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in pyrochlore iridates (Sm;_,Bi,),Ir,0,
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In this work, we report low-temperature Raman spectroscopic measurement to investigate the temperature
dependence of phonons and magnetic as well as electronic excitations in (Sm;_,Bi,),Ir,O; for x = 0, 0.02,
0.035, 0.05, and 0.10. A strong spin-phonon coupling induced phonon renormalization is observed below
magnetic transition temperature 7y for samples with x < 0.035. An underlying broad continuum attributed to
pronounced spin-spin correlations is observed below Ty for pure SmyIr,O;. Significant phonon anomalies at
lower temperatures, much below Ty, for x = 0 and 0.02, are observed and are attributed to a possible crossover
into the Weyl semimetal state. Most interestingly, we observe clear signatures of quadratic band touching in
x = 0.05 and 0.10 systems in terms of a broad electronic continuum at low temperatures analyzed using the
Raman susceptibility for a non-Fermi liquid, corroborating the inference from recent transport measurements.
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I. INTRODUCTION

Strongly correlated 5d-electron systems have opened a
new pathway in condensed matter physics due to spin-
orbit coupling (SOC) induced unconventional topological
phases. The interplay between metal-insulator transition
(MIT) and “all in—all out” (AIAO) magnetic ordering in the
5d-pyrochlore iridates has provided a fated goal to search
for the fingerprints of exotic states of matter in these geo-
metrically frustrated systems. The 5d transition metal oxides
(TMOs) stand at the crossroad of strongly correlated systems
where the SOC and the Coulomb interaction compete at the
same energy scale. In 5d iridates, this is further enhanced
by the crystal-field interaction that splits the ,, orbitals and
leaves the system in a low spin state (Jer = 1/2). Among
the iridates, pyrochlore iridates A;Ir,O; (A=Y, Bi, and
rare-earth elements) have attracted much attention as they
potentially show various exotic phenomena and topologi-
cally nontrivial ground states [1-7]. The cubic pyrochlore
structure consists of both A and Ir sublattices forming an
interpenetrating corner-shared tetrahedral network that in-
troduces geometrical frustration in the system. The SOC
dominant Dzyaloshinskii-Moriya interaction competes with
frustration and gives rise to an AIAO antiferromagnetically
ordered ground state with broken time-reversal symmetry be-
low Ty [1,8]. The AIAO configuration arises from iridium
spins pointing into or out of the tetrahedral unit along the
(1,1,1) axis of the pyrochlore lattice in an alternating fashion
[1]. The physical properties evolve with A site cation radius
from magnetic insulating to a complex nonmagnetic metallic
behavior. The ionic radius boundary for MIT lies between Nd
and Pr, where Pr;Ir,O; being the end member shows spin-
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liquid behavior and does not show any long-range magnetic
order down to 0.3 K [9]. On the contrary, smaller rare-earth
pyrochlore iridates such as Gd,Ir,O7, TbyIr,07, Dy,Ir,O7,
and Ho,Ir,O; remain insulating at all temperatures, whereas
Nd,Ir,07, SmyIr,07, and EuyIr,O; show MIT along with
magnetic transition in the temperature range of 100-150 K
[10-14]. These three candidates are theoretically proposed
to host the Weyl semimetal (WSM) state at low tempera-
tures due to the breaking of time-reversal symmetry with the
preservation of requisite inversion symmetry [4,6,7]. Support-
ive experimental signatures in establishing a correlated WSM
state for Sm,Ir,O7 have also been provided by recent resonant
elastic and inelastic x-ray scattering studies [1]. Similarly,
high-pressure transport measurements on this compound also
identified a low-pressure region of P-T space to host a mag-
netic WSM state [2]. The AIAO order is suppressed at a
critical pressure P, = 6 GPa, whereas the same space group
retains across the quantum critical point.

Smy,Ir,O7 is a WSM candidate with concomitant MIT and
ATAO near 120 K. Application of chemical pressure, i.e.,
doping A3+ or Ir** sites, has proven an effective tool to tune
the relative scale of interactions and electronic bandwidth in
this class of materials. Recently, it has been reported that
Sm,Ir,O7; doped with Bi (lattice constant a = 10.3235 A
for Sm,Ir,O; and 10.3250 A for BiyIr,O7) shows anoma-
lous lattice contraction up to 10% Bi doping and enters
normal lattice expansion limit with further Bi substitution
[15]. The combined magnetic, specific heat, and transport
data on these systems suggest the presence of a WSM state
up to 2% Bi substitution with resistivity (p) following 1/T
dependence at low temperatures in agreement with theory
[16]. With a further increase in Bi doping, the WSM phase
is replaced by the quadratic band touching (QBT) state where
the low-temperature resistivity shows —In7T dependence [15].
At the WSM-QBT boundary, there lies a crossover phase, as
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predicted by Savary et al. [3], with the unconventional temper-
ature dependence of resistivity. Our present work is motivated
to look for the signatures of this unconventional crossover be-
tween these topological phases and also understand the influ-
ence of MIT-coupled magnetic transition and the WSM state
on the phonon self-energies in Sm;Ir,O; and Bi-substituted
Sm,Ir,O7 samples up to 75% isovalent Bi substitution, con-
centrating more on the low doping concentration regime.

II. EXPERIMENTAL DETAILS

All the samples in the series (Sm;_,Bi,);Ir,07 (x =0,
0.02, 0.035, 0.05, 0.1, 0.25, 0.50, and 0.75, were synthesized
via a solid-state reaction method using a high-purity (better
than 99.9%) form of precursors of Sm,03, IrO,, and Bi,03.
Here x refers to the nominal composition, which is the
same as the measured value determined using an energy
dispersive x-ray analysis and Rietveld refinement of the
synchrotron powder x-ray diffraction. The details of crystal
structure, sample synthesis, characterization, and Rietveld
refinement are given in the Supplemental Material [17]
(see Figs. S1, S2, S3 and Tables I and II). A more detailed
study of electronic and magnetic properties is given in
[15]. Micro-Raman experiments in backscattering geometry
using a 50x objective were carried out on small pieces
(~0.5 mm x 0.5 mm x 0.2 mm) taken from polycrystalline
sintered pellets of Bi-doped SmjIr,O; samples using a
LabRAM HR Evolution Spectrometer (HORIBA Jobin Yvon,
Syncerity) and 532-nm excitation wavelength from a DPSS
laser source. The laser power was kept at ~0.3 mW for
pure and lower doped samples (x < 0.10) and ~1.7 mW
for the higher doped samples. The temperature-dependent
measurements were carried out using a Cryostation S50
Montana closed-cycle He cryostat. The recorded Raman
spectra are fitted with a sum of Lorentzian line shapes using
the nonlinear least-square fitting method in ORIGIN to extract
phonon frequencies, linewidths, and intensities.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the evolution of antiferromagnetic AIAO
ordering temperature (7y), metal-insulator transition temper-
ature (Tyr), and the temperature where resistivity takes a
gradual upturn (7yN) with x. On the basis of this, the elec-
tronic properties have been separated into three regions: the
Weyl phase, where low temperature p varies as 1/T (for
x < 0.02), the QBT phase with p o< —InT (for x > 0.05), and
a new phase at the WSM-QBT boundary with p oc —T'/4
(marked V in Fig. 1) [15]. This demonstrates the presence of
a quantum critical point while continuously tuning the ground
state from WSM to QBT.

A. Raman spectra at ambient condition

Group-theoretical analysis of the pyrochlore structure
(space group Fd3m) predicts 'y, = A1y + Eg 4+ 415, + 7Ty
optical and I',, = Ty, acoustic phonon modes, out of which
Ay, E,, and 4T,, phonons are Raman active, and the Tj,
mode is IR active [18,19]. As shown in Fig. 2(a) (bot-
tommost panel), the Raman spectra of the undoped sample
(x = 0) show six distinct Raman modes labeled by irreducible
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FIG. 1. The doping (x) dependence of antiferromagnetic or-
dering temperature (7y), metal-to-insulator transition temperature
(Tyir), and the temperature where p shows a gradual upturn (7yn)
[15].

representations based on previous studies on pyrochlore iri-
dates [18]. A shoulder on the high-energy side of the Tz‘; mode
can be a second-order Raman mode [20,21]. Theoretical stud-
ies on pyrochlore iridates [18-20,22,23] have shown that the
Ajg and E;, modes mainly involve O-Ir-O bending, the T2lg and
Tzi modes are predominantly associated with Sm-O stretch-
ing, the Tz?g mode due to the vibration of O’ ions surrounded
by eight Sm ions, and the TZi' mode related to Ir-O stretching

vibration. As the cation sites of Ir** and Sm** have a center of
inversion, the Raman-active modes involve only the vibrations
of oxygen atoms [24]. Out of all modes, the A, and E, modes
play a crucial role as these are directly involved in the trigonal
distortion of IrOg octahedra through the modification of the
Ir-O-Ir bond angle [23,24]. The E, mode is about twice as
broad compared to other modes, similar to Eu,Ir,O7 [18].
Figure 2(a) shows the evolution of Raman spectra with
Bi doping (x =0, 0.02, 0.035, 0.05, 0.10, 0.25, 0.50, and
0.75). The doping dependence of different phonon modes
is given in Fig. 2(b). With the increase of x, the Raman
frequency of the T, mode decreases (~20 cm™), but the

E, and Tzzg modes shift significantly towards higher fre-

quency (~20 and ~25 cm™!, respectively). These trends are
due to hybridization among O (2p)-Bi (6s) and Ir (5d) or-
bitals resulting in the modification of Sm-O and Ir-O bands
[23,25,26]. For the Tzlg mode, the shift is ~6 cm™!, much
less as compared to the shift in other modes. Interestingly,
the strong Aj, mode hardens by ~8 cm™! up to x = 0.10 of
Bi doping and shows large softening by (~42 cm™!) with a
further increase in x, which is consistent with the evolution
of the lattice parameter with x [15]. Since the A;, mode
is directly involved with the O (48f) parameter [23], its
modification through lattice constant affects the force con-
stant of this vibration and causes large renormalization in
its frequency. Surprisingly, the two bending modes (A;, and
E,) are influenced differently by doping, which is similar
to our recent studies on Eu,Ir,O; [27], which has been at-
tributed to the fact that the modes are renormalized differently
by electron-phonon coupling in the metallic state at room
temperature.
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FIG. 2. (a) Ambient Raman spectra for x = 0, 0.02, 0.035, 0.05, 0.10, 0.025, 0.50, and 0.75 samples; the arrows mark the phonon modes;
solid red and blue lines are the cumulative and individual Lorentzian fit to the phonon modes, respectively. (b) Doping dependence of different
phonon modes at ambient condition; the vertical dashed line separates the anomalous lattice contraction and normal lattice expansion region
at x = 0.10 (inset shows the evolution of lattice parameter a with doping). The error bars on phonon frequencies are smaller than the size of

the symbols.

B. Temperature-dependent Raman studies

We have performed temperature-dependent Raman mea-
surements for undoped and doped (x < 0.10) samples from
295 to 5 K covering the spectral range from 70 to 1760 cm™!
The crystal symmetry does not change across MIT [28]. Fig-
ure 3(a) shows unpolarized Raman spectra of pure SmyIr,O;
at three representative temperatures. As expected from the
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preservation of crystal symmetry across Ty, the number of Ra-
man modes remains the same. For the parent sample below Ty,
the phonon modes are superimposed on a broad continuum
centered at ~460 cm™~! (~57 meV), as observed in Fig. 3(a).
A flat electronic continuum arising from excitations of free
carriers and extending at least up to 1760 cm~! with linearly
increased intensity at small frequencies is also observed at low
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FIG. 3. (a) Temperature-dependent unpolarized Raman spectra of pure Sm;Ir,O; at three representative temperatures. (b) Temperature evo-
Iution of Raman conductivity derived from raw intensity. Inset: Raman magnetic susceptibility superimposed on the field cooled susceptibility

curve; the arrows define the Y axis.
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temperatures for the x = 0.05 and 0.10 samples (discussed
later in Sec. III B 2).

1. Origin of broad continuum in pure SmyIr,0,

We first address the broad underlying continuum observed
for the x = 0 sample. This continuum is strongly temperature
dependent. The complete disappearance of this feature above
Ty indicates that its origin can be magnetic. To further under-
stand the evolution of this broad magnetic continuum, we have
evaluated the dynamic spin susceptibility associated with this
continuum. Figure 3(b) shows the temperature dependence
of Raman conductivity x”(w)/w where Raman susceptibility
x" (@) = I(w)/[1 + n(w)]. Here I(w) is the measured Raman
intensity, and 1+ n(w) = 1/(1 — e "/*¥T) is the Bose ther-
mal factor. Here the phonon modes have been suppressed.
The dynamic spin susceptibility is then obtained by inte-
grating the Raman conductivity within the frequency range
of 70-1760 cm ™", xg = lim,o x (k = 0, ) = 2 [ L g,
The inset shows the temperature evolution of yg, which super-
imposes very well with the measured field-cooled magnetic
susceptibility curve [15]. We, therefore, assign the broad
background below Ty as magnetic Raman scattering due to
spin-spin correlations, which becomes Raman active by virtue
of strong SOC and non-noncollinear long-range magnetic or-
dering [29]. It should be noted that the magnetic continuum
is not observed in the case of doped samples, even though
x = 0.02 and 0.035 samples show a magnetic ground state.
The absence of magnetic Raman scattering in these samples
may be due to smearing of the Raman signal due to nonmag-
netic Bi defects or shifting of the peak position near to the
cut-off range.

2. Electronic Raman scattering in doped metallic samples

We now focus on the nonmagnetic metallic samples in
the crossover region and in close proximity to QBT. The
presence of QBT near the Fermi energy suggests that these
materials can be tuned to various topological phases [30].
Further, the quadratic nodal semimetals themselves are trans-
formed into a non-Fermi-liquid state where electrons are
dominated by long-range Coulomb interactions, and they lose
coherence [31].

Keeping this in mind, we proceed to analyze the flat con-
tinuum observed in the x = 0.05 and 0.10 samples at low
temperatures, which extends at least up to 1760 cm™! [see
Fig. 4(a)] (showing 5 K Raman spectra for x = 0, 0.02, 0.035,
0.05, and 0.10). Its absence in antiferromagnetic insulating
samples (i.e., for x < 0.035) suggests its origin to be elec-
tronic and predominantly arising from the electronic Raman
scattering (ERS) from the free carriers. The observed ERS has
the strongest amplitude at the lowest measured temperature,
and the amplitude decreases as temperature increases. The
background becomes flat above 200 K for the x = 0.05 sam-
ple and above 70 K for the x = 0.10 sample [see Figs. S4(a)
and S4(b) [17]]. This continuum is a universal feature of
strongly correlated systems such as high-7, superconduc-
tors and has been analyzed using a phenomenological model
[32-36] (first brought out by Goétze and Woftle [37]) by fit-
ting the Raman response by memory function formalism. The
complex Raman response function x (w) in terms of memory

function M (w) is given by [33,37,38]
. M(w, T)
o+ M, T)

where M(w, T) = hot(w, T) + il'y(w, T'), dynamical scat-
tering rate I'y(w) and mass enhancement factor A(w) are
related by Kramers-Kronig transformation. Thus, the imagi-
nary part related to the Raman spectrum is

Rholy(w, T)
{holl + A, T} + [Ts(w, T)1?

The dynamical scattering rate I'y(w) follows the form [38]

Py, T) = [Tiny + \/m]‘f’(g)’ 3)

x(w,T) (1)

X (@, T) = @

C

where iy, is the static scattering rate, 8 determines the
relative strength of the elastic and inelastic scattering pro-
cesses (optimized to a value of & for all temperatures), and
qb(wﬂr) = ﬁ is the cut-off function with cut-off frequency

.. The pararﬁeter R in Eq. (2) represents the strength of ERS.
For the study of carrier properties, a typical value of cut-off
frequency is of the order of the bandwidth of charge carriers
(for half-filled iridates it is ~0.4 eV). It is seen that fitting
the above model with our Raman data converges with the
marginal Fermi-liquid (MFL) form of I'y for the measured
range of temperatures until the background becomes flat [see
Figs. 4(b) and 4(c)]. Here, the MFL behavior arises from
the breakdown of conventional Fermi-liquid behavior at low
temperatures due to enhanced particle-particle interaction in
the QBT state [39,40]. Figure 4(d) shows the temperature
evolution of the prefactor R used while fitting the electronic
continuum at various temperatures. It is noticeably clear from
Fig. 4(d) that the amplitude of ERS is strongly temperature
dependent and decreases continuously with increasing tem-
peratures in the case of the x = 0.10 sample. For x = 0.05,
the prefactor remains almost constant at low temperatures
and shows a drastic fall near ~125 K, marked as 7. Since
the origin of ERS in doped Sm;Ir,O; samples is driven by
the enhanced scale of interactions in the QBT state, 7Ty can
be the characteristic temperature above which the band struc-
ture does not have QBT, hence weakening the ERS.

3. Phonon self-energies in Sm,Ir,0;

Now, we will proceed to understand the Sm-Bi system
in terms of phonon self-energies. Figures 5(a) and 5(b)
show the temperature dependence of phonon frequencies and
linewidths for the Ai,, E,, and three 75, phonons. In gen-
eral, the phonon self-energies depend on phonon-phonon,
electron-phonon, and spin-phonon interactions (&, + €., +
&sp). The frequency and linewidths are related to the real
and imaginary parts of the phonon self-energies, respectively.
In order to extract the contribution of spin-phonon coupling
below Ty, we fit the temperature dependence of the phonon
frequencies and linewidths above Ty with a simple cubic
anharmonic model where the phonon decays into two phonons
of equal frequency: w(T) = wy+ CG(w,T) and I'(T) =
'y + DG(w, T') where G(w, T) = [1 + 2n(wy/2)] [41]. The
parameters C and D are related to phonon-phonon interaction
strength, with the parameter C < 0, and D > 0. The solid red
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FIG. 4. (a) 5 K Raman spectra of parent and doped samples; the horizontal dashed line indicates the flat baseline of the x = 0 and 0.02

samples and the deviation from flat behavior due to electronic continuum present in the x > 0.05 samples extending at least up to 1760 cm

-1

(the data has been shifted vertically for representation). (b) and (c) Raman spectra for x = 0.05 and 0.10, respectively; the bottom panels
indicate data at the lowest measured temperature, i.e., 5 K; solid red lines are the cumulative Lorentzian fit to the phonon modes, and solid blue
lines show the fit to the electronic continuum by the MFL model; the top panels show the fitted continuum at various measured temperatures.
(d) Temperature evolution of the prefactor R of the MFL model for x = 0.10 and 0.05; the vertical blue dashed line indicates 7y, and the solid
blue and green lines are guides to the eye.

lines in Figs. 5(a) and 5(b) are the fits to the cubic anharmonic
model, extrapolated by dotted lines below Ty .

It is very clear from Figs. 5(a) and 5(b) that all the
mode frequencies and linewidths (FWHM) show significant
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deviation from the expected anharmonic behavior below Ty .
The noteworthy observations are as follows: (i) anomalous
softening of frequencies of 7!

o E,, Aig, and Tzi, modes (be-

tween Ty and 50 K), (ii) the linewidth of the Tzlg mode
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FIG. 5. (a) and (b) Temperature variation of phonon frequencies and linewidths of pure Sm,Ir,O7; the solid red lines are fit to the
anharmonic model and are extrapolated to 0 K by red dashed lines. The vertical black and blue dashed lines indicate 7y and crossover
into Weyl phase, respectively. The solid green line is fit to the electron-phonon model.

showing a large decrease below Ty (by ~35 cm™'), and
(iii) a sudden jump in linewidth of E, (~20 cm™ 1) and Ajg
(~5 cm™") near Ty. These nontrivial behaviors cannot be
explained considering the monotonic temperature dependence
due to the phonon-phonon interactions alone and indicate
that the phonon frequencies and linewidths are renormalized
by spin-phonon interactions below 7y. The substantial, large
linewidth anomalies, similar to those in Eu,Ir,O; [18] and
insulating square lattices SrpIr,O4 and Sr3lr,O7 [42], can
arise from the phonon induced modulation of the orbitals.
The partial admixture of the low-lying Jeg = 3/2 excited
state into the crystal field induced Jor = 1/2 ground state in
the presence of static or dynamic lattice distortions activates
pseudospin-phonon coupling by low-energy shape fluctua-
tions of the valence-electron cloud that effectively couple to
phonons and can cause phonon linewidth anomalies [18,42—
44]. In contrast to 3d and 4d TMOs [43,45,46], SmyIr,O7
shows large frequency shifts for E,, Ty,, and T, modes and
exceptionally high linewidth variation in all of the modes.
Similar large phonon renormalizations have been reported in
Cd;0s,07 [47] and have been attributed to effective magne-
toelastic coupling by virtue of strong SOC induced orbital
contribution to the magnetism.

We now proceed to understand the phonon anomalous be-
havior near Ty in detail. In this context, similar anomalies are
seen for the E, mode in the Raman study of EuyIr,O7 [18],
for the Ir-O stretching mode in Cd,0s,07 [47], for the Ay,
and Ir-O stretching modes in Y, (Ir;—Ru,),07 [48], and three

infrared phonons associated with Ir-O-Ir bending modes in
Y,Ir, 07 [49]. These anomalies below Ty have been attributed
to strong spin-phonon coupling arising from the interaction
between lattice and magnetic degrees of freedom in an AIAO
magnetically ordered state. Spin-phonon coupling is caused
by the modulation of spin-exchange parameters by the atomic
displacements in different vibrational modes. In Cd,0s,07,
the spin-phonon coupling is known to be mediated by single-
ion anisotropy interaction [50], whereas in 3d and 4d TMOs,
modulation of isotropic exchange interaction originates spin-
phonon coupling [43,45,46,51-54]. The SOC induced Jogr =
1/2 ground state of pyrochlore iridates makes the single-
ion anisotropy term negligible in the spin Hamiltonian [55],
and the phonon renormalization in these compounds cannot
be explained by isotropic exchange interaction alone as the
noncollinear magnetic ordering is mainly induced by SOC
dominant Dzyaloshinskii-Moriya interaction. Hence, for py-
rochlore iridates, the spin Hamiltonian mainly involves two
leading terms and has the form [8,49]

NN NN

Hagin =Y Jij(Si. S+ > Dij(Si x 8, €

) )

where J;; and D;; are the coefficient of the isotropic exchange
interaction and Dzyaloshinskii-Moriya interaction, respec-
tively, between the i and j pseudospins of the Ir ion denoted
by S; and S; (NN refers to the nearest-neighbor interaction).
As the phonon renormalization in the pyrochlore iridates is
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mainly attributed to the change in Ir-O-Ir bond angle () and
Ir-O bond length (7), the phonon frequency shift can be written
as [49,50,56]

NN

-2 3%2J;:(0,1)
Aw ~ K(Z aj—pz(SiSj)
Sj>>, )

where [, is the rotational moment of inertia and p can be 6 or
1 depending on the phonon mode.

Here we focus on the Ir-O-Ir bending (A, and E;) and
the Ir-O stretching (Tz‘;) modes, which are of importance in
pyrochlore iridates. All three modes reveal frequency and
linewidth anomalies near 7y in Sm»,Ir,O;. The anomalous
frequency softening below 7y is predominantly driven by the
negative sign of 82[)5;;’”. In this context, the phonon renor-
malization for bending modes is attributed to the modulation
of the Dzyaloshinskii-Moriya interaction as in Y,Ir,O; and
Eu,Ir, 07 [18,49], whereas the renormalization of the stretch-
ing mode can be attributed to the modulation of the isotropic
exchange interaction as in conventional spin-phonon coupling
[45,57,58]. The change in bond length of Ir-O can affect the
orbital overlap integral, resulting in significant modification
of J;; and consequently results in phonon frequency renor-
malization [59]. The strength of the spin-phonon coupling
will vary depending on the dynamic modulation of D;; and
Jij by lattice vibrations. Hence, phonon renormalization is
different for different phonon modes, as evident from Fig. 5.
Both E, and A, modes are mostly affected by spin-phonon
coupling and show drastic changes below Ty. The frequency
renormalization by spin-phonon coupling is also noticeable in
other phonons, Tzlg and T24g, whereas the Tzi, frequency (Sm-O
stretching) remains unaffected by spin-phonon coupling.

The observed minima in frequencies and maxima in
linewidths at ~50 K suggest that there are at least two com-
petitive interactions. As earlier predicted by theory [4,6,7] and
recent transport measurements by Telang et al., the WSM
state in Sm;Ir,O7 is established at temperatures lower than
Ty. In other words, the band structure continues to evolve
below Ty and stabilizes the WSM state as its ground state at
lower temperatures where contributions from thermal or other
mechanisms do not dominate. In WSM, since the Weyl points
lie in close proximity to the Fermi energy (E/), the interband
electronic transitions across the nodes can be significantly
affected by thermal excitations of the carriers and occurs in
a low-energy range of 2 (u is the chemical potential with
respect to the Weyl points) [60,61]. This energy scale overlaps
that of optical phonons and modulates the phonon self-energy
that is coupled to these transitions. Thus, the anomaly at
~50 K is likely to be due to the topological phase transition
into the WSM state. Note that in our Raman data, this renor-
malization can be seen only for the x = 0 and 0.02 samples (at
~50 and ~40 K, respectively) and absent for the x = 0.035
sample (see Fig. 6), inferring its origin associated with the
formation of Weyl cones. The competition among electron-
phonon, spin-phonon, and phonon-phonon interactions can

NN
92D;;(0,1
+ Z #“‘i x

2
ij ap

result in the observed nonmonotonicity in frequencies and
linewidths as a function of temperature.

Next, we discuss the large change in the linewidth of the
Tzlg phonon below Ty, which is distinct from other phonons
that are renormalized by spin-phonon coupling. The lattice
anharmonicity is a weak effect, as can be seen by a very
small change in the linewidth at T > Ty. As the linewidth
contains information related to decay channels available to the
phonon modes, we consider this temperature dependence as
the zone-center optical phonon assisted creation of electron-
hole pairs via interband transitions near the Fermi surface. The
decay rate depends on the difference in occupation numbers
of electron and hole states and follows the functional form
[62,63]

Lerpn(T) = Ty + Alnp (hwa, T) — np(hwg + hop, T)1, (6)

where fiwyy, is the energy of the optical phonon, ng is the
Fermi-Dirac occupation factor, and /iw, denotes the distance
between Ep and the initial state of the electron. I'y is the
temperature-independent term originating from the scattering
of phonons by defects, and A is the fitting parameter related
to the electron-phonon interaction strength. The fitted curve
(green color) in the lowest panel of Fig. 5(b) shows that
this model agrees very well with our experimental data over
the entire temperature range. The observation that it is only
significant in the case of the Tzlg phonon can be rationalized
based on the fact that the electron-phonon coupling strength
depends on the symmetry and energy of the optical phonon.
The doped samples are discussed in more detail in the next
section.

4. Effect of doping

With temperature variation, the crystal symmetry does not
change, and the same number of phonons are observed for
doped samples. However, one weak additional mode, marked
Ny, is observed at low temperatures below Ty near ~86 cm™!
(see Figs. S5, S6, S7, and S8) [17]. As this low-frequency
mode is also seen for the doped samples, including x = 0.05
and 0.10 that do not show a magnetic transition [15], we
suggest that it can be due to the lowering of crystal symmetry
at some crystallographic sites, thus making infrared-active
modes also Raman active, similar to Cd,0s,0; showing a
zone-center infrared (IR) phonon near ~85 cm~! below Ty
[64]. To quantify the temperature dependence of modes, fol-
lowing the same approach as for the pure sample, the phonon
frequencies and linewidths of doped samples are fitted with
the cubic anharmonic model at higher temperatures (above Ty
for the x = 0.02 and 0.035 and above T, for the x = 0.05 and
0.10 samples), and the fitted curves are extrapolated to 0 K, as
shown in Figs. 6(a)-6(d) and Figs. 7(a)-7(d).

(a) Phonon anomalies for doped systems (x = 0.02 and
0.035) showing magnetic transition. For x = 0.02 and 0.035,
Ty falls to ~90 and ~60 K, respectively. In terms of phonons,
all mode frequencies deviate from the anharmonic phonon-
phonon interaction model below Ty (see Fig. 6). For x = 0.02,
the phonons exhibit an abnormal frequency softening between
Ty and ~40 K, similar to the x = 0 case, which we attributed
to a transition to WSM state. The T2i7 frequency (Sm-O vi-
brations) has a nonmonotonic dependence on temperature for
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FIG. 6. (a)-(d) Temperature evolution of phonon frequencies and linewidths for the x = 0.02 [(a) and (b)] and 0.035 [(c) and (d)] samples,
respectively. The vertical dashed lines and the solid red and green lines have the same meaning as Fig. 5.

x = 0.02, which was not seen in the pure sample. This sug- of all modes decreases with temperature. We note that, for the
gests that the Sm-Og-O), scalenohedron of the pyrochlore unit Tzfg, phonon, the decrease in linewidth with temperature is very
cell has undergone some rearrangements with the replacement large as compared to other modes, suggesting an additional
of Bi ions. In comparison to the x = 0 sample, the linewidth mechanism to anharmonic interactions. We have fitted the data
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with Eq. (6) representing the electron-phonon coupling, the
dominant source of broadening. It is evident from Fig. 6 that
the magnitude of renormalization decreases with Bi doping,
suggesting that the tuning of bandwidth and magnetic order-
ing with Bi substitution weakens the spin-phonon interaction.

035133-9

(b) Phonon anomalies for doped metallic samples (x = 0.05
and 0.10). While transport and susceptibility measurements
show metallic behavior and no magnetic ordering down to 2 K
for x = 0.05 and 0.10, it is interesting to note that the Raman
modes exhibit considerable temperature-dependent anomalies
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at ~125 K, denoted as T in Fig. 7. In particular, for x = 0.05,
the frequencies of all phonons, as well as the linewidths of the
three T, and A, phonons, differ from the anharrmonic model
and show discontinuities around Tp. At x = 0.10, the mag-
nitude of phonon anomalies (deviation from the anharmonic
model) is even larger. The linewidths exhibit a sharp rise at
Tp (by ~10 cm™" for Ty, Ty}, and A, and by ~2 cm™" for
Tzzg) followed by a decrease with lowering of the temperature.
This anomalous behavior is not seen for the linewidth of the
E, mode. It is clearly evident from Figs. 6 and 7 that the
anomalous behavior for the nonmagnetic systems (x = 0.05
and 0.10), is very different for systems showing antiferromag-
netic transition with varying 7y, indicating a different origin
of phonon renormalization.

We note that the samples with x = 0.05 and 0.10 (Fig. 1)
though metallic show an upturn in resistivity at low tem-
peratures [15] indicating a nontrivial ground state. Similar
resistivity upturn has been previously observed upon cooling
in a three-dimensional (3D) Luttinger semimetal Pr,Ir,O; and
attributed to crossover into QBT state [65]. The resistivity
of PryIr,O; shows a minimum at low temperatures below
which the resistivity shows a —InT increase but with no signs
of magnetic ordering or freezing. This minimum is a conse-
quence of the interplay between the temperature dependence
of an interaction between a lowering scattering rate and a
decreasing charge density upon cooling in the 3D QBT state.
Because the threshold to excite thermal carriers is low, unlike
conventional metals, the charge density in such a system can
be strongly temperature dependent over a wide temperature
range. The competition between temperature dependencies
between plasma frequency and scattering rates can effectively
result in the observed dip in dc resistivity. The appearance of
resistivity minimum at a low temperature with a —In7" behav-
ior (upon cooling) without any magnetic ordering, therefore,
appears to be a common feature of these pyrochlores in close
proximity of the QBT. The electron-electron interaction in
these materials is predicted to be more pronounced than linear
band-crossing systems due to the enhanced electronic density
of states [31,65]. Further, the enhanced low-energy phonon-
assisted electronic excitations near the band touching points
will result in strong electron-phonon coupling, contributing
significantly to the phonon self-energies and hence resulting
in phonon anomalies, very different from the spin-phonon
coupling or lattice anharmonicity.

Additionally, we examined the sample with x = 0.25’s
temperature-dependent phonon behavior (see Fig. S9 [17]) to
validate the origin of the electron-phonon coupling in sam-
ples with x = 0.05 and 0.10. It is evident from Figs. S9(b)
and S9(c) that the phonon frequencies and linewidths are
monotonic and clearly follow the anharmonic trend, inferring

absence of electron-phonon interaction. The absence of such
scattering could be explained based on the transport behavior
of these samples. It is clearly apparent from the resistivity
curve [Fig. S10 (a) [17]] that the x = 0.25 sample lies more to-
wards the metallic regime with orders of magnitude decrease
in the resistivity. Although the low-temperature resistivity up-
turn is still there [inset of Fig. S10 (a)], it is weak compared
to the x = 0.05 and 0.10 samples. Figures S10(b) and S10(c)
[17] show the comparison of various scaling behaviors of
resistivity for x = 0.25. Evidently, the linear behavior can be
seen in both panels (b) and (c). However, the linearity is more
pronounced in the case of a variable range hopping model,
which is a characteristic of the disordered systems, suggesting
that the —In7 dependence (QBT) is becoming increasingly
suppressed with further Bi doping. Hence, it is reasonable to
conclude that the QBT is becoming increasingly suppressed
in the presence of increasing Bi disorder, which also validates
the absence of electron-phonon coupling for x = 0.25. We
hope that our experimental results will motivate a quantitative
understanding of phonon self-energies in 3D QBT systems.

IV. CONCLUSION

In summary, we observe strong phonon renormalization
in pure and doped samples (Sm;_,Bi,),Ir,07 (x =0, 0.02,
and 0.035) below 7Ty due to strong spin-phonon coupling.
Our Raman results on the pure Sm;Ir,O; showed evidence
of pronounced dynamic spin-spin correlations in the AIAO-
ordered state. The temperature-dependent Raman spectra of
pure and doped samples exclude the presence of any structural
transition across the MIT. Phonon anomalies at a much lower
temperature (> 50 K) than 7y are observed and provide quali-
tative support to the existence of WSM state in the x = 0 and
0.02 samples. The QBT candidates (x = 0.05 and 0.10) show
strong signatures of ERS, analyzed using Raman susceptibil-
ity for the non-Fermi-liquid state. These systems also show
strong phonon anomalies driven by the enhanced electron-
phonon interaction in the QBT state. Our results support the
possibility of exotic topological states near the metal-insulator
boundary, further motivating the search for more theoretical
and experimental evidence in these systems, along with a
quantitative understanding of phonon renormalization.
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