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Possible Weyl-Luttinger phase transition in pyrochlore iridates revealed by Raman scattering
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Pyrochlore iridates are thought to be a fertile ground for the realization of topologically nontrivial and strongly
correlated states of matter. Here, we observe a magnetically driven phase transition between the topological Weyl
semimetal and a Luttinger semimetal with quadratic band touching in Nd,Ir,O; using Raman scattering. We also
find evidence of quadratic band touching in Pr,Ir,O;, with the chemical potential further away from the node.
Our theoretical analysis of the Raman scattering from Weyl and Luttinger quasiparticles agrees with experimental
observations and enables a characterization of the material parameters while revealing interaction and disorder

effects through a relatively short quasiparticle lifetime.
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I. INTRODUCTION

Strongly correlated electrons with topologically nontrivial
dynamics are among the most interesting physical systems
that host unconventional states of matter [1-6]. The extreme
topological interaction effect, electron fractionalization [7-9],
is sought for quantum computing applications [10], while
the more ubiquitous ability of interactions to shape phase
transitions [11] is a means to obtain additional transport
properties and control materials in devices [6]. Recent ex-
tensive studies have uncovered prominent realizations of
magnetic Weyl semimetals that attract much attention in a
vast range of fields, from basic science to applications [6,12—
17]. Among topological magnets, pyrochlore iridates are a
promising material family expected to host Weyl [18-22]
and Luttinger semimetal states [23,24] as well as correlated
topological insulator states [25,26]. Theoretically, these states
universally emerge from a non-Fermi liquid quantum critical
point [3,23,27-36] with quadratic band touching, which was
predicted long ago [37].

The experimental exploration of the topological correlation
physics in pyrochlore iridates is gaining momentum, but the
confirmation and characterization of topologically nontriv-
ial electron bands is still a challenge [18,23,24,26,38,39]. In
Nd,Ir,07, where the higher-temperature paramagnetic phase
is expected to host quadratic band touching, Weyl electrons
would arise below Ty = 33 K due to the time-reversal sym-
metry (TRS) breaking associated with the antiferromagnetic
order of Ir moments. This magnetic semimetal would per-
sist down to T =14 K when the system enters a fully
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gapped semiconducting phase due to the ordering of Nd
moments [26,39-41]. However, evidence for Weyl fermions
could not be obtained with angle-resolved photoemission
spectroscopy (ARPES) due to the low-energy resolution [38]
and has been indicated with optical spectroscopy (although
possessing unconventional properties caused by interac-
tions) [39]. In this paper, we report the electronic contribution
to Raman scattering in Nd,Ir,O7 and Pr,Ir,O7 and calculate
the Raman response of Weyl and Luttinger nodal electrons us-
ing perturbation theory. By matching the measured frequency
dependence of the Raman intensity with theory, we reveal
the presence of Weyl quasiparticles in the low-temperature
phase of the nearly stoichiometric Nd,Ir,O; as well as
Luttinger quasiparticles in Pr,Ir,O7 and the high-temperature
phase of Nd,Ir,O;. The magnetic ordering in Nd,Ir,O7 at
Tn = 33 K was detected by our Raman scattering experiment
through the observation of magnons and will be discussed
elsewhere [42]. In this paper, we finally reveal that this is also
a topological phase transition associated with the splitting of
the Luttinger quadratic band-touching node into a set of Weyl
points, driven by the TRS breaking. The theory-experiment
comparison allows us to also estimate the Fermi energy, quasi-
particle lifetime, and other properties of the Weyl spectrum in
Nd21r207.

II. THEORY OF THE ELECTRONIC RAMAN SPECTRUM
IN NODAL SEMIMETALS

Electrons contribute
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to the Raman differential scattering cross-section via two-
photon processes in which a virtual particle-hole excitation
is created by absorbing an incoming photon of frequency
w; and quickly dissolved by emitting a scattered photon of
frequency ws. The measured dependence of x”(2) on the
energy transfer 2 = w; — w; to the electron gas (in units of
h = 1), known as Raman shift frequency, is an incoherent
continuum without well-defined peaks because the transferred
energy is shared by two free particles (electron and hole).
Nevertheless, it provides rich information about the electron
dynamics. If the quasiparticles with conduction and valence
bands have an infinite lifetime, then x”(2) directly reflects
the electronic density of states above a threshold frequency set
by the chemical potential ;. The Raman amplitude x”(2) =
—%Im{ x (2, @ — 0)} is extracted from a response function

x(q, ) = —i Z tr{G(K, 0)YqGk + g, 0 + D}, (2)
ko

where G(K, w) is the electron Green’s function and yx is the
Raman vertex function [43]. To capture the Weyl spectrum
and basic interaction effects, we adopt a simple model Green’s
function:

AK, )

Gk, ) = i .
(k@) o — (£ 4+ vok — ) + il'(w)sign(w)

(€)

A quadratic term involving an effective mass m is retained
to utilize the existing nonrelativistic theory of Raman scat-
tering [43] while producing a more realistic spectrum. The
pure relativistic limit is achieved simply by setting m —
oo. The spin-orbit coupling involves the vector o of Pauli
matrices and gives the Green’s function a matrix character.
Since the Weyl Hamiltonian can be effectively expressed as
a Hamiltonian (k — .A)?/2m of ordinary electrons coupled to
an SU(2) gauge field A = —mvo, the spin-orbit coupling is
incorporated into the nonrelativistic Raman vertex merely by
amomentum shift k — k — A. A finite quasiparticle lifetime
7 is captured by the imaginary part I'(w) o< T~ of the electron
self-energy correction. Coulomb interactions do not substan-
tially alter the linear Weyl spectrum, so the electron dispersion
assumed in the Green’s function readily includes renormaliza-
tions inherited from the real part of the self-energy.

In case the chemical potential u is shifted away from the
exact position at the Weyl node, both intraband and interband
transitions forming particle-hole pairs contribute to the elec-
tronic Raman amplitude x”(€2). The former contributes [43]
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and vanishes, as in ordinary metals when the quasiparti-
cle lifetime t is infinite. The interband part, calculated in
Appendix A, is shown in Fig. 1(a) for the Weyl nodes whose
spectrum has spherical symmetry. The essential structure of
the Raman response is best appreciated in the idealized case
of noninteracting Weyl electrons which have infinite lifetime,
shown by the red discontinuous curve:
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FIG. 1. Calculated frequency dependence of the Raman intensity
from interband transitions of (a) Weyl and (b) Luttinger nodal quasi-
particles. The vertical line indicates a threshold frequency Q2 = 2],
below which the Raman scattering vanishes when the quasiparticles
have infinite lifetime. The outermost red curve represents the infinite
lifetime: It sharply drops to zero at 2 < |2u| and otherwise follows
x"(£2) oc Q% in (a) and x" () x v/ in (b). The other smooth curves
are obtained with the inverse lifetime I" o« 7~! increasing in steps of
0.1, up to 0.9 (expressed in the same arbitrary units as €2).

In the relativistic limit m — oo (well defined only for the
measured differential scattering cross-section), the response
occurs only above the Pauli threshold frequency €2 > |2 u| for
the generation of particle-hole excitations, where the chemical
potential u is expressed relative to the node energy. Above the
threshold, the response follows the density of states x”(£2) o
Q2 of Weyl electrons. Realistically, however, interactions
and disorder impart a finite lifetime on Weyl quasiparticles
without qualitatively affecting the energy spectrum. A finite
lifetime is seen to quickly fill in the Raman response below
the threshold with a linear-looking frequency dependence.
The analogous calculation of the Raman response in an ide-
alized Luttinger semimetal [28], whose quasiparticles exhibit
a quadratic band touching, produces x”(£2) & v/ above the
threshold €2 > |2u| which is characteristic for the density
of states from a quadratic energy dispersion. The effect of
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a finite Luttinger quasiparticle lifetime on interband Raman
transitions is calculated in Appendix A and shown in Fig. 1(b).

III. ELECTRONIC RAMAN SPECTRUM MEASURED IN
Ndle‘zO7 AND Pr21r207

We compare our theoretical results on the Raman scat-
tering response of the Luttinger and Weyl nodes to the
experimental electronic Raman scattering spectra of Nd,Ir, O
and Pr;Ir,O;. Earlier studies have suggested that the cubic
symmetry should protect the existence of Luttinger nodal
electrons with quadratic band touching in the paramagnetic
state [28,37]. Applied to these particular pyrochlore iridates,
both numerous band structure calculations [25,44-48] and
some experimental results [23,24,38] point to the Luttinger
node in the band structure of a paramagnetic state. Here,
Nd,Ir,O7 exhibits a phase transition associated with the mag-
netic ordering of the Ir moments at 7y = 33 K [39,42]. The
broken TRS in the low-temperature phase with the ordered
Ir moments is expected to split the Luttinger node into a set
of Weyl nodes [19]. We observe evidence of this topological
phase transition with Raman scattering.

The Nd,Ir,O; and Pr;Ir,O; Raman scattering spectra
above 30 meV consist of sharp phonon modes [49] and
magnon bands for Nd;Ir,O; in the low-temperature state,
superimposed on a weaker broad electronic continuum; details
are given in Appendix B and Ref. [42]. Raman response
x"(R2) in the (x,y) scattering channel contains E, and 75,
components of scattering. We obtained the electronic con-
tribution to the Raman scattering spectra by subtracting the
phonon and magnon contributions from the Raman signal (see
Appendix B for the detailed temperature dependence of the
spectra and data analysis). The upper panel of Fig. 2 com-
pares the experimental electronic Raman scattering spectrum
of Nd,Ir,O7 in the high-temperature paramagnetic (7 ~
35-45 K) and low-temperature magnetic (T ~ 20-30 K)
phases. We observe a considerable difference between the fre-
quency dependence of the electronic Raman continuum above
and below the phase transition temperature, which can be
well understood using our theoretical insight into the x”(€2)
response for Luttinger and Weyl nodes.

The Raman scattering of nodal electrons is dominated by
interband transitions when the Fermi energy u is close to the
node energy. Such interband processes produce the Raman
amplitude shown in Fig. 1. Alternatively, when the Fermi
energy is shifted considerably from the band-touching energy,
the ample charge carriers available in the ground state may
dominate the Raman response at low frequencies and give
rise to a conventional Raman signal [Eq. (4)] found in ordi-
nary metals [43] and superconductors [50]. The two types of
Raman response are qualitatively different, so a comparison
of the measured electronic Raman response to the theoretical
predictions can give us insight into the origin of the electronic
scattering.

We compare the electronic Raman scattering spectra of
Nd,Ir,07 to the theoretical models in Fig. 2(a). The param-
agnetic phase in the temperature range T ~ 30—45 K exhibits
a Raman spectrum which can be naively fitted by two models:
intraband transitions [Eq. (4)] of conventional charge carriers
(CCC, black line), and interband transitions of Luttinger nodal

Raman shift Q (meV)
0.0 5.0 10.0 15.0 20.0 25.0 30.0

(a) Nd,Ir,0,
Averaged 45, 40, 35 K
Luttinger x"()~V®

- Quasiparticles I'= 41 meV
Averaged 20, 25, 30 K
Weyl x"(w)~w’

x" (a.u.)

' | '
| (b) Pr,Ir,0,
—40 K
—_— 20 K
— Luttinger x"(®)~V®
— Quasiparticles I'=3 meV

x" (a.u.)

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Raman shift Q (meV)

FIG. 2. Upper panel: Raman scattering spectra of Nd,Ir,O
(sample #1, 2% off-stoichiometry of Nd/Ir) above (red) and below
(blue) the ordering temperature 7y = 33 K of Ir moments. The
high-temperature spectrum is compared with the behavior of finite-
lifetime charge carriers (black line) and interband transitions in the
case of quadratic band touching (purple line; I' = 1.5 meV, |u| =
3 meV). The low-temperature Raman spectrum is well described
only by interband transitions of a Weyl semimetal (cyan line). As-
suming that all Weyl nodes contributing to the Raman signal have the
same node energy, we estimate the chemical potential || &~ 10 meV
relative to the node (I' = 2.7 meV). The evolution of the Raman
spectrum from the quadratic to the Weyl nodelike appears to be
abrupt within our temperature resolution. This can be explained by
the negligible momentum transfers from photons to electrons, see
Appendix A. Lower panel: Raman scattering spectra of Pr,Ir,O7 in
the temperature ranges 35-45 K (red) and 20-30 K (blue). These
spectra are compared with the behavior of finite-lifetime charge
carriers using the I" values from Ref. [12] (black line) and interband
transitions in the case of quadratic band touching where disorder and
interactions give a linear-looking frequency dependence (purple line;
' =5.8 meV, || = 11.7 meV). Note that the interband transition
fits in both panels do not include small charge carrier (Fermi surface)
contributions in Eq. (4), but these contributions are visible in the
low-frequency data as small deviations from the fits.

quasiparticles (LNQ, purple line). However, the LNQ model
provides a better fit in a wider frequency range, and CCC
fails in several ways. If the CCC fit is optimized at lowest
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Nd3Ir;07 (x,y)
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FIG. 3. Raman scattering spectra of two samples of Nd,Ir,0;
with different amounts of disorder at 7 = 20 K, which is below 7.
Note the increase of Raman intensity compared with the response of
sample #1 presented in Fig. 2 and the linear dependence on frequency
for the samples with disorder. Structural disorder was characterized
by resistivity measurements and phonon widths, see Appendix B for
details.

frequencies, then the CCC curve eventually turns down
and decreases away from the data with growing frequency.
Otherwise, maximizing the frequency range in which the
CCC curve fits well, as we have done, spoils its lowest-
frequency behavior while requiring an unphysical relaxation
rate T o« 77! =41 meV of free charge carriers at T ~
35-45 K [51]. The terahertz measurements performed on the
related Pr,Ir,O; compound are consistent with considerably
smaller Drude peak values, I' & 8.5 meV in the T ~ 30-50 K
range [24], like the values for Nd,Ir,O7 [39].

A striking indication of nodal interband transitions is found
in the magnetic phase at T < Ty. The Raman amplitude drops
abruptly at 7 < Ty across a wide frequency range but picks
up and grows at higher frequencies. The drop is abrupt due to
the negligible momentum transfers from photons to electrons,
as explained in Appendix A. In this temperature range, the
Raman spectrum is described best by the interband transitions
of Weyl electrons with a finite lifetime. In Fig. 2(a), we
compare the experimental spectra to the theoretical curve of
x"(2) for Weyl nodes with I' = 2.7 meV and || = 10 meV,
which produces good agreement up to about €2 ~ 30 meV
which could be the energy cutoff for the linear Weyl spectrum.
The quantity x”(2) is not very sensitive to small changes
of parameters, so |u| = 10 meV in the magnetic phase was
selected to be close to the cutoff associated with the charge
carrier contribution to the infrared (IR) spectra of Nd,Ir,O7 at
these temperatures [39].

Figure 3 compares the T = 20 K electronic Raman scat-
tering spectra of two different samples of Nd,Ir,O7, one with
minimum disorder, as presented in Fig. 2(a), and another with
structural disorder due to deviation of Nd/Ir stoichiometry
by ~10%. Appendix B presents the Raman characterization
of structural disorder. Disorder reduces the lifetime of exci-
tations and hence changes the frequency dependence of the

electronic response (see Fig. 1). We observe a change of the
electronic scattering with increasing disorder, where the low-
frequency contribution to x”(£2) becomes linear and increases
in intensity, masking the x”() oc Q2 behavior, as predicted
by the calculations.

An example of a quadratic node which is preserved on
cooling between 40 and 20 K is provided by Pr;Ir,O;.
The electronic band structure of this material is like
that in the paramagnetic state of Nd,Ir,O; but with
shifted further away from the nodal position. Studies of
PryIr,O7 films suggest a shift up to 17 meV [24]. There is
evidence of Pr,Ir,O7 crystals showing disordered electronic
potential [52]. In Fig. 2(b), we present experimental electronic
Raman scattering data for Pr;Ir,O;, which show the same
response for 40 and 20 K, in accordance with the absence of
changes of magnetic or electronic structure in this temperature
range. A comparison with the conventional response of
charge carriers [Eq. (4)], using ' =3 meV at 20 K from
the terahertz spectroscopy studies [24] (black curve), shows
that the electronic Raman response is determined by the
transitions within the quadratic node. The linear dependence
of the experimental x”(£2) up to ~25 meV in the spectra of
Pr,Ir,O7 corresponds to the situation with a high chemical
potential (|i| > 11 meV) and low lifetime of excitations due
to the disorder expected for this material. We have to note here
that the decrease of the quasiparticle lifetime, which leads
to the linear frequency dependence of the Raman scattering
continuum, reduces the distinctions between the responses of
the Luttinger and Weyl nodes.

IV. DISCUSSION

In conclusion, the electronic Raman scattering of Nd,Ir, O
agrees well with the calculation of Raman response by in-
terband excitations. The incoherent x” ~ Q2 response from
Weyl nodes at T < Ty and x” ~ v/ response from Luttinger
nodes at T > Ty are not easy to obtain by alternative mecha-
nisms. Specifically, the interband response of Weyl electrons
cannot be confused with intraband transitions across a Fermi
surface. Instead, some contamination of the response could
come from the transitions involving higher-energy states
within the Weyl spectrum where the electron dispersion be-
comes nonlinear. Generally, a lattice Weyl-electron model will
produce a nonlinear low-energy spectrum Ejy ~ vk + ak’.
The subdominant power [ > 1, treated using the effective
mass approximation [43], gives x”(Q) ~ |Q|?(/~D+d=3 pe-
yond the threshold (d = 3 describes the Weyl materials and
d = 2 describes graphene). The / = 2 power, contributing to
x"" ~ Q2, was considered here through the mass parameter m
(without relying on the effective mass approximation). Other
powers [ > 3 produce qualitatively different Raman spectra
which are not seen in the experiment. Note that virtual tran-
sitions to higher-energy bands cannot contaminate the Raman
response of Weyl electrons because the effective mass approx-
imation, well justified in this case, predicts a vanishing Raman
vertex yx, and hence, x” = 0, for the linear energy spectrum.

The interband and intraband responses of electrons with
quadratic band touching are notably harder to distinguish,
but in Nd,Ir,07, we presented two arguments in favor of
the interband transitions. Another argument can be based on
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the observation in Fig. 2 that the electronic density of states
clearly migrates to lower energies upon the transition to the
paramagnetic phase. This must drag the chemical potential
u toward the node energy. Since u was already close to the
node energy in the magnetic Weyl-node phase, it can only
get closer to the node in the Luttinger-node phase and hence
promote the interband Raman transitions. The migration of
1 to a lower energy contributes to the fact that no apparent
threshold frequency is seen in the Raman spectrum of the
paramagnetic phase.

The changes of electronic Raman spectrum can sometimes
be attributed to a pseudogap. This is very unlikely to be
relevant for the materials we studied. Pseudogap is associated
with strong electron correlations which partially gap out the
Fermi surface. Our data are consistent with the response of
nodal electrons across an extended energy range, instead of
quasiparticles near a Fermi surface. Furthermore, the charac-
teristic drop in the density of states seen in Nd,Ir,O7 occurs
at the magnetic phase transition temperature. The magnetic
moments, evidently responsible for the electronic spectrum
change, are large and have mostly classical dynamics. This
is not conducive to pseudogap physics. Similarly, we see no
evidence of localization or pairing in charge dynamics (see
Appendix B), which might be associated with a pseudogap.

A Raman experiment alone can reliably distinguish be-
tween the true nodal spectrum and the presence of a small
band gap only if electrons have a long lifetime and the Fermi
energy sits exactly at the putative node energy. Otherwise,
the judgment in favor of nodes must rely on theoretical node
protection mechanisms: topological in the case of a linear
Weyl spectrum [19] and cubic symmetry-based in the case of a
Luttinger quadratic band touching [37]. Raman scattering can
be a useful tool for identifying the electronic structure in other
Luttinger semimetals (e.g., BC-8 Si [53]), Weyl semimetals
(e.g., VNb3S¢ [54]), and Dirac systems [55-58].

The quadratic nodal spectrum is additionally important
as a non-Fermi liquid quantum critical point strongly af-
fected by Coulomb interactions [24,27-29]. It has been
predicted [59] that the Raman response x” ~ |Q|"/2%% in
this state acquires a small correction § ~ %. This is difficult
to experimentally discern without a pristinely accurate fit at
low energies. Further studies are needed to determine if the
Fermi energy in quadratic band-touching scenarios indeed sits
close enough to the nodes [23,45] to activate the non-Fermi
liquid physics. Looking toward the future, it is highly impor-
tant to reveal the characters of the non-Fermi liquid excitations
by tuning the Fermi level to the node.

V. CONCLUSIONS

We developed a theory of electronic Raman scattering in
Weyl and Luttinger semimetals and measured the electronic
contribution to Raman scattering in Nd,Ir,O; and Pr,Ir,O5.
The experiment reveals a topological phase transition from a
quadratic band-touching spectrum (Luttinger semimetal) to a
Weyl electronic spectrum at the onset of magnetic order in
Nd,Ir,O5. No such transition is observed in Pr,Ir,O7, but its
spectrum is consistent with quadratic band touching in the en-
tire measured temperature range. Our results show that Raman
scattering can be used as a reliable probe of the electron band
topology in correlated materials.
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APPENDIX A: ELECTRONIC RAMAN SCATTERING
CROSS-SECTION FROM INTERBAND TRANSITIONS

The matrix elements of the electronic Raman vertex func-

tion i in Eq. (2) are given by [43]

~ ) ]
Vap = (@0 IB) = & & pup(@i —a) + — 3
Y

% pay(ésv_qs)pyﬂ(éivqi)
Eﬁ — Ey + wji

pw(éi,qi )pyﬁ(és’_qS)i|, (Al)

Eg —E, — w;s
where
Pup(@) = P (—Q) = (| V|B),
Pap(@. Q) = pj, (&, —q) = & (@[T (—iV — 0“A)|B). (A2)

The initial |8) and final |«) states of the quasiparticle
have momenta k and k + q, respectively, with q being the
momentum transfer from the photon to the electrons. The
polarizations of the incoming (i) and scattered (s) photon
are given by & and &, respectively. The SU(2) gauge field
A = A% ? = —mvo embodies the spin-orbit coupling which
produces the Weyl spectrum, as explained in Sec. II.

The electron Green’s function shaped by disorder and
interactions is modeled as

Ak, w)

Gk, ) = S—
o) = ¥ iT (k. ) sign(@)

(A3)

For simplicity, we ignore the spin, frequency, and momen-
tum dependence of the spectral weight A, (k, ®) &~ 1 and the
imaginary self-energy part I'(k, ) &~ I' > 0. Despite being
very crude, this approximation faithfully retains the essential
effects of all processes which impart a finite lifetime 7 oc '™
on the electronic quasiparticles. The matrix representation Hg
of the single-particle Hamiltonian depends on the type of the
nodal spectrum.

1. Weyl spectrum

The spherically symmetric Weyl spectrum is obtained from
Hy = k?/2m + vok. The mass parameter m % 0 allows us
to both apply the existing nonrelativistic theory of Raman
scattering and extract the relativistic behavior by taking the
m — oo limit at the end. In the representation which diagona-
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lizes Hy, the interband electron scattering contributes

—~0,Q ——'/ k
X(q ’ )_ l (27_[)3

to the Raman response function, where

D vy (k) L(Q)

1

dw 1
1,(2) = / —

2 w— ¢ — Ex o+ ilsign(w — §) 0+ §

, A4
— Ex + il'sign(w + %) (A4)

o = =+1 and Ey, = k?/2m + ovk. This frequency integral can be calculated directly. The imaginary part of x yields the

interband contribution to the Raman scattering rate:

d3k
Gy 2 e )72 (ORel, () =
with

|| — 20 vk 1

1
2n Re{l, (|2} = = I:(|Q|_2ka)2+4r*2

or
t
1 (9 = 200k 2 + 412 [arc an (

<Ek,a >}
— arctan .
r

The Raman vertex in Eq, (A1) for Weyl electrons is dom-
inated by the intermediate states y which belong to the nodal
spectrum just like the initial 8 and final « states. The interme-
diate states from higher bands can be handled by the effective
mass approximation [43], but their effect is negligible (for-
mally vanishes) due to the linear relativistic character of the
low-energy Weyl spectrum. Focusing on the nodal states only,
it will suffice for our purposes to argue that the Raman vertex
is approximately independent of the momentum magnitude
|k|. First, as usual in condensed matter systems, we may
neglect the momentum transfer q from the photon to the elec-
trons. Then all states «, 8, y live at the same momentum Kk,
and y can coincide either with o or 8. The diamagnetic term
Pap in Eq. (Al) vanishes for interband transitions (o # B).
In the other part of Eq. (Al), one denominator at y = « is
equal to the other at y = 8 and reduced either to just w;
or ws due to energy conservation Q2 = E, — Eg = w; — ;.
The corresponding numerators each pick the matrix elements
of the gauged momentum operator as py; « {«|.A|B) and
Prrs Pyy < K+ (| A|B); the momentum dependence of the
latter cancels out once the two fractions with equal denomina-
tors are added up.

The integrals over the direction and magnitude of k in
Eq. (AS) are separable because I, depends only on |k|, and
the Raman vertex y depends (approximately) only on K.
Then the polarization dependence is fully contained in the
factor I(&, &) constructed from the k integral. This factor
is not important for our present purpose. The dependence
of the Raman scattering rate on the shift frequency €2 fol-
lows only from the remaining momentum-magnitude integral
in Eq. (AS), which we calculate numerically and plot in
Fig. 1(a).

|| — 20 vk

(mv?)?
2

—41(és,éi)/omdkkzzRe{lanD}, (A5)

Elfajtl“2

} i Elf I o

(Ex—o + 1|2+ T2 (Exo — |22])2+ T2
Ex o +|Q Ex, — |2 Ex »
—+") _ arctan (%) 4 arctan ( : )

(A6)

2. Quadratic band-touching spectrum
A model Hamiltonian displaying quadratic band touching
has been constructed in the context of pyrochlore iridates [28]:
k? N =) (k)P + (k) + (k)

Hk = —= ;
2M0 2m ZMC

(A7)

It involves three mass parameters 1\710, M., m' and the S = %
matrix representations of spin-projection operators Jy, Jy, J;.
The twofold degenerate conduction o = 1 and valence o =
—1 bands in the spectrum of this Hamiltonian touch quadrati-
cally at k = 0 in a certain domain of mass parameters.

Since the spectrum is quadratic, we can apply the effec-
tive mass approximation [43] to calculate the Raman vertex
function:

;"

Vi MG kb

8a 280 — (Jur J, J38,
— meseh| S 4 2°¢ Va Job  Jadan) g
\ M, ' M,

We can obtain the frequency dependence of the Raman scat-
tering cross-section more easily by neglecting the momentum
transfer q from the photon to the electrons. In this approxi-
mation, the matrix elements y,7; of the Raman vertex do not
depend on the momentum magnitude |k|. Interband transi-
tions are considered by the expression for the scattering rate
analogous to Eq. (A5):

Z/ @n)y 4

xRe{l (k, )},

XU(Q) (i’ri,—an’(k) yi’jrnﬂcn(k)

(A9)
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FIG. 4. Raman scattering spectra of Nd,Ir,O7 in the Z(xy)z polar-
ization. The labeled M1 and M2 peaks are magnon excitations which
appear in the Nd,Ir,O; Raman spectrum below the critical temper-
ature Ty = 33 K of magnetic ordering. Peaks at 38 and 41 meV
belong to phonon excitations. Note the gradual increase of intensity
of magnon peaks at 7.

with the main new ingredients being a different spectrum
and the summation over a larger set of quantum numbers
involving a two-valued index n which distinguishes the degen-
erate bands. The function Re{l, } obtained from the frequency
integral is universally given by Eq. (A6) but with 2ovk
systematically replaced by the interband energy difference
Ex .+ — Ex._, appropriate for the Luttinger nodal spectrum.
The cubic anisotropy complicates calculations without im-
parting any special qualitative features on Raman scattering.
If the spectrum is approximated by an isotropic one, we
can again separate the integrals over the direction and mag-
nitude of k. The direction integral is relevant only for the
light-polarization dependence of the Raman response, and the
momentum integral can be calculated in a straightforward
manner numerically, as in the case of Weyl electrons. The
resulting dependence of the Raman scattering on the shift fre-
quency £ is plotted in Fig. 1(b). The behavior x"(Q2) o +/[2]
beyond a threshold frequency in the infinite lifetime limit
(I' = 0) is physically determined by the electronic density
of states.

3. Phase transition between quadratic and Weyl nodes

In Nd,Ir, 07, iridium magnetic moments order at the criti-
cal temperature 7y = 33 K. This is a second-order phase tran-
sition judging by the thermodynamic and optical probes [39]
as well as the gradual development of magnon peaks in the
Raman spectrum below the critical temperature shown in
Fig. 4. However, the electronic Raman scattering continuum,
which displays a clear distinction between quadratic band
touching and Weyl nodes in Fig. 2(a), evolves abruptly. An
explanation of this unusual behavior is found in the negligible
momentum transfers caused by photons.

In the paramagnetic phase, electronic bands are spin-
degenerate and not Dirac-like, so the photons are not
constrained by momentum conservation in the manner they

> M

AQ

<>

FIG. 5. (Left) Intranode spin-flip transitions of Weyl electrons
occur with no momentum transfer above the threshold energy
2|u| imposed by the Fermi sea (shaded). In contrast, typical spin-
preserving transitions would require momentum transfers AQ equal
to the Weyl-node momentum separation, which the photons cannot
provide. Here, we assume that |AQ| grows in proportion to the
magnetization, as a power of Ty — T below the magnetic transition
in Nd,Ir,O5. (Right) Alternatively, nearly spin-preserving internode
transitions with zero momentum transfers may be permitted by en-
ergy and momentum conservation. However, such transitions are
suppressed by the mechanism which conserves the chiral current
of massless Dirac electrons. The suppression would be complete
in the absence of the chiral quantum anomaly and, in that manner,
strongest when AQ — 0. On the other hand, the energy cutoff &, of
the realistic Weyl spectrum quickly suppresses all possible internode
transitions with zero momentum transfer when v|AQ| > &., where
v is the Fermi velocity (slope of the Weyl spectrum). Therefore,
the characteristic frequency dependence of the Raman continuum is
dominated by the intranode transitions and can sharply distinguish
the Weyl nodes from quadratic band touching.

couple to the electron spin. This changes at the 7 = Ty on-
set of TRS breaking when the electronic spectrum acquires
dipoles of Weyl nodes. Magnetization is small just across this
second-order transition, so the opposite-chirality Weyl nodes
are presumably close to each other in momentum space. How-
ever, the separation between the Weyl nodes is measured in
momentum units; a small separation for electrons is large for
photons. If the speed of light were comparable with the Fermi
velocity, one would see a gradual evolution of the electronic
continuum in the Raman spectrum. Instead, the selection rules
for photon absorption/emission with negligible momentum
transfers (on the electronic scales) prohibit electron scattering
from one Weyl node to another. This is illustrated in Fig. 5.
In other words, photons see well-formed Weyl nodes up to
the cutoff energy scale almost immediately after the transi-
tion. Given that the Fermi velocity is at least two orders of
magnitude smaller than the speed of light, observing a gradual
evolution of the electronic Raman spectrum probably requires
a quite high (millikelvin) temperature resolution.

APPENDIX B: EXPERIMENTAL METHODS

1. Raman scattering spectroscopy

Raman scattering spectra of Nd,Ir,O; and PryIr, O
were collected using the Horiba Jobin-Yvon T64000 triple
monochromator spectrometer with a liquid nitrogen cooled
CCD detector. The 514.5 nm line of Art-Krt mixed gas
laser was used as the excitation light. The measurements
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FIG. 6. Raw Raman scattering data of Nd,Ir,O; at temperatures below Ty, fits of magnon excitations and the resulting spectra of the

electronic continuum, presented in Figs. 2 and 3.

were performed for single crystals of these materials, using
as-grown octrahedron-shaped (111) facets with size of ~1 mm
in each dimension. Measurements were done in the pseudo-
Brewster’s angle geometry with a laser probe of 50 by 100 um
in size; the laser power used was varied between 3 and 15 mW,
with the estimated heating of the sample of 1 K per 1 mW of
laser power. For low-temperature measurements, the samples
were mounted on the cold finger of a Janis ST-500 cryostat.

In the main text, we presented the data obtained with the
Z(xy)z polarization to separate the electronic Raman scatter-
ing in Nd,Ir,O; we are interested in from the A;, magnetic
scattering. Spectra including phonons in all polarizations for
Nd,Ir,07 are presented in Ref. [42]. Raman phonon spec-
tra of PryIr;O; are presented in Ref. [49]. To correct for
the small deviations (< 20% for the same excitation power)
of the intensity of Raman response in different measurements,
all the spectra were normalized to the intensity of the Ay,
phonon. The intensity of all spectra was normalized by the
thermal factor [n(w, T') + 1], where n(w, T) is the Bose occu-
pation factor.

The electronic Raman continuum spectra presented in
Figs. 2 and 3 were obtained by subtracting magnon fea-
tures from the original spectra, which will be published
elsewhere [42]. Specifically, the original spectra were fitted
with several Lorentzian shapes, and those relevant to magnons
were subtracted, as shown in Fig. 6. Note that all phonons
appear in the spectra at frequencies above the electronic con-
tinuum of interest. In Fig. 4, we present original data obtained
in the Z(xy)z polarization. Note that the part of the spectra
<35 meV, related to the electronic continuum, overlaps within
the experimental noise level for temperatures in the ranges of
45-35 K and 30-20 K. This allowed us to average the data in
that range to reduce the resulting noise in the spectra.

2. Information about the samples and their characterization

Single crystals of Nd,Ir,O; and PryIr,O; were grown
by KF flux methods described in detail in Ref. [60]. As
discussed in Ref. [26], Nd,Ir,O7 crystals produced by this
method of synthesis can deviate from stoichiometry in the
Nd/Ir ratio, which can be slightly >1. It was shown that
this off-stoichiometry results in the decrease of the resistiv-
ity, and temperature dependence of resistivity is a sensitive
tool to characterize Nd,Ir,O; crystals. A systematic study
of the effects of the substitution of the Ir site was done

w
a

—— Sample 1 (2%)
—— Sample 2 (10%)

N w
()] o
T T

N
o
T

Specific heat (J K~ mol™1)
S o

(&)
T

0 d 1 1
0 10 20 30 40
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FIG. 7. Temperature dependence of the specific heat for the
Nd,Ir,O; samples with different Nd/Ir stoichiometry: sample #1
(red curve) and sample #2 (blue curve).

10

T T T T T
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107 \

| |
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o

FIG. 8. Temperature dependence of the resistivity for the
Nd,Ir,O; samples with different Nd/Ir stoichiometry: sample #1
(red curve) [39] and sample #2 (blue curve).
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for the range of samples where Ir is substituted with
Rh, Nd,(Ir;_,Rh,),07 [61], resulting in similar effects on the
heat capacity and resistivity.

Figure 3 presents the data for two different crystals of
Nd,Ir,O7 with different Nd/Ir off-stoichiometry which was
determined as described below.

To directly probe the ratio of Nd/Ir by a nondestructive
method, we used energy dispersive x-ray (EDX) spectrome-
try [62] with the Thermo Scientific Helios G4 UC FIBSEM
setup. The results show that Nd/Ir has no more than 2%
off-stoichiometry for sample #1, and 10% for sample #2.
The precision of this method is limited to at least 2% due to
systematic errors in determining the amount of Nd; however,

the relative amounts are determined with the precision of at
least 1%. Since the precision of this method is limited, while
the properties of the material were shown to be very sensitive
to stoichiometry [61], we used heat capacity, resistivity, and
phonon Raman scattering to characterize the samples.

The most stoichiometric sample of Nd,Ir,O; (sample #1)
is the same crystal that was studied in Ref. [63] by means of
IR /terahertz spectroscopy, resistivity, and heat capacity. Heat
capacity data were reproduced in this paper and are presented
in Fig. 7 together with the data for sample #2. Resistivities of
these two samples are presented in Fig. 8. The suppression
of the feature of the transition at 33 K we observe for the
more disordered sample is in agreement with the tendencies
observed in comparison with Ref. [61].
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