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In Eu,ZnlrOg, effectively two atoms are active; i.e., Ir is magnetically active, which results in complex
magnetic ordering within the Ir sublattice at low temperature. On the other hand, although Eu is a Van Vleck
paramagnet, it is active in the electronic channels involving 4 f° crystal-field split levels. Phonons, quanta of
lattice vibration involving vibration of atoms in the unit cell, are intimately coupled with both magnetic and
electronic degrees of freedom (DOF). Here, we report a comprehensive study focusing on the phonons as well as
intraconfigurational excitations in double-perovskite Eu,ZnlrOg. Our studies reveal strong coupling of phonons
with the underlying magnetic DOF reflected in the renormalization of the phonon self-energy parameters well
above the spin-solid phase (7y ~ 12 K) until temperature as high as ~37y evidences broken spin rotational
symmetry deep into the paramagnetic phase. In particular, all the observed first-order phonon modes show
softening of varying degree below ~37j, and low-frequency phonons become sharper, while the high-frequency
phonons show broadening attributed to the additional available magnetic damping channels. We also observed
a large number of high-energy modes, 39 in total, attributed to the electronic transitions between 4f levels
of the rare-earth Eu** ion and these modes shows anomalous temperature evolution as well as mixing of the

crystal-field split levels attributed to the strong coupling of electronic and lattice DOF.

DOI: 10.1103/PhysRevResearch.2.043179

I. INTRODUCTION

A tremendous interest in iridates has been seen in the
past few years due to a realization of the exotic quantum
phases of matter ascribed to the strong spin-orbit coupling
(SOC), electronic correlations, and their entanglement [1-12].
Double-perovskite iridium oxides of A;BIrOg structure are
of particular interest because of the complex quantum mag-
netic ground states in these materials. Their magnetic ground
state is quite enigmatic; it strongly depends on the choice of
A- and B-site elements, that also provide an opportunity to
tune the nature of magnetic interactions. It is anticipated that
such tuning of these interactions may also give rise to the
much sought after quantum spin-liquid state in these double
perovskites considered to be the holy grail of condensed mat-
ter physics. Despite advances in understanding of different
magnetic interactions, such as Heisenberg and Kitaev type,
in these systems with the substitution of 3d transition metal
elements (magnetic and nonmagnetic) of varying ionic radii at
the B site, i.e., A, YIrOg (A = Ba, Sr) and La,BIrOg¢ (B = Cu,
Zn) [13-20], these iridates continue to surprise us. Where the
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A site is occupied by an alkaline and/or rare-earth La element,
detailed investigations of the complex magnetic behavior with
other rare-earth elements at the A site are not much explored,
such as Ln,ColrOg (Ln = Eu, Tb, and Ho) and Ln,ZnlrOg¢
(Ln = Sm, Nd) [21-23].

Eu,ZnlrOg adopts a monoclinic double-perovskite struc-
ture with the space group P2;/n (no. 14) [24]. Eu*" (4£°,
S =3, L = 3) is at the eightfold coordinated A site, whereas
the B site is occupied by Zn>* (3d'?; spin S = 0), and the
Ir** state with 5d° in pseudospin Jefr = 5 occupies two dif-
ferent crystallographic sites in the corner-sharing octahedral
environment. EuyZnlrOg shows a ferromagnetic and/or canted
antiferromagneticlike transition at 7y ~ 12 K attributed to the
ordering of spin associated with the Ir sublattice as Ir** is
the only magnetic ion in this compound, and Eu** is a Van
Vleck paramagnetic ion [24,25]. In Eu,ZnlrOg, the Eu’t ion
occupies the C; low-symmetry site, and therefore provides
an opportunity to probe electronic degrees of freedom via
potential electronic transitions between the different 4 f-level
multiplets. In these systems magnetic, electronic, and lattice
degrees of freedom attract a great deal of attention as they
are believed to be the main controlling factors central to
their underlying physics. A very important aim in the study
of Ir based double perovskites is to elucidate their ground
states and the contribution of different DOF. Here, we have
undertaken such a study focusing on the intricate coupling
between these three DOF, i.e., lattice, magnetic, and elec-
tronic. We have used inelastic light (Raman) scattering as a
tool to understand the coupling between these quasiparticle
excitations.
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Raman spectroscopy is a sensitive and effective technique
for probing the underlying lattice, magnetic, and electronic
degrees of freedom, and is extensively used to unravel the
coupling between a range of quasiparticles in solids such
as magnons, orbitons, excitons, and phonons [23,26-34].
It is basically a photon-in photon-out process in which an
incident photon of energy w; is inelastically scattered by
the system under consideration into a photon of energy
w;s. For a Stokes process, quasiparticle excitations with en-
ergy Aw(Raman shift) = w; — w; are created in the solid.
Hence, Raman scattering can be employed to investigate
the crucial role of coupling between lattice and electronic
degrees of freedom, involving crystal-field excitations of
rare-earth elements, to the modulation of magnetic and ther-
modynamical properties associated with double-perovskite
iridates. Within this scenario, the crystal-field structure of
4f levels of rare-earth elements allows further understand-
ing of the fascinating ground-state properties associated with
these double-perovskite materials. In this paper, we report
systematic and detailed lattice-dynamics studies and intracon-
figurational excitations, involving crystal-field split multiplets
of the Eu** ion for Eu,ZnIrOg using inelastic light (Raman)
scattering as a function of temperature along with the density
functional theory based calculations to understand the com-
plex interactions among spin, lattice, and electronic DOF. We
observe a pronounced coupling of lattice with spin excita-
tions and intraconfigurational electronic transition modes of
Eu®* ions, reflected via anomalous temperature dependence
of the self-energy parameters (i.e., phonon frequency and
linewidth). Phonon modes started showing softening at a tem-
perature as high as ~37y, clearly suggesting an existence of
short-range magnetic correlation deep inside the paramagnetic
phase. The Brillouin zone centered calculated eigenvectors
show that low-frequency phonon modes are mainly due to
the vibration of Eu atoms, while the high-frequency modes
correspond to the displacement of oxygen atoms associated
with the Zn /IrO¢ octahedra. Our observation of two sharp and
intense electronic transition modes from the nondegenerate
singlet excited state (°Dy) to the singlet ground state (’ Fy) evi-
dence the presence of two nonequivalent Eu** sites within the
crystal structure. Furthermore, the assignment of symmetry of
different phonon modes is done in accordance to our density
functional theory based calculations.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The synthesis process and detailed characterization of
these high-quality polycrystalline Eu,ZnlrOg samples are
described in detail in Ref. [24]. Inelastic light (Raman) scat-
tering measurements were performed via Raman spectrometer
(LabRAM HR Evolution) in quasibackscattering configura-
tion using a linearly polarized laser of 532 nm (2.33 eV) and
633 nm (1.96 eV) wavelength (energy) at low power, less than
~1 mW, to avoid local heating effects. A 50x long working
distance objective was used to focus the laser on the sam-
ple surface and the spectra were dispersed through a grating
with a density of 600 lines/mm. A Peltier cooled charged-
coupled device detector was employed to collect the dispersed
light. Temperature variation was done from 4 to 330 K us-
ing a continuous He-flow closed-cycle cryostat (Montana

Instruments) with a temperature accuracy of +0.1 K or even
better temperature accuracy.

The calculations of zone-centered phonons were done
using the plane-wave approach implemented in QUAN-
TUM ESPRESSO [35]. All the calculations were -carried
out using generalized gradient approximation with Perdew-
Burke-Ernzerhof as an exchange-correlation function. The
plane-wave cutoff energy and charge density cutoff were set
to 60 and 280 Ry, respectively. Dynamical matrix and eigen-
vectors were determined using density functional perturbation
theory [36]. The numerical integration over the Brillouin zone
was done with a 4 x 4 x 4 k-point sampling mesh in the
Monkhorst-Pack grid [37]. In our calculations, we used fully
relaxed ionic positions with experimental lattice parameters
given in Ref. [24].

III. RESULTS AND DISCUSSION

A. Raman-scattering and lattice-dynamics calculations

Eu,ZnlrOg crystals have double-perovskite monoclinic
structure belonging to space group P2;/n (No. 14) [24]. The
factor-group analysis predicts a total of 60 modes in the ir-
reducible representation, out of which 24 are Raman active
and 36 correspond to infrared active modes (see Table I for
details). Figure 1(a) shows the Raman spectra in a wide spec-
tral range of 40-5500cm~! at 4 K. The spectrum is fitted
with a sum of Lorentzian functions to extract frequency (),
linewidth (I") [full width at half maxima (FWHM)], and the
integrated intensity along with the corresponding error bars
of different modes [see Figs. 1(b) and 1(c)], where solid
blue lines are the individual peak fits and the solid red line
represents a total fit.

In order to decipher the symmetry and associated eigen-
vectors (atomic displacements) of different vibrational modes,
we performed Brillouin zone centered I' = (0, 0, 0) lattice-
dynamics calculations using density functional theory (DFT).
We note that our calculated zone-centered phonon frequencies
are in very good agreement with the experimentally observed
frequencies of the modes below 750 cm~! at 4 K, labeled
as S1-S17 [see Fig. 1(b) and Table II]. Based on our first-
principle calculations, we have assigned these modes below
~750cm™!, i.e., modes S1-S17, as the first-order phonon
modes, while high-frequency modes in the frequency range
of 1000-1400cm™!, i.e., S18-S20, have been assigned as
second-order phonon modes. The difference between cal-
culated and experimental phonon frequency value at 4 K
is determined via absolute relative average difference for-

calc expt
wele PP

mula [&7lg = 23| |, where i=1,2,...,N is

the number of Raman active modes (17 here), and |, | is
~1.5% (obtained value). Furthermore, the symmetry assign-
ment of different phonon modes is done in accordance to
our first-principle lattice-dynamics calculations as shown in
Table II. We notice from the visualization of phonon eigen-
vectors (see Fig. 2) that the low-frequency phonon modes
S1-SS5 arise due to the displacement of Eu atoms; however, the
high-frequency phonon modes S6-S17 comprise the bending
and stretching vibrations of Zn/Ir-O bonds associated with
corner-sharing Zn/IrOg octahedra. Furthermore, we also cal-
culated full phonon dispersion and phonon density of states
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TABLE 1. Wyckoff positions and irreducible representations of the phonon modes, at the gamma point of the Brillouin zone, of the
monoclinic (P2, /n; space group No. 14) double-perovskite Eu,ZnlrOg. INotal, ['Ramans a0d Tingrared T€present the total normal modes, the Raman,
and the infrared active modes, respectively.

P2, /n; space group No. 14

Atom Wyckoft site Mode decomposition
Eu 4e 3A, +3A, + 3B, + 3B,
Zn 2d 3A, + 3B,

Ir 2¢ 3A, + 3B,

Oo(1) 4e 3A, +3A, + 3B, + 3B,
0(2) 4e 3A, +3A, + 3B, + 3B,
0(3) 4e 3A, +3A, + 3B, + 3B,

Ftotal = 12Ag + 18Au + ISBM + 123g
Craman = 12Ag + 123g and Tjypaea = 184, + 18B,

T T T T T T T T T T T T T T
(a) = — (b) 4K
4K Intraconfigursation 330K

— modes of Eu”

’g ,u? 260K S17

x 210K

S £

. =] 160K
.E 'E 100K
A2 s 50K
-

'a, | > 4K

B First and second = 150 300 450 600 750

¢ |order Phonon modes 2 Raman Shift (cm")

o [ S5

-

£ E

1000 2000 3000 4000 5000 100 200 300 400 500 600 700

Raman Shift (cm™) Raman Shift (cm™)
L) M L] M L] M L] // L] M L] M L) v [;/ ¥ T ,/,I T T T T T T

Intensity (arb. units)

D,

1200 1800 2100 2700 3000 3:1300 3600 4200 4500 4800
Raman Shift (cm™)

FIG. 1. (a) Raman spectra of Eu,ZnIrOg recorded at 4 K in the spectral range of 40-5500 cm™! using 532-nm laser. Yellow, light yellow,
and light blue shaded area indicates first-order and second-order phonon modes and intraconfigurational modes of Eu** ions in Eu,ZnIrOg,
respectively. (b) Raman spectra of first-order phonon modes in the spectral range of 40-750 cm™! fitted with a sum of Lorentzian functions,
where the solid thick red line indicates a total fit to the experimental data and the solid thin blue line corresponds to individual peak fit;
inset shows temperature evolution of the spectrum in the temperature range of 4-330 K. (c) High-energy Raman spectrum fitted with a
sum of Lorentzian functions in the spectral range of 1000—4900 cm~'. The inset shows the amplified spectrum in the frequency range of
1000-2250 cm~! and 3300-3800 cm ™.
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TABLE II. List of the experimentally observed Raman active phonon mode frequencies at 4 K (monoclinic space group P2;/n) with 532-
nm excitation laser along with the DFT based calculated zone centered frequencies. Fitting parameters obtained using equations as described in
the text, and estimated values of spin-phonon coupling constant (A ,,) for the prominent phonon modes. The symmetry assignment of phonon
modes is done in accordance to our lattice-dynamics calculations. The low-frequency modes S1-S5 are mainly attributed to the vibrations of
the Eu atoms, while high-frequency modes S6-S17 are associated with the bending and stretching of Zn/Ir-O bonds in the Zn/IrOg octahedral
units. The calculated frequencies not observed experimentally are 93.5 (B,), 207.4 (B,), 208.1 (A,), 293.0 (4,), 356.2 (A,), 411.7 (B,), and
521.0 (A,). Units are in cm ™.

Fitted parameters

Mode assignment Expt. w (4 K) DFT w A, [N A B Iy C D
S1-B, (Eu) 71.1 87.8
S2-A, (Eu) 101.6 959 82 103.8 £ 0.2 -0.19 £ 0.07 -0.003 £+ 0.002 9.2 + 0.7 0.39 £ 0.03 0.005 + 0.001
S3-A, (Eu) 125.6 119.8 126.6 £ 0.2 0.08 £ 0.01 -0.006 4+ 0.002 5.1 £ 0.4 -0.04 £ 0.02 0.003 £+ 0.001
S4-A, (Eu) 136.6 1257 59 137.6 £ 0.2 0.27 £ 0.12 -0.016 + 0.003 4.2 + 0.3 0.21 &+ 0.01 0.008 £ 0.004
S5-B, (Eu) 160.8 152.1 7.4 162.8 &+ 0.2 -0.18 £ 0.14 -0.017 &+ 0.005 4.3 £ 0.3 0.19 &+ 0.02 0.011 £ 0.007
S6-A, (O) 237.4 237.9 2421 £ 1.2 532 £096 -042 £ 0.05 209 £ 2.1 479 £ 1.08 0.187 + 0.021
S7-B, (O) 273.7 284.3 277.1 £ 2.6 542 +£2.09 -051 £0.11 174 £ 34 1.37 £ 0.49 -0.173 + 0.091
S8-B, (O) 306.5 302.1 7.3 3083 £ 0.5 030 £ 0.11 -0.18 £0.032 7.5+ 18 172 £ 1.12 0.109 + 0.015
S9-B, (O) 373.6 364.8 3755 £ 15 079 £ 141 -037 £0.11 159 £33 1.19 &£ 1.01 0.008 4+ 0.003
S10-A, (O) 407.6 408.0 6.3 409.1 &+ 1.1 -0.27 &£ 0.11 -0.24 + 0.10 10.1 £ 2.8 8.77 &+ 3.12 0.101 £ 0.013
S11-A, (O) 425.2 419.7 5.2 426.1 £ 08 0.71 £ 0.21 -0.26 £ 0.06 52 £ 2.1 6.73 + 2.07 -0.028 £ 0.017
S12-B, (O) 473.2 467.7 4733 £ 3.7 0.60 £ 0.17 -0.40 &+ 0.16 9.5 £ 3.1 5.33 &£ 3.05 0.075 + 0.013
S13-A, (O) 509.6 501.1 5115 £ 48 1.16 £ 0.51 -0.59 £ 0.13 43 £ 1.8 2.94 £ 1.37 -0.071 £+ 0.007
S14-B, (O) 527.4 523.1 5323 £ 1.8 -3.37 £ 1.94 -0.26 £ 021 10.6 &+ 3.3 7.47 £ 2.06 0.172 + 0.095
S15-B, (O) 568.9 534.8
S16-B, (O) 659.5 601.1 6539 £ 54 10.89 + 453 -2.52 £ 1.25 185 £+ 5.1 10.06 £ 3.42 -0.536 + 0.241
S17-A, (O) 677.8 651.0 7.2 686.8 + 44 695 + 321 -043 £ 0.16 54 + 2.7 13.06 + 4.13 -0.667 £ 0.148
S18 (second order) 1133.6
S19 (second order) 1215.9
S20 (second order) 1321.8
$1(8,) s2(A,) S3(Ay) S4.(A,) S5 (B,)
c
ol” b
a
S8 (By) S9 (B, $10 (Ay) S11 (A,
c
al—%b

§12(B,)

S13(Ay) $14 (B,) $15 (B,) $16 (B,) S17 (A,)

FIG. 2. Schematic representation of the eigenvectors of the first-order phonon modes S1-S17 of Eu,ZnlrOg, where pink, blue, dark
yellow, and red spheres represent the Eu, Zn, Ir, and oxygen atoms, respectively. Black arrows on the atoms indicate the direction of atomic
displacement, and the magnitude of the arrow illustrates the extent of atomic vibration. a, b, and ¢ indicate the crystallographic axis.
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FIG. 3. (a) (Left panel) Phonon dispersion: red and blue lines represent dispersion of the Raman active A, and B, modes, respectively;
broken black lines illustrate the infrared modes. (Right panel) Total phonon density of states of Eu,ZnlrOg. (b) Projected phonon density of
states associated with Eu, Zn, Ir, and oxygen atoms. Inset shows first Brillouin zone along with high-symmetry path; solid blue lines indicate

the path of calculated phonon dispersion.

of Eu,ZnlrOg. Figure 3(a) shows the phonon dispersion (left
panel) along the I' — Z — Y — T" high-symmetry points in the
Brillouin zone, and the total phonon density of states (right
panel). Figure 3(b) illustrates the projected phonon density
of states [D (w)] associated with individual atoms, i.e., Eu,
Zn, Ir, and oxygen atoms; the inset shows the Brillouin zone
with high-symmetry points (solid blue arrows show path of
the calculated phonon dispersion). We have not observed any
frequency with negative sign in the phonon dispersion that
emphasizes the dynamic stability of Eu,ZnlrOg. The pro-
jected phonon density of states clearly shows that the density
of states at the low-frequency region is mainly dominated
by heavy elements Eu, Zn, and Ir, while the high-frequency
density of states is associated with the oxygen atoms. Apart
from the first-order phonon modes, we observed a large num-
ber of additional modes at high energy in the spectral range
of 1400-4900 cm™!, labeled as P1-P39 shown in Fig. 1(c),
attributed to the intraconfigurational transition modes of the
4f levels of Eut ions; the detailed discussion is presented in
Secs. III C and III D.

B. Temperature dependence of the phonon modes

In this section, we will be focusing on understanding
the temperature evolution of the first- as well as second-
order phonon modes. First, we will discuss the first-order
phonon modes, i.e., modes below ~750 cm~!. As the tem-
perature is lowered, conventionally the mode frequencies
are expected to show blueshift. At the same time, with de-
creasing temperature, anharmonic phonon-phonon interaction
reduces which results in an increase of phonon lifetime or
a decrease of FWHM [14]. As the linewidth of the phonon
mode is related to the phonon lifetime, i.e., linewidth (I'") o
1/lifetime (t), the lifetime (or phonon decay time) of the
different phonon modes may vary because of their different
interaction channels, and is reflected in the varying linewidth.
Figure 4 shows the temperature dependence of frequency
and linewidth of the first-order phonon modes. The follow-
ing important observations can be made: (i) Low-frequency
phonon mode S1 (~71cm~!) exhibits nearly temperature

independent behavior down to ~100 K, which gradually de-
creases with decrease in temperature up to ~40 K. On further
lowering the temperature, mode frequency exhibits a sharp
decrease down to the lowest recorded temperature, while
the corresponding damping constant shows normal behavior
until ~100 K, below which it exhibits a change of slope.
(i) All other phonon modes, S2, S4, S5, S8, S10, S11, and
S17, exhibit normal temperature dependence down to ~40 K,
i.e., increase (decrease) in the mode frequency (linewidth)
with decreasing temperature, and below ~40 K these modes
exhibit renormalization, i.e., anomalous phonon softening.
(iii) The linewidth of the high-frequency phonon modes S8,
S10, S11, and S17 exhibits line broadening at low temperature
below ~40 K, while minimal line narrowing with change in
slope is observed for the low-frequency phonon modes S2,
S4, and S5 around this temperature. Appearance of anomaly
in the phonon self-energy parameters within the spin-solid
phase, i.e., long-range magnetically ordered phase, of mag-
netic materials is generally attributed to the entanglement of
the lattice with underlying spin degrees of freedom via strong
spin-phonon coupling [26,28,31,32,38].

Before discussing the origin of anomaly in the phonon self-
energy parameters, we quantify the effect of anharmonicity
on the phonon modes. As in a periodic crystal the potential
energy expansion in the power series of atomic displace-
ment from the equilibrium position is limited to the harmonic
approximation at absolute zero, and is exactly solvable in
terms of the normal modes of lattice vibrations popularly
known as the linear harmonic oscillator. However, at any
finite temperature the harmonic approximation cannot explain
the properties of a real crystal, and needs to go beyond
the harmonic approximation. Therefore, the higher-order
terms are involved in the crystal potentials given as U(r) =

Uro) +r2% |y + 228 | + 32U, + -, where the
first term is constant, and second term will go to zero under
an equilibrium configuration. Also, the third term is pure
harmonic in nature, and therefore does not contribute to
the temperature dependence of phonon modes [39]. Hence,
the anharmonicity of the phonon mode is attributed to the

cubic- and higher-order terms in the crystal potential, and is
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FIG. 4. Temperature dependence of the frequency and linewidth of prominent first-order phonon modes of Eu,ZnlrO¢ (Inset: S4, S5, S8,
and S17 show the zoomed view below 55 K and broken green lines are a guide to the eye). Solid red lines in the temperature range of 40-330
K are the fitted curves as described in the text and red lines below 40 K are the extrapolated curves. The shaded part depicts the magnetically

ordered phase and broken red lines are a guide to the eye.

written as Ug,, (r) = g3 +mr* + .- = B(atata+ ataa) +
y(atatata+atataa)+--- where a’, a represents the
phonon creation and annihilation operator, respectively. The
cubic term (gr?) corresponds to the decay of an optical phonon
mode into two phonons of equal frequency, i.e., w; = wy =
%, known as cubic anharmonicity, and the quartic term (mr*)
in the crystal potential leads to decay of an optical phonon
mode into three phonons of equal frequency, i.e., ] = w; =
w3 = %2, known as quadratic anharmonicity [14,40,41]. The
effect of anharmonicity on the phonon modes’ frequency and
linewidth in the temperature range of 40-330 K is deter-
mined fitting with the anharmonic phonon-phonon interaction

model, given as [41]
3
+—>, (H

(er—1)?

2
T)=w,+A| 1+—— |+B| 1
o(T) w+<+ex_1)+(+ey_1

and

e —1

r(@) = Tt 14— )4 14— )
— 1y ey—l (ey—l)z ’

where w, and T, are the mode frequency and linewidth at
()

; _ o, . _
absolute zero temperature, respectively, and x = Y=

3;;(‘;; , while A, B, C, and D are constants. The parameters ob-

tained from fitting are summarized in Table II. We notice that
the obtained values of constant parameters A and C are linked
to three-phonon anharmonic decay processes, which dominate

for all the observed phonon modes. Solid red lines in the tem-
perature range of 40-330 K represent the anharmonic model
fit to the experimental data and red solid lines below 40 K are
the curve plotted using the linear extrapolation method (see
Fig. 4). Considering the anharmonic phonon-phonon interac-
tion picture, the linewidth is expected to be higher with the
increasing phonon energy, as also observed here (see Fig. 4).
Such increase in the linewidth with increased phonon energy
may be understood by the availability of more decay paths
into phonons with equal and opposite wave vector. The lowest
observed phonon mode (S1) has only an acoustic phonon
mode channel to decay into and hence it is the sharpest, but
higher-energy modes will have the decay channel of all the
available lower-energy phonons including the acoustic one,
and hence are broader.

Phonon-phonon anharmonic model fits are in very good
agreement with the observed change in the frequencies and
linewidths in the temperature range of 40—330 K hinting that
temperature evolution in this temperature is mainly governed
by the lattice degrees of freedom. However, we noticed a
pronounced deviation of the frequencies and linewidths of
the phonon modes from the curve estimated by anharmonic
phonon-phonon interaction model at low temperature below
~40 K, indicating that this behavior cannot be described
within this anharmonic phonon-phonon interaction picture.
For phonons in the spin-solid phase below 7, an additional
decay channel is expected into pairs of magnons of equal
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and opposite wave vector. These observed anomalies below
~40 K may be understood by taking into account the inter-
action of phonons with the underlying magnetic degrees of
freedom.

The change in the phonon frequency due to interaction of
the lattice with spin degrees of freedom is given as [42] Aw ~
Wsp(T) — wo(T) = Asp(SiS;), where w,(T') corresponds to the
bare phonon frequency, i.e., phonon frequency without spin-
phonon coupling; A, (:%, where J;; is the superexchange
coupling integral) is the spin-phonon coupling coefficient,
which may be positive or negative, and is distinct for each
phonon mode, and (S;S;) is the scalar spin-spin correlation
function. The spin-spin correlation function is related to the
order parameter ¢ (7), and within the mean field theory the
(S:S;) is given as (§;S;) = —S2®(T); therefore the phonon
frequency deviation ( A w ) due to spin-phonon coupling be-
comes [43]

Aw = —h,S*®(T), 3)

where S is the spin on the magnetic ion (here, we have taken
S (Jegr; pseudospin) = 1/2, for the Ir*t jon), and the order
parameter (®) is given as ®&(T) =1 — (T%)V, where y is
a critical exponent. Here, we have kept T, as a variable
instead of keeping its value fixed, i.e., ~12 K obtained via
transport measurements because we do see significant mode
renormalization well above the spin-solid phase (~12 K).
The estimated value of the spin-phonon coupling constant
obtained via fitting phonon frequency deviation (Aw) with
Eq. (3) for the prominent phonon modes is tabulated in Ta-
ble II. The highest obtained value of the spin-phonon coupling
constant is ~8 cm~'. This large value of the spin-phonon cou-
pling constant indicates the strong coupling of the lattice with
spin degrees of freedom. However, the observation of anoma-
lous phonon softening and linewidth broadening/narrowing
well above the long-range magnetic ordering temperature
(Ty ~ 12K) suggests the presence of short-range spin-spin
correlations deep into the paramagnetic phase, and hence
broken spin rotational symmetry. We also observed that low-
energy phonon modes show continuous linewidth narrowing
below ~40 K, though with a change in slope; on the other
hand, high-energy phonon modes show linewidth broaden-
ing below this temperature. This opposite behavior suggests
that magnetic dispersion branches are comparable or higher
in energy than these low-energy phonons, and hence these
additional decay channels are mostly available only to the
higher-energy phonons to decay into, which showed linewidth
broadening. The magnetoelastic coupling may also result in
the renormalization of phonon modes at the low temperature.
However, we note that the phonon frequency decreases with
varying amplitude for almost all the observed modes below
~30-40 K, hinting that if this was a purely magnetoelastic ef-
fect then the decrease in phonon frequency means an increase
in the interatomic distances (as roughly o< 1/r*/?). The
increase in the interatomic distance may result in weak inter-
action between the atoms, and as a consequence will quench
the phonon anharmonicity; i.e., phonons would decay slowly
and hence the linewidth would be expected to decrease [as
linewidth (T") o< 1/lifetime (7)]. However, opposite to what
is expected for a purely magnetoelastic effect we see phonon

modes with linewidth broadening (see modes S8, S10, S11,
and S17 in Fig. 4) below ~30-40 K, suggesting the dominant
role of spin-phonon coupling. We hope that our studies will
inspire a detailed theoretical study of magnetic dispersion in
these systems to quantitively understand these anomalies.

This section will discuss the origin of the high-frequency
phonon modes (i.e., S18-S20) observed in the frequency
range of 1000-1400cm~'. Considering the frequency range
of these modes and the fact that these are much above
the observed first-order phonon modes’ limiting frequency
(~700cm™!), these modes are attributed to the second-
order phonon modes corresponding to the S15-S17 first-order
modes. Their origin in the intraconfigurational transitions of
the Eu** ion is ruled out as they are also observed at the
same position (i.e., Raman shift) with a different excitation
laser, i.e., 633 nm. Second-order phonon modes are gener-
ally broader than their first-order counterparts because they
involve the phonons over the entire Brillouin zone with a
major contribution from the region of higher density of states.
Specifically, the breadth of a second-order Raman band is
governed by the dispersion of the first-order phonon modes;
also, their peak frequencies are not necessarily double those
of the first-order phonons at the gamma point. They may
also result from the combination of two first-order modes
depending on the symmetry. In correlated systems, gener-
ally the higher-order mode intensity goes as g*", where g is
the electron-phonon coupling constant, and is less than 1,
and n is the order of phonons; therefore generally higher-
order phonons are also expected to be of lower intensity as
compared to the corresponding first-order modes. We have
assigned the second-order modes S18-S20 as the overtone
of the first-order modes S15-S17, respectively. We note that
these second-order modes may also be assigned as a possible
combination of the different first-order modes; for exam-
ple, S20 may be assigned as combination of S16 and S17.
Figure 5 shows the temperature evolution of the peak fre-
quency, FWHM, and intensity of the prominent second-order
mode, i.e., S20. The following observations can be made: (i)
Mode frequency and linewidth show normal temperature de-
pendence, i.e., increase (decrease) in frequency (FWHM) with
decreasing temperature, and the intensity shows an anomalous
increase with decreasing temperature. The observed increase
in intensity may arise because of the increased resonance ef-
fect with decreasing temperature. The change in the frequency
of mode S20 (Aw ~ 12cm™") is almost double that of the
first-order mode S17 (Aw ~ 6 cm™!) in the entire temperature
range, and the linewidth at low temperature is more than
double the linewidth of mode S17.

C. Intraconfigurational modes of Eu*t in Eu,ZnlrOg

Apart from the first- and second-order phonon modes, we
observed a large number of modes in the spectral range of
1400-4900 cm ' [see Figs. 1(a) and 1(c)]. Modes P1-P39 in
the spectral range of 1400-4900cm™! are attributed to the
intraconfigurational electronic transitions of 4 f levels of Eu"
ions in Eu,ZnlrOg, where Eu’t ions occupy C; local site
symmetry surrounded by eight oxygen atoms. Because of the
C; local site symmetry, the degeneracy of the free-ion levels
of Eu is completely lifted, so that (2J + 1) levels are expected
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FIG. 5. Temperature dependence of frequency, linewidth, and intensity of prominent second-order phonon (S20) mode of Eu,ZnIrOg.

for each J term. Figure 6(a) shows the temperature evolution
of these intraconfigurational modes in the temperature range
of 4-330 K excited with a 532-nm laser. In the Eu* ion,
the ground state ’ F; is well separated from the excited states
>Dy; as a result the transitions can be assigned by keeping
J as a good quantum number. The observed set of spectral
lines in the absolute energy range of 17 500-13800cm™" is
attributed to the transitions from the first excited state (°Dy)
to the ground state "F; (J=0,1, 2,3, and 4) multiplets of
the Eu’" ion [see Fig. 6(a)]. We have assigned the spectral
band centered around [in absolute energy scale; see Fig. 6(a)]
~17200cm~! (P1-P3), 16800 cm~! (P4-P11), 16 100 cm ™!
(P12-P20), 15250 cm~! (P21-P29), and 14 150 cm~! (P30-
P39) as transition from the high-energy Dy level to " Fy, ' Fi,
Ry, ", and " Fy, respectively (see the schematic representa-
tion of the energy levels [44,45] of the Eu®' ion, Fig. 6(b)).
Raman active excitations are independent of the incident pho-
ton energy, and appear at the same position in the Raman
shift even with the different energy of the excitation source.

On the other hand, the emission or absorption peak position
is shifted equal to the separation between the two incident
laser energies, whereas their absolute position in energy re-
mains the same. To confirm the electronic origin of these
high-energy modes, we excited the spectrum using a 633-
nm laser [see inset of Fig. 6(a)], and only the modes below
~1400cm™" are observed at the same position in Raman shift
(not shown here), confirming the electronic transition origin
of the high-energy modes (P1-P39). However, the spectrum
[see inset of Fig. 6(a)] is very weak and shows a band around
~14100cm™" (absolute energy scale) corresponding to the
5Dy — 'Fy transition. The observed feeble intensity of the
electronic modes using 633 nm (15 803 cm™~') may be because
the laser energy is much below (~1500 cm ™) the first excited
state Do (~17300cm™1) energy, and to have transition from
the first excited state to the ground state it needs the phonon
absorption of the energy scale of ~1500cm™!.

We note that the intensity of > Dy —  Fy transition bands is
remarkably quenched with decreasing temperature [see inset
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FIG. 6. (a) Temperature evolution of the high-energy spectra of intraconfigurational modes of Eu** ions in the absolute energy range of
18500-13 500 cm™". Inset shows the spectra excited with a 633-nm laser, and the temperature dependence of the intensity of Dy — ’F» and
5Dy — " Fy transition bands (solid black line is a guide to the eye). (b) The schematic representation of the crystal-field splitting of energy levels

of the Eu®" ion. Vertical blue lines indicate the observed transitions.
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TABLEIIL List of the frequency and linewidth of the prominent intraconfigurational transition modes of Eu** in Eu,ZnlIrOg, at 4 K. Units

—1

are in cm
Dy~ "R SDo—"F SDy—>"F Do —Fs Do~ "Fy
Mode Wabs. r Mode Wabs. r Mode r Mode Wabs. r Mode Wabs. r
P1 17296 184 P7 16933 39.0 P13 16369 43.6 P24 15288 229 P31 14554 22.3
P3 17198 12.9 P8 16868  53.9 P14 16298 37.2 P25 15267  23.0 P32 14403  23.7
P9 16833  65.7 P15 16266 36.6 P26 15234 54.0 P34 14245 30.2
P10 16787 80.7 P16 16210 79.6 P36 14146 24.5
P17 16057 84.1 P37 14111 23.9
P18 15965 1124

of Fig. 6(a) for prominent bands]. A similar decrease in the
band intensity is also reported for other rare-earth based sys-
tems [45—47]. This temperature evolution of the intensity may
be understood by the fact that with decreasing temperature
nonradiative decay from °D; to >Dy decreases significantly.
As the incident photon energy 532 nm (18 796 cm™!) in the
present case is close to the Dy level, by absorption of the
available thermal phonons via electron-phonon coupling it
may easily reach the D, level. However, with decreasing
temperature, thermal population of the phonons decreases
sharply; as a result the density of the 3D, state also decreases
and so does the nonradiative decay rate to the > Dy state, which
may finally result in decreased density of the Dy state, and
hence the intensity with decreasing temperature. The transi-
tion between the electronic levels may be classified as electric
dipole (ED), magnetic dipole (MD), and quadrupole mediated
transitions, each with a different transition rate and selection
rule; the strongest rate is for the electric-dipole mediated
one followed by magnetic dipole and then higher-order ones.
Within the Judd-Ofelt theory the transition from Spo— "R
is ED mediated and is generally the strongest [48-50]. On
the other hand, Dy — F; is MD mediated and is expected
to be weak. However, transition from Dy — 7 F; is both ED
and MD forbidden but higher order, such as quadrupole as
well as crystal-field mixing of the levels, may contribute
to these transitions; as a result these transitions are usually
weak in intensity. Generally, the > Dy — 7F, transition is not
allowed except in cases where the crystal-field active ion has
special symmetry such as C;, C; (as in the present case),
Gy, C3, C4, Cg, Cyy, Csy, Cyy, and Cg,, and is expected to
be weak. Interestingly, our observations evidenced that most
intense transition indeed occurs from Dy — ’F» centered
around ~16100cm™', and transitions corresponding to the
Do — "Fy/1/3 are weak in line with the theory.

The high-energy spectrum is fitted with a sum of
Lorentzian functions [see Fig. 1(c)] and the extracted peak
position and linewidth of the prominent modes at 4 K are
tabulated in Table III. Interestingly, the linewidth of the modes
in the bands corresponding to Dy — 7 Fi 23 transitions shows
continuous increase as one goes toward the lower-energy side,
and modes corresponding to the Dy — ’Fj transition band
show a minimal increase (see Table III). This characteristic
feature of the linewidth arises because of the transition to dif-
ferent levels of multiplets within the same crystal-field level,
the narrow modes correspond to the transition to the lowest-
energy level of the multiplet and the broad modes indicate the
transition to the high-energy levels of the same multiplet. This

behavior of the linewidth also reflects significant coupling of
the lattice with electronic degrees of freedom, as the linewidth
broadening is attributed to a relaxation to the available lower-
energy levels via emission of the phonons [51]. We observed
three modes in the energy range of the Dy — ’F transition
at around ~17300cm™~! (P1) and ~17200cm~" (P3) along
with a very weak shoulder mode around ~17235cm™~! (P2),
at 4 K and the linewidths of the modes are noted to be sharpest
in the spectrum. The observation of more than one peak in this
energy range suggests the nonequivalent crystallographic sites
of the Eu®" ion [52]. As in the case of equivalent Eu’" sites,
only one transition is allowed due to the nondegenerate nature
of the excited (°Dy) and ground (" Fp) state multiplets. P2 and
P3, separated by ~35cm™!, may be due to two equivalent
sites of Eu’*. We also observed a third peak, and it may
have its origin in the transition from the D; — 7F; levels.
As the °Dy — "Fy transition in the present case is allowed
by the local symmetry group (C)), the intensity gained by
this transition band is attributed to the mixing of "Fy and '
crystal-field levels. The estimated intensity ratio of the bands
from >Dy — " Fy to 3Dy — 7 F; is ~0.012, which is quite high,
suggesting J mixing. The intensity ratio of these transitions is
also related as [53,54]

16D~ "R) _ 4(B)’
ICDy—"R)  75(A2)"

where B} is the second-order crystal-field parameter and
is associated with the environment of Eu*t ions, and A(Q)
corresponds to the energy difference between the 'Fy and
F, states; A% ~ 830cm~! in Eu,ZnIrOg. Estimated value
of the second-order crystal-field parameter is B ~ 394 cm™!
(~50 meV), which is quite high, indicating strong mixing of
"Fy and " > levels.

D. Temperature dependence of the intraconfigurational
modes of Eu** ion

Now we will discuss the temperature dependence of the
energy and linewidth of the prominent high-energy modes,
ie., P1, P3, P4, P7, P14-P17, P19, P30, P32, P34, P36, and
P37 as shown in Fig. 7. The following observations can be
made: (i) The energies of modes P1, P3, P7, P16, P17, P19,
P36, and P37 exhibit redshift with decreasing temperature.
(i1) However, the energies of other intraconfigurational modes,
P4, P14, P15, P30-P32, and P34, exhibit blueshift (show a
similar temperature dependence as that of phonon modes)
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FIG. 7. Temperature dependence of energy and linewidth of the prominent high-energy intraconfigurational modes P1, P3, P4, P7, P14—
P17, P19, P30-P32, P34, P36, and P37 in the temperature range of 4-330 K. Solid red lines are the fitted curves as described in the text.

with decreasing temperature down to the lowest recorded
temperature 4 K. (iii) The linewidth of the Dy — 7y transi-
tion mode P1 exhibits a change in slope around ~100 K with a
jump of around ~7 cm™~! (line broadening) that indicates a re-
duced lifetime of transition; a similar reduction in the lifetime
of this transition is also reported in previous studies of Eu**
in emission decay curves, where emission decay time changes
from ~2.0 ms to ~0.04 us (i.e., fast decay at low temperature)
[52]. (iv) The linewidth of all other intraconfigurational modes
shows line narrowing with decreasing temperature. Line nar-
rowing with decreasing temperature may occur due to the
reduction of electrostatic potential at the Eu site because of re-
duced lattice vibrations. The surrounding ligands of the Eu**
ion generate a finite static potential, resulting in the so-called
crystal-field interaction, and remove the degeneracy of the
free-ion energy levels. In fact, at nonzero temperature, ions do
move around their equilibrium position and renormalize the
crystal-field interaction via phonons, and this interaction with
phonons may explain the thermal dependence of the spectral
linewidth and line position. Temperature dependence of the
energy of intraconfigurational modes occurs due to a change
in phonon frequency accompanying the optical excitation and
dynamic modulation of the electronic levels by the phonons.
The amount of change depends on the coupling strength of
ions with the phonons. The energy shift of the intraconfigura-
tional modes as a function of temperature is described using
the Debye model of phonons within the weak ion-phonon
coupling limit given as [51]

TN\ (oo 3
Ei(T):Ei(0)+ai<_) / dx, @
0

QD e —1

where o; = %WiwD, 0p is the Debye temperature (975 K here),
wp is the Debye phonon frequency in cm™!, and W is the

ion-phonon coupling constant. The Debye model fit to the
experimental temperature dependence of mode energy is in
good agreement, and the values obtained from the fit are sum-
marized in Table IV. The majority of the observed modes are
shifted toward higher energy with decreasing temperature and
are fit well with Eq. (4), suggesting that the associated energy
levels move downward with increasing temperature. The tran-
sition modes following the temperature-dependent behavior
similar to the phonons (blueshift with decreasing tempera-
ture) unambiguously signal their phonon mediated nature. The
value of the ion-phonon parameter (W;) is negative for these
modes; however, this value is positive for other modes show-
ing redshift with decreasing temperature (see Table IV). The
redshift of some of the observed modes with decreasing tem-
perature may be understood by the so-called pushing effect or
fast lowering of the terminal levels [55]. A similar redshift has
also been reported for other rare-earth elements [23,55-57]. It
has been associated with the fact that terminal levels decrease

TABLE IV. List of the parameters extracted from fitting the tem-
perature dependence of intraconfigurational mode energies of Eu**
in Eu,ZnlrOg as described in the text. The value of 8, = 975 K.

Mode w(0) o; W; Mode w(0) o; W;
P1 17296 +82.6 +0.08 P19 15889 +117.7 +0.11
P3 17198 +232.6 +0.23 P30 14609 -2239 -0.22
P4 17127 -54.6 -0.05 P31 14555 -126.5 -0.12
P7 16932 4299 +0.03 P32 14403 -120.7 -0.11
P14 16297 295 -0.03 P34 14245 =374 -0.04
P15 16266 225 -0.02 P36 14145 +26.9 +0.03
P16 16209 +57.4 +0.06 P37 14109 +59.8 +0.06
P17 16057 +85.8 +0.06
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faster than other levels with increasing temperature; therefore
transition from a higher level to these terminal levels of any set
of multiplets will result in the redshift. More theoretical work
is required to understand these redshifts and their coupling
with other quasiparticles.

IV. SUMMARY AND CONCLUSIONS

To summarize, we report the detailed lattice-dynamics
study of double-perovskite Eu,ZnlrOg via Raman scattering
as a function of temperature and density functional theory
based calculations. We find significant phonon softening and
anomalous linewidth narrowing/broadening of the phonon
modes well above the spin-solid phase (7Ty ~ 12K) up to
~40 K. Our study foretells that the quantum magnetic ground
state of 5d iridium based double-perovskite materials is the
result of intricate coupling of lattice, spin, and electronic
degrees of freedom, suggesting that these degrees of free-
dom should be treated at par with each other to write the
ground-state Hamiltonian for their understanding. The esti-
mated value of the spin-phonon coupling constant (i) is
found to range from ~5 to 8cm™'. The high value of the

second-order crystal-field parameter, B ~ 50 meV, suggests
strong J mixing of the crystal-field split levels of the Eu*"
ion. The density functional theory based calculated zone-
centered phonon mode frequencies are observed to be in very
good agreement with the experimentally observed values.
Our lattice-dynamics studies reveal the rich physics associ-
ated with optical phonons and their coupling to electronic
and magnetic degrees of freedom in this system. We believe
that our studies will motivate further theoretical work for the
estimation of all possible intraconfigurational transitions of
4f levels of Eu** in C; low-symmetry configuration as well
as aid in quantitatively understanding the coupling between
these different degrees of freedom and their contribution to
the ground state.
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