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Magnon excitation and spin-phonon coupling in A2Ir2O7 (A = Gd, Dy, and Er)
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We present a comparative study of the temperature-dependent Raman scattering of pyrochlore iridates
A2Ir2O7, where A = Gd, Dy, and Er, spanning the temperature range from 295 to 5 K. Our investigation covers
the metal-insulator phase transition, coinciding with the paramagnetic-to-all-in/all-out (AIAO) spin ordering
at the magnetic transition temperature TN . The crystal symmetry remains unchanged across this magnetic
transition. Below TN , two additional modes (N1 and N2) emerge, associated with single magnon excitations
within the AIAO-ordered state. Analysis of magnon energies enables us to estimate the isotropic exchange (J)
and Dzyaloshinskii-Moriya interaction parameter (D). The resulting D/J ratios are ∼0.15 for Gd2Ir2O7 and
Dy2Ir2O7. In all the three systems, the Ir-O-Ir bond bending vibrations, A1g and Eg, exhibit anomalous frequency
softening in the magnetically ordered AIAO state, primarily originating from the spin-phonon interaction induced
by the phonon modulation of the Dzyaloshinskii-Moriya spin-exchange interaction. The two stretching modes T 2

2g

and T 4
2g experience significant hardening in the magnetic insulating phase. Additionally, substantial anomalous

linewidth broadening of the Eg mode is observed in all samples, indicating strong phonon renormalization below
TN . Our experimental findings establish experimental evidence of magnon excitations and strong spin-phonon
coupling in the AIAO-ordered state for these iridates.

DOI: 10.1103/PhysRevB.109.184434

I. INTRODUCTION

The study of strongly correlated electron systems over
the years has yielded profound insights into the fundamen-
tal physics underlying emergent phases of matter. Among
these systems, pyrochlore iridates have emerged as a promi-
nent and intriguing class of materials due to their intricate
interplay of various physical phenomena. These compounds
A2Ir2O7, where A represents a rare-earth or alkaline-earth
metal (Pr to Lu, Bi or Y) belong to the pyrochlore oxide
family. Strong spin-orbit coupling (SOC) and intermediate
electron correlations allow this family of iridates to display
a variety of topological phases, including topological Mott
insulator and Weyl semimetal (WSM) [1,2] along with unique
characteristics that may find application in magnetotrans-
port and spintronics [3–5]. The crystal structure comprises
a three-dimensional corner-sharing tetrahedra network host-
ing iridium ions with pronounced spin-orbit coupling and
electron-electron correlations [6]. This unique combination
of structural arrangement and electronic properties leads to
making them an ideal platform for exploring novel quan-
tum states [1,2,4,7,8]. For A = Pr, A2Ir2O7 is metallic; A =
Sm, Eu, and Nd is semimetallic; and for A = Gd, Tb,
Dy, Ho, and Er, A2Ir2O7 is semiconducting [9–13]. The
low-temperature ground state of A2Ir2O7 changes from a non-
magnetic metal for A = Pr and Bi to an antiferromagnetic
insulator for A = Gd, Tb, Dy to Lu, and Y. The intermediate
A = Nd, Sm, and Eu members, on the other hand, exhibit
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a temperature-induced metal-to-insulator transition (MIT) at
TN , which coincides with the antiferromagnetic (AFM) order-
ing of Ir4+ moments in an all-in, all-out (AIAO) structure (see
Fig. S1 [14]) [10]. Remarkably, this ordering phenomenon
manifests consistently across all iridates, irrespective of the
magnetism of the A-site cation, defining the significance of
Ir4+ (Jeff = 1/2) sublattice ordering as the primary source
of magnetism in pyrochlore iridates. Additionally, in certain
iridates with magnetic A-site element, A-sublattice undergoes
AIAO magnetic ordering at significantly lower temperatures,
below 10–15 K [15]. Although the conductivity of A2Ir2O7

for A = Gd, Tb, Dy, Ho, and Er is semiconducting like with
a small energy gap at ambient temperature, MIT is adopted
because a common feature [a continuous increase of ρ (T)
below TN (TMI ) without saturation on cooling] in their tran-
sition is observed [12,16,17]. The electrical conductivity of
A2Ir2O7 tends to depend on the ionic radius of A and TN

increases with decreasing ionic radius [12,18]. Since the A ion
is trivalent, the (5d )5 electrons from Ir4+ form an unfilled t2g

band and contribute to the electrical conductivity. The most
important consequence of the A substitution is the change of
oxygen coordinates, which results in a slightly different Ir
hybridization and effective Ir-t2g bandwidth. The Ir-O-Ir bond
angle reduces as the ionic radius of A decreases, narrowing the
t2g bandwidth [10].

In recent years, the role of spin-phonon coupling (SPC)
in transition metal oxides has been recognized to be impor-
tant in understanding the phase behavior of these compounds
through observations of phenomena such as the thermal
Hall effect [19], magnetic order stabilization with epitaxial
strain [20], multiferroics and spintronics [21–24]. Even in
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the absence of any structural transition across TN or TMI ,
Raman and infrared studies on some of the pyrochlore iridates
show phonon anomalies at and below TN . In this context,
our previous studies of optical phonons in Pr2Ir2O7 [25]
and Bi-doped Eu2Ir2O7 [26] and Sm2Ir2O7 [27] have shown
anomalous temperature dependence of phonons associated
with phonon-phonon, electron-phonon, and spin-phonon in-
teractions. We have also observed signatures of strong
spin-spin and electronic correlations in these compounds.
In the present comparative study, we search for these dis-
tinct characteristics focusing on AIAO transition concerning
the A-cation radius in the insulating states of three specific
pyrochlore compounds: Gd2Ir2O7, Dy2Ir2O7, and Er2Ir2O7.
These compounds have garnered significant attention for their
diverse magnetic ground states, stemming from the interplay
between rare earth ions and iridium atoms within their crystal
structures. Pyrochlore iridates are excellent candidates for
showing topological magnon bands and robust spin-phonon
coupling, as suggested theoretically [28]. However, there are
not many experimental reports to support this. Motivated by
this, we have done a detailed temperature-dependent Raman
investigation of A2Ir2O7, where A = Gd, Dy, and Er spanning
the temperature range from 295 to 5 K and focusing on the
phonon behavior in the low-temperature magnetic phase. We
show that two additional modes (N1 and N2) emerge below
TN , and are associated with single magnon excitations within
the AIAO-ordered state. We can estimate the isotropic ex-
change (J) and Dzyaloshinskii-Moriya interaction parameter
(D) by analyzing magnon energies. This leads to D/J ratios
of ∼0.15 for Gd2Ir2O7 and Dy2Ir2O7, not estimated in earlier
studies. The Ir-O-Ir bond bending vibrations with A1g and Eg

irreducible representation exhibit anomalous frequency soft-
ening in the magnetically ordered AIAO state. This softening
primarily stems from the spin-phonon interaction induced by
the phonon modulation of the Dzyaloshinskii-Moriya spin-
exchange interaction. Additionally, a significant anomalous
linewidth broadening of the Eg mode is observed below TN .
Furthermore, the two stretching modes T 2

2g and T 4
2g experience

notable hardening in the magnetic insulating phase. The T 1
2g

phonon demonstrates pronounced linewidth broadening above
TN , possibly due to electron-phonon coupling.

II. EXPERIMENTAL DETAILS

High-quality polycrystalline samples of Gd2Ir2O7 and
Dy2Ir2O7 were prepared using the standard solid-state reac-
tion using high-purity (>99.9 %) precursors. The precursors
for Dy2Ir2O7 were Dy2O3 (Alfa aesar, 99.9%) and IrO2

(Sigma Aldrich, 99.9%), and for the Gd2Ir2O7 were Gd2O3

(Sigma Aldrich, 99.9%) and IrO2 (Alfa aesar, 99.9%). The
Er2Ir2O7 was synthesized using a wet chemical reaction
method in a single sintering step at T = 1273 K (at temper-
ature well below the sublimation point of IrO2) (see [29] for
details). The phase formation was monitored using a Bruker
D8 Advance powder x-ray diffractometer. The oxidation
states of the elements were characterized by x-ray photoelec-
tron spectroscopy (XPS) using a thermo-scientific K-ALPHA,
Surface analysis system equipped with a monochromatic Al
source (Kα = 1486.6 eV). The values of TN for Gd, Dy,
and Er iridates are 123, 130, (see chapter 6 in [30]) and

137 K [29], respectively, compared favorably with literature
values (see Fig. S1 [14]) [11,12,16,31,32]. The unpolarized
Raman spectra were recorded in backscattering geometry
using HORIBA LabRAM HR Evolution Spectrometer and
Peltier-cooled CCD detector (Jobin Yvon, Syncerity). The
excitation wavelength of the laser 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. The recorded Raman spectra were
fitted with Lorentzian functions to extract the frequency and
linewidth [full width at half maximum (FWHM)] of individual
Raman modes, and the error bars on the frequencies and
linewidth values are obtained through nonlinear least square
fitting of data using the ORIGIN software package [33].

III. RESULTS AND DISCUSSIONS

A. Structural characterization

The compounds of stoichiometry A2B2O7 crystallize with
the pyrochlore structure if the ratio of ionic radii of the
cations A3+ and B4+ falls within the “pyrochlore stability
field,” defined as 1.46 < rA3+/rB4+ < 1.80. A2Ir2O7, or more
precisely, A2Ir2O6O′, is an iridate from the pyrochlore family
that crystallizes in the cubic space group Fd3m (z = 8) with
A3+ at Wyckoff positions 16d (0.5, 0.5, 0.5), Ir4+ at 16c (0,
0, 0), O and O′ at 48f (x, 0.125, 0.125), and 8b (0.375, 0.375,
0.375), respectively [34]. In parallel with the body diagonals
of the cubic unit cell, both A and Ir form interpenetrating
corner-shared tetrahedral networks where the two sublattices
are displaced relative to one another along the unit cell edge
by length a/2, a being the lattice parameter. In contrast to A
cation, which is in eightfold environment surrounded by six
O and two O′ ions, the Ir ion coordinates with six O ions
to create an IrO6 octahedron. The ideal octahedral symmetry
is achieved for x = 0.3125 within the field of stability of
the pyrochlore structure, i.e., 0.3125 � x � 0.375. In most
known pyrochlores, the value of x lies well within these limits,
and the IrO6 octahedral exhibits a trigonal compression with
increasing x. In the pyrochlore iridates, the typical value of x
is estimated to be around 0.333, and the corresponding value
of the bond angle Ir-O-Ir increases, consequently increasing
the electronic bandwidth with varying A-site [35].

Figure 1 shows room temperature XRD patterns and Ri-
etveld refinement results for Gd2Ir2O7 and Dy2Ir2O7. We
performed a single-phase refinement for Dy2Ir2O7 and a
mixed-phase refinement for Gd2Ir2O7 using the Fullprof
suite. The Rietveld refinements demonstrated that all sam-
ples crystallize in the cubic Fd3m space group, showcasing
predominantly pure phases with only a few Ir metal impu-
rity peaks in the case of Gd2Ir2O7. These impurity peaks,
attributed to the volatility of IrO2 at high temperatures, are
illustrated in Fig. 1. The lattice constants extracted from the
Rietveld refinement were 10.28 and 10.22 Å for Gd2Ir2O7

and Dy2Ir2O7, respectively. The Rietveld refinement param-
eters for Gd2Ir2O7 and Dy2Ir2O7 are plotted in Fig. S2 [14]
along with other iridates, values taken from previous studies
from our group [25,26,36]. It is shown by Zhang et al. that
the Ir-O bond length and the Ir-O-Ir bond angle are closely
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FIG. 1. Powder XRD pattern of Gd2Ir2O7 and Dy2Ir2O7 at 300 K
at the top and bottom panel, respectively. Green bars indicate Bragg
peaks, and the star symbol in the top panel marks the Ir metal
impurity peaks in Gd2Ir2O7. The XRD pattern for Er2Ir2O7 is given
in Ref. [29].

correlated with the t2g-electronic bandwidth and the average
hybridization function, and its variation is determined by the
change of the 48f oxygen coordinate (x) by varying the A-site
cation [10]. In an instance where two corner-sharing IrO6

octahedra have two IrO4 plaquettes on the same plane, an
Ir-O-Ir bond angle of 180 ◦ would favor electrons hopping
between two Ir atoms via the oxygen atom in between. Hence,
a bending of Ir-O-Ir bond angle results in smaller electron
hopping parameters between Ir atoms and leads to a smaller
bandwidth. However, a shorter Ir-O distance may promote
the hybridization of the Ir-5d and O-2p orbitals, increasing
hopping and, thus, bandwidth. Typically, for a solid composed
of corner-sharing IrO6 octahedra, the t2g orbitals of adjacent
Ir atoms can interact with π -type orbitals via the Ir-O-Ir
bridges. These interactions are strengthened by increasing the
Ir-O-Ir angle and shortening the Ir-O bond, which increases
the total width of the t2g-block bands [10,37]. Hence, in-
creasing the A-site atomic radius in A2Ir2O7 increases the
Ir-O-Ir bond angle and the lattice parameter in parallel and
shortens the Ir-O bond length [10,37–39]. This is true for all
rare earth iridates (for A = Gd to Pr) in this study, as shown
in Fig. S2 [14]. However, Dy2Ir2O7 does not fall into this
lattice parameter trend but rather varies consistently with the
oxygen parameter (x). Instead of its semiconducting nature,
Dy2Ir2O7 shows a larger Ir-O-Ir bond angle and smaller Ir-
O bond length compared to A2Ir2O7 (A = Gd, Eu, and Sm)
similar to previous studies [40,41]. It should be noted that
the bond length and bond angle values obtained for all the
iridates in this study are in good agreement with earlier re-
ports [40–42]. Hence, the internal oxygen coordinate is the
most important structural parameter in determining the Ir-O
bond length and Ir-O-Ir bond angle in A2Ir2O7. The oxi-

dation state of the iridium ion was determined using x-ray
photoemission spectroscopy (XPS) studies (see Fig. S3 [14]).
The carbon 1s peak with a binding energy (BE) of 284.8 eV
was used to calibrate the observed XPS spectra. The Ir-4 f
core-level spectra were analyzed using the standard CasaXPS
software suite, as shown in Figs. S3(a) and S3(b). The Shirley
function was used to define the background. The Gaussian-
Lorentz peak profile function was used to deconvolute the
spectra. The photoemission spectra of Ir-based compounds
are characterized by a pair of spin-orbit split doublets (I and
II), identified as screened (II) and unscreened doublets (I)
of Ir-core level [43,44]. The binding energies from the fit-
ting for the narrow and intense doublet II, in this case, are
found to be 65.6 and 62.5 eV in both the cases of Gd2Ir2O7

and Dy2Ir2O7, respectively, for 4 f7/2 and 4 f5/2 states. The
spin-orbit splitting between 4 f5/2 and 4 f7/2 is found to be
3.1 eV, which agrees well with previously published val-
ues [43,45,46].

B. Ambient Raman spectra

Figure 2(a) shows Raman spectra of A2Ir2O7 for A = Gd,
Dy, and Er (this study), along with A = Pr, Sm, and Eu
from recent studies of our group [25–27] for comparison. The
spectra are characterized by the presence of six Raman-active
phonon modes labeled T 1

2g, Eg, T 2
2g, A1g, T 3

2g and T 4
2g as per

the factor group analysis of the Raman-active phonon modes
for the pyrochlore lattice [47]. Since the A and Ir sites have
centers of symmetry, the observed vibrations involve only
O and O′ atoms. The Eg and A1g modes are related to the
Ir-O-Ir bending while the first two T2g (T 1

2g and T 2
2g) are A-O

stretching, and T 4
2g mode is associated with the Ir-O stretching,

respectively. Notably, the highest frequency is associated with
Ir-O bond stretching due to its involvement in the vibration
of the shortest bonds [48]. The phonon eigenmodes have
been assigned based on the largest displacement of oxygen
ions [49]. The weak T 3

2g mode refers to the vibration of O′
surrounded by eight A ions [47]. The shoulders on the high
energy side of T 4

2g for all the iridates have been identified as
second-order Raman modes [48,50]. All the phonon modes
soften significantly with increasing ionic radius of the A-site
cation, as shown in Fig. 2(b). The highest shift is found in the
case of T 4

2g (∼62 cm−1), although the other modes also vary
significantly, T 1

2g and T 2
2g by ∼25 and 17 cm−1, and Eg and A1g

by ∼20 and 14 cm−1, respectively. These trends are due to the
modification of the A-O and Ir-O bond lengths as well as
the Ir-O-Ir bond angle with different rare earth substitutions
at the A site. Figure 2(b) illustrates a monotonic change in
phonon frequencies regardless of variations in the Ir-O-Ir an-
gle and Ir-O bond length [see Figs. S2(c) and S2(d)] [14].
However, this trend is consistent with the variation of the
lattice parameter as a function of the ionic radius of A site
cation as shown in Fig. S2(a) [14].

C. Temperature-dependent studies

Temperature-dependent Raman spectra of Gd2Ir2O7,
Dy2Ir2O7, and Er2Ir2O7 were recorded at different temper-
atures as shown in Figs. S4(a)– S4(c) [14]. The individual
contributions of different phonon modes are determined by
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FIG. 2. (a) Ambient Raman spectra of A2Ir2O7, (A = Pr [25], Sm, [27] Eu [26], Gd, Dy, and Er) and (b) evolution of the Phonon frequencies
with the ionic radius of A-site cation at 295 K (inside the crysostat).

cumulative Lorentz fitting in the range of 50 to 1000 cm−1

for all three samples (see Fig. 3). From Figs. 3 and S4, it is
clear that there is no change in the number of phonon modes
with decreasing temperature as expected for the absence of
a structural transition, consistent with temperature-dependent
XRD studies [26,51]. However, we have observed two addi-

tional modes, N1 and N2, below TN , that become more intense
as temperature is lowered. It is noteworthy that N2 is a broad
mode that can be deconvoluted by fitting with an additional
mode, as illustrated in Fig. 3, while N1 is a well-resolved mode
in all the three samples. Since the cubic symmetry is pre-
served at low temperatures, these peaks are unlikely to arise

FIG. 3. [(a)–(c)] Fitted Raman spectra of A2Ir2O7 (A = Gd, Dy, and Er, respectively) at 5 K (top) and 295 K (bottom). Solid green curves
are the individual fit to the phonon modes, and solid red lines are cumulative Lorentz fit to the spectra.
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FIG. 4. (a) Temperature evolution of magnon excitations, N1 and N2 in Gd2Ir2O7, (b) Raman susceptibility of N1 and N2 in bottom and
top panels, respectively superimposed on the measured magnetic susceptibility for Gd2Ir2O7 adopted from Ref. [30], indicated by solid blue
curves, vertical black dashed line indicates TN .

from any lattice distortions. Further, the excitation wavelength
dependence of the peaks, as shown in Fig. S5 [14], confirms
that the bands N1 and N2 are not due to photoluminescence.
Since these modes appear only below TN , they are associated
with the magnetic excitations in the AFM-ordered state, as
suggested in recent studies [47,52].

D. Single magnon excitation

The presence of N1 is distinctly evident in Fig. 3, appearing
well-resolved, while N2 appears as a broad mode in both
Gd2Ir2O7 and Dy2Ir2O7. To validate the existence of N2, we
fitted the spectra with and without its inclusion, as illustrated
in Figs. S6(a)– S6(d) [14]. It is evident from Fig. S6 [14]
that fitting the spectra with two magnon modes (N1 and N2)
enhances the overall fitting while minimizing the χ2 values,
otherwise known as scale error with square and is equal to
the residual sum of square (RSS) divided by the degree of
freedom. It can be seen from Fig. S6 [14] that omitting N2

is causing a notable difference in the fitted and observed
curves. Hence, the peak positions are estimated by fitting the
spectra while minimizing the difference between the observed
data and the fitted curve. Figure 4(a) shows the temperature
evolution of N1 and N2 for Gd2Ir2O7, which shows that as
the temperature rises, the peaks are suppressed and become
indistinguishable above TN . The strong temperature depen-
dence and the disappearance of these modes above the AFM
ordering temperature indicate the origin of these bands to be
magnetic. The suppression of these peaks with elevated tem-
perature is anticipated as the magnetic ordering is destroyed
with increasing temperature. To further understand the evo-
lution of these modes, we evaluate the Raman susceptibility
by integrating the Raman conductivity (χ ′′(ω)/ω) within a

defined frequency range for the individual modes,

χR = lim
ω→0

χ (k = 0, ω) ≡ 2

π

∫
χ ′′(ω)

ω
dω, (1)

where χ ′′(ω) = I (ω)/(1 + n(ω)), I (ω) is the measured Ra-
man intensity, and 1 + n(ω) = 1/(1 − e−hω/k�) is the Bose
thermal factor. Figure 4(b) shows the temperature evolution
of the Raman susceptibility of N1 and N2 modes, which
superimposes very well with the measured magnetic suscep-
tibility curve (Chap. 6 of Ref. [30]), further confirming the
magnetic origin of these excitations. Similar peaks have been
previously observed for Eu2Ir2O7 and Y2Ir2O7 close to the
magnon dispersion gap energies (within 25 to 35 meV) and
have been attributed to single magnon excitation due to the
AIAO magnetic ordering at low temperatures [52,53]. We,
therefore, assign N1 and N2 (at 27.3 and 35.3 meV, respec-
tively) as single magnon excitation in the AFM-ordered state
of Gd2Ir2O7. The conventional single magnon Raman scatter-
ing is caused by the magnetic dipole transition and is difficult
to detect because of low scattering efficiency [54]. However,
in pseudospin configuration (Jeff = 1/2), the electric field can
couple to the magnon operators via HED = e

∑
(d E ) (where

e, d , and E denote the electronic charge, ionic displace-
ment from the equilibrium position, and radiation electric
field, respectively) and result in a significant scattering am-
plitude within the second-order time-dependent perturbation
theory [52,54,55]. In comparison, the Raman scattering in-
tensity from the electric-dipole transition is about nine times
larger than that of the magnetic-dipole transition [55]. The
electric dipole transition results in a modification of the un-
quenched orbital angular momentum within the pseudospin
state by ±1. This change in the orbital angular momentum
causes a reversal in the pseudospin direction, resulting in the
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occurrence of one magnon scattering [52]. Hence, the detec-
tion of single magnon excitations in A2Ir2O7 can be attributed
to the Jeff = 1/2 pseudospin configuration of the Ir spins.
The temperature evolution and Raman susceptibilty of these
magnon excitations for Dy2Ir2O7 and Er2Ir2O7 are given in
Fig. S7 [14]. The intensity of N2 mode in Er2Ir2O7 could not
be extracted as it is not well resolved, as shown in Fig. 3.

We now discuss the estimation of single magnon excitation
energies. Typically, the spin Hamiltonian can be written as
a sum of the isotropic exchange (IE), Dzyaloshinskii-Moriya
(DM), and anisotropic exchange (AE) interactions and has the
general form [49,52,56]

Hspin =
nn∑
i j

[Ji j (Si · S j ) + Di j (Si × S j ) + Si · Ai j · S j], (2)

where Ji j , Di j , and Ai j are the coefficients of the IE, DM,
and AE interactions, respectively, between ith and jth pseu-
dospins of Ir ion denoted by Si and S j (nn refers to the
nearest neighbor interaction). Since Ai j is negligible in the
case of pyrochlore iridates [57], the spin Hamiltonian is
mainly governed by the first two leading terms. The DM
interaction term originates from the SOC and is much larger
for 5d-iridates as compared to 3d and 4d transition metal
compounds [56,58,59]. Further, the noncolinear spin configu-
rations result in a large Si × S j value in the spin Hamiltonian.
It has been previously reported that the magnetic dispersion
in A2Ir2O7 is fourfold-degenerate and exhibits a gap at the �

point due to strong DM interaction [28]. The fourfold magnon
bands have single and triple degeneracies and the energy lev-
els at the � point of the Brillouin zone are given by [28,52]

E1(�) = 2S

√
8
√

2JD + 14D2

3
, (3)

E2(�) = 2S 3
√

2D, (4)

where E1 and E2 refer to triplet and singlet states, respec-
tively. When E1 < E2, the magnon bands cross at a k point
along the �X lines (protected by Td symmetry) and is called
crossing magnon band phase, and when the magnon bands
cannot cross in the reverse situation, it is called noncrossing
magnon bands. The D/J ratio plays a key role in decid-
ing the magnon band topology as crossing (D/J > 0.28) or
noncrossing (D/J < 0.28) [28]. The observed single magnon
excitations N1 and N2 in this study can be used to estimate
J and D values for Gd2Ir2O7 and Dy2Ir2O7 (since N2 is not
well resolved in Er2Ir2O7) by solving the above two equa-
tions. Here, we assign N1 and N2 as E1 and E2, respectively,
similar to the magnon mode assignments in the neighbor-
ing pyrochlore Eu2Ir2O7 and Sm2Ir2O7 (noncrossing magnon
bands, i.e., E1 > E2) [47,52]. The (E1, E2) values obtained
from the fitting of N1 and N2 are (35.3, 24.3) meV and
(37.2, 28.5) meV for Gd2Ir2O7 and Dy2Ir2O7, respectively.
The measured values of D and J in this study are close
to the measured value of Tb2Ir2O7 using RIXS, where J is
estimated to be ∼40 meV and D ∼ 3 meV [60]. This is
expected as Tb2Ir2O7 lies between Gd2Ir2O7 and Dy2Ir2O7

in the phase diagram. The estimated J and D values are
given in Table I, and the D/J ratio is close to the previously
reported values for other pyrochlore iridates from inelastic

TABLE I. Calculated D and J values for Gd2Ir2O7 and Dy2Ir2O7.

Sample D J D/J

Gd2Ir2O7 6.42 ± 0.5 43.53 ± 2.6 0.15 ± 0.014
Dy2Ir2O7 6.72 ± 0.6 46.25 ± 2.8 0.14 ± 0.016

x-ray scattering (RIXS) experiments and quantum chemistry
calculations (QCC) [7,53,56].

Moreover, as illustrated in Fig. S6 [14], magnon modes
appear weak and broad compared to phonon modes, posing
challenges in precisely estimating energy within the error bars
of the measurement and the fitting procedure (as given in
Table I). The difference in J values between the two samples is
2.72 meV which lies within the error bars of the experimental
data. Hence, instead of exact values, we infer that the approx-
imate D/J ratio falls within the expected range derived from
magnon dispersion. Given the similarity in ionic radii and
transition temperature between Gd and Dy iridates, we expect
minimal changes in their structural and magnetic properties,
reflected in the nearly same D/J . Further theoretical calcula-
tions and experiments capable of directly probing magnetic
order and estimating exact interaction values are required in
future studies.

E. Temperature-dependent phonon anomalies

We now discuss the temperature dependence of phonon
frequencies and line widths shown in Figs. 5–7. To quantify
the temperature dependence of the phonon modes, 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 (ω0/2) and is given by [61]

ω(T ) = ω0 + C[1 + 2n(ω0/2)], (5)

�(T ) = �0 + D[1 + 2n(ω0/2)], (6)

where n (ω0/2) is the Bose factor, and the parameters C
(−ve) and D (+ve) are related to the phonon-phonon inter-
action strength. The solid red lines in Figs. 5–7 fit to the
cubic anharmonic model above TN , extrapolated by dotted
lines to low temperatures. The observed phonon frequen-
cies and linewidth, exhibit significant deviations from the
anharmonic model calculations, as can be seen, signifying
additional contributions to the phonon self-energy. In general,
the total phonon self-energy has three contributions: phonon-
phonon, electron-phonon, and spin-phonon interactions. The
real (imaginary) part of self-energy gives changes in phonon
frequency (linewidth) with temperature. The phonon-phonon
part is a monotonic function of temperature and cannot re-
sult in phonon anomalies below TN . Since the samples are
insulating in the antiferromagnetic state, the electron-phonon
contribution will also be negligible. This is also evident from
the absence of any electronic Raman scattering or Fano reso-
nance at low temperatures. This implies that the spin-phonon
coupling is the dominant mechanism in understanding the
anomalies below TN . To gain a better understanding, we will
now go over temperature-dependent phonon behavior in detail
for each sample.
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FIG. 5. [(a) and (b)] Temperature dependence of phonon fre-
quencies and linewidths for Gd2Ir2O7, respectively. Solid red lines
are fit to the anharmonic model above TN and red dashed lines are
the fitting extrapolated to zero Kelvin. The vertical black dashed line
indicates TN .

(i) Phonon anomalies for Gd2Ir2O7. It can be seen from
Fig. 5 that all phonons show anomalous behavior below
TN (123 K). The most noticeable observation is an Ir-O-Ir
vibration Eg phonon, which shows anomalous softening of
∼5 cm−1 below TN , and its linewidth shows anomalous broad-
ening by a significant amount (∼18 cm−1) with decreasing
temperature. Further, the Ir-O-Ir vibration A1g phonon also
shows similar frequency softening (∼1 cm−1) below TN . Ad-
ditional noteworthy observations below TN are (i) deviation of
T 2

2g (∼2 cm−1) and T 4
2g (∼2 cm−1) modes from the anharmonic

fit and (ii) the linewidth of T 1
2g mode showing a large decrease

(∼20 cm−1) below TN than predicted by the anharmonic
model. Further, the linewidth drop in the T 1

2g phonon is similar
to our previous studies on Eu2Ir2O7 [26].

(ii) Phonon anomalies for Dy2Ir2O7. For Dy2Ir2O7 (TN =
130 K), all the modes deviate from the anharmonic model
below TN as shown in Fig. 6, similar to Gd2Ir2O7. Overall, the
spin-phonon coupling is similar in Gd2Ir2O7 and Dy2Ir2O7.

(iii) Phonon anomalies for Er2Ir2O7. For Er2Ir2O7 (TN =
137 K), Figs. 7(a) and 7(b) show the temperature dependence
of phonon frequencies and linewidths. The overall trends in
the anomalous behavior are similar to Gd and Dy iridates.
In addition, the linewidth of T 4

2g phonon shows significant
deviation below TN , not observed in the case of Gd2Ir2O7

and Dy2Ir2O7. Given the weak shoulder modes of the T 4
2g, we

can not rule out that the linewidth may be influenced by the
second-order modes in the fitting process of this peak.

FIG. 6. [(a) and (b)] Temperature dependence of phonon fre-
quencies and linewidths for Dy2Ir2O7, respectively. Symbols have
the same meaning as Fig. 5.

FIG. 7. [(a) and (b)] Temperature dependence of phonon fre-
quencies and linewidths for Er2Ir2O7, respectively. Symbols have the
same meaning as Fig. 5.
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Unlike 3d and 4d transition metal oxides [62–64], A2Ir2O7

(A = Gd, Dy, and Er) show large frequency shifts and excep-
tionally high linewidth variation in all of the phonon modes.
Similar large phonon renormalizations below TN have been
reported in a number of pyrochlores and have been attributed
to efficient magnetoelastic coupling due to the strong spin-
orbit coupling-driven contribution to magnetism [65]. It is
clear from the above data that the Ir-O-Ir bending modes (A1g

and Eg) are getting most affected by the spin-phonon coupling
similar to previous reports of Eg mode in of Eu2Ir2O7 [47],
A1g and Eg in the Raman study of (Sm1−xBix )2Ir2O7 [27],
A1g mode in (Eu1−xBix )2Ir2O7 [26], Ir-O stretching mode
in Cd2Os2O7 [65], the A1g and Ir-O stretching modes in
Y2(Ir1−xRux )2O7 [66], and three Ir-O-Ir infrared phonons in
Y2Ir2O7 [49]. These renormalizations are primarily arising
from strong spin-phonon coupling in the spin-ordered state
due to the phonon modulation of the spin-exchange interac-
tions (Ji j and Di j). The modulation of Ji j by the vibrational
amplitude (r) and bond angle (θ ) of Ir-O interactions influ-
ences the exchange interaction, leading to the renormalization
of a specific phonon frequency. The corresponding value is
denoted as 	ω ∼ λIE(Si · S j ), where λIE is proportionate to
∂2Ji j (θ )

∂θ2 and ∂2Ji j (r)
∂r2 [49,67]. The sign of λIE can be negative

or positive depending on the phonon modes. However, the
spin-phonon coupling due to the DM interaction arises from
the modulation of Di j with respect to the Ir-O-Ir bond an-
gle (θ ). The phonon renormalization 	ω is proportional to∑

i j
∂2Di j (θ )

∂θ2 · (Si × S j ). The sign of D represents the chiral-
ity of spin texture. A spin-phonon contribution is caused by
modulation of spin exchange energy by zone-center lattice
vibrations below magnetic ordering temperature and is given
as [49,68,69],

	ωSPC ∼ −2

IRω

⎡
⎣ nn∑

i j

∂2Ji j (θ, r)

∂v2
· < Si · Sj >

+
nn∑
i j

∂2Di j (θ, r)

∂v2
· < Si × Sj >

⎤
⎦, (7)

where IR is the rotational moment of inertia and v the bond an-
gle (θ ) or bond length (r) following the type of vibration. The
softening or hardening of phonons is determined by the sign
of 	ωSPC. The strength of the spin-phonon coupling will vary
depending on the modulation of the exchange energy concern-
ing the atomic displacement. Hence, phonon renormalization
will be different for different phonon modes. In this context,
the renormalization of the Ir-O stretching mode can be related
to the modulation of the IE interaction as in conventional
spin-phonon coupling in 3d multiferroic manganates, RMnO3

(R = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, and Y) [64], 4d-
pyrochlore Y2Ru2O [63], and some 3d-chromates, CdCr2O4

and ZnCr2O4 [62]. Similarly, the phonon renormalization for
the bending modes is related to the modulation of the DM
interaction, as in Y2Ir2O7 and Eu2Ir2O7 [47,49]. The orbital
overlap integral can be significantly modified by a change
in the bond length of Ir-O which, in turn, can alter the spin
exchange energy and cause phonon frequency renormaliza-
tion [22,68]. Hence, the hardening of the stretching modes,

T 2
2g and the T 4

2g is attributed to the positive sign of λIE. Further,
considering the softening of Eg and A1g phonons, a previous
study by Son et al . showed that the Ir-O-Ir bending motion
is strongly correlated with θ -dependent J and D modulations
as they involve the motion of all oxygen ions between the
nearest-neighboring Ir ions within the Ir-O-Ir plane and per-
pendicular to the Ir-Ir bond. Thus the modulation of θ due to
atomic vibration can result in large softenings by modulating
both J and D. However, it has been shown that in pyrochlore
iridates, the DM interaction contributes an order of magnitude
larger than the IE interaction [49]. Hence, the softening of the
bending modes, (A1g and Eg) mostly arises due to the negative

sign of ∂2Di j (θ )
∂θ2 below TN .

Figure 8 shows spin-phonon contribution driven by DM
interaction extracted by subtracting the observed value from
the calculated value based on the anharmonic interaction,
	ωSPC = ωanharmonic − ωexperimental for the bending vibration
modes below TN . This demonstrates that the DM interaction
plays a significant role in causing large phonon shifts below
TN . This is understandable, given that the DM interaction term
is derived from the SOC [58]. The SOC is a relativistic inter-
action that changes as z2, where z is the atomic number [59].
As a result, the SOC energy is greater for heavy elements. The
SOC energy of 5d transition metal oxides is ∼500 meV, sig-
nificantly greater than the SOC energy of 3d transition metal
oxides (<10 meV) [49]. As a result, the strong SOC-induced
DM interaction in the noncolinear AIAO magnetic ordered
state can result in such unconventional spin-phonon coupling
in pyrochlore iridates.

F. Phonon and magnon excitations in A2Ir2O7

In the AIAO-ordered state, the collective behavior of spins
allows for the propagation of spin waves, namely magnons,
through the magnetic lattice. These magnons can be probed
experimentally using techniques such as inelastic neutron
scattering or Raman spectroscopy, where they appear in the
spectrum corresponding to the energy and momentum of the
magnon excitations. Pyrochlore iridates A2Ir2O7 present a
unique system wherein magnetic interactions can be finely
tuned by manipulating small structural details with the A-site
cation to create a desired topological phase. Moreover, the
magnon excitations in iridates are Raman active due to the
strong spin-orbit coupling and consequent noncoplanar mag-
netic ordering pattern.

Numerous studies have documented magnon dispersion
in iridates. For instance, Ueda et al. conducted a Raman
study on Eu2Ir2O7 [47], reporting single magnon excitations
in the AIAO state. Additionally, our previous research on
Eu2Ir2O7 [26], and that of Nguyen et al. [52], observed
magnon excitations in various iridates, including Y2Ir2O7,
Eu2Ir2O7, and Sm2Ir2O7. In our previous study on Sm2Ir2O7,
the detection of magnon peaks was hindered by a broad un-
derlying continuum attributed to spin-spin correlations within
the AIAO state [27]. Notably, Pr2Ir2O7 lacks magnetic or-
dering; thus, magnon excitations are not observed in this
compound [25,70]. In conventional single magnon Raman
scattering, detection is challenging due to the low scattering
efficiency arising from magnetic dipole transitions. However,
in the pseudospin configuration in A2Ir2O7, Raman scattering
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FIG. 8. [(a)–(c)] The 	ωSPC = ωanharmonic − ωexperimental for Ir-O-Ir bending modes below TN for Gd2Ir2O7, Dy2Ir2O7, and Er2Ir2O7,
respectively, solid blue lines are guide to the eye.

intensity arises from electric-dipole transitions, significantly
enhancing detection sensitivity. Hence, single magnon ex-
citations in A2Ir2O7 can be observed in Raman scattering.
However, the occurrence of magnon excitations in different
iridates may be dependent upon various additional factors,
including the strength of magnetic interactions, the presence
of magnetic impurities or defects, and environmental con-
ditions such as temperature and pressure. Additionally, the
signal-to-noise ratio can impact the detectability of these ex-
citations as magnon bands are usually weaker as compared to
phonons. Further, the visibility of magnon modes may vary
across different polarization configurations in single crystals,
depending upon Raman selection rules.

The physical characteristics of A2Ir2O7 compounds evolve
with the A-site cation radius, transitioning from magnetic
insulating behavior Ho2Ir2O7 to Nd2Ir2O7 to a complex non-
magnetic metallic state in Pr2Ir2O7. Since the rare earth spins
in case of magnetic A-sublattice order at a much lower temper-
ature (10–15 K), the temperature range of our focus, primarily
addressing the ordering temperature range (100–150 K),
stands considerably distinct from the A-site ordering tempera-
ture, with only Ir magnetic moments contributing significantly
to the observed phonon dynamics. The phonon self-energies
are influenced by electron-phonon and spin-phonon interac-
tions alongside phonon-phonon interactions. Consequently,
the phonon dynamics varies significantly for each material
in the A2Ir2O7 series, contingent upon the underlying physics
driving the anomalies. For instance, in our previous study on
Pr2Ir2O7 [25], electron-phonon coupling dominated, given its
transition into a quadratic band touching Luttinger semimetal
at low temperatures. Conversely, in the cases of pristine and
up to 3.5% (2%) Bi-doped Eu2Ir2O7 (Sm2Ir2O7) [26,27], the
physics differed due to their respective MIT and topological
crossover to a Weyl semimetal state, resulting in two distinct
temperature scales, TN and T ∗ (T ∗ < TN ). Below TN , spin-
phonon coupling predominated, while for T < T ∗ < TN , the
interplay of spin-phonon and electron-phonon interactions, in
addition to phonon-phonon interaction, led to behavior very
different from conventional spin-phonon or electron-phonon
interactions. However, with further Bi doping, the system
transitioned into a quadratic band touching state similar to
Pr2Ir2O7, influenced by strong electron-phonon interaction.

The materials investigated in this manuscript (Gd, Dy, and
Er iridates) are situated close to each other in the phase di-
agram (Fig. S1) [14], exhibiting similar physical properties.
Further, the frequencies of the phonon modes also lie in close
proximity for these iridates, as shown in Fig. 2(b). Due to
the AIAO ordering at low temperatures, the phonons in this
study are renormalized by spin-phonon coupling and phonon-
phonon interaction below and above TN , respectively. As all
these materials exhibit a metallic nature at room tempera-
ture, transitioning into an insulating phase at low temperature,
the electron-phonon coupling is absent below TN . Therefore,
owing to similar interactions, the phonon behavior is sim-
ilar across these materials, with a shift in the temperature
range where phonon anomalies are observed, as shown in
Figs. 5–7. Furthermore, when considering the iridates exam-
ined in this study alongside the nonmagnetic A-site iridates,
such as Eu2Ir2O7 it is expected that the phonons unaffected
by electron-phonon coupling in the WSM state of Eu2Ir2O7

(T 1
2g and T 2

2g) [47] will demonstrate significant similarity to
that of Gd-Er iridates. This similarity arises from the effect
of spin-phonon coupling on phonon renormalization. The
analogous behavior observed in the T2g phonons between
nonmagnetic Eu and magnetic iridates supports the conclu-
sion that only the magnetic moments of Ir contribute to the
observed phonon dynamics. These distinctions and similar-
ities underscore the nontrivial phonon behavior of iridate
compounds.

IV. CONCLUSIONS

In summary, the emergence of single magnon excitations
within the AIAO-ordered state corroborates the magnetic be-
havior of these iridates. Through the analysis of magnon
energies, we have estimated the IE and DM interaction pa-
rameter (J and D, respectively), revealing D/J to be ∼0.15 for
Gd2Ir2O7 and Dy2Ir2O7. The anomalous frequency softening
observed in the Ir-O-Ir bond bending vibrations (A1g and Eg)
below TN is attributed to the spin-phonon interaction induced
by the phonon modulation of the DM spin-exchange inter-
action. Additionally, significant hardening of the stretching
modes T 2

2g and T 4
2g in the magnetic insulating phase further

underscores the intricate interplay of spin and lattice dynamics
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in these materials. These observations collectively establish
the presence of magnon excitations and strong spin-phonon
coupling in the AIAO-ordered state for the studied pyrochlore
iridates. Our experimental findings contribute to the under-
standing of the complex interplay between magnetic and
vibrational properties in pyrochlore iridates, paving the way
for further investigations and potential applications in the area
of spintronics and magnonics.
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