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One-component to two-component transition of thev=2/3 fractional quantum Hall
effect in a wide quantum well induced by an in-plane magnetic field
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The v=2/3 fractional quantum Hall effe¢EQHE) in a wide, single quantum well subject to tilted magnetic
fields makes a one-component to two-component transition induced by the in-plane component of the magnetic
field. To analyze the experimental data we make a self-consistent, local-density-approximation calculation of
the electronic structure of the wide quantum well in tilted magnetic fields. Our results are quantitatively
consistent with earlier experimental work on the density driven one-component to two-component FQHE
transition in this systen{.S0163-1827)50536-4

The development of high-quality, interacting bilayer elec-The Agagis chosen as equal to the difference between the
tron systems has opened a fruitful area of research in thiswest two energy levels andl is given by the distance be-
physics of two-dimensional2D) systems at high magnetic tween two peaks of the charge distribution in the WSQW.
fields!~® At Landau-level filling factorv=1, for example, We emphasize that, in the WSQW case, batysandd
the broken symmetry of the quantum Hall state results in atrongly depend omNg and should be calculated in a self-
spontaneous interlayer phase coherence in the absence aufnsistent manner.
tunneling between electron layé® Another remarkable The case of certaisven-numeratoFQHE states, such as
phenomenon is the fractional quantum Hall effd6QHE) at  v=2/3, is especially interesting in WSQW’s and provides
even-denominator filling facto?s® (e.g., atv=1/2) which  the main motivation for experiments presented in this paper.
has no counterpart in standard, single-layer 2D systems. THgecause of the tunability of the interlayer tunneling, two
essence of the physics of bilayer systems in the quanturfgalizations of the FQHE state are possible in one sanfiple.
Hall regime is captured by a class of Halperin waveWhenAg,gis large compared to the intralayer correlation
functiond° ® .., ,—a generalization of the Laughlin func- energy~0.1e?/4we/, , where/, =/hl|e[B, is the mag-
tion for two-component systems. For example, the quantunfietic length, a one-componefitC) state is realized which is
Hall ferromagnetic state at=1 is believed to be described the particle-hole conjugate of the standard Laughiinl/3
by a fully symmetric orbital functiom,,, while they=1/2 FQHE state (2/31-1/3). (i) For very small
FQHE is represented by the Halperin functiéns; . Asad(€¥4me/ ), a two-componeni2C) state is stable

These quantum Hall states have been observed for bilay@onsisting of twov=1/3 FQHE states in twaincorrelated
systems either in GaAs double quantum wells separated byers (2/3=1/3+1/3). The 2C state is described by the Hal-
an AlLGa _,As barrier or in wide, single quantum wells perin wave functior 33, wheren=0 indicates that there is
(WSQW's) of GaAs. For a typical double quantum well no interlayer correlatiorr:
structure, the interlayer hopping can be accurately described The Ny dependence of the quasiparticle excitation gap
in the tight-binding approximatiofTBA) so that the single- A,z atv=2/3 in a GaAs WSQW, measured by Susral,®
particle problem is fully characterized by two parameters: theclearly shows a 1C to 2C FQHE transition. According to the
tunneling gapAsasand layer separatiod. It allows one to  theory'? the above-mentioned 1C and 2@=2/3 FQHE
make a direct connection to the theory of bilayer quantunstates have different topological order and, in an ideal
Hall liquids, where the different states are identified in thesample, the boundary between them must support a neutral
Asasd phase space. The electronic structure of the systergaplessliquid state. The experimental data, which were
in a WSQW differs from the one in a double quantum well intaken only at a few values dfg, however, do not allow a
that the barrier separating the electron layers originates fromritical test of whether or nah ;3 vanishes at the transition
the Coulomb repulsion of electrons in the welThis prop-  point. Nor do they provide an accurate characterization of the
erty makes the WSQW particularly intriguing: with increas- dependence ah,,; on Ng near the transition. The difficulty
ing electron sheet densityyg, the height of the effective with obtaining a larger number of experimental points arises
barrier increases, allowing a transition of the bilayer electrorfrom the technically nontrivial task of balancing the electron
system from a strongly to a weakly coupled &rie.To dis-  system for manyN, (by “balanced” we mean a symmetric
cuss the FQHE in the WSQW, the low-energy physics can beharge distribution with respect to the center of the WSQW
mapped, for eaciNg, onto that of a double quantum well. In this paper we present results pf 2/3 FQHE measure-
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FIG. 2. Measured quasiparticle excitation gig; as a function
of the magnetic field tilt angl®.

from a simple tight-binding-approximatioffBA) model**
FIG. 1. R,, vS B traces aff =40 mK for different tilt anglesy (9 N the Landau gauge, the vector potential for a tilted mag-

is the angle betweeB and the normal to the electron layer plane Netic fieldB=(0,8,,B,) readsA=(B;z-B, y,0,0). Corre-

sponding wave functions for uncoupled left and right layers

ments performed in tilted magnetic fields. Here the 1C to 2C,¢ ,ﬁL,R(X,y)Neikxxe[y—YL'R(kx)IZ/Wf_ Guiding centers of the

transition is induced in an alternative and experimentallygaussians have a relative shift between the two layers,
more convenient way by increasing the magnitude of thefY'-(kx)—YR(kx)|=dBH/Bi, that is proportional to the
magnetic field parallel to the 2D electron layer plane whilestrength of the in-plane component of the magnetic field. The
keepingN; fixed. decreasing overlap between layer wave functions, i.e., the
The sample we measured was grown by molecular-beamgmayier tunneling rate, yields a reduction s with in-
epltaxy_and consists of a 75 nm wide GaAs well bounded OtreasingB,: AsadBj)=Asad0)exd—(dB/2/, B,)?]. As
each side bylsundopedspace} and Si &-doped layers of \ye will see, however, this expression predicts too rapid of a
AlogsGayeAs.™ It has a low-temperature  mobility gecrease inAgag with B,. We therefore turn to a self-
~1x 196 cn/V s. Front-side and back-side gates were usegtonsistent, local-density-functional approximati@CLDA)
to obtain a balanced charge distribution in the samblg. model to calculate the electronic structure of the 75 nm
was fixed at 9.&10 cm™2 WSQW subject to perpendicular and tilted magnetic fields,
Figure 1 provides an overview of the FQHE observed atgng show that the SCLDA model can quantitatively account
T=40 mK for different magnetic-field tilt angle& HereB g the experimental data.
is the total magnetic field with the in-plane component For the perpendicular field configuration, the SCLDA cal-

B, =B siné. In the measurements, we used an electric currengy|ation is analogous to that for the zero magnetic-field case.
| =100 nA. The sample is of exceptionally high quality as it

shows very strong FQHE states including the even- 13
denominator=1/2 FQHE® At §=0°, ther=2/3 FQHE is — B0
well developed. At intermediaté~30° it becomes weaker, ---- strong B,
while for §>30°, ther=2/3 R,, minimum gets wider and 1
deeper again. The quasiparticle excitation dgp; was ex- ™
tracted from the slope of the activated temperature deperz w0
dence of theR,, minimum at v=2/3, according toR,, ;
«cexp(—A,/2T). The # dependence af ,5is plotted in Fig. 2 < 9
revealing a pronounced transition near 30.5°. This tran-

sition has a striking resemblance to tNg-driven transition

of the v=2/3 FQHE reported by Sueet al® in the same 7
sample. The origin of the transition is the shrinkage of the

tunneling gapA saswhich can be induced by either increas- ¢
5

8

9 10 11 12 13 14 15

ing Ng,” or increasingB; (Fig. 2). In the remainder of the N, (10 m?)

paper, we theoretically analyze tBg-induced transition and

show that it is indeed very closely related to tNeg-driven FIG. 3. SCLDA calculation oA gsas a function of the electron
transition. sheet density in the wide single well f&=0 (solid curve and

Quialitatively, the shrinkage akgaswith B, can be seen strongB, (dashed curve
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FIG. 4. SCLDA (solid line) and TBA (dashed ling calculation 4
of Agasas a function of the in-plane component of the magnetic (two-component)
field. B, =6.08 T. X 3 (one-component)
In-plane (x andy) and out-of-plane Z) components of the 42
electron motion can be decoupled and the eigenstate problen
reduces to a numerical solution of a one-dimensional Schro 1
dinger equation for an electron in a potential well. The con-
lern\llng po;entlal of ftt?]e |_c|1u:;1ntum twetl_lﬁcongﬂ]: VH(ﬁ) 00.0 0.02 0.04 0.06 0.08 0.1
- 2
«(2), is a sum of the Hartree potential and the exchange o [EAgas/ (€ /4Tt )]

correlation term. The electronic structure of the system is

obtained from a self-consistent numerical solution of the o
Schrainger equation, giving the electron charge distribu- _FIG. 5. Plots of measured,; vs calculatedy, exhibiting the
tion, Poisson equation fov,, and determination o¥/,. in  1C 0 2C FQHE transition induced big) varying B, and (b)
the local-density-functional approximation. The difference?2¥ingNs (data of Sueret al, Ref. 5.

between zero-field and perpendicular magnetic-field results

stems from different partitioning of the electronic charge be-fixed at 6.08 T which corresponds to the filling facior 2/3
tween the lowest two energy states in the quantum well. Fofor Ng=9.8x 10'° cm™~2. For comparison, we have also in-
the well width and electron sheet densities considered hergluded the results of the TBA model which predicts a much
both states are populated at zero magnetic field, while a@ster collapse oAgaswith B;. As the next paragraph will
strong magnetic fieldsi(=2/3), the higher-energy state is clarify, however, it is the SCLDA that quantitatively ac-
not occupied. counts for the experimental observations.

The computation for the tilted magnetic-field case is more The calculated\g,s, presented in Figs. 3 and 4, allows
complicated in that there is no gauge for the vector potentials to make a comparison between the resultsBpfand
which would allow for decoupling of the in-plane and out- Ng-driven experiments. In Fig. 5 we show, for the two ex-
of-plane components of the electron motion. Hence, the reperiments, theneasuredjuasiparticle excitation gam s,
sulting Schrdinger equation is two-dimensional. To find the for the v=2/3 FQHE state as a function of the parameter
eigenstates, we numerically diagonalized the Hamiltonian forr=Agag/(€?/4me/"|) where Agas is calculated via the
an electron subject to combined magnetic and confining elecSCLDA (Figs. 3 and %8 Recall that at sufficiently large
tric potentials, using the finite-element method with thevalues ofa the 1C FQHE ensues while at smallthe 2C
linear-spline basis. The potenti®l,,,; was obtained in an FQHE should be stable. We expect a transition between the
identical manner to that used for the perpendicular fieldwo states atr~0.1, whenAg,sbecomes comparable to the
configurationt> in-plane correlation energy 0.1e%/27e /|, . Consistent with

We now present the results of our calculations. Figure 3his expectation, in Fig. 5 we observe a transitioanat0.06.
shows theNg dependence of the energy gapsas, and its  Of particular importance here is that the valueoft the
renormalization byB, . The zero-field curve was obtained transition is very similar for thé3;-induced[Fig. 5&)] and
using Hedin and Lundquitparametrization of/,.. Tocal-  the Ng-induced[Fig. 5(b)] transitions. If the TBA were used
culate Agag at strongB, , we assumed that the magnetic instead to calculate the dependenceélgfson By, it would
field is sufficiently large so that only the lowest, spin- shift theA,,; minimum in Fig. a) to «=0.02, very far from
polarized electric subband is occupied, and we applied the=0.06 where A,; exhibits its minimum in the
Vosko-Wilk-Nusait’ form of the exchange-correlation en- N-dependence daféig. 5(b)]. We therefore conclude that
ergy, which was derived for three-dimensional itinerant fer-the FQHE transitions in Figs.(& and 5b) are similar and
romagnets. In the considered range of electron sheet denshat the SCLDA results do quantitatively relate the two to-
ties, Agagis decreased by about 0.8 K due to the stronggether.
perpendicular magnetic field. The dependenceAghs on It is worth mentioning that the small=7%) difference
B,, calculated using SCLDA, is shown in Fig. B, was between the minima in Figs(& and b) may be explained
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This is consistent with what we see when comparing Figs.
5(a) and gb).

Finally, we remark on the nonzero value of the measured
A, 5 at the transition. In the beginning of the paper we men-
tioned that, for an ideal sample, the theGrpredicts a gap-
less liquid state at the boundary between the 1C and 2C
v=2/3 FQHE states because of the different topological or-
der of the two phases. It is clear in Figgaband 3b) that
A,; does not vanish at the transition point, which is incon-
sistent with what is theoretically expected for an ideal bilayer
system. One possibility is that the 1=2/3 FQHE state
makes a transition to another FQHE state of the same topo-
logical order. According to theor¥?. this state would be a

0.0

FIG. 6. Charge distribution at the transition points for the tilted
magnetic-field experimenr(solid curve and for theNg-driven ex-
periment of Ref. 5(dashed curye The charge distribution for
N,=9.8x 10" cm 2 atB,=0 is also showrfdotted curvgfor com-
parison(see text

qualitatively by comparingl//’, at the transition points. In
the tilted magnetic field experiment, the layer separation

-10 0 10 20 30
z (nm)

40 pseudospin analog of the single-layer, spin-singlet state.
Such a state very rapidly becomes unstable with the intro-
duction of even a slight amount of tunneling and so should
hardly be observed in our WSQW system, which has signifi-
cant tunneling. We surmise, therefore, that sample inhomo-
geneities and disorder are responsible for the absence of the
gapless liquid state in the experimental 1C to 2C transitions
that we observe.
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