
Evidence for chiral graviton modes in fractional 1 

quantum Hall liquids 2 

 3 

Jiehui Liang1*, Ziyu Liu2*, Zihao Yang1, Yuelei Huang1, Ursula Wurstbauer3, Cory R. Dean2, 4 

Ken W. West4, Loren N. Pfeiffer4, Lingjie Du1,5ǂ, Aron Pinczuk2,6 5 
1 School of Physics, National Laboratory of Solid State Microstructures, and Collaborative Innovation Center for Advanced 6 

Microstructures, Nanjing University, Nanjing 210093, China 7 

2 Department of Physics, Columbia University, New York, New York 10027, USA 8 

3 Institute of Physics, University of Münster, Wilhelm-Klemm-Str.10, 48149 Münster, Germany 9 

4 Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA 10 

5Shishan Laboratory, Suzhou Campus of Nanjing University, Suzhou 215000, China 11 

6 Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York 10027, USA 12 

*These authors contribute equally to this work 13 

ǂCorresponding author. Email: ljdu@nju.edu.cn 14 

 15 

  16 

Exotic physics could emerge from interplay between geometry and correlation. In 17 

fractional quantum Hall (FQH) states1, novel collective excitations called chiral 18 

graviton modes (CGMs) are proposed as quanta of fluctuations of an internal 19 

quantum metric under a quantum geometry description2-5. Such modes are 20 

condensed-matter analogues of gravitons that are hypothetical spin-2 bosons. 21 

They are characterized by polarized states with chirality6-8 of +2 or -2, and energy 22 

gaps coinciding with the fundamental neutral collective excitations (i.e., 23 

magnetorotons9,10) in the long-wavelength limit. However, CGMs remain 24 

experimentally inaccessible. Here, we observe chiral spin-2 long-wavelength 25 

magnetorotons using inelastic scattering of circularly-polarized lights, providing 26 

strong evidence for CGMs in FQH liquids. At filling factor v = 1/3, a gapped mode 27 

identified as the long-wavelength magnetoroton emerges under a specific 28 

polarization scheme corresponding to angular momentum S = -2, which persists 29 

at extremely-long wavelength. Remarkably, the mode chirality remains -2 at v = 30 

2/5 but becomes the opposite at v = 2/3 and 3/5. The modes have characteristic 31 

energies and sharp peaks with marked temperature and filling-factor dependence, 32 

corroborating the assignment of long-wavelength magnetorotons. The 33 

observations capture the essentials of CGMs and support the FQH geometrical 34 

description, paving the way to unveil rich physics of quantum metric effects in 35 

topological correlated systems. 36 

 37 

 38 

 39 

Main 40 

Substantial advancements in geometrical interpretations of condensed matter systems have 41 

propelled quantum metric effects to the forefront of intense research2-8,11-25. Examples include the 42 



anomalous and nonlinear Hall effects23-25 as well as collective excitations of FQH states2-10,18-20. The 43 

FQH effect1 presents a paradigm of topological order arising in two-dimensional electron gases 44 

(2DEGs) under strong perpendicular magnetic fields B⊥. Collective excitations play a key role in 45 

the FQH effect, with their dispersion governing the rich correlation physics. In the FQH states at v 46 

= p/(2p+1) (p = integer), correlation gives rise to incompressible liquids and is often described in 47 

terms of composite fermions (CFs) where each electron is bound by two flux quanta. CFs move in 48 

circular orbits (Fig. 1a) with Landau-like energy levels, responsible for fruitful topological 49 

phenomena, and excitations between adjacent orbits (or CF Landau levels) determine magnetoroton 50 

gaps26. Recently, Haldane introduced the concept of quantum geometry2 to the FQH effect, 51 

suggesting the existence of an intrinsic quantum dynamic metric as a new geometrical degree of 52 

freedom emerging from correlation. Phenomenologically, the quantum metric specifies the shape of 53 

CF orbits (or shape of fundamental droplets15) which characterizes the FQH states and can be tuned. 54 

Fluctuations of the metric distort the orbits (Fig. 1a) and give rise to spin-2 collective excitations as 55 

graviton modes3,5. In the FQH states, only chiral modes (CGMs) are allowed6-8, which carry S = -2 56 

for electron states or +2 for their particle-hole conjugates (Fig. 1b) and possess certain gap energies. 57 

CGMs have been studied the most in the v = 1/3 Laughlin state, with similar physics applicable 58 

to the Jain states8,19,20. At v = 1/3, the magnetoroton, proposed by Girvin, MacDonald and Platzman 59 

in the single-mode approximation9, has an energy minimum27,28 ∆m
R   analogous to the roton in 60 

helium, and can be described by one quasiparticle-quasihole pair of CFs29 separated by a distance 61 

proportional to wavevector q (Fig. 1c). In the long-wavelength limit (q ≈ 0), the excited CF 62 

overlaps its quasihole; then, the magnetoroton has dipole spectral weight vanishing quickly with 63 

(qlB)4 (lB= √ℏ𝑐/𝑒𝐵⊥  is the magnetic length), and was considered optically invisible9,10,30. 64 

Nevertheless, according to the FQH geometrical description3,5,6,17, as the distance approaches zero 65 

at q ≈ 0, metric fluctuations of the ground state would become the most effective and develop a 66 

quadrupole moment with the spin-2 CGM triggered between adjacent CF LLs (Fig. 1c). As a result, 67 

CGMs possess the gap energies of the long-wavelength magnetorotons9,10 ∆m
0 , which equivalently 68 

are chiral spin-2 long-wavelength magnetorotons3,6 (CS2LMs). Interestingly, while the Fierz-Pauli 69 

field equations31 in 3+1-dimensions (3+1D) were proposed to describe massive spin-2 bosons (i.e., 70 

massive gravitons), the equations for CS2LMs were found32,33 from the 2+1D Fierz-Pauli field 71 

equations in the nonrelativistic limit, thereby revealing the quasiparticle nature of CGMs. Owing to 72 

their spin-2 components5-7, CGMs would have quadrupole spectral weight dominant in ∆m
0 , which 73 

are sensitive to two-photon processes like in resonant inelastic light scattering (RILS).   74 

In experiments, the search for CS2LMs remains an open question. RILS offers direct access to 75 

low-lying collective excitations in the FQH regime10,27,28,34-37, providing critical examinations on 76 

the modelling of the FQH liquids9,29. In conventional unpolarized RILS studies, energy gaps of 77 

long-wavelength magnetorotons were investigated at v = 1/3 (refs. 10,27) and other FQH states28,34, 78 

manifesting incompressibility of the correlated liquids at macroscopic length scales. However, 79 

angular momenta of these modes have not been accessed since incident and scattered lights in the 80 

unpolarized setup possess linearly-polarized photons. Circularly-polarized RILS (CP-RILS) 81 

experiments that switch circular polarizations of incident and scattered photons could 82 

simultaneously probe their excitation gaps and angular momenta6,7, which are highly desirable to 83 

reveal CGMs in the FQH effect.  84 

Here, we report CP-RILS measurements that provide direct observation of chiral spin-2 long-85 

wavelength magnetorotons at v = 1/3 and its resembling fractional fillings. We locate collective 86 



modes at ∆m
0   in RILS spectra by their energies in magnetoroton dispersions. Remarkably, the 87 

modes are observed to possess polarization states of angular momentum S = -2 for v = 1/3 and 2/5 88 

or S = +2 for v = 2/3 and 3/5. Furthermore, sharp peaks of the spin-2 modes suggest that the modes 89 

have long wavelength; the mode energies at v = p/(2p+1) excellently follow the energy scaling ∆m
090 

∝Ec/|2p+1| (Ec=e2/εlB is the Coulomb energy, ε is the dielectric constant), confirming the 91 

magnetoroton characteristics of these long-wavelength modes. These modes are found sensitive to 92 

elevated temperatures and deviated filling factors away from the incompressible FQH states, 93 

behaviors indicative of magnetorotons. Our findings thus provide the first experimental evidence 94 

that FQH liquids harbor exotic quasiparticles of CGMs, and reveal the emergence of the quantum 95 

metric in topological orders. 96 

 97 

 98 

Excitations in RILS at v = 1/3 99 

An ultra-high-mobility 2DEG in a GaAs quantum well (QW) is measured in a backscattering 100 

configuration at an angle of incidence θ shown in Fig. 1d (see Methods). This configuration transfers 101 

wavevector k of photons to FQH liquids and excites long-wavelength excitations (e.g., q = k ≈ 102 

0.05/lB at θ = 25°). Nevertheless, weak residual disorder could break wavevector conservation27,28, 103 

thus allowing to detect modes with qlB ≳ 1. Low-lying excitations in FQH liquids are rare and can 104 

be probed using well-established methods in RILS studies10,27,28,34. Figure 1e presents RILS spectra 105 

of collective excitations at v = 1/3 in the unpolarized geometry with θ = 25°. Spin-wave excitations 106 

at q ≪ 1/lB (Δs
0) and at large-q (Δs

∞) are located in Fig. 1e (see Methods). Dramatic dependence on 107 

temperature and filling factor distinguishes three collective magnetoroton modes10,27 at v = 1/3 (see 108 

Extended Data Fig. 1). We compare these modes with the calculated dispersion scaled down from 109 

the ideal 2D result29 (the dashed red line in Fig. 1f), facilitating the specific assignments of ∆m
0 , 110 

∆m
R , and the mode ∆m

∞ with peaked density of states at large q (see Methods).  111 

 112 

 113 

CP-RILS at v = 1/3 114 

The chirality characteristic of ∆m
0  could be resolved by CP-RILS5-7 (see Methods). Figure 2a 115 

sketches all circularly-polarized (CP) scattering geometries (RR, LL, RL and LR) employed in CP-116 

RILS with right- (R) or left- (L) CP incident and scattered photons. According to angular momentum 117 

conservation, the angular momentum transferred to FQH liquids equals the change in the photon 118 

spin during light scattering. For example, a mode with S = -2 would be excited when the incident 119 

photon has spin -1 and the scattered one has spin +1; this process corresponds to both incident and 120 

scattered lights that are right-circularly polarized (RR). A mode with a well-defined chirality should 121 

dominate in one specific CP geometry corresponding to a certain angular momentum5-7; otherwise, 122 

the mode would be active in different CP geometries.  123 

The unpolarized RILS spectrum of ∆m
0  (Fig. 2b) can be considered as mixed signals from 124 

various CP geometries. As shown in Fig. 2c, CP-RILS resolves different CP components of the 125 

unpolarized signals. It can be readily found that ∆m
0  only appears in the RR geometry where two 126 

photons transfer spin angular momentum -2 into the FQH state. The mode has marked intensity 127 

dependence on incident photon energies ωL, which is peculiar to RILS (Fig. 2d). In other CP 128 

geometries, the mode is suppressed with photoluminescence (PL) background dominating the 129 

spectral line-shape (e.g., LR in Supplementary Fig. 1). In sharp contrast to ∆m
0 , ∆m

R  that is well-130 



defined in the magnetoroton dispersion displays finite intensity in all CP geometries (Fig. 2e). The 131 

simultaneous occurrence of this mode with both |S| = 0 and |S| = 2 indicates that it does not carry a 132 

certain chirality. The results thus reveal that ∆m
0  at v = 1/3 has a specific chirality with S = -2. 133 

Figure 2f demonstrates that the spin-2 mode has a quite sharp profile (with PL background 134 

subtracted as shown in Extended Data Fig. 2), characterized by full width at half maximum (FWHM) 135 

of 30 μeV. Its FWHM that is close to the one of ∆s
0 at q = k ≪1/lB, suggests that the spin-2 mode 136 

has its wavevector conserved in the scattering10 and is at long wavelength (see Methods), consistent 137 

with our assignment of this mode in Fig. 1e. In contrast, ∆m
∞ and ∆s

∞ have larger widths due to 138 

weak residual disorder27,28. As temperature increases, the spin-2 mode quickly collapses below 800 139 

mK (Fig. 2g). We also find that this mode rapidly quenches when the filling factor is away from v 140 

= 1/3 (Supplementary Fig. 2). The striking temperature and filling-factor dependent behaviors, 141 

fingerprints of the FQH effect, suggest that the spin-2 mode highly relies on the incompressibility 142 

and correlation of the v = 1/3 state.  143 

 144 

 145 

 146 

CP-RILS at an extremely small wavevector 147 

In RILS, the wavevector transferred to the 2DEG can be tuned by varying θ. By decreasing θ 148 

to 10°, we are able to probe modes at an extremely small klB ≈ 0.02. This value is significantly lower 149 

than typical ones (klB ≳ 0.05) reported in previous studies28,34, allowing us to approach the q = 0 150 

limit. In the following, all experiments are performed at θ = 10° unless noted otherwise. Similar 151 

with the result in Fig. 1e, the unpolarized RILS spectra at v = 1/3 identify ∆m
0   at 0.66 meV 152 

(Extended Data Fig. 3). Then we perform CP-RILS measurements to resolve CP components of this 153 

mode. Figure 3a shows a single peak in the RR geometry (corresponding to S = -2) coinciding with 154 

∆m
0  (Extended Data Fig. 4a) and no such peak is found in other geometries (corresponding to S = 155 

+2 and 0, such as LR in Extended Data Fig. 4b), reproducing the observation at klB ≈ 0.05. We also 156 

examine angular momentum of ∆m
0  by reversing the magnetic field direction and find that it 157 

remains -2. These results demonstrate that angular momenta of ∆m
0  keep constant and are equal to 158 

-2 at long wavelength, confirming long-wavelength magnetorotons as chiral spin-2 modes at v = 1/3.  159 

The CP-RILS spectra show that the energy ratio of the spin-2 mode to ∆m
R  reaches 2.07 at klB 160 

≈ 0.02 and decreases by 15% at klB ≈ 0.05 (Extended Data Fig. 5). The results agree well with the 161 

expected values9,29 for ∆m
0  (ratios at k ≈ 0 are in a range from 2.02 to 2.27 and diminish at larger k) 162 

and exclude the alternative explanation of two-roton bound states (see Methods). Moreover, as klB 163 

is reduced by a factor of 2.5, the measured intensities of ∆m
0  remain comparable (Figs. 2c and 3a), 164 

which is hard to be explained by the dipole picture for ∆m
0  (see Methods). According to the graviton 165 

picture5,7, the mode intensity is determined by the spectral densities of the spin-2 components of the 166 

kinetic stress tensor and remains finite even in the long-wavelength limit, which could account for 167 

our experimental observations. 168 

 169 

 170 

Chiralities of the spin-2 modes 171 

The chirality of ∆m
0   is further examined in the v = 2/3 state, the particle–hole symmetric 172 

counterpart of the v = 1/3 state. Employing the same methodology as described above, the 173 

magnetoroton modes are identified in the unpolarized RILS measurements (Supplementary Fig. 3). 174 



Remarkably, the CP-RILS spectra of ∆m
0  (Fig. 3b) demonstrate one peak only in the LL geometry 175 

corresponding to S = +2 and PL backgrounds dominate the spectra in other CP geometries with no 176 

RILS peaks found (such as LR in Supplementary Fig. 4), suggesting that ∆m
0  has angular 177 

momentum +2 at v = 2/3. Mention that if a mode exists, typically the overlapping strong PL 178 

background would resonantly enhance the RILS peak, as seen for ∆m
0   in RR at v = 1/3 (see 179 

Methods); otherwise, despite the strong PL background, no RILS peak would appear, e.g., in LR at 180 

v = 1/3 (Figs. 2c and 3a). On the other hand, in the absence of prominent PL, a collective mode if 181 

existing should still lead to RILS peaks, albeit weak, such as ∆m
0  in LL at v = 2/3. Notably, at v = 182 

2/3, the energy of the spin-2 mode has the same value as that at v = 1/3 in the unit of Ec (0.048 Ec), 183 

manifesting the same nature of the modes as long-wavelength magnetorotons.  184 

The physics of the chiral spin-2 modes at v = 1/3 and 2/3 is applicable to the v = 2/5 and 3/5 185 

Jain states8,19. At v = 2/5, magnetoroton modes can be viewed as excitations of CFs from the second 186 

filled CF Landau level to the next unoccupied one. Following the approach in Ref. 28, at v = 2/5 we 187 

perform unpolarized RILS measurements that locate ∆m
0  at 0.39 meV (Supplementary Fig. 5). 188 

Figure 3c shows that ∆m
0   in CP-RILS spectra has the circular polarization dependence in 189 

resemblance to that at v = 1/3, i.e., the spectra exhibit a well-defined ∆m
0  peak in the RR geometry 190 

(S = -2) with no peaks appearing in other CP geometries. Correspondingly, at v = 3/5, the circular 191 

polarization dependence of ∆m
0  coincides with that at v = 2/3 and clearly exhibits a sharp peak only 192 

in the LL geometry with S = +2 (Fig. 3d). Moreover, the ∆m
0  energy at v = 3/5 has the same value 193 

in the unit of Ec as that at v = 2/5, originating from the particle-hole symmetry. As summarized in 194 

Fig. 4a, our results clearly demonstrate that long-wavelength magnetorotons have polarization states 195 

with chirality of -2 (+2) in the v = 1/3 and 2/5 (v = 2/3 and 3/5) states, i.e., being chiral spin-2 modes.  196 

 197 

 198 

 199 

Long-wavelength magnetoroton nature 200 

Figure 4b displays the FWHM of these spin-2 modes, which are around 30 μeV (see details of 201 

PL background subtraction from CP-RILS spectra in Extended Data Fig. 6). Such sharp peaks 202 

confirm the long-wavelength essence of these modes as discussed in Fig. 2f. In FQH states, 203 

magnetoroton gap energies are determined by CFs moving in their orbits under effective magnetic 204 

fields B*=B⊥-B1/2 (B1/2 is the perpendicular magnetic field at v = 1/2), which are proportional34,38,39 205 

to Ec/|2p+1| (also see Extended Data Fig. 7). In our experiments, the spin-2 modes are gapped in 206 

the FQH states with extracted energies shown in Fig. 4c, and disappear quickly at deviated filling 207 

factors (see Figs. 4d and 4e, Extended Data Fig. 8). Remarkably, as illustrated in Fig. 4c and 208 

Extended Data Fig. 7, the fitting of their energies at v = 1/3, 2/3, 2/5 and 3/5 reveals an excellent 209 

linear scaling to Ec/|2p+1|, and the fitted energy is close to zero as p increases (v approaches 1/2). 210 

The results clearly corroborate that these modes have the same magnetoroton nature. Additionally, 211 

similar to the case at v = 1/3, the mode intensities at v = 2/3, 2/5 and 3/5 quickly collapse at elevated 212 

temperatures (Extended Data Fig. 9). The sensitivity of the modes on filling factors and temperature 213 

not only is consistent with the long-wavelength magnetoroton feature, but also reveals that the 214 

quantum metric dynamics that lead to the spin-2 geometry effect emerge from correlation.   215 

 216 

In conclusion, our findings confirm that long-wavelength magnetorotons are chiral spin-2 217 

modes in the FQH states. As summarized in Extended Data Table 1, the experimental observations 218 



incorporate key elements of CGMs characterized by their specific gaps (“masses”), chiral and spin-219 

2 properties. In this light, our results provide evidence for emergent CGMs in the FQH liquids. 220 

Moreover, our measurements give crucial support to the new geometrical degree of freedom and 221 

offer opportunities to investigate exotic physics in the FQH effect from the aspect of quantum 222 

geometry, e.g., cyclotron graviton modes20, nematic quantum Hall states12,13,17,36 and partons8,19,20. 223 

In particular, the CP-RILS method provides a powerful way to identify the nature of the v = 5/2 224 

state7,18, known for its potential applications in topological quantum computation. Intriguingly, the 225 

study uncovers non-negligible quantum metric effects in the topological order, facilitating 226 

explorations of the interplay between geometry and correlation in a wide range of quantum systems 227 

including atomic layers40,41, Kitaev lattices22, cold atoms42 and excitonic liquids43. 228 

 229 
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Main figure legends 351 

 352 

Fig. 1. Graviton modes and inelastic light scattering. a, The cartoon representation describes the 353 

dynamics of the internal metric. At v = 1/3, each CF moves in a circular orbit and the spatially 354 

dependent metric could be phenomenologically considered to deform the shape of CF orbits. b, 355 

Depiction of the chiral spin-2 characteristic of CGMs. In FQH states around v = 1/2, CGMs of 356 

electron states carry angular momentum S = -2 while those of the particle-hole conjugates exhibit 357 

the reversed chirality with S = +2. c, At v = 1/3, CFs are excited from the topmost occupied CF 358 

Landau level to the next empty one. As the distance d between each CF (yellow) and its quasihole 359 

(grey) approaches zero, CGMs are triggered by metric fluctuations. d, The experimental setup for 360 

RILS performed in a dilution refrigerator. Two polarizers are used to generate orthogonal linear 361 

polarizations of incident and scattered lights in the unpolarized geometry. In CP-RILS, additional 362 

λ/4 wave plates are positioned after the laser and in front of the spectrometer to generate and detect 363 

CP lights. Inset: A depiction of the backscattering geometry at a tilted angle θ. Incident and scattered 364 

lights have energies ωL and ωS with wavevectors kL and kS, respectively. The total magnetic field 365 

BT and its perpendicular component B⊥ are shown. e, RILS spectra at v = 1/3 in the unpolarized 366 

geometry with θ = 25°. Red and blue dashed lines indicate magnetoroton and spin-wave excitations, 367 

respectively. f, Calculated dispersions of collective excitations at v = 1/3. The red dashed line is 368 

scaled down from the ideal zero-width result of magnetoroton modes29 by a constant of 0.33 to 369 

account for the finite-thickness effect. EZ is the Zeeman energy. The blue dashed line represents a 370 

generic dispersion of spin-wave excitations.  371 

 372 

 373 



 374 

Fig. 2. CP-RILS measurements at v = 1/3 with θ = 25°. a, CP-RILS geometries are depicted. 375 

Right (left) handedness represents right- (left-) CP photons, defined as clockwise (anticlockwise) 376 

rotation of the electric field vector in a plane from the point of view of the receiver. Blue (red) 377 

curved arrows indicate incident or scattered photons with spin -1 (+1) in the magnetic field (z) 378 

direction. The transferred spin to the FQH liquid is marked for each geometry. b, RILS spectrum of 379 

Δm
0  at resonance in the unpolarized geometry at v = 1/3. The incident and scattered lights contain 380 

both left- and right-circular-polarized photons. We note that this mode does not emerge at other 381 

resonances throughout the entire range of investigated incident photon energies. c, Δm
0  spectra in 382 

four CP geometries at v = 1/3 with the same incident photon energy as that in b. RILS peaks are 383 

marked by vertical black arrows. The signals in LR are attributed to PL background (Supplementary 384 

Fig. 1). Spectral intensities in LL and RL are multiplied by a factor of 3. d, Resonant enhancement 385 

of RILS signals of Δm
0  in RR. The dashed line represents the smoothed PL background in this 386 

geometry. e, ∆m
R  spectra in four CP geometries. RILS peaks are marked by the blue dashed line. In 387 

contrast to ∆m
0 , ∆m

R  does not possess a specific chirality5,7. The RILS peak in LR is weak, since 388 

weak PL background affects the resonant enhancement. f, FWHM of several collective modes in 389 

RR. Values of FWHM are displayed. Energy* refers to normalized energy with the peak energy set 390 

zero. Open dots for Δm
0  are experimental data with PL background subtracted (Extended Data Fig. 391 

2), which are fitted with a Lorentzian peak. g, Marked temperature dependence of Δm
0  in RR. 392 
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 394 



 395 

Fig. 3. Circular polarization dependence of the 𝚫𝐦
𝟎  modes in FQH states with θ = 10°. At 396 

extremely small klB, Δm
0  spectra in four CP geometries are displayed: a for v = 1/3, b for v = 2/3, c 397 

for v = 2/5, and d for v = 3/5. At v = 1/3 and 2/5, the Δm
0  modes are observable in the RR geometry 398 

(marked by arrows in green spectra), while at v = 2/3 and 3/5, the modes are found in the LL 399 

geometry (marked by arrows in purple spectra). Grey dashed lines represent smoothed PL signals 400 

in the corresponding CP geometries. At these FQH states, the Δm
0   modes are absent in other 401 

geometries where PL signals contribute to the spectra intensities (shown in grey). Specifically, 402 

Extended Data Fig. 4b and Supplementary Fig. 4 show that the signals in the LR geometry in a and 403 

b are from PL background, respectively. For clarity, the spectra intensities in some geometries are 404 

rescaled as specified.  405 

 406 



 407 

Fig. 4. Chiral spin-2 long-wavelength magnetoroton modes in FQH states. a, Angular momenta 408 

of the Δm
0  modes at v = 1/3, 2/3, 2/5 and 3/5 with θ = 25° (red) and θ = 10° (gold). b, FWHM of 409 

the Δm
0  modes in the FQH states with θ = 25° (red) and θ = 10° (gold). Dashed lines in a and b 410 

are guides to the eye. c, Energies of the Δm
0  modes plotted against (e2/εlB)/|2p+1| at θ = 10°. The 411 

error bars indicate the uncertainty in determining the energy positions in RILS spectra. The mode 412 

energies at v = 1/3 (p = 1), 2/5 (p = 2), 2/3 (p = -2) and 3/5 (p = -3) are found proportional to 413 

(e2/εlB)/|2p+1| very well. The dashed line is from the fitting with details available in Extended Data 414 

Fig. 7. d and e display the filling factor dependence of the Δm
0  modes around v = 1/3 and 2/5 in the 415 

RR geometry, respectively. RILS peaks are marked by vertical black arrows. 416 
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Methods 434 

Low-temperature optical measurements 435 

The 2DEG is confined in a modulation-doped 58.5 nm GaAs single QW. The electron mobility 436 

at 300 mK in a sample from the same wafer reaches 14×106 cm2/Vs at density n = 7.2×1010 cm-2. 437 

The ultra-high-mobility 2DEG under magnetic fields provides a clean platform to explore correlated 438 

many-body physics. The high sample quality enables RILS observations of collective modes of 439 

FQH states.  440 

The sample is mounted on the cold finger of a 3He/4He dilution refrigerator (Bluefors LD400, 441 

base temperature of about 50 mK), which is inserted into the cold bore of a 14 T superconducting 442 

magnet. To ensure good thermal contact, the sample is attached to the cold finger using copper-443 

loaded grease. Gold wires are connected from the QW to the copper finger to further enhance 444 

thermal contact with the 2DEG. 445 

Optical windows are installed at the bottom of the dilution refrigerator to provide the direct 446 

optical access, as illustrated in Fig. 1d. In measurements, we employ a conventional backscattering 447 

geometry with a small tilt angle θ between the incident (scattered) photons and the normal of the 448 

sample surface10,28,34,44. We note that since the 2DEG is embedded within the QW, the refraction 449 

between the vacuum and the GaAs/AlGaAs-based QW with small θ renders the incident light nearly 450 

normal to the 2DEG plane. The perpendicular magnetic field applied to the sample is B⊥ = BT cosθ, 451 

where BT represents the total magnetic field. For a different θ, BT is adjusted to retain B⊥ of the 452 

corresponding FQH state. A tunable Ti:sapphire laser is utilized and the incident photon power 453 

density is kept below 10-4 W/cm2 to prevent significant heating of the sample at the base temperature. 454 

For unpolarized RILS measurements that suppress parasitic reflected lights at the laser wavelength, 455 

a linear polarizer is used to rotate the light polarization so that the incident linearly-polarized light 456 

becomes perpendicular to the scattered linearly-polarized light and the direction of the entrance slit 457 

in the spectrometer45. As shown in Supplementary Fig. 6a, scattered lights are collected by lenses 458 

and focused onto the entrance slit of the spectrometer. Another linear polarizer, aligned parallel to 459 

the entrance slit, is placed in front of the spectrometer to improve the selectivity for polarized lights. 460 

In the case of CP-RILS measurements (Supplementary Fig. 6b), additional λ/4 wave plates are 461 

inserted behind the linear polarizer and in front of the spectrometer to generate CP lights and convert 462 

CP lights to linearly polarized lights, respectively. We use a triple grating spectrometer equipped 463 

with holographic gratings to disperse and record the scattered signals. Photons are detected with a 464 

charged coupled device with a liquid nitrogen cooling system, offering a high spectral resolution 465 

with low readout noise. The system achieves a high combined spectral resolution < 16 μeV. 466 

Compared with the case at 25°, we narrow down the entrance slit of the spectrometer at 10° to 467 

mitigate a stronger stray light effect. This adjustment, while necessary, also results in a general 468 

suppression of the observed intensities of the scattered lights. 469 

Spectra are displayed as a function of energy difference ω = ωL − ωS, where ωL is the incident 470 

photon energy and ωS is the scattered photon energy. In this framework, RILS spectra are obtained 471 

by tuning ωL to the resonance conditions. Low-lying RILS peaks do not shift with ω, distinguishing 472 

them from PL bands. In RILS experiments, a small wavevector k is transferred from photons to the 473 

sample, k = (2ωL/c)sinθ ≈  2.67×106 m-1 at θ = 10o. In this case, k ≈ 0.02/lB enables long-474 

wavelength excitations with q = k under wavevector conservation. In our experiments at v = 1/3, k 475 

can be tuned from ≈ 0.02 to ≈ 0.05. At larger wavevectors, i.e., 0.05 < klB < 0.1, the magnetoroton 476 

was found to split into two peaks44 that might be attributed5,7,37 to mixed modes comprising spin +2 477 



and spin -2. Additionally, weak residual disorder could break wavevector conservation, allowing 478 

RILS to probe modes with qlB ≳ 1 in the magnetoroton dispersion27,28,45. We determine the magnetic 479 

field for v = 1 which establishes the filling factor dependence of the magnetic fields (see below). 480 

 481 

 482 

 483 

 484 

Determination of filling factors 485 

Filling factors of FQH states in the lowest Landau level are determined from RILS 486 

measurements of the long-wavelength spin-wave modes ∆s
0  around v = 1. The modes are 487 

exclusively at the Zeeman energy EZ. Significant enhancement of the ∆s
0 mode is expected at v = 488 

1 when the magnetic field is tuned to define this fully spin polarized state46. The determination of 489 

the magnetic field strength at v = 1 enables the accurate calculation of magnetic fields for other 490 

filling factors. 491 

Supplementary Figure 7 presents the RILS spectrum of the ∆s
0  mode under maximized 492 

resonance enhancement at v = 1, which is obtained in the unpolarized geometry. It is worth noting 493 

that the very sharp spin-wave mode at v = 1 is observed only under extreme resonance conditions. 494 

The very intense spin-wave peak completely disappears when the incident photon energy is tuned 495 

away by approximately 95 μeV.  496 

Supplementary Figure 7 illustrates that a deviation of the filling factor from v = 1 significantly 497 

reduces the mode intensity. Specifically, a small deviation in filling factor of Δv = ± 0.01 from v = 498 

1 results in a reduction of the mode intensity by about 5% and a change of Δv = ± 0.02 from v = 1 499 

leads to a decrease of the intensity by more than 10%. This reduction is due to decreased spin 500 

polarization46 as the filling factor is away from v = 1. Following this procedure, we can precisely 501 

determine the magnetic field for v = 1 based on the spin-wave mode intensity in RILS measurements. 502 

Consequently, the accurate filling factor can be identified as a function of magnetic fields in the 503 

lowest Landau level. In our measurement, the magnetic field for v = 1 is found to be 3.6 T at θ = 25° 504 

and correspondingly, the electron density of the investigated sample yields n = 7.9×1010 cm-2. The 505 

case at θ = 10° is similar. 506 

 507 

Identification of collective modes  508 

Figure 1e presents RILS spectra from intra-Landau-level collective excitations at v = 1/3 in the 509 

unpolarized geometry with θ = 25o. RILS peaks, observed at EZ (at v = 1/3 and other filling factors), 510 

are identified as the long-wavelength spin-wave mode ∆s
0 (ref. 10). The ∆s

0 mode determined by 511 

the Zeeman energy suggests that the wavevector is conserved in the light scattering process (q = k 512 

≪1/lB) and thus the mode is in the long-wavelength limit. Wavevector conservation is further 513 

confirmed by its sharp peak10. We mention that the similar peak sharpness of the spin-2 mode and 514 

∆s
0, as illustrated in Fig. 2f, indicates that wavevector conservation also applies to the spin-2 mode, 515 

placing it in the long-wavelength limit with q = k ≪1/lB. Moreover, a broader mode observed at 0.6 516 

meV persists to non-FQH filling factors (e.g., v = 0.3 and 0.38) and is insensitive to temperature up 517 

to 800 mK at v = 1/3, suggesting that it is the large-q spin-wave excitation Δs
∞ activated by disorder 518 

scattering27,45.  519 

In contrast, we identify three other low-lying modes in Fig. 1e, which vanish with increasing 520 

temperatures below 800 mK (as shown in Extended Data Figs. 1b, 1d and 1f) and quickly collapse 521 



for filling factors away from v = 1/3 (as shown in Extended Data Figs. 1a, 1c and 1e). The 522 

characteristic temperature and filling factor dependence suggest that they are collective 523 

magnetoroton excitations of the FQH liquid10,27. At v = 1/3, there are three characteristic features in 524 

the magnetoroton dispersion: the roton minimum ∆m
R , the magnetoroton ∆m

∞ at large wavevectors 525 

and the long-wavelength magnetoroton ∆m
0 . ∆m

R  can be understood as a quasiparticle-quasihole 526 

pair and has been observed. ∆m
∞ corresponds to the activation gap in transport and has been studied 527 

intensively. ∆m
0  is linked to the macroscopic coherence and the predicted CGMs, but its 528 

understanding is far from complete.  529 

Then we compare the experimental results with the calculated dispersion scaled down by a 530 

constant from the ideal 2D result29 (the dashed red line of Fig. 1f), to facilitate specific assignments 531 

of the observed modes. Within the three modes, the mode at the highest energy (0.65 meV) is 532 

interpreted as ∆m
0 . The modes at 0.36 meV and 0.45 meV are ascribed to ∆m

R  and ∆m
∞, respectively. 533 

The observed energies are smaller than those measured in the v = 1/3 state host in narrow QWs, due 534 

to larger finite-thickness effects that soften short-range Coulomb interactions9,10,29,47. The softened 535 

interactions would lower energies of the magnetoroton modes. Remarkably, the scaled constants 536 

that account for finite-thickness effects are found close across various FQH states, as shown in Fig. 537 

1f, Extended Data Fig. 3b, Supplementary Figs. 3b and 5b.  538 

Furthermore, at klB ≈ 0.05, the energy ratio of ∆m
0   to ∆m

R   in our experiments shows a 539 

discrepancy as large as 20%, compared to theoretical calculations at q ≈ 0 (in the expected range 540 

from 2.02 to 2.27). We attribute it to the effect of the relatively large wavevector29,45. As shown in 541 

Extended Data Fig. 5, at a smaller wavevector (klB ≈ 0.02), this discrepancy is greatly suppressed 542 

and the observed ratio falls within the expected range. Such agreement in mode energies is 543 

remarkable and confirms our assignments. 544 

 545 

 546 

Alternative explanations 547 

Theories9,48,49 suggest that at v = 1/3 two ∆m
R  with opposite momenta might form a two-roton 548 

bound state with zero (total) momentum. The energy ratio of the two-roton state to ∆m
R   is 549 

expected48,49 to be below two (specifically 1.8 at k ≈ 0) and to increase with larger k. In our 550 

experiments, at v = 1/3, the energy ratio of the spin-2 mode to ∆m
R  reaches 2.07 at klB ≈ 0.02 and 551 

decreases by 15% at klB ≈ 0.05, as shown in Extended Data Fig. 5. Apparently, the observed mode 552 

behaviors are distinct from the expectation for the two-roton state. Similarly, at v = 2/3, the observed 553 

energy ratio of the spin-2 mode to ∆m
R  about 2.2 at v = 2/3 (Extended Data Fig. 5) notably surpasses 554 

that predicted for the two-roton bound state, again ruling out the latter as a plausible explanation. 555 

In previous theoretical treatments of the single mode approximation9,30, the intensity of ∆m
0  556 

would be associated with the dynamical structure factor in the lowest Landau level; it is expected 557 

to vanish quickly with (klB)4, in accordance with Kohn’s theorem which claims that the cyclotron 558 

mode exhausts the dipole spectral weight at long wavelength. For klB reduced by a factor of 2.5, the 559 

∆m
0  intensity would be suppressed by a factor of ≈ 1/40, causing the mode to be optically invisible. 560 

However, in our experiments, the measured intensities of ∆m
0  remain comparable (Figs. 2c and 3a), 561 

which cannot be explained by this dipole picture.  562 

 563 

 564 

Resonant enhancement of inelastic light scattering 565 



 Collective excitations of FQH liquids are delicate emergent phenomena which can be observed 566 

by RILS10. It is achieved by tuning ωL to the resonance conditions. Resonant enhancements occur 567 

when the photon energy matches intermediate inter-band optical transitions that involve conduction 568 

and valence bands of the GaAs QW. Under a strong magnetic field, the complex structure of Landau 569 

levels in valence bands modifies optical matrix elements50.  570 

RILS by collective excitations can be described using 3rd order time-dependent perturbation 571 

theory. Three virtual transitions are involved: In the first step, through light-matter interactions Hep 572 

an incident photon of energy ωL is annihilated, promoting an electron from a valence band state |𝑣⟩ 573 

to an intermediate state |𝑚⟩ which is in a conduction band. ωm is the energy of the transition from 574 

|𝑣⟩ to |𝑚⟩. In the second step, electron-electron interactions Hee cause the scattering from |𝑚⟩ to 575 

the second intermediate state |𝑛⟩. A collective mode (quasiparticle) of the electron liquid is created 576 

and coupled to such scattering. In the third step, the recombination of the final conduction |𝑛⟩ and 577 

valence states |𝑣⟩ emits a scattered photon with energy ωS. The transition from |𝑛⟩ to |𝑣⟩ has 578 

energy ωn. Due to energy conservation, the energy of the collective mode probed in RILS is given 579 

by the energy shift during the light scattering ω = ωL - ωS. The three-step process and the scattering 580 

intensity can be written as51: 581 

𝐼(𝜔) ∝ |∑
〈𝑣|𝐻ep|𝑛〉〈𝑛|𝐻ee|𝑚〉〈𝑚|𝐻ep|𝑣〉

(𝜔s − 𝜔n)(𝜔L − 𝜔m)
𝑚,𝑛

|

2

 582 

where we find a maximized light scattering intensity at resonance conditions, i.e., when the 583 

denominator in the above expression is vanishingly small. In our experiments, when the 584 

intermediate inter-band optical transitions from |𝑛⟩ to |𝑣⟩ overlap PL transitions of X, RILS is 585 

enhanced by the resonance with X transitions51. As more X transitions are involved, which give 586 

stronger PL signals, the scattering intensity would be expected larger. The strength of the PL 587 

background in different circular polarization setups depends on the relevant optical transitions 588 

between conduction-band and valence-band Landau levels. We have to mention that although the 589 

strength of PL background affects the resonant enhancement of RILS peaks, the appearance of RILS 590 

peaks is determined by the presence of a collective mode, not by the strength of PL background. 591 

 592 
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Extended data figure legends 652 

653 

Extended Data Fig. 1. Filling factor and temperature dependence of magnetoroton modes at v 654 

= 1/3 in the unpolarized geometry with θ = 25°. Spectra of ∆m
0 , ∆m

R  and ∆m
∞  at filling factors 655 

around v = 1/3 are shown in a, c and e, respectively. The mode intensities reach their maxima at v = 656 

1/3, and rapidly decrease as filling factors deviate from v = 1/3. The observations suggest that as the 657 

system becomes more compressible, the quantum liquid supporting magnetoroton excitations 658 

appears to vanish. Temperature dependence of ∆m
0 , ∆m

R  and ∆m
∞ at v = 1/3 is shown in b, d and f, 659 

respectively. With increased temperatures, the intensities of the magnetoroton modes decrease and 660 

vanish at temperatures below 800 mK. The behaviors indicate that the magnetoroton modes are 661 

highly temperature-sensitive collective excitations, further highlighting their roles in characterizing 662 

the properties of the FQH states. RILS peaks are marked by vertical black arrows.  663 

 664 

 665 



 666 

Extended Data Fig. 2. Peak fitting of the ∆𝐦
𝟎  mode at v = 1/3 in the RR geometry with θ = 25°. 667 

The measured ∆m
0  mode at resonance (black open dots) includes contribution from PL background. 668 

The red open dots show the ∆m
0  mode after subtracting smoothed PL background (the grey dashed 669 

line), which are fitted by a Lorentzian peak (the black line) with FWHM of 30 μeV. The combination 670 

(the red dashed line) of the fitted Lorentzian peak and PL background gives a remarkable match 671 

with the measured signals in the RR geometry. The relatively narrow peak width of this mode 672 

suggests wavevector conservation in the scattering process with q = k ≪1/lB, confirming its long-673 

wavelength nature. 674 

 675 

 676 



 677 

Extended Data Fig. 3. RILS measurements at v = 1/3 with θ = 10°. a, RILS spectra at v = 1/3 in 678 

the unpolarized geometry as a function of ωL. Similar to those in Fig. 1e, the red and blue dashed 679 

lines indicate magnetoroton and spin-wave excitations, respectively. Compared with the result at θ 680 

= 25o, ∆s
0 at θ = 10° has a lower energy but remains at Ez, confirming its assignment. b, Calculated 681 

dispersions of collective excitations at v = 1/3 that support the assignment of the modes. The red 682 

dashed line is scaled down from the ideal zero-width result29 by a factor of 0.305, accounting for the 683 

finite-thickness effect. The blue dashed line represents a generic dispersion for the spin-wave 684 

excitations. c, RILS spectra of the ∆m
R  excitation at v = 1/3 in the unpolarized geometry at different 685 

ωL. The well-resolved peaks are marked by the vertical red dashed line. We mention that the ∆m
R  686 

mode energy at 25° is larger than that at 10°, since a larger tilted angle induces a higher in-plane 687 

magnetic field, causing the electrons to behave in a more 2D manner. On the other hand, the ∆m
0  688 

energies at two tilted angles are closed. It is because a smaller tilted angle also gives a reduced klB 689 

in the magnetoroton dispersion, which corresponds to an increased ∆m
0  energy, as shown in the red 690 

dashed line in b. The two factors interplay in the case of ∆m
0 . d, At v = 1/3, magnetoroton modes 691 

could be understood as excitations of CFs from the topmost (the lowest) occupied CF Landau level 692 

to the next unoccupied one. 693 
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 701 

Extended Data Fig. 4. Optical spectra at v = 1/3 measured at different ωL in the RR and LR 702 

geometries with θ = 10°. a, Resonant enhancement of RILS signals of the Δm
0  mode in the RR 703 

geometry. The RILS peaks maintain a consistent energy shift at different ωL. The resonant 704 

enhancement of Δm
0   is clearly demonstrated by the marked intensity dependence on ωL. RILS 705 

peaks are marked by the dashed red line. b, Optical spectra measured in the LR geometry. The 706 

feature of the spectrum measured at ωL = 1520.89 meV (that also appears in the LR geometry in 707 

Fig. 3a) shifts as ωL varies, which is identified as PL signals. No RILS signals are found in the 708 

spectra in the LR geometry.  709 

 710 

 711 



 712 

Extended Data Fig. 5. Energy ratios of the measured spin-2 modes to ∆𝐦
𝐑  in the v = 1/3 and 2/3 713 

states. In RILS experiments, the wavevector k = (2ωL/c)sinθ transferred to the system can be 714 

adjusted by altering θ. At v = 1/3, a reduction of θ from 25° to 10° results in a decrease of klB from 715 

≈ 0.05 to an extremely small value ≈ 0.02, effectively approaching the long-wavelength limit (q = k 716 

= 0). At v = 1/3, the energy ratio of the spin-2 mode to ∆m
R  reaches 2.07 at klB ≈ 0.02 (Fig. 3a and 717 

Extended Data Fig. 3) and decreases by 15% as klB increases to ≈ 0.05 (Figs. 1e and 2c), as guided 718 

in the red dashed line. At v = 2/3, the energy ratio reaches 2.2 at klB ≈ 0.03 with θ = 10° (Fig. 3b 719 

and Supplementary Fig. 3). The error bars originate from the uncertainty in determining the energy 720 

positions of these two modes in RILS spectra. Notably, at extremely small wavevectors, the 721 

measured energy ratios at v = 1/3 and 2/3 are larger than the value (1.8 at zero wavevector) expected 722 

for a two-roton bound state (the black dashed arrow). The ratio for the two-roton bound state would 723 

increase with wavevectors but have to be lower than two because of its two-roton characteristic. We 724 

would like to mention that the large energy ratio at v = 2/3 indicates that ∆m
0   could be in the 725 

continuum of excitations. Interestingly, in CP-RILS measurements, ∆m
0  is well resolved in the LL 726 

geometry, which indicates that the continuum does not have a large contribution in this geometry.  727 

 728 

 729 



 730 

Extended Data Fig. 6. Peak fitting of the ∆𝐦
𝟎  modes at v = 1/3, v = 2/3, v = 2/5 and v = 3/5 with 731 

θ = 10°. The black open dots represent the experimental signals of the ∆m
0  modes in CP geometries 732 

(RR for v = 1/3 and v = 2/5, LL for v = 2/3 and v = 3/5). The grey dash lines indicate smoothed PL 733 

background signals. The black lines are the fitted Lorentzian peaks with small FWHM (29 μeV for 734 

v = 1/3, 33 μeV for v = 2/3, 30 μeV for v = 2/5 and 27 μeV for v = 3/5). The combination of these 735 

fitted Lorentzian peaks and PL background signals (the red dashed lines) gives a remarkable 736 

agreement to the measured RILS spectra. The sharpness of these peaks is noteworthy, as it indicates 737 

wavevector conservation in the scattering.  738 
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 747 

Extended Data Fig. 7. Comparison of the measured ∆m
𝟎  energies to theoretical calculations. 748 

The yellow dots represent theoretical calculations of the ∆m
0  energies at v = 1/3 (p = 1) and v = 2/5 749 

(p = 2), obtained from Ref. 29 for zero-width 2D systems. Theoretical values given in the reference 750 

in the unit of Ec are converted to meV scale using the density of our sample. The black dots represent 751 

experimental results obtained in our RILS measurements. These experimental results are taken at θ 752 

= 10° and correspond to filling factors v = 1/3 (p = 1), 2/3 (p = -2), 2/5 (p = 2) and 3/5 (p = -3). The 753 

error bars indicate the uncertainty in determining the energy positions in the RILS spectra. Both 754 

theoretical (yellow dots) and experimental (black dots) gap energies are found proportional to 755 

(e2/εlB)/|2p+1|, characteristic of CFs moving under effective magnetic fields in the orbits, which 756 

determine the magnetoroton gaps. The dashed line represents an excellent linear fit of the 757 

experimental data, yielding a slope of 0.142 and y-intercept of 0.009 meV. The solid line is the 758 

guide to the eye. 759 

 760 



 761 

Extended Data Fig. 8. Filling factor dependence of the ∆m
0  modes at v = 2/3 and 3/5 in the LL 762 

geometry with θ = 10°. a, RILS spectra of the ∆m
0  mode at filling factors around v = 2/3. The mode 763 

intensity rapidly decreases as the filling factor deviates from v = 2/3. b, RILS spectra of the ∆m
0  764 

mode at filling factors around v = 3/5. A similar rapid decline in the mode intensity is observed as 765 

the filling factor moves away from v = 3/5. The FQH effect is known for its incompressible behavior 766 

at specific fractional filling factors, and deviations from these filling factors make the system more 767 

compressible. The observed pronounced sensitivity to filling factors is characteristic of the FQH 768 

effect. RILS peaks are marked by vertical black arrows. 769 
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 774 

Extended Data Fig. 9. Temperature dependence of the ∆𝐦
𝟎  modes at FQH states with θ = 10°. 775 

a, b and c present temperature dependence of the ∆m
0  modes at v = 2/3 (in the LL geometry), v = 776 

2/5 (in the RR geometry) and v = 3/5 (in the LL geometry), respectively. As the temperature 777 

increases, the mode intensities are suppressed in all the three cases and the modes eventually vanish 778 

at 800 mK. In the FQH states, the formation of incompressible liquids results from strong electron-779 

electron interactions with the presence of energy gaps. However, as the temperature rises, thermal 780 

excitations could disrupt the delicate correlated ground states, leading to the observed reduction in 781 

the mode intensity. RILS peaks are marked by vertical black arrows. 782 
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 788 

Extended Data Table 1. Summary of the experimental results. CGMs are characterized by their 789 

specific gaps (“masses”), spin-2 and chiral properties. In this table, we show that the experimental 790 

results capture these key elements.  791 


