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Spin transition of a two-dimensional hole system in the fractional quantum Hall effect
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The effect of the complex valence-band Landau-level~LL ! structure on the fractional quantum Hall~FQH!
effect of a two-dimensional hole system has been studied in a modulation-doped quantum well~QW! with
front and back gates. Owing to the spin-orbit interaction and the band mixing in the valence band, changing the
potential asymmetry of the QW with the front and back gates allows us to vary the LL structure for a fixed hole
density. We observed a remarkable transition in then5

4
3 FQH effect with a striking resemblance to the spin

transitions observed for tilted-field experiments. Self-consistent effective-mass calculations were carried out to
confirm that the transition is driven by the change in the effective Zeeman energy.@S0163-1829~99!51004-7#
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The spin configuration of a two-dimensional~2D! elec-
tron system~ES! in the fractional quantum Hall~FQH! effect
has been an issue of considerable interest.1–4 It has been
shown theoretically that, depending on the Landau-le
~LL ! filling factor n, many of the FQH states can have
spin-unpolarized or only partially polarized ground sta
when the Zeeman splitting of the system is sufficien
small.4 For suchn, the spin configuration of the ground sta
is determined by the interplay between the Coulomb inter
tion energyEC , which depends on the total spinS, and the
Zeeman energyEZ5gmBBSz (Sz :z component ofS).5 A
notable exception isn51/q (q: odd integer!, for which the
system is ferromagnetic and the ground state is always
polarized even in the absence of Zeeman energy. Exp
ments have indeed shown that the FQH states an
5 3

5 , 2
3 , 4

3 , 7
5 , and 8

5 undergo a transition between stat
with different degrees of spin polarization.1–3 Experimen-
tally, the transitions can be driven either by tilting the sam
with respect to the magnetic field or by changing the car
density. In the former, it is assumed thatEC depends only on
the perpendicular component ofB, while EZ is determined
by total B. The latter changes the relative size ofEZ andEC
on the ground thatEZ changes linearly withB while EC
scales ase2/e l 0}B1/2, wherel 0 is the magnetic length ande
is the background dielectric constant.

Similar angle-~Ref. 6! or density-dependent7 studies car-
ried out on 2D hole systems~HS’s! in GaAs/AlxGa12xAs
single heterojunctions~SH’s! also reported the spin transitio
of the n5 4

3 state. The reported data were very similar
those on the ES; the only difference was that the transi
occurred at a lower magnetic field in the HS than in the E
It is, however, rather surprising that the HS behaves so s
larly to the ES, for spin is not a good quantum number
HS’s as a result of the spin-orbit interaction and the hea
hole light-hole mixing.8 In addition, LL mixing is thought to
be substantial in HS’s, for the heavier hole mass,mh*
.0.38me (me : free electron mass!, reduces the LL separa
tion typically by a factor of 5 compared to that of ES’
Although LL mixing has been shown to reduce the FQ
energy gap in HS’s,9 phenomenaqualitativelydifferent from
their counterparts in ES’s have not been reported so far
this paper, we study the FQH effect of a high-mobility 2
PRB 590163-1829/99/59~4!/2502~4!/$15.00
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HS in a modulation-doped quantum well~QW! with front
and back gates. We demonstrate that a similar spin trans
can be driven in a HS by changing the potential asymme
of the QW and thereby changing the valence-band LL str
ture, a direct consequence of the spin-orbit interaction
the band mixing in the HS.

The samples used in this study were 20-nm-th
GaAs/Al0.33Ga0.67As modulation-doped QW structures
which were grown by molecular-beam epitaxy~MBE! on
n-type GaAs (311)A substrates. We investigated two stru
tures with different doping schemes. Sample I is a symme
cally doped QW with 100-nm undoped spacer layers a
Si-doped layers on both sides. Sample II is a one-side-do
QW with a 50-nm spacer. Both samples had a lo
temperature mobility of about 60 m2/Vs for a hole density
p51.831015 m22. These samples were processed into Ha
bar structures~200–400mm wide! with Au/AuZn Ohmic
contacts and a Au front gate. Then-type substrate served a
a back gate,10 which in conjunction with the front gate al
lows for the independent control of the hole density and
potential asymmetry of the QW.11 Magnetotransport mea
surements were carried out atT'50 mK in a dilution refrig-
erator. A standard low-frequency ac lock-in technique w
employed with a constant current of 20 nA.

Figure 1 shows the evolution of the FQH states obser
when the potential asymmetry of the QW was varied fo
fixed hole density in sample I. The front-gate bias,Vfg , was
varied from ~a! 20.05 to ~f! 20.20 V. For eachVfg , the
back-gate bias was adjusted to keep the hole density con
at (1.7660.02)31015 m22. Analyzing the low-field
Shubnikov–de Haas oscillations tells us that the QW pot
tial becomes nearly symmetric forVfg520.05 V.11 As a
measure of the potential asymmetry, the difference in
hole densities supplied from the front and back sides of
QW, dp[pf2pb ,12 is shown for each trace along with th
calculated potential profile and the charge distribution
holes.

For the symmetric potential (dp50.0), well-developed
FQH features are observed atn5 5

3 and 4
3 both in the diago-

nal (rxx) and Hall (rxy) resistivities. Higher-order structures
such asn5 8

5 and 7
5 , are not resolved here. As the QW p
R2502 ©1999 The American Physical Society
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tential is made progressively asymmetric, then5 4
3 state gets

weaker and, in turn, a weak feature appears inrxx at n5 7
5 .

Eventually, then5 4
3 state completely disappears and then

5 7
5 state develops as a distinctrxx minimum for dp51.35

31015 m22. Meanwhile, the strength of then5 5
3 state does

not change significantly, in contrast ton5 4
3 and 7

5 .
Apparently, these results bear a striking resemblanc

the spin transitions reported for ES’s~Refs. 1 and 3! and
HS’s.6,7 Indeed, we found that similar transitions took pla
when the sample was tilted with respect to the magn
field. In Figs. 2~a!–2~c!, we compare the data taken at d
ferent tilt anglesu. For these data, the hole density was fix
at 1.7631015 m22 and the QW potential was kept symme
ric. Since n is determined by the perpendicular fieldB'

5B cosu, tilting the sample shifts a givenn ~corresponding
to a particularB') to a higher fieldB5B' /cosu, which then
increases the Zeeman splittingDZ5ugumBB for the samen.
It is seen that then5 4

3 state, which appears as a pronounc
feature atu50°, is almost completely destroyed atu545°.
Since the increasedDZ destabilizes the spin-reversed sta
and does not affect the fully polarized state, this tells us t
the 4

3 state in the symmetric QW atu50° is either unpolar-
ized, or only partially polarized. By a similar argument,
can be said that the43 state reemerging at a larger tilt ang
u554° has a larger degree of polarization. Although t
possibility of the partially polarized4

3 state was first dis-
cussed in ES’s,1 more recent work by Duet al.3 shows the4

3

states at small and large tilt angles to be unpolarized
fully polarized, respectively. Here, we follow their assig
ments, and identify in our HS then5 4

3 states atu50° and
54° as the unpolarized (↑↓) and polarized (↑↑) states, re-

FIG. 1. Effect of potential asymmetry on the FQH effect
sample I. Eachrxx trace is offset by 1 kV/h. The calculated po-
tential profile~solid line! and the charge distribution of holes~dot-
ted line! are shown next to each trace.
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spectively. These are also consistent with their density
pendence~not shown!; the 4

3 state atu50° (54°) persisted
for much lower~higher! p.

Since the spin and the orbital motion are not separabl
HS’s, the evolution ofDZ with u, in general, cannot be de
scribed in terms of a well-definedg factor. Indeed, strongly
nonlinear behavior of the energy gap at integern has been
observed at very large tilt angles.13 Nevertheless, the evolu
tion of the integer gap for relatively smallu is reported to be
almost linear with totalB,13 from which one can deduce th
effective g factor.14 If we simply assume thatDZ grows in
proportion to the total field, we can roughly estimate thatDZ
needs to be enhanced by a factor of 1.4 (;1/cos45°) and 1.7
(;1/cos54°), respectively, to destroy and recover then5 4

3

state. Employing the effectiveg factor,g51.1, deduced for a
20-nm symmetric QW similar to ours13 allows us to roughly
evaluate the corresponding increase inDZ to be 0.15 and
0.25 meV.

The behavior of then5 7
5 state seen in Figs. 1 and 2

similar to the previous reports,1,6 which have been explaine
in terms of the initial increase in the energy gap and
following collapse of the gap due to the transition to
higher-spin state, both driven by the increase inDZ .3 On the
other hand, the consistent stability of then5 5

3 state can be
understood by the particle-hole symmetry with the spin
gree of freedom,n↔22n. According to this relation,n
5 5

3 can be regarded as the particle-hole analog ofn5 1
3 , for

which the ground state is always spin polarized.4

Now we discuss the mechanism behind the spin transi
in the asymmetry-dependent experiments. As seen in Fig
when the QW is made more asymmetric, the spatial exten
the hole wave function is reduced and the HS approaches
ideal 2D system. This strengthens the Coulomb interactio15

however, one should note that the calculations, which w
carried out for the ideal 2D system, show thatEC at n5 4

3 is

FIG. 2. Magnetotransport data of sample I taken at different
anglesu. The QW potential is kept symmetric.
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minimized for the unpolarized (S50) spin configuration.4

This is also in line with the experimental observations t
the ground state atn5 4

3 is unpolarized for a small Zeema
splitting.1,3 Hence, the enhancement of the Coulomb inter
tion due to squeezing the wave function cannot account
the collapse of the unpolarized43 state. Disorder effect
which can arise from the increased probability distribution
the heterointerface and in the barrier alloy, is thought no
be operative here; both zero-field mobility (59 and 57 m2/Vs
for the symmetric and the most asymmetric potentials! and
rxx at high fields are seen to be almost unchanged.

As described below, our self-consistent effective-m
calculations show that the transition is driven by the incre
in the effective Zeeman splitting associated with the cha
in the QW potential. We first calculated the potential profi
by solving the Poisson and Schro¨dinger equations self
consistently at B50 using a constant hole mass,mh*
50.38me . The multicomponent effective-mass equation w
then solved for eachB using a 434 Luttinger Hamiltonian
with the axial approximation.16 The Luttinger parameter
used are the same as those in Ref. 8. Figure 3 shows th
structures calculated for the~a! symmetric (dp50) and~b!
asymmetric (dp51.431015 m22! potentials. The calcula
tions reveal that the potential asymmetry of the QW stron
influences the LL structure.

Within a simple picture neglecting LL mixing, the hole
occupy only the first and second LL’s atn5 4

3 . We focus our
attention to these two LL’s that mainly comprise the man
body FQH state. With the axial approximation, which n
glects the anisotropy of the valence band in the 2D plane,
envelope functions describing the in-plane motion can
expressed as a set of harmonic-oscillator functio

FIG. 3. Valence-band LL structures calculated for a 20-nm Q
with ~a! symmetric (dp50.0) and~b! asymmetric (dp51.431015

m22! potentials (p51.831015 m22!. For clarity, only those LL’s
emanating from the first and second subbands are shown forn up to
2. The energy origin is set at the HH1 subband edge.@HHm ~LHm)
represents themth heavy-hole~light-hole! subband.#
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$fn12 ,fn11 ,fn ,fn21% (n522, 21, 0, 1, . . .! for the
basis$mJ%5$2 3

2 ,2 1
2 , 1

2 , 3
2 %.8 In Fig. 3, various kinds of lines

are used to indicate the value ofn for each LL. It is seen that
the first and second LL’s haven51 and22, respectively, in
the magnetic field region of interest,B;5.5 T (5B4/3). The
second LL, havingn522, is known to be a puremJ52 3

2

state.17 The first LL with n51, on the other hand, is found t
be a mixed state dominantly inmJ5 3

2 . While the effect of
the band mixing on the FQH energy gap has been discu
theoretically,18 we note that the relative weight of the fou
mJ’s in the first LL does not change significantly with th
QW potential,19 which rules out such a band-mixing effect a
the origin of the observed transition.

It is important to note that the dominant components
the first and second LL’s aremJ5 3

2 and 2 3
2 , respectively,

and both of them havef0 harmonic-oscillator envelope
function in the 2D plane and ground-subbandlike distribut
in the perpendicular direction. Hence, these two LL’s can
regarded as the spin-up and spin-down levels of a spin
tem and their energy separation,D122, as the effective Zee-
man splitting. Figure 4 depicts the variation ofD122 at B
55.5 T as a function ofdp. As dp is varied from 0 to 1.4
31015 m22, D122 is seen to increase from 0.69 to 0.88 me
by a factor of 1.3, in a 20-nm QW. Interestingly, this valu
1.3, is compatible with the angle required to destroy the4

3

(↑↓) state in the tilted-field experiments (1.4;1/cos 45°).
Also, the calculated increase inD122, 0.19 (50.8820.69)
meV, is in rough agreement with the value, 0.15 meV, e
pected fromg51.1. These observations confirm that chan
ing the QW potential gives rise to a substantial change in
LL structure that can affect the spin configuration of t
FQH state.

As seen in Fig. 4,D122 initially increases withdp, but
further increasingdp causesD122 to first level off and then
eventually decline. Indeed, we could not observe then5 4

3

(↑↑) state even whendp was further increased using th
one-side-doped QW~sample II!. Figure 5 shows the data
obtained from sample II.20 Similar behavior is observed; th
4
3 (↑↓) state gets weaker with increasingdp, and disappears
for dp52.231015 m22. It is seen, however, that even fordp
as large as 2.831015 m22, the 4

3 (↑↑) state is yet to
develop.21 One may notice that largerdp is required to de-

FIG. 4. D122 vs dp calculated for QW’s with different well
widths and a single heterojunction. In the figure, the scale norm
ized byD122 at dp50 ~20-nm QW! is shown to be compared with
the tilt angleu for which 1/cosu gives the same value.
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stroy the4
3 (↑↓) state in sample II than in sample I. This ca

be understood as due to unintentional difference in the w
width that can arise from the drift and/or spatial nonunifo
mity of the Ga beam flux. By assuming a smaller well wid
of 18 nm for sample II, the two sets of data can be explain
in a coherent manner~see Fig. 4!. It is also interesting to note

FIG. 5. Effect of potential asymmetry on the FQH effect
sample II. Eachrxx trace is offset by 1 kV/h. The calculated
potential profile~solid line! and the charge distribution of hole
~dotted line! are shown next to each trace.
t
we
ll
-

d

in Fig. 5 that therxx minima at n5 7
5 gets broader with

increasingdp, and becomes no more discernible fordp
>2.531015 m22, suggestive of the spin transition of the7

5

state. Indeed, noticeable resemblance is found between
traces~c!–~e! and the angle-dependent data in Ref. 6. Th
however, must to be examined carefully with further inve
tigation, for the disorder effect is apparent for the largestdp,
wheren5 5

3 is seen to weaken.
Finally, we briefly mention that the dependence ofD122

on the confinement potential discussed here can accoun
some aspects of the previously reported data. Rodgerset al.7

reported in their density-dependent study that the4
3 (↑↑)

state already appeared forp>1.431015 m22 in their SH
sample, while in our QW samples the4

3 (↑↑) state did not
emerge forp up to 1.831015 m22. As seen in Fig. 4,D122
becomes considerably larger in SH’s than in QW’s. For
ideal case of no depletion charge (dp5p),22 D122 becomes
1.6 times that of a symmetric QW, large enough for the4

3

(↑↑) state to develop. Also, the largely sample-depend
behavior of the SH’s in Ref. 6 can be ascribed, in part, to
dependence ofD122 on the depletion charge,22 which makes
D122 somewhat sample-dependent in SH’s.

In summary, we have studied the effect of the confin
ment potential on the FQH effect of a 2D HS. We ha
demonstrated that changing the confinement poten
strongly modifies the valence-band LL structure via the sp
orbit interaction and the band mixing, which can give rise
the spin transition of then5 4

3 FQH state.
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