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Systemically angular and planar transport investigations are performed in layered antiferromagnetic (AF) V5Sg. In
this AF system, obvious anomalous Hall effect (AHE) is observed with a large Hall angle of 0.1 compared to that in ferro-
magnetic (FM) system. It can persist to the temperatures above AF transition and exhibit strong angular field dependence.
The phase diagram reveals various magnetic states by rotating the applied field. By analyzing the anisotropic transport
behavior, magnon contributions are revealed and exhibit obvious angular dependence with a spin-flop vanishing line. The
observed prominent planar Hall effect and anisotropic magnetoresisitivity exhibit two-fold systematical angular dependent
oscillations. These behaviors are attributed to the scattering from spin—orbital coupling instead of nontrivial topological
origin. Our results reveal anisotropic interactions of magnetism and electron in VsSg, suggesting potential opportunities

for the AF spintronic sensor and devices.
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1. Introduction

Antiferromagnet (AFM) materials have been considered
as promising candidates for next-generation spintronic de-
vices due to the scalability, robustness and ultrafast spin
dynamics.!!! In an AF system, considering the special sym-
metry, the complicated magnetic correlations interacted with
electron bands or phonon will host various exotic states
driving novel transport properties as in ferromagnetic (AF)
materials.’?) For example, recent studies revealed large
anomalous Hall effect in noncolinear or topological AF sys-
tems such as Mn3Sn,[?! CoNb;Se,®! or GdPtBi.[*! Spin-
polarized current or magnetic spin Hall effect have been the-
oretically predicted and experimentally observed in Mn3Snb!
and Mn3Ir.!%! With further consideration of the spin-symmetry,
altermagnetic (AM) materials are identified with collinear AF
order and exhibit unconventional spin-polarization order, pro-
viding new punch line for magnetism and spintronics.!”! Ex-
ploring the AF (or AM) magnetism in a two-dimensional (2D)
or quasi-2D system will bring the dimension limitation which
arouses types of novel magnetic or electronic states.®° Such
as in AF topological MnBi;Tey, the observed Chern state or
axion state can drive quantized Hall conductance. ']

For layered magnetic V-based chalcogenides (V,,S,), tun-
able structural phases and magnetic properties via stoichio-
metric variations will bring a good platform to investigate in-
terplay of magnetism and topology.!'""!?] Bulk 2D VS, ex-
hibits ferromagnetism and metallic behavior.['3] The doped
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or intercalated magnetic impurities with unfilled 3d orbitals
act as the scattering centers leading to the appearance of
Kondo effect due to the exchange interactions between lo-
calized magnetic moments of the impurities and conduction
electrons.!'*-191 The large vacancies of sulfur would make
system evolve to another 1T!-phase V5Sg with a fraction of
the vanadium atoms inserted within the van der Waals gap
between VS, layers (shown in inset of Fig. 1(b)). In bulk
V5Sg, the AF state dominates the system; while with decreas-
ing thickness, the AF state will evolve to a spin-glass-like
state and eventually to a weak ferromagnetic state.!!’2%] The
interaction of spin lattice and electron would host the pos-
sible nonzero Berry curvature or exotic surface states. >34
The tunable magnetic anisotropy and correlations make VsSg
a candidate for magnetic sensor which needs to investigate
anisotropic magnetoresistivity (AMR) signal carefully for ma-
nipulating the spins in the AF system. On the other hand, re-
cent study on VS,—VS superlattice revealed an unconventional
planar Hall effect that persisted to 380 K.!>>! This observation
enlightens us to explore exotic properties in the similar com-
pound such as V5Sg, a natural VS,—V-VS, superlattice. In this
paper, we investigate angular and planar transport properties
of V5Ssg. Anisotropic AHE in a flopped state is identified with
large Hall angle ® up to 0.1. The phase diagram reveals a spin-
flop vanishing line by rotating the applied field distinguish-
ing the magneto-transport behaviors due to different magnon
contributions. The prominent planar Hall effect (PHE) and
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anisotropic mganetoresistivity (AMR) are observed. By an-
alyzing the plots of scaled PHE and AMR curves, the promi-
nent AMR signal is attributed to the orbital effect instead of the
nontrivial topological origin, but still promising for AF sensor.

2. Experimental details

Single crystals of V5Sg were grown by the chemical va-
por transport method using the pre-prepared VsSg powder as
precursors and I, as the transport agent. The mixture of V5Sg
and I, were first heated at 500 °C (cold end) and 600 °C
(hot end) in a two-zone furnace within five hours respectively
and then kept for one week. Large plates of single crystals
were harvested with a typical size of 2x2 mm?. The crystal
structure and elemental composition were checked by x-ray
diffraction (XRD) measurements and energy-dispersive x-ray
spectroscopy (EDS), respectively. Figure 1(a) shows the (007)
peaks for our single crystals, indicating the good crystalline
of our samples. The selected crystal was shaped into a rect-
angle for the transport measurements as shown in Fig. 1(b).
Six contacts were made by gold deposition to ensure a bril-
liant conductivity and the current was applied along the a axis
of the crystal. Electrical transport measurements were per-
formed in a physical properties measurement system (PPMS
Dynacool, Quantum Design). Magnetization measurements
were performed in the vibrating sample magnetometer (VSM)
module of the PPMS.

3. Results and discussion
3.1. Short-range magnetism and anomalous Hall effect

The temperature dependent resistivity p.(7) exhibits
a metallic behavior as shown in Fig. 1(c) and an anomaly
emerges around Tap = 30 K associated with the peak in
temperature dependent susceptibility y(7) due to the AF
transition.[!%26-281 With increasing temperature, the long-
range (LR) AF orders vanish. A region dominated by short-
range (SR) magnetic orders from Tpar to Ty = 196 K is iden-
tified with x(T) deviating the Curie-Weiss law.[>”! The SR
origin from magnetic fluctuation or frustration is widely ob-
served in a magnetic system and may strongly affect its elec-
tron structure and transport behavior. Here, the frustrated pa-
rameter for VsSg is calculated by f = Ty /Tar,>”! yielding a
value of 6.175 indicating an intermediate magnetic frustration.

To explore the transport behaviors related to the AF and
SR magnetic orders, field dependent magneto-resistivity (MR
defined as MR = (pyx(toH) — p(0))/p(0) x 100%) and Hall
resistivity px,(HoH) are investigated at various temperatures
as shown in Fig. 2(a). In the AF state (below TAf), nonlin-
ear field dependent Hall effect and nonmonotonous field de-
pendent MR are observed. At an intermediate field gHsr, a
clear step emerges in Py, (HoH ) accompanied by a peak in MR,

suggesting the occurrence of a spin-flop transition instead of
possible breakdown of SDW or CDW transition consisted with
previous work.!'??71 For a magnetic system, the Hall resistiv-
ity can be described as!*’!

Pay = Pay + Py = RNB+RaM, (1)

where Ry and Ry are the ordinary and anomalous Hall coef-
ficients, and M is the magnetization. The separated pjg, at
various temperatures are shown in Fig. 2(c). In AF ground
state, the p;} keeps a small value while it increases sharply
with a large Hall angle ® = 0.15 compared to that in FM
system after the spin-flop transition. For an AF system, it is
usually surprising to host obvious AHE reminiscent with the
recently observed prominent AHE in AF topological materials
with large Berry curvature or chiral magnetic materials with
non-vanishing magnetization.?'-33] For VsSg, the Vi site is
located in the layer where the vanadium vacancies are ordered
(vacant layer), while Vy and Vi sites are in the layer without
vanadium vacancies (full layer). Only the former contributes
magnetism to the system. This conlinear AF ground state ex-
hibits vanishing net magnetization, resulting in the negligible
AHE and the positive MR. However, the spin-flopped state
gives rise to an increased magnetization, leading to the ex-
tended AHE and negative MR due to the delocalization by the
flopped moments from V.
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Fig. 1. (a) XRD pattern of single-crystalline VsSg with the correspond-
ing Miller indices (00/) in parentheses. Inset: Crystal structure of V5Sg.
(b) Temperature-dependent longitudinal resistivity of V5Sg with the
current (/) along the axis. Inset: Schematic for our electronic measure-
ment device of Vs5Sg. (c¢) Temperature dependent magnetic susceptibil-
ity of VsSg with popH = 1 T. (d) The inverse of magnetic susceptibility
fitted by the Curie—Weiss law.

027503-2



Chin. Phys. B 33, 027503 (2024)

7 (o
(9]
g 1.0 /
=
s 0.5 //
&
—~ 0
T 0.21} (d) _
2 0.14 P =
o y
= 0.07 =
Z _
SRR e
o Ho o
T 0.10 5! L
~0.05f V- O _3 g
= 0 (e) = j-/ \/ o
kt 5 S
S —0.05 0-0\ =
= —0.10 - O 17 2
, o) N~ =
& —0.15LON-Q A_g =
0 10 20 30 40 <
T (K)
7+ 1F High
PMII
1 F 1 F w

20 40 195 300
T (K)

Fig. 2. Field dependent p,, (a) and MR (b) at 2 K, 5 K, 10 K, 15 K, 30 K,
35 K, 40 K, 50 K with the applied magnetic field along the ¢ axis of V5Sg.
(c) Anomalous Hall resistivity at different temperatures. (d) Field dependent
magnetization curve at various temperatures. (e) The temperature dependent
ordinary Hall coefficient Ry (black) and anomalous Hall coefficient Ry (red).
(f) The phase diagram of V5Sg with poH ||c axis. The colors indicate anoma-
lous Hall resistivity. Inset: Structure of VsSg in the AFM phase.

With increasing the temperature above Tyr, LR AF or-
der vanishes and the SR magnetic order dominates the sys-
tem. The nonlinear field dependent Hall effect and and AHE
(observed in temperature dependent Rx shown in Fig. 2(e))
can still persist in a narrow temperature region. The observed
negative MR indicates that the SR magnetic order in this re-
gion exhibits FM correlations probably driven by spin fluc-
tuations or frustrations. These behaviors are reminisced with
the observed AHE and unconventional AHE above AF transi-
tion in topological EuZn, As; 34 and EuCd,As,. > These re-
sults suggest that in a magnetic system, the SR order can play
an important role in shaping the electron structure and driv-
ing exotic transport properties even without LR orders. The
phase diagram for V5Sg with the applied field along ¢ axis
is shown in Fig. 2(f). Due to the SR magnetic order, AHE
emerges above Tar and enhances with increasing the applied
field. The negative MR can persist to even much higher tem-
perature, indicating that this FM correlation exists in a wide
temperature region.

3.2. Angular dependence of Hall effect and MR

To check the anisotropy in V5Sg, angular transport mea-
surements were performed with an applied field rotating in
a plane perpendicular to the current direction (the a axis) as
shown in the inset of Fig. 3(a). The nonlinear field dependent
Hall effect and nonmonotonous field dependent MR system-
atically evolve and exhibit anisotropic behavior as shown in
Figs. 3(a) and 3(b). The spin-flop transition at tigHsr becomes

invisible gradually when rotating the applied field towards the
a axis. To better check the angular dependence of the spin-flop
transition, the differential p, curves (dpy,/duoH) at various
angles are acquired and plotted as the function of out-of-plane
field component pyH, = LioH cos 0 as shown in Fig. 3(d). With
tilting the applied field towards ab plane, Hsp almost does not
shift and becomes invisible at Osg = 50° in consistent with the
absence of the transition peak and positive response in MR
curves. The phase diagram for VsSg with the applied field ro-
tating from the c to a axis is shown in Fig. 3(d). The spin-flop
transition line roughly separates the system into two region:
AFM region(I) and flopped magnetic region (II). In region I,
the system keeps AFM structure with limited magnetization,
leading to invisible AHE and the positive MR. In region II,
the flopped spins with FM correlations due to the applied field
dominate the system, leading to visible AHE and negative MR
with the appearance of the obvious magnetization.

In the AF groud state, the magnetic moments of Vy in
the (1 0 0) plane align ferromagnetically and are arranged like
(up up down down) in the [1 0 O] direction, forming a stag-
gered AF structure as shown in the inset of Fig. 2(f). The
direction of the moments is tilted about 10.43° from the c-axis
toward the a-axis.[?%-6] Usually, the magnetic field affects the
magnon spectrum by changing the Zeeman energy.*”] Thus,
the magnon MR is determined by the component of the ap-
plied field along the magnetic easy axis. Our angular MR
(especially for the flopped state) can not be simply scaled by
a function of ypH,. In VsSg, the magnetic easy axis is not
strictly along the ¢ axis of the crystal.[*®! Thus the slight tilt
of the magnetization away from the z axis by an in-plane field
component would make the angular MR deviate from empir-
ical scaling. In this case, the magnon MR is proportion to
MuoH (cos 0 cos B +sinBsin f3), where M is the magnetiza-
tion, O is the angle between the applied field direction and z
axis, and B is the angle between the magnetization direction
and z.13%31 With a small 3, the MR can be expressed as!*’!

Prx = C1 HoH cos 0 + C> (gH sin 6)?, )

where C; and C; are the coefficients independent of the ap-
plied field angle. The first part of this formula, following a
linear field dependence, results from the magnetic moment,
The second part, following a quadratic field dependence, can
be well understood based on electron paramagnon scattering.
C| and C; are acquired by fitting the above formula as shown
in Fig. 3(f). With 6 < OsF, the linear field dependent contri-
bution mainly dominates the MR while the quadratic depen-
dent contribution increases with tilting the applied field to the
ab plane. At Osg where the spin-flop transition disappears,
the linear field dependent contribution starts to decrease while
the quadratic field dependent contribution becomes saturated.
These behaviors reveal the magnetocrystalline anisotropy and

anisotropic orbital scattering in V5Sg. 40!
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Fig. 3. Field dependent MR (%) (a) and Hall resistivity p.,(0) (b) at 2 K with 8 = 0°-90° respectively. Inset of (a): The configuration of
angular-dependent transport measurements for VsSg. The gray arrow indicates the rotating direction of the applied field. The current is along
the a axis, and 6 represents the angle between the applied field and ¢ axis. (c) The phase diagrams in the polar coordinates with rotating applied
field for V5Sg. (d) d pj;ale /duoH at different angles. (e) The angular dependence of C; and C; described by Eq. (2).

3.3. Planar Hall effect and anisotropic magnetoresistivity

PHE and PAMR are transport phenomena driven by an
in-plane magnetic-field-induced rotation of the principal axes
of the resistivity tensor.l*!l As shown in the inset of Fig. 4(a),
the applied field rotates within the ab plane of the crystal for
the measurements. Obvious PHE and PAMR exhibit two-fold
oscillatory angular dependence as shown in Figs. 4(a)—4(d).
Usually the planar Hall and anisotropic mageto-resistivity can
be described by

pxl;, = —Apsin@cos,
Pi: = P +Apsin’ ¢, 3)

where pfy represents the planar Hall resistivity. p"" represents
the magnetoresistivity parallel to the current. Ap = p¥ — pllr ,
where pi represents the magnetoresistivity perpendicular to
the current. And ¢ represents the angle between the applied
field and current.[*! Recently, the research reveals the non-
trivial topological nature for PHE and PAMR in topological
materials which makes these phenomena useful ways to probe
the interplay of spin, lattice and electron in nontrivial topolog-
ical system. For an example, in Weyl semimetals with edge
states, chiral anomaly and nontrivial Berry curvature effects
engender transverse Hall voltage within the plane for the ap-
plied current and magnetic field precisely in a configuration
in which the conventional Hall effect vanishes.!*?! To inves-
tigate the origin of PHE and possible nontrivial topological
electron structure for VsSg, the parametric plots of pfy(q)) and
Ap?L.(¢) are presented in Fig. 4(d). For Weyl semimetals, in
the chiral anomaly regime, Ap’. decreases intrinsically with

increasing uoH, while p};y(n' /2) increases by roughly the same
fraction. The balanced changes lead to closed contours that
expand roughly isotropically from the zero-uoH point. More-
over, the contour calipers Ap’. approach saturation at large
UoHs. In contrast, the case is quite different for V5Sg. In
weak lgH, the contours show small loops circling the zero-
UoH point. As UpH increases, they expand dramatically away
from the zero-LioH point in the direction of increasing ApY,
exhibiting a shock wave shape. These behaviors indicate that
the anisotropic orbital MR or the spin-dependent scattering
leads to prominent PHE in V5Sg instead of the origin of topo-
logical chiral anomaly.

We further check the field and temperature dependent
Apgc shown in Figs. 4(f) and 4(g), respectively. In V5Sg, the
ApP monotonous increases with increasing the applied field or
decreasing the temperature. If the anisotropic ordinary mag-
netoresistivity dominates the PHE, the amplitude ApY should
be proportional to the square of the applied field. Here, we fit
the data by using quadratic and linear functions respectively. It
is found that the later fitting will give better results, suggesting
the linear yoH dependence of Apfx for V5Sg. For PHE from
the conventional origin in an isotropic magnetic system, they
can be expressed as

pry = BM sing cos ¢, 4)

where M is the in-plane magnetization and 3 is a constant.
According to this formula, the amplitude Ap? should be pro-
portional to the in-plane Mﬁ. Though V5Sg is an AF metal,
the magnetization from canted AF moments by applied field
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induces prominent PHE especially for that in the high field re-
gion. With increasing the temperature, the decrease of Ap?, is
consistent with the rapid shrinking magnetization. Recently,
the high-order oscillatory components of PHE and PAMR
were observed in KV3Sbs®! and SrIrO4 films,*¥ which

4
’E\ 2
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suggests more complicated interaction such as magnetocrys-
talline anisotropy and spin—orbital coupling. For VsSg in all
temperature regions, PHE and PAMR keep two-fold angu-
lar oscillations, indicating the origin from the spin-dependent
scattering in the magnetic system.[*?!
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Fig. 4. Planar Hall resistivity p};((p) (a) and anisotopic magnetoresistivity ApY (¢) (b) at 2 K with uoH =3 T,5 T, 7 T, 9 T, 11 T, respectively.
Inset of (a): The configuration of planar transport measurements for VsSg. The gray circular arrow indicates the rotating direction of the applied
field. The current is along the a axis, and ¢ represents the angle between the applied field and current. The scatters represent the experimental
data, while the curves represent the fitting results. Temperature dependent p¥,(¢) (c) and Ap¥,(9) (d) with uoH =9 Tat2 K, 5K, 10K, 15K,
18 K, respectively. (e) The parametric plots obtained by plotting ApY.(¢) and p}:y((j)) with angle ¢ as the data for the x-axis and the data for the
y-axis. The amplitude of planar resistivity at different magnetic field (f) and different temperature (g).

4. Conclusion

The angular and planar transport properties are systemi-
cally investigated for AF V5Sg. Obvious AHE is observed in
a flopped AF state with the Hall angle comparable to those
in FM system. The SR magnetism makes AHE persist above
the AF transition. The phase diagram by rotating the applied
field reveals a spin-flop line with anisotropic Hall effect and
MR for different magnetic states, which can be attributed to

the magnetocrystalline anisotropy and anisotropic orbital scat-
tering. Prominent PHE and PAMR in VsSg exhibit two-fold
angular oscillations systematically evolving with the tempera-
ture and the applied field, which is attributed to origin from the
spin-dependent scattering. Our observations facilitate a deeper
understanding of the interactions of magnetism and electron
in V5Sg and provide information for potential AF spintronic
application as the magnetic sensors and nonvolatile memory

devices.
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