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Quantum Hall ferromagnet in a parabolic well
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We report the observation of an anomalous magnetoresistance peak in a tilted magnetic field corresponding
to filling factor of 2 in several parabolic wells of different width. This phenomenon is due to the unpolarized-
ferromagnetic transitions in quantum Hall ferromagnets. The domain formation induced by the random impu-
rity potential is responsible for this magnetoresistance peak. The shift of the peak position with the tilt angle is
attributed to the magnetic-field dependence of the exchange-correlation energy across the transition.
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I. INTRODUCTION

Lately, a broad class of phenomena related to the cros
of Landau levels with opposite spin orientation has be
given much attention. The interest has been motivated by
close analogy between two-dimensional~2D! states in the
quantum Hall regime and conventional electron ferrom
nets. First, it has been noted that a 2D electron gas at Lan
filling factor n51 resembles a Heisenberg-like isotropic 2
ferromagnet, since electron-electron interactions lead to f
aligned electron spins in the limit of vanishing effectiv
Landeg factor.1 Such a ferromagnet can lose its ferroma
netic order at any finite temperature and therefore canno
characterized by a transition temperature. Simple excitat
~called skyrmions! of this strongly correlated ground sta
have been intensively studied theoretically2 and
experimentally3,4 in single GaAs/AlxGa12xAs layers and
wells.

Another interesting example of the quantum Hall ferr
magnet~QHF! is a bilayer 2D system based on two quantu
wells separated by a tunneling barrier.5 In such a structure
the Landau levels in different layers can be characterized
a pseudospin index 1/2. Therefore, the state correspondin
isospin ⇑ is related to the electrons occupying the Land
level n50 in the first well with a sub-band indexm521,
while the state with isospin⇓ relates to the electrons occu
pying the n50 level in the second quantum well with
sub-band indexm511 ~neglecting real spin!. A bilayer sys-
tem at total filling factorn51 is equivalent to an easy-plan
ferromagnet, since the pseudospin ferromagnetic orde
found predominantly in the plane of the well. Such a QHF,
contrast to the isotropic case, undergoes a Koster
Thouless phase transition at a finite temperature. The phy
becomes even richer when, in addition to the pseudospin
real spins51/2 is included. In this case, the QHF groun
state depends on the nature of the crossing Landau le
For example, at filling factorn52, isospins⇑ and⇓ repre-
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sent the statesn50,s5↑,m521, and n50,s5↓,m511,
respectively. When these states are brought close to de
eracy by applying an external electric field, the QHF grou
state also corresponds to the easy-plane ferromagnet.6

Finally, the QHF has been observed in a single quant
well in tilted magnetic field.7–9,11 Since the electron orbita
motion experiences only the perpendicular component
the magnetic field, the Landau-level splitting decrea
with increasing the tilt angle. In addition, since the Zeem
splitting depends on the total magnetic field, the tilted-fie
experiments should demonstrate the coincidence of
Landau levels with opposite spins. In this case, at filli
factor n52, isospins⇑ and⇓ correspond to the states wit
n50, s5↑, andn51,s5↓, respectively. Theory predict
an easy-axis magnetic anisotropy each time Landau le
coincide in a tilted field.5 Such QHF also undergoes a firs
order Ising-like transition with stronger thermodynam
anomalies than in the case of a Kosterlitz-Thouless transi
in a bilayer system with a typical critical temperature;1 K.

The transport properties of the QHF are not well und
stood. In an earlier work, it has been predicted that for cro
ing Landau levels in a single well the exchange interact
would lead to nonzero energy gaps through this transitio12

The measurement of the activation energy of a 2D hole
in a tilted field supported this prediction.8 However, another
experiment demonstrated the disappearance of then54
minimum in GaAs quantum wells,9 a sharp reduction of the
activation energy atn53,4,10 or even hysteretic spikes in th
resistance at filling factorsn53,5,7 in AlAs wells.11 Such
behavior can be attributed to the spatially random poten
which always exists in quantum wells. Disorder leads to
variation of the effective Zeeman field acting on the pse
dospins. This is expected to produce domains with particu
pseudospin orientations.13 Several models consider transpo
through QHF samples in the presence of such domains
domain-wall loops. Some authors14 argued that the resistanc
spikes are due to the propagation of the electron quasip
©2003 The American Physical Society13-1
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cles ~skyrmions! along the overlapping domain-wall loop
Since the Hartree-Fock approximation demonstrated the
istence of an energy gap in the center of the domain wa
was predicted that the resistivity spike should have an ex
nential temperature dependence. Chalkeret al.15 suggested
another gapless Ising-like domain-wall structure. Therefo
despite the several unusual magnetotransport observa
and theoretical models, additional experiments with new s
tems are desirable in order to examine the possibility of
alternative explanation of the transport properties of
QHF.

In this work, we present the results of magnetotransp
measurements in several parabolic quantum wells~PQW’s!
of different width. In wide PQW’s with several occupie
sub-bands, the energy difference between Landau levels
strong magnetic field is determined by the energy-level sp
ing DEi j in zero field, which is much smaller than\vc (vc
is the cyclotron frequency!. Therefore, it is expected that th
coincidence of Landau levels with opposite spin may oc
at small tilt angles. This coincidence corresponds to
quantum Hall easy-axis Ising ferromagnet.

II. WIDE PARABOLIC WELLS IN A TILTED MAGNETIC
FIELD

The first wide parabolic wells were grown by Sundara
et al.16 and by Shayeganet al.17 The parabolic variation of
the well potential was introduced in order to avoid the s
barrier in the center originating from Coulomb interacti
among electrons in a wide quantum well. This makes it p
sible to create a quasi-three-dimensional electron sys
with several occupied sub-bands. Figure 1 shows the
ample of a self-consistent calculation for a partially fille
2000 Å AlxGa12xAs parabolic well with the electronic sla
width We.600 Å and the sheet density 1.331011 cm22. In
this case, two sub-bands are occupied.

The problem of a quasi-three-dimensional electron ga
a tilted magnetic field was solved analytically for a parabo
well by Merlin et al.18 The energy of the electrons in a par
bolic quantum well with the potentialV5(az)2 and in a
tilted magnetic field is given by

E5Ea~na11/2!1Eb~nb11/2!, ~1!

FIG. 1. Calculated total potential, electron density, and ene
levels in a 2000 Å parabolic quantum well for a sheet densityns

51.331011 cm22.
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Ea5@~\vccosa!21~\V sina!2

2~\vc!~\V!sin~2a!sinQ#1/2, ~2!

Eb5@~\vcsina!21~\V sina!2

1~\vc!~\V!sin~2a!sinQ#1/2, ~3!

whereV5a(2/m)1/2, vc5eB/mc, m is the effective mass
na and nb are integers, andQ is the tilt angle between the
magnetic field and the normal to the parabolic-well planez.
The angle of rotationa can be obtained from another equ
tion

tan~2a!5~\V!~\vc!sinQ/@~\V!22~\vc!
2#. ~4!

Figure 2 demonstrates the evolution of the Landau lev
~LL ! belonging to different sub-bands of aWe5600 Å para-
bolic well in a perpendicular magnetic field, whenB is tilted
away fromz ~neglecting spin splitting!. It must be empha-
sized here that the levels in a strong magnetic field consis
the electronic sub-bands belonging to then50 Landau level.
The energy spacing is described by the formula

DEi j 5\V cosQ, ~5!

and therefore diminishes with increasing tilt angles. Ho
ever, a full PQW is more similar to a square quantum w
than to a harmonic potential. In this case, the energy sp
trum Ei of a PQW in a zero magnetic field can be rough
approximated by the spectrum of a square wellEi
5 i 2(h/W)2/8m with a width equal to that of the electro
layer, but the energy-level structure in the presence of a ti
magnetic field cannot be obtained analytically. However,
the limit of strong magnetic field, where the magnetic leng
l B5A\c/eB!We , the energy spacing is proportional19 to
cos2Q. Figure 2 shows that, in a quasi-parallel magne
field, the two-dimensional Landau states collapse into

FIG. 2. Energy of a wide (2000 Å) parabolic quantum well as
function of the magnetic field for different tilt anglesQ. The posi-
tion of the Fermi level at zero magnetic field is shown by the dot
line. Ten Landau levels for each sub-band are shown. Spin split
is neglected.
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single 3D Landau state. However, the degeneracy of the
lique states depends only on the magnetic-field compon
perpendicular to the quantum well plane and equal
eB' /hc. Therefore, it is expected that, for large tilt angles
the strong magnetic-field regime corresponding to the L
dau filling factorn51,2, the quantum Hall effect behavio
should resemble the behavior in a parallel magnetic field
only the normal component of the field is taken into accou
Indeed, the three-dimensional limit may be reached w
Q→90° and the distance between the two-dimensional L
dau sub-bandsDEi j →0, as can be seen in Fig. 2~c!. In a real
system, the energy levels have a finite width due to the
orderG, and therefore the system has a 3D energy spect
when the electron sub-bands overlap,G;DEi j , which prob-
ably occurs in the intervalQ;85°290°. If we include spin
splitting into this picture, we may expect the coincidence
two Landau levels with opposite spin. Figure 3 shows sc
matically such a level crossing atQ550°. It must be em-
phasized here that the effective mass and the effectiveg fac-
tor in GaAs are such that the Zeeman splitting is roug
1/60 of the LL spacing. Therefore, in GaAs quantum we
the angle at which the Landau level coincidence occur
close to 80°. Such limitations lead to the fact that the fi
observation of the level coincidence has been reported
electrons in GaxIn12xAs/InP structures7 and for 2D holes in
GaAs/AlxGa12xAs heterostructures8 which have a large ef-
fective ‘‘bare’’ g factor. In AlxGax21As, the g factor in-
creases monotonically fromg520.44 atx50 ~GaAs! to g
'10.5 atx50.35, vanishing aroundx.0.13.20 In our We
5800-Å parabolic well, the averageg factor is 20.24 and
corresponds to a Zeeman energyDEZ50.118 meV atB
58.5 T. When the width of the well increases, the coin
dence of two LL should be observed at a smaller tilt ang

III. EXPERIMENTAL RESULTS

The samples were grown in a Gen II system
molecular-beam epitaxy on top of GaAs~001! substrates. Af-
ter oxide desorption, a 2000-Å-thick GaAs buffer was dep
ited, followed by a superlattice containing ten periods

FIG. 3. Diagram of the Landau levels in a wide (2000 Å) pa
bolic quantum well as a function of the magnetic field forQ
550°. The Zeeman splitting for the three lowest levels is includ
The level crossing atn52 is shown by an arrow.
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(AlAs) 5 /(GaAs)10, a 5000-Å-thick GaAs buffer, a
500-Å-thick Al0.29Ga0.81As barrier, the PQW with an alumi
num content ranging from 0.29 to 0, a second 500-Å-th
Al0.29Ga0.81As barrier and a 100-Å-thick GaAs cap laye
Several samples were grown with a PQW width rang
from 1000 to 3000 Å and symmetrically doped with a silico
d spike located at 150 Å from their border. The whole stru
ture was grown at 580 °C. The mobility of the electron g
in our samples was of the order of (702100)3103 cm2/Vs
and the density was (122)31011 cm2. As a consequence
our PQW’s were only partially full with two to three occu
pied sub-bands. The electron sheet density was varied
illumination with a red light-emitting diode. At high electro
density, the resistance in the minimum of the quantum H
effect became very high, because the energy spacingDE
decreases with density, and the Landau levels overlap. In
present paper, we focus on the low-density results. Trans
measurements in wide PQWs with high electron density
results in parallel magnetic fields were reported in previo
papers.21 The samples were processed into Hall bars with
width d5100 mm and a distance between the voltage prob
L5200 mm. Four-terminals resistanceRxx and Hall Rxy
measurements were carried out down to 50 mK in a m
netic field up to 15 T. The samples were immersed in
mixing chamber of a top-loading dilution refrigerator with a
ac current not exceeding 1027 A. We measured the magne
toresistance at different anglesQ between the field and the
normal to the sample, rotating our samplein situ. Figure 4
shows the magnetoresistivity traces in a perpendicular
tilted magnetic field for anglesQ,50°. In magnetic fields
B.2 T, we observe the typical quantum Hall effect beha
ior. It is worth noting that the minimum inRxx at B54.3 T
corresponds to the gap between then50 andn51 ~LL fill-
ing factor n52) spin resolved Landau levels. In magne
fields such as 1 T,B,2 T, we can observe the anticrossin
of Landau levels belonging to different sub-bands, as alre
reported by Ensslinet al.22 However, as expected, the ma
netoresistance peaks in stronger magnetic fields are
shifted, and their position is determined by the normal co
ponent of the magnetic fieldB cosQ. Surprisingly, this pic-
ture changes at larger tilt angles~Fig. 5!: in the interval
55°,Q,68° and for magnetic fields corresponding to t
filling factor n52, an additional anomalous peak appea
between two magnetoresistance peaks. Figure 5 also sho
gray-scale presentation of the magnetoresistivity traces
function of the total magnetic fieldBtot . We can see that the
anomalous peak occurs atBtotal58.9 T and does not move
with the angle. This peak was not related to a step in the H
resistance. Figure 6~a! shows the longitudinal and Hall resis
tance as a function of the normal component of the magn
field for two tilt anglesQ50° ~perpendicular magnetic field!
and Q560°, when the anomalous peak is located exac
between then53/2 andn55/2 peaks. Figure 6~b! shows the
transverse and Hall conductivitysxx and sxy recalculated
from the resistivities. We can see that the plateau insxy is
slightly distorted where the anomalous peak appears insxx ,
but there is clearly no evidence of any step. The coincide
of the Landau level with opposite spin is expected to occu

-
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FIG. 5. Left—magnetoresistance of a 2000 Å PQW as a fu
tion of the normal component of the magnetic field for different
angles 56°,Q,68° atT550 mK. The arrows indicate the anoma
lous resistance peak. Top—schematic view of the sample and
periment geometry. Right—gray-scale presentation of the tilt-an
dependence of the magnetoresistance on the total magnetic
T550 mK.

FIG. 4. Magnetoresistance of a 2000 Å PQW as a function
the normal component of the magnetic field for different tilt ang
Q at T550 mK. The in-plane magnetic-field component is direct
along they axis, perpendicular to the current flow. Top—Schema
view of the sample and experiment geometry.
15531
a lower total magnetic field in the samples with a larger w
width. This tendency was indeed observed in PQW’s w
different geometric widthW. Figure 7 shows a gray-scal
presentation of the magnetoresistivity traces as a functio
the total magnetic fieldBtot for a sample withW52500 Å.
The anomalous peak occurs atBtotal56.8 T and slightly
moves to larger tilt angles. Figure 8 illustrates the summ
of the position of the anomalous peak. In all the samples,
anomalous peak atn52 occurs at a critical magnetic fiel
Btotal

c that depends on the ‘‘bare’’ well widthW. It is worth

-

x-
le
ld.

FIG. 7. Gray-scale presentation of the tilt-angle dependenc
the magnetoresistance of a 2500 Å PQW on the total magnetic fi
T550 mK.

f
s FIG. 6. LongitudinalRxx and transverseRxy resistance~a! and
longitudinal sxx and transversesxy conductance~b! of a 2000 Å
PQW as a function of the magnetic field atQ50° ~dashes! and
Q560°. T550 mK.
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QUANTUM HALL FERROMAGNET IN A PARABOLIC WELL . . . PHYSICAL REVIEW B 67, 155313 ~2003!
noting here that, in our experiments, the width of the el
tronic slabWe is 2–3 times smaller than the bare well widt
resulting in partially filled PQW’s~see, for example, Fig. 1!.
The electron sheet densityns was varied by illumination with
a red light-emitting diode. Surprisingly, we found that t
value of the fieldBtotal

c does not change withns and, conse-
quently, withWe . This observation is not consistent with th
expected behavior, since the difference of energyDE is
much more influenced by the electronic slab widthWe than
by W. This discrepancy will be discussed in the followin
section. We may also summarize the electron sheet den
dependence in the following way. In 2D systems, the Lan
filling factor is determined by the simple equationn
5ns2p\c/eBtotalcosQ. Since the anomalous peak occurs
n52, we can obtain the electron density when the pea
observed exactly in the middle of the minima~corresponding
to n52), yielding ns5eBtotal

c cosQ/p\c. Figure 9 demon-
strates such a behavior. We may see that the experime
points fit Landau filling factor angle dependence, whi
means thatBtotal

c for parabolic well with fixed geometric
width W does not depend on the electron sheet density.

IV. QUANTUM HALL FERROMAGNET STATES
IN A SINGLE WELL

Let us focus now on the possible explanation of t
anomalous resistance peaks atn52. A single-electron pic-

FIG. 8. ~a! Rxx
x as a function of the total magnetic field fo

PQW’s with different geometrical widthsW. T550 mK. The
curves are shifted for clarity. The circles show the anomalous p
corresponding to the ferromagnetic transition atn52. ~b! Critical
magnetic field corresponding to the ferromagnetic transition an
52 as a function of the sample width. Solid line—Btotal

c ;W21.5

dependence.
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ture predicts the disappearance of the minima when the
energy levels cross. From the measurement of the activa
energy atn52, we found that the energy spacing follows
cosQ dependence on the tilt angle. This corresponds to
condition

DEcosQ2gmBBtot5DEB' /Btotal2gmBBtot50. ~6!

We obtain the energy spacingDE from the measurement o
the electron sheet density in the first and second sub-ba
that can be found from the Shubnikov de Haas oscillatio
measured at low magnetic field.23 Using Eq. ~6! and the
value of Btotal

c 58.9 T for the data shown in Fig. 4, we ge
g'2.4 which is much larger than the expected bareg factor
in that PQW (g50.14, see Sec. II!. However, in a realistic
picture, the effective interaction between pseudospins sho
be included. For pseudospin Landau levels crossings, Eq~6!
should be modified as

DE cosQ2gmBBtot5DEB' /Btotal2gmBBtot52Us,s ,
~7!

whereUs,s is the exchange term that produces an easy-a
anisotropic QHF.5 Therefore, the Landau levels might b
closer to degeneracy at a smaller tilt angle than is expe
for bare energy levels, even in a perpendicular magn
field, as we found for our 3000 Å sample~Figs. 8 and 9!.
Using Eq.~7! and the results from the 2000 Å and 2500
PQW, we deduced the exchange-correlation energy term
function of the perpendicular magnetic field. Figure
showsuUs,su versusB' and it can be seen that its depe
dence is linear. It is worth noting that the same linear dep
dence has been observed in AlAs quantum wells.11 The ef-
fective Coulomb interaction has been calculated for dou
and single quantum well structures by Jungwirthet al.9 For
n52 in a narrow (W5430 Å) quantum well with a single
occupied sub-band,Us,s is negative and equal to
0.04e2/« l H50.432B'

1/2(T)(meV). Figure 10 shows that th

k

FIG. 9. Electron sheet density versus tilt angle correspondin
the ferromagnetic transition atn52 for PQW’s with different
widths. Lines—ns5eBtotal

c cosQ/p\c.
3-5



er

gy

e

fil

ie
rg
e

ize
,
e
ge
er
-

pi
a

t
e

n

erm
ad
ere-

is
eak
the

en-
de-

re-

nly
lAs
s

ns-
d
e-
ort

rk
in
um
, in
mi-
ns
se

rge

t of
tion
the

l is

s-
icle
e

not
g of
et-
we
s as

re-
gh
the
en-
ls.
et-

oint
lue

at

e to

tie

GUSEV, QUIVY, LAMAS, LEITE, ESTIBALS, AND PORTAL PHYSICAL REVIEW B67, 155313 ~2003!
curve behaves asuUs,su'0.7B'
1/2(T) ~meV!. This result is

somewhat surprising, since the exchange-correlation en
term is drastically reduced for wide wells.24 The linear de-
pendence ofuUs,su on B' instead ofB'

1/2 is also not very
clear. Calculations24 demonstrated that the correlation ener
follows the formula

uUs,su'1.8B'
1/2~T!/~We / l B10.36!~meV!

Moreover, whenWe / l B@0.3 ~in our case it occurs forB
.1 T), the exchange correlation energy is saturateduUs,su
'0.64 meV and does not depend anymore on the magn
field, which is not consistent with our data. Equation~7! may
explain the absence of the magnetic transition at higher
ing factor, for example, atn54. The energy spacingDE has
the same value atn54 ~see Fig. 2!, in contrast toUs,s that
is probably inversely proportional to the number of occup
polarized levels.11 In this case, the smaller exchange ene
can bring the up and down pseudospin Landau levels clos
degeneracy only at large tilt angles. It must be emphas
that in PQW’s, the effectiveg factor is very small. Therefore
the second term in Eq.~7!, which corresponds to the bar
Zeeman splitting, is small in comparison with the exchan
correlation energy term. However, it may lead to a nonz
value of uUs,su in B'50. We attribute this small discrep
ancy to the approximate character of Eq.~7! which is valid
only in a strong perpendicular magnetic field, when the s
splitting is resolved. Neglecting the Zeeman term, we m
rewrite Eq.~7! in the form

Btotal'DEB' /uUs,su.

Since uUs,su;B' , we obtainBtotal;DE. For a PQW,DE
;We

21 , yielding Btotal;We
21 . From our experiments, we

find that Btotal;W21.5 ~see Fig. 8! and Btotal does not de-
pend on the electronic slab widthWe and the electron shee
density ~Fig. 9!. We may attribute this discrepancy to th
complex character of the energy spectrum of a PQW i
strong magnetic field. Numerical calculations25 demonstrated

FIG. 10. Exchange-correlation energy extracted from Eq.~7!
and from the data shown in Figs. 5 and 7 for various densi
~empty circles ns51.4931011 cm22, full circles ns52.1
31011 cm22, empty squaresns51.4931011 cm22, full squares
ns51.7531011 cm22). Solid line—uUs,su;0.7B'

1/2 dependence.
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that the Hartree term and the exchange-correlation t
might change the well potential in a magnetic field and le
to redistribution of the charge between the sub-bands. Th
fore, the energy spacingDE in a strong field will be more
sensitive to the PQW parameters~such as the width of the
bare parabola! than to the electron density. To conclude th
part, we have argued that the behavior of the anomalous p
in the magnetoresistance is in qualitative agreement with
simple model described by Eq.~7!. The quantitative expla-
nation of the correlation-energy dependence on the perp
dicular magnetic field and the sample width requires a
tailed theoretical investigation.

We now turn to the transport properties of the QHF. P
vious experiments6–8 did not allow one to make definitive
conclusions about the transport mechanism in a QHF. O
the recent observation of the resistance spikes in single A
wells11 and large resistance anisotropy in wide GaAs well27

and Si/GeSi heterostructures28 in tilted magnetic fields
stimulated discussions about the origin of the observed tra
port anomalies.15 As has been argued by Falko an
Iordanskii,13 disorder arising from the density inhomogen
ities produces a multidomain structure. Therefore, transp
in a QHF is attributed to the diffusion along the netwo
formed by the domain walls in analogy with transport
integer quantum Hall effect. However, in contrast to quant
Hall systems where transport is associated with electrons
QHF the current-carrying states are quasiparticles deno
nated skyrmions. In ordinary thin-films magnets, skyrmio
can exist, in principle, but they are not important becau
they do not carry charge. In a QHF, skyrmions carry cha
and can be observed in transport experiments4 at n51. At
n52, pseudoskyrmions are formed due to the alignmen
the pseudospins, and therefore they are still the excita
states which form the main propagating modes along
domain walls of the QHF. The structure of the domain wal
discussed in different models. Jungwirth and McDonald14 ar-
gued that, for a Blocklike domain-wall structure, the tran
port should be due to the activation through the quasipart
excitation gap;224 K. This explains the decrease of th
spike atn53 with temperature in AlAs quantum wells.11

However, the activation energy of different spikes has
been measured in Ref. 11 and therefore the understandin
the physics of domains in a QHF still needs further theor
ical and experimental investigations. In our samples,
found magnetoresistance peaks rather than narrow spike
observed in AlAs wells.11 It is worth noting that the nonzero
longitudinal resistance in the conventional quantum Hall
gime is currently understood in terms of percolation throu
different regions of the samples, along the contours of
disordered potential. Percolation occurs when the Fermi
ergy coincides exactly with the center of the Landau leve
The percolation threshold is equivalent to the one of a n
work where the transmission coefficient of each saddle p
in the random potential is equal to 1/2. This gives the va
of the conductivity peaks between plateaussxx5e2/2h and
the Hall conductivitysxy5(e2/h)(N11/2). We see in Fig.
5~b! that all four peaks observed in a tilted magnetic field
B.2 T have a value close to the universal valuee2/2h. This
might be an indication that the anomalous peaks are du

s
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percolation through the samples, like the quantum Hallsxx
peaks. This is not surprising because, as was mentio
above, the network of the domain walls might be genera
by the same disorder potential as the percolation networ
the quantum Hall regime. We also measured the tempera
dependence of the anomalous peak in a tilted magnetic fi
as shown in Fig. 11. We see that the peak does not depen
the temperature and its behavior resembles the one of
quantum HallRxx peaks. It is worth noting that we observe
similar behavior in all the PQW’s of different width and wit
different sheet electron densities. The strong temperature
pendence of the peak in AlAs can be attributed to the inco
plete formation of the domain-wall network. The percolati
nature of the anomalous peak in our QHF can be justified
the model considered in Ref. 15 where the Ising-li
domain-wall structure has been proposed that led to
temperature-independent percolation of the two coun
propagating sets of modes along the domain walls. Suc
network resembles the percolation contour in the rand
magnetic-field problem which leads to zero Ha
conductance.26 This explains the absence of the step in t
Hall resistance across the transition~Fig. 6!. It has to be
mentioned that the model15 describes also the transport a
isotropy observed in Si/Ge heterostructure and GaAs w
wells.27,28 In these structures, the domain-wall netwo
should be strongly anisotropic due to the sample-surf
roughness. We did not find such an anisotropy in our PQW
and, indeed, it agrees with the model considered in Ref.
Since a QHF has been observed in Refs. 27 and 28 at
large tilt angles (;80°), any small variation of the surfac

FIG. 11. Longitudinal resistanceRxx of a 2000 Å PQW as a
function of the magnetic field atQ560° for different temperatures
The arrow indicates the anomalous magnetoresistance peak.
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corrugation leads to the variation of the local angle by 0
and, consequently, to the variation of the local effective m
netic field by 20%. In our PQW’s, the QHF is observed
Q560° ~see Fig. 6!, and the same variation of the local ti
angle leads to a 0.8% fluctuation of the local effective ma
netic field. Such a small variation is not enough to produ
an anisotropy in the domain-wall transport. It will be inte
esting to look for an anisotropy in our samples with a low
density, where the QHF should be observed at higher
angles, or in artificially corrugated samples.29

Finally, we discuss the hysteresis behavior observed
some works.6,11 Such a hysteresis behavior is reported a
proof of the existence of the domain structure in QH
samples. Hysteresis occurs because the domain may ari
the metastable states. In this case, the domain-wall netw
will depend on the direction of the magnetic-field swee
Another origin of the domain is disorder, as already d
cussed above. Such domain might be stable, and no hy
esis behavior appears in this case. We did not find hyster
in our samples down to 50 mK.

V. CONCLUSION

We have demonstrated that a parabolic quantum well
promising system for understanding the physics of quan
Hall ferromagnets. The magnetic transition can be contro
by the variation of the PQW width. In comparison with th
previous studies of a QHF in GaAs and AlAs single wel
the transition in our PQW is characterized by a reproduci
peak in the longitudinal magnetoresistance. In wide pa
bolic wells a QHF is observed in perpendicular magne
field and can be tuned by the variation of the electron sh
density. This makes it possible to study the physics of m
netic domains in a QHF. In particular, we found that t
behavior of the anomalous peak resembles the typical be
ior of the magnetoresitance peak in a quantum Hall insula
Hall metal transition. We attribute such a behavior to per
lation along the domain walls with an Ising-like structur
We also found that the anomalous peak moves from
filling factor to highn with increasing tilt angleQ. Qualita-
tively, it can be explained by the increase of the exchan
correlation energy withB' . Since the Zeeman splitting in
our system is very small, the exchange energy is compar
with the energy-level separation in our PQW’s.
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