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We use optical spectroscopy to investigate the electron-phonon interaction in Sr2 IrO4 , a well-known 5d
transition metal oxide with spin-orbit entangled states. The temperature evolution in the optical spectra is well
described by the Fröhlich polaron model, indicating a large electron-phonon interaction. We further find that
electrons in different orbitals selectively couple with different phonon modes. While Jeff = 3/2 holes do not seem
to couple with any phonons, Jeff = 1/2 and 3z2 -r 2 electrons mainly couple with in-plane and out-of-plane Ir-O
bending modes, respectively. The symmetries of the orbitals and phonons are consistent with our observations.
DOI: 10.1103/PhysRevB.90.041105

PACS number(s): 71.38.−k, 78.20.−e, 78.70.Dm

Recently, 5d transition metal oxides (TMOs) have been
attracting rising interest because the underlying physics in
these systems is different from that in 3d TMOs. Compared
to 3d TMOs, 5d TMOs are characterized by an enhanced
single-electron bandwidth, reduced Coulomb interaction, and
large spin-orbit coupling (SOC). Thus, the electronic structures
of 5d TMOs should be determined by cooperation and/or
competition among three energy scales, and the resulting
ground states may be fundamentally different from those of
3d TMOs. Indeed, it has been shown and proposed that 5d
TMOs have a variety of exotic phases, including a relativistic
Mott insulator [1–3], a correlated topological insulator [4–6],
and a quantum spin liquid [7–11]. These novel ground states in
5d TMOs are born from the effective total angular momentum
(Jeff = Leff +S) states induced by strong SOC [1,2], where the
spin and orbital degrees of freedom are naturally entangled.
Despite the great interest in 5d TMOs, it remains unclear how and if electrons in Jeff states couple with other
degrees of freedom, such as phonons. Electron-phonon (e-ph)
interactions in 3d TMOs have been extensively studied in
a number of experiments [12–16], because they dominate
the low-energy physics of electrons by renormalizing the
mass of charge carriers. Likewise, in the case of 5d TMOs,
strong e-ph interactions have been suggested by a couple of
recent experimental studies for Sr3 Ir2 O7 [17,18], Na2 IrO3 [19],
and Na3 Ir3 O8 [20]. Since orbitals of 5d electrons are larger
than those of 3d electrons, e-ph interactions could be more
important in 5d TMOs. Therefore, detailed and quantitative
studies on the e-ph interaction in 5d TMOs are required not
only for a deeper understanding of those systems, but also for
exploring novel phenomena, including superconductivity.
Here, we present a clear signature of an orbital-dependent eph interaction in Sr2 IrO4 , a representative 5d TMO, by means
of optical spectroscopy. This material is the most well-known
relativistic Mott insulator driven by strong SOC [1,2]. We
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find that the energies of d-d transitions, even up to 3 eV, show
strong and systematic redshifts with increasing temperature
(T ). By analyzing the peak shifts of d-d transitions, we
could extract the self-energies of the electrons and holes. The
T dependences of the self-energies are well explained by
adopting the Fröhlich polaron model [21,22], indicating the
existence of large e-ph interactions. Furthermore, we show
that the e-ph interaction in Sr2 IrO4 varies depending on the
orbital symmetries. Namely, Jeff = 1/2 electrons and holes
(3z2 -r 2 electrons) effectively couple with 54 meV (32 meV)
phonon mode, whereas Jeff = 3/2 holes do not couple with
any phonons. Considering the symmetries of the orbitals and
phonons, we propose that in-plane and out-of-plane bending
modes in the local Ir-O octahedron mainly couple with
Jeff = 1/2 and 3z2 -r 2 electrons, respectively.
A high-quality single crystal of Sr2 IrO4 was grown using
a self-flux method [23]. After cleaving the sample to obtain a
clean surface, we measured the near-normal reflectance of
Sr2 IrO4 between 10 meV and 1.0 eV by using a Fouriertransform infrared spectrometer. The values of reflectance
were normalized by those measured after in situ gold evaporation for compensating the effect of rough surfaces [24]. We
directly obtained dielectric constants [ε(ω) = ε1 (ω)+iε2 (ω)]
for the higher-energy region (between 0.74 and 4.0 eV)
using a V-VASE ellipsometer (J. A. Woollam Co.). Then we
performed the Kramers-Kronig analysis to obtain dielectric
constants below 0.74 eV. The real part of the optical conductivity σ 1 (ω) = ωε2 (ω)/4π and the energy-loss function
−Im[1/ε(ω)] are calculated to examine the transverse and
longitudinal optical (LO) excitations.
Figure 1(a) shows σ 1 (ω) measured at various T from 25 to
400 K. With a broad spectral weight from the p-d transition
(dashed line) [25], we found five distinct features below 4.0 eV,
as indicated by α, β, γ , A, and B, in order of increasing
photon energy. Based on previous photoemission [1] and x-ray
absorption spectroscopy (XAS) [25] studies, we assigned the
five peaks in σ 1 (ω) as d-d transitions. It is well known that in
Sr2 IrO4 , strong SOC transforms t2g orbitals into Jeff = 1/2 and
3/2 (spin-entangled) orbital states. Then, electron correlation
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FIG. 2. (Color online) Epeak (T ) for (a) peaks α, β, and γ ,
and (b) peaks A and B. (c) Eα (T )/2, Eβ (T ), and Eγ (T ),
which represent  (T ) of Jeff = 1/2 electrons. The black thick
line is the best fitting result with the Fröhlich polaron model.
(d) EA (T )− Eα (T )/2 and EB (T ), which represent  (T ) of
3z2 -r 2 electrons. The black thick line is the best fitting result with the
polaron model, while the red thin line is the fitting line with 54 meV
phonon energy for comparison.

FIG. 1. (Color online) (a) T -dependent σ 1 (ω) of Sr2 IrO4 . The
black dashed line indicates the contribution of broad p-d transitions.
Five sharp electronic transitions are indicated by α, β, γ , A, and
B, in order of increasing energy. (b) Schematic diagram of the
optical transition and spectral weights in Sr2 IrO4 . The solid (dashed)
line represents the spectral weights in a noninteracting (interacting)
system. (c) Second derivatives of σ 1 (ω), d 2 σ 1 (ω)/dω2 . The black
arrows indicate the dips in d 2 σ 1 (ω)/dω2 , corresponding to the peak
energies in σ1 (ω).

further splits Jeff = 1/2 states into upper and lower Hubbard
bands (UHB and LHB), resulting in a relativistic Mott insulator
[1,2]. Therefore, we assigned the peak α (peaks β and γ ) as the
d-d transition from Jeff = 1/2 LHB (Jeff = 3/2) to Jeff = 1/2
UHB.
The unoccupied eg state is located above the UHB. A
previous O K-edge XAS study revealed that the lowest
unoccupied eg subband is more concentrated along the z
direction [25], suggesting that it is mainly composed of the
3z2 -r 2 orbital. Thus, we assigned peak A (B) as the transition
from the Jeff = 1/2 LHB (Jeff = 3/2) to the unoccupied
3z2 -r 2 orbital. The black solid lines and arrows in Fig. 1(b)
schematically show the density of the states and optical
transitions in Sr2 IrO4 , respectively. The dashed lines, which
will be discussed later, indicate the T evolution of the spectral
weights of the electrons and holes.

All of the features of d-d transitions in Fig. 1(a) show a
significant redshift with increasing T . This redshift is most
pronounced in peak α, which has a narrow bandwidth. To
investigate these spectral shifts more clearly, we plotted the
second derivative of the spectra d 2 σ 1 (ω)/dω2 in Fig. 1(c). The
dips in d 2 σ 1 (ω)/dω2 , indicated by the arrows, correspond to
the peaks in σ 1 (ω). For peak α, the energy difference between
25 and 400 K data is 0.12 eV, the magnitude of which far
exceeds the thermal energy scale (0.03 eV). For peaks β and
γ , the corresponding energy difference is 0.06 eV, which
is roughly half of that of peak α. For peaks A and B, the
corresponding energy differences are 0.16 and 0.11 eV,
respectively.
The energy shifts of the d-d transitions in σ 1 (ω) cannot be
explained by the Slater mechanism, the Mott mechanism, or
thermal expansion. We plotted Epeak (T ), the relative peak
energies from T = 25 K data, for the five d-d transitions
in Figs. 2(a) and 2(b) [26]. The energies of all five peaks
show qualitatively similar T dependences, implying that such
spectral changes share a single origin. Coupling with magnetic
ordering might be one possible origin, but these peak shifts
are rather gradual in T , without any clear anomaly near
the antiferromagnetic ordering temperature TN 240 K. This
suggests that the T evolution of σ 1 (ω) is not dominated by the
magnetic transition. The large changes even in the high-energy
region (peaks A and B) seem to be related to the Mott
mechanism. However, the Mott transition should undergo a
first-order structural phase transition, which is inconsistent
with our observations. Previous studies [27] reported that the
T dependence of the unit cell volume at temperatures between
10 and 300 K is not significant (0.5%), implying that the
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peak shifts observed here can hardly be dominated by certain
thermal expansions.
Because there is no suitable reason for bare electronic
structures to change with T , we propose that the energy
shifts of d-d transitions originate from the T evolution of the
self-energies induced by many body interactions. To obtain
further insight into the origin of the peak shifts, we extracted
the real part of the self-energies  (T ) of the Jeff = 1/2 and
3/2 electrons from Eα (T ), Eβ (T ), and Eγ (T ). Because
optical transitions always generate electrons and holes in pairs,
the  (T )’s of both the electrons and holes contribute to the
peak shifts. For peak α, we could assume that the  (T )’s
are the same for the electrons and holes because they occupy
the same Jeff = 1/2 orbitals. Therefore, Eα (T )/2 plotted
in Fig. 2(c) indicates the  (T ) of Jeff = 1/2 electrons.
Interestingly, Eα (T )/2 is similar to Eβ (T ) and Eγ (T )
across a wide range of T . It should be noted that peaks β and
γ generate electrons and holes in the Jeff = 1/2 and Jeff = 3/2
orbitals, respectively. Therefore, the similar T dependences of
Eα (T )/2, Eβ (T ), and Eγ (T ) in Fig. 2(c) suggest that the

(T )’s of the Jeff = 3/2 holes are nearly T independent, and
only the  (T )’s of the excited electrons in Jeff = 1/2 UHB
contribute to the redshift of peaks β and γ .
Likewise, the  (T )’s of 3z2 -r 2 electrons can be deduced
either from EA (T ) or EB (T ). Because transition A
generates Jeff = 1/2 holes and 3z2 -r 2 electrons, EA (T ) is
the sum of their  (T ) values. Since  (T ) of the Jeff = 1/2
hole is Eα (T )/2,  (T ) of the 3z2 -r 2 electron should
be EA (T )− Eα (T )/2. In addition,  (T ) of the 3z2 -r 2
electron should be equivalent to EB (T ) because  (T ) of
the Jeff = 3/2 holes is nearly T independent. As shown in
Fig. 2(d), the two experimental values are indeed very similar
to each other, strongly supporting the validity of the peak
assignments and our assumption of orbital-dependent  (T )’s.
In short, we succeeded in extracting the  (T ) of electrons in
the Jeff = 1/2 [Fig. 2(c)] and 3z2 -r 2 orbitals [Fig. 2(d)]. The
T -dependent energies of the Jeff = 1/2 and 3z2 -r 2 electrons
in the interacting regime are described schematically by the
dashed lines in Fig. 1(b).
The obtained  (T )’s can be well explained in terms of
e-ph interactions. In the Fröhlich polaron model [21,22],

(T ) decreases the electron energy due to the coupling
with a single LO phonon. The  (T )’s of electrons in the
optical transition will decrease accordingly by ωLO αp (n+1),
where ωLO is the LO phonon energy, αp is the e-ph
coupling constant, and n is the Bose-Einstein occupation
number, n = 1/[exp(ωLO /kB T)−1]. Using this model, we
can reproduce the  (T )’s of the electrons very well. The black
thick lines in Figs. 2(c) and 2(d) show the best fitting results for
the  (T ) of the Jeff = 1/2 electron [ Eα (T )/2, Eβ (T ), and
Eγ (T )] and the 3z2 -r 2 electron [ EA (T )− Eα (T )/2 and
EB (T )]. We got ωLO = 54 ± 4 meV and αp = 4.4 ± 0.4
for the Jeff = 1/2 electron, and ћωLO = 32 ± 5 meV and
αp = 5.5 ± 0.6 for the 3z2 -r 2 electron. The values of αp ’s
are similar to those in a prototypical superconductor La2 CuO4
(αp 5.3) [28], implying that a strong e-ph interaction indeed
exists in Sr2 IrO4 .
These two fits suggest a two-mode e-ph coupling. Namely,
the polaron formation occurs in an orbital-dependent way. As
described above, we should use distinct phonon energies for

PHYSICAL REVIEW B 90, 041105(R) (2014)

FIG. 3. (Color online) (a) − Im(1/ε) of Sr2 IrO4 taken at 25 K.
The six sharp peaks correspond to LO phonon modes. Each phonon
mode is illustrated in the inset. Schematics of the formation of
polarons in the cases of (b) 3z2 -r 2 electrons and (c) Jeff = 1/2
electrons.

the Jeff = 1/2 and 3z2 -r 2 electrons. To clarify this point, we
plotted the fitting lines with 54 meV (red thin line) and 32 meV
(black thick line) phonon energies together in Fig. 2(d). To
compare the T dependences of the two lines, we used arbitrary
αp values to match the T = 400 K experimental data for
both lines. In Fig. 2(d), it is clearly shown that the  (T ) of
the 3z2 -r 2 electron is very different from the fitting line with
54 meV: Compared to the experimental data, the fitting line
starts to decrease at a higher temperature with a steeper slope.
Therefore, our results clearly show that the Jeff = 1/2 electrons
effectively couple with the 54 meV phonon mode while the
3z2 -r 2 electrons couple with the 32 meV phonon mode.
To identify the two phonons that couple with the Jeff = 1/2
and 3z2 -r 2 electrons, we investigated the energy-loss spectra.
Figure 3(a) shows the energy-loss function of Sr2 IrO4 taken at
T = 25 K. The sharp resonances correspond to infrared-active
LO phonon modes, while the small backgrounds originate
from the tail of peak α. Such an incoherent spectral weight at
low energies is also expected in recent theoretic calculations
[29]. Below 100 meV, there are three groups of LO phonon
modes [30–32]. Three peaks below 20 meV correspond to
external phonon modes (Eu ), and the highest-energy peak
at 89 meV [A2u (1)] corresponds to a stretching mode. The
two peaks at 37 and 47 meV correspond to out-of-plane
[A2u (3)] and in-plane [A2u (2)] bending modes, respectively.
We assigned the symmetries of phonons following the description of a previous work [33]. The atomic displacements
for these phonon modes are illustrated in the inset of
Fig. 3(a).
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The asymmetric line shapes of LO phonons in Fig. 3(a)
indicate the existence of large e-ph interactions in Sr2 IrO4 .
When discrete excitations, including phonons and core-level
excitations, interact with some continuum, they have asymmetric Fano line shapes [34]. The solid lines in Fig. 3(a) are
the fitting results using a Fano scattering cross section given by
A

(q ph /2 + E − Eph )2
,
( ph /2)2 + (E − Eph )2

(1)

where A, ph , Eph , and q are the scaling factor, phonon
linewidth, phonon energy, and Fano parameter, respectively.
The degree of asymmetry of the phonon mode is quantified
by the inverse of q. The q values obtained for the two bending
modes were 2.5 [A2u (2)] and 2.8 [A2u (3)]. The values are
similar to those in manganites [35] or cuprates [36] (q3),
indicating that LO phonons and electronic excitations in
Sr2 IrO4 strongly couple with each other.
We notice that the fitting parameter ωLO for 3z2 -r 2
electrons (32 ± 5 meV) in our Fröhlich polaron analysis
is very close to the measured energy of the A2u (3) mode
(37 meV), while that for Jeff = 1/2 electrons (54 ± 4 meV) is
closer to the measured energy of the A2u (2) mode (47 meV).
This indicates that the A2u (3) [A2u (2)] mode is a plausible
candidate for coupling with 3z2 -r 2 (Jeff = 1/2) electrons.
Considering the orbital symmetry and phonon modes, we can
qualitatively explain why 3z2 -r 2 (Jeff = 1/2) electrons mainly
couple with the A2u (3) [A2u (2)] mode. In Figs. 3(b) and 3(c),
the orbital and phonon oscillations in an IrO6 octahedron are
schematically described for both cases of the A2u (3)-(3z2 -r 2 )
and A2u (2)-(Jeff = 1/2) polarons.
As shown in Fig. 3(b), the electron density of the 3z2 -r 2
orbital is concentrated along the z axis. Thus, the movement of
apical oxygen is very important to determine the self-energy
of 3z2 -r 2 electrons. The inset of Fig. 3(a) shows that apical
oxygen ions move opposite to Ir only in the A2u (3) mode.
Therefore, we can easily guess that 3z2 -r 2 electrons will
strongly couple with the A2u (3) mode. This simple argument is
consistent with our observations. In contrast, the wave function
of Jeff = 1/2 electrons has a cubic symmetry, as shown in
Fig. 3(c). Therefore, the movement of every O ion equally
contributes to their self-energy. The inset of Fig. 3(a) shows
that only two O ions move opposite to Ir in the A2u (1) and
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[20] D. Pröpper, A. N. Yaresko, T. I. Larkin, T. N. Stanislavchuk,
A. A. Sirenko, T. Takayama, A. Matsumoto, H. Takagi,
B. Keimer, and A. V. Boris, Phys. Rev. Lett. 112, 087401 (2014).
[21] H. Fröhlich, Adv. Phys. 3, 325 (1954).
[22] H. Y. Fan, Phys. Rev. 82, 900 (1951).
[23] G. Cao, J. Bolivar, S. McCall, J. E. Crow, and R. P. Guertin,
Phys. Rev. B 57, R11039 (1998).
[24] C. C. Homes, M. Reedyk, D. A. Cradles, and T. Timusk, Appl.
Opt. 32, 2976 (1993).
[25] S. J. Moon, M. W. Kim, K. W. Kim, Y. S. Lee, J.-Y. Kim, J.-H.
Park, B. J. Kim, S.-J. Oh, S. Nakatsuji, Y. Maeno, I. Nagai, S. I.
Ikeda, G. Cao, and T. W. Noh, Phys. Rev. B. 74, 113104 (2006).
[26] We extracted the energies of d-d transitions from the dips in
d 2 ε2 (ω)/dω2 to minimize the fitting errors. According to the

PHYSICAL REVIEW B 90, 041105(R) (2014)

[27]

[28]
[29]
[30]
[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

041105-5

Lorentz oscillator model for ε2 (ω), the dips in d 2 ε2 (ω)/dω2
correspond to the peaks in ε2 (ω).
Q. Huang, J. L. Soubeyroux, O. Chmaissem, I. Natali Sora,
A. Santoro, R. J. Cava, J. J. Krajewski, and W. F. Peck, Jr., J.
Solid State Chem. 112, 355 (1994).
J. P. Falck, A. Levy, M. A. Kastner, and R. J. Birgeneau, Phys.
Rev. Lett. 69, 1109 (1992).
H. Zhang, K. Haule, and D. Vanderbilt, Phys. Rev. Lett. 111,
246402 (2013).
L. Pintschovius, J. M. Bassat, P. Odier, F. Gervais, G. Chevrier,
W. Reichardt, and F. Gompf, Phys. Rev. B 40, 2229 (1989).
S. Tajima, T. Ido, S. Ishibashi, T. Itoh, H. Eisaki, Y. Mizuo,
T. Arima, H. Takagi, and S. Uchida, Phys. Rev. B 43, 10496
(1991).
S. J. Moon, H. Jin, W. S. Choi, J. S. Lee, S. S. A. Seo, J. Yu,
G. Cao, T. W. Noh, and Y. S. Lee, Phys. Rev. B 80, 195110
(2009).
M. F. Cetin, P. Lemmens, V. Gnezdilov, D. Wulferding,
D. Menzel, T. Takayama, K. Ohashi, and H. Takagi, Phys. Rev.
B 85, 195148 (2012).
U. Fano, Phys. Rev. 124, 1866 (1961).
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