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Abstract

We report the observation of an unexpected phase transition at high magnetic fields between the
spin-flop and spin-flip transitions in the d-electron antiferromagnetic metal VsSg. High-precision
magnetic, thermal and electrical transport measurements enable the transitions to be tracked up
to fields as high as 35 T and at temperatures down to the milli-kelvin range revealing three dis-
tinct magnetic quantum phase transitions. We present a model that finds agreement with our
observation of a triad of spin transitions involving two sublattices with frustrated inter-and intra-
sublattice spin couplings.

1. Introduction

The chalcogenides V,Sg, in which x can vary between 4 and 8, form an interesting family of narrow-
band d-electron metals that host a wide range of charge and magnetic order at low temperatures upon
variations of stoichiometry and pressure. VS, (x = 4) is a charge-density-wave metal below approxim-
ately 300 K [1, 2], V5Sg (x = 5) and V3S, (x = 6) are antiferromagnetic metals with Néel temperatures
of approximately 32 K and 8 K respectively, and VS (x = 8) is a paramagnetic metal [3-9]. The fam-
ily may be expanded further with Se or Te in place of S and other transition-metal elements in place of
V. Under suitable conditions the itinerant carriers in vanadium sulphides may condense into unconven-
tional forms of superconductivity, including those anticipated to emerge on the border of magnetism
[10] and charge-density-waves [11, 12]. The vanadium sulphides have also been identified as an import-
ant platform for energy technologies due to their excellent electrochemical properties and subsequent
performance as electrode materials in metal-ion batteries and supercapacitors [13, 14].

VsSg and V3S, may be thought of as particularly stable and ordered phases of VS, intercalated with
additional vanadium between the layers. This results in metal-full layers and metal-deficient layers as
shown in figure 1(a) for VsSg. Antiferromagnetic VsSg and V3S, have been of long standing interest in
the field of metallic magnetism where the degree of itinerancy of the magnetic electrons along with the
importance of spin-fluctuation corrections to the thermal properties have been investigated [4-6, 9, 15—
23]. In the case of V5Sg, nuclear magnetic resonance [7] and neutron scattering [8] experiments have
identified the presence of three different types of vanadium ions, V| between the layers and Vy and Vi
within the layers (see figure 1). The Vj sites alone predominantly host magnetic electrons which order
below the Néel temperature, Ty, with an orthorhombic (slightly distorted face-centred-tetragonal) spin
lattice as shown in figure 1(b). The low temperature atomic moment is of the order of 1.5 up per Vi site
so that a description in terms of a Heisenberg spin model may be appropriate to a first approximation
for the bulk properties. However, as in the case of magnetic metals such as iron and cobalt with equally
large moments, the Fermi surface is likely to be described by an itinerant-electron or Stoner model
[15-17, 19].

© 2026 The Author(s). Published by IOP Publishing Ltd
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Figure 1. The crystal structure of V5Sg is shown in (a) in which vanadium ions are depicted as purple or blue spheres and sul-
phur ions as yellow spheres. The black lines indicate the unit cell of the monoclinic structure with space group F12/m1 and the
orientation depicted is shown by the crystallographic axes labels a, b and c. The faces of polyhedra formed by sulphur ions which
enclose individual vanadium ions are shaded in red. VsSg is based on alternating metal-full layers involving Vi and Vi ions and
metal-deficient layers involving V7 ions. The lattice parameters can be found in supplementary material. The magnetic structure
of V5Sg below the Néel temperature [8] is shown in (b) in which the spins of magnetic electrons represented by arrows reside

on the V7 sites found in the metal-deficient layers. (The sulphur ions and polyhedra surrounding V7 sites have been hidden for
clarity in (b).) The results of x-ray diffraction experiments of single crystals of V5Sg grown for our study are presented in (c) with
the powder diffractogram shown in black and Rietveld refinement phase shown in red. The positions of the observable peaks of
the VsSg phase are shown as magenta vertical bars. The blue line represents the difference between the observed pattern and the
calculated one for a single phase material.

As a first step in the search for exotic condensates in the magnetic vanadium chalcogenides we have

carried out measurements of principal thermal properties of stabilised samples of V5Sg at ambient pres-
sure. The experiments summarised below reveal an unexpected and anomalous magnetic field and tem-
perature dependence of thermodynamic quantities. Instead of the two field-induced magnetic transitions
predicted by the spin-flop and spin-flip model, in Vs5Sg we observe three transitions for magnetic fields
aligned along the easy axis of magnetisation, ¢, below Tx. The possible origin of this unexpected finding
will be considered and discussed below after presenting the results of magnetic, electrical transport and

thermal measurements.

2. Results and discussion

Multiple batches of single crystals of vanadium sulphide metals were prepared by the vapour transport
technique [24-27] and were confirmed by x-ray crystallography experiments to form in a single crys-
tallographic phase with the conventionally accepted lattice structure and stoichiometry (see figure 1(c)
and Methods). The x-ray diffraction (XRD) data were obtained from powdered material made from sev-
eral single crystals. The powder XRD measurements showed that the single phase samples had crystal-
lised with lattice parameters a = 11.38 &, b = 6.65 A, c = 11.31 A, a = 90°, B = 91.46°, v = 90° and
volume = 855.24A%. The parameters match the space group F 1 2 m 1 having a monoclinic structure
(also referred to as C1 2 ml in alternative nomenclature). After Rietveld refinement, it was possible to
obtain an estimate of the stoichiometry of the atomic ratio of vanadium to sulphur of 5:7.95. Energy
dispersive x-ray spectroscopy (EDS) was performed and gave an atomic ratio of vanadium to sulphur of
5:7.91 close to the result obtained from XRD.
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The magnetic susceptibility as a function of temperature, T, and the magnetisation as a function of
applied magnetic field, By, along the three principal crystallographic axes of single crystals were meas-
ured using a commercial superconducting quantum interference device magnetometer. The results for
V5Sg are shown in figure 2. The susceptibility plotted against T in figure 2(a) shows moderate aniso-
tropy above Ty and strong anisotropy below T where the susceptibility along the easy, ¢, axis falls
below that along the a and b axes, as expected for an antiferromagnetically ordered state. The magnet-
isation versus B, along the c-axis plotted in figure 2(b) at a series of temperatures, shows a steep rise at
a critical field of about 4.5 T in the low temperature limit (T < Ty), qualitatively as expected for spin-
flop transitions which have been observed in a number of antiferromagnetic materials. Signatures of this
transition are also observed in transport properties as labelled by B, in figures 2(d)—(f). The temperature
and field dependence of the heat capacity and magnetoresistance, however, are suggestive of additional
field-induced transitions.

The heat capacity of VsSg as a function of T and B, was measured using a standard relaxational
technique and the results are presented in figure 2(c). The heat capacity plotted against T in the inset
of figure 2(c) shows a sharp peak which falls in amplitude and temperature as By is increased. In the
low field limit, the peak appears at approximately at 32 K, the accepted value of the Néel temperat-
ure. However as shown on an expanded scale in the main plot and in dC,/dT in figure 2(e), the heat
capacity peak splits apart with increasing By pointing to the existence of an unexpected additional trans-
ition line. The magnetoresistance, R(By) was measured up to 35 T using as DC resistive magnet. The
new transition B, is clearly observed in R(By) (figure 2(d)) and in dR/dB, (figure 2(f)) as being located
between the spin-flop (B;) and spin-flip (Bs) transitions. The magnetic field-temperature phase diagram
shown in figure 3, which is compiled from features in the magnetisation, heat capacity and resistivity
data, shows the presence of the three transition lines labelled B, B, and B; that decrease with increas-
ing temperature and meet near Ty, possibly leading to two triple points or a single quadruple point. All
transition lines were traced down towards absolute zero where three magnetic quantum phase transitions
are revealed at T = 0 K with critical values B; ~ 5 T, B, ~ 18 T and B; =~ 27 T. For the measurements
leading to the results shown in figure 2, at least half a dozen single-phase single-crystal specimens were
selected from the different crystal-growing batches referred to above with the main findings reproducible
in all crystals measured. A triad of transition lines as found here is not a widely observed characteristic
of antiferromagnetic materials [28-31].

In an attempt to understand our observations in figures 2 and 3, we begin by considering a uniform
antiferromagnetic chain extended along the y direction with the easy axis of magnetisation along the z
direction, in a simple mean field approximation. The ground state magnetic energy of a single antiferro-
magnetically aligned pair at neighbouring sites i and i — 1 in the presence of single-ion anisotropy and
an applied magnetic field By directed along the z axis is taken to be of the form)

Epair

1
P — _B..cos(0; —0;_1) — =Ba, (cos?8; + cos?8;_,) — By(cosb; + cosb; _ 1
815(S) ( 1)~ ( 1) = Bo( 1) (1)

where (S) is the magnitude of the average spin on each site, Bexe = 15 s an exchange field that anti-

aligns the two moments when the exchange coupling J > 0, and B,, is the local uniaxial anisotropy field
tending to align the spins along the z axis [32—34]. The variable §; is the angle between the z axis and a

spin at site i which can rotate in the z—y plane to minimise the total energy. The total ground state mag-
netic energy for the lattice, Ejauice> in the mean field approximation is given by Ep,;, times the number of
pairs but with the exchange term doubled to take account of the exchange contribution from the bonds

between the pairs.

The spin pairs are anti-aligned for By = B, and aligned in the opposite limit but the transition is
not continuous. Minimising Ej,uice shows that for a range of parameters there exits a first order ‘spin-
flop’ transition to partial spin polarisation at a value of B, that scales as \/BanBex followed by a second
order ‘spin-flip’ transition to full spin polarisation at By that scales as Bey (figure 4(a)). At the spin-flop
transition the spin angles for a pair suddenly jump from 6, =0, 6;_1 = —7 to 6; = —0,_, = 0 = Osp,
where 0 < flsg < 5. The angle ¢ continuously decreases with increasing By from sp but does not
smoothly tend to zero at infinity; instead # vanishes at a finite spin-flip transition field. At the spin-flop
field, the applied field overcomes the tendency of the exchange field together with the anisotropy field to
align the spins in a pair in opposite directions along the z axis.

In the above model there are only two transitions. However further transitions can arise in more
general forms of the pair energy. In particular, the inclusion of anisotropy in the two-spin and single-
spin terms can lead to three transitions, qualitatively as observed in VsSg. To see this we generalise Epqir
to the form)
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Figure 2. Magnetic, thermal and electrical measurements in VsSg. In (a) the magnetic susceptibility, Xmol, of V5Sg versus tem-
perature is plotted for the three principal crystallographic directions at a low applied magnetic field. In (b) the magnetisation,
M, of V5Sg is plotted against applied magnetic field aligned along the easy, c, axis at a series of temperatures up to just above

Tx = 32 K. The spin-flop transition field, By, is visible as a step in the magnetisation below Tx. The inset of (b) shows a pho-
tograph of one of the representative single crystal specimens measured. In (c) the heat capacity vs. temperature is plotted at a
series of applied magnetic fields, By, aligned along the easy, ¢, axis. The figure highlights the splitting of the transition in applied
magnetic fields as shown by peaks in temperature labelled T, and T’ (associated with B, and B3 ). The inset is a plot of the heat
capacity data over a wider range in T at a few fields between 0 T and 14 T. The Néel temperature is visible as the steepest step at
zero field near 32 K (red points). In (d) the resistance is plotted against magnetic field up to 35 T for three different representative
temperatures below T'x. The three field-induced transitions are labelled By, B, and Bs and are observed as sharp drops or kinks
in R(Bp). The quantities in (a)—(c) are plotted per mole of V5Sg which has a relative molecular mass, M, = 511.23 g mol~! and
density, p = 3.95 g cm 2. The conventional cell contains four Vi ions out of a total of twenty vanadium ions, and one V| ion per
V5Sg molecule in the primitive cell. Figure parts (e) and (f) show the derivatives of the quantities shown in figures (c) and (d)
respectively, in which the spin transitions appear with even more clarity.
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Figure 3. The triad of transition lines in VsSs. The applied magnetic field vs. temperature phase diagram is compiled from the
data presented in figure 2 and shows the temperature dependence of the three field-induced transitions, By, B, and Bs. An uncon-
ventional intermediate spin transition is detected between the spin-flop and spin-flip transitions. The experimentally observed
intermediate transition is consistent with the model outlined in the main text and presented in figure 4.

0

1
P (B;"Ccose,- cosf;_; + Bjxcsinei sin 9,-_1) - EB;“ (cosZH,- + c0529i_1)
1
- EB;H (sin29,- + sinzﬁi,l) — By(cosb; + cosb; 1) (2)

where we have replaced cos(6; — 6;_1) by cosb; cos8;_; + sinf;sinf; _; and included not only z but also y
components of the two-site and single-site fields. Minimisation of the generalised form of Ejice leads

to two transitions if the single site anisotropy term tends to favour spin alignment along the z axis

(B2 > B;’,“), as shown in figures 4(a) and (b). However, when the combined effects of the two-site and
single-site terms make the z axis the easy axis as above, but the single site term on its own favours spin
alignment along the y axis (Bi" < B}") then three phase transitions are predicted for a range of model
parameters, as shown in figures 4(c) and (d). In the latter case the conflicting tendencies of terms in
Elatice for alignment along the z axis and y axis leads to a splitting of the first-order spin-flop transition
into two second-order transitions B; and B,. In the intermediate state between B, and B,, the alignment
of the two spins is given by ¢; = ( +6 and ¢; _; = ( — 6, where ( varies continuously from 7 at B to 0
at B,. The second-order spin-flip transition at still higher fields where # also vanishes is labelled Bs.

The above chain model can be generalised to the case of two sublattices for which the two site
energy is replaced by an inter-sublattice coupling and the single-site energy is replaced by an intra-
sublattice energy, the phenomenological parameters generalised accordingly. The qualitative form of
the resulting lattice magnetic energy in the mean field approximation is similar to that given above,
which under suitable conditions can lead to the same triad of magnetic transitions shown in figures 4(c)
and (d) in terms of phenomenological model parameters. This proposal for the possible origin of the
three magnetic transitions provides only one direction to pursue and to go further requires a more real-
istic model of the rather complex and unusual spin structure of VsSg. Intriguingly the model outlined
here suggestive of three second-order phase transitions and the experimental findings shown in figure 3
implies V5Sg contains three field-tuned magnetic quantum phase transitions at absolute zero. These may
be compared and contrasted with field-tuned magnetic quantum critical points in other system [35-40]
and invites further study. Furthermore, this discussion provides some instruction for more penetrating
experimental investigations in particular by means of elastic and inelastic neutron scattering measure-
ments of the magnetic structure and spin excitations in V5Sg as a function of applied magnetic field with
polarised neutrons. It is notable that the magnetoresistance in figure 2(d) has a similar form to the field
dependence of the angle # in figure 4(d), suggestive of the origin of electron scattering in a magnetic
field in V5Sg and providing further experimental evidence for the model result shown in figure 4(d). A
similar triad of transitions might be observable in other members of the material family such as VsSes,
but perhaps less probable in the V3S; and V3Ses variants which host a much weaker and likely more
itinerant form of magnetism.
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Figure 4. Magnetic field-induced transitions in the mean field approximation for the lattice spin model described in the main text
including anisotropic inter-sublattice and intra-sublattice energies and the Zeeman energy. Plots (a) and (c) show ¢ versus field
and (b) and (d) show 0 versus field. For illustration the model parameters have been chosen to be Bj* /B = 1.0 and (B}" —
BJ")/Bg = 0.2 in (a) and (b), and Bj*/B* = 0.1 and (B{" — B}")/BS* = —1.5 in (c) and (d), and the results shown in the
figures were obtained by numerical minimisation of the magnetic lattice energy Ej,ic. for the ground state as outlined in the
main text. The inset in (a) indicates the definitions of the angles 6 and . 6; is the angle of a spin at site i as measured from the z’
direction.  is the angle of the z’ direction as measured from the z axis. The orientations of the spins represented by red arrows
are able to vary in the z -y plane in order to minimise the energy. In the latter set of parameters in (c) and (d), the intra-sublattice
coupling favours spin alignment along the y axis and the first-order spin-flop transition splits into two second-order transitions
leading to three field-induced second-order transitions B;, B, and Bj similar to those observed in VsSg (figures 2 and 3).

3. Conclusions

We report on the striking observation of a triad of magnetic phase transitions in VsSg revealed by exper-
iments in magnetic fields up to 35 T below the Néel temperature. The field-induced transitions point

to the possible splitting of the spin-flop transition into two transitions, forming phases in which the
alignment of the sublattice spins take on an unconventional form. The transitions terminate at three
distinct magnetic quantum phase transitions at absolute zero. The results may be relevant to numerous
other antiferromagnetic metals with related crystal structures and to the study of field-induced magnetic
quantum phase transitions in general.

4. Methods

Single crystal specimens of V5Sg were grown by chemical vapour transport [27]. In a typical proced-
ure the reagents were prepared by mixing vanadium pieces with a purity of 99.99% and sulphur powder
with a purity of 99.999% in the mass ratio appropriate for the desired stoichiometry. Vanadium pieces
were pre-cleaned via acid etching and heating to high temperature in vacuum followed by a final acid-
etching and cleaning step. Quartz growth ampoules were also pre-cleaned via acid etching followed by
heating in vacuum to 1000 °C for 24 h to degas any impurities trapped inside the walls. The ampoules
were etched again in a saturated solution of KOH in isopropyl alcohol followed by flame polishing the
quartz. The reagents were then sealed together inside one end of an evacuated quartz ampoule, with

an argon partial pressure, and iodine (purity 99.999%) as a transport agent at an amount of 20 mg per
cubic cm of the ampoule volume. The entire length of the sealed ampoule was heated to 675 °C in a
two-zone tubular furnace for a few hours. The unoccupied end of the ampoule, the growth end, was

6
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then cooled to 600 °C to form a temperature gradient. Single-crystal growth was allowed to continue

at the cold end for 15 d followed by slow cooling to room temperature over 2.5 d. Samples obtained
were shiny hexagonal-shaped single-crystal platelets (see inset of figure 2(b)) of typical dimensions

1 mm x 1 mm x 0.2 mm with the surfaces cleaned by etching in HCI before measurements of magnetic,
electrical and thermal properties. The crystals were characterised by XRD and energy-dispersive EDS to
confirm the crystal structure and stoichiometry. Susceptibility and magnetisation measurements were
performed using a commercial superconducting quantum interference device (SQUID) magnetometer
with a set-up to ensure alignment of the sample with the applied magnetic field. Heat capacity measure-
ments were carried out using a standard relaxational technique down to 0.5 K and in fields up to 14 T.
Resistivity measurements were performed using a standard four-contact method at temperatures down
to 0.5 K and fields up 35 T. The resistivity data at high fields were collected using a DC resistive electro-
magnet at the National High Magnetic Field Laboratory in Tallahassee, Florida, U.S.A.

Data availability statement

All data that support the findings of this study are included within the article (and any supplementary
files).
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