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Microwave resonance of the reentrant insulating quantum Hall phases in the first excited
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We present measurements of the real diagonal microwave conductivity of the reentrant insulating quantum
Hall phases in the first excited Landau level at temperatures below 50 mK. A resonance is detected around
filling factor v=2.58 and weaker frequency dependence is seerrat42 and 2.28. These measurements are
consistent with the formation of a bubble phase crystal centered arounditla¢sesry low temperatures.
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Clean two-dimensional electron systef®DES show a  moded®° of crystal domains oscillating within the disorder
plethora of phases at low temperatu(@swhen subjected to potential.
perpendicular magnetic field8). The most well known of Recently, Eisensteinet al?° and Xia et al?! have
these are the integeand fractional quantum Hall effects presented measurements of RIQHEs in ttel LL that
(IQHE and FQHE. Both are identified by quantized Hall appear only aff =50 mK. These RIQHEs are centered at
resistancesty:h/vez and the simultaneous vanishing of pgrtial filling factorsv' ~0.28, 0.42, 0.56, and 0.70, where
the diagonal resistancdR,,) when the filling factor v =»—-[v], and [v] is the greatest integer less than
v=nh/eB coincides with a gap in the single- or many- The initial theorie&’” of charge density waves in higher
particle density of states. In higher Landau levéld ), LL (which predicted the stripe and BP for>4) did not
N=2, whereN is the LL index, vanishing minima iR, are ~ consider theN=1 LL. Also, the short-range softening of the
observed* nearv=4+1/4, 4+3/4, ancseveral subsequent €ffective electron-electron potential, which gives rise to the
odd quarterr. However, at these, R,, is quantized to the BP in higher LL, is only weakly present in tié=1 LL and
value of theadjacentinteger plateau. Therefore these statesabsent in the=0 LL. However, more recent theori€s*do
are said to exhibit a reentrant integer quantum HallPredict a BP and perhaps a stripe phase in the first excited
effect (RIQHE).> Theonf—? predicts a crystal phase of the LL.
2DES with triangular lattice symmetry amdo or moreelec- In this paper, we present measurements ofoRRg¢ be-
trons per lattice site—pinned by disorder and hencdweenv=2 and 3. AtT~35 mK, we show that a resonance
insulating—to occur at approximately these This crystal —occurs in the frequencif) dependence of Re,,] in a range
has been dubbed the bubble ph#&B®). Experiments have of v around 2.58. An enhancement of[leg] at v=~2.42 is
subsequently shown nonlinear current-voltagealso observed at low. These features are not present for
characteristic8,a microwave resonané®,and narrow band T=55mK. The resonance occurs at frequency,
noiset! in the range ofv centered around:=4+1/4. Still f~125 MHz, and is coincident with the RIQHE phase found
more recent work has looked at the transition between the previously?®2! in the N=1 LL on either side ofv=5/2. In
BP aroundv=4+1/4 andanother solid phase—presumably a light of our earlier observatiof%in higher LL’s, this reso-
Wigner crystal®-1%of carriers in the uppermost LL—close to nance is naturally interpreted as due to the pinning mode of
v=4. the BP in theN=1 LL at »=2.58.

The microwave measuremenfsi? which are similar to The sample, grown by molecular beam epitaxy,
those we will discuss here, provide compelling evidences a 300-A GaAs/AlGaAs quantum well of density
that the RIQHE is due to the formation of a pinned electronn=3.0x 10'* cm™ and mobility x=2.4x 10’ cn? V~'st at
solid such as the BP. These measurements detect 300 mK. The quantum well is approximately 2000 A below
sharp resonance in the real diagonal conductivitthe surface. A coplanar wavegufde(CPW) is patterned
(R oy (f)]) when the 2DES forms an electron solid. onto the sample surface. The CPW consists of a driven
The observed resonant frequenty, is considerably lower, centerline of lengthl that is separated from symmetrically
in terms of energy, than the temperature at which theplaced ground planes by slots of width. At high f
resonance first appears, <kgT/h, indicating that the and small|oyy, the conductivity of the 2DES attenuates
resonance is not due to the ionization of individual carriergpower transmission along the CPW and [Rg]=
trapped in potential defects. Furthermore, this resonance is(w/21Zg)In(P,/Py), whereP; is the transmitted powép. In
strikingly similar to the resonance which occurs in the insu-the absence of 2DES, the CPW has impedafees0 () and
lating phase of 2DE$Refs. 16 and 1)7that terminates the transmits poweP,. The CPW pattern is shown in the inset to
FQHE at highB, »<<1/5, where the 2DES is thought to form Fig. 1 and hag=28 mm andw=30 um. The dark regions
a Wigner crystal® The resonances in both regim@&QHE  are the metal films of the CPW. Measurements were carried
and v<<1/5 insulating phageare interpreted as pinning out in the low power limit, which was determined by reduc-

1098-0121/2005/78)/0813014)/$23.00 081301-1 ©2005 The American Physical Society



LEWIS et al.
C I‘ T T || T UL B T T a
N=1 N=0
\ |
[}
= |
< f =200 MHz
4 T ~65mK
—_ 3
§ 2
b L 712 6/5 _
D 52
[
773 53 473 1|
L 1 (ol 1 P NI BRI A 1 il 1 (il il
2 4 6 8 10 12

FIG. 1. The real part of the diagonal conductivity,[Rg] vs B
between 2 and 13 T. The inset is the coplanar waveguide pattern
which the dark regions are the metal films.

ing microwave power until no further change in[leg] was
observed.

In Fig. 1 we show Rler,,] measured, between 2 and 13 T
at 200 MHz andT=65 mK. The broad minima centered
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around B=12.55, 6.26, 4.18, and 3.14 T are due to the

IQHE states av=1, 2, 3, and 4. Between=1 and 2, sharp
minima indicate FQHE states in ti=0 LL at v=6/5, 4/83,
715, 8/5, and 5/3. TheN=1 LL also shows FQHE
states. For instance, B&=5.38, 5.03, and 3.58 T, dips due to
the v=7/3, the 5/2, and 7/EQHE are apparent. Far>4
(N=2 LL), sharp peaks appear in [Re,] at B=2.89, 2.63,
2.36, and 2.17 T, or roughly at=4+1/4, 4+3/4, 5+1/4,
and 5+3/4where dc measuremeft observe the RIQHE.
These peaks are due to a resonancefat300 MHz,
which was interpretéd as due to the pinning moteof
the BP.

In Fig. 2, we focus on the range & between 4.2 and
6.2 T wherev lies within theN=1 spin-up LL. In Fig. 2a),
we show Rgoy,] at =125 MHz for T approximately at 30,

FIG. 2. (Color onling (a) R oy,] vs B between 4.2 and 6.2 T at
frequencyf =125 MHz for temperatures~ 30, 40, 50, and 55 mK.
(b) R 0y, ] vs B atf=20, 125, and 500 MHz witfi =50 mK offset
1 uS from each other(c), Rdaoy] vs B at f=20, 125, and
400 MHz, all atT=30 mK offset for clarity.

increase of 0.2uS is seen between 20 and 125 MHz and a
decrease of 0.2S occurs between 125 and 400 MHz. The
variation of Réo,,| with f at P3, however, is too weak to
quantify.

Dependence of Rey,] on f is also seen close to the
IQHE minima in Figs. 2b) and 4c) atB=4.43 and 5.75 T.
Detailed discussions of thesedependences can be found in
Refs. 13 and 14 and is attributed to the formation of a pinned

40, 50, and 55 mK. The most striking aspects of these datalectron solid in the uppermost partially filled LL near inte-

are the dramatic increases of the peaks ihoRg at 4.88 T
(marked as Pland at 5.17 Timarked as PRwith decreasing
T. P1 occurs aw=2.57 and P2 av=2.42. At P1, REoy,]
increases by-4 uS asT decreases from 55 to 30 mK. Simi-
larly, at P2, REo,,] increases by about A4S over the sam@&

ger v.

In Fig. 3@, we plot R¢o,,] in gray scale forf in the
20 to 520 MHz range and betweenvy=7/3 and 8/3Con-
tours of constant Re,,] are superimposed at 048 inter-
vals. Ré¢o,,] shows dark bands at the 7/3, 5/2, and 8/3

range. Somel dependence is also evident in the peak atFQHE states indicating minima, as expected from Bhae-

B=5.47 T(v=2.28, labeled as P3.

Figure 2Zb) shows REo,,] vs B measured atf=20,
125, and 500 MHz at =50 mK. At thisT, P1 and P2, show
little dependence of. The traces are offset &S from each
other.

In Fig. 2(c), we plot R¢o,,] vs B for =20, 125, and
400 MHz, at T=30 mK offset by 1uS each for clarity.
At P1, Rdo,,] increases by roughly 2S as f goes
from 20 to 125 MHz where we use=2 at 6.2 T as the
reference point. However, Re,| decreases by about
3 uS asf changes from 125 to 400 MHz, indicating that
R oy vs f has a resonance neér 125 MHz. At P2, an

pendence shown in Fig. 2. Lighter regions in between the
FQHE states indicate increased[Rg]. At v=2.58, a reso-
nance in Rpoy,] vs f is seen, which peaks &t=120 MHz,
and is encircled by the contour lines. This resonance is
sharpest betweer—2.57 and 2.59, but can be observedifor
between 2.54 and 2.61. In FiglB, a spectrum of Rer,,] vs
f at »=2.58 is shown that exhibits a broad resonance at
f~120 MHz. For comparison, the Re,] spectra taken at
v=5/2 and 8/3 aralso shown in Fig. @) and are feature-
less.

In the lower half of Fig. 8a), some increase in Re,,] is
observed between=7/3 and 5/2But, the contour lines run
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v~2.58 as due to a pinned BP. Furthermore, nes2.42,

we find an enhancement of Rg,] at low f which is mani-
festly different from spectra taken at the 5/2 and 7/3 FQHE
states. Rather, the spectra:at2.42 is more similar to the
resonant behavior at=2.58 and hence suggestive of pinned
collective insulating behavior.

Recent density matrix renormalization group calculations
by Shibata and YoshioKafind a unidirectional charge den-
sity wave (stripe phase forv between the 11/5 and 7/3
FQHE states and also between the 7/3 and 5/2 FQHE.
() H{MHz) Those authors suggest, however, that disorder may favor the
: : BP over the stripe phase within these ranges. dflean-field
T theory by Goerbiget al?324finds only a BP in these same
ranges ofv and predicts a transition from the 7/3 FQHE to
the BP at »'=0.36, close to what we observe. The
theorieg?-24invoke particle-hole symmetry for' =0.5 to 1.

In contrast, our measurements dowrilte35 mK show that
the BP centered around-=2.58 develops at highdrthan the
BP centered at=2.42. Strangely, this differs from observa-
tions of the BP inN=2 and higher LL, where the electron
branch(v" <0.5) always persists to higheF than the hole
200 200 branch (v >0.5) of the BP. The development of the 12/5

100 200 300 400 500 (¢ f(MHz) FQHE staté' at extremely lowT <25 mK is likely respon-
(&) Fihlz) sible.

In the spin-down branch of théN\=1 LL, between
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FIG. 3. (Color online (a) The real diagonal conductivity, _ . .
R 0,.] vs frequency(f) in gray scale, between=7/3 and 8/3 v=3 and 4, four distinct RIQHEs were reported in Ref. 20, a

at T=35 mK. Contours of constant conductivity are superimposeopair_ on ei_thgr side of the 7/2 F_QHE' Although we qbserve a
at intervals of 0.5uS. (b) Reoy,] at »=2.58 compared with distinct dip in Réo,] vs B at V_7_/_2’ Wefound no dips or
v=5/2 and 8/3.(c) Reoy,] at »=2.42 compared withw=7/3  resonances that could be identified with the RIQHEs be-
and 5/2. tween»=3 and 4. The samples used in Ref. 20 and in the
present paper are similar, so it is likely that higher operating
nearly parallel to each other as only nonresonant frequency and/or electric fields used for our measurements sup-
dependence is seen. A weak upturn i &g is seen be- pressed the RIQHES betweer3 and 4.
tween V”237 andv=2.46 and is most pronounced at In summary, we have studied thé dependence of
v=2.42. Figure &) shows that Rler,] vs f measured at the RIQHE phases in thi=1 LL betweeny=2 and 3 for
v=2.42 exhibits a steadgiecreaseasf increasesThis de- T<55 mK. We find a resonance in Re,] vs f for
pendence is quite different from the gentle increase in,—» 5g \wheref =120+15 MHz measured at 35 mK. The
Re{oy,] vs f measured ab=7/3 and 5/2. Atthis sensitive  ogonance appepars forbbetween 2.54 and 2.61 and is ex-
scale, small oscillations are visible in the data that are due t@aordinarily similar to measurements of the BP in te2
weak reflections between the sample and the room tempergng higher LLS® Somewhat surprisingly, a resonance has
ture amplifier. The roughly .S difference in Revol at not developed aT~35 mK neary=2.42, but an upturn in
500 MHz is due to the increase in nonresonant backgrounftd o ()] at low f is observed between=2.37 and 2.46 at
conductivity between the FQHE minima at 7/3 and 5/2 and3s mK. The ranges of where these dependences are seen
is also seen in the data in Fig. 2. The error in our deterMiggincide with RIQHE phases reported in Refs. 20 and 21 and
nation of v in Fig. 3 is £0.01. _ with theoretical predictions of the BfRefs. 22-24 in the
The phenomenology of thesé=1 LL RIQHE phases is N=1 LL. We interpret these data as consistent with the for-

similar to what has been observed in higher LLs. The dGpation of an electron solid for between 2.54 and 2.61,
measurement$!show that around”=0.28, 0.42, 0.58, and presumably a BP, aF <50 mK.

0.70, insulating phases appear in the uppermost partially

filled LL for T=<50 mK. The resonance in Rg,] shown in We thank Kun Yang and Herb Fertig for stimulating dis-
Fig. 3(b) strongly suggests that the insulating phase centeregussions. The measurements were performed at the NHMFL
aroundv=2.58 is collective in nature—most likely an elec- with financial support from the AFOSR and the NHMFL
tron solid—because fy<kgT/h. The predictions of in-house research program. The NHMFL is operated under
theory?-?*are that this solid is a two-electron per lattice site NSF Grant No. DMR-0084173 with support from the state
BP. Therefore, we naturally interpret the resonance we find af Florida.
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