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Striking Rolesfor Spin Degrees of Freedom in the Second Landau Level
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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 mode, which monithesdegree of spin polarization, is at the Zeeman
energy in the fully spin polarized statewat3. At lower filling factors the intensity of the Zeeman mod#lapses
indicating loss of spin polarization. A novel broad continuof low-lying excitations emerges that dominates
nearv=8/3 andv=5/2. Resonant Rayleigh scattering reveals that the qoafitids away fromv = 3 break up
into robust domain structures. While the stateab/2 is considered to be fully polarized, these resultsakve
unprecedented roles for spin degrees of freedom.

PACS numbers:

The study of the quantum Hall effect in the secondnon-abelian nature of the 5/2 state[7].

(N=1) Landau level (LL) is at the forefront of physics re- The Moore-Read state at=5/2 should be realized by
search. In the second LL lies the state at filling factora spin polarized ground state[5]. Many numerical simu-
v =5/2[1,12], the best known even denominator quantumlations predict a polarized ground state. This prediction
Hall state - defying the paradigm of odd-denominator frac-however lacks definitive experimental verification. For in-
tional quantum Hall states[3, 4] and leaving a challenge tcstance, transport measurements[8—10] suggest that the rol
the understanding of quantum Hall physics. The 5/2 quanef spin for the states at=5/2, 8/3 and 7/3 disagrees with
tum Hall state is predicted to realize a non-abelian phaseaccepted theoretical models. Great strides towards under-
- the Moore-Read Pfaffian[5], an exotic form of matter, standing the 5/2 quantum Hall state and the spin degrees
still unconfirmed experimentally. The Moore-Read stateof freedom have been made with recent experimental and
may facilitate the implementation of topological quantumtheoretical work[11-17]; nevertheless a complete under-
computation[6]. Efforts are being made to confirm thestanding still evades our grasp.

Resolving the ’puzzle’ of spin polarization of the 5/2
state has emerged as an important challenge that would
create key insights on the physics of quantum fluids in the
second LL. Read[18] 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

00 01 02 0.3 ' at 5/2 do not have full spin polarization. Loss of spin po-
i A 02 03 04 05 . : it i ; i
b Energy Shift (meV) Iarlzatlon_ at 5/2 has been _studled theoretically[14] and is
i : : : : reported in an optics experiment[16].
’5 N N=1. v=3 - N=1 In this letter, the physics of the spin degrees .of freg-
&rces N=t 4 N=1,7 ] dom of the N=1 LL is addressed by resonance inelastic
2l oF0Ex, o ~—E,; | light scattering (RILS) and resonance Rayleigh scatter-
2 800 VB ing (RRS_). The spin (_jegree_s of freedom are monitored py
g I 11 changes in the RILS intensity of the long wavelength spin
- L P wave (SW) at the Zeeman enerd [19]. The striking
1527 1528 1529 1530 1531 collapse of the scattering intensityit for v < 3 shown in
Energy (meV) Fig.[a is evidence for loss of spin polarization. The RRS
_ _ o effect that, like the collapse of the modekt, appears be-
FIG. 1: Evidence of loss of spin polarization away frem=3.  |ow v = 3, reveals that the quantum fluids in the partially

(a) Color plot of resonant inelastic light scattering spectithw

. o _ Ig)opulated N=1 LL are highly inhomogeneous, breaking up
varying magnetic field shows the spin wave (SW) at the Zeema

energy,Ey. The intensity of the SW attenuates away frore: 3 into 'puddles’ that have characteristic sub-micron dimen-

(BT=5.32T). The top inset shows the light scattering geometry.s'ons' )

The bottom inset exhibits a spectrunvat 3.01. (b) N=1 optical The collapse of the SW mode & for v < 3 is accom-
emission involved in resonance enhancement of light saagte  panied by the emergence of continua of excitations (below
(Br=5.3TP=20°, T=40 mK). The left inset shows the two step and aboveEz) that can be regarded as low-lying excita-
inelastic light scattering process for the SW. The righeétiisthe  tions of new quantum phases in the N=1 LL. Unlike the

energy level diagram for optical emission from the= 1,1 LL. findings in the lowest N=0 LL[[19], a well defined mode
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at E;z is not recovered at fractional quantum Hall states, a b v
such as 8/3 and 5/2. The similar resonance enhancements - o
. . . . . = o =

of the low lying continua and of RRS is evidence that the | M 11501
lost spin polarization, seen as the replacement of the peak i

. . ! . . 1529.23meV 0.0 0.2 04 0.6 0.8
atEz by a low-lying continuum of excitations, arises from
the domains (‘puddles’) of quantum fluids that emerge for

&
v <3. > |2.95
Most likely, the emergence of 'puddles’ are linked to 2| remediial 0.0 02 04 06 08
competition between quantum phases reported in other ex- £ Ik
periments|[8=10, 20, 21]. The present results differ from W
prior work in revealing a loss of full spin polarization and i et [ 14288
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that this remarkable character persists to temperatures as
_hlgl'_1 as 1K and above. Domains lacking full spin polar- 5 5o——Fu——=
ization are here a key feature of the quantum phases of Energy Shift (meV)
the N=1 LL. We note that while emerging from spin unpo- _ _
larized domains, further studies of condensation into thé!C: 2: Coexistence of novel quantum phases with the ferro-

_ . : . _magnetic SW(a) Tuning the incident photon energy for exci-
quant.lgrln If—:a.I(IjSLater{]:\,t N 5/.2 melly .S“” .reSUIt inan ncom tations at filling factor slightly away from=3 (v=2.9,B7=5.5T,
pressible fluid that has spin polarization. T=40mK) induces the collapse of the SW and the emergence of

The high-quality 2D electron system studied here isa continuum of low lying energy excitations. The SW resoeanc
formed in an asymmetrically doped, 240wide GaAs s at higher photon energy than that of the continuu(n) We
single quantum well (SQW). The electron density ismonitor the behavior of the low lying excitations while togi
n=3.7x16G* cm~2 and the mobility igu=17.5x16 cn?/vs  thefilling factor [22]. We track two distinct modes below- 3 -

a T=300 mK. Saples are mounied on the cod et ofi¢ S st o g Scualo Teeensy
a dllutloe refrigerator with a base_temperature of 40 mK ontinuum o?low lying excitatioF:ws. The continuum isgresnsha
inserted into a_17 T superconducting magr_1et: The norm t slightly lower incident photon energy than the SW.

to the surface is at an angfeto the magnetic fieldt as

shown in the inset to Fid.] 1(a). Light scattering measure-

ments are performed through windows for optical access. v

The energy of the linearly polarized photons, and ws, azmK 200mHK
are tuned close to fundamental optical transitions of the
N=1 spin up LL,E;; (see Fig.[ 1L (b)). Due to resonance
enhancements, light scattering spectra have a marked de-
pendence on incident photon energy displayed in Fi§j. 2
(a). The power density is kept less than $@&/cm—2 to

avoid heating of the electron gas. The scattered light is dis
persed and recorded by a triple grating spectrometer with
resolution of 3QueV.

The results in Fid.12 describe the attenuation of the long ‘
wavelength SW aEz, presented in Fid.]1, asis reduced 00T 0208 00010505 00010205 04
from 3 to 2.85. The SW band is strongest in the ferro- Energy Shift (meV)
magnetic quantum Hall state at3, and is robust upon
increasing temperature. While Larmor’s theorem required |G- 3: Temperature dependence measurements at varius fil

ctors of low lying modes. The continuum (black lines) raeit

that this mode’s energy remains at the bare Zeeman enerd«z’evated temperature. The SW (red lines) reemerges atedeva

its overall spectral vyeight is_ expected to depend senkjtive temperature fow ~8/3 Br=6.0 T) and 5/2 Br=6.42 T, in the
on the degree of spin polarization [19] 23]. The collapse ofeq spectrum at 2K there is a glitch& not visible on the scale
the SW intensity is thus interpreted as revealing the reducshown). The dashed line in the lower left panel is a guide ¢o th
tion of spin polarization in the N=1 LL from its maximum eye.
value atv = 3.

Tuning the incident photon energy results in striking
spectral changes that are due to differences in resonanéxcitations. Moreover, in contrast to the N=0 LL, where
enhancements. Fifl 2a shows the metamorphosis of thgkyrmions proliferate at ~ 1 [19], we surmise that the
sharp SW aE; to a broad continuum of lower energy ex- continuum of low-lying excitations a¢ < 3 have a dif-
citations atv=2.9. The continuum extends from well be- ferent origin. We speculate that the continuum could be a
low Ez to about 0.3 meV. Increasing_ to slightly higher  novel type of spin excitation associated with loss of spin
energy results in the collapse of the intensity of the con{olarization.
tinuum and the appearance of the sharp SVt The Figure[3 shows the temperature dependence of the RILS
results in Fig.[2 show the coexistence between the lowspectra at three filling factors reaching to 5/2. \At2.85
lying excitations and the mode &; . While the inten-  broad continuum seen at 40 mK melts entirely at 1 K, while
sities of the SW and continuum modes resonate at differthe SW intensity aEz remains. Atv~8/3, the continuum
ent excitation energies, their appearance at the samgfillindominates at low temperature, begins to melt at 1 K and is
factor suggests formation of quantum states with complexdestroyed by 2 K. The sharp SW Bt reemerges at 1 K
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and is fully recovered by 2 K. The temperature dependence v=3.01'(5.3T)’ 'x2| [v=290 (5.5T) = = x2
for excitations av~5/2 is remarkable. As the temperature TaomK [ T=40mK
is raised to 1.5K, the continuum begins to melt, and is still ¢ * ¢

present, albeit greatly reduced, at 2K. In addition, a small
bump is seen &z - hinting at a reemerging long wave-
length SW.
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The spectrain FigE] 2 aidl 3 suggest competing quantum
phases. One phase is associated with a sharp $/aatd ﬁ%-ﬁf (G-Ol) -] =249 (6-121')‘
=40m FT=40 mK

the other with the continua of low-lying excitations. To
further explore these behaviors we measured RRS spec-
tra. Figure 4 reports the results at several filling factors.
RRS spectra av ~ 5/2 and 8/3 show marked resonance
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l
enhancements at energy that coincides with the maximum _l_"!___“ b ez
resonance enhancement of the continuum, and contrasts 15303 15306 15309 18312 15315 1531.8 15324
A ) . Energy (meV)
with the unremarkable RRS profile of the ferromagnetic
state av ~ 3. FIG. 4: RRS resonance profiles for3.01, 2.9, 2.66 and 2.49.

RRS is linked to spatial inhomogeneities or domainsyg resonance enhancement is seen for the ferromagneticastat
which are on the order of the photon wavelength [24].v = 3. At v = 2.9 some structure in the resonance profile devel-
The RRS results clearly demonstrate formation of domainsps. Atv = 2.66 andv = 2.49, a resonance is seerigt;. Black
in the quantum fluid av < 3, that are consistent with dashed lines represent optical emission while colored peg
transport measurements showing the competition betwedi§sent elastically scattered light intensity. Diamondsu(§) rep-
nearly degenerate quantum phases in the second LL whic:lgzgzgg‘c‘?pewa in which the SW (continuum) has a maximum
include spatially inhomogeneous ones associated with a '

Re-entrant Integer Quantum Hall Effect (RIQHE)![8, 20]. ——

The temperature dependence of RRS shown in Eig. 5 | 3 35 s

supports the picture that at low temperatures an inhomo- 40mK s 32 /% P

geneous electron condensate forms at 5/2 and 8/3. We in- j‘x‘\i |

terpret the attenuation of RRS at higher temperatures as 3 f &= jggﬁ% g £ =

the melting of puddles of quantum phases. The insetto &| (2K #* T, ;iz |

Fig. [3 shows that a Langmuir adsorption isotherm (Eqn. 2 & = =

[I), that interprets the formation of inhomogeneous integer § 04K S, g ol]

qguantum Hall fluids|[24], also describes results at 5/2 and £ i N = A 1°5 S

8/3. In this framework, we describe nucleation of "quan- A% I

" g~ . . L r 06K , .o

tum puddles” to binding sites - forming domains in the aty il Y -

guantum fluid. The areal intensity of the RR&gsis given P ? < ? v=249 |
0.9K <% B = 6.42T

by, m T .
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|0
IrrdT) = RRS (1)
1+CTexpg—Ey/kT) FIG. 5: Temperature dependence of the Rayleigh scattegsg r
Ey is the binding energy of particles to binding sites andonance (RRS) profile far ~ 5/2. Optical emission spectra (con-
C— 2n1\/|kb/Nph2, whereN,, can be viewed as the density tinuous lines) along with the peak heights (scatter plot§}RS

- . .2 intensity are displayed. A peak in the resonance enhandeshen
of binding sites and M as the mass of the bound partICIethe elastically scattered light coincides with the maximiaten-

A fit to data shown in the Fid.]5 inset yields an estimate ofsjty of the continuum. This enhancement is attenuated wate
the density of binding sited\p ~5 x 10°%cm~2, with M as  temperatures. The inset shows the relationship betweearéae
the composite fermion (CF) mass of about 10 times the efunder the RRS profile and temperature. The solid line reptsse
fective electron mass [25]. The binding energiis-0.06  afit to the data using the Langmuir isotherm[24].
meV (600 mK). The presence of domains in the quantum
fluid in the N=1 LL has implications for the spin properties
of the system. The formation of domains has the potentiamagnetic fields (closer te = 1) is only partial, as a well-
to destroy the long range magnetic order and its assocHefined SWis still observed &;.
ated long wavelength excitations. Consequently, the sharp The temperature dependence of the continuum close to
SW atEz might not effectively monitor local polarization. 5/2 is reminiscent of work reported by Willett et al. [27],
Thus, within the domains, determining the exact nature oshowing that a CF Fermi sea at5/2 exists within the
the spin polarization remains challenging. temperature range 300miT <1100mK. The signature of

It is interesting to compare the RILS results at 8/3 andthe CF Fermi sea becomes weaker with elevated tempera-
5/2 with those for the states of their analogs in the N=0 LLtures. It is possible that the continuum of low-lying exci-
- v=2/3 andv=1/2. At similar magnetic fields, the states at tations at 5/2 might be a signature of CFs.
v=2/3 andv=1/2 are characterized by a well-defined SW The above results seem to indicate that the observed
atEz [19,126]. This indicates spin polarized states at 2/3loss of spin polarization found in the N=1 LL occurs in
and 1/2. In that case the loss of spin polarization, at lowedomains of characteristic sub-micron length. It is thus
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