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Abstract 

We have used rotational anisotropic polarized Raman spectroscopy to study the 

symmetries, the temperature and the doping dependence of the charge ordered state in 

metallic (Sr1-xLax)3Ir2O7. Despite the fact that the Raman probe size is greater than the 

charge ordering length, we establish for the first time that the charge ordering breaks the 

fourfold rotational symmetry of the underlying tetragonal crystal lattice into twofold, as 

well as the translational symmetry, and forms short-range domains with 90° rotated 

charge order wave vectors, as soon as the charge order sets in below TCO = ~ 200 K and 

across the doping-induced insulator metal transition. We observe that this charge order 

mode frequency remains nearly constant over a wide temperature range and up to the 

highest doping level. These features above are highly reminiscent of the ubiquitous 

unidirectional charge order in underdoped high-TC copper-oxide-based superconductors 

(cuprates). We further resolve that the charge order damping rate diverges when 

approaching TCO from below and increases significantly as increasing the La doping 

level, which resembles the behaviors for a disorder-interrupted ordered phase and has not 

been observed for the charge order in cuprates. 
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Chemical doping, a widely used experimental technique in materials science and 1 

condensed matter physics research, opens up a fruitful pathway towards discoveries of 2 

new materials and exotic quantum phases. However, doping inevitably introduces 3 

quenched disorder that often conceals the underlying physics, making it much more 4 

challenging to detect and understand their ground states. For example, it has taken a 5 

decade to resolve the symmetries of charge order in underdoped cuprates [1–6], and 6 

remains elusive to disentangle its relationship to other cuprate phenomena [7, 8] 7 

including the Mott insulating Heisenberg antiferromagnetic (AFM) state, the pseudogap 8 

behavior, the q = 0 magnetic multipolar order and the high-TC superconductivity. 9 

Theoretically, it has been known for a long time that an infinitesimal amount of 10 

randomness is sufficient to suppress the long-range order with broken continuous 11 

symmetries in three dimensions (3D) or broken continuous or discrete symmetries in two 12 

dimensions (2D), turning the ordered phase into a set of short-range ordered domains or 13 

clusters [9]. More recently, such effects are predicted to lead to intriguing phenomena, 14 

such as vestigial order [10]. In particular, a nematic vestigial order in hole-doped cuprates 15 

– a q = 0 point group symmetry breaking order – has been proposed as the result of 16 

partial melting of the unidirectional charge order. 17 

Experimentally, probing the intrinsic properties, e.g., symmetries, of disorder-18 

interrupted ordered states has been very challenging as it requires to overcome the 19 

difficulty of cluster-average effects. So far, there have been two types of advanced 20 

experimental tools suitable for addressing this challenge. The first type includes local 21 

probes such as scanning tunneling spectroscopy (STS) mapping and transmission electron 22 

microscopy (TEM), which are sensitive to the local electronic states and have probe sizes 23 

smaller than the short-range ordering length. STS mapping requires a careful analysis to 24 

distinguish electronic order from the disorder-induced quasiparticle interference pattern 25 

[11, 12], whereas TEM probes the tiny lattice distortions that emerge from the electronic 26 

order [13]. The second type includes resonant x-ray diffraction [5, 6] whose diffraction 27 

peaks can capture the structure factors for domain mesostructures of short-range orders, 28 

and nuclear magnetic resonance [14, 15] spectroscopy whose lineshapes contain the 29 

information of local symmetries of short-range orders, despite the fact that their probe 30 
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scales are larger than the domain sizes. 31 

In this work, we present a study of charge order in lightly La-doped Sr3Ir2O7, using 32 

rotational anisotropic (RA) polarized Raman spectroscopy. We show for the first time 33 

that, even though the Raman probe size exceeds the cluster size, the symmetry point 34 

group of the charge order can be uniquely determined as D2h, a subgroup of the lattice 35 

point group D4h, based on Raman selection rules. We also identify that this twofold 36 

rotational (C2 symmetry about c axis) charge order exhibits a charge density modulation 37 

along the Ir-O-Ir bond, the diagonal direction of the expanded unit cell of Sr3Ir2O7. 38 

Moreover, we show from the RA pattern analysis that two types of short-range charge 39 

order domains develop in the vicinity of La-dopants, whose charge order orientations are 40 

90° rotated from each other. Finally, we draw from temperature and doping dependence 41 

data that the frequency of the mode associated with the charge order remains nearly 42 

constant over a wide temperature range and up to the highest available doping levels, 43 

while its damping rate diverges as one approaches the transition temperature TCO from 44 

below, and it increases significantly at higher doping levels. The frequency behavior is 45 

reminiscent of the unidirectional charge order observed in underdoped cuprates, whereas 46 

the divergence towards TCO and the increase upon doping of the damping rate resemble 47 

those of other disorder-interrupted ordered states, which have not been observed in 48 

cuprates. Our experiment also shows that Raman scattering possesses the ability to 49 

retrieve single domain information using a domain-averaged signal acquired with large 50 

probe sizes. 51 

Unlike the single layer perovskite iridate Sr2IrO4, believed to be the spin-orbit coupled 52 

(SOC) cuprate analogue, which hosts the Jeff = 1/2 Mott insulating Heisenberg AFM state 53 

[16, 17], pseudogap behavior [18–21], magnetic quadrupolar order [22, 23] and a d-wave 54 

gap [24, 25], the bilayer variant, (Sr1-xLax)3Ir2O7, is simpler in that it only exhibits an 55 

electron doping-induced insulator metal transition (IMT) near xc ~ 0.03 [26, 27] and a 56 

charge density wave (CDW)-like instability across IMT [28]. This makes the (Sr1-57 

xLax)3Ir2O7 system a neat platform to study the disorder-interrupted charge ordering in a 58 

correlated metal without the complication of other competing phases as cuprates do and 59 

near IMT that cuprates cannot access. Previous work has confirmed the phase purity of 60 
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our (Sr1-xLax)3Ir2O7 crystals with x = 0 - 0.075, and revealed subtle structural distortions 61 

of the IrO6 octahedra pair tilting off c axis that lower the crystal point group from 62 

tetragonal D4h to monoclinic C2h with only one remaining mirror plane normal to in-plane 63 

crystal axis b and a C2 axis about b axis [29, 30]. Moreover, despite suggesting the 64 

possibility of a charge order in metallic (Sr1-xLax)3Ir2O7 in Ref. [28], much remains 65 

unknown about this charge order, such as its full symmetries, domain structures, doping 66 

and temperature dependence, which are however necessary for understanding the nature 67 

of this charge order and comparing it with that in cuprates. 68 

Raman measurements were performed in the backscattering geometry, using the 514 69 

nm line of an argon-ion laser and a Dilor XY triple monochromator spectrometer. The 70 

incident optical fluence was maintained at 1.2 mW over a beam diameter of 20 μm that is 71 

smaller than the size of reported monoclinic structural domains [30]. To perform the RA 72 

polarized Raman measurements (Fig. 1(a)), the incident (EI, solid arrow) and scattered 73 

(ES, dashed arrow) electric fields were kept either parallel or perpendicular to each other, 74 

and rotated by an angle φ with respect to the crystal axis a. To avoid any background 75 

anisotropy from the setup, we used strain-free optical components to minimize light 76 

depolarization, and rotated the selected scattered polarization back to vertical to ensure a 77 

constant collection efficiency. 78 

Figure 1(b) shows Raman spectra in the four polarization configurations for the 79 

tetragonal lattice (D4h) of (Sr1-xLax)3Ir2O7 with x = 0.075 at 80 K, namely parallel and 80 

crossed electric fields along the crystal axis a (φ = 0°) and the diagonal direction (φ = 81 

45°) that are denoted as aa, ab, a’a’ and a’b’ respectively. We clearly identify all the 82 

phonon modes of frequencies greater than 100 cm-1 to be of either A1g or B2g symmetry of 83 

the D4h point group. The mode at around 330 cm-1 seemingly violates the D4h selection 84 

rule by appearing in both A1g and B2g configurations. However, a careful analysis shows 85 

that this band consists of two Raman modes, of A1g and B2g symmetry at, respectively, 86 

330.1 ± 0.7 cm-1 and 322.8 ± 0.8 cm-1, whose frequency separation of 7.3 cm-1 is well 87 

beyond our instrument resolution of 1.7cm cm-1. Here, the assigned D4h point group for 88 

(Sr1-xLax)3Ir2O7 single crystals, though consistent with the Raman literature [31], is of 89 



 5 / 16

higher symmetry than the recently refined monoclinic C2h point group, possibly because 90 

the structural distortion is so subtle that high frequency (> 100 cm-1) phonons are not 91 

appreciably affected. 92 

In sharp contrast to the high frequency phonons, the low frequency mode at 25.9 ± 0.2 93 

cm-1, having the same energy as the reported CDW amplitude mode [28], shows up in 94 

both A1g and B2g channels, indicating that its ordered ground state has a lower symmetry 95 

point group than D4h. By surveying all of the Raman tensors of the D4h subgroups that 96 

have finite tensor elements in the aa, ab, a’a’ channels but is fully suppressed in the a’b’ 97 

one [32], we found that this mode belongs to the A (Ag, A1 and A) symmetry of an 98 

orthorhombic subgroups (D2h, C2v and D2, respectively). Considering the fact that this 99 

mode is only present at low temperatures [32] while second harmonic generation shows 100 

no changes from room to low temperature [30], we ruled out the two noncentrosymmetric 101 

candidates (C2v and D2) and uniquely identified the point group D2h for the emergent 102 

order. 103 

There are two important remarks regarding this point group symmetry breaking order. 104 

First, symmetry breaking from D4h to D2h is consistent with both the nematic order (q = 105 

0) and the unidirectional charge order (q ≠ 0). To distinguish between the two, we 106 

examined if broken translational symmetry accompanies the point group symmetry 107 

breaking. Assuming q = 0 across the transition, based on the compatibility relation of the 108 

point groups, the A1g irreducible representation (irrep) of D2h traces back to either the A1g 109 

or B2g irrep of D4h, both of which are Raman active and thus should be present at room 110 

temperature. The fact that this mode only appears at low temperatures suggests that the 111 

phase transition involves translational symmetry breaking in addition to the rotational 112 

symmetry breaking, which is evidence for unidirectional charge order, instead of nematic 113 

order. Second, the presence of the new mode in the ab but not the a’b’ channel suggests 114 

that the unidirectional charge order modulation is along the diagonal direction, i.e., the Ir-115 

O-Ir bond direction, which preserves the two diagonal mirrors and C2 about c axis but 116 

breaks the two vertical mirrors normal to the crystal axes a and b of the D4h crystal 117 

lattice. This is in stark contrast to the reported lattice distortion that breaks both diagonal 118 
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mirrors and preserves one of the two vertical mirrors and a C2 axis along b axis, 119 

excluding the possibility that this mode results from the reported monoclinic structural 120 

distortion. 121 

For the unidirectional charge order, quenched disorder can lead to two possible 122 

domain mesostructures in the form of (i) short-range ordered domains with the same 123 

rotational but interrupted translational order, therefore sharing one charge order wave 124 

vector, and (ii) clusters with both the long-range rotational and translational ordering 125 

destroyed, leading to two types of wave vectors that are 90° rotated from each other [10]. 126 

To examine these disorder-induced clusters, we performed RA Raman spectroscopy 127 

measurements with an angular resolution of 10°, and extracted the peak intensities of the 128 

charge order mode by fitting the Raman spectra with a one oscillator function of the form 129 · · 1 , where ω0, Γ, κ and β(ω) are frequency, 130 

damping rate, coupling constant and Bose-Einstein factor [33, 34]. 131 

Figure 2 shows the polar plots of the fitted peak intensity, I(ω0), as a function of angle 132 

φ for the parallel (top) and the crossed (bottom) configurations for (Sr1-xLax)3Ir2O7 with x 133 

= 0.075. The nonzero background in the RA pattern for the parallel geometry is 134 

consistent with a rotational symmetry lower than that of the D4h point group, similar to 135 

the discussion in Fig. 1(b). The patterns for both channels exhibit fourfold rotational 136 

symmetry, which is, however, incompatible with the unidirectional charge order domains 137 

with the same orientation. Instead, both patterns can be well fitted by a linear 138 

superposition of Raman signals from two domains with 90° rotated unidirectional charge 139 

orders, as shown in the second and third columns in Fig. 2. No observable spatial 140 

variations were detected when scanning across the sample surface with our 20 μm 141 

diameter probe beam, suggesting that the average domain size of the unidirectional 142 

charge order is well below 20 μm, much smaller than that of the recently reported 143 

monoclinic structural domains. This drastically different charge order and monoclinic 144 

structural domain sizes, as well as the lower symmetry of the charge order mode than any 145 

detectable phonon modes, suggest a weak coupling between the charge order and the 146 

monoclinic lattice distortion. 147 

Having established the low-temperature characteristics, we tracked the temperature 148 
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dependence of the unidirectional charge order mode to further understand its order 149 

parameter. Fig. 3(a) shows Raman spectra and their one-oscillator fits as a function of 150 

temperature obtained from (Sr1-xLax)3Ir2O7 with x = 0.032. We further quantify the 151 

temperature dependence by plotting the fitted mode parameters, including peak intensity 152 

I(ω0) and coupling constant κ, damping rate Γ and frequency ω0, against the temperature 153 

in Fig. 3(b)-(d). I(ω0) clearly exhibits a linear dependence on TCO − T that gives the 154 

critical temperature TCO = 220.1 ± 1.4 K, while κ scales as (TCO − T )
ς with ς = 0.32 ± 155 

0.04, a value that departs significantly from the mean-field value of 0.5 for conventional 156 

CDWs. Going beyond Ref. [28], the large increase of Γ when approaching TC from below 157 

shows a diverging behavior that is well described by Γ = Γ0(TCO − T )
−1/2

, in agreement 158 

with the expectation of a divergence due to anomalous fluctuations near a phase 159 

transition in quasi-low-dimensional systems [34]. Different from what was reported in 160 

Ref. [28], the weak softening of less than 10% of ω0 sharply contrasts to that of the point-161 

group symmetry preserving CDWs in pristine samples where the CDW amplitude mode 162 

approaches zero frequency at TCO [35, 36]. However, it is highly reminiscent to that of 163 

the rotational symmetry breaking CDWs in doped compounds such as cuprates [37, 38] 164 

and K0.3MoO3 [34]. This unconventional temperature-dependent behavior evokes that 165 

expected for a disorder-interrupted point-group symmetry breaking order, invites further 166 

theoretical investigations to distinguish disorder effects from intrinsic effects due to 167 

strong electron correlations. 168 

By carrying out temperature dependent Raman measurements and symmetry analysis 169 

similar to Fig. 1-3 for four La doping levels spanning from pristine to the highest 170 

available doping level, we confirmed that both types of short-range domains with 90◦ 171 

rotated unidirectional charge order orientations coexist at mesoscopic scales as soon as 172 

the unidirectional charge order sets in around 200 K and across the IMT at xC ∼ 0.03. 173 

Such a small disorder threshold for inducing the short-range domains is consistent with 174 

the quasi-2D electronic structure of (Sr1-xLax)3Ir2O7. We further compare the charge order 175 

mode parameters against the La doping level in Fig. 4. The frequency ω0 of the charge 176 

order mode barely changes while the damping rate Γ increases by 50%, as the La doping 177 



 8 / 16

varies from x = 0.032 to 0.075. The constant charge order excitation energy, together with 178 

the nearly constant TCO, suggests that the important ingredient at the Fermi surface for 179 

developing unidirectional charge order remains nearly unchanged across doping levels in 180 

metallic (Sr1-xLax)3Ir2O7, one possibility being the wave vector connecting the 181 

neighboring electron pockets [39] and its joint charge density of states. The significantly 182 

increased damping rate is consistent with defect-enhanced fluctuations in quasi-2D 183 

electron systems. 184 

In conclusion, careful symmetry analysis on the RA polarized Raman spectra of 185 

metallic (Sr1-xLax)3Ir2O7 enabled us to resolve for the first time the symmetry point group 186 

and the wave vector orientation of the unidirectional charge order and establish the 187 

presence of both types of short-range domains with 90◦ rotated charge order wave 188 

vectors, despite the challenge of the probe beam being greater than the charge ordering 189 

length scale. The symmetry and the constant frequency of this charge order, as well as its 190 

emergence from doping a Mott insulator, are highly reminiscent of the ubiquitous charge 191 

order in underdoped cuprates. Meanwhile, the doping range near IMT of (Sr1-xLax)3Ir2O7, 192 

inaccessible in cuprates, provides us with the unique opportunity to resolve the divergent 193 

temperature dependence towards TCO and the strong increase upon doping for the 194 

damping rate of this charge order, which highly resembles those for a disorder-195 

interrupted ordered phase. Furthermore, our RA polarized Raman technique of retrieving 196 

single domain information out of a domain averaged signal is applicable to a broader 197 

class of point group symmetry breaking orders with defect interruptions. 198 
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FIGURE and FIGURE CAPTIONS 

 

FIG. 1. (a) Schematic of the RA polarized Raman spectroscopy experiment. The incident and 
scattered light propagates along the crystalline c axis, and their polarizations are varied within the 
ab plane. The polarization of the incident light (solid double arrows) is tuned by a half-wave 
plate, and the polarization of the scattered light (dashed double arrows) is selected by an analyzer 
to be either parallel or perpendicular to that of the incident light. The selected scattered 
polarization is then rotated back to vertical by a half-wave plate before sent into the spectrometer. 
All these optical components are strain-free to minimize the light depolarization. (b) Raman 
spectra of (Sr1-xLax)3Ir2O7 (x = 0.075) acquired in aa, a’a’, ab and a’b’ channels at 80 K. The 
insets indicate the polarization channels and the corresponding selected symmetry modes under 
D4h point group. The spectra in the low-frequency region is multiplied by a factor of 3 and 
highlighted in yellow shadow and a dashed vertical line. Black curves are fits to the one oscillator 
function. The uncertainty represents +/– one standard error of the fitted frequencies. The shaded 
profiles in aa and ab channels are Lorentzian fits to the modes marked by the black triangles, and 
the superposition of these two profiles accounts for the mode near 330 cm-1 in a’a’ channel. 
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FIG. 2. Polar plots of the fitted peak intensities of the charge order mode as a function of the 
rotation angle  in (Sr1-xLax)3Ir2O7 (x = 0.075) at 80 K in the parallel (top) and perpendicular 
(bottom) configurations. The RA patterns are fitted to the sum of the Raman intensities from two 
domains with 90o rotated charge order wave-vectors. The solid (empty) petals denote a positive 
(negative) phase for the scattered electric field. The error bars, +/– one standard error of the fitted 
peak intensities, are smaller than the symbol sizes and therefore are not visible in the polar plots. 
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FIG. 3. (a) Temperature dependence of the charge order mode in (Sr1-xLax)3Ir2O7 (x = 0.032). The 
spectra are vertically offset for clarity. The gray dots are raw data and solid curves are fits to the 
one oscillator function. (b)-(d) Temperature dependence of the peak intensity ( , red solid 
circles), the coupling constant ( , blue empty squares), the damping rate (Γ, black empty circles) 
and the frequency ( , black solid squares) of the charge order mode extracted from fits to the 
one oscillator function. Red, blue and black solid curves are fits to  for the 
peak intensity,  for the coupling constant, and Γ Γ /  for the 
damping rate, respectively. The error bars are chosen to be +/– one standard error of the fitted 
parameters. 
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FIG. 4. (a) Raman spectra of the charge order mode at 80 K in (Sr1-xLax)3Ir2O7 with x = 0, 0.032, 
0.065 and 0.075, respectively. The spectra are acquired without an analyzer and are vertically 
offset for clarity. (b) Doping dependence of the charge order frequency ( , red solid circles) and 
the damping rate (Γ, blue empty diamonds) at 80 K. The error bars are set to be +/– one standard 
error of the fitted parameters. 
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