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Quantum spin liquid (QSL), a state characterized by exotic low energy fractionalized excitations and statistics,
is still elusive experimentally and may be gauged via indirect experimental signatures. A remnant of the QSL
phase may reflect in the spin dynamics as well as quanta of lattice vibrations, i.e., phonons, via the strong
coupling of phonons with underlying fractionalized excitations. Inelastic light scattering (Raman) studies on

V,_.PS; single crystals evidence the spin fractionalization into Majorana fermions deep into the paramagnetic
phase reflected in the emergence of a low frequency quasielastic response, along with a broad magnetic
continuum marked by a crossover temperature 7* ~ 200 K from a pure paramagnetic state to a fractionalized
spin regime qualitatively gauged via dynamic Raman susceptibility. We found further evidence of anomalies in

the phonons’ self-energy parameters, in particular, phonon line broadening and line asymmetry evolution at this
crossover temperature, attributed to the decaying of phonons into itinerant Majorana fermions. This anomalous
scattering response is thus indicative of fluctuating fractionalized spins suggesting a phase proximate to the
quantum spin liquid state in this quasi-two-dimensional magnetic system.

DOLI: 10.1103/PhysRevB.107.094417

I. INTRODUCTION

The family of transition metal phosphorus trichalcogenides
(TMPX5, TM =V, Mn, Fe, Co, or Zn and X = S, Se) with
strong in-plane covalent bonds and a weak van der Waals
gap between the layers of magnetic atoms has appeared as an
intriguing candidate for exploring the quasi-two-dimensional
(2D) magnetism, where the interplanar direct- and superex-
change magnetic interactions are substantially quenched
[1-3]. The underlying magnetic ground state (|GS)) in these
materials is affected by the trigonal distortion (T MXg) due
to change in the local symmetry from O, to D3z, which
consequently lifts the degeneracy of the d orbitals. Magnetic
studies on these materials reveals the emergence of a quite
different magnetic |GS) on varying TM atoms, for exam-
ple, FePS; shows an Ising-type transition at Ty ~ 123 K
and NiPS;/MnPS; undergoes a XY /Heisenberg—type tran-
sition at Ty = 155K/78 K [4]. We note that in this TMPX;
family, vanadium-based systems remain largely unexplored
beyond their basic properties. The recent reports on Vo oPS3
revealed an insulator to metal phase transition at a pressure
of ~120 kbar without any structural transition and suggested
a Kondo-type effect within the metallic phase. It was also
advocated that this system lies in close proximity of the quan-
tum spin liquid (QSL) state, a topologically active phase [1].
As the insulator to metal transition is also associated with
the antiferromagnetic (AFM) to paramagnetic transition, it
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opens the possibility of a highly entangled spin liquid phase
due to a honeycomb lattice via potential Kitaev interactions.
Interestingly, recently a new kind of Kondo behavior has
been proposed and is attributed to gauge fluctuations from
bond defects in spin liquids [5]. These experimental obser-
vations and theoretical predictions suggest a key route to the
observation of the fascinating QSL state in these quasi-2D
quantum magnetic materials. An important characteristic of
these systems is that, despite all being isostructural, the mag-
netic lattice is a 2D honeycomb structure formed by TM
ions, having different spin dimensionality. For example, the
|GS) dynamics of the MnPS; member of this family is de-
scribed by an isotropic (J; = J;) Heisenberg Hamiltonian
[H=— Zij J L(Six.Six + Siy.Siy) + J||Siz.Siz] and FePS;
using the Ising (J, = 0) model, whereas NiPS3 is understood
using the anisotropic (J1 > J;) model. This complexity is
further enhanced in the |GS) of the V —based system V g5PS3,
also reflected in the magnetic measurements with 7y ~ 60 K,
where the magnetic susceptibility exhibits intriguingly differ-
ent behavior compared with other members of this family,
suggesting the presence of an additional exotic competing
interaction in the Hamiltonian, such as the Kitaev type, to
completely understand the underlying magnetic |GS). We note
that a similar behavior of e below Ty was also reported for
Cu,Te,OsBr; [6,7] which could be understood by quantum
critical transition from the AFM state to the QSL state.
Signatures of the exotic |GS) in this system may emerge
from the presence of strong quantum fluctuations due to
entanglement of the underlying spins within the honey-
comb lattice. Interest in the field of QSL was renewed with
the seminal work of Kitaev in 2006 [8] and subsequently
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FIG. 1. Crystal structure of VPS5 plotted using VESTA as viewed
along (a) an arbitrary direction, (b) the a axis, (c) the b axis, and
(d) the c axis; thick gray solid lines connecting the vanadium atoms

represent a 2D honeycomb lattice formation. Red, blue, and green
spheres represent vanadium, phosphorus, and sulphur, respectively.

certain conditions were laid down for the realization of a
QSL state such as [9] the presence of a hexagonal honey-
comb lattice, Mott insulator, edge-sharing octahedra in the
structure, and spin-orbit coupling. A large number of systems
have been proposed; however, so far there is not a single
system which perfectly displays the QSL state as a true |GS),
although numerous proposed systems do show a strong sig-
nature of a QSL state or a proximate QSL state [10-12].
However, in all those cases an ideal QSL state is pre-
empted by long-range magnetic ordering at low temperature.
Despite this, the signature of a QSL state may be cap-
tured as a fluctuation in the short-range ordering regime
much before setting up of the long-range ordering. Re-
cently, it was shown that a magnetic system, CrSi/GeTes,
with § = % and very weak spin-orbit coupling does reflect
the signature of a QSL state understood using the § = %
X XZ—Kitaev model (represents the situation where exchange
coupling is identical between the in-plane x-direction and
y-direction but different along the out-of-plane z-direction)
given as Hyxz x = Y ;, (S S7 +S7 S +J; 55 +
K Z (i, e S S“ [13,14]. Also, the signature of fractionalized
excitations was reported in a magnetic § = % kagome AFM
system attributed to a remnant QSL state [15]. In the case of a
putative QSL candidate. « —RuCls, it was shown that the low
temperature zigzag AFM state is stabilized by quantum fluctu-
ations with the spin liquid state as a proximate metastable state
[16]. Generally, for a quantum spin liquid system frustration,
dimerization, interchain/interlayer coupling, vacancy/defects
leading to bond disorder, and spin-phonon coupling have
an impact on the dynamics of the low energy excitations
[6,17,18]. In 2D quantum systems, spin liquid |GS) or a rem-
nant of the spin liquid phase is expected to be a consequence
of exotic topologies, such as hexagonal honeycomb structure,
as both the triangular and square lattice have AFM-like |GS)
[6]. For V_,PS;, we do have p—p dimer formation in the
b—c plane (see Fig. 1), vacancy, and a hexagonal honeycomb
lattice, hinting that it may have remnants of the QSL state as
strong quantum fluctuations. Inherent coordination flexibility

and electronic configuration of the V ion makes it possible to
realize exotic exchange with topologies.

Motivated by these suggestions and possibilities of a
QSL state in these quasi-2D magnetic systems, we carried
out an in-depth Raman scattering studies on a single crys-
tal of V(gsPS; (details of the synthesis are given in the
Supplemental Material [19]; also see Refs. [1,20-33]) to
understand the underlying exotic properties. Evidence of a
QSL state or its remnant may be uncovered via observation
of the quantum fluctuations of the associated spin degrees
of freedom and their coupling with the lattice degrees of
freedom through spin-phonon coupling. Inelastic light (Ra-
man) scattering is an excellent technique to probe such
dynamic quantum fluctuations reflected via the emergence
of the quasielastic response at low energy and a broad con-
tinuum in the Raman response x”(w, T) [34-38], smoking
gun evidence of a QSL state. We note that the Raman sig-
nature of the QSL phase has been reported for different
classes of materials. Sandilands er al. [39] reported Raman
studies on «—RuCls. Their measurements revealed unusual
magnetic scattering typified by a broad continuum which
survived until very high temperature (~100K) as compared
to the magnetic ordering temperature (~14K) along with
the phonon anomalies suggestive of frustrated magnetic in-
teractions. They suggested that their observations may be
understood using the combined Heisenberg-Kitaev model and
advocated that « —RuCls may be close to a QSL ground state.
A similar broad signature was also reported in other studies on
o—RuCl; and y —Li,IrO3 [39-41]. Another class of putative
QSL candidates is a spin — % frustrated kagome compound
called herbertsmithite, e.g., ZnCu3(OH)4Cl,. In these systems
a similar broad continuum and phonon anomalies in the Ra-
man spectroscopic as well as other optical measurements are
identified with the possible fractionalized excitations associ-
ated with the QSL phase [41-45]. Another class of promising
QSL candidates is the bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) molecule-based organic systems with highly
frustrated triangular lattices [46—48]. We note that in these
systems Raman as well as other optical techniques have been
used to uncover the underlying QSL phase via observing a
broad continuum and distinct in-gap excitations at low tem-
perature and in the low energy regime.

Here for V,gsPS;, we observed a strong, low energy
quasielastic response with lowering temperature and a broad
continuum; quite startlingly, it starts emerging much above the
long-range magnetic ordering temperature. These characteris-
tic features clearly suggest the presence of strong underlying
quantum fluctuations. Surprisingly, the corresponding ampli-
tude of the estimated dynamic Raman susceptibility " is
not quenched below 7Ty, similar to the observed magnetic
susceptibility, which is as expected for a conventional magnet-
ically ordered system, signaling that it emerges from a prox-
imate QSL state or its remnant. Our observations evince the
signature of a remnant QSL state as a fluctuating part suggest
that this system lies in the proximity of a QSL ground state.
This also suggests that the low temperature ordered phase may
be proximate to the quantum phase transition into a spin liquid
|GS). The anomalies observed in the x®™ maps are parallel
with the anomalies seen in the self-energy parameters of the
phonon modes, i.e., peak frequencies and linewidths. Here, we
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FIG. 2. (a) Temperature evolution of the Raman response x”(w, T') [measured raw Raman intensity/1 4+ n(w, T)]. The inset shows the

phonons’ subtracted Raman response. Labels P1

— P15 represent phonon modes. (b) Temperature dependence of the phonons’ subtracted

Raman conductivity x”(w, T)/w. (c) Temperature dependence of x®"(T) obtained from the Kramers-Kronig relation. The solid blue line
is the power-law fit %" ~ T%. Background colored shading reflects different magnetic phases. (d) The main panel shows integrated raw
spectra intensity in the energy range 1-~ 95 meV; the blue solid line shows fitting by a combined bosonic and fermionic function,
[a + b{1 + n(wy, T} + c{l — f(wy, T))%. Solid green and red lines show temperature dependence of bosonic and fermionic function. The
inset shows the magnetic contribution to the Bose-corrected integrated intensity and 7* (~200 K) represents the temperature where spin

fractionalization starts building up. The pink solid line represents fitting by the two-fermion scattering function a + b[1—f(w, T)]*

f(w, T)=1/[1 + ¢"s/*8T] is the Fermi distribution function.

report the experimental evidence supporting the existence of
a remnant QSL phase in V( gsPS3 using Raman spectroscopy.

II. RESULTS AND DISCUSSION

A. Temperature evolution of the broad magnetic continuum

Magnetic Raman scattering gives rise to a broad continuum
originating from underlying dynamical spin fluctuations and
may be used to gauge the fractionalization of quantum spins
expected for proximate spin liquid candidates [39,41,49-54].
To investigate the possible emergence of the fermionic exci-
tations, we carried out a detailed analysis of the temperature
evolution of the observed broad magnetic continuum in the
Raman spectra. The fractional spin excitations play a key
role in dictating the temperature evolution of the background
continuum of the Raman spectra because their occupation
is determined by the Fermi distribution function. First, we

, where

focus on the temperature evolution of the integrated intensity
of the background continuum to determine the fractional-
ized excitations’ energy scale [53], where the raw Raman
intensity /(w) is integrated over a range of 1.0 —95 meV
as I = f “m I(w, T)dw. Figure 2(d) shows the tempera-
ture evolution of the integrated intensity of the background
continuum. As can be seen from Fig. 2(d), the integrated
intensity of the background continuum shows a nonmonotonic
temperature dependence; at high temperature the intensity
variation is mainly dominated by a conventional one-particle
scattering corresponding to the thermal Bose factor given
as I(w, T) [l +n(w, T)], where [1 +n(w,T)]=1/[1—
e "o /ksT] However, at low temperature a significant devi-
ation from the conventional bosonic excitations is observed
below ~150 K; the intensity shows a monotonic increase with
decreasing temperature down to the lowest recorded tem-
perature (4 K). To understand the temperature dependence
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of the integrated intensity of the background continuum,
we fitted it with a function having contributions from
both bosonic and two-fermion (related to the creation and
annihilation of the pair of fermions, its functional form
is given as a4+ b[1—f(w, T)]*>, where f(w,T)=1/[1+
e"@r/%sT is the Fermi distribution function with zero chem-
ical potential [53]) excitations. The fitting outcome reveals
that the temperature dependence of the integrated intensity
below ~150 K is mainly dominated by fermionic excitations
and the corresponding fractionalized energy scale for the
fermions is wf = 10.3 meV (~85cm~'). The temperature
evolution of the integrated intensity of Bose-corrected spec-
tra is shown in the inset of Fig. 2(d), clearly indicating the
significant enhancement of the magnetic contribution below
~150-200 K as fitting well with the two-fermion function,
a+ b[1—f(w, T))>. Our analysis suggests the signature of
fractionalized fermionic excitations in V(gsPSs, a key sig-
nature of the proximate QSL phase, in line with the other
2D honeycomb putative QSL candidates, « —RuCls as well
as LipIrOs [39,41]. In a conventional long range ordered
magnetic system, the background continuum develops into
relatively sharp modes (magnons with spin —1) below Ty
[55]. We note that in other members of this family, e.g., for
FePS3, additional low frequency (below ~150cm™!) sharp
modes were observed below Ty, attributed to the magnetic ex-
citations [56]. On the other hand, we did not observe any such
sharp peaks below Ty, or development of the broad underlying
continuum into sharp modes; additionally, we observed Fano
line asymmetry and phonon anomalies in line with the the-
oretical suggestion for phonons in putative QSL candidates.
Also, we observed that the quasielastic response increases
with decreasing temperature; on the other hand in case of a
conventional magnetic system quasielastic response increases
with increasing temperature due to thermal fluctuations.

Now we will discuss the Raman response, x”(w,T),
which shows the underlying dynamic collective excitations
at a given temperature, where x”(w,T) is calculated by
dividing raw Raman intensity with the Bose factor, I(w, T')
[1+n(w, T)]x"(w, T). The Raman response, x"(w,T),
is proportional to stokes Raman intensity given as I(w, T)
= fooo dte® (R(R(0)) o [1 + n(w, Tx"(w, T), where
R(t) is the Raman operator and [1 + n(w, T)] is the Bose
thermal factor. Figure 2(a) shows the temperature evolution
of x"(w,T). We note that x”(w,T) is composed of the
phononic excitations superimposed on a broad continuum
extending up to ~95 meV. The detailed analysis of the
self-energy parameters of all the observed phonon modes; i.e.,
peak frequency and linewidth, is given in the Appendix. An
in-depth analysis of this broad continuum may provide further
information about the underlying nature of the dynamical spin
fluctuations via the dynamic Raman susceptibility ().
Interestingly the Raman response shows a significant increase
in the spectral weight on lowering the temperature [see
Fig. 2(a) and its inset], and quite surprisingly it continues
to increase upon entering into the spin-solid phase unlike
the conventional systems where it is expected to quench
below 7y. This characteristic scattering feature is typical of
the scattering from underlying quantum spin fluctuations.
For further probing the evolution of this broad magnetic
continuum and underlying quantum spin fluctuations we

quantitatively evaluated x%", shown in Fig. 2(c). x®" at
a given temperature is evaluated by integrating the phonon
subtracted Raman conductivity, x”(w)/w, shown in Fig. 2(b),
and using the Kramers-Kronig relation as

2 Qo
X = lim x(k = 0, 0) = —/ LD g, )
w—0 T Jo w

where 2 is the upper cutoff value of the integrated frequency
chosen as ~95 meV, where Raman conductivity shows no
change with further increase in the frequency. With lowering
temperature x%" shows nearly temperature-independent be-
havior down to ~200 K as expected in a pure paramagnetic
phase; on further lowering the temperature it increases con-
tinuously until 4 K. The relative change in the temperature
range of 330—200 K increases only by ~19%, at 200—60 K
it increases by ~73%, and there is a 126% increase in the
60—4 K range. In the quantum spin liquid phase, the Raman
operator couples to the dispersing fractionalized quasiparticle
excitation and reflects the two Majorana fermion density of
states [51]. Therefore, an increase in the x %" below ~200 K
reflects the enhancement of the Majorana fermion density
of states and marks the crossover from a paramagnetic to
the proximate spin liquid state. Remarkably, the temperature
dependence of the phonon modes also showed the anomalies
around ~200 K, reflecting the strong coupling of fractional-
ized excitations with the lattice degrees of freedom (discussed
in Sec. IIB below). For conventional antiferromagnets as
the system attains ordered phase the dynamical fluctuations
should be quenched to zero; contrary to that here we ob-
served a significant increase in dynamic Raman susceptibility
hinting at strong enhancement of dynamic quantum fluc-
tuations [6,54,57,58]. The diverging nature of x9™(T) as
T — 0 K clearly suggests the dominating nature of quantum
fluctuations associated with the underlying collective excita-
tions down to the lowest temperature. This is also consistent
with recent theoretical understanding, where it was advo-
cated that dynamic correlations may have unique temperature
dependence in systems with quantum spin liquid signatures
and the fractionalization of the quantum spins contributes to
dynamic spin fluctuations even in the high temperature para-
magnetic phase [59]. Therefore, naturally the signature of spin
fractionalization is expected to be visible in the dynamical
measurable properties such as dynamic Raman susceptibility
as observed here. It was also shown that in the low temper-
ature regime the dynamical structure factor, related with the
spin-spin correlation function, shows a quasielastic response
with lowering temperature and was suggested as evidence for
fractionalization of spins.

Next, we focus on the very low frequency region (LFR),
i.e., 1—9 meV, where we observed the emergence of a strong
quasielastic response at low temperature; see Figs. 3(a) and
3(b). We evaluated the dynamic Raman susceptibility Xfly:;
for this low energy range [see Fig. 3(c)]. The observed
X9 remains nearly constant until ~200 K, and shows a
monotonic increase with further decreasing the temperature
down to 4 K. We fitted both x®" and % using a power
law as x¥" ~ T¢ (@ =-0.34 for x¥" [see the solid blue

line in Fig. 2(c)] and a = -0.67 for Xlill);llll [see the solid line
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FIG. 3. (a,b) show the temperature evolution of the Bose-corrected spectra, i.e., Raman response x”(w,T) and Raman conductivity
x"(w,T)/w in the low frequency region LFR (1—9.0 meV), respectively. (c) Temperature dependence of XE{;’I;(T) obtained from the
Kramers-Kronig relation. The solid blue line is the power-law fit Xfly:',; ~ T*. Background colored shading reflects different magnetic phases.
(d — f) Mode frequency evolution as a function of temperature for the modes P2, P4, P6, P7, P9, and P10. Red solid lines are a guide to the
eye. T* (~200 K) represents the temperature where spin fractionalization starts building up.

in Fig. 3(c)]). Here we observed the power-law behavior
of x¥" and xfffl“{ much above Ty, unlike the conventional
pure paramagnetic phase where it is expected to show sat-
uration. The power-law dependence of " and x. 2% even
well above the long-range magnetic ordering temperature re-
flects the slowly decaying correlation inherent to the quantum
spin liquid phase and triggers fractionalization of spins into
itinerant fermions around 7* ~ 200 K [60,61]. We note that
this anomalous temperature evolution of the background con-
tinuum along with phonon anomalies, discussed later, cannot
be captured by the conventional long range ordered magnetic
scattering; rather, it reflects the presence of fractionalized
excitations which are intimately linked with the quantum
spin liquid phase, in line with the theoretical suggestions
for a QSL state. It may be mentioned that the underlying
continuum may have its origin in the two-magnon excita-
tions, though a detailed magnetic field dependent Raman
measurement is required to further shed light on the nature of
this continuum.

We wish to note that in a recent report for the case of
a putative QSL candidate RuCl; [16], the QSL phase is

predicted with long range ordering at 7y ~ 7K (zigzag AFM
state). It is shown that in the high temperature the param-
agnetic phase quasielastic intensity of magnetic excitation
has a broad continuum and the low temperature AFM state
is quite fragile with competition from FM correlation and
the QSL phase; in fact, the AFM state is advocated to be
stabilized by quantum fluctuations leaving the QSL and FM
states as proximate to the |GS), and at a slightly higher
temperature the Kitaev QSL state becomes prominent. Fur-
thermore, it was advocated that the FM and QSL states
proximate to the AFM |GS) are essential to understanding
the anomalous scattering continuum. Based on our observa-
tions and phonon anomalies (discussed in the next section)
this broad magnetic continuum is attributed to the fraction-
alized excitations in this material with a quasi-2D magnetic
honeycomb lattice.

B. Mode asymmetry and anomalous phonons

Interaction of the underlying magnetic continuum with
the lattice degrees of freedom may reflect via the
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FIG. 4. (a) Shows the raw Raman spectrum in the frequency range of ~45-360cm~' showing the evolution of the asymmetry for the
modes P2, P6, and P7. (b) Shows the evolution of the phonon modes P2, P6, and P7 (as the inset) normalized asymmetry gauged via slope.
Background colored shading reflects different magnetic phases. (c — e) show the linewidth for the modes P2, P4, P6, P7, P9, and P10. Red
solid lines are a guide to the eye. T* (~200 K) represents the temperature where spin fractionalization starts building up.

asymmetric nature of the phonon line shape, known as Fano
asymmetry, and may provide crucial information about the
nature of the underlying magnetic excitations responsible for
the magnetic continuum. This asymmetry basically describes
the interaction of a continuum with a discrete state (Raman
active phonon modes here) and this effect has its origin
in the spin-dependent electron polarizability which involves
both spin-photon and spin-phonon coupling [62—64]. For the
Kitaev spin liquid candidates, recently it was advocated that
spin-phonon coupling renormalizes phonon propagators and
generates the Fano line shape, resulting in the observable
effect of the Majorana fermions and the Z, gauge fluxes,
a common denominator for a Kitaev quantum spin liquid

|GS) [65,66]. The evolution of phonon mode asymmetry
in putative QSL candidate materials seems ubiquitous [39,
67—-69], suggesting the intimate link between the QSL phase
and phonon asymmetric line shape. Additionally, it was also
shown that the lifetime of the phonons decreases with decreas-
ing temperature, i.e., increase in linewidth with decreasing
temperature, attributed to the decay of phonons into itinerant
Majorana fermions [70]. This is opposite to the conven-
tional behavior where the phonon linewidth decreases with
decreasing temperature owing to reduced phonon-phonon
interactions.

Figure 4(a) shows the temperature-dependent Raman spec-
tra in a frequency range where a few modes (P2, P6, and
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P7) show strong asymmetric line evolution. It is very clear
that these phonon modes gain an asymmetric line shape with
decreasing temperature. As expected, these modes are su-
perposed on the broad underlying magnetic continuum in
the region where the spectral weight of the continuum is
dominating. The asymmetric nature of these three phonon
modes is gauged via the slope method; see the Supple-
mental Material (Sec. S5) [19] for details and equivalence
between the slope method and the Fano function [F(w) =
Io(qg + £)*/(1 4+ £2), where ¢ = (v — wp)/T" and 1/q is de-
fined as asymmetry parameter]. Here we have adopted the
slope method because the Fano function fitting resulted in
a large error. Figure 4(b) shows the normalized slope for
these three modes. Interestingly, the asymmetry gauged via
slopes shows strong temperature dependence [see Fig. 4(b)];
it has a high value in the long range ordered phase at low
temperature. Above Ty (~ 60 K) it continuously decreases un-
til ~200 K, and thereafter it remains nearly constant up to
330 K, clearly suggesting the presence of active magnetic
degrees of freedom far above Ty . A pronounced feature of this
mode asymmetry is that it conjointly varies with dynamic Ra-
man susceptibility on varying temperature [discussed above;
see Figs. 2(c) and 3(c)], implying that its asymmetric line
shape is also an indicator of spin fractionalization or the
emergence of the spin liquid phase, and the increased value
below 200 K (T* is defined as a crossover temperature)
may be translated to a growth of finite spin fractionalization.
We also tried to fit the temperature evolution of the slopes
with the two-fermion scattering form a + b[1— f (w, T)]2 [see
Fig. 4(b)] and the extracted fermionic energy scale is also
found to be similar to that estimated from intensity fitting of
the continuum background [see Fig. 2(d)]. It is quite inter-
esting that the evolution of the mode’s asymmetry for these
phonon modes maps parallel to the thermal damping of the
fermionic excitations. In materials with the Kitaev QSL phase
as |GS), spins are fractionalized into the Majorana fermions;
as a result of this the underlying continuum emerging from
spin fractionalization couples strongly with lattice degrees

A Ln(p)
E _—
= 0
0.004 0.005 0.006
T (1K)
150 200 250 300

Temperature (K)

of freedom as evidenced here. The temperature evolution of
these modes, i.e., the phonon mode’s line asymmetry, in line
with the theoretical prediction, suggests the fractionalization
of spins.

For a normal phonon mode behavior, as the tempera-
ture is lowered then the phonon peak energy is increased
and the linewidth decreases, attributed to the anharmonic
phonon-phonon interactions. Interestingly, a large number of
modes showed a change in phonon frequency at the crossover
temperature 7% (~200 K), signaling the effect of spin
fractionalization on the phonon modes; see Figs. 3(d)-3(f).
Startlingly, some of the modes showed anomalous evolution
of the linewidth below T*; i.e., the linewidth increases with
decreasing temperature. Figures 4(c)—4(e) show the tempera-
ture dependence of the linewidth of the phonon modes which
show anomalous behavior. All these modes show clear di-
vergence from the normal behavior starting at the crossover
temperature 7*, implying an additional decay channel, similar
to the temperature scale associated with the phonon mode’s
line asymmetry and magnetic continuum reflected via dy-
namic Raman susceptibility. This is also consistent with the
theoretical predictions; hence our observation clearly evi-
denced the emergence of fractionalized excitations in this
quasi-2D magnetic system starting from the crossover tem-
perature reflected via phonon anomalies and broad underlying
magnetic continuum.

III. CONCLUSION

In conclusion, we have performed in-depth inelastic light
scattering (Raman) studies on V_,PS; single crystals, where
we focused on the background continuum showing distinct
temperature dependence via dynamic Raman susceptibility
and the phonons’ anomalies. Our results on background con-
tinuum and phonon self-energy parameters evince an anomaly
at a similar temperature range, suggesting the crossover from
a normal paramagnetic phase to a state where spin frac-
tionalization begins and also marks the onset of proximate

—o—H Il ab 1000 Oe zfc
—o—H Il ¢ 1000 Oe zfc
——9y/oTH Il ab
—9y/éTHIlc

2.01(b) ;

Ymot [1072 emu/(mol Oe)]
o

0 100 200
Temperature (K)

FIG. 5. (a) Resistivity as a function of temperature; inset shows In(p) vs 1/7T. (b) Molar magnetic susceptibility xmo in ZFC mode with

H || ab plane and H || ¢ axis along with the respective derivatives.
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TABLE I. Wyckoff positions of different atoms in conventional unit cell and irreducible representations of the phonon modes of monoclinic
{C2/m[C2 ]}V, PS5 at the gamma point. R,, and Rp, are the Raman tensors for the A, and B, phonon modes.

Atoms Wyckoff site I'-point mode decomposition Raman tensor
a 0 d
v 4g Ay +A, + 2B, + 2B, Ry, = (0 b 0)
d 0 ¢
P 4i 2A,+A,+ B, + 2B,
0 e O
S 4i 2A,+A,+ B, + 2B, Rp, = (e 0 f)
o f 0
S 8j 3A, +3A, + 3B, + 3B,

IRaman = 8Ag + 7Bg

nfrared = 6Au + 9Bu

quantum spin liquid phase. Our studies evinced the signature
of spin fractionalization in this quasi-2D magnetic honey-
comb lattice system. In addition to the observation of a broad
magnetic continuum and its anomalous temperature evolution,
our results on the evolution of the modes’ line asymmetry and
phonon anomalies, in particular for the phonon modes lying
on the underlying magnetic continuum, opens the possibility
to experimentally identify the theoretically predicted effects
of fractionalized excitations of the QSL phase in putative spin
liquid candidates.

ACKNOWLEDGMENTS

PK. thanks IIT Mandi and the Department of Science
and Technology-India for the financial support. S.A. ac-
knowledges the support of Deutsche Forschungsgemeinschaft

(DFG) through Grant No. AS 523/4—1. B.B. acknowledges fi-
nancial support from the DFG through the Wiirzburg-Dresden
Cluster of Excellence on Complexity and Topology in Quan-
tum Matter—ct.qmat (EXC 2147, Project No. 390858490).

APPENDIX

1. Resistivity and magnetization measurements

Figure 5(a) shows the resistivity vs T plot. The inset shows
the log of resistivity as a function of temperature; an Arrhenius
fitting gives the band gap of ~180 meV. Magnetic suscepti-
bility measurement was performed in the zero field cooling
(ZFC) mode at Hex = 1000 Oe shown in Fig. 5(b) which
shows Ty ~ 60K, respectively, is very close to Ty ~ 62K
which was reported by Coak et al. [1]. Magnetic susceptibility
increases slowly as temperature is decreased from 300 K

Raman Shift (meV)

0 19 37 56 74 93
P8 P9
—
)
=
c
S 250K
el
[
8 200K
2 150K
»
c
o
-
£
0 150 300 450 600 750
Raman Shift (cm™)

FIG. 6. Raw spectra of bulk VjgsPS; along with peak labels at different temperatures within the spectral range of 5-760 cm~'. Low

frequency region (LFR) is shaded in purple.
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FIG. 7. Temperature-dependent evolution of features (frequency and FWHM) of the phonon modes. Some of the phonons were fitted with
the anharmonic model as mentioned in the text indicated by solid red and blue lines which are a guide to the eye. Dotted vertical lines represent

Ty (~60 K) and crossover temperature 7* (~200 K).

and shows a sharp decrease around 60 K. In the paramag-
netic phase it shows no deviation, but once the spin-solid
phase is reached the magnetic susceptibility starts to show
anisotropic behavior, which suggests that it is comparatively
easier to magnetize the sample in the ab plane than along
the ¢ axis. Interestingly below ~50K, susceptibility again
starts increasing, which is very unlikely in the case of con-
ventional antiferromagnets where net magnetization goes to
zero sharply below the Néel temperature. For Fe, Mn, and
Ni, Xxmol Vs T showed behavior of a typical antiferromagnetic
(AFM) system; i.e., Xrlr‘lol parallel to the magnetization axis
shows a sharp drop below Ty, whereas er;ol perpendicular
to the magnetic axis remains nearly constant with a slight
increase owing to the presence of spin waves [2,4,71]. Sur-
prisingly in the case of V| PS; both Xr!ol and x=, show
similar (increases with decrease in temperature) behavior be-
low Ty unlike that of a typical AFM system. Such a complex
magnetic behavior could be a reflection of a quantum spin
disordered state. Increase in XrUm and xL, below Ty reflects
the dominance of only short-range ordering. This can be a
signal of a proximate QSL state or may be a remnant of a QSL
state existing as a fluctuation even within the spin-solid phase.
We note that similar behavior of ., below Ty was also
reported for Cu,Te,OsBr; [6,7], which could be understood

by a quantum critical transition from the AFM state to the
QSL state.

We also extracted the net effective moments by fitting the
inverse magnetic susceptibility data using a modified Curie-
Weiss law in the temperature range of 200-300 K with linear
extrapolation below 200 K; the extracted value of the effec-
tive magnetic moment is uiy = 3.61pp and ugf = 3.68up
for in-plane (H parallel to the ab plane) and out of plane
(H parallel to ¢ axis) measurements, respectively. The theoret-
ical value of the effective magnetic moment for V3* (S = 1)
is 5= = 2.83up, for V(S = 3)itis 1y 3 =3.87up, and

2
for the average spin ps—1.3 = 3.50up. We found the exper-
imental value of p" = 3.61up which is within ~4% error

of the theoretically estimated value using average spin.

2. Temperature-dependent phonon analysis

In the stoichiometric structure of VPS;, the factor
group analysis predicts a total of 30 nondegenerate modes,
I' =8A, + 7B, + 6A, + 9B, within the irreducible represen-
tation at the gamma point, out of which 15, I'raman = 84, +
7B, are Raman active with symmetric A, and antisymmetric
B, lattice vibrations, and 15, Tipfrared = 6A, + 9B, are in-
frared in nature; details are summarized in Table I. Figure 6
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TABLE II. Anharmonic fitting parameters of the phonon modes and symmetry assignment.

Modes (symmetry) w, A r, C
P1(By) 797 £04 -00.6 £ 0.1

P2(B,) 1304 £ 0.4 -01.6 £ 0.1 233 £ 0.7 -1.2 £0.2
P3(B,) 149.1 £ 0.7 -01.1 £0.2 09.8 + 1.1 04 £14
P4(B,) 192.5 £ 0.7 -01.9 £ 0.3 11.7 £ 1.1 -1.7 £ 0.5
P5(B,) 203.9 £ 0.5 -01.5 +£0.2

P6(A,) 2347 £ 04 -03.1 £0.2

P7(A,) 266.2 £ 0.4 -03.0 £0.2

P9(4,) 3125 £ 0.5 -053 £ 0.4

P10(A,) 379.5 + 0.6 -054 £ 0.5

P11(B,) 445.1 £ 0.8 —06.6 = 0.7 025 +£2.3 52 £20
P12(A,) 556.0 £ 1.5 -11.7 £ 1.4 08.0 2.8 5.1 £26
P13(B,) 588.0 £ 1.6 -139 £ 1.5

P14(A,) 600.1 £ 2.5 -154 £ 2.3

P15(A,) 637.1 £ 3.1 -25.0 £ 2.9

shows the evolution of the Raman spectra with temperature.
We found 15 modes, which is consistent with group theory
prediction as well. We have fitted the Raman spectra at differ-
ent temperatures with the Lorentzian function and extracted
corresponding phonon self-energy parameters.

The effect of the thermal part of anharmonicity can
be visualized in temperature-dependent variation of phonon
frequencies and linewidth in the three-phonon process using
the following functional forms [72]:

A is observed for P1 — P9 and it increases drastically for
P10-P15.

For variation in full width at half maximum (FWHM), the
self-energy constant “C” is expected to be positive as the
phonon population decreases with a decrease in temperature
which increases the phonon lifetime; we observe it for the
modes P3, P11, and P12, whereas P2, P4, and P6 show the
opposite behavior. Interestingly P13 and P14 below 200 K re-
main almost constant until 4 K which is anomalous behavior.
P2 and P4 show significant increase in FWHM below 200 K.

o(T) = w, +A<1 + XL), (A1) The linewidth of the mode P10 shows quite interesting be-
e —1 havior; below 200 K it shows a sharp drop and remains nearly
o(r)y="T,+ C(l + 2 ) (A2) constant until ~60 K and below 60 K it starts increasing. Sim-
e —1 ilarly, the linewidth of mode P7 shows a drop around 200 K

respectively; here w, and I', are frequency and linewidth at
absolute zero; x = ;;(‘;’T ,y = ;;;’T ,A, and C are the self-energy
constants [73]. The three-phonon contribution is fitted and
shown by the thick red curve in Fig. 7 in a temperature
range of 60-200 K for temperature-dependent frequency and
linewidth of P1-P7, P9-P15 modes; the estimated deviation
from a cubic anharmonic model below 60 K is indicated by
an extrapolated dashed red curve. This extrapolated curve
below 60 K is based on the constant parameter obtained by
fitting in the range of 60-200 K. We obtained a negative
value of “A” for all the modes which implies phonon display
blueshift with decreasing temperature, which is considered
as normal behavior when fitted using the cubic anharmonic
model; derived parameters are summed up in Table II. We
clearly spot the deviation from the three-phonon process as
the phonon modes blueshift below the transition temperature,
which can be attributed to the interaction of magnetic and
lattice degrees of freedom. Interestingly, above 200 K we
observe temperature-independent behavior for most of the
phonon modes. We observed that the P1-P9 phonon modes
reside on that part of the spectra where there is a significant
effect of the background continuum beyond which it loses
intensity and temperature dependence considerably. In fact, it
peaks around the P6 and P7 modes. In Fig. 8 we have shown
variation of phonon self-energy parameter A with increasing
phonon frequencies. A slow but gradual linear increase in

and then remains constant until ~60 K; at lower temperature
it starts increasing. The different extent of variation of FWHM
for different phonon modes suggest that underlying magnetic
degrees of freedom are interacting in a different fashion with
different energy phonon modes.

Or(P1) Tparpa
P2pa_, pe P7

7h |\ (p11)

=
' (P12
£
141} P13
o (P14)
<

P15,

100 200 300 400 500 600

Frequency (cm™)

FIG. 8. Variation of the phonon self-energy parameter A with
phonon frequencies.
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