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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-léi&l) structure on the fractional quantum H&HQH)
effect of a two-dimensional hole system has been studied in a modulation-doped quantu{@\ielvith
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 inthes 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 en&@f63-18209)51004-7

The spin configuration of a two-dimension@D) elec- HS in a modulation-doped quantum weé®W) with front
tron systemES) in the fractional quantum Ha(FQH) effect  and back gates. We demonstrate that a similar spin transition
has been an issue of considerable intefeit has been can be driven in a HS by changing the potential asymmetry
shown theoretically that, depending on the Landau-levebfthe QW and thereby changing the valence-band LL struc-
(LL) filling factor », many of the FQH states can have ature, a direct consequence of the spin-orbit interaction and
spin-unpolarized or only partially polarized ground statethe pand mixing in the HS.
when the Zeeman splitting of the system is sufficiently The samples used in this study were 20-nm-thick
small* For suchy, the spin configuration of the ground state GaAs/Al sGa s As modulation-doped QW  structures,
i_s determined by the interplay between the Coulomb interacynich were gfown by molecular-beam epitaylBE) on
tion energyEc, which depends on the total sp8) ands the 1 type GaAs (3117 substrates. We investigated two struc-
Zeeman energ¥,=gugBS, (S,:z component ofS).” A o5 yith different doping schemes. Sample | is a symmetri-

notable exception i$=1/q (q: odd intege), for which the cally doped QW with 100-nm undoped spacer layers and

system is ferromagnetic and the ground state is always Sp'gi-doped layers on both sides. Sample Il is a one-side-doped
polarized even in the absence of Zeeman energy. Experbw with a 50-nm spacer .Both samples had a low-

ments have indeed shown fthat the FQH statesvat temperature mobility of about 60 4Vs for a hole density

=3, %2 3, I, and? undergo a transition between states = .

with different degrees of spin polarizatidr Experimen- P~ 1.8% 10°m 2 These samples were processed into Hall-
tally, the transitions can be driven either by tilting the sampleP@" Structureg200-400um wide) with Au/AuZn Ohmic
with respect to the magnetic field or by changing the carriefontacts ano(l) a Au front gate. Thetype substrate served as
density. In the former, it is assumed tti&t depends only on @ back gaté,_ which in conjunction with the front _gate al-
the perpendicular component Bf while E; is determined lows for the independent control of the hole density and the
by total B. The latter changes the relative sizefsfandE. ~ Potential asymmetry of the QW. Magnetotransport mea-
on the ground thaE, changes linearly wittB while E¢ surements were carried out®t=50 mK in a dilution refrig-
scales a®?/ el B2, wherel, is the magnetic length andl ~ erator. A standard low-frequency ac lock-in technique was
is the background dielectric constant. employed with a constant current of 20 nA.

Similar angle-(Ref. 6 or density-dependehstudies car- Figure 1 shows the evolution of the FQH states observed
ried out on 2D hole system@iS'’s) in GaAs/ALGa,_,As  when the potential asymmetry of the QW was varied for a
single heterojunctionéSH's) also reported the spin transition fixed hole density in sample I. The front-gate bisg,, was
of the v=3% state. The reported data were very similar tovaried from(a) —0.05 to(f) —0.20 V. For eachVy,, the
those on the ES; the only difference was that the transitiodack-gate bias was adjusted to keep the hole density constant
occurred at a lower magnetic field in the HS than in the ESat  (1.76+0.02)x10'® m™2. Analyzing the low-field
It is, however, rather surprising that the HS behaves so simiShubnikov—de Haas oscillations tells us that the QW poten-
larly to the ES, for spin is not a good quantum number intial becomes nearly symmetric fdry;=—0.05 v As a
HS’s as a result of the spin-orbit interaction and the heavymeasure of the potential asymmetry, the difference in the
hole light-hole mixing® In addition, LL mixing is thought to  hole densities supplied from the front and back sides of the
be substantial in HS'’s, for the heavier hole masg QW, 8p=p;—pyp. % is shown for each trace along with the
=0.38m, (m,: free electron magsreduces the LL separa- calculated potential profile and the charge distribution of
tion typically by a factor of 5 compared to that of ES’s. holes.

Although LL mixing has been shown to reduce the FQH For the symmetric potentialdp=0.0), well-developed
energy gap in HS’S phenomenaualitativelydifferent from  FQH features are observed=at 3 and3 both in the diago-
their counterparts in ES’s have not been reported so far. Inal (py,) and Hall (p,,) resistivities. Higher-order structures,
this paper, we study the FQH effect of a high-mobility 2D such asv=2 and , are not resolved here. As the QW po-
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FIG. 2. Magnetotransport data of sample | taken at different tilt
anglesd. The QW potential is kept symmetric.

Magnetic Field (T)

FIG. 1. Effect of potential asymmetry on the FQH effect of
sample |. Eaclp,, trace is offset by 1 &/00. The calculated po-
tential profile(solid line) and the charge distribution of holédot-
ted line are shown next to each trace.

spectively. These are also consistent with their density de-
pendencegnot shown; the 5 state atd=0° (54°) persisted
for much lower(highep p.

Since the spin and the orbital motion are not separable in

tential is made progressively asymmetric, the  state gets HS's, the evolution ofA, with 6, in general, cannot be de-

weaker and, in turn, a weak feature appearpipat v=1{.
Eventually, thev=% state completely disappears and the
={ state develops as a distinet, minimum for Sp=1.35
X 10' m~2. Meanwhile, the strength of the=2 state does
not change significantly, in contrast ic=4 and Z.

scribed in terms of a well-definegl factor. Indeed, strongly
nonlinear behavior of the energy gap at integehas been
observed at very large tilt angléSNevertheless, the evolu-
tion of the integer gap for relatively smatlis reported to be
almost linear with totaB,*® from which one can deduce the

Apparently, these results bear a striking resemblance teffective g factor* If we simply assume thah, grows in

the spin transitions reported for ES(Refs. 1 and Band

proportion to the total field, we can roughly estimate that

HS's® Indeed, we found that similar transitions took placeneeds to be enhanced by a factor of 1-41(cos45°) and 1.7
when the sample was tilted with respect to the magneti¢~1/cos54°), respectively, to destroy and recover ithe;

field. In Figs. Za)—2(c), we compare the data taken at dif- state. Employing the effectivgfactor,g=1.1, deduced for a
ferent tilt angles. For these data, the hole density was fixed20-nm symmetric QW similar to outsallows us to roughly
at 1.76< 10" m~2 and the QW potential was kept symmet- evaluate the corresponding increaseAip to be 0.15 and

ric. Since v is determined by the perpendicular fieR}
=B cos¥, tilting the sample shifts a given (corresponding
to a particulaB, ) to a higher field=B, /cos#, which then

0.25 meV.
The behavior of thev=1{ state seen in Figs. 1 and 2 is
similar to the previous reports which have been explained

increases the Zeeman splittidg = |g| ugB for the samev. in terms of the initial increase in the energy gap and the
It is seen that ther= 3 state, which appears as a pronouncedfollowing collapse of the gap due to the transition to a
feature at9=0°, is almost completely destroyed @t 45°.  higher-spin state, both driven by the increasé jn® On the
Since the increased, destabilizes the spin-reversed statesother hand, the consistent stability of the= 2 state can be
and does not affect the fully polarized state, this tells us thatinderstood by the particle-hole symmetry with the spin de-
the 5 state in the symmetric QW a=0° is either unpolar- gree of freedom,y—2—v. According to this relationy

ized, or only partially polarized. By a similar argument, it =% can be regarded as the particle-hole analog-ef, for

can be said that th§ state reemerging at a larger tilt angle which the ground state is always spin polariZed.

#=54° has a larger degree of polarization. Although the Now we discuss the mechanism behind the spin transition
possibility of the partially polarized state was first dis- in the asymmetry-dependent experiments. As seen in Fig. 1,
cussed in ES’$ more recent work by Det al® shows thet when the QW is made more asymmetric, the spatial extent of
states at small and large tilt angles to be unpolarized anthe hole wave function is reduced and the HS approaches the
fully polarized, respectively. Here, we follow their assign- ideal 2D system. This strengthens the Coulomb interacfion,
ments, and identify in our HS the= 3 states ay=0° and  however, one should note that the calculations, which were
54° as the unpolarized]() and polarized {1) states, re- carried out for the ideal 2D system, show tia at v=73 is
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FIG. 4. A, _, vs &p calculated for QW'’s with different well
widths and a single heterojunction. In the figure, the scale normal-
ized byA;_, at 5p=0 (20-nm QW is shown to be compared with
the tilt angled for which 1/cosd gives the same value.

{¢n+21¢n+1a¢n:¢nfl} (n: _21 -1, 01 1, .. ) for the
Magnetic Field (T) basis{m,}={—32,—%,,2}.8In Fig. 3, various kinds of lines
are used to indicate the valuemfor each LL. It is seen that
FIG. 3. Valence-band LL structures calculated for a 20-nm QWthe first and second LL’s have=1 and_z, respective|y, in
with (8 symmetric $p=0.0) and(b) asymmetric pp=1.4x 10®  the magnetic field region of intere®~5.5 T (=By5). The
m ) pqtentlals p=1_.8>< 10'® m~2). For clarity, only those LL’s second LL, havingi=—2, is known to be a puren,= _g
emanating from the first and second subbands are shownupito statel” The first LL withn= 1. on the other hand. is found to

2. The energy origin is set at the Htsubband edggHHr (LHr) be a mixed state dominantly im;=3. While the effect of

represents thenth heavy-holellight-hole) subband, the band mixing on the FQH energy gap has been discussed
theoretically!® we note that the relative weight of the four

minimized for the unpolarizedS=0) spin configuratiof. ~ m,’s in the first LL does not change significantly with the
This is also in line with the experimental observations thatQW potential*® which rules out such a band-mixing effect as
the ground state at=3 is unpolarized for a small Zeeman the origin of the observed transition.
splitting2® Hence, the enhancement of the Coulomb interac- It is important to note that the dominant components of
tion due to squeezing the wave function cannot account fothe first and second LL's amn;=3 and — 2, respectively,
the collapse of the unpolarizedl state. Disorder effect, and both of them havep, harmonic-oscillator envelope
which can arise from the increased probability distribution atfunction in the 2D plane and ground-subbandlike distribution
the heterointerface and in the barrier alloy, is thought not tan the perpendicular direction. Hence, these two LL’'s can be
be operative here; both zero-field mobility (59 and 57\s  regarded as the spin-up and spin-down levels of a spin sys-
for the symmetric and the most asymmetric potentialsd tem and their energy separatiak, _»,, as the effective Zee-
pxx at high fields are seen to be almost unchanged. man splitting. Figure 4 depicts the variation &f _, at B

As described below, our self-consistent effective-mass=5.5 T as a function oBp. As ép is varied from 0 to 1.4
calculations show that the transition is driven by the increase< 10°m~2, A, _, is seen to increase from 0.69 to 0.88 meV,
in the effective Zeeman splitting associated with the changéy a factor of 1.3, in a 20-nm QW. Interestingly, this value,
in the QW potential. We first calculated the potential profile 1.3, is compatible with the angle required to destroy $he
by solving the Poisson and Schiinger equations self- (7)) state in the tilted-field experiments (14/cos 45°).
consistently atB=0 using a constant hole massy; Also, the calculated increase ikh;_,, 0.19 (=0.88-0.69)
=0.38n,. The multicomponent effective-mass equation wasmeV, is in rough agreement with the value, 0.15 meV, ex-
then solved for eacB using a 4<4 Luttinger Hamiltonian  pected fromg=1.1. These observations confirm that chang-
with the axial approximatio® The Luttinger parameters ing the QW potential gives rise to a substantial change in the
used are the same as those in Ref. 8. Figure 3 shows the ULL structure that can affect the spin configuration of the
structures calculated for tH@) symmetric ¢p=0) and(b) FQH state.

Energy (meV)

asymmetric §p=1.4x10'"> m~?) potentials. The calcula- As seen in Fig. 4A,_, initially increases withdp, but
tions reveal that the potential asymmetry of the QW stronglyfurther increasingdp causes\ _, to first level off and then
influences the LL structure. eventually decline. Indeed, we could not observe ihe;

Within a simple picture neglecting LL mixing, the holes (171) state even whedp was further increased using the
occupy only the first and second LL’s at= 4. We focus our  one-side-doped QWsample 1). Figure 5 shows the data
attention to these two LL’s that mainly comprise the many-obtained from sample A° Similar behavior is observed; the
body FQH state. With the axial approximation, which ne-% (7]) state gets weaker with increasiag, and disappears
glects the anisotropy of the valence band in the 2D plane, théor sp=2.2x 10'>m2. It is seen, however, that even fép
envelope functions describing the in-plane motion can beas large as 2810 m 2 the £ (]1) state is yet to

expressed as a set of harmonic-oscillator functionslevelop?® One may notice that largefp is required to de-



PRB 59

I I
p=177x10" m™ )
p (10° m?)
a)ld

Magnetic Field (T)

FIG. 5. Effect of potential asymmetry on the FQH effect of
sample |Il. Eachp,, trace is offset by 1 /0. The calculated
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in Fig. 5 that thep,, minima atv={ gets broader with
increasing 6p, and becomes no more discernible fép
=2.5x 10" m™?, suggestive of the spin transition of tHe
state. Indeed, noticeable resemblance is found between the
traces(c)—(e) and the angle-dependent data in Ref. 6. This,
however, must to be examined carefully with further inves-
tigation, for the disorder effect is apparent for the largist
wherev= 3% is seen to weaken.

Finally, we briefly mention that the dependenceiqf ,
on the confinement potential discussed here can account for
some aspects of the previously reported data. Rodgeat’
reported in their density-dependent study that ¢né¢17)
state already appeared fpe=1.4X10" m™2 in their SH
sample, while in our QW samples tde(11) state did not
emerge forp up to 1.8<10'® m™2. As seen in Fig. 4A;_,
becomes considerably larger in SH’s than in QW’s. For the
ideal case of no depletion chargép=p),?* A;_, becomes
1.6 times that of a symmetric QW, large enough for ¢he
(T7) state to develop. Also, the largely sample-dependent
behavior of the SH’s in Ref. 6 can be ascribed, in part, to the
dependence of,_, on the depletion charg@which makes
A,_, somewhat sample-dependent in SH’s.

In summary, we have studied the effect of the confine-
ment potential on the FQH effect of a 2D HS. We have

potential profile(solid line) and the charge distribution of holes gemonstrated that changing the confinement potential

(dotted ling are shown next to each trace.

strongly modifies the valence-band LL structure via the spin-
orbit interaction and the band mixing, which can give rise to

stroy thes (1) state in sample Il than in sample 1. This can the spin transition of the=% FQH state.

be understood as due to unintentional difference in the well
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