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Signature of room-temperature two-dimensional ferromagnetism in Tay 7V 335€;
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The discovery of ferromagnetism in van der Waals materials attracts intense research interest and holds
profound implications for two-dimensional spintronic devices. However, in most cases the Curie temperature
of van der Waals ferromagnets is much lower than room temperature, hindering their potential for device
applications. In this study we report the discovery of room-temperature ferromagnetism in layered Tag ¢7 Vo 33Se€,.
The single crystal is synthesized through the partial replacement of tantalum with vanadium. The crystal structure
of Tay 7 Vo.335€; closely resembles that of both 1T-VSe, and 1T-TaSe,. The resultant Tag¢; V.33S€e, exhibits a
Hall sign reversal at around 60 K, with the dominant carrier changing from electron type at higher temperatures
to hole type at lower temperatures. The anomalous peak is observed in the longitudinal resistivity near the
critical temperature, which is ascribed to the temperature-induced Lifshitz transition. Despite the fact that
bulk 1T-VSe, and 1T-TaSe, are paramagnetic, Taj¢;Vo335€, displays room-temperature ferromagnetism, as
evidenced by the hysteresis behavior observed in the field-dependent magnetization. Collective anomalies are
observed at about 60 K in both magnetization and transport measurements, indicating a strong correlation
between electric and magnetic degrees of freedom. Moreover, room-temperature ferromagnetism is confirmed in
few-layer Tag 67V .335e, through magneto-optic Kerr measurements. Our work provides a strategy for accessing
two-dimensional high-Curie-temperature magnets, which hold promise for potential applications in spintronic

devices.

DOI: 10.1103/PhysRevB.110.184427

I. INTRODUCTION

The emergence of van der Waals ferromagnetic ma-
terials [1,2] has expanded the family of two-dimensional
(2D) materials and pointed out the potential for various
spintronic applications, including magnetoresistive random-
access memory [3], magnetic sensors [4], and spin valve
devices [5].
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The screening effect is suppressed in 2D, which facilitates
external control of magnetic property by various mechanisms,
including strain [6,7], intercalation [8,9], and electromag-
netic field [10-12]. In transition-metal dichalcogenides, for
instance, magnetic element doping [13-16] and the applica-
tion of electric fields [13] or lasers [17] have successfully
demonstrated the control of magnetic order. In MnX, (X = S,
Se) [18,19] or CrX;, (X = Se, Te), stress plays a role in mod-
ulating magnetism [20]. Additionally, even a slight change in
the number of layers can lead to a drastic variation in the Curie
temperature (7;). In the case of MnSn [21], increasing the
number of layers from one to three results in a nearly 200 K
increase in 7.

©2024 American Physical Society
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Thus far, many noteworthy phenomena have been discov-
ered in two-dimensional magnets, laying the foundation for
the development of diverse applications in this field. These
phenomena include the identification of the quantum anoma-
lous Hall effect in MnBi, Te4 [22], as well as the recognition
of nonreciprocal magneto-phonon effect and two-dimensional
magnons in Crlz [23] or CrCl; [24,25]. Experimental break-
throughs have yielded several prototype spintronics devices,
opening up promising possibilities for future applications.
Notable examples include spin valves based on FeX; (X =
Cl, Br, I) [26,27] or metasurfaces, Crlz-based spin filters
[28,29], and spin field-effect transistors constructed with Crl;
or 2H-VX, (X =S, Se, Te) [30,31].

The material family with two-dimensional ferromagnetism
generally started with low 7. For instance, widely recognized
materials like CrX3 (X =1, Br) [11,32-34] and CrXTe; (X =
Si, Ge) [10,35-37] exhibit 7; in the tens of Kelvin. Higher
T. are found in CrSe, nanosheet (110 K) [38,39], GaM-
nAs (160 K) [40], Fe;GeTe; (200 — 230 K) [41,42]. Only a
limited number of materials exhibit ferromagnetic properties
with a T, close to or higher than room temperature. Reported
systems encompass Fes_,GeTe, (x =0, 1) (260—310 K)
[43,44], Fe;GaTe, (367 K) [45], 1T-CrTe; (300 K) [46], and
epitaxially-grown MnSe, nanofilms (310 K) [47].

Considerable efforts have been devoted to further
enhancing 7. In Fe;GeTe, [48], MnX; (X =S, Se) [18],
straining leads to changes in bond length and bond angle,
thereby affecting the magnetic exchange parameters and
raising the 7;. The another strategy entails the introduction of
heterostructures, which impacts the proximity coupling
effect and interlay charge transfer between interfaces
[49-52]. For instance, the CrsTeg/CrTe, heterostructure
has recently demonstrated robust 2D ferromagnetism
[53]. Gating technique allows effective modulation, not
only on the T, but also on the saturation magnetization
(M) and coercive field (H.). In the case of bilayer Crls,
gating not only alters 7, but also transforms the interlayer
coupling from antiferromagnetic to ferromagnetic [54,55].
Magnetic doping provides an alternative and yet extrinsic
method, where ferromagnetism and high 7; is introduced
by adding magnetic atoms (Fe, Co, Ni, Cr, Mn) to the
two-dimensional materials [13-16,56-58]. The 7. of
most room-temperature 2D ferromagnets is lower than
360 K; a higher 7, might provide better stability and perfor-
mance of spintronic devices working at room temperature.

In this work we present the synthesis of 2D room-
temperature van der Waals magnets Tag¢7Vo.33Se, and the
discovery of its room-temperature ferromagnetism in both
bulk and few-layer form. The Tape7Vo33Se, single crys-
tal is prepared by chemical vapor transport (CVT), and its
stoichiometric composition is characterized using energy-
dispersive x-ray spectroscopy (EDS) and x-ray photoelectron
spectroscopy (XPS). The crystal structure is found to be
identical to that of 1T-TaSe, and 1T-VSe,, as confirmed
by the x-ray diffraction (XRD), while Raman spectra reveal
substantial variations in phonon dynamics. At approximately
60 K, we observe a Hall sign reversal and a peak in
longitudinal resistivity, suggesting a possible temperature-
induced Lifshitz transition, as such a transition is often
associated with resistivity or thermoelectric features [59-64].

Magnetization measurements also illustrate a similar anomaly
at 60 K, signaling a strong coupling between electric and mag-
netic properties. Furthermore, upon sweeping the magnetic
field (H) back and forth, we identify prominent and persistent
hysteresis up to 400 K, demonstrating the room-temperature
ferromagnetism of Tag 7V 33Se; with perpendicular mag-
netic anisotropy. The room-temperature ferromagnetism per-
sists in the few-layer limit, as evidenced by magneto-optic
Kerr measurements. Our work reports a room-temperature 2D
ferromagnetic material and paves a step in developing and
implementing room-temperature 2D ferromagnetism.

We synthesize Tagg7V335€, by partially replacing tan-
talum with vanadium in 1T-TaSe,. Both TaSe, and VSe,
[65,66] are well-known 2D materials that can be easily grown
and exfoliated. Of these, 1T-TaSe, is considered a candidate
for quantum spin liquid [67]. In its bulk form, it undergoes
a charge-density-wave (CDW) transition at 475 K and forms
a /13 x /13 superlattice structure [68]. On the other hand,
the monolayer TaSe, exhibits a Mott-insulator-metal transi-
tion [69]. Meanwhile, 1T-VSe, experiences a similar CDW
transition at around 110 K [70]. The transition temperature
gradually decreases as the material thickness is reduced [71]
but suddenly increases to 135 K in the case of a monolayer
[70]. In general, it shows paramagnetic behavior in the bulk
form, while the existence of monolayer magnetism is still
under debate [72,73].

II. RESULTS AND ANALYSES

As shown in Fig. 1(a), single-crystal Tag 67 Vo .33Se; is pre-
pared by the CVT method. Ta, V, and Se powders were mixed
inamolarratioof 2 : 1 : 6, with iodine serving as the transport
agent. The mixture was then sealed in a vacuum quartz tube
and placed into a two-zone furnace. After holding for about
one week, 5 mm x 5 mm shiny flakes were grown in the
cold zone (refer to the Methods section for more details).
The chemical ratio of the reactants has minimal impact on the
ratio of the product (Ta: V: Se & 2:1: 6), indicating that
Tap7Vo.335€, likely possesses a metastable structure. The
as-grown crystal is easily exfoliated for subsequent transport
and optical experiments.

Similar to the parent compound 1T-VSe; and 1T-TaSe,,
Tap67Vo.335€; is expected to crystallize in a trigonal crystal
structure with the space group P3m1 [Fig. 1(b)]. To examine
the crystal structure and quality of the Tag¢7 Vo 335€e, crys-
tal, XRD measurement is conducted, as shown in Fig. 1(c).
The green, red, and gray curves represent the XRD patterns
of 1T-VSe,, Tay¢7Vo335€,, and 1T-TaSe,, respectively. The
XRD patterns exhibit similarities across different compounds,
and the extracted lattice constant ¢ = 6.15 A of Tag67Vo335€2
lies between the value of 1T-VSe; (¢ = 6.13 /0\) and 1T-TaSe,
(c = 6.27 A). This similarity is a natural outcome of ele-
mentary substitution, which has a minor impact on the lattice
constant. The presence of a single set of XRD peaks supports
Tagp7Vo.335€, as a distinct crystal type rather than a mix-
ture of both TaSe, and VSe, phases. Otherwise, peaks from
both compounds would be expected. This is further supported
by scanning tunneling microscopy (STM) (Extended Data
Fig. 7). The elemental composition of the as-grown samples is
determined using EDS spectrum (Extended Data Fig. 8) based
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FIG. 1. Crystal structure and characterization of Tag ¢7 Vo 335€,. (a) Schematic diagram of the chemical vapor transport. (b) Crystal structure
of 1T-TaSe; and 1T-VSe;,. In the as-grown Tag 67V 335€e,, Ta atoms are partially substituted by V atoms. (c) X-ray diffraction patterns of VSe,
(green), Tag 67 Vo335€, (red), and TaSe, (gray). It suggests that the lattice structure remains nearly identical during the elementary substitution.
The coexistence of 1T-TaSe, and 1T-VSe, phases can be ruled out. Otherwise, the peaks of both 1T-TaSe, and 1T-VSe, would appear.

on the scanning electron microscope (SEM). The crystal is
found to exclusively consist of Ta, V, and Se. Based on the
EDS spectra and elemental mapping images [Extended Data
Figs. 8(b) and 8(c)], the stoichiometric ratio is determined to
beTa:V: Se =22.5:13.3:64.2, and the results are repeat-
able within the same batch. The composition of Se element is
slightly lower than expected, suggesting the existence of Se
vacancies.

The XRD spectrum provides information on the crystal
structure and lattice constant, while Raman spectroscopy is
more sensitive to elementary substitution. For space group
P3m1, the irreducible representation of the corresponding
vibrational modes is written as [74-77], I' = Ajg + Ez(2) +
2A5, +2E,(2), where Aj, and E, are Raman active, Ay,
and E, are infrared active. Here, both of E¢(2) and E,(2)
denote doubly degenerate modes. Figure 2(a) shows compar-
ative Raman spectra of Ta;_,V,Se; (x =0, 0.33, 1). The A,
(207 em™!) mode is observed in VSe,, while the E; mode
is negligibly weak at room temperature [78]. The inset in
Fig. 2(a) exhibits the out-of-plane vibrational mode of Se
atoms (Ayg). Similarly, the spectrum feature near 187 cm™!
of TaSe; corresponds to the A;; mode. The Raman spectrum
of Tag ¢7Vo.335¢, shows distinct features of peaks at 180 cm™!
and 230 cm ™!, which agrees with the sensitivity of the Raman
spectrum upon chemical substitution.

XPS is conducted to further investigate the elementary
composition. The dotted, green, and purple curves present
the raw data, background, and fitting results, respectively.
Ta-4f core levels are displayed in Fig. 2(b). The peaks (in
red) corresponding to Ta-4f7,, and Ta-4fs5,, are located at
23.8 eV and 25.7 eV, respectively, indicating a +4 valence
state for Ta [79,80] and a 1.9-eV spin-orbital splitting. Two
blue peaks, 4 f7,> and 4 f5,, at the binding energies of 26.5 eV
and 28.4 eV, are caused by the inevitable oxidation under am-
bient atmosphere [80]. Furthermore, the prominent features in
Fig. 2(c) are the twin peaks (pink and blue) corresponding
to V-2p3» (517 €V) and V-2p;,, (524 eV), indicating the
presence of solely 44 valence state for V [81]. The doublet in
Fig. 2(d) matches Se-3ds;, (55.0 eV) and Se-3d3/, (55.9 eV),
confirming the presence of Se>~. These findings collectively
demonstrate that the crystals contain Ta*t, V4*, and Se>~
bonds, except for the oxidized part.

Transport measurements are carried out to probe the elec-
trical properties of Tag ¢7Vo.33Se,. Thin flakes with a thickness
on the order of 100 nm are obtained through mechanical
exfoliation. A standard Hall bar device is fabricated by pho-
tolithography. The experimental configuration is illustrated
in the schematic plot [inset in Fig. 3(a)], where the AC
current is applied along the a axis and the magnetic field
is maintained parallel to the ¢ axis. Figure 3(a) presents
the normalized temperature-dependent longitudinal resistiv-
ity, revealing an apparent peak around 60 K. Meanwhile,
Hall resistivity (poyy) [Fig. 3(b)] exhibits a sign reversal
around this temperature, with the slope changing from pos-
itive at low temperatures to negative at high temperatures.
The Hall coefficient (Ry = px,/B) in Fig. 3(c) is obtained
by the linear fitting of p.,. The blue and orange colors
indicate the hole-dominating regime at lower temperatures
and the electron-dominating regime at high temperatures,
respectively.

Upon closer examination of the Hall resistivity, a nonlinear
response to the magnetic field becomes apparent. As depicted
in Fig. 3(d), the Hall resistivity at 30 K (upper first panel)
exhibits a perfectly linear response with a positive slope, indi-
cating single-hole-carrier transport. At 60 K and 85 K (upper
second and third panel), Hall resistivity deviates from linearity
with sign reversal around transition temperature. It implies
that carriers do not simply transition from a single-electron to
single-hole state near the transition temperature but undergo
a coexistence and competition. At a much higher temperature
(upper fourth panel), the Hall resistivity once again returns
to a perfect linear relationship, but with a negative slope. To
quantitatively analyze the two-carrier transport, a two-band
model [82,83] was employed to fit the Hall resistivity:

_ ko il + o~ noit’

xy = )

e [unnn + penel® + pipl(ny — ne)* u3H?

where e represents the electron charge, and n, (n;,) denotes
the electron (hole) carrier concentration. Similarly, p. (wy)
stands for the electron (hole) mobility. The fitting results
are presented in Fig. 3(e). At low temperatures, only hole
carriers are involved. Thereafter, as the temperature rises, a
gradual increase in the electron concentration (red curve) is
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FIG. 2. Raman and XPS spectra of Tage7Vo33Se,. (a) The Raman spectra of VSe,, Tags7Vo335€,, TaSe, thin flakes. The identified
vibrational modes are labeled near the peaks. (b)—(d) The XPS spectra of Tay7Vo33Se,. (b) Ta-4f core levels. The red and blue peaks
mark the binding energy of Ta*" and Ta>*, respectively. (c) 2p peaks of V**. Pink peak marks V-2p; », and blue peak marks V-2p; . (d) 3d
peaks of Se?~. Se-3d; /2 and Se-3d3,, are shown as red and blue peaks, respectively.

accompanied by a decrease in the hole concentration (blue
curve). The two curves intersect at around 60 K and then
reach saturation above 120 K. At the high-temperature end,
electrons solely contribute to the conductivity.

The overall temperature dependence of longitudinal resis-
tivity and Hall resistivity can be explained by a temperature-
induced Lifshitz transition. This transition occurs in a metallic
system that has both electron and hole pockets with finite
overlap on the energy scale. At a low temperature [lower
first panel in Fig. 3(d)], the Fermi level only crosses the hole
pockets, leading to single carrier transport. As the temperature
increases, the Fermi level rises, leading to a Lifshitz transition
between 30 K and 60 K. This transition causes the number of
Fermi surfaces to change from one to two, but it does not cause
an abrupt change in the resistivity unless the quantum oscil-
lation is observed. At 60 K (lower second panel), the Fermi
level starts to intersect with the conduction band, while the
valance band still dominates the transport. Therefore, holes
act as the major carriers, while the presence of electrons leads
to the deviation from the linear Hall response. At the transition
temperature, where the contributions of the conduction and
valence bands are compensated, a Hall sign reversal occurs.
The compensation of the carriers also induces the longitudinal
resistivity to reach its maximum. At higher temperatures, the

Fermi energy continually rises away from the valence band
(lower third and fourth panels), resulting in single-electron
transport behavior.

Due to the presence of the magnetic element, vanadium,
we explore the magnetic properties of Tag¢7Vo335€, by su-
perconducting quantum interference device (SQUID). The
magnetization in both the out-of-plane and in-plane config-
urations is measured as a function of temperature, revealing
distinct behavior [Fig. 4(a)]. In the out-of-plane configura-
tion, the zero-field cooling (ZFC) curve (in red) does not
overlap with the field cooling (FC) curve (in gray) throughout
the entire experimental regime (2—400 K), indicating thermo-
magnetic irreversibility. In contrast, the two curves almost
overlap in the in-plane configuration. Thus, Tag 67V .335€2
possesses long-range magnetism with perpendicular magnetic
anisotropy. Furthermore, collective anomalies are found in
both transport and magnetization, as shown in Fig. 4(b). The
Hall coefficient undergoes a sign change, and the longitudinal
resistivity has a peak (upper panel), while the magnetization
shows a similar anomalous peak at around 60 K (bottom
panel). This implies a correlation between the electric and
magnetic degree of freedom in Tag 7V 335€,, possibly orig-
inating from itinerant magnetism with the Stoner mechanism
[84]. When the Fermi level crosses both the edge of the
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FIG. 3. Magnetotransport measurement of Tage;V¢335¢, films. (a) Temperature dependence of normalized longitudinal resistivity. A
resistivity peak is observed around 60 K. The inset is the sketch of the standard Hall bar device and experimental configuration. (b) Hall
resistivity oy, at different temperatures, showing sign reversal around 60 K. (c) Temperature dependence of Hall coefficient Ry extracted by
linear fitting of p,,. Dominating carrier type changes from electron at higher temperatures to hole at lower temperatures. (d) Hall resistivity
at typical temperature and corresponding energy band diagram. The blue and red solid lines in upper panels are Hall data from experiments,
and the black dashed lines are the linear fitting. At the lowest and highest temperature, the Hall resistivity is perfectly linear with the magnetic
field, despite the opposite sign of the slope. Close to the temperature regime of Hall sign reversal and longitudinal resistivity peak, the Hall
resistivity deviates away from linearity, indicating the two-carrier transport. The observed Hall and longitudinal behavior can be explained
by the temperature-induced Lifshitz transition, as shown in the bottom panel. The slight overlap between the conduction band and valence
band allows both types of carriers to be near the transition temperature and explains the single-carrier transport at much higher and lower
temperatures. (¢) Temperature-dependent carrier concentration fitted from the two-band model. The red and blue curves denote electron
concentration and hole concentration, respectively. Near the critical temperature, both types of carriers contribute to the transport.

conduction and valence bands at the critical temperature, the
density of states is maximized, leading to a strong modulation
of the magnetization.

Temperature-dependent M-H measurements present long-
lasting hysteresis, as shown in Fig. 5(a), over a temperature
range of 2 K to 400 K. To enhance visualization of the
hysteresis at high temperatures, the curves above 300 K
are magnified by a factor of 5. The persistence of hys-
teresis over 350 K and the thermomagnetic irreversibility
in the M-T curve indicate the room-temperature ferromag-
netic properties of Tape7Vo.33Se,. Notably, the M-H curve
exhibits a typical magnetic biphasic response below 300
K. To separate these components, we fit the experimental
M-H curves [Fig. 5(b)] by a two-component Curie-Weiss
model [85] M =M, + M, = A, -tanh[B, - (H £ C))] + A -
tanh[B, - (H & C,)], where A represents the intensity of sat-
uration magnetization (Mg), C denotes the coercive field
(Hp), and the subscript denotes the component index. The
fitting curve in Fig. 5(b) agrees with the experimental curve

[Fig. 5(a)], supporting the biphasic characteristics of the
Tay67Vo.335¢€2. The decoupled components at typical temper-
ature (2 K) are plotted in Extended Data Fig. 9. The fitted Mg
and Hg from both components decrease as the temperature in-
creases. The saturation magnetic moment of phase 1 is almost
double the value of phase 2. This value (A; /A, & 2) remains
stable as temperature varies. On the contrary, the coercive
field of phase 1 is much larger than phase 2. The difference is
maximized at low temperatures. Thus, phase 1 dominates the
overall magnetic behavior of the system, while phase 2 mainly
determines the low-field response due to a small coercive field
around 200 Oe. In retrospect, the transport results (Fig. 3) of
the thin flake of Tagy¢7Vo33Se, did not directly provide evi-
dence of magnetism, which could be attributed to the overall
weak magnetization strength of the system.

Since the room-temperature ferromagnetic and exfoliative
properties have been verified in bulk Tag 7V 33Se,, it is rea-
sonable and intriguing to anticipate high-T;. ferromagnetism in
few layers. We perform the magneto-optical Kerr experiment
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(c) Temperature-dependent variation of fitting parameters. As the temperature increases, the saturation magnetization and coercive field both

decrease monotonically.
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FIG. 6. Magneto-optic Kerr effect (MOKE) measurement of the
Tag67Vo.335¢e,. () MOKE hysteresis loops measured from few layers
to bulk. The measurement is conducted at the room temperature
(T =300 K). (b) Images of few layers, multilayers, and bulk
Tag67Vo.335¢,. The length of the white scale is 30 wm, and each grid
on the graph paper represents 1 mm. All images correspond to the
curves in (a).

on Tag 67 Vo.335¢, of different thicknesses at room temperature
(Fig. 6). The samples are prepared by mechanical exfolia-
tion, and thickness is determined by optical contrast. It is
evident that all samples exhibit a prominent Kerr rotation
compared to the background signal of the Si/SiO, substrate.
It excludes the possibility that the Kerr rotation and hystere-
sis originated from either the substrate or the measurement
system. This corroborates the presence of room-temperature

(a) (b)

FIG. 7. Scanning

(STM) of the
Tage7Vo335e,. Images were taken in four different scales: (a)
40 nm, (b) 20 nm, (c) 10 nm, and (d) 2 nm. The sample was
measured at V. =—15 V and I =10 pA at liquid nitrogen
temperature.

tunneling microscopy

ferromagnetic properties in Tag g7 Vo.335€,, regardless of few-
layer or bulk forms. Furthermore, it is noteworthy that the
coercive field gradually increases as the number of layers
decreases. This phenomenon agrees with previous findings in
other 2D magnetic systems [84,86-91] and can be attributed
to the influence of the structure of magnetic domains in a few
studies [92,93].

Moreover, the presence of long-range magnetic order in
Tag67Vo335€; is surprising, since none of the bulk TaSe,
and VSe, is ferromagnetic at room temperature. To clarify
the potential magnetic sources in the system, we carried out
first-principles calculations. The lattice structure used in the
computation is based on a supercell comprising three unit cells
of VSe, [94], where two of the three V atoms are replaced by
Ta atoms to form Tag 67 Vo 335€; (see Extended Data Fig. 10).
The calculated energy of the ferromagnetic state Egy is lower
than that of the nonmagnetic state Exy (Epm — Enm ~ —0.4
eV per formula unit). The magnetic moment per V atom is
1.84 uz, which could be affected by both Se vacancies and
dimensionality reduction from bulk to monolayer structure.
In the case of including Se6 vacancies, the magnetic moment
almost does not change but could be increased to 2.39 u, if
switching V and Ta positions. In the case of using a mono-
layer sample, the magnetic moment becomes larger (1.91 pg),
which is caused by a larger Coulomb repulsion arising from
the lack of interlayer interactions as suggested from the case
of VSe, [95]. The theoretical finding demonstrates that the
ferromagnetism in Tag g7V 335€; arises from the interplay be-
tween the localized magnetic moments of V and the magnetic
moments induced by Se vacancies, which agree with previous
studies [96—-101] on PtSe,, VSe,, and NbSe,, where the occur-
rence of magnetic moments are associated with Se vacancies.
It is essential to acknowledge that the first-principles calcula-
tions at this stage provide a possible intuitive understanding.
The preliminary calculations mentioned above do not exclude
the possibility of more complex defect configurations or mag-
netic structures in the Tag 7V 335e>.

Given its intriguing and persistent room-temperature
magnetism, we find it pertinent to explore the potential for ma-
nipulating the magnetic properties in Tag 7V 33Se, through
future research endeavors. The notable collective anomalies
underscore the robust electromagnetic coupling within the
system, thereby suggesting the feasibility of electrical control
via static-electrical gating. Additionally, altering the Ta-to-V
ratio holds promise as an effective strategy for enhancing
our comprehension of the magnetism in the Ta;_,V,Se;
system.

In summary, we report the synthesis and characteri-
zation of Tagg7Vp33Se,, a van der Waals material with
room-temperature ferromagnetism. Single crystals are pre-
pared by the CVT method, and the elemental composition
is confirmed by XPS and EDS techniques. Structural anal-
ysis through XRD and Raman spectroscopy reveals that
Tag7Vo335€, adopts the 1-T phase, consistent with the
parent materials 1T-TaSe, and 1T-VSe,. We observe a
longitudinal resistivity peak and anomalous Hall sign rever-
sal around 60 K, phenomena that can be explained by a
temperature-induced Lifshitz transition. Magnetization mea-
surements confirm room-temperature ferromagnetism through
thermomagnetic irreversibility in the M-T measurement and a
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FIG. 8. Energy-dispersive x-ray spectroscopy (EDS) of the as-
grown Tage7Vo335€;. (a) Scanning electron microscopy (SEM)
image of Tage;Vo33Se;. (b) EDS spectrum of Tagg7Vo335€,. The
stoichiometric ratio is extracted accordingly and found to be con-
sistent within the batch of samples. The proportion of Se is slightly
lower than the theoretically expected stoichiometric ratio, suggesting
the possible presence of Se vacancies. (c) Elemental mapping of Ta,
V, and Se.
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FIG. 10. The hypothetical crystal structures of Tage7Vo33S€s
used in first-principle calculations.

persistent hysteresis in the M-H measurement. Interestingly,
we note a similar anomaly in the magnetization at the tem-
perature of Hall sign reversal and resistivity peak, indicating
the strong electromagnetic coupling within Tag¢7Vo33Se;.
Magneto-optic Kerr measurements demonstrate that the
room-temperature ferromagnetism extends from bulk to few
layers with thickness-dependent coercive field variation. Our
study identifies Tag 67 V.33Se; as a promising candidate for a
room-temperature 2D ferromagnet and paves the way toward
room-temperature van der Waals spintronic devices.

III. METHODS

A. Crystal growth and magnetization measurements

Bulk single-crystal Tag¢7Vo33Se; was obtained by the
CVT method. Ta, V, and Se powders are prepared in a
stoichiometric ratio. Iodine was used as the transport agent.
The mixture was sealed in a vacuum quartz tube and sub-
sequently placed into a two-zone furnace. The hot zone was
heated to 950 °C at the speed of 5 °C/min and maintained
at 950 °C for 7 days. Similarly, the temperature of the cold
zone was raised to 750 °C at the same speed and kept for a
week. Finally, the furnace was cooled to room temperature,
and single crystals were obtained at the cold zone.

B. Crystal characterization

Raman spectra were measured for the exfoliated thin
films on a home-built system with a 632.8-nm He-Ne laser
source. The single-crystal structure was characterized by
x-ray diffraction (Bruker D8 Discover). Tagg7Vo.33Se, lat-
tice constants were obtained based on the Visualization for
Electronic and STructural Analysis (VESTA) software [102].
Elemental compositions were analyzed by energy-dispersive
X-ray spectroscopy with scanning electron microscopy (Gemi-
niSEM 450). XPS was performed using PHI 5000 Versa Probe
III. Magnetization was measured by the SQUID (MPMS,
Quantum Design) with tunable temperature from 2 K to
400 K. Magneto-optic Kerr effect measurement was per-
formed on NanoMOKE3. Scanning tunneling microscopy is
used to characterize the surface information of Tag 67V 335€2
crystal. The sample was measured at V = —1.5 V and I =
10 pA at liquid nitrogen temperature.

C. Sample fabrication and transport measurements

Tap67Vo.335€, nanosheets were mechanically exfoliated
onto Si/Si0, substrate. The Hall bar device is fabricated
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using home-built photolithography. Cr (3 nm) and Au (70 nm)
are deposited as electrodes. Magnetotransport measurements
were performed at Oxford TeslatronPT cryostat with Stanford
Research SR-860 lock-in amplifier.

D. First-principles calculations

The total energy and electronic structure are calculated
with the projector-augmented-wave basis as implemented in
the Vienna Ab initio Simulation Package (VASP) [103,104].
The structure was constructed as a supercell including three
unit cells [94] of VSe, along replacing two of the three V by
Ta (see Extended Data Fig. 10). Each supercell has two V, one
Ta, and six Se, labeled as Tal-Ta2, V1, Sel-Seb6, respectively.
The Se vacancy in the Se6 positions and two-dimensional
monolayer were also considered. The generalized gradient
approximation [105] for the exchange-correlation function
and energy cutoff of 400 eV were used. Hubbard correction
effects were included on a mean-field level in the rotationally
invariant implementation of the GGA+U method [106] with

U =3¢V for Vand 2 eV for Ta. A I'-centered 20 x 6 x 10
mesh in the Brillouin zone was sampled for the bulk structures
and 20 x 6 x 4 for the monolayer structure.

The data that support the findings of this study are available
upon reasonable request from the authors.
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