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Exotic physics could emerge from interplay between geometry and correlation. In
fractional quantum Hall (FQH) states!, novel collective excitations called chiral
graviton modes (CGMs) are proposed as quanta of fluctuations of an internal
quantum metric under a quantum geometry description?>>. Such modes are
condensed-matter analogues of gravitons that are hypothetical spin-2 bosons.
They are characterized by polarized states with chirality®® of +2 or -2, and energy
gaps coinciding with the fundamental neutral collective excitations (i.e.,
magnetorotons®!®) in the long-wavelength limit. However, CGMs remain
experimentally inaccessible. Here, we observe chiral spin-2 long-wavelength
magnetorotons using inelastic scattering of circularly-polarized lights, providing
strong evidence for CGMs in FQH liquids. At filling factor v =1/3, a gapped mode
identified as the long-wavelength magnetoroton emerges under a specific
polarization scheme corresponding to angular momentum § = -2, which persists
at extremely-long wavelength. Remarkably, the mode chirality remains -2 at v =
2/5 but becomes the opposite at v = 2/3 and 3/5. The modes have characteristic
energies and sharp peaks with marked temperature and filling-factor dependence,
corroborating the assignment of long-wavelength magnetorotons. The
observations capture the essentials of CGMs and support the FQH geometrical
description, paving the way to unveil rich physics of quantum metric effects in
topological correlated systems.

Main
Substantial advancements in geometrical interpretations of condensed matter systems have

propelled quantum metric effects to the forefront of intense research?%!2>. Examples include the
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23-25 as well as collective excitations of FQH states?'%18-20, The

anomalous and nonlinear Hall effects
FQH effect' presents a paradigm of topological order arising in two-dimensional electron gases
(2DEGs) under strong perpendicular magnetic fields B.. Collective excitations play a key role in
the FQH effect, with their dispersion governing the rich correlation physics. In the FQH states at v
= p/(2p+1) (p = integer), correlation gives rise to incompressible liquids and is often described in
terms of composite fermions (CFs) where each electron is bound by two flux quanta. CFs move in
circular orbits (Fig. la) with Landau-like energy levels, responsible for fruitful topological
phenomena, and excitations between adjacent orbits (or CF Landau levels) determine magnetoroton
gaps®®. Recently, Haldane introduced the concept of quantum geometry? to the FQH effect,
suggesting the existence of an intrinsic quantum dynamic metric as a new geometrical degree of
freedom emerging from correlation. Phenomenologically, the quantum metric specifies the shape of
CF orbits (or shape of fundamental droplets'®) which characterizes the FQH states and can be tuned.
Fluctuations of the metric distort the orbits (Fig. 1a) and give rise to spin-2 collective excitations as
graviton modes®°. In the FQH states, only chiral modes (CGMs) are allowed®, which carry S = -2
for electron states or +2 for their particle-hole conjugates (Fig. 1b) and possess certain gap energies.

CGMs have been studied the most in the v = 1/3 Laughlin state, with similar physics applicable
to the Jain states®!%20. At v = 1/3, the magnetoroton, proposed by Girvin, MacDonald and Platzman
in the single-mode approximation®, has an energy minimum?’2% AR analogous to the roton in
helium, and can be described by one quasiparticle-quasihole pair of CFs?’ separated by a distance
proportional to wavevector g (Fig. 1c). In the long-wavelength limit (¢ = 0), the excited CF
overlaps its quasihole; then, the magnetoroton has dipole spectral weight vanishing quickly with
(¢ls)* (Is=+[hc/eB, is the magnetic length), and was considered optically invisible®!0-3.
Nevertheless, according to the FQH geometrical description®>%!7, as the distance approaches zero
at g = 0, metric fluctuations of the ground state would become the most effective and develop a
quadrupole moment with the spin-2 CGM triggered between adjacent CF LLs (Fig. 1c). As a result,
CGMs possess the gap energies of the long-wavelength magnetorotons™'? A%, which equivalently
are chiral spin-2 long-wavelength magnetorotons®® (CS2LMs). Interestingly, while the Fierz-Pauli
field equations®' in 3+1-dimensions (3+1D) were proposed to describe massive spin-2 bosons (i.e.,
massive gravitons), the equations for CS2LMs were found*?3? from the 2+1D Fierz-Pauli field
equations in the nonrelativistic limit, thereby revealing the quasiparticle nature of CGMs. Owing to
their spin-2 components®”’, CGMs would have quadrupole spectral weight dominant in A, which
are sensitive to two-photon processes like in resonant inelastic light scattering (RILS).

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

1027.28,34-37  providing critical examinations on

low-lying collective excitations in the FQH regime
the modelling of the FQH liquids®?°. In conventional unpolarized RILS studies, energy gaps of
long-wavelength magnetorotons were investigated at v = 1/3 (refs. 10,27) and other FQH states?®34,
manifesting incompressibility of the correlated liquids at macroscopic length scales. However,
angular momenta of these modes have not been accessed since incident and scattered lights in the
unpolarized setup possess linearly-polarized photons. Circularly-polarized RILS (CP-RILS)
experiments that switch circular polarizations of incident and scattered photons could
simultaneously probe their excitation gaps and angular momenta®’, which are highly desirable to
reveal CGMs in the FQH effect.

Here, we report CP-RILS measurements that provide direct observation of chiral spin-2 long-
wavelength magnetorotons at v = 1/3 and its resembling fractional fillings. We locate collective
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modes at A% in RILS spectra by their energies in magnetoroton dispersions. Remarkably, the
modes are observed to possess polarization states of angular momentum S = -2 for v = 1/3 and 2/5
or § =+2 for v=2/3 and 3/5. Furthermore, sharp peaks of the spin-2 modes suggest that the modes
have long wavelength; the mode energies at v = p/(2p+1) excellently follow the energy scaling A9
< E/|2p+1| (E.=e%els is the Coulomb energy, ¢ is the dielectric constant), confirming the
magnetoroton characteristics of these long-wavelength modes. These modes are found sensitive to
elevated temperatures and deviated filling factors away from the incompressible FQH states,
behaviors indicative of magnetorotons. Our findings thus provide the first experimental evidence
that FQH liquids harbor exotic quasiparticles of CGMs, and reveal the emergence of the quantum
metric in topological orders.

Excitations in RILS atv=1/3

An ultra-high-mobility 2DEG in a GaAs quantum well (QW) is measured in a backscattering
configuration at an angle of incidence 8 shown in Fig. 1d (see Methods). This configuration transfers
wavevector k of photons to FQH liquids and excites long-wavelength excitations (e.g., ¢ = k =
0.05/Ig at 6 = 25°). Nevertheless, weak residual disorder could break wavevector conservation?’28,
thus allowing to detect modes with ¢/g = 1. Low-lying excitations in FQH liquids are rare and can
be probed using well-established methods in RILS studies!®?7-2834, Figure 1e presents RILS spectra
of collective excitations at v = 1/3 in the unpolarized geometry with 6 = 25°. Spin-wave excitations
at ¢ « 1/l (A9) and at large-g (AY) are located in Fig. le (see Methods). Dramatic dependence on
temperature and filling factor distinguishes three collective magnetoroton modes!®2” at v = 1/3 (see
Extended Data Fig. 1). We compare these modes with the calculated dispersion scaled down from
the ideal 2D result? (the dashed red line in Fig. 1f), facilitating the specific assignments of AQ,,
AR, and the mode A with peaked density of states at large ¢ (see Methods).

CP-RILS atv=1/3

The chirality characteristic of A, could be resolved by CP-RILS>” (see Methods). Figure 2a
sketches all circularly-polarized (CP) scattering geometries (RR, LL, RL and LR) employed in CP-
RILS with right- (R) or left- (L) CP incident and scattered photons. According to angular momentum
conservation, the angular momentum transferred to FQH liquids equals the change in the photon
spin during light scattering. For example, a mode with S = -2 would be excited when the incident
photon has spin -1 and the scattered one has spin +1; this process corresponds to both incident and
scattered lights that are right-circularly polarized (RR). A mode with a well-defined chirality should
dominate in one specific CP geometry corresponding to a certain angular momentum®”’; otherwise,
the mode would be active in different CP geometries.

The unpolarized RILS spectrum of A9 (Fig. 2b) can be considered as mixed signals from
various CP geometries. As shown in Fig. 2¢, CP-RILS resolves different CP components of the
unpolarized signals. It can be readily found that A3, only appears in the RR geometry where two
photons transfer spin angular momentum -2 into the FQH state. The mode has marked intensity
dependence on incident photon energies wi, which is peculiar to RILS (Fig. 2d). In other CP
geometries, the mode is suppressed with photoluminescence (PL) background dominating the

spectral line-shape (e.g., LR in Supplementary Fig. 1). In sharp contrast to A%, AR that is well-
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defined in the magnetoroton dispersion displays finite intensity in all CP geometries (Fig. 2¢). The
simultaneous occurrence of this mode with both |S| = 0 and |S| = 2 indicates that it does not carry a
certain chirality. The results thus reveal that A3, at v=1/3 has a specific chirality with §= -2.

Figure 2f demonstrates that the spin-2 mode has a quite sharp profile (with PL background
subtracted as shown in Extended Data Fig. 2), characterized by full width at half maximum (FWHM)
of 30 peV. Its FWHM that is close to the one of A at ¢ = k <1/, suggests that the spin-2 mode
has its wavevector conserved in the scattering'® and is at long wavelength (see Methods), consistent
with our assignment of this mode in Fig. le. In contrast, Ajy and A have larger widths due to
weak residual disorder?”-?%. As temperature increases, the spin-2 mode quickly collapses below 800
mK (Fig. 2g). We also find that this mode rapidly quenches when the filling factor is away from v
= 1/3 (Supplementary Fig. 2). The striking temperature and filling-factor dependent behaviors,
fingerprints of the FQH effect, suggest that the spin-2 mode highly relies on the incompressibility
and correlation of the v = 1/3 state.

CP-RILS at an extremely small wavevector

In RILS, the wavevector transferred to the 2DEG can be tuned by varying 6. By decreasing 6
to 10°, we are able to probe modes at an extremely small /g =~ 0.02. This value is significantly lower
than typical ones (k/g > 0.05) reported in previous studies?®4, allowing us to approach the g = 0
limit. In the following, all experiments are performed at & = 10° unless noted otherwise. Similar
with the result in Fig. le, the unpolarized RILS spectra at v = 1/3 identify A% at 0.66 meV
(Extended Data Fig. 3). Then we perform CP-RILS measurements to resolve CP components of this
mode. Figure 3a shows a single peak in the RR geometry (corresponding to S = -2) coinciding with
A% (Extended Data Fig. 4a) and no such peak is found in other geometries (corresponding to S =
+2 and 0, such as LR in Extended Data Fig. 4b), reproducing the observation at k/g ~ 0.05. We also
examine angular momentum of A9 by reversing the magnetic field direction and find that it
remains -2. These results demonstrate that angular momenta of A%, keep constant and are equal to
-2 at long wavelength, confirming long-wavelength magnetorotons as chiral spin-2 modes at v=1/3.

The CP-RILS spectra show that the energy ratio of the spin-2 mode to AR reaches 2.07 at k/s
~ (.02 and decreases by 15% at klg ~ 0.05 (Extended Data Fig. 5). The results agree well with the
expected values®? for A9 (ratios at k= 0 are in a range from 2.02 to 2.27 and diminish at larger k)
and exclude the alternative explanation of two-roton bound states (see Methods). Moreover, as klg
is reduced by a factor of 2.5, the measured intensities of AY, remain comparable (Figs. 2c and 3a),
which is hard to be explained by the dipole picture for AS, (see Methods). According to the graviton
picture>’, the mode intensity is determined by the spectral densities of the spin-2 components of the
kinetic stress tensor and remains finite even in the long-wavelength limit, which could account for

our experimental observations.

Chiralities of the spin-2 modes

The chirality of A9 is further examined in the v = 2/3 state, the particle-hole symmetric
counterpart of the v = 1/3 state. Employing the same methodology as described above, the
magnetoroton modes are identified in the unpolarized RILS measurements (Supplementary Fig. 3).
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Remarkably, the CP-RILS spectra of A9, (Fig. 3b) demonstrate one peak only in the LL geometry
corresponding to S = +2 and PL backgrounds dominate the spectra in other CP geometries with no
RILS peaks found (such as LR in Supplementary Fig.4), suggesting that AY has angular
momentum +2 at v = 2/3. Mention that if a mode exists, typically the overlapping strong PL
background would resonantly enhance the RILS peak, as seen for A% in RR at v = 1/3 (see
Methods); otherwise, despite the strong PL background, no RILS peak would appear, e.g., in LR at
v = 1/3 (Figs. 2c and 3a). On the other hand, in the absence of prominent PL, a collective mode if
existing should still lead to RILS peaks, albeit weak, such as A%, in LL at v = 2/3. Notably, at v =
2/3, the energy of the spin-2 mode has the same value as that at v = 1/3 in the unit of £ (0.048 E.),
manifesting the same nature of the modes as long-wavelength magnetorotons.

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
Jain states®!°. At v =2/5, magnetoroton modes can be viewed as excitations of CFs from the second
filled CF Landau level to the next unoccupied one. Following the approach in Ref. 28, at v=2/5 we
perform unpolarized RILS measurements that locate A% at 0.39 meV (Supplementary Fig. 5).
Figure 3c shows that A% in CP-RILS spectra has the circular polarization dependence in
resemblance to that at v = 1/3, i.e., the spectra exhibit a well-defined A9 peak in the RR geometry
(S = -2) with no peaks appearing in other CP geometries. Correspondingly, at v = 3/5, the circular
polarization dependence of A%, coincides with that at v = 2/3 and clearly exhibits a sharp peak only
in the LL geometry with § = +2 (Fig. 3d). Moreover, the A%, energy at v = 3/5 has the same value
in the unit of E. as that at v = 2/5, originating from the particle-hole symmetry. As summarized in
Fig. 4a, our results clearly demonstrate that long-wavelength magnetorotons have polarization states
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.

Long-wavelength magnetoroton nature

Figure 4b displays the FWHM of these spin-2 modes, which are around 30 peV (see details of
PL background subtraction from CP-RILS spectra in Extended Data Fig. 6). Such sharp peaks
confirm the long-wavelength essence of these modes as discussed in Fig. 2f. In FQH states,
magnetoroton gap energies are determined by CFs moving in their orbits under effective magnetic
fields B*=B.-Bi, (B2 is the perpendicular magnetic field at v = 1/2), which are proportional®#38-3?
to E/|2p—+1| (also see Extended Data Fig. 7). In our experiments, the spin-2 modes are gapped in
the FQH states with extracted energies shown in Fig. 4c, and disappear quickly at deviated filling
factors (see Figs. 4d and 4e, Extended Data Fig. 8). Remarkably, as illustrated in Fig. 4c and
Extended Data Fig. 7, the fitting of their energies at v = 1/3, 2/3, 2/5 and 3/5 reveals an excellent
linear scaling to E./|2p+1|, and the fitted energy is close to zero as p increases (v approaches 1/2).
The results clearly corroborate that these modes have the same magnetoroton nature. Additionally,
similar to the case at v = 1/3, the mode intensities at v = 2/3, 2/5 and 3/5 quickly collapse at elevated
temperatures (Extended Data Fig. 9). The sensitivity of the modes on filling factors and temperature
not only is consistent with the long-wavelength magnetoroton feature, but also reveals that the

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

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

modes in the FQH states. As summarized in Extended Data Table 1, the experimental observations
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incorporate key elements of CGMs characterized by their specific gaps (“masses”), chiral and spin-
2 properties. In this light, our results provide evidence for emergent CGMs in the FQH liquids.
Moreover, our measurements give crucial support to the new geometrical degree of freedom and
offer opportunities to investigate exotic physics in the FQH effect from the aspect of quantum
geometry, e.g., cyclotron graviton modes?’, nematic quantum Hall states'>!3:17-3¢ and partons®1%-20.
In particular, the CP-RILS method provides a powerful way to identify the nature of the v = 5/2
state”-'%, known for its potential applications in topological quantum computation. Intriguingly, the
study uncovers non-negligible quantum metric effects in the topological order, facilitating
explorations of the interplay between geometry and correlation in a wide range of quantum systems
including atomic layers**#!, Kitaev lattices??, cold atoms*? and excitonic liquids*.
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Fig. 1. Graviton modes and inelastic light scattering. a, The cartoon representation describes the
dynamics of the internal metric. At v = 1/3, each CF moves in a circular orbit and the spatially
dependent metric could be phenomenologically considered to deform the shape of CF orbits. b,
Depiction of the chiral spin-2 characteristic of CGMs. In FQH states around v = 1/2, CGMs of
electron states carry angular momentum S = -2 while those of the particle-hole conjugates exhibit
the reversed chirality with S = +2. ¢, At v = 1/3, CFs are excited from the topmost occupied CF
Landau level to the next empty one. As the distance d between each CF (yellow) and its quasihole
(grey) approaches zero, CGMs are triggered by metric fluctuations. d, The experimental setup for
RILS performed in a dilution refrigerator. Two polarizers are used to generate orthogonal linear
polarizations of incident and scattered lights in the unpolarized geometry. In CP-RILS, additional
A4 wave plates are positioned after the laser and in front of the spectrometer to generate and detect
CP lights. Inset: A depiction of the backscattering geometry at a tilted angle 6. Incident and scattered
lights have energies wi. and ws with wavevectors ki, and ks, respectively. The total magnetic field
Br and its perpendicular component B, are shown. e, RILS spectra at v = 1/3 in the unpolarized
geometry with § = 25°. Red and blue dashed lines indicate magnetoroton and spin-wave excitations,
respectively. f, Calculated dispersions of collective excitations at v = 1/3. The red dashed line is
scaled down from the ideal zero-width result of magnetoroton modes?’ by a constant of 0.33 to
account for the finite-thickness effect. £z is the Zeeman energy. The blue dashed line represents a

generic dispersion of spin-wave excitations.
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Fig. 2. CP-RILS measurements at v = 1/3 with 8 = 25°, a, CP-RILS geometries are depicted.
Right (left) handedness represents right- (left-) CP photons, defined as clockwise (anticlockwise)
rotation of the electric field vector in a plane from the point of view of the receiver. Blue (red)
curved arrows indicate incident or scattered photons with spin -1 (+1) in the magnetic field (z)
direction. The transferred spin to the FQH liquid is marked for each geometry. b, RILS spectrum of
A% at resonance in the unpolarized geometry at v = 1/3. The incident and scattered lights contain
both left- and right-circular-polarized photons. We note that this mode does not emerge at other
resonances throughout the entire range of investigated incident photon energies. ¢, A%, spectra in
four CP geometries at v = 1/3 with the same incident photon energy as that in b. RILS peaks are
marked by vertical black arrows. The signals in LR are attributed to PL background (Supplementary
Fig. 1). Spectral intensities in LL and RL are multiplied by a factor of 3. d, Resonant enhancement
of RILS signals of A% in RR. The dashed line represents the smoothed PL background in this
geometry. e, AR spectra in four CP geometries. RILS peaks are marked by the blue dashed line. In
contrast to A9, AR does not possess a specific chirality>’. The RILS peak in LR is weak, since
weak PL background affects the resonant enhancement. f, FWHM of several collective modes in
RR. Values of FWHM are displayed. Energy* refers to normalized energy with the peak energy set
zero. Open dots for A% are experimental data with PL background subtracted (Extended Data Fig.
2), which are fitted with a Lorentzian peak. g, Marked temperature dependence of A9, in RR.
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Fig. 3. Circular polarization dependence of the A% modes in FQH states with 6 = 10°. At
extremely small kls, A%, spectra in four CP geometries are displayed: a for v=1/3, b for v=2/3, ¢
for v=2/5, and d for v=3/5. At v=1/3 and 2/5, the A%, modes are observable in the RR geometry
(marked by arrows in green spectra), while at v = 2/3 and 3/5, the modes are found in the LL
geometry (marked by arrows in purple spectra). Grey dashed lines represent smoothed PL signals
in the corresponding CP geometries. At these FQH states, the A% modes are absent in other
geometries where PL signals contribute to the spectra intensities (shown in grey). Specifically,
Extended Data Fig. 4b and Supplementary Fig. 4 show that the signals in the LR geometry in a and
b are from PL background, respectively. For clarity, the spectra intensities in some geometries are
rescaled as specified.
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Fig. 4. Chiral spin-2 long-wavelength magnetoroton modes in FQH states. a, Angular momenta
of the A% modes at v=1/3, 2/3, 2/5 and 3/5 with 8 = 25° (red) and & = 10° (gold). b, FWHM of
the A9 modes in the FQH states with & = 25° (red) and # = 10° (gold). Dashed lines in a and b
are guides to the eye. ¢, Energies of the A% modes plotted against (e*/elg)/|2p+1| at & = 10°. The

error bars indicate the uncertainty in determining the energy positions in RILS spectra. The mode
energies at v=1/3 (p = 1), 2/5 (p = 2), 2/3 (p = -2) and 3/5 (p = -3) are found proportional to
(e*/elg)/|2p+1| very well. The dashed line is from the fitting with details available in Extended Data

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

RR geometry, respectively. RILS peaks are marked by vertical black arrows.
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Methods
Low-temperature optical measurements

The 2DEG is confined in a modulation-doped 58.5 nm GaAs single QW. The electron mobility
at 300 mK in a sample from the same wafer reaches 14x10° cm?/Vs at density n = 7.2x10'% cm™.
The ultra-high-mobility 2DEG under magnetic fields provides a clean platform to explore correlated
many-body physics. The high sample quality enables RILS observations of collective modes of
FQH states.

The sample is mounted on the cold finger of a *He/*He dilution refrigerator (Bluefors LD400,
base temperature of about 50 mK), which is inserted into the cold bore of a 14 T superconducting
magnet. To ensure good thermal contact, the sample is attached to the cold finger using copper-
loaded grease. Gold wires are connected from the QW to the copper finger to further enhance
thermal contact with the 2DEG.

Optical windows are installed at the bottom of the dilution refrigerator to provide the direct
optical access, as illustrated in Fig. 1d. In measurements, we employ a conventional backscattering
geometry with a small tilt angle 6 between the incident (scattered) photons and the normal of the
sample surface!®?%344 We note that since the 2DEG is embedded within the QW, the refraction
between the vacuum and the GaAs/AlGaAs-based QW with small 8 renders the incident light nearly
normal to the 2DEG plane. The perpendicular magnetic field applied to the sample is B. = Brcosé,
where Br represents the total magnetic field. For a different 8, Bt is adjusted to retain B. of the
corresponding FQH state. A tunable Ti:sapphire laser is utilized and the incident photon power
density is kept below 10 W/cm? to prevent significant heating of the sample at the base temperature.
For unpolarized RILS measurements that suppress parasitic reflected lights at the laser wavelength,
a linear polarizer is used to rotate the light polarization so that the incident linearly-polarized light
becomes perpendicular to the scattered linearly-polarized light and the direction of the entrance slit
in the spectrometer®. As shown in Supplementary Fig. 6a, scattered lights are collected by lenses
and focused onto the entrance slit of the spectrometer. Another linear polarizer, aligned parallel to
the entrance slit, is placed in front of the spectrometer to improve the selectivity for polarized lights.
In the case of CP-RILS measurements (Supplementary Fig. 6b), additional 4/4 wave plates are
inserted behind the linear polarizer and in front of the spectrometer to generate CP lights and convert
CP lights to linearly polarized lights, respectively. We use a triple grating spectrometer equipped
with holographic gratings to disperse and record the scattered signals. Photons are detected with a
charged coupled device with a liquid nitrogen cooling system, offering a high spectral resolution
with low readout noise. The system achieves a high combined spectral resolution < 16 peV.
Compared with the case at 25°, we narrow down the entrance slit of the spectrometer at 10° to
mitigate a stronger stray light effect. This adjustment, while necessary, also results in a general
suppression of the observed intensities of the scattered lights.

Spectra are displayed as a function of energy difference w = wrL— ws, where e is the incident
photon energy and ws is the scattered photon energy. In this framework, RILS spectra are obtained
by tuning . to the resonance conditions. Low-lying RILS peaks do not shift with w, distinguishing
them from PL bands. In RILS experiments, a small wavevector £ is transferred from photons to the
sample, k = Qwi/c)sind = 2.67x10° m! at § = 10°. In this case, k = 0.02/[z enables long-
wavelength excitations with ¢ = k under wavevector conservation. In our experiments at v=1/3, k
can be tuned from = 0.02 to = 0.05. At larger wavevectors, i.e., 0.05 < kg < 0.1, the magnetoroton
was found to split into two peaks** that might be attributed>”-3” to mixed modes comprising spin +2
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and spin -2. Additionally, weak residual disorder could break wavevector conservation, allowing
RILS to probe modes with g/g = 1 in the magnetoroton dispersion®”-?%43, We determine the magnetic
field for v =1 which establishes the filling factor dependence of the magnetic fields (see below).

Determination of filling factors

Filling factors of FQH states in the lowest Landau level are determined from RILS
measurements of the long-wavelength spin-wave modes A? around v = 1. The modes are
exclusively at the Zeeman energy E7. Significant enhancement of the A2 mode is expected at v =
1 when the magnetic field is tuned to define this fully spin polarized state*®. The determination of
the magnetic field strength at v = 1 enables the accurate calculation of magnetic fields for other
filling factors.

Supplementary Figure 7 presents the RILS spectrum of the A2 mode under maximized
resonance enhancement at v = 1, which is obtained in the unpolarized geometry. It is worth noting
that the very sharp spin-wave mode at v =1 is observed only under extreme resonance conditions.
The very intense spin-wave peak completely disappears when the incident photon energy is tuned
away by approximately 95 peV.

Supplementary Figure 7 illustrates that a deviation of the filling factor from v =1 significantly
reduces the mode intensity. Specifically, a small deviation in filling factor of Av =+ 0.01 from v =
1 results in a reduction of the mode intensity by about 5% and a change of Av ==+ 0.02 from v=1
leads to a decrease of the intensity by more than 10%. This reduction is due to decreased spin
polarization*® as the filling factor is away from v = 1. Following this procedure, we can precisely
determine the magnetic field for v= 1 based on the spin-wave mode intensity in RILS measurements.
Consequently, the accurate filling factor can be identified as a function of magnetic fields in the
lowest Landau level. In our measurement, the magnetic field for v=1 is found to be 3.6 T at  =25°
and correspondingly, the electron density of the investigated sample yields n = 7.9x10'° cm=. The
case at @ = 10° is similar.

Identification of collective modes
Figure 1le presents RILS spectra from intra-Landau-level collective excitations at v=1/3 in the
unpolarized geometry with 8= 25°. RILS peaks, observed at £7 (at v = 1/3 and other filling factors),
are identified as the long-wavelength spin-wave mode A2 (ref. 10). The A mode determined by
the Zeeman energy suggests that the wavevector is conserved in the light scattering process (¢ = k
«1/Ig) and thus the mode is in the long-wavelength limit. Wavevector conservation is further
confirmed by its sharp peak'?. We mention that the similar peak sharpness of the spin-2 mode and
A?, as illustrated in Fig. 2f, indicates that wavevector conservation also applies to the spin-2 mode,
placing it in the long-wavelength limit with ¢ = k <<1/Ig. Moreover, a broader mode observed at 0.6
meV persists to non-FQH filling factors (e.g., v= 0.3 and 0.38) and is insensitive to temperature up
to 800 mK at v = 1/3, suggesting that it is the large-g spin-wave excitation A3 activated by disorder
scattering?”%.
In contrast, we identify three other low-lying modes in Fig. 1e, which vanish with increasing
temperatures below 800 mK (as shown in Extended Data Figs. 1b, 1d and 1f) and quickly collapse
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for filling factors away from v = 1/3 (as shown in Extended Data Figs. la, 1c and le). The
characteristic temperature and filling factor dependence suggest that they are collective
magnetoroton excitations of the FQH liquid'®?”. At v = 1/3, there are three characteristic features in
the magnetoroton dispersion: the roton minimum AR, the magnetoroton A% at large wavevectors
and the long-wavelength magnetoroton A%. AR can be understood as a quasiparticle-quasihole
pair and has been observed. Ap, corresponds to the activation gap in transport and has been studied
intensively. A3, is linked to the macroscopic coherence and the predicted CGMs, but its
understanding is far from complete.

Then we compare the experimental results with the calculated dispersion scaled down by a
constant from the ideal 2D result®® (the dashed red line of Fig. 1f), to facilitate specific assignments
of the observed modes. Within the three modes, the mode at the highest energy (0.65 meV) is
interpreted as AQ,. The modes at 0.36 meV and 0.45 meV are ascribed to AR and AZ, respectively.
The observed energies are smaller than those measured in the v = 1/3 state host in narrow QWs, due
to larger finite-thickness effects that soften short-range Coulomb interactions®!%2%47. The softened
interactions would lower energies of the magnetoroton modes. Remarkably, the scaled constants
that account for finite-thickness effects are found close across various FQH states, as shown in Fig.
1f, Extended Data Fig. 3b, Supplementary Figs. 3b and 5b.

Furthermore, at klg = 0.05, the energy ratio of A% to AR in our experiments shows a
discrepancy as large as 20%, compared to theoretical calculations at ¢ = 0 (in the expected range
from 2.02 to 2.27). We attribute it to the effect of the relatively large wavevector?®*. As shown in
Extended Data Fig. 5, at a smaller wavevector (klg =~ 0.02), this discrepancy is greatly suppressed
and the observed ratio falls within the expected range. Such agreement in mode energies is
remarkable and confirms our assignments.

Alternative explanations

Theories®*$*° suggest that at v=1/3 two AR with opposite momenta might form a two-roton
bound state with zero (total) momentum. The energy ratio of the two-roton state to AR is
expected®® to be below two (specifically 1.8 at £ = 0) and to increase with larger k. In our
experiments, at v = 1/3, the energy ratio of the spin-2 mode to AR reaches 2.07 at klg =~ 0.02 and
decreases by 15% at klg = 0.05, as shown in Extended Data Fig. 5. Apparently, the observed mode
behaviors are distinct from the expectation for the two-roton state. Similarly, at v = 2/3, the observed
energy ratio of the spin-2 mode to AR about 2.2 at v=2/3 (Extended Data Fig. 5) notably surpasses
that predicted for the two-roton bound state, again ruling out the latter as a plausible explanation.

In previous theoretical treatments of the single mode approximation®3’, the intensity of A%
would be associated with the dynamical structure factor in the lowest Landau level; it is expected
to vanish quickly with (klg)*, in accordance with Kohn’s theorem which claims that the cyclotron
mode exhausts the dipole spectral weight at long wavelength. For /g reduced by a factor of 2.5, the
A% intensity would be suppressed by a factor of = 1/40, causing the mode to be optically invisible.
However, in our experiments, the measured intensities of A9, remain comparable (Figs. 2¢ and 3a),

which cannot be explained by this dipole picture.

Resonant enhancement of inelastic light scattering
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Collective excitations of FQH liquids are delicate emergent phenomena which can be observed
by RILS'". It is achieved by tuning w. to the resonance conditions. Resonant enhancements occur
when the photon energy matches intermediate inter-band optical transitions that involve conduction
and valence bands of the GaAs QW. Under a strong magnetic field, the complex structure of Landau
levels in valence bands modifies optical matrix elements.

RILS by collective excitations can be described using 3™ order time-dependent perturbation
theory. Three virtual transitions are involved: In the first step, through light-matter interactions Hep
an incident photon of energy wy. is annihilated, promoting an electron from a valence band state |v)
to an intermediate state |m) which is in a conduction band. wn is the energy of the transition from
|v) to |m). In the second step, electron-electron interactions He. cause the scattering from |m) to
the second intermediate state |n). A collective mode (quasiparticle) of the electron liquid is created
and coupled to such scattering. In the third step, the recombination of the final conduction |n) and
valence states |v) emits a scattered photon with energy ws. The transition from |n) to |v) has
energy wn. Due to energy conservation, the energy of the collective mode probed in RILS is given
by the energy shift during the light scattering @ = wr. - ws. The three-step process and the scattering
intensity can be written as’!:

2 (U|Hep|n)<n|Hee|m)<m|Hep|v> ’

(ws — wn) (W, — @)

I{(w) x

mn
where we find a maximized light scattering intensity at resonance conditions, i.e., when the
denominator in the above expression is vanishingly small. In our experiments, when the
intermediate inter-band optical transitions from |n) to |v) overlap PL transitions of X, RILS is
enhanced by the resonance with X transitions®'. As more X transitions are involved, which give
stronger PL signals, the scattering intensity would be expected larger. The strength of the PL
background in different circular polarization setups depends on the relevant optical transitions
between conduction-band and valence-band Landau levels. We have to mention that although the
strength of PL background affects the resonant enhancement of RILS peaks, the appearance of RILS
peaks is determined by the presence of a collective mode, not by the strength of PL background.
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Extended data figure legends
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Extended Data Fig. 1. Filling factor and temperature dependence of magnetoroton modes at v
= 1/3 in the unpolarized geometry with 0 = 25°, Spectra of A%, AR and A3 at filling factors
around v = 1/3 are shown in a, ¢ and e, respectively. The mode intensities reach their maxima at v =
1/3, and rapidly decrease as filling factors deviate from v = 1/3. The observations suggest that as the
system becomes more compressible, the quantum liquid supporting magnetoroton excitations
appears to vanish. Temperature dependence of A9, AR and A% atv=1/3 is shown in b, d and f,
respectively. With increased temperatures, the intensities of the magnetoroton modes decrease and
vanish at temperatures below 800 mK. The behaviors indicate that the magnetoroton modes are
highly temperature-sensitive collective excitations, further highlighting their roles in characterizing
the properties of the FQH states. RILS peaks are marked by vertical black arrows.
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Extended Data Fig. 2. Peak fitting of the A mode at v =1/3 in the RR geometry with 0 = 25°.
The measured A% mode at resonance (black open dots) includes contribution from PL background.
The red open dots show the A%, mode after subtracting smoothed PL background (the grey dashed
line), which are fitted by a Lorentzian peak (the black line) with FWHM of 30 peV. The combination
(the red dashed line) of the fitted Lorentzian peak and PL background gives a remarkable match
with the measured signals in the RR geometry. The relatively narrow peak width of this mode
suggests wavevector conservation in the scattering process with ¢ = k «1/Ig, confirming its long-
wavelength nature.
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Extended Data Fig. 3. RILS measurements at v = 1/3 with § = 10°. a, RILS spectra at v=1/3 in
the unpolarized geometry as a function of wr. Similar to those in Fig. le, the red and blue dashed
lines indicate magnetoroton and spin-wave excitations, respectively. Compared with the result at 6
=25° AY at®=10° hasalower energy but remains at E,, confirming its assignment. b, Calculated
dispersions of collective excitations at v = 1/3 that support the assignment of the modes. The red
dashed line is scaled down from the ideal zero-width result* by a factor of 0.305, accounting for the
finite-thickness effect. The blue dashed line represents a generic dispersion for the spin-wave
excitations. ¢, RILS spectra of the AR excitation at v = 1/3 in the unpolarized geometry at different
wr. The well-resolved peaks are marked by the vertical red dashed line. We mention that the AR
mode energy at 25° is larger than that at 10°, since a larger tilted angle induces a higher in-plane
magnetic field, causing the electrons to behave in a more 2D manner. On the other hand, the A%
energies at two tilted angles are closed. It is because a smaller tilted angle also gives a reduced k/g
in the magnetoroton dispersion, which corresponds to an increased AY, energy, as shown in the red
dashed line in b. The two factors interplay in the case of A3,. d, At v = 1/3, magnetoroton modes
could be understood as excitations of CFs from the topmost (the lowest) occupied CF Landau level
to the next unoccupied one.
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Extended Data Fig. 4. Optical spectra at v = 1/3 measured at different @y, in the RR and LR
geometries with @ = 10°. a, Resonant enhancement of RILS signals of the A%, mode in the RR
geometry. The RILS peaks maintain a consistent energy shift at different wr. The resonant
enhancement of A9 is clearly demonstrated by the marked intensity dependence on . RILS
peaks are marked by the dashed red line. b, Optical spectra measured in the LR geometry. The
feature of the spectrum measured at o = 1520.89 meV (that also appears in the LR geometry in
Fig. 3a) shifts as wr varies, which is identified as PL signals. No RILS signals are found in the

spectra in the LR geometry.
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Extended Data Fig. 5. Energy ratios of the measured spin-2 modes to AR in the v=1/3 and 2/3
states. In RILS experiments, the wavevector k£ = (2wi/c)sind transferred to the system can be
adjusted by altering 6. At v =1/3, a reduction of 8 from 25° to 10° results in a decrease of k/g from
~ 0.05 to an extremely small value ~ 0.02, effectively approaching the long-wavelength limit (¢ = &
=0). At v = 1/3, the energy ratio of the spin-2 mode to AR reaches 2.07 at k/g = 0.02 (Fig. 3a and
Extended Data Fig. 3) and decreases by 15% as k/s increases to ~ 0.05 (Figs. 1e and 2c¢), as guided
in the red dashed line. At v = 2/3, the energy ratio reaches 2.2 at klg =~ 0.03 with 8 = 10° (Fig. 3b
and Supplementary Fig. 3). The error bars originate from the uncertainty in determining the energy
positions of these two modes in RILS spectra. Notably, at extremely small wavevectors, the
measured energy ratios at v=1/3 and 2/3 are larger than the value (1.8 at zero wavevector) expected
for a two-roton bound state (the black dashed arrow). The ratio for the two-roton bound state would
increase with wavevectors but have to be lower than two because of its two-roton characteristic. We
would like to mention that the large energy ratio at v = 2/3 indicates that A% could be in the
continuum of excitations. Interestingly, in CP-RILS measurements, AY is well resolved in the LL
geometry, which indicates that the continuum does not have a large contribution in this geometry.
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Extended Data Fig. 6. Peak fitting of the A% modes at v=1/3, v =2/3, v=2/5 and v = 3/5 with
0 =10°. The black open dots represent the experimental signals of the A% modes in CP geometries
(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
background signals. The black lines are the fitted Lorentzian peaks with small FWHM (29 peV for
v=1/3, 33 peV for v=2/3, 30 peV for v =2/5 and 27 peV for v = 3/5). The combination of these
fitted Lorentzian peaks and PL background signals (the red dashed lines) gives a remarkable
agreement to the measured RILS spectra. The sharpness of these peaks is noteworthy, as it indicates

wavevector conservation in the scattering.
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Extended Data Fig. 7. Comparison of the measured A% energies to theoretical calculations.
The yellow dots represent theoretical calculations of the A9 energies atv=1/3 (p=1) and v=2/5
(p =2), obtained from Ref. 29 for zero-width 2D systems. Theoretical values given in the reference
in the unit of £, are converted to meV scale using the density of our sample. The black dots represent
experimental results obtained in our RILS measurements. These experimental results are taken at 6
=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
error bars indicate the uncertainty in determining the energy positions in the RILS spectra. Both
theoretical (yellow dots) and experimental (black dots) gap energies are found proportional to
(e’/els)/|2p+1], characteristic of CFs moving under effective magnetic fields in the orbits, which
determine the magnetoroton gaps. The dashed line represents an excellent linear fit of the
experimental data, yielding a slope of 0.142 and y-intercept of 0.009 meV. The solid line is the
guide to the eye.
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Extended Data Fig. 8. Filling factor dependence of the A, modes at v =2/3 and 3/5 in the LL
geometry with  =10°. a, RILS spectra of the A%, mode at filling factors around v = 2/3. The mode
intensity rapidly decreases as the filling factor deviates from v = 2/3. b, RILS spectra of the A%
mode at filling factors around v = 3/5. A similar rapid decline in the mode intensity is observed as
the filling factor moves away from v = 3/5. The FQH effect is known for its incompressible behavior
at specific fractional filling factors, and deviations from these filling factors make the system more
compressible. The observed pronounced sensitivity to filling factors is characteristic of the FQH
effect. RILS peaks are marked by vertical black arrows.
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Extended Data Fig. 9. Temperature dependence of the A% modes at FQH states with 6 = 10°.
a, b and ¢ present temperature dependence of the A% modes at v =2/3 (in the LL geometry), v =

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

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

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

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

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

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

Magnetoroton Long wavelength

Spin-2

Chiral

Description

Determine ‘masses’ of the CGMs

Associated with the
geometrical nature of
the CGMs

Determined by the direction
of B” seen by the CFs

Experimental

results

Linear energy scaling (Fig. 4c)

Sharp line-shape of the observed
modes (Figs. 2f and 4b)

Temperature and filling factor dependence
(Figs. 29, 4d, 4e, Supplementary Fig. 2,
Extended Data Figs. 8 and 8)

Compare mode energies with magnetoroton dispersions to identify A" (Figs. 1e,

Extended Data Fig. 3, Supplementary Figs. 3 and 5)

At v=1/3 and 2/3, energy ratios of such modes to A} exclude the two-roton
explanation and agree with the expectation for Af,.

In prominent FQH
states around half
filling, each AY is
dominated by one
polarized component
with total angular
momentum of 2 (Figs.
2c and 3).

As shown in Fig. 4a, at v=
pl(2p+1), the modes carry S
= -2 for electron states
under positive B* (for p > 0)
and S = +2 for their particle-
hole conjugates under
negative B* (for p <-1).

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

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

results capture these key elements.



