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We discuss the behavior of a quantum Hall system when two Landau levels with opposite spins and
combined filling factor near unity are brought into energetic coincidence using an in-plane component of
magnetic field. We focus on the interpretation of recent experiments under these corldigdtes et al,

Phys. Rev. Lett86, 866 (200)); Panet al, Phys. Rev. B64, 121305(2001)], in which a large resistance
anisotropy develops at low temperatures. Modeling the systems involved as Ising quantum Hall ferromagnets,
we suggest that this transport anisotropy reflects domain formation induced by a random field arising from
isotropic sample surface roughness.

DOI: 10.1103/PhysRevB.66.161317 PACS nunider73.43.Cd, 73.2%b, 75.10-b, 75.10.Nr

Two very striking experimental observations of large elec-pletely filled. Within a Hartree-Fock treatment, the excitation
tronic transport anisotropy for quantum Hall systems in tiltedgap remains nonzero through this transitidgarly observa-
magnetic fields have been reported recehflin both cases, tions of a quantized plateau in Hall resistivipy, and deep
anisotropy appears at integer values of the filling fastor minimum in diagonal resistivity,,, both persisting through
with an in-plane magnetic-field component tuned to bringthe transitiorf provide support for such a picture, while mea-
two Landau levels of opposite spins into energetic coinci-surements of the temperature dependence,gfallow the
dence. While the in-plane magnetic-field component itselidetermination of an activation energy gamhich has the
defines an axis within the sample, the fact that large anisoyariation with B expected theoretically. This Landau-level
ropy appears in resistivity only below a characteristic tem-coincidence transition is one example of a broad class of
perature of about 1 K suggests that it has a cooperative Orgggperative phenomena in quantum Hall systems, involving
gin. Our aim in this paper is to develop a theoretical o omagnetism of either spin or pseudospin variables, which
treatment of such systems and to discuss the source of trp%ve been a focus for much recent w8kFrom such a

Ob?r? r\/vii(\?va(l)?lfr?goﬁ)gnomenolo ical similarities, it is natural perspective, representing the two Landau levels involved us-
p 9 ' ing two states of a pseudospin, interactions between pseu-

to make comparisons between these Landau-level coinci; ~ . L : ; .
ospins are ferromagnetic with Ising anisotrdpyyhile B,y

dence experiments and the earlier discovery of resistance a dqf i | t coincid ¢ dospi
isotropy in quantum Hall systems near half filling of high measured from 1S vajue at coincidence acts on pseudospins
as a Zeeman field.

Landau levels, attributed to the formation of a uniaxial , . . ) i
charge-density wave with a period set by the cyclotron With this bapkground in mlpd, we return tq a discussion
radius? Some distinctions are, however, clear. Most impor-©f transport anisotropy. Following the suggestions of Refs. 1
tantly, the nature of the electron states near the chemic@nd 2, itis clear that the presence of a spin or charge density
potential and their average occupation is quite different invave could potentially explain this observation. From the
each case: two separate orbital Landau levels with oppositeriginal Hartree-Fock calculatiortswhich were for a one-
spins and a combined filling factor close to unity are in-band model and, considered only trial states with homoge-
volved in the coincidence experiments, as against a singlgjeous charge density, it was found that instability to a spin-
spin-polarized and roughly half filled Landau level in the density wave is preempted by the first-order coincidence
other case. In this context it is desirable to examine a ranggansition. An escape from this conclusion might be provided
of possible explanations for low-temperature anisotropy. by the fact that the sample involved in one experiment is a
The study of cooperative effects in coincident Landau lev-Si/GeSi heterostructuteand in the other a wide quantum
els has a long history. Consider a system with fixedwell;? the former has valley degeneracy and the latter has
magnetic-field strengthB, perpendicular to the two- two occupied subbands. Alternatively, it might be that a bet-
dimensional electron or hole gas, as a function of total fielder trial state in the Hartree-Fock theory, or calculations that
strengthBy. In a single-particle description, there are pairsgo beyond this approximation, would yield a stripe phase as
of Landau levels having opposite spin orientations and orthe true ground state near coincidence. However, recent
bital quantum numbers differing byN, which are separated Hartree-Fock calculations for bilayer systéfrgive only fer-
in energy byAN7 w.—0g* wgBit, Wherew =B, is the cy- romagnetic pseudospin order with parameters relevant in the
clotron frequency and* ugB, is the Zeeman contribution. present context, as do calculations for one-band models, in
This energy gap falls to zero at coincidence. Inclusion ofwhich the Hartree-Fock solutions with both spin- and charge-
exchange interactions leads, at a combined filling factor oflensity modulations are consider&dor the Hamiltonian
unity for the crossing levels, to a first-order transition be-with realistic interaction potentials is diagonalized exactly
tween two ground states in which one or other level is comfor a small number of electroris.
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The observations of Refs. 1 and 2 therefore present awo regimes lies atA ~ JD. At weak disorder, domain size
puzzle, which, we argue in the following, can be understoodt is much larger tha and domain morphology depends,
in terms of domain formation, with a characteristic sizeamongst other things, on the difference in energy per unit
much larger than the relevant scale for stripe phases, thength of domain walls running parallel or perpendicular to
cyclotron radius. Our account involves three distinct ingredi-the in-plane magnetic-field component. This energy differ-
ents. First, we suggest that domains are induced by a randoghce is of the ordex/sJD. At strong disorder, which we
Zeeman field acting on the pseudospins, which arises frorghall argue is the limit relevant here, the domain pattern is
the interplay between isotropic sample surface roughness argimply that of sgni).
the in-plane component of magnetic field. Second, we show To apply these ideas, it is necessary to identify a micro-
that a random field generated by this mechanism is intrinsiscopic origin for such a random field. One possibility is that
cally endowed with anisotropic correlations, and that the corvariations in carrier density, arising either from impurity
relation anisotropy is large enough to explain the observedcattering or from large-scale inhomogeneities, produce
anisotropy in resistivity. Third, we argue that transport in achanges in the value df. Randomness of this kind is spa-
multidomain sample occurs along domains walls via the protially isotropic, but may give rise to transport anisotropy via
cesses discussed recently in Refs. 14-16. The onset tempegRpendence of the domain-wall energy on spatial orientation.
ture for transport anisotropy arising by this mechanism is thez second possibility is that sample surface roughness

Curie temperature of the Ising quantum Hall ferromagnetchanges the local value @ and hencéh. To compare the
and we note that the reportetonset temperature of about 1 likely importance of these two, we appeal to experiment,

K is similar to the value for the Curie temperature expetted noting (for example, from Fig. 2 of Ref.)lthat while the
and the value observed elsewhéfe. coincidence transition has a rather small width (0.5°Y,irit

As a starting point for a more detailed discussion, con-has a much larger widté20%) in By, which is indicative of
sider an energy functional for the system. Introducingits width in n. The existence of sample surface roughness
coherent-state creation operatoﬁr) anch(r) for the two  with an amplitude of a few nonometers ahd1um is re-
Landau levels involved, correlations are characterized by thgorted in Ref. 1 and amplitudes of up to 10 nm are well
expectation value of pseudospiﬁ(r)=<c£aaﬁc3), where  established in a variety of other conteXiggiving gradients
o is the vector of Pauli matrices. The order parameter hasf at least a few tenths of a degree. We estimate that the
magnitude/S(r)| =S, whereS=1 at a combined filling fac- condition| A~ \/JD is met by surface height fluctuations of
tor of unity for the two Landau levels and is smaller other-order cotf,)e?/efiw,, and conclude that the random field
wise. For variations o§(r), which are smooth on the scale originating from surface roughness constitutes intermediate
of the cyclotron radius, one expects the energy functional ter strong disorder. Moreover, domain formation by this

have the form mechanism can account for transport anisotropy, as we now
show.
— 2 2 2 2 Let z(r) denote height of the sample surface above an
= — + + —hS)dr. (1 "
E f (DS, IV 03] 0nS(r)] ) @) average reference plane, and ttbe the critical angle at

which the Landau-level coincidence transition occurs. Then

- . . . L
HereD >0 represents Ising anisotropyis the spin stiffness, for small-angle roughness,

the derivatived,=n-V acts in the direction of the in-plane
magnetic field, denoted by, and 8J represents spatial an- h(r)=a(6—0.)+ ad,z(r), 2
isotropy in the spin stiffnesgor simplicity, we omit anisot-
ropy in spin space from the stiffnes§he effective Zeeman
field acting on pseudospins Iis In experiment, the strength
of this field varies through zero as the tilt angleof the _ , N , ,
sample in the applied magnetic field is varied through the CN=rz(r+r1)) =) zr+r), @
Landau-level coincidence point; its strength depends also owhich is isotropic, generates a random field wipatially
field magnitudeB,,; and on carrier density. anisotropic correlationssince

For a homogeneous system, the ground state of Bds
uniform with S,=sgnh)S and S, =0. Domains may arise (h(r"Yh(r+r"))Y=(h(r")Yh(r+r"))=—a?d2C(r).
either in metastable states or because they are induced by (4)
guenched disorder. While metastability and hysteresis are ob- To establish the characteristic degree of this anisotropy,
served in some examples of quantum Hall ferromaghets, we have carried out numerical simulations. Takigg) to be
this is not reported to be an important aspect of observationa superposition of overlapping Gaussian functions of posi-
in Refs. 1 and 2. We therefore turn to domains induced bytion, with centers placed at random points in the plane and
disorder. Potentially, the most important source of disorder irmmplitudes distributed uniformly about zero, and settéthg
Eqg. (1) is randomness ih, and the behavior of the random- = 4., the resulting random field(r) in a typical realization
field Ising model has been studied very extensiVBlit. is  is illustrated in Fig. 1. Anticipating our discussion of trans-
useful to distinguish the weak and strong disorder regimesport on domain walls, we quantify the anisotropy evident in
takingh to fluctuate about mean value zero with amplitdde this figure by following the classical dynamics of a particle
and correlation length, and supposing to be greater than that moves along contours b{r), using methods described
the domain-wall widthw= \J/D, the boundary between the previously’® Averaging over randomly placed starting

where « is a proportionality constant. Crucially, by this
mechanism, surface roughness with a correlation function
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FIG. 1. Gray scale plots dupper paneglspatially isotropic sur-
face roughnesg(r) and (lower panel the spatially anisotropic
Ising-model random fields,z(r) that results from this surface
roughness.
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FIG. 3. Schematic summary of domain-wall structure, showing
pseudospin and excitation energiesas a function of the position
across the wall, within the Hartree-Fock theao); for an Ising wall
points, we expect diffusive motion in the sense that meanstabilized by short-range scattering, aii for a Bloch wall.
square displacements grow linearly in time. Takmgarallel , . ) )
to they axis, the quantitie ,(t)=(x3(t))/t and Dyy(t) growth in the mean-square dlsplaceme_nt arises at Iong_tlmes
=(y2(t))/t should then approach the eigenvalus, and from a balance between bounded motion on closed trajecto-
D,y of the diffusion tensor, for times that are large com- €S and supr)]er dt;ffuswe_ mo.t:]ca)g Aon tra;ectonras that remain
pared to the correlation timg,. Evidence thaD,,(t) and open up to the o servat|02n & "zerag'”gﬂor?y over open
D,(t) indeed tend to a finite limit, witlD,,~ 8D, , is pre-  TaIECtories, one expecs™(t))==(y*(t))=t>" if the aniso-
sented in Fig. 2. The orientation of this anisotropy, with thelf®PIC Problem is in the same universality class as the stan-

larger diffusion constant in the direction perpendicular to thedfird classical percolatlon p_roblem; data shown in the inset of
ig. 2 support this conclusion.

in-plane magnetic-field component, is as observed in Refd. The f ing di ion is based he idea th
1,2, and its magnitude is about the same as that determined at € Torégoing discussion 1S based on the laea that trans-
rt occurs along boundaries between domains. In order to

low temperature using a Hall bar sampl&he precise value po . . . .
of D,,/Dy, will be dependent on the disorder distribution, substantiate this, we next examine transport properties of do-

but we see no reason to expect large variations. Our calcul nain wallst bet\geﬁ? opposnel;; Eagnﬁ.tlze(tjh pthasez of t_he
tions also provide an opportunity to test the universality clas Sing quantum Hall ferromagnet. kecaling that the domain

of our anisotropic percolation problem, since diffusive V_V"’_‘” forms the boundar_y between a region on one side with
filling factors for the coincident Landau levels of=1 and

v,=0, and a region on the other with interchanged filling
factors,v;=0 andv =1, the simplest structure one might
)t e imagine is that shown in Fig.(8). In this picture, the wall

=4 — supports two counterpropagating modes with opposite spin
o 4l o ] polarizations, which arise as edge states of the occupied Lan-
D§

2

~
e ———

| dau levels in the domains on either side. Such an Ising do-
/_\——" main wall, in whichS, (r)=0 everywhere an®(r)=0 at
05 Lo . the wall center, may be stabilized by short-range scattering,
which allows solutions witjS(r)|<1,%? in contrast to Eq.
th (1). For a sample without short-range scattering, however,
° Hartree-Fock theory yield8 the Bloch domain-wall struc-
FIG. 2. Simulation data used to determine diffusion coefficientture shown in Fig. ). Here,S, (r)#0 on the wall. Conse-
anisotropy. Mean-square displacements per unit time in directionguently, within Hartree-Fock theory there is mixing and an
perpendiculaf D,(t), full line] and paralle[D,,(t), dashed ling  avoided crossing of edge states arising from occupied Lan-
to the in-plane field direction are shown, averaged over all trajec- dau levels on either side of the wall.
tories. Inset shows the averages over open trajectories only, At this level of approximation, for a Bloch wall the
(x2())/t87 and (y?(t)}/t®", demonstrating scaling with the classi- chemical potential lies within a quasiparticle gap. To account
cal percolation exponent value. for transport under these conditions, it is necessary to con-

10° 10

161317-3



RAPID COMMUNICATIONS

CHALKER, POLYAKOV, EVERS, MIRLIN, AND WOLFLE PHYSICAL REVIEW B 66, 161317R) (2002

sider collective excitations. The combined consequences ong. In this picture, transport in a multidomain sample occurs
continuous symmetry for the Hartree-Fock solution underat domain boundaries, via two independent, counterpropagat-
rotations of(S, (r)) about the Ising axis, and the connection ing sets of modes. Neglecting quantum interference effects,
between spin or pseudospin and charge that is standard ffe arrive at the problem for which numerical results are
quantum Hall ferromagnefshave been examined in a re- given above. _
lated context in Ref. 15. Introducing pseudospin rotation N conclusion, we have argued that the observations of
anglee as a function of position coordinatealong the wall ~ &nisotropic transport reported in Refs. 1 and 2 can plausibly
and imaginary timer, the action be _attrll_auted to the formation of anisotropically shaped do-
mains, induced as a result of sample surface roughness. Our

2 2 numerical work demonstrates that this mechanism generates
p do 1/d¢ . .
S=— |+ == ldxdr (5) an anisotropy comparable to that found experimentalty.
2 Ix u\dr addition, the onset temperature for strongly anisotropic trans-

: . . o . _port is comparable to the critical temperature expeltadd
is obtained for domain-wall excitatiori3 where in our con observedl in other Ising quantum Hall ferromagnets. For

text _pl~3W~¢2/e and u~e?/eﬁ. A charge density g6 work, it would be interesting to investigate transport
(2m) “delax is associated with these modes. This is thej, oystems with deliberately induced surface features.
action for a spinless Luttinger liquid. A vital property for our
argument is that left- and right-moving excitations propagate We thank U. Zeitler for extensive discussions and E. H.
independently, provided rotation symmetry about the pseuRezayi for correspondence. The work was supported by the
dospin easy axis is exact. In short, Figadremains a useful A. v. Humboldt FoundatiorJ.T.C), by the Russian Fund for
picture even without the short-range disorder to stabilize aBasic Research, and the Schwerpunktprogramm “Quanten-
Ising wall, provided only that there is no spin-orbit scatter-Hall-Systeme” der Deutschen Forschungsgemeinschaft.
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