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Non-Fermi-liquid signatures of quadratic band touching and phonon anomalies in metallic Pr,1Ir,0,
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A single Fermi node in Pr,Ir,O; protected by time reversal and inversion symmetry resulting from an interplay
between strong electronic correlations and spin-orbit coupling (SOC) has attracted significant attention. Here,

we report a detailed temperature-dependent Raman study of the “quadratic band touching Luttinger semimetal”
Pr,Ir, 0. In addition to phonons, we observe an underlying flat electronic continuum due to electronic Raman
scattering (ERS) that is dominant below a characteristic temperature 7. The observed ERS is understood using
the Raman susceptibility of a non-Fermi liquid expected in a quadratic band touching system. The phonon

frequencies and linewidths show anomalous temperature dependence below 7;, ~ 150 K attributed to strong
electron-phonon coupling (EPC) in a quadratic band touching (QBT) state. The Ir-O-Ir bending E, mode shows
pronounced Fano asymmetry as well as anomalous linewidth broadening below Ty. Further, a Raman line at
~460 cm™' involving crystal field transition couples strongly to the 75, phonon at ~350 cm™'. Our results

establish the enhanced scale of electron-electron correlations and electron-phonon coupling in the QBT state of

metallic Pr,Ir, O;.

DOI: 10.1103/PhysRevB.108.195144

I. INTRODUCTION

The realization of exotic ground states in pyrochlore iri-
dates A,Ir,O7 (A = lanthanide element) culminating from the
interplay among the crystal field effect, magnetic exchange
interaction, and spin-orbit coupling (SOC) has generated
significant interest in the contemporary condensed matter re-
search. The Ir 5d electrons offer possibilities to explore the
correlation effects in SOC-rich compounds. This has led to
many recent theories predicting Weyl semimetals (WSM),
topological insulators, axion insulators, Mott insulators, and
Luttinger-Abrikosov-Beneslavskii non-Fermi liquids (NFL)
[1-5]. Experimental verification of these predictions is still
ongoing. The SOC-dominant Dzyaloshinskii-Moriya (DM)
interaction causes these materials to undergo a finite tem-
perature metal-insulator transition (MIT) coinciding with an
“all in-all out” (AIAO) antiferromagnetically ordered ground
state [6—11]. The ionic radius boundary for the MIT lies
between Nd and Pr, Pr,Ir,O; being the sole compound in
the iridate pyrochlore family, which is a paramagnetic metal.
Despite the presence of magnetic interactions (Pr’t is J = 4
and Ir*" with Je = 1 /2), PryIr,O; does not show magnetic
order and remains metallic down to the lowest measured
temperature (0.3 mK), suggested to be a chiral metallic
spin liquid [12,13]. This system is further intriguing since it
exhibits spontaneous zero field Hall effect and logarithmic
non-Fermi-liquid (NFL) behavior of magnetic susceptibility
without spontaneous magnetization [14,15]. By having the
doubly degenerate quadratically dispersed valence and con-
duction bands touching at the I" point of the Fermi level,
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it is known to have the Luttinger-semimetal (LSM) state
[2,16,17]. This band touching is a 3D analog of bilayer
graphene [18] and is also reported in a few other materi-
als, including «-Sn and HgTe [19-22]. Due to the increased
density of state (DOS) close to the fermi node, these materi-
als have stronger electronic correlations than the linear-band
crossing systems (Weyl and Dirac semimetals). This is sup-
ported by photoemission spectroscopy giving the effective
band mass of electrons (6.3 my) in PryIr,O7 to be 300 times
larger than in @-Sn [16,19]. It has been suggested [2,16] that
long-range Coulomb interactions can transform the quadratic
nodal semimetal Pr;Ir,O; into an NFL state, which can be
further tuned by strain to other topological phases, such as a
topological insulator or a WSM state, by breaking the inver-
sion or time-reversal symmetry (TRS). Similar physics can
be witnessed in the iridium phase diagram, where the LSM
state in PryIr,O7 gives way to the WSM states in magnetic
Eu,Ir, 07 and SmyIr,O7 [3,4,23]. Recent transport studies on
Bi-doped Eu and Sm pyrochlore iridates have shown signa-
tures of this WSM state up to 2% Bi substitution at Sm (3.5%
in case of Eu) site, which goes over to a QBT state with
further Bi doping [24,25]. Quantitatively, Bi doping tunes
spin ordering and electronic bandwidth, leading to the melt-
ing away of the WSM phase into the QBT state, as is also
the case when going from Eu and Sm iridates to PryIr, O
in the phase diagram. In terms of phonon anomalies, our
recent Raman studies investigated these topological phases
as a function of Bismuth doping [26,27]. Previous studies
of phonons in other pyrochlore iridates have also shown
anomalous temperature dependence of phonons, associated
with phonon-phonon, electron-phonon, and spin-phonon in-
teractions as well as disorder-induced phase transitions
[28-32].
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A single Fermi node shielded by time reversal and inver-
sion symmetry as a result of strong electronic correlations
and spin-orbit coupling (SOC) is of considerable interest [16].
With this in view, we explore in-depth temperature-dependent
carrier dynamics and phonon excitations in Pr;Ir,O; using
Raman spectroscopy. Raman scattering is a powerful tool for
understanding the interaction between magnetic, electronic,
and lattice degrees of freedom. It is effective to identify unique
crystal field bands and mode splitting (if any) with better
resolution (<0.15 meV) than resonant inelastic x-ray scatter-
ing (RIXS) or neutron diffraction experiments (~1 meV). In
a recent study, the Raman phonon spectra of two materials,
Pr,Zr,07 and Pr;Ir,O;, with similar crystal structures but
different electrical characteristics, were compared, which has
shown evidence of electron-phonon coupling in semimetal-
lic PryIr,O7 [33]. Additionally, it has been shown that both
compounds have well-resolved crystal field excitations that
couple strongly to phonons. While the temperature-dependent
Raman spectra are reported, it is still unclear if QBT is the fun-
damental mechanism underlying electron-phonon coupling
in PryIr,O7. In a recent terahertz experiment [17], PryIr, Oy
demonstrated a significant dielectric constant at low tem-
peratures, indicating strong electron-electron interactions in
the QBT state. Raman scattering can reveal distinct signa-
tures of these interactions as it is sensitive to charge density
fluctuations. In this regard, our current research concen-
trates predominantly on the low-temperature Raman spectra
of Pr,Ir,O7 by carefully investigating the fingerprints of QBT.
Apart from temperature-dependent phonon anomalies, we ob-
serve significant electronic Raman scattering (ERS) below a
characteristic temperature 7p which has been attributed to
enhanced electron-electron interactions in the QBT state. This
temperature scale Tp is attributed to a crossover into the
QBT state with non-Fermi-liquid-like behavior. In addition
to this, the E, phonon displays enhanced Fano resonance and
anomalous linewidth broadening in the QBT state, indicating
the strongest electron-phonon coupling strength for this mode.
The electron-phonon interaction also has an impact on other
phonons as exemplified in their anomalous frequency soft-
ening below Ty. By using a qualitative model to fit the real
part of the phono self-energy, we have attempted to quantify
the relative strength of the phonon-phonon and electron-
phonon interactions. Similar to a previous report [33], we also
detected a crystal field excitation (CFE) at ~460 cm~!, asso-
ciated with the transition from the ground state to the second
excited state. Due to the coupling between this excitation and
a T>, phonon, this mode exhibits an anomalous softening of
the frequency with decreasing temperature.

II. EXPERIMENTAL DETAILS

High-quality polycrystalline samples of PryIr,O; were
prepared via the standard solid-state reaction method using
high-purity (>99.9%) precursors of Pr¢O;; and IrO,. The
phase purity of synthesized samples was checked using the
Bruker D8 advance powder x-ray diffractometer. Magnetic
susceptibility and resistivity measurements were performed
using a Physical Property Measurements System (Quantum
Design). The elemental composition of the sample was de-
termined using energy dispersive x-ray spectroscopy (EDS)

analysis. The oxidation states of the elements were charac-
terized by x-ray photoelectron spectroscopy (XPS) using a
thermo scietific K-ALPHA, Surface analysis system equipped
with a monochromatic Al source (K, = 1486.6 eV). The un-
polarized Raman spectrum was recorded in backscattering
geometry using a HORIBA LabRAM HR Evolution spec-
trometer and Peltier-cooled CCD (Jobin Yvon, Syncerity).
The excitation wavelength was 532 nm and the laser power
was minimized to <0.3 mW to avoid any local heating of
the sample. The low-temperature Raman measurements (5
to 295 K) were performed using closed-cycle He-cryostat,
Cryostation S50, Montana.

III. RESULTS AND DISCUSSIONS

Pr;Ir, 07, or more accurately PryIr,OgQ’, is an iridate from
the pyrochlore family that crystallizes in the cubic space group
Fd3m (z = 8) with Pr** at Wyckoff position 16d (0.5,0.5,0.5),
Ir*t at 16¢ (0,0,0), O and O’ at 48f (x,0.125,0.125), and
8b (0.375,0.375,0.375), respectively. Both Pr and Ir form
interpenetrating corner-shared tetrahedral networks running
parallel to the body diagonals of the cubic unit cell. While
the Ir ion is coordinated with six O ions to form an IrO¢ octa-
hedron, Pr is in an eightfold environment, surrounded by six O
and two O’ ions [34]. The crystal structure of our sample was
verified using x-ray diffraction (XRD), as shown in Fig. 1(a).
The observed powder-XRD pattern could be satisfactorily fit-
ted using the cubic pyrochlore structure (space group Fd3m,
z = 8) with no extra peaks. The good quality of the refinement
can be inferred from the fitted and the difference plots in the
figure (x2 = 4.6 and the extracted lattice parameter = 10.41
A). Based on the refinement results, the presence of antisite
disorder or off-stoichiometry in our samples can be ruled out
within the error bars of this technique.

The transport characteristics and magnetization were stud-
ied at low temperatures, confirming metallic behavior and the
absence of any long-range magnetic order down to the lowest
recorded temperature (2 K) [see Figs. 1(b) and 1(c)], which is
in agreement with the previous reports [12,13,17]. The resis-
tivity in Pr,Ir,O7 decreases with decreasing temperature and
flattens below 50 K, earlier proposed to be due to the Kondo
effect [33], however, it was later attributed to the interplay
between a decreasing scattering rate and a decreasing charge
density upon cooling, as expected in a 3D-LSM by Cheng
et al. [17]. The modified Curie-Weiss law, i.e., x = xo +
T_%CW is used in the inset of Fig. 1(c) to fit the x (T') data in the
high-temperature range between 150 and 295 K. A reasonably
good fit of (x — xo)~! vs T implies that the paramagnetic state
obeys modified Curie-Weiss behavior. The fit yields xo =
2.64 X 1073 emu/mole, the effective moment ey = 3.89 g
and Curie-Weiss temperature Ocw = —18.76 K in agreement
with previously reported values [13,35-37]. The finite value
of Ocw arises due to Ir-5d electron mediated antiferromagnetic
type Ruderman—Kittel-Kasuya—Yosida (RKKY) interactions
among Pr-4 f atoms.

The elementary composition of the sample was deter-
mined using energy dispersive x-ray spectroscopy (EDS) and
scanning electron microscopy (SEM) data collected on fine
powder of Pr,Ir,O7. The observed EDS spectra indicated only
the expected Pr and Ir signals present in the EDS (atomic
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FIG. 1. (a) Powder x-ray diffraction pattern of Pr,Ir,O;. The
vertical green bars below the diffraction pattern indicate the posi-
tions of the Bragg peaks of the pyrochlore phase. The fitted profile
and difference plot is shown using red and blue color, respectively.
[(b) and (c)] Temperature dependence of resistivity (p) and inverse
magnetic susceptibility, respectively for the PrIr,O; sample. The
inset in (c) shows the measured magnetic susceptibility as a function
of temperature. Solid red lines in both the main graph and inset
indicate fit to the Curie-Weiss law and the dashed line in the inset
is the extrapolated fit up to zero Kelvin.

percentages given, Pr-18.72%, Ir-17.57%) (see Fig. S1 in
Ref. [38]). The Pr/Ir ratio which is important to maintain the
oxygen content in Pr,Ir,O7 is found to be consistent with the
stoichiometric ratio of Pr/Ir (1:1), when measured at different
locations of the samples with a number of iterations (4).
Further, the oxidation state of the cations in Pr;Ir,O7,
specifically for the iridium ion which largely governs the
electronic and magnetic properties of these materials were
investigated using x-ray photoemission spectroscopy (XPS)
measurements (see Fig. S2 [38]). The measured XPS spectra
were calibrated using the carbon 1s peak with binding en-
ergy (BE) at 284.8 eV. The core-level spectra for Ir-4f and
Pr-3d have been analyzed in detail using standard CASAXPS
software package, as shown in Figs. S2(a) and S2(b) [38].
The background is defined using the Shirley function, while
fitting the Pr-3d and both the lower and higher BE spin-orbit
doublets (doublet II and doublet I, respectively) for Ir-4f
spectra. Deconvolution of the spectrum was performed using
the Gaussian-Lorentz (GL) peak profile function. The pho-
toemission spectra of Ir based compounds is characterized by
pair of spin-orbit split doublets (I and II) [39,40]. This in some
cases has been attributed to the presence of higher oxidation

states of Ir in previous XPS studies [35,41]. However, HAX-
PES study on iridium oxide (IrO;) by Kahk et al. [42] and
an analytical model by Kotani ef al. [43] have identified it as
screened (IT) and unscreened doublets (I) of Ir-core level. The
intensity of the screened doublet is proportional to the sam-
ple’s electrical conductivity. The double II peak is expected to
be dominant in metallic samples (as is the case in Pr,Ir,07),
but is weaker or absent in insulating materials, such as the
Mott insulating iridate Y,Ru,0O7 [44]. The binding energies
from the fitting for the narrow and intense doublet II in this
case are found to be 65.5 and 62.4 eV respectively for 4f7/»
and 4f5/, states. The spin-orbit splitting between 4f5,, and
47> is found to be to be 3 eV, which is in good agreement
with the reported values [35,40,41,45]. The XPS peaks of
Pr-3d spectra consist of spin-orbit splitted doublets of 3ds,»
and 3d;;;. The peak deconvolution of Pr-3d XPS spectra
showed two main peaks, two satellite peaks, s and s’, and an
extra peak marked t’. All these peaks are characteristics of the
Pr3* jons [46]. The s and s satellite structures origin from
strong mixing of the two final states of 3d°4f? and 3d°4f3,
while the t’ structure was caused by the multiplet effect. Our
XPS analysis showed that both the cations (Pr’* and Ir*")
have nominal valence states which rules out oxygen-off stoi-
chiometry in our sample.

The factor group analysis on the Fd3m space group of the
unit cell gives six Raman active modes (A, + E, + 473,) in
PryIr,O;. The observed vibrations involve O and O atoms
since the Pr and Ir sites have center of symmetry [28].
Temperature-dependent Raman spectra of Pr,Ir,O; between 5
to 295 K are shown in Fig. 2. The observed phonon modes are
assigned as follows: Ir-O-Ir bending modes E, (~350 cm™h)
and Aj, (~504 cm™'); Ty (~648 cm™') as Ir-O stretch-
ing mode; Ty, (~460 cm™') and Ty, (~296 cm™') as Pr-O
stretching, and Tzé (~550 cm™') involving vibration of O’
surrounded by eight Pr ions [28]. Based on earlier neutron
scattering study [47], an additional mode near 460 cm™' at
low temperatures is ascribed to Pr-crystal field excitation [33].
The peak positions, and intensities of most of the phonons and
CFE observed here agree qualitatively with the previous Ra-
man spectroscopy measurements [33]. The A, mode intensity
is stronger in XX polarization in the previous report as com-
pared to unpolarized spectra in the current study as expected
due to its symmetry. The previously reported interband elec-
tronic transition mode at 250 cm ™! is not seen, and the strong
peak at 650 cm ™! appears as a weak shoulder peak to Tz‘fg mode

in this report. The weak modes observed beyond T;;, have
been identified as second-order Raman modes [48,49]. Raman
spectrum at 5 K in the spectral region of 70 to 1700 cm™! is
shown in Fig. 3(a). Most notable is a flat continuum (marked
by a shaded portion) up to the highest measured frequency
over which Raman modes are superimposed, a feature that
was not reported in the previous study on single crystal of
Pr,Ir,O7 [33]. Figure S3(a) [38] shows the standard silicon
spectra at 295 K as a reference, confirming that the signal
spectral response over the measured spectral range does not
contain any artificial slope. This demonstrates that the ob-
served continuum is inherent to the sample. Our analysis,
discussed in the next section, assigns this continuum to elec-
tronic Raman scattering (ERS) from Ir** itinerant electrons.
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FIG. 2. Temperature dependent Raman spectra of Pr,Ir,O7; up-
ward vertical arrow indicates evolution of crystal field excitation N;.

A. Electronic Raman scattering

Before discussing the origin of the broad continuum in
Raman spectra, it may be pertinent to recall a recent terahertz
experiment on films of Pr,Ir,O7, which shows a large dielec-
tric constant at low temperatures, suggesting electron-electron
interactions to be ~100 times larger than the kinetic energy
[17]. In a 3D system with the QBT (LSM), the long-range
Coulomb interaction may stabilize a quantum critical NFL
ground state (protected by cubic and time reversal symmetry)
[2,50]. Such an unconventional zero temperature phase would
exhibit distinctive nontrivial power laws in temperature or
frequency of different response functions of the system [2].
The LSM state is also anticipated to have stronger electronic
correlations than the linear band-crossing systems because of
the sharply rising density of states (DOS) towards the edge of
the band contacting point [16,17]. In this situation, ERS can
be a reliable alternative method for supplementing transport
and optical studies.

The observed continuum shown in Fig. 3(a) is temperature
dependent. A direct comparison is shown in Fig. S3(b) [38]
between observed spectra at 5 and 295 K, which clearly shows
the spectral weight decrease in 295 K data in comparison to
5 K data towards high frequency sides. Such a flat contin-
uum has been previously observed in Raman measurements
of semimetallic SrIrO; [51], superconducting YBa,Cu30;
[52], YBaZCu3Oy [53,54], BiZSrz(CaxYl,x)CuzOg [53] and
Ba(Fe;_,Coy,)2Asy [55], as well as in optical conductivity
measurements in URu,Si [56], UPt; [57], Sr,RuQy4 [58] and
in an iridate of the same family Nd,Ir,O; [59]. This broad

spectrum is created when light is inelastically scattered by
charge density fluctuations in superconductors and metals.
Here, we analyze our results based on a memory function-
based model [51,53,55,57,58,60,61] to quantify the dynamic
scattering ['s(w, T). The memory function is expressed as
M(w,T) = hol(w, T) + il'y(w, T), where I'(w) and A(w) re-
lated by the Kramers-Kronig transformation represent the
relaxation rate and mass enhancement factor, respectively. In
terms of memory function M(w), the complex Raman re-
sponse function x () is given by [51,53,57,60],

M(w,T)

X(@,T)= m (D

The Raman intensity Iggs(w) is related to the imaginary part
of x(w, T), given as

Irs(@) = 0x, (0, T), 2
where
hol'y(w, T)
" [ho(1 + i@, THP + [Ty(w, TP
The dynamical scattering rate I'y(w, T') has the general form

2272 2 21e
Ty(w, T) = |:1"50+[ﬂ KT+ o] }p(ﬁ) (4)

(th )2671 w,

x (@, T) 3)

where e is the critical exponent characterizing Fermi-liquid
(e = 1) or non-Fermi-liquid (e # 1)) behavior, I'yy is the
temperature-independent relaxation rate, 8 is a coefficient
determining the relative strength of elastic and inelastic scat-
tering processes (optimal value to produce the best fit § =
) and ¢(w%) = 1+(+)2 is a cutoff function. The bandwidth

determines the cut-off frequency, which in present case is
0.4 eV for iridates. The parameter Q in Eq. (2) is a fitting
parameter representing the strength of the ERS. The scattering
rate proportional to T? and a component proportional to ?
are characteristics of a Fermi liquid [e = 1 in Eq. (4)] [56].
However, when two quadratically dispersed low energy bands
meet at a single point in a Brillouin zone, it is known that the
system will show instabilities toward a nematic state driven by
the Coulomb interactions [62]. In such situations, the typical
Fermi-liquid state breaks down, with the critical exponent
e # 1. Fitting the broad continuum in our Raman data using
Egs. (2)—(4) gives e = 0.65, showing NFL state in Pr,Ir,O5.
Figure S4 [38] shows how Fermi-liquid model, with e = 1,
overestimates the spectrum towards high frequencies, whereas
the Marginal Fermi-liquid model with e = 1/2 overestimates
the spectrum towards low frequencies and the best fit has
been found for e = 0.65 (non-Fermi liquid). The observed
continuum is present at all temperatures in our experiments
(see Fig. S5 [38]). It should be noted that, unlike Nd,Ir,O
[59], where the critical exponent of the scattering rate varied
with temperature, PryIr,O; has a constant value of e across
all recorded temperatures with a temperature dependent scal-
ing parameter (Q). For better understanding of the nature of
the electronic continuum, we have plotted the Igzgs obtained
from the fitting of the Raman spectra on an enlarged scale in
Fig. 3(b) and the graph clearly shows that following a linear
rise at low frequencies, the continuum peaks between 100
to 200 cm~!, depending on the temperature and then has a
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FIG. 3. (a) 5 K Raman spectra of Pr,Ir,07; shaded region indicates flat electronic continuum; red curve shows the fit to the NFL. memory
function formalism; inset shows the temperature dependence of the scaling factor Q of the NFL model; vertical black dashed line indicate the
temperature scale of QBT denoted by T, (b) Extracted Igrs of the electronic continuum from fitting the Raman spectra with memory function
formalism at various measured temperatures; inset shows the low frequency region of the electronic continuum on an enlarged scale.

modest increase with Raman shift. The intensity of the ob-
served ERS is nearly constant at low temperatures and beyond
a characteristic temperature Ty (~150 K), its amplitude [de-
fined by the prefactor Q in Eq. (2)] exhibits a decline [inset of
Fig. 3(a)]. Interestingly, strongly correlated quasi-particle-like
features are seen in a recent ARPES measurement on single
crystals of PryIr,O7 [17], which are enhanced below 100 K
and have characteristics consistent with the NFL behavior.
In this situation, our findings provide an alternate identifi-
cation of the NFL state with the developing QBT state at
low-temperatures in 3D-LSM Pr;,1r,O;.

Additionally, to confirm that the feature is not arising due
to the crystallinity of the sample, we have conducted a com-
prehensive characterization of our sample, and our findings
reveal that the sample exhibits single pyrochlore phase with
a high degree of crystallinity and minimal structural defects
or grain boundaries (see Fig. 1 and Figs. S1 and S2 [38]).
Further, if the continuum was arising due to the polycrys-
talline nature of the sample, then it should not show a strong
temperature dependent behavior along with a characteristic
temperature scale. This analysis indicates that the continuum
is intrinsic to the sample as a signature of the evolving band
topology and strong electron-electron interaction in the QBT
state.

B. Temperature dependence of CFE and phonons

We now turn to the temperature evolution of the crystal
field and phonon excitations. The CF and all the 75, and Ay,
modes are well-fitted by a symmetric Lorentzian line shape
(see Fig. 4). In contrast, the E, mode fits best using asymmetry
line shape given by the Breit-Wigner-Fano (BWF) function
written as

&)

where ¢ is the Fano asymmetry parameter. For 1/g = 0O, the
line shape becomes Lorentzian, representing the bare phonon
spectrum.

C. Temperature tunable Fano resonance

The Fano resonance arises from the interference between
the Raman amplitudes of an electronic continuum and a dis-
crete phonon excitation [63]. Similar asymmetric line shapes

Intensity (a.u.)

400 600 800

Raman shift (cm™)

FIG. 4. The cumulative fit to the observed phonon and crystal
field modes (E, with BWF function and rest of the five modes
with Lorentzian), top and bottom panels show 295 and 5 K, respec-
tively. The green and magenta shaded regions indicate the E, and
CFE modes, respectively (the background has been subtracted while
fitting the phonons). The top inset shows the Pr ion environment
surrounded by eight oxygen ions in the pyrochlore structure, and
the bottom inset depicts the observed crystal field transition (energy
levels shown are in cm™') of the Pr’*.
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FIG. 5. (a) 5 K Raman spectra of Pr,Ir,07; shaded region indicates flat electronic continuum; red curve shows the fit to the NFL. memory
function formalism; inset shows the temperature dependence of the scaling factor Q of the NFL model; vertical black dashed line indicate the
temperature scale of QBT denoted by 7y (b) The cumulative fit to the observed phonon and crystal field modes (E, with BWF function and rest
of the five modes with Lorentzian), top and bottom panels show 295 and 5 K, respectively. The green and magenta shaded regions indicate the
E, and CFE modes, respectively (the background has been subtracted while fitting the phonons). The top inset shows the Pr ion environment
surrounded by eight oxygen ions in the pyrochlore structure, and the bottom inset depicts the observed crystal field transition (energy levels

shown are in cm™") of the Pr**.

for the £, mode have been observed in other pyrochlore iri-
date such as Eu,Ir,O; and attributed to presence of strong
EPC [26,28]. The Breit-Wigner-Fano fits to the E, phonon
for Pr,Ir,O at various temperatures are shown in Fig. S6(a)
[38]. The fitting shows that the Fano asymmetry manifests
itself by spectral weight gain on the low-frequency side at
the cost of spectral weight loss on the high-frequency side.
At all temperatures, the E, mode is well-fitted with the Fano
profile and the extracted asymmetry parameter 1/|g|, shown
in Fig. 5(a) is practically constant up to Tp and decreases as
the temperature increases. The asymmetry parameter 1/|q|
is a measure of the coupling strength between the phonon
and charge degree of freedom [28,64]. The decline of 1/|g|
value above Ty implies enhanced coupling of the E, phonon
with the electronic continuum at low temperatures, arising due
to large electronic DOS close to the Fermi node due to the
QBT [65]. The temperature dependence of the E, phonon, in
terms of Fano asymmetry in this case allows us to extract the
electron-phonon coupling strength for this mode.

D. Origin of the crystal field excitation

The CFE is marked as N; in Fig. 2. As the spin-orbit cou-
pling energy in pyrochlore iridate is typically larger than the
crystal field splitting for the f electrons, the latter is regarded
as a perturbation. As a result, the D3, crystal electric field
splits the Pr*™ 3Hy levels of 4f atomic orbital bearing a or-
bital angular momentum (J = 4) into nine multiplets (24, +
Ay, + 3Eg) in the Pr,Ir,O7 crystal [66]. The ground state (GS)
is defined by the E, non-Kramers doublet. The second and
fourth excited states are doublets at 443.6 and 766.2 cm™!,
respectively, whereas the other three excited levels—76.6,
661.4, and 887.2 cm~'—belong to singlet states [66—68].
Experimental evidence has been provided by inelastic neutron
scattering measurements, showing five peaks due to CFE [47].

For Pr,Ir, 07, we detect one Raman band at 460 cm™! at 5 K,
which is substantially below the threshold for thermally filling
excited crystal-field states. Therefore all CEF excitations at
this temperature originate from the ground state. The observed
band thus corresponds to the transition from the ground state
to the second excited state of the 3H4 manifold of the Pr3*
ion with an energy difference of 443.6 cm™! (Fig. 4). The
integrated intensities of the N; and T22g modes with respect to
the strong and well-resolved A, mode are shown in Fig. 5(b).
It can be seen in the inset that the relative intensity of the Tzé
mode rises with temperature, as expected by the Bose pop-
ulation factor, i.e., (n(a)Tz )+ 1)/(n(wa,,) + 1). On the other
hand, the intensity of the N1 mode deviates from the phonon
population factor and exhibits an opposite pattern, confirming
the origin of this excitation to be nonphononic. The temper-
ature evolution showing strong suppression of this mode at
higher temperatures (above 200 K) is shown in Fig. S6(b)
[38]. The CFEs are mostly observed at low temperatures since
they have a considerable linewidth broadening at higher tem-
peratures [69]. The large broadening of the crystal-field levels
with increasing temperature is caused by the electron-phonon
interaction from two primary sources. One is the nonradiative
decay between crystal-field levels within a single multiplet
with acoustic phonon emission and absorption and the second
one is the transition between crystal field levels caused by the
inelastic scattering of phonons [70-72].

E. Phonon renormalization in terms of self-energies

We now focus on the temperature dependence of phonon
frequencies and linewidths shown in Figs. 6(a) and 6(b),
respectively. To bring out the anomalous temperature depen-
dence, we use a simple cubic anharmonic model of phonon
self-energies, which involves the decay of an optical phonon
into two phonons of equal frequencies wy/2 [73]. This
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FIG. 6. [(a) and (b)] Temperature variation of phonon frequencies and linewidths, respectively; two different color symbols indicate data
from two independent sets of measurements; vertical black dashed line indicates the temperature scale of QBT denoted by 7. Solid blue lines
are fit to the anharmonic model (fitted to the combined set of data from both sets of measurements) and extended to zero Kelvin by dashed
lines. Dark green line (in (b)) are fit to Eq. (7), whereas the yellow lines are guide to the eye. (c) The anharmonic corrected Awgpc below Ty

for different phonon modes. Solid green lines are fit to Eq. (8).

predicts

wanh(T) = wy + CG(O)’ T)7

(6)
LCann(T) = To + DG(w, T'),

where G(w, T) = [1 4 2n(wp/2)]. The parameters C (<0) and
D (>0) represent phonon-phonon interaction strength. The
solid blue lines in Figs. 6(a) and 6(b) are the fit to the cubic
anharmonic model above Tp, extrapolated by dotted lines to
lower temperature (values of C and D are given in Table I in
Ref. [38]). It can be seen that all the phonon modes deviate
from the anharmonic model prediction and show anomalous
behavior below 7. The anomalous frequency softening below
Tp is larger for the E, and T24g modes (~4 and 3 cm ™!, respec-
tively), as compared to the A;, and T2'g modes, (~1cm™).
Interestingly, the Tzi, phonon exhibits anomalous frequency

softening by a large amount (~8 cm™") over the entire temper-
ature range. We note that, in contrast to the earlier work [33],
our experiments clearly show a large anomalous linewidth
broadening (~12 cm™!) of the E, phonon with decreas-
ing temperature. This demonstrates that at low temperatures,
electron-phonon interaction for the E, phonon has a substan-
tial temperature dependence that can only be partly offset by
[pnph [see Fig. 6(b)]. The following equation has been used
to fit to the linewidth of the E, mode in Fig. 6(b), which
depicts the decay of an optical phonon into an electron-hole
pair [65,74,75],

Terpn(T) = To + F(nf<_hzw°, T) - m(@ T)) )

1
l+e’%(')
at temperature 7, [y is the bare phonon linewidth and F
is an overall fitting parameter which should be proportional
to the mode coupling strength, and the available electronic
density of states. The frequency wy is the bare phonon fre-
quency at zero temperature. The observed drop in linewidth
with increasing temperature is caused by a decrease in the
occupation of filled states below E; while the occupancy
of unoccupied states increases. The linewidths of all other
phonons (A, Tzlg and ng), is monotonic and regular, i.e.,
linewidth decreases with decreasing temperature. It is worth
noting that even though the linewidths of,TZ'g and A;, modes
are not seen to be anomalous, they show large phonon-phonon
interaction strength (large value of D, ~10.9 cm ™' for A, gand
~9.3 cm~! for TZL, as compared to other modes) and change

where ny = is the Fermi-Dirac distribution function

by a significant amount(~16 and 10 cm™!, respectively).
The temperature influence on the Tz‘;, linewidth is small [see
Fig. 6(b)]. The earlier study by Xu et al. [33] used an interband
electron-phonon scattering model to explain the relationship
between linewidth and temperature, however, the linewidth
predicted by the adopted model increases with increasing
temperature, which is contrary to the idea that band touching
might be the cause of the EPC as interband scatterings are
more pronounced at low temperatures [16,17]. In our study
except for the E, mode, the linewidths of other phonons can
be explained by cubic anharmonic model [Eq. (6)] in the
operating temperature range. The E, mode which is anoma-
lous throughout the measured temperature range is fitted by
Eq. (7) that predicts higher linewidth at low temperatures.
This supports the fact that origin of the EPC is attributed to
the quadratic band touching at low temperatures. We further
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continue to focus on the interesting part of the anomalous
temperature dependence of all phonon frequencies which was
not covered in the earlier work on Pr,Ir,O7 [33].

Spin-phonon, electron-phonon, and phonon-phonon inter-
action are the three primary leading mechanisms contributing
to the phonon self-energies. PryIr,O; does not show long-
range magnetic ordering, thus ruling out the contribution of
the spin-phonon coupling. The phonon-phonon anharmonic
interaction term has a modest influence and causes a mono-
tonic change in frequency and linewidth with temperature.
Therefore electron-phonon coupling (EPC) is the dominant
mechanism behind the anomalous phonon renormalization in
Pr,Ir;O7. To quantify the effect of EPC we need a model to
give temperature dependence of the real part of self-energy
of a phonon Awgpc(T') due to electron-phonon interaction. In
absence of such a model in literature, we adopt a simple linear
temperature dependence of Awgpc(T) :

Awgpc(T) = A(T — Tp) (®)

where, Awgpc = @Wanh — Wobs and Ty = 150 K (A > 0, rep-
resents the EPC strength). This expression for Awgpc results
in the anomalous softening of phonons below Tj. Equation 8
gives satisfactory fits to the data for all phonons (except for
the Tzzg), as shown by solid green lines in Fig. 6(c). This
demonstrates that the trend below T' < Ty may be explained
by our simplistic approximation of fitting the measured data
by a linear fit of A (T — Tp).

From the extracted value of the fitting parameter A (shown
in Table I in Ref. [38]), it is evident that the E; mode is
the one where the EPC is most visible. The observed Fano
asymmetry and anomalous linewidth broadening with de-
creasing temperature are further evidence in favor of this. As
the E, mode directly involves Ir-O-Ir bending, the indirect
electron hopping between the Ir ions contributes strongly to
the electronic bandwidth and hence contributes to linewidth
broadening at low temperatures and anomalous frequency
softening below 7p. The behavior of Tzi, mode is unique from
other phonons and shows anomalous softening of frequency
with decreasing temperature over the entire measured range of
temperature.

Interestingly, the temperature behavior of the CFE N also
follows the same trend as the T22g mode. The CFE frequency
is likely to harden with lowering temperature as the lattice
contracts upon cooling [26,32,76]. Contrary to this, a soft-
ening of the CF line is seen across the whole temperature
range, similar to the case in Pr,Zr,O; [69]. This peculiar
behavior cannot be accounted for by either a pure CFE or
a pure phonon excitation. In the case of rare-earth ions, the
CF levels are modulated by phonons to form vibronic bound
states due to the overlapping energy scales of these excitations
[69,77-79]. The vibronic coupling is induced by the modifi-
cation of the electron-cloud distribution of the CF states by
the lattice vibrations. Such a coupling can happen when two
elementary excitations with the same symmetry mix with one
another. Depending on the coupling strength, the quasiparti-
cles can renormalize their frequencies and linewidths [78].
From the perturbation theory, the effects of renormalization
are maximum when the energy difference between the pristine
excitations is small. In Pr,Ir,O5, the nonsplit CF doublet (see
inset of Fig. 4) and the ng phonons (Pr-O) stretching are close

in energy and therefore the vibronic coupling is strong (see
Fig. 6). Similar vibronic interaction between a crystal field
doublet (E,) and a T, phonon has been observed for Pr,Zr, O,
[69] in a recent temperature dependent Raman study. As
the Pr’* ions’ closest neighbors are the plane of oxygen
atoms, it is most likely that phonons involving planar oxy-
gen atoms modifies the crystal field. The vibronic coupling
with the CFE will also cause the considerable renormalization
of the T22 mode, leading to temperature behavior signifi-
cantly different from the expected lattice anharmonicity or
the EPC.

F. Role of QBT in EPC

The temperature dependence of the Fano asymmetry pa-
rameter, as well as the fact that phonon renormalization is
more prominent at low temperatures (below 7p), both point to
the role of QBT’s in the development of the EPC. Pr;Ir, O
hosts an isolated Fermi node at I" point of the Brillouin
zone by touching of two doubly degenerate quadratically
dispersed valence and conduction bands. According to the
recent ARPES spectra, the bands disperse further towards
higher binding energies with a narrow gap (<40 meV) pro-
longed along the I'-L cut all the way to the W point without
crossing Er [16,80]. This energy gap, which falls within the
range of phonon frequencies, would provide an appropriate
phase space for interband phonon-electron scattering [33].
The anomalously high, low temperature dielectric constant
discovered in recent terahertz measurements, as well as the
fact that quasi-particle-like characteristics were identified in
ARPES data only at low temperatures [16,17], support our
conclusion that the enhanced EPC at low temperatures is
driven by the band touching due to the rapidly increasing elec-
tronic density of states near Ey. The transition probabilities
for the phonon-assisted interband transitions at the phonons’
energy (wp;) increase at low temperatures (below Tp). As the
temperature rises, more and more charge carriers are ther-
mally excited above E, causing Pauli blocking of low-energy
interband transitions around the touching point of the valence
and conduction bands and thus weakening the EPC at high
temperatures [74]. Overall, the temperature dependence of the
Fano asymmetry parameter, the scaling factor of ERS as well
as the distinct phonon anomalies allows us to identify the
scaling temperature of QBT which was not identified in prior
investigations.

In summary, we investigated the temperature dependence
of phonons and crystal field excitations of Pr,Ir,O7 from 5 to
295 K. The crossover into the QBT state results in the unusual
softening of all the phonons below Tp. The Ir-O-Ir bending E,
phonon is most impacted by EPC. Our results, based on the
qualitative analysis of the electronic Raman scattering, point
to a novel NFL-like scattering rate in this correlated robust
SOC system, which is more evident in the low temperature
QBT state. Below Tj, both the ERS amplitude and the Fano
asymmetry of the E, phonon are enhanced, confirming strong
electron-electron and electron-phonon interactions in the QBT
state. Our findings may motivate further theoretical and ex-
perimental work into the microscopic mechanisms behind
electron-phonon interactions in the QBT state.
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