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The spin-1 triangular lattice Heisenberg antiferromagnet Ca3NiNb2O9 and its sister compounds are conjec-
tured to promote the formation of many-body quantum entangled states such as a quantum spin liquid (QSL), an
exotic phase which features fractionalized quasiparticle excitations and emergent gauges. We probe the single
crystal of Ca3NiNb2O9 using an in-depth Raman spectroscopic technique. Our measurements provide evidence
for the fractionalized excitations, suggesting that the current system is in close proximity to the QSL phase. This
is also in line with the proposed higher-order fractional magnetization plateau in this system, as these plateaus
have an intricate relationship with the spin entanglement. We observed unconventional underlying scattering as
a broad continuum with an intensity that shows fermionic statistics. Additionally, phonon modes show Fano
asymmetry, also conjectured as a fingerprint of the spin-liquid phase, and above a critical Raman shift also show
fermionic statistics in their intensity evolution.
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I. INTRODUCTION

Frustrated quantum antiferromagnets refer to the presence
of competing exchange interactions that cannot be simultane-
ously satisfied. This phenomenon creates a large degeneracy
in the ground state of the system [1–3]. The frustrated model
has recently attracted much attention as a probable candidate
for the highly entangled quantum spin-liquid (QSL) phase that
can host non-Abelian quasiparticle excitations [4,5], and the
exotic quasiparticle (QP) excitations known as spinons [6].
The most famous variant of QSL was proposed by Anderson
[7], who emphasized the significance of frustration in stabi-
lizing such phases like the resonating valence-bond (RVB)
state for the spin- 1

2 triangular-lattice antiferromagnet (TLAF)
[7,8]. Experimentally, S = 1

2 TLAFs have been and are un-
der active investigation with no magnetic ordering observed
down to very low temperatures and have been projected as
potential QSL candidates [9–13]. TLAFs with small effective
spin (S = 1

2 or 1) display two competing ground states: one
in which the spins are long-range ordered with 120 ° spin
structure [14] [see Fig. 1(b)] and another in which the quan-
tum fluctuations are expected to melt the long-range ordering,
leading to RVB with a QSL ground state [15]. The change
from a noncollinear 120 °-spin configuration at zero magnetic
fields into a fractional-magnetic lattice under a limited range
of applied magnetic field, such as the collinear up-up-down
phase corresponding to a plateau of magnetization with 1

3
of its saturation value, aptly demonstrates the rich quantum
phenomena that emerge in these systems [16,17]. We note
that, so far, most studies have been focused on searching for
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the QSL phase in the S = 1
2 TLAF, and the S = 1 TLAF

are largely unexplored. This is probably because the quantum
fluctuations become less pronounced as the spin quantum
number S increases according to the spin-wave theory for the
simplest Heisenberg Hamiltonians. For identification of QSL
candidates, one good indicator is the high value of frustration
parameters f = |θCW/TN |, which indicates a strong suppres-
sion of ordering because of frustration. For the current system
and its sister compounds, the frustration parameter ranges
from 5 to 10 [14,18], which indicates moderate to high level
of frustration due to competing interactions between the spins
[1]. The recent studies on S = 1 TLAFs such as Ba3NiNb2O9

[19] and Ba3NiSb2O9 [20,21] have drawn attention due to
the possible signature of a QSL phase manifested as frac-
tional plateaus in the magnetization. Many other Ni2+-based
TLAF candidates have been proposed so far, but the direct
confirmation of their QSL states remain elusive. Recently,
for the case of a spin- 1

2 kagome Heisenberg antiferromag-
net, an intricate relation between 1

9 magnetization plateau
and spin entanglement [22] has been shown, suggesting a
close link between the QSL phase and these magnetization
plateaus.

The family of triple perovskites A2+
3 (X 2+M5+

2 )O9 has an
ABO3 structure with a 1:2 ordering of X and M ions at
the B site, with the magnetic ions (X) arranged on ver-
tices of a triangular lattice. Here, Ca3NiNb2O9 is a member
of the triple perovskite family. The triangular layers of Ni
cations (NiO6 oxygen octahedron) are separated by the dou-
ble nonmagnetic corner-shared Nb2O11 perovskite in the ab
plane [see Fig. 1(c)] [23,24]. Also, Ca3NiNb2O9 exhibits
long-range ordering with two successive phase transitions
at TN1 = 4.6K and TN2 = 4.2K (having Curie-Weiss tem-
perature θCW = −23K), with a 120 ° antiferromagnetic spin
structure as the ground state. Such behavior implies strong
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(a) (b)

(c)

FIG. 1. Unpolarized Raman spectra of the single crystal of Ca3NiNb2O9 in the spectral range of 65–910 cm−1 collected at 8 K using
532 nm laser excitation. The solid thick red line is a total sum of Lorentzian fit of the experimental data, and solid thin blue lines correspond to
the individual Lorentzian fit of the phonon modes. The observed modes are labeled as P1–P40. Inset shows the raw spectrum for the spectral
range of 10–2100 cm−1. The spectra in the yellow background are the amplified for the range of 910–2100 cm−1, showing very weak modes
labeled as P41–P44. (b) Below TN1 (∼4.6 K), a 120 ° ordered ground state magnetic structure formed by Ni2+ spins at zero magnetic field.
(c) The lattice structure with the Ni-triangular lattice of Ca3NiNb2O9, plotted using VESTA, the solid-black line denote the unit cell.

geometrical frustration in the triangular lattice, suggesting
the possibility of spin-liquid phases [18]. It is worth noting
that frustration parameter f , which is 5 for Ca3NiNb2O9,
indicates a moderate to high degree of frustration and
competitive interaction. We note that most potential QSL des-
ignated systems tend to show long-range magnetic ordering
at low temperature. The spin-liquid state is preempted by
this long-range ordering. However, despite this, the signa-
ture of a possible QSL may be gauged from the anomalous
signature of the QP excitations even at much higher temper-
atures than TN [25–28]. The general form of a quasi-two-
dimensional (2D) XXZ Heisenberg Hamiltonian that captures
the physics of TLAF systems can be written as [14,29] H =
J

layer∑

〈i, j〉
(Sx

i Sx
j + Sy

i Sy
j + �Sz

i Sz
j ) + J ′

interlayer∑

〈l,m〉
Sl · Sm, where J and

J ′ (J ′/J = 0.31, for Ca3NiNb2O9) are the intralayer and in-
terlayer nearest-neighbor (NN) antiferromagnetic exchange
energies, respectively [14,30]. Here, � (0 < � � 1) is the
120 ° structure easy-plane exchange anisotropy. Spectroscopic
studies on Ca3NiNb2O9 for understanding the dynamics of
underlying QP excitations are lacking. Inelastic light scatter-
ing, Raman in particular, is an excellent tool for investigating
the exotic QP excitations such as spinons, triplons [31],
and Majorana fermions [32,33], a defining feature of non-
Abelian quantum statistics with intricate coupling between
spin and lattice degrees of freedom [34,35]. Using Raman
spectroscopy, bimagnon excitations have been reported in the
distorted TLAF α-SrCr2O4 [36] and a broad continuum with

distinct characteristic attributed to the spin-fractionalized ex-
citations like spinons [26,37,38].

Motivated by the possible rich underlying QP excitations
in these TLAF systems due to their close proximity to the
QSL state, we carried out an in-depth investigation of B-site
ordered single crystals of spin S = 1 TLAF Ca3NiNb2O9

via inelastic light scattering, i.e., Raman scattering. In this
paper, we reveal an intriguing magnetic scattering in this
system, which is characterized by the presence of a broad
continuum and Fano asymmetries in the phonon line shapes,
suggesting proximity to the QSL phase. We observed strong
anomalies in the self-energy parameters of the phonons (i.e.,
frequencies and linewidth) at ∼50 K (TSC = short-range spin-
spin correlation transition temperature) much higher than the
long-range magnetic ordering temperature (TN ∼ 4 K), which
suggest these anomalies do not arise from the conventional
spin-phonon coupling, as the spins are deep inside the thermal
paramagnetic regime with 〈Si〉 = 0. We attribute these anoma-
lies in the phonons to the quantum spin and orbital fluctuations
and possible coupling with the Majorana fermions. We also
observed changes in the phonons self-energy parameters in
the vicinity of ∼200 K (T*).

II. RESULTS AND DISCUSSION

A. Raman scattering

A single crystal of B-site ordered Ca3NiNb2O9 was crystal-
ized into the monoclinic structure with space group P121/c1
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FIG. 2. The shaded background continuum at (a) 8 K and (b) 330 K, using 532 nm laser. Inset in (a) shows the integrated intensity of
the continuum for (θθ ) configuration reflecting Ag symmetry, and inset in (b) shows the background continuum using 633 nm at 330 K.
(c) Normalized integrated intensity (IF ) for the full range (1.2–260 meV). The inset shows temperature variation of integrated intensity for
low-energy range 6–25 meV, the blue line is the fitted curve by Bosonic function as discussed in the text. (d) Temperature evolution of
asymmetry of mode P4, solid red line shows the Breit-Wigner-Fano (BWF) fit. Temperature evolution of the asymmetry parameter 1/|q| of
mode (e) P4, (f) P11 and P21; the error bars are shown by fill area around the datasets. The solid red lines are a guide to the eye.

(#14) and the point group C2h. Factor group analysis gives
180 phonon branches at the � point of the Brillouin zone
given by the following irreducible representation �Total =
42Ag + 48Au + 42Bg + 48Bu. Out of these, 93 are infrared
active �IR = 47Au + 46Bu, and 84 are Raman active �Raman =
42Ag + 42Bg, and the remaining three correspond to the
acoustic phonons �Acoustical = Au + 2Bu [39] (see Table S1 in
the Supplemental Material [40] for more details). The unpo-
larized Raman spectrum of Ca3NiNb2O9 at 8 K using 532 nm
laser excitation is shown in Fig. 1(a), covering a spectral range
from 65 to 910 cm−1. To extract the mode frequency (ω),
full width at half maximum (FWHM), and intensity of each
individual mode, the spectrum at each temperature is fitted
with a sum of Lorentzian functions, allowing us to distinguish
40 phonon modes that have been labeled as P1–P40 for conve-
nience. Peak positions of the observed phonons at 8 and 330
K are listed in Table S2 in the Supplemental Material [40].
The inset in Fig. 1(a) shows the Raman spectrum collected
up to 2100 cm−1, showing four very weak peaks (P41–P44)
in the frequency range of 900–2100 cm−1 attributed to the
second-order Raman scattering. It has been observed that
mode P39 centered at ∼800 cm−1 is almost 6–8 times more
intense than the other modes [see the inset in Fig. 1(a)] and
has its origin in the stretching of oxygen octahedra [41]. The

tentative symmetry assignment of the phonon modes based on
our polarization-dependent Raman measurements is described
in Sec. S4 in the Supplemental Material [40]. We also under-
take comparative Raman analyses for both B-site ordered and
disordered samples (see Sec. S3 in the Supplemental Material
[40]). The Raman spectra of the B-site ordered Ca3NiNb2O9

demonstrated two unusual features: the occurrence of the
broad continuum and the anomalous temperature dependency
of the phonon modes. In the following, we discuss both these
observations in detail.

B. Evolution of the underlying quasiparticle excitations

Raman spectra of Ca3NiNb2O9 at 8 and 330 K [see
Figs. 2(a) and 2(b)] with phonon modes overlaid on a wide
temperature-dependent continuum (shown as red shading)
ranging up to 260 meV are assigned to the underlying mag-
netic excitations. To rule out its origin due to fluorescence,
we also did measurements using different laser energies [see
inset of Fig. 2(b)] and found that the continuum intensity
shows no significant laser energy dependence, reflecting its
intrinsic nature and not due to fluorescence. Generally, the
continuum observed in the Raman measurements may have its
origin in the magnetic excitations, electronic excitations, e.g.,
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FIG. 3. (a) Comparison of the phonons subtracted Raman response χ ′′(ω, T ) at 8 and 330 K. The arrows mark the local maximum for
the spectral weight. (b) Temperature evolution of the phonons subtracted Raman conductivity χ ′′(ω, T )/ω in the low-frequency range of 1.2–
8 meV. (c) Temperature dependence of the dynamic spin susceptibility, obtained from the Kramers-Kronig relation χdyn ≡ 2

π

∫ 8meV
0

χ ′′ (ω)
ω

dω.
The solid red line is the fitted curve with the power law χ dyn(T ) ∝ T β .

charge transfer excitations, plasmonic excitation (generally if
material is metallic in nature), and some time disorder in the
sample or thermal fluctuations. The continuum increases with
decreasing temperature down to the lowest recorded temper-
ature, i.e., 8 K, see Fig. 3(a). It is noteworthy that thermal
fluctuations decrease with decreasing temperature; hence, the
continuum cannot be attributed to the thermal fluctuations.
Since the sample probed is a single crystal and shows very
sharp phonon modes, it declines the cause of continuum due
to disorder. Internal charge transfer excitations (electronic in
nature) are a few times broader than a typical phonon mode,
typically having linewidth ∼100–200 cm−1, but the observed
continuum is spread over a much broader range; hence, its
charge transfer electronic transition nature may be ruled out
as well. The quantum magnetic nature and underlying frus-
tration of Ca3NiNb2O9 may lead to exotic spin dynamics and
quasiparticle excitations, potentially manifesting as a broad
continuum in the Raman spectrum. A comparison of the 8 and
330 K curves reveals that the continuum shape shows strong
variation with temperature. This continuum with a maximum
at ∼83 meV (∼670 cm−1) is observed for 8 K; as temperature
rises, the continuum becomes narrow and redshifts and shows
maxima at ∼40 meV (∼320 cm−1) for 330 K. The quantitative
estimate of this continuum temperature dependence is eluci-
dated via integrated intensity IF = ∫ ωh

ωl
I (ω)dω in the acquired

full-spectrum range, where the cutoffs ωl and ωh are taken
at 1.2 and 260 meV, respectively [see Fig. 2(c)]. A higher-
frequency range for IF is chosen until the maximum recorded
spectrum range. In the low-temperature (T < TSC ∼ 50 K)
regime, IF shows small change; however, at TSC, it shows
a sharp change, and after that, a monotonous decrease is
observed until T ∗ ∼ 200 K. The continuum loses its inten-
sity above T ∗ and reaches at its minimum value ∼330 K,
with a broad peak at the low-frequency region. The over-
all temperature evolution of the intensity follows fermionic
statistics, suggesting the spinon nature of these underlying
excitations, as also seen in the phonon-mode intensity evo-
lution (discussed in Sec. III). The inset of Fig. 2(c) shows the

integrated intensity IM of the spectral weight in the energy
window (6 < ω < 25meV). We took this higher range ∼25
meV (∼203 cm−1), which marks the demarcating frequency
below and above which phonon modes are showing opposite
behavior. It exhibits a pronounced temperature dependency,
as expected for one/two-particle scattering governed by the
thermal Bose factor 1 + n(ωb) = 1/[1− exp(−h̄ωb/kBT )] at
temperature above ∼40 K, with fitted parameter ωb = 23 ±
1.2 meV extracted from the bosonic fit. Interestingly below
∼40 K, it shows increasing behavior reflecting the fermionic
contribution to the intensity at low temperature. The observed
Ag symmetry [see the inset of Fig. 2(a)] of the continuum
(as inferred from the two-lobe structure, see Sec. S4 in the
Supplemental Material [40] for more details on the polar-
ization measurements) indicates a distinct topology of the
underlying excitations. We note that Raman susceptibility ap-
proaches zero as the frequency (Raman shift) goes to zero,
i.e., χ ′′ ∝ ω [see Fig. 3(a)], suggesting the gapless nature
of these underlying excitations. The observation of a broad
continuum at temperatures surpassing TN hints at its asso-
ciation with the strong quantum fluctuations and magnetic
frustration [42]. We note that such an anomalous contin-
uum of underlying QP excitations has been attributed to the
fractionalized spin (spinons) as well as one/two-pair spinon-
antispinon excitations in different magnetic quantum systems
[43–45]. Experimental as well theoretical studies on a sis-
ter compound Ba3NiSb2O9 have revealed the signature of
fermionic spinons attributed to the exotic gapless QSL state
[46–48]. The continuum we observed in our case suggests
its origin in the spin fractionalization, which arises from the
frustration of Ni2+ spins forming a triangular lattice. Our
observation of the anomalous background continuum and
anomalous phonon mode intensity temperature evolution sug-
gests that Ca3NiNb2O9 is in close proximity to the gapless
QSL phase.

Interestingly, several phonons (e.g., P4, P11, and P21)
exhibit asymmetric Fano line shape on top of the mag-
netic continuum. This asymmetric nature indicates quantum
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interference of the discrete states (phonons here) with the
underlying excitations responsible for the continuum and
may provide information about the nature of the underly-
ing QP excitations responsible for the magnetic continuum.
Recently, it has been advocated theoretically for the QSL
candidates that spin-phonon coupling renormalizes phonon
propagators and generates the Fano line shape, resulting in
the observable effect of the Majorana fermions and the Z2
gauge fluxes [49,50]. This conjecture of Fano line asymmetry
in the phonon modes is supported by the experimental ob-
servations in putative QSL candidates [26,51–53], suggesting
the intimate link between the phonon asymmetric line shape
and the QSL state. The P4 phonon mode [see Fig. 2(d)]
is fitted with the Breit-Wigner-Fano profile [54] IBWF(ω) =
I0[1 + (ω − ωc)/q�]2/1 + [(ω − ωc)/�]2, where ω, ωc, and
� are the Raman shift, spectral peak center, and FWHM,
respectively [55], and q is the asymmetry parameter that
characterizes the coupling strength with the continuum, quan-
tified by the parameter 1/|q|. Microscopically, q is inversely
proportional to VE , and VE tells the interaction between dis-
crete state and the continuum. Therefore, in the limit 1/|q|(∝
|VE |) → ∞, coupling is stronger and results in a more asym-
metric peak, while in the limit 1/|q| → 0, coupling is weak,
and the line shape gravitates toward Lorentzian. Figures 2(e)
and 2(f) show the temperature dependence of the coupling
strength (1/|q|) for the Fano peak (P4, P11, and P21) in the
temperature range of 8–330 K. We note that, with lowering
temperature, 1/|q| decreases continuously, indicating an in-
timate link with the underlying continuum behavior in the
frequency range of ∼6–48 meV (see Fig. S7 in the Supple-
mental Material [40]). Below TSC(∼50 K ), it remains constant
for modes P11 and P21; however, for mode P4, it shows a
sharp drop. Generally, the asymmetry (1/|q|) should be more
pronounced with decreasing temperature, as asymmetry in the
phonon modes is also expected in the spin-liquid phase. We
note that asymmetry in the phonon modes for the current sys-
tem certainly decreases with decreasing the temperature, but
the magnitude of asymmetry is quite appreciable ∼0.05–0.2
around 50 K, e.g., the asymmetry magnitude for the putative
QSL system is in the range of ∼0.08–0.15 around 50 K
[45,51,56]. The opposite trend in 1/q as compared with other
putative QSL candidates may have its origin in the nature
of the underlying continuum in the frequency range of ∼6–
48 meV, which shows increasing behavior with increasing
temperature (see Fig. S7 in the Supplemental Material [40]).
Consequently, phonon modes P11, P14, and P21 overlapping
with this continuum may result in a more asymmetric nature
at higher temperatures.

C. Dynamic spin susceptibility

In Fig. 3(a), we present the phonon-subtracted Raman
response χ ′′ ∝ I (ω)/[1 + n(ω)] continuum extending up to
260 meV, which shows the underlying dynamic collective
excitations at a given temperature. Interestingly, the Raman
response shows a significant temperature dependence in the
spectral weight upon lowering the temperature [see Figs. 2(c)
and 3(a)]. Upon warming, the continuum starts to narrow
and changes its position of maximum. For 330 K, it shows
a maximum at ∼40 meV, and it shifts to ∼83 meV at 8 K. For

further probing the evolution of this continuum, we quantita-
tively evaluated χdyn, shown in Fig. 3(c), in the low-frequency
regime. The low-energy Raman conductivity χ ′′/ω shows
a pronounced peak about ω = 0, which becomes stronger
with decreasing temperature, see Fig. 3(b). We evaluated the
dynamic spin susceptibility χdyn using the Kramers-Kronig
relation [32]: χdyn = limω→0χ (k = 0, ω) ≡ 2

π

∫ 


0
χ ′′(ω)

ω
dω,

associated with the low-energy measurement, from 1.2 to 8
meV. It exhibits sharp increase below TSC (∼50 K), signify-
ing the building of the short-range ordering much above TN

(∼0.08TSC). We note that χdyn(T ) is nearly constant from
330 to ∼200 K (T ∗), as expected in the pure paramagnetic
phase, and starts rising below it, signaling building up of
the spin-entangled phase. The relative change in χdyn(T ) in
the temperature range of 330–200 K is 1% with respect to
its value at 330 K; at 200 K to TSC (50 K), it increases
by ∼29% with respect to its value at 200 K; and from TSC

to the lowest recorded temperature (8 K), it increases by
∼61% with respect to to its value at 50 K. Here, χdyn(T )
divergence behavior as T → 0 K hints at the dominating
nature of quantum fluctuations associated with the underly-
ing collective excitations. Our observations are also in line
with the theoretical proposals, where it had been suggested
that the dynamic correlations may have distinct temperature
evolution in systems with QSL signatures, and the fractional-
ization of the quantum spins contributes to the dynamic spin
fluctuations even in the high-temperature paramagnetic phase
[57]. Therefore, spin-fractionalization signatures are expected
in the dynamical measurable properties such as χdyn(T ), as
observed here. Also, χdyn(T ) may be described by the power
law given as χdyn ∝ T β (β = −0.65 ± 0.04). We observed the
power-law behavior of χdyn(T ) much above TN , unlike the
conventional pure paramagnetic phase, where it is expected
to show saturation, suggesting slowly decaying correlations
inherent to a spin-liquid state [58]. Experimentally, the possi-
bility of higher-order plateaus is suggested at

√
3

3 or 3
4 [18],

indicating the involvement of entangled spins. It is worth
mentioning that, in addition to the anomalous phonons and
broad underlying continuum, the temperature dependence of
χdyn(T ) in Ca3NiNb2O9 is very similar to that of other puta-
tive QSL candidates [27,28,56,59]. Our observations suggest
the presence of excitations which are intimately linked with
the QSL state in this spin-1 frustrated triangular antiferro-
magnet Ca3NiNb2O9. This is also in line with the theoretical
proposals and experimental observation on sister compounds
[9,46,47].

III. TEMPERATURE AND POLARIZATION DEPENDENCE
OF THE PHONON MODES

Figure 4(a) shows the Raman spectrum from 90 to
330 cm−1 at a few temperatures. It illustrates interesting
changes that are described in the following. With increasing
temperature, we observed a dramatic gain in intensity of the
Raman modes >50 K. Moreover, the spectral weight flips at
a demarcating Raman shift ωF ∼ 203 cm−1, i.e., the phonon
modes above and below ωF exhibit opposite behaviors in
their intensity evolution from ∼50 to 330 K [see color plot
in Figs. 4(b) and 4(c)]. Based on the demarcating frequency
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FIG. 4. (a) Temperature evolution of the Raman spectrum in the spectral range of 90–330 cm−1 at 8, 40, 50, and 330 K. The down-
ward/upward arrows indicate the decrease/increase in the Raman intensity with increasing temperature, respectively. (b) Color contour map
of the Raman intensity vs Raman shift as a function of temperature for the few phonon modes (P5, P6, P7, and P8) below ωF ∼ 203cm−1

and (c) for the few phonon modes (P16, P17, and P19) above ωF . Modes below ωF show higher intensity at higher temperature; on the other
hand, modes above ωF show lower intensity at higher temperature. (d) Temperature-dependent integrated intensity for the few selected phonon
modes above and below ωF . The solid red and blue lines are the fitted curves using the equation as described in text. Double-sided arrows are
a guide to the eye to show sharp jumps in the intensity of the phonon modes ∼50 K.

ωF , we categorize the phonon modes into two groups: P1–P12
encompass the lower energy modes, while P13–P40 denote
the higher-energy modes. Most of the observed modes (modes
from lower as well as higher sides of ωF ) exhibit an anoma-
lous intensity decrease with warming up toward 40 K (i.e.,
mode intensity decreases with increasing temperature), fol-
lowed by a sharp jump at ∼50 K. Thereafter, the intensity goes
on increasing for the low-energy modes corresponding to the
region ω < ωF but shows a decreasing behavior for the modes
in the region ω > ωF . Generally, as the phonons are bosons,
one expects the temperature evolution of phonons to obey the
Bose-Einstein statistics, i.e., mode intensity is expected to in-
crease with increasing temperature. Figure 4(d) illustrates the
normalized integrated intensity of some of the low-frequency
modes P1, P5, P6, and P12. For these modes, intensity
enhances roughly by a factor of three between ∼50 and
330 K. This follows the conventional temperature dependence
caused by thermal Bose factors [1 + n(ω)], where n(ω, T ) =
1/[exp(h̄ω/kBT ) − 1], in line with the elevated populations of
phonons with increasing temperature [60]. Surprisingly, this
is not the case for the high-energy phonon modes above ωF ,

see Fig. 4(d) for modes P13, P16, P21, and P35. They exhibit
a completely opposite behavior from the conventional one,
i.e., their intensity decreases upon increasing the temperature
from ∼50 to 330 K. Being in stark contrast with bosonic na-
ture, high-energy modes follow the fermionic statistics, and as
shown in Fig. 4(d), their intensity variation with temperature
can be well fitted to the two-fermion functional related to
the creation and annihilation of a pair of fermions, given as
A + B[1− f (ω)]2,where f (ω) = 1/[exp(h̄ω/kBT ) + 1] is the
Fermi distribution function with zero chemical potential [32].
This unconventional observation hints at the fractionalized
nature of the underlying QP excitations analogous to that
reported for the case of spin-liquid systems. Recently, it was
also proposed for the S = 1 antiferromagnets in 2D that there
exists deconfinement of spinon and holon excitations with
non-Abelian statistics [61]. For a simplistic picture, we have
used the two-fermion functional relation to fit the phonon-
mode intensity above the demarcating frequency (ωF ). As
phonons are bosons and a higher-order phonon decays into
lower-energy phonons, their temperature-dependent intensity
is generally governed by the Bose statistics. However, for
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(a) (b)

FIG. 5. (a) and (b) Temperature variation of the mode frequency and line width [full width at half maximum (FWHM)] of the phonon
modes above and below the demarcating Raman shift ωF ∼ 203 cm−1, respectively. The solid red and blue lines are the fitted curves using the
equation as described in Sec. S2 in the Supplemental Material [40], and broken lines are the extended estimation of fitted curves. The black
solid lines are a guide to the eye. The green shaded region illustrates the anomalous behavior below TSC ∼ 50K, while yellow shades indicate
the deviation in slope of the curve around T ∗ (∼200 K).

the spin-liquid systems, a phonon may decay into Majorana
fermions; therefore, its intensity evolution may be governed
by the two-fermion model, as suggested for Kitaev QSL
systems [32]. However, there is a caveat that strictly this
two-fermion functional was originally derived for a hexagonal
honeycomb system with spin S = 1

2 , and the current system
is a triangular lattice with S = 1. We hope our studies will
provide motivation to explore the frustrated triangular lattice
system in this direction theoretically.

Generally, materials show frequency softening and
linewidth broadening of the phonon modes due to increased
anharmonic thermal vibration on warming [60,62]. Fig-
ures 5(a) and 5(b) showcase temperature evolution of the
mode frequency and FWHM for some of the strongest modes
(see Fig. S2 in the Supplemental Material [40] for other
modes). The following important observations can be made:
(i) Most of the phonon modes exhibit anomalous frequency
decrease with decreasing temperature below ∼50 K (TSC,
defined as the spin-spin correlation temperature) down to the
lowest recorded temperature, i.e., 8 K in our experiments.
(ii) Interestingly, for the phonon modes (P5, P6, P12, and

P39), the frequency exhibits a subtle kink/change in slope in
the vicinity of ∼200 K and, after that, shows normal behav-
ior until 330K. (iii) The temperature-induced frequency shift
�ωTSC−330K for the low-energy phonon modes (below ωF ) are
∼0.5–2.5 cm−1, while the high-frequency modes (excluding
the P39 mode) demonstrate a substantial frequency shift ∼2–
8 cm−1. The different normalizations of the phonon modes
may be due to different symmetries of modes and amplitudes
of the lattice vibrations [63]. Additionally, two very weak
modes P38 (∼765 cm−1) and P40 (∼813 cm−1) appear as
the shoulders of the most intense mode P39, as shown in Fig.
S1(a) in the Supplemental Material [40]. This may be due to
the local symmetry change, as Raman is very sensitive to any
local symmetry distortions. Their frequencies and linewidth
also show change in slope at TSC (∼50 K). The frequency of
the P39 mode shows anomalous behavior from 8 to ∼200 K,
i.e., hardening with increasing temperature until ∼200 K, see
Fig. 5(b). This anomalous behavior may have its origin in the
strong phonon-phonon anharmonic interactions [63,64].

Further, we discuss the phonon linewidth. The following
observation can be made: (i) Linewidths (FWHM) of all the
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modes show normal behavior, i.e., FWHM decreases with
decreasing temperature, from 330 K to T ∗ (∼200 K). (ii) For
modes P6, P12, and P35, the linewidths show a change in
slope in the vicinity of T ∗. (iii) For modes P1, P5, P8, P12,
and P19, the linewidths show an anomalous broadening below
TSC (∼50 K); on the other hand, P13, P35, and P38 show
narrowing below TSC. (iv) As for mode P13, it also shows
anomalous behavior, i.e., linewidth increases with decreasing
temperature from 330 K to TSC. The increase in linewidth
below TSC suggests the decreased lifetime (τ ) of the phonons
(τ ∝ 1/FWHM), and this may happen due to the emergence
of underlying quasiparticle excitations, providing an addi-
tional decay channel to the phonon modes. For the present
system, it is possible that strong quantum spin fluctuations
start coming into picture. Though TN (∼4 K) is much less than
TSC, the renormalization reflects strong quantum spin fluctua-
tions in the paramagnetic state. We note that the Curie-Weiss
temperature for Ca3NiNb2O9 is ∼23 K, which is also lower
than TSC [18]. The absence of any anomaly in the bulk mea-
surements such as specific heat or magnetization around this
temperature further suggests that this temperature corresponds
to the limit below which the quantum spin fluctuations began
to dominate.

Most of the modes (except the frequency increase of P39
and P12) show normal behavior in frequency-temperature
evolution, i.e., frequency decreases with increasing temper-
ature from ∼50 to 330 K. The frequency and FWHM of most
of the phonon modes in the temperature range of ∼50–330
K may be understood by considering the cubic and quadratic
anharmonicity effect, as proposed by Klemens [65]. These
are described in detail in Sec. S2 in the Supplemental Ma-
terial [40]. The anomalous behavior of the phonons below
TSC(∼50 K) cannot be captured by the anharmonic model, in-
dicating involvement of some other degrees of freedom in the
low-temperature regime. The spin-phonon coupling, a crucial
parameter for magnetic materials, may give rise to anoma-
lous softening and broadening of phonons in the temperature
regime below the long-range magnetic ordering temperature.
However, in the present case, the role of direct spin-phonon
coupling on the phonon modes may be ruled out or is min-
imal since the long-range magnetic ordering temperature for
Ca3NiNb2O9 is much less than TSC. It suggests that anoma-
lies below TSC ∼ 50 K may derive from the strong quantum
spin fluctuations or an effect of entering of the system from
paramagnetic to the correlated paramagnetic phase. Here,
Ca3NiNb2O9 exhibits competing ferro- and antiferro-orbital
fluctuations [14]. Renormalization of the phonons self-energy
around TSC may be associated with the spin and orbital fluc-
tuations. We note that, recently, a strong orbital fluctuation
along with spins has been reported for a quantum magnet
via anomalies observed in the phonon self-energy parameters
[66]. We note that renormalization of the phonon modes starts
much above TN , and this may be captured quantitatively by
the spin and orbital fluctuations. As it is well understood,
below TN , considering the simplest NN Heisenberg Hamil-
tonian: H ∝ Ji jSiS j , where Ji j represents spin-spin exchange
interactions, the phonon renormalization is proportional to
the spin-spin correlation function, i.e., �ω ∝ 〈SiS j〉 [67].
Generally, the ith spin may be given as Si ∝ M + �Si, where
M is the average sublattice magnetization per Ni2+ ion and

is zero above TN , and �Si is the quantum spin fluctuation
which exists at all temperatures. Above TN , in the param-
agnetic phase, M is zero; hence, only the spin-fluctuation
term will survive, i.e., phonon renormalization may be due
to the term 〈�Si�S j〉, as spin fluctuation exists even in the
paramagnetic phase. Similarly, if the orbitals are also active,
in the present case, Ni eg orbitals, then the Hamiltonian may
be modified as H ∝ Ji jSiS j + Ki jτiτ j , where Ki j represents
orbital-orbital exchange interactions, and the corresponding
phonon renormalization also involves the orbital effect. It is
to be noted that this renormalized temperature scale is in line
with an anomalous broad feature observed at ∼40 K in earlier
thermal conductivity studies of an analogous TLAF candidate
Ba3CoSb2O9, where it has been associated with the presence
of strong magnetic fluctuations due to the frustration of Co
spins [68]. Such strong quantum fluctuation until very high
temperature may be the reflection of the underlying frustra-
tion of Ni2+ spins on the triangular lattice in Ca3NiNb2O9.
We note that similar phonon-mode softening and linewidth
broadening were also reported for a QSL candidate Cu2IrO3,
attributed to the strong coupling of phonons with the Majo-
rana fermions [51], evidencing the spin fractionalization in
Cu2IrO3. The anomalies observed in our measurements for
the phonon modes may have their origin in the coupling of
phonons with the underlying Majorana fermions. We note that
some of the mode frequencies and FWHMs show a change
in slope at T ∗(∼200 K). A complete understanding about
these transitions requires more theoretical and experimental
studies, and we hope that our results will provide the required
stimulation.

To understand the symmetry of the observed phonon
modes, we also performed polarization-dependent Raman
measurements. We did our measurements for two scattering
configurations, namely, (θθ0) and (θθ ). In the (θθ0) configu-
ration, incident light polarization is rotated using a polarizer
(λ/2 plate) in steps of 20 ° from 0 ° to 360 °, while the
scattered light polarization is fixed parallel to the Y axis us-
ing an analyzer. The (θθ ) polarization configuration involves
the simultaneous rotation of the polarizer and analyzer such
that the incident light and scattered light are always parallel,
i.e., êi//ês. Figure 6(a) shows the polarized Raman spectra
for both configurations at 8 and 330 K. Detailed theoreti-
cal descriptions of the phonons mode intensity with Ag and
Bg symmetry as per group theory in these two polarization
configurations are given in detail in Sec. S4 in the Sup-
plemental Material [40], and the experimental data in both
these configurations as well as at two temperature (8 and
330 K) are shown in Figs. S4 and S5 in the Supplemental
Material [40]. In the (θθ0) configuration, phonon modes with
Ag and Bg symmetry show twofold symmetry, i.e., maxima
at two angles. However, the (θθ ) configuration modes with
Bg symmetry change to fourfold symmetry, i.e., maxima at
four angles. Therefore, modes where twofold symmetry re-
mains similar in these two polarization configurations are
attributed with Ag symmetry, e.g., see mode P16 in Fig. 6(c).
On the other hand, modes which change from twofold to
fourfold symmetry when going from (θθ0) to (θθ ) config-
urations are attributed with Bg symmetry, e.g., see mode
P18 in Fig. 6(c). Additionally, we observed some modes
which show quasi-isotropic behavior in (θθ0) polarization
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FIG. 6. (a) Comparison of the Raman spectra of Ca3NiNb2O9 at 8 and 330 K taken under different polarization configurations
from the bc plane. (b) Plane projection of the polarization direction of the incident and scattered light, (c) P16, P18 and P31 phonon
mode polarization-dependent intensities for both configurations at 8 K [green data for (θθ0 ) and red data plot for (θθ ) configura-
tions]. The solid curves are fitted with angular-dependence mode intensity equations as described in Sec. S4 in the Supplemental
Material [40].

configuration, and changes to weak fourfold symmetry are
attributed to the combined Ag and Bg symmetries, e.g., see
mode P31 in Fig. 6(c). Table S2 in the Supplemental Mate-
rial [40] provides the symmetry assignment of the observed
phonon modes based on our in-depth polarization-dependent
measurements.

IV. CONCLUSIONS

We report on a detailed temperature-dependent Raman
spectroscopic study on single crystals of frustrated TLAF
Ca3NiNb2O9. We observed the continuum with anomalous
temperature evolution, suggesting its origin in the possible
exotic magnetic excitations which might be due to fraction-
alization of Ni2+ spins on the frustrated triangular lattice.
The phonon profiles exhibit Fano asymmetries indicative of
coupling to a magnetic continuum well above the long-range
magnetic ordering temperature. Self-energy parameters of the
phonons and the background continuum reveal two unusual

transitions at TSC ∼ 50 K and T ∗ ∼ 200 K; the former is at-
tributed to the possible spin and orbital fluctuations. As the
temperature reaches TSC, there is a significant redistribution
of spectral weight at the demarcating Raman shift ωF ∼
203 cm−1 also reflected in the anomalous phonon-mode in-
tensity evolution. Our observations suggests that Ca3NiNb2O9

lies in close proximity to the QSL state. The spin S = 1 Ni2+-
based TLAF systems remain a field of active investigation.
Phenomena for the emergence of spin-correlated phases are
still not fully understood. Therefore, our findings will inspire
future advanced experimental exposure and theoretical mod-
eling, which may contribute to the exploration of spin-liquid
states of frustrated magnetic materials.
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