; and VO, were also examined. The comparative
analysis indicates that as the oxidation state of VO, increases, the magnetic moment associated with ferromagnetism gradually decreases. This trend
suggests that ferromagnetism is most pronounced at a specific oxidation level, likely corresponding to a mixed or lower oxidation state. The specifics
of Samples 1, 2, and 3, which are detailed in Table 1, likely include variations in the oxidation states or structural properties of the VO, films. These
variations help in understanding how different oxidation states or structural configurations influence the magnetic properties.

Table 1. In this study, experimental measurements were performed to investigate how the oxidation state of VO, affects the contribution of vanadium
ions, specifically focusing on the changes in valence states as oxygen flow increases. Three complementary methods were employed using TEM-EELS
data to confirm these valence changes. 1) Area Ratio Calculation (Method 1): The first method involved calculating the ratio of the areas under the EELS
spectra corresponding to different oxidation states. This approach provides an estimate of the relative abundance of V3* and V** ions in the samples.
An increase in the area associated with V4* as oxygen flow increases indicates a higher contribution of V4*. 2) 1(Ls)/1(L,) Edge Intensity Ratio (Method2):
The second method analyzed the intensity ratio changes between the L; and L, edges. This ratio is sensitive to changes in the oxidation state and can
be used to differentiate between V3* and V4*. An increasing I(L;)/1(L,) ratio with higher oxygen flow further confirms the growing contribution of V4*.
3) Energy Loss at the L; Edge (Method 3): The third method focused on the changes in energy loss at the Ly edge. By comparing shifts in the L; edge
energy loss, the method provides insights into the oxidation state of vanadium. An increase in energy loss corresponding to V4* suggests an increase in
its contribution with higher oxidation levels. These methods collectively confirmed that the contribution of V4* ions increases as the oxidation state of
VO, rises due to higher oxygen flow. To quantitatively represent this change, the notation V,05, , was used, where p denotes the relative proportion of
V4 This notation effectively captures the gradual transition from a V,05-like state toward a more oxidized state with increased V** content, providing
a clear framework for understanding the impact of oxidation on the valence state of vanadium in VO,.

Oxygen flow [sccm] Area ratio in EELS spectra I(L3)/1(L,) ratio (Method 2) Energy loss (V-L;) [eV] Vanadium oxidation state
(Method 1) (Method 3) (V20s,,)

V,0, 1:0 1.104 518.24 p =0 (V,05)

2.5 0.95:0.05 1.097 518.30 p=0.05 (Sample 1.)

35 0.77:0.23 1.069 518.50 p=0.23 (Sample 2.)

45 0.51:0.49 1.052 518.79 p=0.49 (Sample 3.)

Vo, 0:1 0.983 519.37 p=1(O,)
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Figure 2. In this analysis, transmission electron microscopy-electron energy loss spectroscopy (TEM-EELS) measurements were used to investigate the
oxidation states of VO, samples. The focus was on understanding how the valence states change across different samples and how these relate to known
vanadium oxide phases. a) The TEM-EELS data, which highlights the differences in oxidation states among the VO, samples. By comparing the data
with single crystals of V,05 (gray, representing V3*) and VO, (gray, representing V4*), it is evident that as the oxidation state increases, the material
transitions from a V,0s-like state to a VO,-like state. This is particularly noticeable when examining the L; energy loss, where shifts in energy loss
peaks correspond to changes in oxidation states. The appearance of a bump in the O-K edge as the oxidation state increases suggests the coexistence
of V3* and V#* within the VO, samples. This feature is indicative of mixed valence states, which is a common characteristic in transition metal oxides
with varying oxidation levels. b) A quantitative analysis of valence changes using Gaussian functions applied to the L; edge energy loss variations.
The area ratios measured in panel (a) are used to determine the relative proportions of V3* and V4* in each sample. The red, blue, and olive lines
correspond to Samples 1, 2, and 3, respectively. The ratio of V3* to V4* for Samples 1, 2, and 3 are 0.95:0.05, 0.77:0.23, and 0.51:0.49, respectively. The
results demonstrate a clear trend where the valence state of vanadium in VO, shifts from predominantly V3* to a mix with increasing V4* content as
the oxidation state increases. This progression is crucial for understanding the electronic and magnetic properties of VO,, as the valence state directly
influences these characteristics. The ability to tune the V3* to V#* ratio provides a pathway for tailoring the properties of VO, for specific applications.

these contributions. Figure 2a presents the energy loss spectra
of single-crystal V,0, and VO, (Figure S1, Supporting informa-
tion), as well as the changes in oxidation states of VO, (Sample 1,
2, and 3) using TEM-EELS. As illustrated, the energy loss peaks
of the V-L; edge shift to higher energies with increasing oxida-
tion, transitioning from V, 0, to VO,. Additionally, in the oxygen
K-edge region, the broadening of the spectrum changes progres-
sively with the oxidation state, indicating that the oxidation levels
of VO, in Samples 1, 2, and 3 lie between those of V,0, and VO,.

To quantify the amounts of V** and V** ions in Samples 1, 2,
and 3, we utilized three distinct methods based on EELS spectra.
The first method involves comparing the areas under the energy
loss spectra for V3* and V** ions. The contribution of V3* is de-
noted by aL;(V,0;), while that of V** is denoted by L;(VO,).
As oxidation increases, a decreases and f increases linearly. This
method allows us to determine the relative contributions of V**
and V#* in Samples 1, 2, and 3. The second method involves com-
paring the intensity ratio of the L, to L, edges, I(L;)/I(L,), which
is also indicative of the oxidation states of VO,. Finally, we ex-
amined the linear variation in the peak position of the L edge in
the energy loss spectra, which is known to depend linearly on the
oxidation state.[') All three EELS analysis methods!?*?!! yielded
consistent compositions of V3* and V** ions for Samples 1, 2,
and 3, as summarized in Table 1. This consistency provides evi-
dence that V(I1I, IV) O, exists as a mixed state of V3* and V** ions.
Further details of the analysis methods are provided in Figure S2
(Supporting information).

High-resolution transmission electron microscopy (HR-TEM)
was employed to investigate the microstructural characteristics
of the VO, samples. Figure 3a—c presents the HR-TEM images,

Adv. Funct. Mater. 2025, 35, 2422966 2422966 (4 Of'|0)

where the crystal lattice is scarcely discernible, suggesting a pre-
dominantly amorphous phase. The yellow dashed square in the
inset shows a magnified view to check the crystallinity of VO,
For Sample 1, it was confirmed to be amorphous, while Sam-
ple 2 and 3 exhibit partial weak crystallinity. Additionally, it was
observed that the crystallinity in Sample 3 is more widely spread
than in Sample 2. To facilitate further analysis, fast Fourier trans-
formation (FFT) was carried out as shown in Figure 3d display-
ing an amorphous nature in VO, for Sample 1A. Additionally,
Figure 3e,f display the results for Sample 2A and 3A, respectively,
indicating that with increasing oxidation levels, a weak crystal
structure begins to emerge gradually. To substantiate these obser-
vations, line profiles were extracted by integrating the diffraction
patterns corresponding to the main ring, as shown in Figure 3g—i.
These profiles were obtained by fitting the intensity variations, ex-
cluding background noise, to provide qualitative insights based
on the broadness of the peaks. For comparison, single-crystal
TEM results of V,0; and VO, are presented in Figure S2 (Sup-
porting Information), demonstrating clearly ordered crystalline
structures. Although deriving quantitative information from the
intensity alone is challenging, the breadth of the peak offers
meaningful insight into the atomic structures. In Sample 1A,
which was prepared under the lowest oxidation conditions, the
material exhibits a nearly amorphous state. In contrast, Samples
2A and 3A show diffuse rings in the diffraction patterns with di-
ameters corresponding approximately to the consistent interpla-
nar distances and suggest indicating the presence of weak short-
range ordering toward the oxide lattices. Furthermore, in Sample
3A, points corresponding to a larger distance are observed. These
findings suggest that lattice ordering begins gradually as V3*
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Figure 3. The structural analysis of VO, (Samples 1, 2, 3) with varying oxidation states was conducted using electron diffraction patterns (EDP) and
high-resolution transmission electron microscopy (HR-TEM). a—c) The HR-TEM images of Samples 1, 2, 3. The white dashed boxes highlight the regions
corresponding to VO,. The inset shows a magnified view of the area outlined by the yellow dashed square. This suggests that the material is almost
amorphous, but there is a very small and weak crystalline. d—f) the EDP was obtained by performing a fast Fourier transform (FFT) on the HR-TEM
images. In (d), the absence of bright spots indicates that Sample 1 has an amorphous structure, suggesting a low oxidation state with minimal lattice
ordering. In (e) and (f), an increasing number of bright spots appear as the oxidation state increases. This indicates the formation of a crystalline lattice
structure in Samples 2 and 3, respectively. g—i) The line profiles were extracted by integrating the EDP results, focusing on the main rings containing the
diffraction spots. These profiles provide quantitative insights into structural changes. In (g), the line profile for Sample 1 shows broad, diffuse peaks,
consistent with an amorphous structure and a low oxidation state where V4* ions are sparse. In (h) and (i), the line profiles for Samples 2 and 3 reveal
sharper peaks, indicating increased crystallinity as the oxidation state rises. The analysis suggests that when V** ions are present in very small amounts,
they form isolated domains within an amorphous matrix, leading to the observed ferromagnetism in Sample 1. As the oxidation state increases, the
V#* ions begin to organize into a more crystalline structure, characteristic of VO,, which is associated with paramagnetism. This structural transition

explains the disappearance of ferromagnetism in Samples 2 and 3 as they become more crystalline and transition toward the properties of VO,.

becomes more prevalent than V** due to the changes in oxida-
tion levels during the deposition.

Typically, crystalline V,0; exhibits an insulating phase with
antiferromagnetic (AFM) order. As oxidation increases, the cou-
pling strength between V** ions diminishes, and additional V*+*
ions are incorporated. These additional isolated V** ions con-
tribute to the emergence of a ferromagnetic phase.l®! The rela-
tively small magnetization observed in Samples 2A and 3A can
be explained by the following: with increased oxidation, the num-
ber of V#* ions rises. A higher density of V** ions leads to antifer-
romagnetic coupling between V** jons, which gradually reduces
the volume of the ferromagnetic phase.

In order to confirm that the measured ferromagnetism is from
the V oxide phase itself, rather than the possible presence of mag-
netic minor phase in the samples, along with the consideration
of extending the functionality of the VO, phase for potential ap-
plications, we investigated the exchange coupling of the VO, with
a conventional ferromagnetic layer. A series of VO, (20 nm)/Co
(1.4 nm)/Pt (5 nm) trilayer samples (Samples 1A, 2A, 3A) were

Adv. Funct. Mater. 2025, 35, 2422966 2422966 (5 0f10)

prepared, where the bottom VO, layers are nominally identical
to those in Samples 1, 2, and 3. As previously mentioned, the
reproducibility of the VO, fabricated with the same conditions
was confirmed through repeated measurements. The top 5 nm Pt
layer is included to promote perpendicular magnetic anisotropy.
Figure 4a displays the measured magnetic moment of both VO,
single layer and the trilayer as the temperature is increased from
10 K without applying an external field. During the cooling pro-
cess to 10 K, an in-plane magnetic field (1 T) is applied to satu-
rate the samples. At 10 K, both Sample 1 and Sample 1A exhibit a
positive magnetic moment (labeled “M, ” in Figure 4a), as shown
in the hysteresis loop in Figure 4b. However, as the temperature
increases, the magnetic moment of VO, single layer decreases
but retains a positive value, while Sample 1A shows a switching
from positive to negative magnetic moment at 144 K which is
postulated to be due to a switch of Co layer magnetization from
a positive to a negative spin arrangement at room temperature
(labeled “My” in Figure 4a), as depicted in the hysteresis loop
in Figure 4c. This behavior suggests a strong antiferromagnetic
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Figure 4. The magnetic interaction in the VO, /Co/Pt trilayer system is ex-
amined through the M(T) and M(H) curves. a) The magnetic moment
measurement of the VO, single layer shows a positive magnetic moment
across all temperatures. This indicates that the VO, layer itself exhibits fer-
romagnetic behavior or a net magnetic moment due to its intrinsic prop-
erties, possibly due to isolated V4* ions forming ferromagnetic domains.
In the VO, /Co/Pt trilayer, the magnetic moment behavior changes signifi-
cantly. When the temperature is lowered to 10 K, an external magnetic field
is applied, and then removed, and the trilayer exhibits a negative mag-
netic moment above 144 K. The magnetic moment of the trilayer at 10
and 300 K are denoted by “M,” (green circle, low temperature) and “My”
(purple circle, room temperature), and they are shown in (b) and (c) to ex-
plain the meaning of the negative magnetic moment, respectively. b) The
M (H) curve at 10 K displays a typical hysteresis loop, typical of ferromag-
netic materials, indicating that at low temperatures, the trilayer system
behaves similarly to a ferromagnet. c) At room temperature (300 K), the
M(H) curve is inverted, suggesting a significant change in the magnetic
interaction. This inversion is indicative of antiferromagnetic coupling be-
tween the layers, where the magnetic moments of VO, and Co are aligned
antiparallel, leading to a net reduction in the observed magnetic moment.
The presence of a negative magnetic moment and the inverted M (H) curve
at 300 K suggest that the magnetic moments of VO, and Co oppose each
other, resulting in a net decrease in magnetization.

coupling between the VO, and the ferromagnetic (FM) layers. It
is also noteworthy that the magnitude of the magnetic moment
for Sample 1A is greater at room temperature than at low temper-
ature. This can be explained by the fact that at low temperatures
(“M,”), the value is not saturated and is nearly zero field value, as
shown in Figure 4b. In contrast, the relatively large absolute value
of the magnetic moment at room temperature (“My”) is close to
the saturation value, as indicated in Figure 4c.

To confirm the strong antiferromagnetic exchange coupling
between VO, and Co layers, hysteresis loops were examined at 10
and 300 K for Sample 1A, as displayed in Figure 4b,c. Typically,
the magnetization of Co is known to be ~1400 kA m™!, yet it ex-
hibits a lower value of 800 kA m™"! in the trilayer, indicating the
presence of a finite ferromagnetic phase with the misaligned spin
arrangement. A typical hysteresis loop is observed at low temper-
atures (10 K), while an inverted loop is observed at room temper-
ature (300 K), indicating that switching occurs before the field
direction changes. Inverted loops are known to occur due to vari-
ous causes, particularly attributed to antiferromagnetic coupling.
It is postulated that competition between antiferromagnetic ex-
change bias and ferromagnetic anisotropy energy!?*?3] exists in
the Co layer due to the significant antiferromagnetic exchange
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coupling between the VO, and the FM Co layer. The exchange
bias, the loop shift, in the AFM/FM layer requires certain condi-
tions. For example, according to the Meiklejohn-Bean model,2*]
the parameter R = % > 1 is a necessary condition for the

exchange bias, here KE/ZF is the magneto-crystalline anisotropy
(MCA) of the AFM layer, ¢, is the AFM layer thickness, and J,,
is the exchange coupling constant between the AFM and FM lay-
ers. When R < 1, while the coercive field H, may vary, exchange
bias does not manifest due to insufficient exchange interaction
strength.[]

Based on Figure 4a—c, it can be inferred that the VO, layer
has a substantial magnetic moment which is antiferromagneti-
cally coupled with the Co layer. Similar trends were observed for
Samples 2A and 3A with different coupling strengths with Co
layer. It is important to mention that if Samples 1, 2, and 3 were
weak ferromagnets with a fully antiferromagnetic phase and a
non-zero magnetic moment due to a small tilting angle, the ob-
served data could not be explained. Because the Néel temperature
of VO, phases is nominally far below 200 K,[? the VO, layer is
expected to be paramagnetic at 300 K. Furthermore, the signif-
icant exchange coupling implies that the atomic moment is at
least on the order of yj; otherwise, the coupling strength would
be orders of magnitude smaller. The ~ atomic moment seems
contradictory to the small magnetization of the VO, layer, but this
contradiction can be resolved by a partial volume ferromagnetic
phase model, which will be discussed later.

To elucidate the influence of the VO, layer on the spin config-
uration of Co layers in Samples 1A, 2A, and 3A, azimuthal angle-
dependent Hall effect measurements were conducted. These
measurements help discern how the VO, layer affects the mag-
netic properties of the Co layer, particularly in terms of its mag-
netization direction. When an applied magnetic field is suffi-
ciently strong to saturate the magnetization in the direction of
the field, the magnetization vector M aligns parallel to the field.
The magnetization direction vector can be expressed as # =
(sin 8y, cos @y, sin 8, sin @,,, cos ,,) where 6, is the polar angle
and @,, is the azimuthal angle of the magnetization vector in the
typical spherical coordinate system. The effect is referred as the
planar Hall effect (PHE).[?%?”] Or anomalous Hall effect (AHE)
depending on the direction of magnetization with respect to the
film plane corresponding to 8,, = Z or 0, respectively. The total
Hall resistance R, would be represented as the sum of both AHE

Xy
and PHE contribution as belows:?¢!

R, = % AR,z cos Oy, + %ARPHEsinZHM sin 2¢,, (1)

The current measurement is taken for the purpose of inves-
tigating the exchange interaction between VO, and Co layers.
Given the anticipated weak interaction, we chose to perform mea-
surements with a slight tilt (9,) rather than aligning completely
with either the xy plane or the xz plane (as depicted in Figure 5a).
This approach allows more sensitive detection of subtle changes
arising from the exchange interaction that might be obscured
in a strictly planar or perpendicular configuration. The detailed
measurement schemes, including the specific setup and ratio-
nale behind using a tilted configuration, are elaborated in Note
S1 (Supporting information). This note provides additional con-
text on how the tilt angle (6,) was selected and the ways in which
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Figure 5. The study of the anomalous Hall effect (AHE) in the VO, /Co/Pt trilayer system provides insights into the changes in Co spin arrangement
due to the interaction with VO,. a) The Schematic of the experimental setup for measuring the angular-dependent AHE is illustrated. The setup involves
applying a fixed angle, 6,, from y-axis, while varying the rotating azimuthal angle ¢, to measure the AHE. This configuration allows for the investigation
of how the Co spin arrangement and magnetic interactions change. b,c) The pink curve represents the expected behavior of the AHE based on the
intrinsic properties of the Co/Pt layer, without considering the interaction with VO,. The red, blue, and green curves are the results of AHE of Sample
1A, 2A, and 3A, respectively. Those three curves show a noticeable shift from the simple sine curve. The degrees of the shift are denoted in the figures,
and they indicate variations in the Co spin arrangement due to the interaction with VO,.

it enhances the sensitivity of our measurements to the exchange
interaction.

In this experiment, we fixed the tilt angle §, = — 10° and ap-
plied an external rotating in-plane magnetic field of 0.1 T and
measured R, as a function of azimuthal angle ¢, as shown
in Figure 5a. Because we employed tilted geometry, the R,, ex-
hibits sin ¢, and/or sin 2¢,; dependences corresponding to the
out-of-plane and in-plane components of the magnetization (cor-
responding to the AHE and PHE), respectively. It is noted that
the perpendicular magnetic anisotropy (PMA) is strong enough
at 10 K, hence the 0.1 T in-plane field is insufficient to fully
align the magnetization along the external field in the polar di-
rection, meaning that 0,, # % — 0,. However, it is strong enough
to align the magnetization in the azimuthal direction (¢, =
@y ) for the control sample (Co/Pt without the VO, layer), as
shown in Figure 5b-I. Therefore, without precisely determin-
ing 0, R,, shows a sin ¢, dependence, indicating that AHE
is dominant, and the PHE is negligible, suggesting a small 6,,
under an in-plane field of 0.1 T in our experimental geometry.
When a stronger in-plane external field is applied, the sin ¢
(AHE contribution) diminishes, and the sin 2¢,, (PHE contri-
bution) becomes dominant, as shown in Figure S3 (Supporting
information).

For Samples 1A (red), 2A (blue), and 3A (olive), the ¢, depen-
dent R,, is depicted in Figure 5b-II-IV, respectively. Compared to
the control sample (Figure 5b-1I), these samples exhibit a sin ¢,
dependence with a finite phase shift. These non-zero phase shifts
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imply that the assumption ¢,, = ¢, is no longer valid, providing
further evidence of significant exchange coupling between the
Co and VO, layers. The phase shifts are more clearly illustrated
in polar coordinate plots in Figure 5c. The phase shift is most
pronounced in Sample 1A, which has the largest magnetic mo-
ment, and nearly disappears in Sample 3A, which has the small-
est magnetic moment. These non-zero phase shifts in R, (¢y)
indicate additional in-plane anisotropy induced by the VO, layer.
The magnetic VO, layer introduces an in-plane anisotropy that
can be controlled by varying oxidation conditions, revealing a new
functionality of the magnetic VO, layer that has not been previ-
ously reported. This finding highlights the potential for tailoring
the magnetic properties of these materials for specific applica-
tions by adjusting the oxidation process.

In Figures 2 and 3, it is indicated that the VO, layer contains
a mixture of V3* and V*, and when V3* is predominant and
V*#* is less prevalent, there is a possibility of ferromagnetism
emerging in Samples 1, 2, and 3. This suggests that the ferro-
magnetic phase might be present as randomly distributed grains
within the VO, layer. Based on this observation, we propose
a “partial volume fraction ferromagnetic phase model,” where
~10% of the volume fraction is considered to be in the ferro-
magnetic phase, while the remaining portion is in the antifer-
romagnetic or paramagnetic phase. This model provides a plau-
sible explanation for the experimental results we’ve observed.
It’s important to note that while our model offers a reason-
able interpretation of the findings, it is not the sole explanation.
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Figure 6. The results of micromagnetic simulations for VO, single layer a,c) and VO, /Co bilayer b,d). a) The hysteresis loop of the x-component magneti-
zation as a function of the external in-plane magnetic fields. The saturation magnetization of 15 kA m~" is similar to the experimental results (Figure 1a),
contrary to the input value of M( = 1.0 x 10® Am) for VO,. b) Illustrations of the spin configurations at H, = 0.4 T. The insets show the details
of the spin configurations. The spins of the small portion of the ferromagnetic phases are aligned to the field direction, while the remaining spins of
the antiferromagnetic phases are anti-parallel configurations. The strong pinning between the ferromagnetic and antiferromagnetic phases caused the
slanted hysteresis loop. c) The normalized M, (corresponding experimental AHE signal) as a function of the in-plane field angle ¢, with the external
magnetic field is 0.3, 0.4, 0.5 and, 2.0 T and tilting angle (9, = — 10°). Experimentally observed phase shifts (Figure 5b) are successfully reproduced
under small in-plane fields (corresponding to the strong coupling strength). And this phase shift diminishes when subjected to sufficiently strong fields
(weak coupling). d) Illustration of the spin configurations of the VO, /Co bilayer at H, = 0.4 T. Due to the strong coupling between VO, and Co layers,
small portions of Co spins are strongly pinned by the ferromagnetic VO, phases as shown in the insets. And the coupling causes the phase shift in (c).

The complexity of the system means that other models could
potentially account for the observed behavior as well. To gain
a deeper understanding of the ferromagnetic behavior in VO,
more direct evidence, such as detailed measurements of the
atomic moments and spin configurations within the VO, layer,
would be necessary. Unfortunately, such investigations are be-
yond the scope of our current study. Further research using ad-
vanced characterization techniques, such as X-ray magnetic cir-
cular dichroism (XMCD) or neutron scattering, could provide
more insights into the magnetic properties and confirm the va-
lidity of the proposed model.

To confirm the “partial volume fraction ferromagnetic
phase model,” we carried out micromagnetic simulations with
MuMax3.[?°l Details of simulations are described in 3. Experi-
mental section. We simulated a single VO, layer and VO, /FM
bilayer. The VO, are divided into 200 grains with randomly dis-
tributed anisotropy energy and easy axis direction to mimic the
amorphous nature of VO, layer. And we set ferromagnetic ex-
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change coupling for only 2% of grains (4 grains), and the remain-
ing grains have antiferromagnetic exchange coupling. We used
random inter-grain exchange coupling energy. We assumed that
the magnetization of VO, layer is M, (= 1.0 x 10° Am™). It
is comparable value with the typical ferromagnet materials, and
much larger than our experimental results. We will explain the
reason of such a large value of M,y. And FM layer has typical
ferromagnetic Co properties with PMA (= 0.7 x 10° ] m™3).
Figure 6a presents the micromagnetic simulation hysteresis
loop of the x-component magnetization as a function of exter-
nal in-plane magnetic fields (ranging from -5 to +5 T) along
the x-axis for a single VO, layer. The plot focuses on the re-
gion from —1 to +1 T to highlight the details in the low-field
region. We adjusted the material parameters of VO, to replicate
the experimentally observed hysteresis loop (refer to Figure 1a).
It is important to note that the simulated magnetization is
15 kA m™!, which represents only 1.5% of the input value for
VO, (M, = 1.0 X 10° A m™'). We set the M, value of VO, to
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that of typical ferromagnetic materials to reflect the reported
atomic moment of the V** ion (~1 uy). Therefore, the result of
15 kA m™! is not unexpected, given that only 2% of the volume is
attributed to the ferromagnetic phase, while the remaining por-
tion consists of the antiferromagnetic phase. The spins in the
antiferromagnetic phase effectively cancel each other out and do
not contribute to net magnetization. Furthermore, the interfacial
spins between the ferromagnetic and antiferromagnetic phases
are also exchange coupled, so that the interface spins of the ferro-
magnetic phase cannot contribute to the net moment in the small
field region. Consequently, the observed 1.5% of M, for VO, is
consistent within this simulation framework, implying that the
actual volume fraction of the ferromagnetic phase in our sample
is likely order of 1%. Our partial volume fraction ferromagnetic
phase model provides an explanation for the experimental obser-
vations of the low magnetization (~1% of that of a typical fer-
romagnet) corresponding to the atomic moment of the V** ion
(~1 pp). At first glance, this may appear contradictory; however,
the partial volume fraction ferromagnetic phase model effectively
resolves this discrepancy.

In Figure 6D, the spin configuration in the VO, single layer
was visually demonstrated using MuView!*”) at H, = 0.4 T. In
this illustration, the small portion of the ferromagnetic phase
surrounded by the antiferromagnetic phases is clearly shown.
More details of the spin configuration of ferromagnetic and an-
tiferromagnetic phases are shown in the insets. Only 2% of
volume fractions are ferromagnetic phases in our simulations,
which are easily saturated but pinned with the surrounding an-
tiferromagnetic phases. The pinning caused the slanted loop
shapes in Figure 6a. At 0.4 T of external magnetic field, it
is only partially saturated due to the antiferromagnetic phase.
This behavior qualitatively aligns well with the experimental
results.

Next, we try to reproduce the experiments of the phase shift in
R, (¢y) of VO, [Co/Pt trilayer samples in Figure 5b-I-1V, which
is clear evidence of the non-zero magnetic coupling between VO,
and Co layers. We simulate the M, (¢,;) of Co layer which inter-
acts with VO, layer with tilting angle (6, = — 10°) in Figure 6c.
When the external magnetic fields of 0.3, 0.4, 0.5, and 2.0 T, are
applied we successfully reproduced the experimentally observed
phase shift R,, (@) of Figure 5b under small in-plane fields.
However, this phase shift diminishes when subjected to suffi-
ciently strong fields. It is important to note that we varied the
field strength while maintaining a fixed coupling energy between
Co and VO, layers (as depicted in Figure 6¢), which is physically
equivalent to applying a fixed field with varying coupling strength
(as shown in Figure 5b-II-IV).

Figure 6d illustrates the magnetization configurations gener-
ated by the interaction between VO, and the Co layers in the
bilayer at H, = 0.4 T. The sizeable exchange coupling between
VO, and Co layers makes complex magnetization configurations
of Co layer, and it is the source of the experimentally observed
phase shift. Even though only a few % of Co spins are pinned
by the ferromagnetic VO, phase, it affects overall hysteresis and
magnetization configurations. We can confirm that the pinned
Co spins are just above the ferromagnetic phases of VO, layer.
This indicates that the spin arrangement of the FM layer result-
ing from the interaction with VO,, and the spin configuration
of the FM layer can be controlled by the variation in the ratio of

Adv. Funct. Mater. 2025, 35, 2422966 2422966 (9 0f10)

www.afm-journal.de

V3* and V** (or oxidation processes), leading to the emergence
of ferromagnetism.

3. Conclusion

In conclusion, this study identifies the specific changes in mag-
netic properties that occur at various oxidation states in VO,
thin films, as well as the interactions that arise with the FM
layer. Notably, the oxidation of VO, was tailored to produce dif-
ferent proportions of V3* and V*. This modulation of VO,
composition allows for the adjustment of the ratio between an-
tiferromagnetic and ferromagnetic phases. Furthermore, it in-
dicates the potential to control the interaction with the ferro-
magnetic layer through variations in the oxidation process. To
validate these characteristics, anomalous Hall effect measure-
ments were conducted in the ¢, direction, with the z-direction
angle (,) fixed. The results revealed a shift in angle depen-
dence, demonstrating the ability to regulate interactions with
the ferromagnetic layer by modifying the oxidation of VO,. Ad-
ditionally, employing gating with a bias voltage to alter the ox-
idation of VO, suggests the potential to influence spin-orbit
coupling with the resulting ferromagnetic layer. This opens
up the possibility of exclusively controlling voltage-induced
phenomena, including voltage-controlled magnetic anisotropy,
Dzyaloshinskii-Moriya interaction, exchange bias, and domain
wall motion, which are essential building blocks of modern
spintronics.

4. Experimental Section

Sample Preparation: In this study, VO,, Co, and Pt layers were sequen-
tially deposited on a thermally oxidized silicon wafer using a magnetron
sputtering system. The process began with the deposition of a 20 nm thick
VO, layer, achieved through reactive sputtering with a metallic vanadium
target. During this deposition, the chamber’s working pressure was main-
tained at 2.0 mTorr. Argon (Ar) and oxygen (O,) gases were introduced
into the chamber, with their flow rates precisely controlled by mass flow
controllers. The O, gas content was varied from 6.9% to 18.4% to explore
different oxidation conditions. Following the VO, layer deposition, a Co
layer with a thickness of 1.4 nm was deposited to investigate its magnetic
properties. Finally, a 5 nm thick Pt layer was deposited on top of the Co
layer.

Sample Characterization: In this study, several characterization tech-
niques were employed to investigate the properties of VO,, Co, and Pt
films.

Sample Characterization—Binding Energy Spectra: High-resolution
transmission electron microscopy (HR-TEM) was used at room tempera-
ture to obtain binding energy spectra of single-layer VO, films with a thick-
ness of 20 nm. This technique helps in understanding the electronic struc-
ture and chemical state of the VO, layer.

Sample Characterization—Magnetization Measurements: The mag-
netic properties were assessed using a Magnetic Properties Measurement
System (MPMS) equipped with a superconducting magnet capable of
reaching up to 5 T. The magnetic moment as a function of temperature
was recorded starting from a saturated state at 10 K under a magnetic field
of 1T. The measurements were then continued up to 300 K after removing
the external magnetic field to observe the thermal stability and magnetic
behavior of the films.

Sample Characterization—Longitudinal Resistivity: The angular depen-
dence of longitudinal resistivity was measured at 10 K under a 0.1 T mag-
netic field using a Physical Properties Measurement System (PPMS). A
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four-point resistance measurement setup was employed to ensure accu-
rate resistivity measurements by minimizing contact resistance effects.

Sample Characterization—Hall Effect Measurements:  The Hall effect in
the VO, /Co/Pt trilayer was investigated using the Van der Pauw method.
This method is effective for measuring the Hall voltage and determining
the carrier concentration and mobility in thin films.

Sample Characterization—Spin Arrangement Analysis:  To analyze the
influence of the VO, layer on the cobalt layer, spin arrangements were ex-
amined by tilting the samples at an angle of , = — 10°. This approach
helps evaluate the impact of the VO, layer on the magnetic anisotropy and
spin configuration of the Co layer. These comprehensive measurements
provide insights into the electronic, magnetic, and transport properties of
the VO, /Co/Pt multilayer structure, allowing for a better understanding of
the interactions between the layers and the overall behavior of the system.

Micromagnetic Simulations: Micromagnetic simulations were con-
ducted using MuMax3[?°! to gain a deeper understanding of the interac-
tions between the VO, layer and the ferromagnetic (FM) Co layer. These
simulations numerically solve the Landau-Lifshitz-Gilbert (LLG) equation
to model the magnetic behavior of the system. The simulations considered
a film with dimensions of 100 x 100 X N, nm?, where N, represents the
total number of cells to z-direction. The cell size used in the simulations
was 1 x 1x 0.25 nm3. The thickness of VO, layer was set is 10 nm and
the Co layer is 0.5 nm, respectively. For the Co layer, the following material
parameters were used: M, = 1.0 x 10° Am~", the exchange stiffness A,,
= 2.0x 107" ) m~T, magnetic anisotropy energy K = 0.7 x 10% ) m3,
interfacial DM interaction energy density D = 1.0 m| m~2. For the VO,
layer, which is assumed to be in a state close to amorphous and thus dif-
ficult to define precisely, the following parameters were set: M, = 1.0 x

106 AmTA, =20 x 107" m~, Kyo, = 0.05 X 10° ) m=3, Dy, =
0.001 m) m~2.

These parameters for VO, were varied over a wide range to ensure the
simulations could reproduce the experimental observations. Although the
chosen parameter set successfully replicated the experimental results, it
is important to note that these values may not represent the actual ma-
terial properties of VO,. Instead, they are one possible set of parameters
that align with the observed behavior in the experiments. The simulations
provide valuable insights into magnetic interactions and help to interpret
the experimental findings, although further experimental validation would
be necessary to confirm the exact material properties of the VO, layer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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