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Observation of Multiple Magnetorotons in the Fractional Quantum Hall Effect
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Magnetorotons in the dispersions of collective gap excitation modes of fractional quantum Hall liquids
are measured in resonant inelastic light scattering experiments. Two deep magnetoroton minima are
observed at v = 2/5, while a single deep minimum is resolved at » = 1/3. The observations are the first
evidence of multiple roton minima in gap excitations of the quantum liquids. The results support Chern-
Simons and composite fermion calculations that predict multiple roton minima for states with v > 1/3.
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The states of the fractional quantum Hall effect (FQHE)
are incompressible quantum liquids with behaviors dic-
tated by fundamental interactions [1,2]. Condensation of
2D electron systems into quantum liquids is manifested
in distinctive low-lying collective excitation modes built
from neutral quasiparticle-quasihole pairs in the same
Landau level [3—-5]. The energy (w) vs wave vector (g)
dispersion relations of the modes display characteristic
features such as magnetoroton minima in the dispersions
of charge-density gap excitations. The roton minima,
caused by excitonic bindings in the neutral pairs, occur at
wave vectors g = 1/ly, where lo = /hic/eB is the mag-
netic length. Analytical studies and numerical calculations
have explored the low-lying collective modes of FQH
liquids within composite fermion (CF) and Chern-Simons
(CS) frameworks [6—11]. Experiments that probe these
collective modes offer crucial tests of theories of the
quantum liquid.

Resonant inelastic light scattering by low-lying
charge-density and spin-density collective modes has been
reported at filling factor » = 1/3 [12—14]. These experi-
ments measure long wavelength modes and peaks in the
density of states (DOS) due to critical points in the disper-
sions at magnetoroton minima. In more recent work we
reported light scattering by modes at fractional Landau
level fillings of » = p/(2p + 1), (p = integer), within
1/3 = v =2/3[15,16].

In this Letter we report resonant inelastic light scattering
measurements of the low-lying charge-density excitations
at filling factors » = 2/5 and 1/3. The spectra are inter-
preted within a framework in which collective excitation
modes are described by energy vs wave vector dispersion
relations. The major consequence of weak residual disor-
der in the quantum Hall states is the activation of modes
with wave vectors glp = 1 that are larger than the light
scattering wave vector k [17,18]. Peaks in the spectra are
assigned either to long wavelength modes, with k = ¢, or
to peaks in the DOS such as those arising from the critical
points at magnetorotons in the mode dispersions.

We find that spectra at » = 2/5 display significant dif-
ferences from those at v = 1/3. At v = 1/3 there is a

0031-9007/01/86(12)/2637(4)$15.00

PACS numbers: 73.20.Mf, 73.43.Lp, 78.30.—j

single deep magnetoroton minimum and at » = 2/5 we
identify an additional roton minimum. There are also
marked differences in the spectral line shapes of modes
with g = 0 that are explained as another manifestation
of the multiple roton structure at » = 2/5. To the best
of our knowledge, these results are the first experimental
evidence of multiple rotons in the dispersions of collective
excitations of FQH states with v > 1/3.

The evidence of two rotons in the mode dispersion of
the state with » = 2/5 supports key predictions of CS and
CF theories of the FQH liquids [9,19-21]. The difference
in roton structures of collective excitations in the states at
v = 2/5 and 1/3 can be visualized within the picture in
which the FQHE is described as the integer QHE of com-
posite fermions. In this picture, collective excitations of
v = 1/3 and v = 2/5 states are conceived as excitations
of spinless v = 1 and v = 2 integer quantum Hall states
of CF’s, respectively. The existence of roton minima in the
dispersion of collective excitations can be understood from
the insight on the structures of the wave functions in Lan-
dau levels. Magnetoroton minima are due to the attractive
Coulomb interaction in a quasiparticle-quasihole pair of
separation x = ql(z) [3,22]. This interaction is maximized
when the overlap of the wave functions of ground and ex-
cited states is largest. The existence of multiple rotons
naturally comes from multiple nodes in wave functions of
higher Landau levels. We note that the dispersion of inter-
Landau level excitations at ¥ = 1, like the collective mode
dispersion at v = 1/3, has a single roton [3]. On the other
hand, the roton structure at ¥ = 2/5 could be similar to
that of inter-Landau level excitations at v = 4 (or spinless
v = 2), which displays multiple roton minima [23].

We studied the high quality 2D electron system in single
GaAs quantum wells (SQW) of widths d = 250-330 A.
Electron densities are in the range of n = 2.4 X 10'0-
1.2 X 10" cm™2. The low temperature and low field
electron mobilities are u = 5 X 10% cm?/V sec. Sample
design was optimized for optical experiments. This de-
sign results in large parallel conductivity at fields of v < 1
that prevents measurement of activated magnetoresistivity.
Samples were mounted on the cold finger of a *He/*He
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dilution refrigerator that is inserted in the cold bore of a
superconducting magnet with windows for optical access.
Cold finger temperatures are variable and as low as 50 mK.
The resonant inelastic light spectra were obtained with
photon energies wy close to the fundamental optical gap
of the GaAs SQW’s. The power density was kept below
107* W/cm?. A conventional backscattering configura-
tion was used at an angle of incidence 6 [15]. The per-
pendicular component of magnetic field is B = By cosé,
where Br is the total field. For # = 30° and a laser wave-
length of A; = 815 nm, the light scattering wave vector is
k = Qwr/c)sind = 10° cm™! and kly < 0.1.

Figures 1(a) and 2(a) show spectraat v = 1/3 and v =
2/5. The marked dependences of the intensities on w; are
characteristic of resonant light scattering measurements.
The peaks labeled SW are due to long wavelength spin
wave excitations of the spin polarized 2D electron sys-
tem [12—16]. There are three other peaks at » = 1/3 and
four at v = 2/5. These peaks are interpreted as collective
excitations of the FQH states because they show charac-
teristic temperature and filling factor dependencies of the
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FIG. 1. (a) Resonant inelastic light scattering spectra at v =

1/3. SW denotes the long wavelength spin wave excitation
at the Zeeman energy E; = gupBr, where g = 0.43 £ 0.01.
Dotted lines indicate collective excitations of the FQH state.
(b) The dispersion of collective excitations at » = 1/3. The
solid curve was scaled down from the ideal 2D result [10] by a
constant to help in assigning the observed modes. Solid squares
indicate results of calculations that incorporate the effect of finite
thickness [24].
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quantum fluids. Inelastic light scattering due to collective
excitations in FQH states is observed only under extreme
resonance enhancements of widths as small as 100 peV.
The resonance enhancements depend on the energies of the
modes, implying that all the collective modes may not be
measured in a single spectrum.

In Fig. 1(a) the sharp peak at the highest energy
(0.92 meV) is the charge-density gap mode of the v = 1/3
state at long wavelengths [12—16]. The two bands at
the lower energy are assigned to peaks in the DOS of
charge-density excitations. Specific assignments of these
bands are readily made by comparing the experimental
results with the calculated dispersions shown in Fig. 1(b).
The solid curve was scaled down, from the ideal 2D result
[10], by a constant to facilitate the assignment of the
observed modes. Solid squares indicate results of calcula-
tions that incorporate the effects of finite thickness of the
2D electron system [24]. The band at the lowest energy
(0.46 meV) is assigned to the critical point at the deep
magnetoron minimum in the dispersion of gap excitations.
The band at 0.68 meV is interpreted as a peak in the DOS
of modes with large wave vectors because for gly = 2 the
dispersion is flat. These results suggest the existence of
just one deep magnetoroton minimum at » = 1/3.
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FIG. 2. (a) Resonant inelastic light scattering spectra at v =

2/5. Dotted lines denote collective excitations in the FQH state.
(b) The dispersion of collective excitations at v = 2/5. The
solid curve was scaled down from the ideal 2D result [10] by
a constant, as in Fig. 1(b). Solid squares indicate results of
calculations that incorporate the effect of finite thickness [24].
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In Fig. 2(a) the highest energy band is also interpreted as
the long wavelength gap mode of the v = 2/5 state. The
three bands at lower energies are assigned to three criti-
cal points in the dispersion of the modes. A comparison
of spectra in Figs. 1(a) and 2(a) indicates that at v = 2/5
there are additional critical points at wave vectors gly = 1.
The result implies that in the dispersion of gap excitations
at v = 2/5 there is one more magnetoroton minimum.
Specific assignments are made here also with calculated
dispersions shown in Fig. 2(b). Two lower energy modes
at 0.28 and 0.33 meV are assigned to two roton minima in
the dispersion. The mode at 0.44 meV could be interpreted
as the local maximun between two rotons or the g —
mode. We could not make a more specific assignment be-
cause observations of critical points of the DOS determine
mode energies but do not reveal mode wave vectors.

We note that the magnetoroton modes are not always
stronger than spectral features assigned to other modes,
while current theory predicts that spectral weight is largest
for modes close to rotons [25]. Resonant inelastic light
scattering involves complex interactions in the quantum
liquids. Itis likely that measured light scattering intensities
may not be deduced in a simple way from spectral weights
of dynamic structure factors.

The dispersions of collective gap excitations are key pre-
dictions of theories of quantum liquids in the FQHE. The
results in Figs. 1 and 2 show that inelastic light scatter-
ing experiments provide comprehensive characterizations
of collective gap modes that are crucial tests of these theo-
ries. The calculations in Figs. 1(b) and 2(b), marked as
solid squares, are carried out within a CF framework with
rigorous treatment of the finite widths and geometries of
SQW samples [10,24]. The evaluations that incorporate
the finite width of the 2D layer show good agreement (typi-
cally better than 20%) with experiments. Such agreement
is significant because the uncertainty in the evaluation of
the finite width corrections can be as large as 20% [10,26].

The spectra in Figs. 1(a) and 2(a) reveal marked dif-
ferences between long wavelength (¢ = 0) modes at v =
1/3 and 2/5. The band of the ¢ = 0 mode at v = 1/3
is rather sharp (FWHM < 0.05 meV). On the other hand,
the band of the long wavelength mode at v = 2/5 dis-
plays a much broader line shape with a FWHM of about
0.2 meV. The difference suggests a link to the differ-
ent magnetoroton structures in the dispersions of the gap
modes.

At v = 1/3 the energy of the ¢ = 0 mode (0.92 meV)
is exactly twice the energy of the magnetoroton minimum
(0.46 meV). This observation supports the early conjec-
ture of Girvin and co-workers that the lowest long wave-
length charge-density mode is a two-roton bound state [5].
A two-roton bound state occurs in numerical studies of
finite systems [25], and was recently confirmed by CF cal-
culations [11]. Our measurements suggest that the bind-
ing energy of the two-roton state could be relatively small,
probably less than the width of the roton band in Fig. 1(a).

The two-roton character of the long wavelength modes is
further supported by the results in Fig. 3, where measured
g = 0 mode energies are twice the roton energies for den-
sities in the range of n = 2.4 X 10'°-1.2 X 10"' cm™?2
[27]. Numerical studies show that the ¢ = 0 mode energy
of single quasiparticle-quasihole pair excitation, as shown
in Fig. 1(b), is substantially higher than twice the roton
energy [10].

Current theory is not very specific about the character
of the ¢ = 0 mode at v = 2/5. In the data of Fig. 2(a)
the ¢ = 0 mode energy occurs in the range of twice the
roton energies. This suggests that the ¢ = 0 mode here
could also be related to excitations built of two-roton states.
However, the existence of multiple rotons adds more pos-
sible combinations of multiple roton states for ¢ = 0 ex-
citation, which may account for the broader linewidth at
v = 2/5. This is an aspect of collective excitations of
states with » > 1/3 that requires further experimental and
theoretical study.

We also consider trends in the energies of the charge-
density excitation gap of the quantum liquids in FQH
states. Figure 4 summarizes results for states with v =
1/3,2/5, and 3/7. In this figure we include the single ex-
citation mode observed at ¥ = 3/7 (at a very low energy
0.08 meV) [16]. Given the very low energy of this mode,
we tentatively assign it to a magnetoroton mode of the 3/7
state. However, we also note the possibility that this mode
could be associated with the roton of spin excitations of
CF’s as suggested in a recent theoretical study [28]. If
the mode at » = 3/7 is a roton in the charge-density ex-
citation gap, this figure reveals that the lowest collective
excitation gaps represented by roton excitations decrease
quite rapidly as the filling factor approaches 1/2. This is
consistent with the fact that we could not observe any col-
lective excitation mode in the fractional states in the range
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FIG. 3. Collective gap excitations at » = 1/3 from samples
with various densities (n) within 2.4 X 100 = n = 1.2 X
10" cm™2. Collective gap excitation energies are measured in
terms of the Coulomb energy, Ec = e?/€l,.
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FIG. 4. Magnetoroton energies at FQH states v = 1/3, 2/5,
and 3/7. The dashed line is a guide for the eye.

4/9 = v = 1/2. Such rapid collapse of the gap in the
vicinity of » = 1/2 is consistent with the results of activa-
tion gap measurements [29,30] and theoretical predictions
[31]. The collapse of the gap is also linked to broadening
of electronic states by disorder and/or to finite thickness
effects [29-31].

In summary, we measured the energies of critical points
in dispersions of collective gap excitations of the FQH
states at » = 1/3 and 2/5. These experiments are en-
abled by the breakdown of wave vector conservation in
resonant inelastic light scattering processes due to weak
residual disorder. Our measurements provide evidence of
two magnetoroton minima in the dispersion of gap modes
at v = 2/5 and of a single minimum at » = 1/3. The
experiments confirm key predictions of Chern-Simons and
composite fermion theories. Measured energies of critical
points and of long wavelength excitations also show good
agreement with current theoretical evaluations of the FQH
state collective excitations based on the composite fermion
framework.

We are grateful to B. 1. Halperin, J. K. Jain, P. M. Platz-
man, and S. H. Simon for fruitful discussions. We are also
grateful to V. Scarola, K. Park, and J. K. Jain for providing
us many results prior to publication.

*Present address: Department of Physics, Washington State
University, Pullman, WA 99164-2814.

[1] R.B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).

[2] For recent reviews, see Perspectives in Quantum Hall Ef-
fects, edited by S. Das Sarma and A. Pinczuk (Wiley, New
York, 1997); H. L. Stormer, D. C. Tsui, and A. C. Gossard,
Rev. Mod. Phys. 71, S298 (1999).

2640

[3] C. Kallin and B.I. Halperin, Phys. Rev. B 30, 5655 (1984).

[4] E.D.M. Haldane and E. H. Rezayi, Phys. Rev. Lett. 54, 237
(1985).

[5] S.M. Girvin et al., Phys. Rev. Lett. 54, 581 (1985); Phys.
Rev. B 33, 2481 (1986).

[6] A. Lopez and E. Fradkin, Phys. Rev. B 47, 7080 (1993).

[71 S.H. Simon and B.I. Halperin, Phys. Rev. B 48, 17368
(1993); 50, 1807 (1994); S. He, S.H. Simon, and B.I.
Halperin, Phys. Rev. B 50, 1823 (1994).

[8] X.C. Xie, Phys. Rev. B 49, 16833 (1994).

[9] R.K. Kamilla et al., Phys. Rev. Lett. 76, 1332 (1996); R. K.
Kamilla and J. K. Jain, Phys. Rev. B 55, 13417 (1997).

[10] V. W. Scarola, K. Park, and J.K. Jain, Phys. Rev. B 61,
13064 (2000).

[11] K. Park and J. K. Jain, Phys. Rev. Lett. 84, 5576 (2000).

[12] A. Pinczuk et al., Phys. Rev. Lett. 70, 3983 (1993).

[13] A. Pinczuk et al, Bull. Am. Phys. Soc. 40, 515 (1995);
A. Pinczuk et al., Physica (Amsterdam) 249B-251B, 40
(1998).

[14] H.D.M. Davies et al., Phys. Rev. Lett. 78, 4095 (1997).

[15] Moonsoo Kang, A. Pinczuk, B. S. Dennis, M. A. Eriksson,
L.N. Pfeiffer, and K. W. West, Phys. Rev. Lett. 84, 546
(2000).

[16] Moonsoo Kang, A. Pinczuk, B. S. Dennis, M. A. Eriksson,
L. N. Pfeiffer, and K. W. West, Physica (Amsterdam) 6E,
69 (2000).

[17] A. Pinczuk et al., Phys. Rev. Lett. 61, 2701 (1988).

[18] I. K. Marmorkos and S. Das Sarma, Phys. Rev. B 45, 13396
(1992).

[19] W.P. Su and Y. K. Wu, Phys. Rev. B 36, 7565 (1987).

[20] N. d’Ambrumenil and R. Morf, Phys. Rev. B 40, 6108
(1989).

[21] D.-H. Lee and X.-G. Wen, Phys. Rev. B 49, 11066 (1994).

[22] L. V. Lerner and Y.E. Lozovik, Sov. Phys. JETP 55, 691
(1982).

[23] A.H. MacDonald, J. Phys. C 18, 1003 (1985).

[24] V. Scarola, K. Park, and J. K. Jain (private communication).

[25] S. He and P. M. Platzman, Surf. Sci. 361/362, 87 (1996).

[26] M. W. Ortalano, S. He, and S. Das Sarma, Phys. Rev. B
55, 7702 (1997).

[27] The observation of a constant energy dependence in Fig. 3
is somewhat intriguing when we consider the finite thick-
ness effect of 2D electron systems. When 2D electron
systems have finite thicknesses, the Coulomb interaction
at short (planar) distances gets softened. As a result, the
mode energy at finite thickness is lower than the zero thick-
ness energy (perfect 2D system). In the low density limit,
the magnetic length (ly = +//ic/eB) becomes longer and
the system effectively becomes more two dimensional for a
given 2D thickness. Rigorous theoretical treatments of the
finite thickness predict about a 40% increase in the mode
energies at the lowest density (2.4 X 10'® cm~?) compared
to the highest density (1.2 X 10" cm™?) energy [24]. Our
measured energies, on the contrary, show surprisingly little
change.

[28] S.S. Mandal and J. K. Jain (to be published).

[29] R.R. Du et al, Phys. Rev. Lett. 70, 2944 (1994).

[30] H.C. Manoharan et al., Phys. Rev. Lett. 73, 3270 (1994).

[31] K. Park and J. K. Jain, Phys. Rev. Lett. 81, 4200 (1998).



