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Kitaev magnetism and fractionalized excitations in double perovskite Sm,ZnlIrQOg
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The quest for Kitaev spin liquids in particular three-dimensional solids is a long sought goal in condensed
matter physics, as these states may give rise to exotic new types of quasiparticle excitations carrying fractional
quantum numbers, namely Majorana fermionic excitations. Here we report the experimental signature of
this characteristic feature of the Kitaev spin liquid via Raman measurements. Sm,ZnlrOq is a strongly
spin-orbit-coupled Mott insulator where J. = 1/2 controls the physics, which provides striking evidence for
this characteristic feature of the Kitaev spin liquid. As the temperature is lowered, we find that the spin
excitations form a continuum in contrast to the conventional sharp modes expected in ordered antiferromagnets.
Our observation of a broad magnetic continuum and anomalous renormalization of the phonon self-energy
parameters shows the existence of fractionalization excitations in the double-perovskite structure, as theoretically
conjectured in a Kitaev-Heisenberg geometrically frustrated double-perovskite system.
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I. INTRODUCTION

Quantum magnetic materials having partially filled 5d
elements are the subject of extensive studies, as these are
predicted to host exotic quantum phases. These materials open
up a new avenue in the field of condensed matter physics due
to the presence of interesting competing interactions of similar
energy scale, such as the on-site Coulomb interaction, strong
spin-orbit (SO) coupling, Hund’s coupling, and crystal-field
splitting, involving the interplay of spin, orbital, charge, and
lattice degrees of freedom [1-5]. Fierce competition between
different degrees of freedom provides fertile ground to ob-
serve rich magnetic ground states such as the quantum spin
liquid (QSL). The experimental realization of the QSL, a
state which precludes long-range ordering of spins even at
absolute-zero temperature, is a long sought goal in physics,
as it represents new states of matter. Systems with the QSL
as their ground state (|GS)) are anticipated to be topologically
active and to host exotic low-energy quasiparticle excitations
such as Majorana fermions, which result from spin fractional-
ization, and gauge fields.

The so-called Kitaev Hamiltonian, in which the nearest-
neighbor Ising-type interactions are bond-directional [6], is
an exactly solvable model with QSL as the |GS). The recent
search is for systems which realize these exotic states. As
one example, it was proposed [7] that the strong SO-coupled
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Mott insulators with an edge-sharing octahedral environment
may give rise to a QSL as the ground state. To date very
few systems, such as the 2D honeycomb based structure
AyIrO; (A = Na, Li) and RuCl; [8-10], fulfil this criterion.
However, the elusive Kitaev spin liquid state in these systems
is preempted by the long-range magnetic order at low tem-
perature possibly resulting from the presence of interaction
beyond the Kitaev model such as Heisenberg off-diagonal
interactions. Interestingly, in spite of long-range magnetic
ordering, the existence of spin fractionalization and Majorana
fermionic type excitations in these systems was inferred from
the light-scattering experiments via the observation of a broad
continuum in Raman and inelastic neutron scattering [11-13]
measurements, in contrast to the sharp magnon modes ob-
served in typical long-range magnetically ordered systems
[14-15], suggesting that the ordered |GS) may be proximate
to a quantum phase transition into the Kitaev spin liquid
|GS). The hunt is on to find experimental evidence of a
true Kitaev spin liquid especially in 3D systems. Recently,
it has been suggested theoretically that strong SO-coupled
Mott insulators controlled by J.r = 1/2 physics such as found
in iridium-based double perovskites (DPs) A;BIrOg (A =
La, B = Zn, Mg) support symmetry-allowed nearest-neighbor
interactions such as the Heisenberg and Kitaev interactions
and symmetric off-diagonal exchange [16—17]. It is advocated
that these 3D geometrically frustrated DP systems support
Kitaev interactions as the dominating exchange along with
the Heisenberg interactions with the A-type antiferromagnetic
state as their |GS), with a total Hamiltonian given as H =
Zi,j (JKSf‘Sj.‘ +JS; - S‘j) [17]. Here Jx and J are the Kitaev
and Heisenberg exchange parameters, respectively; w is the
component of the spin directed perpendicularly to the bond
connecting spins (i, j), and the pure Kitaev spin liquid phase
(J = 0) is stable against the perturbative Heisenberg interac-
tions. Recent neutron diffraction measurements also confirm
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FIG. 1. Crystal structure and Raman spectra. (a) Schematic of the crystal structure of the double perovskite Sm,ZnlrOg (pink, gray, dark
yellow, and red spheres represent Sm, Zn, Ir, and oxygen atoms, respectively). Schematic on the right side of the panel shows the ab plane
indicating Ir-O-O-Ir exchange paths with dotted red lines. Green and blue depict Ir and ZnOg octahedra, respectively. (b) Raman spectra
of Sm,ZnlrOg at 4 K in the energy range of 7-100 meV showing only first-order phonon modes. Inset shows the zoomed-in view of the
low-energy spectrum below 25 meV; yellow shading is a guide to the eye and indicates the underlying continuum at 4 K, superimposed on the

distinct low-energy phonon modes.

this A-type antiferromagnetic state in La, BIrOg and A,CelrOg
(A = Ba, Sr; B = Zn, Mg), thus supporting the existence of
strong Kitaev interactions in these systems [18-21] owing
to almost cancellation of the Heisenberg interactions from
multiple Ir-O-O-Ir superexchange paths. It is also suggested
that in these systems even long-range magnetic order may be
driven by highly directional exchange interactions owing to
strong SO coupling and strong magnetoelastic effects.

Motivated by these exciting proposals of a possible Kitaev
quantum spin liquid phase in these strong SO-coupled Mott
insulators, we took up inelastic light scattering (Raman) stud-
ies to probe the quasiparticle excitations in DP Sm,ZnlrOg,
with Ir** (5d°), where the physics is governed by the J.; =
1/2 picture. Unlike in the case of the 2D honeycomb structure
these systems do not feature direct edge sharing IrO¢ octa-
hedra though they do have varying Ir-O-O-Ir exchange paths,
and these multiple exchange paths may easily support oxygen-
mediated electron hopping leading to significant Kitaev inter-
actions [19-20]. The smoking gun evidence for a Kitaev kind
of anisotropic coupling is hidden in the quantum spin fluctu-
ations and may reveal itself indirectly via interacting with the
photon and coupling with the underlying magnetic spectrum.
Raman scattering directly probes the Majorana fermion den-
sity of states as the magnetic Raman intensity of a Kitaev sys-
tem is Zi,j’q (w—¢i 4 — &j.9)IM; j 4%, where &; j, is the Ma-
jorana spinon dispersion and M; ; , is the matrix element creat-
ing Majorana excitations [22-23]. Raman scattering is a very
powerful probe to capture the signatures of these exotic quasi-
particle excitations as it can simultaneously probe charge,
spin, lattice, orbital, and electronic excitations [24-27].

II. RESULTS AND DISCUSSION

The double perovskite Sm;ZnlrOg crystallizes in the mon-
oclinic structure (P2;/n; space group No. 14) and consists
of corner-sharing IrOg octahedra [see Fig. 1(a)]; magnetic
measurements suggest an AFM ordering at Ty ~ 13K and
tiny magnetic moments [28]. To our knowledge there has
been so far no report on this 3D double-perovskite system

probing spin excitations and exploring the possibility of an-
ticipated spin fractionalization driven by strong SO coupling,
a necessary denominator of the Kitaev spin liquid |GS). Our
measurements reveal a broad anomalous magnetic continuum,
unlike sharp features which are a hallmark of the long-range
magnetic ordering, that persists in the magnetically ordered
state below 13 K. This anomalous evolution cannot be cap-
tured by the conventional two-magnon scattering; however,
it seems consistent with the theoretical predictions for the
spin-liquid phase. Figure 1(b) shows the Raman spectra at
4 K showing only the first-order modes. A broad continuum
with spectral weight at low energy survived till ~25meV
[see Fig. 1(b) inset, marked by the yellow shading], and is
attributed to the underlying magnetic scattering. To rule out
the luminescence origin of this background, Raman measure-
ments were carried out using two different wavelengths (see
inset of Fig. 5 of the Appendix) of A = 532 nm (2.33 eV)
and 633 nm (1.96 eV). Detailed analysis of the first as well as
second order phonon modes is given in the Appendix, along
with the first-principles density functional theory (DFT) based
calculations of the phonon dispersion.

Optical phonons may provide crucial information on the
underlying magnetic continuum via strong coupling between
these two degrees of freedom. The asymmetric line shape of a
mode near ~20 meV [S4; see Fig. 1(b) inset] is a clear indica-
tion of a Fano resonance and reflects the coupling of this mode
with a broad continuum of magnetic origin. For a quantitative
analysis, this mode is fitted to a Fano profile [29].F (w) =
Io(g +¢)*/(1 4+ &2), where ¢ = (0 — @')/T; @ and T are
the phonon frequency and linewidth, respectively, and g de-
fines the nature of asymmetry.

Figures 2(a)-2(c) display the temperature dependence of
the mode frequency («’) and linewidth (I") of the phonon
S4 (~20meV), a schematic representation of the eigenvec-
tors for the S4 mode, and the Fano asymmetry parameter
(1/|ql). For the purpose of comparison, we have also plotted
the self-energy parameter for the strongest mode S16 in the
bottom panel of Fig. 2(a). The temperature dependence of
the mode frequency and linewidth may be captured by the
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FIG. 2. Fano resonance and spin-phonon coupling. (a) Temperature variation of the self-energy parameters, i.e., mode frequency and
linewidth, of the mode S4 (~20meV) and the strongest mode S16 (~85 meV). (b) Schematic representation of the eigenvectors for the S4
mode; the amplitude and direction of the vibration are represented by the arrow length and head, respectively. Pink, gray, dark yellow, and
red spheres represent Sm, Zn, Ir, and oxygen atoms, respectively. Sm and oxygen atoms exhibit out-of-phase motion, modulating the bonds
mediating the complex exchange interactions. (c) Temperature dependence of the Fano asymmetry parameter 1/|g| (dotted red line is a guide
to the eye). Inset: The asymmetry in line shape at 4 K (solid red line is the fitted line with the Fano function and black shows the raw spectra).
Different colored background shading in panel (c) reflects the different magnetic phases.

anharmonic model (see the Appendix for details) above Ty
(~13K), and below Ty it shows softening attributed to the
spin-phonon coupling in the long-range magnetically ordered
phase. Interestingly, the temperature variation of «’ shows a
slight jump around ~160—180K, and a similar jump in the
frequency is also seen for other prominent modes (see Fig. 8 of
the Appendix), signaling a subtle local structural change near
this temperature. The Fano asymmetry parameter (1/|g|) char-
acterizes the coupling strength of a phonon to the underlying
continuum: a stronger coupling (g — 0) causes the peak to be
more asymmetric and in the weak-coupling (¢ — o0) limit the
Fano line shape is reduced to a Lorentzian line shape. Inter-
estingly, the Fano asymmetry parameter (1/|g|) shows strong
temperature dependence [see Fig. 2(c)]; it has a high value in
the long-range-ordered phase, above Ty (~13K) it continu-
ously decreases till ~180K, and thereafter it remains nearly
constant up to 330 K with a quite appreciable value till very
high temperature (~180 K), suggesting the presence of active
magnetic excitations far above Ty. We note that the Fano
asymmetry parameter maps nicely onto the dynamic spin
susceptibility [discussed later; see Fig. 4(b)], implying that the
Fano line shape is also an indicator of spin fractionalization,
and the increased value below 200 K may be translated to a
growth of finite spin fractionalization below this temperature.
We note that a similar observation has been reported for the
other 2D Kitaev materials RuCl; and Li,IrO3 [12,30].

We now focus on the temperature evolution of a broad
magnetic continuum with spectral weight surviving till
~25meV [see inset Fig. 1(b), marked by yellow shadings].

In a pure Kitaev material, the underlying quasiparticle exci-
tations in the form of a continuum originates from Majorana
fermion scattering [31-33] which survives even in the pres-
ence of Heisenberg exchange as a perturbative term [13,19]. In
Figs. 3(a) and 3(b) we have shown the temperature evolution
of the underlying continuum. To make a quantitative estimate
we extracted the intensity of this continuum as a function of
temperature [see Fig. 3(c)].

‘We note that the continuum loses its intensity with decreas-
ing temperature and becomes nearly constant below ~150 K
till ~20K, and increases upon entering the long-range mag-
netic ordered phase below ~20 K. Our observation suggests
that there is a change in the magnetic scattering below
~150K, hinting at the development of finite entanglement
between spins; also, the existence of this magnetic scattering
well above Ty is a clear signature of frustrated magnetism.
Generally, a broad magnetic continuum evolves into sharp one
or two magnon peaks in long-range-ordered AFM systems.
However, in Sm,ZnlrOg, there is no signature of any sharp
peak, suggesting that the broad continuum observed here is
not a conventional magnetic continuum but does have its ori-
gin in an intricate magnetic structure probably dominated by
the Kitaev exchange interactions. We note that similar broad
magnetic continua have been reported in other systems with
QSL as their potential ground state such as herbertsmithite
[34], Cs,CuCly [14], RuCls, and Li,IrO3 [11-12,30]. In these
systems as well, the continuum intensity gains spectral weight
as the spin-liquid correlation starts developing well above the
long-range magnetic ordering temperature. Keeping in mind
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FIG. 3. Magnetic scattering in the double perovskite Sm,ZnlrOg4. (a) Temperature evolution of the background continuum at different
temperatures (4 K, 10 K, and 16 K; dotted red line is a guide to eye) and (b) at different temperatures between 25 and 330 K; yellow shading
depicts the underlying continuum. (c) Temperature variation of the integrated intensity of the background continuum (solid red line is a guide
to the eye and regions of different shading depict different magnetic phases).

that the magnetic continuum in a quasi-2D system extends
up to ~3Jx, we have roughly estimated the Kitaev exchange
parameter, Jx ~ 10 meV, from the upper cutoff energy of the
magnetic continuum by taking the upper range of the magnetic
continuum (~25meV) also as ~3Jk in this system. We note
that our estimated value of Jx is similar to that of RuCl;
(Ty ~ 8—14K) but almost half that of Li,IrO3; (Ty ~ 40K).
Magnetic Raman scattering has its origin in dynamical
spin fluctuations in a quantum paramagnetic phase and may
provide a good measure of the thermal fractionalization of
quantum spins. To further understand the evolution of this
broad magnetic continuum and to identify the Majorana
fermion contribution, we have evaluated the dynamic spin
susceptibility x " associated with the underlying continuum.
The Raman response x”(w) reflects the dynamic prop-
erties of collective excitations and is obtained from the
raw Raman intensity (intensity o< [1 + n(w)]x”) simply by
dividing it by the Bose thermal factor [l 4 n(w)]. To get
x 9", first we find Raman conductivity x”/w [see Fig. 4(a)
for the temperature evolution] using Raman response. Then
using the Kramer-Kronig relation one may obtain the dy-
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namic spin susceptibility as [35] x®" = lin%) xtk=0,0)=

% fooo #du}; to extract x®", x”/w was first extrapolated
till 0 meV and integrated up to the upper cutoff value of energy
as 25 meV, where x” /w shows no change with further increase
in the energy. Figure 4(b) shows the temperature evolution of
x¥™: we note that with decreasing temperature from 330 K,
x ™ shows nearly temperature-independent behavior down to
~160—180K, and upon further lowering the temperature it
progressively increases down to ~16 K. Interestingly, below
16 K, x%" exhibits an abrupt increase, indicating the ap-
pearance of strong spin-spin correlations due to long-range
magnetic ordering. As in the pure paramagnetic phase, spins
exhibit no correlation; as a result x %" should be temperature
independent. Most interestingly, the increased value of x®"
in the temperature range of ~160K to 16 K indicates the
finite entanglement between spins in the paramagnetic state.
Interestingly the corresponding energy scale to this tempera-
ture (~160K) is comparable to the Kitaev exchange interac-
tion (Jx); also around the same temperature, the continuum
intensity as well as the Fano asymmetry parameter show
an anomaly suggesting that this characteristic temperature
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FIG. 4. Raman dynamic response of Sm,ZnIrQg. (a) Temperature dependence of the Raman conductivity x”/w in the temperature range
of 4 to 330 K, and (b) temperature dependence of the dynamic spin susceptibility x®", extracted by using the Kramer-Kroning relation
(x9" = %fozs meV L) dw). Solid green line is the fitted curve with power law x®"(T) o« T# (B = —0.45). Background shading reflects

different magnetic phases inferred from the Raman analysis.
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corresponds to a crossover from a paramagnet to quantum
paramagnet, at which spins are fractionalized because of the
development of a short-range correlation. We also tried to
fit the x " using a power law as x®" o« T# [B = —0.45;
see solid green line in Fig. 4(b)]. Unlike a conventional
antiferromagnet which shows power-law behavior only below
Ty and saturates in the paramagnetic phase, x®" displays
a power-law behavior well above the long-range magnetic
ordering temperature. The saturation of x%" is a hallmark
of the spin-gas configuration where spins do not talk to each
other, i.e., the pure paramagnetic phase; however, the power-
law dependence of x %" for the double perovskite Sm,ZnIrOg
even well above the long-range magnetic ordering tempera-
ture reflects the slowly decaying correlation inherent to the
spin-liquid phase, and the onset temperature (~160—180 K)
triggers the fractionalization of spins into itinerant spinons
[36-37]. This anomaly clearly suggests that the underlying
magnetic continuum arises mainly from the fractionalized
excitations. We note that our observation of Sm,ZnlrQOg is
analogous to the observation of quasi-Kitaev 2D and 3D
honeycomb systems, namely RuCl; and Li,IrO3, and simi-
lar characteristics of the underlying magnetic continuum in
Sm,ZnlrOg and these systems indicate that in SmyZnlrOg,
Kitaev magnetism may be realized.

In conclusion, our comprehensive Raman scattering study
on the double perovskite Sm,ZnlrOg evinces the signature
of fractionalized excitations. The anomalous evolution of the
broad magnetic continuum and Fano asymmetry suggests
thermal fractionalization of the spins into fermionic excita-
tions and suggests that the anticipated three-dimensional ge-
ometrically frustrated non-honeycomb iridium-based double-
perovskite systems also realize the spin-liquid state. Our
results broaden the idea of fractionalized quasiparticles to
a non-honeycomb-based 3D geometrically frustrated Kitaev
system with Heisenberg exchange as perturbation.
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APPENDIX

1. Experimental and computational details

Polycrystalline single-phase Sm;ZnlrOg samples were
synthesized and characterized as described in Ref. [28]. The
Raman scattering experiment was done using a Raman spec-
trometer (LabRAM HR Evolution) in backscattering geom-
etry. A solid-state laser A = 532 nm (2.33 eV) was used as
the excitation source, focused on the sample surface via a
50x LWD (long working distance) objective lens (0.8 NA).
The laser power was kept very low (<1 mW) to avoid any
heating effect. The scattered light was dispersed by using a
600 grooves/mm grating, and a Peltier-cooled charge-coupled
device (CCD) detector was employed to detect dispersed

TABLE 1. Wyckoff positions and irreducible representations
of phonon modes of the monoclinic (P2,/n; space group No.
14) Sm,ZnlrO¢ double perovskite. ' = 124, + 184, + 18B, +
12Bg, Traman = 124, + 12B,, and Tiyfrared = 184, + 18B,,.

Atom Wyckoff site Mode decomposition
Sm 4e 3A, +3A, + 3B, + 3B,
Zn 2a 3A,+ 3B,

Ir 2b 34, + 3B,

o) 4e 3A, +3A, + 3B, + 3B,
0(2) 4e 3A, +3A, + 3B, + 3B,
0@3) 4e 3A, +3A, + 3B, + 3B,

light. Temperature-dependent measurements in the range of
4-330 K were done via a closed-cycle cryostat (Montana
Instruments), where the sample was glued on top of the cold
finger in an evacuated environment with £0.1K or better
temperature accuracy.

The first-principles calculations were performed in the
framework of density functional theory (DFT) via employ-
ing the plane wave method implemented in the QUAN-
TUM ESPRESSO package [38]. We adopted the general-
ized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation function. The dynam-
ical matrix and phonon frequencies were calculated using
density functional perturbation theory [39]. A dense 4 x 4 x 4
Monkhorst-Pack grid was used for numerical integration of
the Brillouin zone (BZ) [40]. The plane wave energy cutoff of
35 Ry and charge density cutoff of 350 Ry was used to expand
the wave function. The phonon dispersion was calculated with
optimized lattice parameters as a = 5.0782 A, b = 5.5070 A,
c=7.3221 A, and B = 89.91°.

2. Raman scattering and phonon frequency calculations

For the double perovskite Sm,ZnlrOg, group theory gives
the irreducible representation of the modes as I'ryman =
12A, + 12B,, i.e., a total of 24 Raman active modes; the
details are summarized in Table I. Figure 5 shows the un-
polarized Raman response x”(w) recorded in a wide energy
range of 7-215 meV at 4 K, showing both first and second
order phonon modes. The Raman response exhibits a total of
23 modes, labeled as S1-S23. The spectrum is fitted with a
sum of Lorentzian functions to extract a quantitative value of
phonon frequency () and linewidth (T").

Furthermore, we performed zone-centered (g = 0, 0, 0)
phonon frequency calculations to have insight on the specific
symmetry associated with a particular phonon mode and its
symmetry assignment. According to our calculations phonon
modes S1-S18 are attributed to being first-order phonon
modes; however, high-frequency modes S19-S23 are second-
order modes.

Figures 6(a) and 6(b) illustrate the calculated phonon
dispersion curves along the high-symmetry directions and
the total phonon density of states (DOS) of Sm;ZnlrOg.
The phonon dispersion curves show no imaginary frequen-
cies, indicating the dynamic stability of this compound.
The schematic representation of the calculated eigenvectors
for zone-centered phonon modes observed experimentally is
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FIG. 5. Raman response x”(w) of the double perovskite Sm,ZnIrOg recorded at 4 K in a wide energy range of 7-215 meV. Inset shows
raw Raman data recorded at room temperature with 532 nm (2.33 eV) and 633 nm (1.96 eV) excitation laser.

shown in Fig. 7. The phonon modes below 250 cm™! (S1-S5)
are mainly attributed to the displacement of heavy rare-earth
(Sm>3* motions) ions. Above 250 cm™" all the phonon modes
are characterized by the motion of oxygen atoms associated
with Ir/ZnOg octahedra. The assignment of experimentally
observed phonon modes is done in accordance with our lattice
dynamics calculations listed in Table II.

3. Temperature dependence of the phonon modes

Figures 8 and 9 illustrate the mode frequency and linewidth
of the prominent first as well as second order phonon modes as
a function of temperature. The following observations can be
made: (i) The phonon modes are observed to show an anoma-
lous softening of ~1.5% in low-frequency modes (S1-S3) and

Wave Vector

~0.5% in high-frequency modes (57, S9, S10, and S13) in the
low-temperature region with respect to their value at 16 K.
(i1) Furthermore, we see substantial line broadening (increase
in phonon lifetime) of phonon modes, ~10% and ~5% for
low-frequency modes (Sland S3) and high-frequency modes
(S9 and S10), respectively, below ~16 K with decrease in
temperature. (iii) Interestingly, we note a clear and sharp
discontinuity at ~180 K, phonon hardening ~2cm™! in the
S1, S3, and S7 modes with decrease in temperature. This
discontinuity in phonon mode frequencies may occur because
of local structural changes within the crystal or spin reorien-
tations around this temperature.

To quantify the temperature dependence of phonon fre-
quencies and the damping constant, we have fitted the mode

o
H
I

(b)-

e
w
T

Phonon DOS [arb. units]

200

400 .
o (cm))

600 800

FIG. 6. Calculated phonon dispersion curves along high-symmetry directions (a), and (b) total phonon density of states of Sm,ZnlrOg

(inset: first Brillion zone with high-symmetry directions in red).
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FIG. 7. Calculated eigenvectors for all the experimentally detected (first-order) phonon modes. Pink, gray, dark yellow, and red spheres
represent Sm, Zn, Ir, and oxygen atoms, respectively. Black arrows on the atoms represent the direction of characteristic displacement, and the
size of the arrow represents the magnitude of vibration; a, b, and ¢ represent the crystallographic axes.
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TABLE II. List of the experimentally observed phonon mode frequencies at 4 K, fitting parameters (fitted using equations as described in
the text), and DFT-calculated zone-centered frequencies. Mode assignment (with displacement of atoms involved) has been done via our DFT-
based calculations. Low-frequency modes S1-S5 (<250 cm™') are associated mainly with the vibrations of Sm atoms and small contributions
from the vibration of oxygen atoms; modes above ~250 cm™' (S6-S18) are associated with the vibration of oxygen atoms within the octahedral
unit Zn/IrQg. Calculated frequencies that are not observed experimentally (units are in cm™") are 167.7 (B,), 332.1 (By), 349.6 (A,), 529.5 (B,),
657.4 (Ap), and 703.4 (B,).

Fitted parameters

Mode assignment Expt. v (4 K) DFT w wq A B Iy C D
S1-B, (Sm, O) 100.9 1146 102.14+£03 —-0.09+0.1 —0.005+0.002 8.74+03 —0.27+0.14 0.002 £ 0.001
S2-A, (Sm, O) 126.9 1172 12824+03 —-0.224+0.1 —-0.003+0.001 10.2+1.0 —0.374£0.03 —-0.004 £ 0.001
S3-A, (Sm, O) 137.9 161.6 139.1+0.2 —-0.32+0.1 —-0.008=+0.002 6.7+£0.5 0.21 £0.1 0.01 £ 0.007
S4-A, (Sm, O) 160.9 1656 162.1+03 —-0.49+0.15 —-0.01£0.003 6.24+0.2 0.38+0.2 0.003 £+ 0.001
S5-B, (Sm, O) 231.5 185.8 22994+1.8 —-0.12+£0.01 —0.005+0.002 19.6£3.4 1.5+0.6 —0.05 £0.02
S6-A, (O) 269.6 3022 2705+ 1.7 0.54+£03 —0.14+0.04 174+£29 2.8+£0.7 0.23 £0.07
S7-B, (O) 304.4 3137 307.9+0.6 —24405 —0.03£0.01 10.1%+1.1 3.5+09 —0.06 + 0.003
S8-A, (O) 370.5 362.1 376.9+1.5 —514£1.2 0.1 £0.04 17.1£3.7 229+0.7 —0.19£0.02
S9-B, (O) 406.6 409.2 4102+1.1 -326£12 —-0.05£001 105£29 0.69+0.2 0.9 +0.20
S10-B, (O) 424.6 431.8 4292409 —434+1.0 0.07 £0.02 10.1£2.5 495+2.6 —0.04 £0.01
S11-A, (O) 470.5 453.6 478.1+023 —-59+£24 —-0.02+£0.001 29.6+5.3 1.7+£0.8 0.6 £0.10
S12-A, (O) 509.0 519.3 5119+£19 —-2.08+1.6 0.10 £ 0.03 53£1.6 2.5+£0.7 1.7 £0.80
S13-A, (O) 526.9 5258 533.7+2.7 —6.1£2.6 —0.06£0.02 16.7+4.9 3.6+1.6 —0.54+0.20
S14-B, (O) 564.9 559.7

S15-B, (O) 662.9 661.2 667.8+£5.2 -59+13 —-09+0.04 222+38 16.8+4.7 —0.9£0.30
S16-A, (O) 681.3 6926 692.7+4.6 —109+0.2 —04+0.12 53421 13.8 £3.9 —0.08 £0.03
S17-B, (O) 785.6 784.5

S18-A, (O) 859.4 818.7

S19 1131.9

S20 1215.1

S21 1321.2

S22 1465.7

S23 1558.7
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FIG. 8. Temperature variation of mode frequency and linewidth of S1, S3, S7, S9, S10, and S13 modes. Solid red lines are fitted curves as
described in the text, and yellow lines are guides to the eye. Inset of S1, S3, and S7 shows zoomed view of frequency in temperature range of

60 K to 300 K, and solid red vertical line is a guide to eye.

frequency and linewidth of the first-order phonon modes
with an anharmonic phonon-phonon interaction model in
the temperature range of ~20—330K. As within the har-
monic approximation, the phonon frequencies do not ex-
hibit any temperature dependence and the corresponding
phonon lifetime is infinite (zero linewidth). In the real sys-
tem the change in phonon frequencies and finite phonon
lifetime arises due to phonon-phonon interaction (i.e., cre-
ation and annihilation of phonons); consequently we need
to take into account the anharmonic contributions in the
potential term as Uun(r) = gr’ +mr* +--- = Batata +
ataa)+y(@tatata+atataa) +---, where at and a are
the phonon creation and annihilation operators, respectively.
In the anharmonic interaction model fit we have taken both
cubic (three-phonon interactions, i.e., cubic anharmonicity;
a decay into two acoustic phonons of equal frequency)
and quadratic (four-phonon interactions, i.e., quadratic an-
harmonicity; a decay into three acoustic phonons of equal

'S20
1004

12201 &w

E T T

L r s21

8 1320 %

1316, “?#

13124 . . *
0 100 200 300 0 _ 100 200 300

Temperature (K) Temperature (K)

' " s20 ' '
1210 Q@ A80-
—~ T WY
'g 12001 R 1 ol 99
' 2 o521

120

&
- 90 ’3&

60

frequency) terms given as [41]

2 3 3
o(T)=wo+ (+ex_1>+ <+eY—1+(e>’—1)2>

and

2 3 3
N(T)=TI Cll+—— D|1 ,
(T)=To+ <+e"—1>+ ( +e),_1+(ey_l)2)

where wy and I'y are the mode frequency and linewidth at
absolute-zero temperature, respectively, x = %, y= %,
and A, B, C, and D are constant. The solid red lines in Fig. 8
are fits of the frequency and linewidth to the anharmonic
interaction model in the temperature range of 20-330 K.
The temperature variation of phonon modes in this range can
be well explained within the cubic and quartic anharmonic-
ities. The values obtained from fitting are summarized in
Table II. It is worth noting that from the fitted values the cubic
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FIG. 9. Temperature variation of mode frequency and linewidth of the second-order phonon modes S20, S21, S22, and S23.
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anharmonicity decay is primarily responsible for the tem-
perature dependences of phonon modes. The deviation of
mode frequencies and linewidth from the curve estimated by
the anharmonic interaction model is observed in the low-
temperature regime below ~20K. The phonon renormal-
ization in the low temperature could be due to additional
decay channels, namely, the interaction of phonons with other
quasiparticle excitations. As at low temperature the effect
of phonon-phonon interaction on the self-energy parame-
ters is minimal. Therefore, the renormalization of phonon
frequency below the magnetic-ordering temperature can be
understood due to the coupling of the lattice with magnetic
degrees of freedom through spin-phonon coupling. The spin-
phonon coupling Hamiltonian can be written as [42] H =
%Zij Jij (gi . §j), where S',- . §j is the spin-spin correlation
function and the index (i, j) runs through the lattice; J;; is the
superexchange integral. The strength of the spin-phonon cou-

pling of a particular phonon mode depends on the amplitude
of vibration (atomic displacement) associated with that mode
and leads to modulation of the exchange coupling. Therefore,
the amount of renormalization may be different for different
phonon modes. The phonon frequency is related to the spin-
spin interaction by the relation given as [15,43,44] w ~ a)gh +
AS; - S i), where @ and wgh correspond to the phonon mode
frequency and be;re phonon frequency (without spin-phonon
i
(u is the atomic displacement), and (S;-S ;) denotes the spin-
spin correlation between the ith and jth magnetic ions. The
coupling of the lattice with the underlying magnetic degrees
of freedom occurs because of modulation of the exchange
integral J;; between the magnetic ions in the long-range-
ordered phase, resulting in significant renormalization of the
phonon self-energy parameters.

coupling), A = is the spin-phonon coupling coefficient
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