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The spin degree of freedom in quantum phases of the secordhudevel is probed by resonant light scat-
tering. The long wavelength spin wave, which monitors thgréle of spin polarization, is at the Zeeman energy
in the fully spin polarized state at=3. At lower filling factors the intensity of the Zeeman mod#lapses
indicating loss of polarization. A novel continuum of loyiflg excitations emerges that dominates ne=8/3
andv=5/2. Resonant Rayleigh scattering reveals that quantudsffor v < 3 break up into robust domain
structures. While the state at5/2 is considered to be fully polarized, these resultsakusprecedented roles
for spin degrees of freedom.

PACS numbers: 73.43.-f,73.21.Fg,78.67.De,73.43.Lp

The study of the quantum Hall effect in the seconda spin polarized ground state[5]. Many numerical simu-
(N=1) Landau level (LL) is at the forefront of physics re- lations predict a polarized ground state. This prediction

search.

In the second LL lies the state at filling factorhowever lacks definitive experimental verification. For in-

v =5/2[1, 2], the best known even denominator quantumstance, transport measurements[8-10] suggest that the rol
Hall state - defying the paradigm of odd-denominator frac-of spin for the states at=5/2, 8/3 and 7/3 disagrees with
tional quantum Hall states[3, 4] and leaving a challenge taccepted theoretical models. Great strides towards under-
the understanding of quantum Hall physics. The 5/2 quanstanding the 5/2 quantum Hall state and the spin degrees
tum Hall state is predicted to realize a non-abelian phasef freedom have been made with recent experimental and
- the Moore-Read Pfaffian[5], an exotic form of matter, theoretical work[11-18]; nevertheless a complete under-
still unconfirmed experimentally. The Moore-Read statestanding still evades our grasp.
may facilitate the implementation of topological quantum  Resolving the 'puzzle’ of spin polarization of the 5/2
computation[6]. Efforts are being made to confirm thegtate has emerged as an important challenge that would
non-abelian nature of the 5/2 state[7]. create key insights on the physics of quantum fluids in the
The Moore-Read state &t=5/2 should be realized by second LL. Read[19] had suggested using the Knight shift

to study the spin polarization of the 5/2 state. Rhone et
al.[13] have used inelastic light scattering to study tha sp
polarization of states in the second LL andvat 5/2 in
particular. The work suggests that quantum fluids observed
at 5/2 do not have full spin polarization. Loss of spin po-
larization at 5/2 has been studied theoretically[14] and is
reported in an optics experiment[16].
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FIG. 1: Evidence of loss of spin polarization away frem= 3. The collapse of the SW mode B¢ for v < 3 is accom-

(a) Color plot of resonant inelastic light scattering spectithw
varying magnetic field shows the spin wave (SW) at the Zeema
energy,Ez. The intensity of the SW attenuates away from- 3

anied by the emergence of continua of excitations (below
nd aboveEz) that can be regarded as low-lying excita-

(B1=5.32T). The top inset shows the light scattering geometry.tIons of new quantum phases in the N?l LL. T_he similar
The bottom inset exhibits a spectrumvat 3.01. (b) N=1 optical  resonance enhancements of the low lying continua and of
emission involved in resonance enhancement of light stagte RRS is evidence that the lost spin polarization, seen as the
(Br=5.3T8=2°, T=40 mK). The left inset shows the two step replacement of the peak Bt by a low-lying continuum of
inelastic light scattering process for the SW. The righetiisthe  excitations, arises from the domains (‘puddles’) of quan-

energy level diagram for optical emission from the= 1,1 LL.

tum fluids that emerge far < 3.
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. . FIG. 3: Temperature dependence measurements at variang fill
FIG. 2: Coexistence of novel quantum phases with the ferro,ctors of low lying modes. The continuum (black lines) et
magnetic SW(a) Tuning the incident photon energy for exci- glevated temperature. The SW (red lines) reemerges ateteva
tations at f.iIIing factor slightly away from=3 (v=2.9,B7=5.5T, temperature fow ~8/3 B7=6.0 T) and 5/2Br=6.42 T, in the
T=40mK) induces the collapse of the SW and the emergence gfo spectrum at 2K there is a glitchEg not visible on the scale

a continuum of low lying energy excitations. The SW resoranc shown). The dashed line in the lower left panel is a guide o th
is at higher photon energy than that of the continuufim) We eve.

monitor the behavior of the low lying excitations while togi
the filling factor [23]. We track two distinct modes belaw= 3 -
the SW and continuum of low-lying excitations. The insetsvgh
the SwW collapse wh[le the mair) panel shows the emergence ofth  The striking collapse of the SW intensity&s for v < 3
continuum of Iow Iylng excitations. The continuum is ressha ;s shown in Fig. 1(a). The color plot shows RILS spectra,
at slightly lower incident photon energy, (B) than the SW. taken at different B fields at the resonance valuexotthe
value fora_ that induces resonance enhancement varies
with the cyclotron energy anfly ;). All the features ap-
Most likely, the emergence of 'puddles’ are linked to pear predominantly in the depolarized configuration (VH)
competition between quantum phases reported in other exvhich, according to light scattering selection rules, indi
periments [8-10, 21, 22]. The present results differ fromcates their spin origin[25]. While Larmor’s theorem re-
prior work in revealing a loss of full spin polarization and quires that the SW’s energy remains at the bare Zeeman
that this remarkable character persists to temperatures amergy, its overall spectral weight is expected to depend
high as 1K and above. Domains lacking full spin polar-sensitively on the degree of spin polarization [20, 24]. The
ization are here a key feature of the quantum phases afollapse of the SW is thus interpreted as the reduction of
the N=1 LL. We note that while emerging from spin unpo- spin polarization in the N=1 LL from its maximum value
larized domains, further studies of condensation into thet v = 3. While, a reduced SW intensity is expected for
quantum Hall state at =5/2 may still resultin anincom- v > 3 (bothN = 1,1 andN = 1, are populated reducing
pressible fluid that has spin polarization. the overall spin polarization), the attenuation of the SW fo

The high-quality 2D electron system studied here isV < 3 is surprising Rl = 1,1 depopulates as B increases)

formed in an asymmetrically doped, 240wide GaAs and suggests arapid loss of spin polarization balow3.
single quantum well. The electron density is n=3.7%410  Tuning w_ results in striking spectral changes that are
cm 2 and the mobility isu=17.5x16¢ cm?/Vs at T=300 due to differences in resonance enhancements. This is il-
mK. Samples are mounted on the cold finger of a dilutionlustrated in Fig. 2(a) which shows the metamorphosis of
refrigerator with a base temperature of 40 mK inserted intadhe sharp SW &7 to a broad continuum of lower energy
a 17 T superconducting magnet. The magnetic field perexcitations av=2.9 when tuningu_. The continuum ex-
pendicular to the sample B = Bycosf as shown in the tends from well belowEz to 0.3 meV. In Fig. 2(b) the
inset of Fig.1(a). Light scattering measurements are perevolution of the continuum (main panel) and SW (inset)
formed through windows for optical access. The energy ofntensities is shown as a function of filling factor. Since
the linearly polarized photong)_ (incident) andws (scat-  the intensity of the SW and continuum resonate at differ-
tered), are tuned close to fundamental optical transitddns ent values oty , RILS spectra are shown for valuesaf

the N=1 spin up LLE; ; (see Fig. 1(b)). Due to resonance corresponding to their maximum resonant enhancement:
enhancements, light scattering spectra have a marked dEy ; for the continuum ané; ++0E for the SW. While the
pendence o - displayed in Fig. 2(a). The power den- SW is clearly reduced fov < 3, the continuum intensity,
sity is kept less than T#Wcm~2 to avoid heating of the absent av = 3, gains in strength away from = 3 indi-
electron gas. Scattered light is dispersed and recorded yating its link with the loss of spin polarization. Moreoyer
a triple grating spectrometer with resolution of g@V. in contrast to the N=0 LL, where Skyrmions proliferate at
RILS data focus on spectral weight with non-zero energyw ~ 1 [20], we surmise that the continuum of low-lying
shifts from the incident laser wavelength, while RRS dataexcitations av < 3 have a different origin. We speculate
comprise only the spectral weight of elastically scatteredhat the continuum is a novel type of spin excitation as-
light. sociated with loss of polarization. This interpretation is



bolstered by the absence of continuafat3 in polarized v=3.017(5.3T) x2| [v=290 (5.5T) = x2
configuration (HH) while still being present in depolarized THaomi [T4om
configuration (VH).
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Figure 3 shows the temperature dependence of the RILS ~ — .
spectra at three filling factors reaching to 5/2.1At2.85, ) A "[UU\W . i r |
the continuum seen at 40 mK melts entirely at 1 K, while Aot | AN o N

the SW intensity aEz remains or even gains in strength. 1585 15288 1529 15204 15201 15204 15297
At v~8/3, the continuum dominates at low temperature,
begins to melt at 1 K and is destroyed by 2 K. The SW at
Ez reemerges at 1 K and is fully recovered by 2 K. While
the spectral weight of the continuawat-8/3 are greater in
VH than in HH, they are the same in both VH and HH at \
v ~5/2 indicating a more complex excitation spectrum at _‘_\_'!___ b ol
v=5/2, possibly involving both charge and spin degrees of 1930319908 AR erav (mayy e Tee s

. gy (meV)
freedom (data not shown to avoid clutter).

The temperature dependence for excitationse/2is |G, 4: RRS resonance profiles for3.01, 2.9, 2.66 and 2.49.
remarkable. As the temperature is raised to 1.5K, the connoe resonance enhancement is seen for the ferromagneticastat
tinuum begins to melt, and is still present, albeit reducedy = 3. At v = 2.9 some structure in the resonance profile devel-
at 2K. In addition, a small bump is seen&t - hinting ops. Atv = 2.66 andv = 2.49, a resonance is seerft;. Black
at a reemerging SW. We note that the continuum does ndt@shed lines represent optical emission while coloredpes
seem to be a unique feature of the magic filling factors of €Sent elastically scattered light intensity. Diamondau(§) rep-

> resent the spectra in which the SW (continuum) has a maximum
gapped quantum Hall states. However it is a feature of the .~
guantum fluids of the 2nd LL and appears to grow more
robust as is tuned below three.

The spectra in Figs. 2 and 3 suggest competing qua
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. . . "o data shown in the Fig. 5 inset yields an estimate of
tum phases. One phase is associated with a S®#¢ and Np ~5 x 10°cm~2, with M as the composite fermion (CF)

the other with the continua of excitations. To further ex- : .
. -~ mass of about 10 times the effective electron massy].
plore these behaviors we measured RRS spectra. Figure e .
. i IS'0.06 meV. The presence of domains in the quantum fluid
4 reports the results at several filling factors: RRS spectra _ S : .
n the N=1 LL has implications for the spin properties of

aty ~ 5/.2 and 8/3 .Sh(.)W mz_arked resonance enhancemenkﬁe system. The formation of domains has the potential
at energies that coincide with the maximum resonance en[-

. ; o destroy the long range magnetic order and its associ-
hancement of the continuum, and contrasts with the UNre=: 4 lona wavelenath excitations. Conseauently. the SW at
markable RRS profile of the ferromagnetic state at 3. g 9 ) . Y,

o L » . .Ez might not effectively monitor local polarization. Thus,
RRS is linked to spatial inhomogeneities (domains) z mig y P

within the domains, determining the exact nature of the

which are on the order of the photon wavelength [26]. RRSspin polarization remains challenging.

results demonstrate formation of domains in the quantum™ " .
fluid atv < 3, that are consistent with transport measure-_ 't iS interesting to compare the RILS results at 8/3 and

ments showing the competition between nearly degener5/2 with those for the s_tat_es of their analogsinthe N=0 LL
ate quantum phases in the 2nd LL which include spatially V=2/3 andv=1/2. Atsimilar B fields, states at=2/3 and
inhomogeneous ones associated with a Re-entrant Integ¥f 1/2 aré characterized by a SW[20, 28]. This indicates
Quantum Hall Effect (RIQHE) [8, 21]. spin polarization at 2/3 and 1/2.

The temperature dependence of RRS shown in Fig. 5 The temperature dependence of the continuum close to
shows a weakening of the RRS upon increasing temperd&/2 is reminiscent of work reported by Willett et al. [29],
ture and supports the picture that at low temperatures aghowing that a CF Fermi sea at5/2 exists within the
inhomogeneous electron condensate forms at 5/2 and 8/82mperature range 300m&I <1100mK. The signature of
We interpret the attenuation of RRS at higher temperathe CF Fermi sea becomes weaker with elevated temper-
tures as the melting of puddles of quantum phases. Thatures. It is possible that the continuum of low-lying ex-
inset to Fig. 5 shows that a Langmuir adsorption isothernfitations at 5/2 might be a signature of CFs. The above
(Eqgn. 1), that interprets the formation of inhomogeneoug’eSU“ﬁS seem to indicate that the loss of spin polarization
integer quantum Hall fluids [26], also describes results afound in the N=1 LL occurs in domains of characteristic
5/2 and 8/3. In this framework, we describe nucleation ofsub-micron length. It is thus conceivable that there may
"quantum puddles” to binding sites - forming domains in b€ no contradiction among works reporting spin polarized
the quantum fluid. The areal intensity of the RRGsis  States at 8/3 [10] and at 5/2 [5, 11, 12, 15, 31-33]. In this
given by, scenario, spin polarized domains could coexist with quan-

tum Hall fluids that have lost spin polarization. The pres-
IRRs ence of residual disorder suggests that at 5/2, a new type
lrrs(T) = 1+ CTexp(—Ep/KT) @ of Skyrmion structure may proliferate in the ground state
that may be the origin of the spin un-polarized domains
Ep is the binding energy of particles to binding sites andat this filling factor[14]. At 5/2 the dimension of the spin
C= 2anb/Nph2, whereN, is the density of binding polarized domains might be sufficiently small to disrupt
sites and M as the mass of the bound particle. A fitcompletely the long wavelength SW. Therefore at this fill-




' A CNRS-USA Grant.
L 3 @2 ) ]
P &
; I - ﬁ%if% - g M
E L 02K # 5 2 | [1] R. Willett, etal., Phys. Rev. Let69, 1776 (1987).
= & s = 3 [2] J. P. Eisenstein, et al., Phys. Rev. Létt, 997 (1988).
S| 04K / %, < o] [3] R. B. Laughlin, Phys. Rev. Let&0, 1395 (1983).
£ =4 - o 1] [4] J. K. Jain, Phys. Rev. Let3, 199 (1989).
¢¢“¢ 0.0 05 11'?( 15 20 [5] G. Moore and N. Read, Nuclear Physic8&, 362 (1991),
0.6K, 4" 2.2, © ISSN 0550-3213.
S ad v=249 || [6] C. Nayak, et al., Rev. Mod. Phy80, 1083 (2008).
0.9K <%, B.=6.42T [7] A. Stern, Naturet64, 187 (2010).
m . LT [8] J.S. Xia, etal., Phys. Rev. Lei3, 176809 (2004).
15312 15316 15320 15324 15328 [9] G. A. Csathy, etal., Phys. Rev. Le®, 146801 (2005).
Energy (meV) [10] C. R. Dean, etal., Phys. Rev. Let01, 186806 (2008).

[11] A. E. Feiguin, etal., Phys. Rev. B, 115322 (2009).
FIG. 5: Temperature dependence of the Rayleigh scatteggw r  [12] M. Storni, R. H. Morf, and S. Das Sarma, Phys. Rev. Lett.
nance (RRS) profile fov ~ 5/2. Optical emission spectra (con- 104, 076803 (2010).
tinuous lines) along with the laser peak heights (scatspbf ~ [13] T. D. Rhone, et al., (APS Meeting, Portland OR, March
RRS intensity are displayed. A peak in the resonance enhance  2010), BAPS.2010.MAR.Y2.3.
ment of the elastically scattered light coincides with thaxim  [14] A. Wojs, et al., Phys. Rev. Lett04, 086801 (2010).
mum intensity of the continuum. This enhancement is attiemia [15] C. Zhang, etal., Phys. Rev. LetD4, 166801 (2010).
at elevated temperatures. The inset shows the relatiomhip [16] M. Stern, etal., Phys. Rev. Left05, 096801 (2010).
tween the area under the RRS profile and temperature. Thik sol{17] A. Wojs, C. T6ke, and J. K. Jain, Phys. Rev. Lei05,

line represents a fit to the data using the Langmuir isoth2sin[ 096802 (2010).
[18] S. Das Sarma, G. Gervais, and X. Zhou, Phys. Reg2B

115330 (2010).
ing factor we cannot dismiss the possibility of polarized[19] N. Read, Physica B: Condensed Ma96, 121 (2001),

, ISSN 0921-4526.
domains at low temperature. [20] Y. Gallais, et al., Phys. Rev. Lett00, 086806 (2008).

Our work suggests that un-polarized, together with poy51} 5 p Eisenstein, et al., Phys. Rev. L8, 076801 (2002).
larized domains may be a general feature of the quanturp2] r. M. Lewis, et al., Phys. Rev. B, 081301(R) (2005).
fluidsinthe 2nd LL (includingat = 5/2) - continuabeing  [23] The mode at 0.4meV is strongestiat= 2.9. While the
linked to partially polarized or un-polarized domains. A origin of this mode is unclear at present, we note that it res-
possible mechanism for the formation of continua of spin ~ onates with the SW. Drozdov et al. have recently also re-
excitations as reported here could be similar to that ofspin ~ Ported an extra SW mode around odd-integer quantum Hall
flip excitations in the N=0 LL[28], whose spectral weight states at much lower density [34].

. . . [24] C. Kallin and B. I. Halperin, Phys. Rev. 8, 5655 (1984).
below Ez emerges if the CF Fermi energy is greater than[25] Y. Yafet, Phys. Revi52, 858 (1966).

the CF spin reversal gap energy. [26] S. Luin, etal., Phys. Rev. Le®7, 216802 (2006).

In summary, a collapse of the SW at forS 3 indi-  [27] I. V. Kukushkin, et al., Phys. Rev. Le@8, 066403 (2007).
cates loss of spin polarization in the N=1 LL from its max- [28] I. Dujovne, et al., Phys. Rev. Le85, 056808 (2005).
imum atv = 3. The SW's absence far ~8/3 and 5/2, [29] R. L. Willett, K. W. West, and L. N. Pfeiffer, Phys. Rev.
and the emergence of quantum phases composed of sub- Lett. 88, 066801 (2002).
micron domains seen in RRS pose striking new challenge O] R. H. Morf, Phys. Rev. Leti80, 1505 (1998).

. . ) . [31] W. Pan, et al., Solid State Communicatioh$9, 641
for the interpretation of roles of spin degrees of freedom in (2001), ISSN 0038-1098,

the 2nd LL. [32] L. Tiemann, et al., Proceedings of the 19th Internation
This work was supported by the National Science Foun-  Conference on the Application of High Magnetic Fields

dation (NSF) under Grants No. DMR-0352738 and No. in Semiconductor Physics and Nanotechnology (HMF-19),

DMR-0803445; by the Department of Energy under Grant ~ Fukuoka, Japan, unpublished (2010).

No. DE-AIO2-04ER46133; and by the Nanoscale Sci-[33] W.Pan, etal,, unpublished (2010).

ence and Engineering Initiative of the NSF under award3* |- K- Drozdov, etal., Phys. Rev. Let04, 136804 (2010).

No. CHE-0641523. Y.G. acknowledges support from a



