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Density-induced reorientation of the stripe at half-filled high Landau levels
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The effect of a unidirectional periodic potential on the orientation of the stripe state is studied for the
two-dimensional electron system at half-filled high Landau levels. By considering a quantum well with two
electric subbands, it is found that the stripe is parallel to the external potential for weak modulation and is
orthogonal for strong modulation. In the intermediate range, the orientation of the stripe changes from orthogo-
nal to parallel as the electron density is increased. This result explains the recent experiment performed by Zhu
et al.that the anisotropy axis at half-filled high Landau levels rotates by 90° by increasing the electron density.
It also supports the suggestion that the stripes are pinned by the native surface morphology at the interface of
the heterojunction.
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Two-dimensional electron systen@DES’y of the high- in samples having artificially induced 1D charge
mobility samples in a strong magnetic field exhibit a rich modulations:® The native lines are orthogonal to the stripes,
variety of physical phenomena associated with the Coulomiwhich, at first glance, is somehow in contrast to intuition.
interactions between electrons. In the lowest Landau levebeveral authors have studied this new effect with a periodic
(LL), the electrons condense into an incompressible quantumxternal potential and their results consistent with the
liquid at certain rational filling factors and lead to the famousexperiment®?!
fractional quantum Hall effectFQHE).1~3 Recently, a new Recently, Zhuet al. observed a density-induced inter-
kind of many-body correlated phase which shows large anehange of anisotropy axes at half-filled high LEsThey
isotropy in the longitudinal resistance in the magnetotransemployed a tunable-density heterostructure-insulated gate-
port experiments was revealed at half-filled high Landau lev{ield-effect transistor to access a wide density regime and
els ¥=9/2,11/2...)*° The origin of this strange found that as the density of the 2DES is raised above 2.9
anisotropy is widely viewed as the formation of a unidirec- x 10** cm™2, the easy axis rotates from t&10) direction
tional charge density wav8JCDW) or stripe state around to the(110) direction. Their result provides another way to
these filling factor§:” Even before the experimental discov- demonstrate the pinning mechanism of the stripe phase
eries, the UCDW was predicted theoretically by Foglerwhich we will discuss in this work. We will show when take
et al® and Moessner and ChalRebased on Hartree-Fock into account two electric subbands and introduce a unidirec-
(HF) discussions, where the 2D electron gas spontaneoustjonal periodic potential to the electron system; these stripes
breaks the translational symmetry. When the external field iglign either parallel or perpendicular to the external potential.
tilted away from the sample normal, it shows that the easyrhe stripe is parallel to the periodic potential for weak
transport orients orthogonal to the in-plane magnetianodulation whereas it perpendicular to the potential for
field. 1> Theoretical computations beyond the HF approxi-strong modulation. For intermediate modulation, the stripes
mation are also consistent reasonably with the experimerdxperience a rotation of 90° from parallel or orthogonal to
results'®~* Some researchers proposed the existence of ligthe external potential as the density increases. Our discussion
uid crystalline states with stripe ordering and broken rotasupports the suggestion that the orientation of the stripe

tional symmetry>15:16 phase is pinned by the native symmetry breaking potential at
Nevertheless, the preferred orientation of the stripes in éhe GaAs/AlGaAs interface.
perpendicular magnetic field remains puzzligFor 2D In order to deal with the problem analytically, we assume

electron systems in GaAs/AlGaAs heterostructures grown othat the electron gas is confined in a plane by a harmonic
(110-oriented GaAs substrates, the hard transport directiopotential with characteristic frequendy. Before going to

is parallel to the(110) crystallographic direction while the the details, we argue that this choice of confining potential
easy direction is parallel t¢110). It is hard to believe that may quantitatively correct for the problem we will deal with
the crystal structure affects the orientation of the stripe. Irin this work despite the fact that the realistic confining po-
the experiments the magnetic field is a few tesla, so the waviential in the sample is essentially a finite square well. The
function of each electron in the third LL is spread over moreharmonic well is very different from the square well in its
than several hundred angstroms. The details of the crystaixcited spectra, for the harmonic spectrum is equally gapped
lattice structure will be averaged out. Fil proposed that thewhile that of the square well is not. However, in our work,
piezoelectric effect may play a role in determining the orien-there will be only two energy levels of confining potential to
tation of the striped® In a recent experiment, Willettt al.  be involved and thus the unequal energy gaps between dif-
examined the surface morphology of high-mobility hetero-ferent adjacent energy level will not be a concern. Therefore,
structures and found that the transport is consistent with thaine can variationally adjust the harmonic frequency such
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the level crossing as in most circumstant®s. We will
show that the UCDW indeed changes from orthogonal to
parallel to the periodic potential for intermediate modula-
tions as the electron densithence the magnetic fieldn-
creases.

To include the surface morphology at the interface of the
heterostructure, we consider the effect of a periodic potential

of wave vectorQ*p and strengthV, on the stripes of funda-

mental wave vectorQS. In realistic samples of GaAs/
AlGaAs heterostructure, the wave vector of potential modu-

lation Q, should be in the(110 direction’**°3! Two
configurations Of(jp and Q. are considered in our work:

Q,llQs or Q,L Qs. In the orthogonal orientation, the main

FIG. 1. A schematic description of the energy levels with two deformation of the stripe caused by the periodic potential is
electric subbands.ngn)’s indicate the two indices of electric sub- modulation of the width of the stripes. In the parallel orien-
bands(m) and Landau levelsn). Thin dashed lines are the corre- tation, the main deformation of the stripe is displacement of
sponding Zeeman splitting. Thick dashed line is the Fermi level forthe stripes. Both deformations lower the cohesive energy of
v=9/2. the stripe staté

The Hamiltonian consists of a Coulomb interaction part

that the harmonic energy gap equals the gap between thosg, and an interaction with the external potential plr:
two given levels in a realistic square well. In this sense, they=H +H,. Here
harmonic potential may be a good approximation to a real-
istic potential to give a quantitative description. Such a har- 1 . . .
monic potential has been chosen to deal with many quantum HO:HZ v(Q)p(d)p(—a), (©)
Hall syste;ns to replacYeZEhe realistic potential which is either XY
trllanguIaF or square@: : It. was also used to discuss the ,Wherev(ci)=27-re2/;<0q:
giant magnetoresistance induced by a parallel magnetic

E (in arbitrary units)

1 1 1 1 1
0.40 0.45 0.50 0.55 0.60 0.65
density (in abitrary units)

field.® 1
For a perpendicular magnetic field applied to the system, H1=§VO ) E p(Q)exp(iq-ry), (4)
B=Bz, there are two electric subbands mixing with the Lan- a==Qp

dau levels, with frequencies , =) and w_ = w., respec-

tively. The corresponding eigen wave functionsZare wherer is the origin of the potentialp(q) is the electron

density operator projected onto the upper LL. It can be writ-

® - 2 n
B =Nae 22t (2, fen as

¢ =Ny e 00722 (x—X)/1_), &) pla)= 2 F(@e ek o, ®

where H,(x) are the Hermitian polynomials and,
=1/y2"n! /x|, are the normalization coefficients?
=h/mpw. . Xis an integer multiple of %IZ_ILy. The com-
bined single-particle wave function is

whereX. =X=q,| 2/2. HereF(q) is computed by the state
(2), which is given by

F(a)=e %44 (@22 2)L(af12/2),  (6)

1 . 2 . - 2.
B =——=XY1" % x (2)  whereL(x) is the Laguerre polynomiaty is the momen-
m VL, m " tum in the 2DES plane.
By using the standard manipulation for the Hartree-Fock

Then the energy levels of single particle states are describeéjecoupling of Hamiltoniari3), we get

by a set of two indicesrin) with index m indicating the

electric subbands amithe Landau levels. 1
F|gure_1 schemgtlcally depicts the energy Iev_els of the HB'FZEZ Upe(DA(—Qq) Z ef'qxxc;}x,- (7)

2DES. Given a filling factor, e.g.y=9/2, increasing the q X

electron density means increasing the strength of the magl; ] ) . o )

netic field B. Hence there appear a series of energy levell Ne effective potentialiyg(q) IS explicitly written as a sum

crossings since the electric subbands rarely change where@k@ Hartree terntin units of e/ «ol)

the cyclotron frequency, increases with the magnetic field.

The Fermi energy is indicated by the thick dashed line. Since -

the single-particle state at the Fermi surface is changed from un(Q)= f

(10) on the left to (01) on the right of the crossing point as

the density increases, one may expect a phase transition ahd an exchange term

1 -
———[F(@)T? ®

da,
ml qj +q5
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dp -0.25 -0.22
- S T2
Uex(Q):—2W|2f (ZW)ZUH(p)e"’Xq' : 9) 2B (a) 023 (b)
-0.27 0241
Allowing the charge density wau&€DW) by introducing the -0.28} H'\’\,\_ -0.25[ "
order parameters -0.29} \\ _ ;
2712 . 0301 i lo2r] e
AQ)= T e @K oy ) 10w O3 T,
Lily % X2 -0.32} \\ !
-0.29}
the cohesive energy of the electrons in the topmost LL can be e ¥ N
obtained as 034 | —m—orthd1 ~0-30 —=—orno1
4 para01 A para01
-0.351| e orth10 Wy 0311 | —e—artnt0
1 R R 036 [=Y_pare10 * |_g.32| [Z¥—pam10 i
Econ=5,- 2 Unr(QIA(- Q)% (11 -
VN -0.37 -0.33
Q#0 0.00 0.02 0.04 0.06 0.080.10  0.00 0.02 0.04 0.06 0.08 0.10
where vy=1/2 is the filling factor at the topmost Landau Vo/hQ Vo/hQ

level.

with the wave vectors of the order parameters és strengthV, /%) of the potential. “para” and “orth” denote parallel
—(i0° kO? herei andk . Fpll . h and orthogonal orientations to the periodic potential, respectively.
_(GJle’_ Q&) -f"E’zfreJ SHZZ arﬁ integers. Following the pro- i for &_/0=0.2941 andb) is for w,/Q=0.8824.

cedure in Refs| an , when

NQSQ?' 2-2Mr, (12)  levelis not the key element to whether the stripes are parallel
or orthogonal to the potential. The orientation of the stripes

with N andM being integers, the Landau level splits ifo s mainly dependent on the relative strength of the external
Hofstadter bands. The CDW state is recognized as the strip@odulationV, with respect to the characteristic frequency
phase when the order parameters Wk = Q¢ are domi- (). However, in the single-band model, there is no transition
nant. WhenN=6 andM =1 the stripe state has the lowest of orientation of the stripes as the density varies. In the two-
energy. In Ref. 21, several cases were consideredQfpr subband levels, since the matrix elements in forniGjeare
=Q,/k, with k=2,3,4,5,6. As an example in our work, the dependent on the single-particle stas the Hartree-Fock
wave vector of the external potential is typically chosen to bepotentials are different at the two sides of the crossing, which

Q,=Q4/3. We consider two configurations in which ttg, ~ the orientation transition underlies.

and@S are either parallel or orthogonal to each other, respec- Figure 3 shows the anisotropy energy versusw,/{} or

tively. In the parallel orientation case, the main deformationelectron densityin arbitrary unit3. E, is the energy differ-

is the displacement of the stripe, which is called the “fra. ENCE between the parallel orientation and the orthogonal ori-
guency modulation.” In the orthogonal orientation case, the
main deformation is the modulation of the stripe width,

which is called the “amplitude modulation.” In the latter density (in arbitrary units)

[x107]

case, there is a periodic density modulation along the stripes apll o " [ Veho=002
with wave vectorQ=Q,, for weaker modulation. When the sall N el
modulation becomes strongeNV{/7=0.1), the stripe | = : .
looks like breaking up at the ridges of the external potential ! o g "
and degenerates into a rectangular CDW state. 12} o

Figure 2 shows the dependence of the cohesive energy of 06 , —*
the electrons in the third LL on the modulation strength of o 0.0}
the external potentia¥/y. The parallel orientation state and w a6l o —A——A—A
orthogonal orientation state fom(n) energy levels are de- T = .
noted by “parafmn)” or “orth( mn),” respectively. When it — . ./
the electron densitjor w./Q)rises, the Fermi level changes S
from the (10) state to the (01) state. Figuréa)2is for 24F L . ¢ L ' . L
0./Q=0.2941 and @) is for w./Q=0.8824. Both figures 02 03 04 05 06 07 08 09
show that the parallel orientation is slightly lower in energy wd/Q

than the orthogonal orientation for small modulation strength £ 3. Anisotropy energf, vs w./Q or electron densityin
(Vo/7i1=0.04) whereas the orthogonal orientation domi-apitrary units. E, is the energy difference between the parallel
nant for large modulation strengtW§/7()=0.06). Previous  grientation and the orthogonal orientatidgy, is definitely negative
studies claimed that the orientation of the stripe is alwaySor v,/40=0.02 whereas definitely positive for/%Q=0.07.
perpendicular to the periodic potentfd?* The difference  ForV,/4Q=0.05, E, changes from positive to negative as/Q
may result from the fact that their calculations did not count(or electron densityincreases, implying a phase transition from
the width of the quantum well. We note that the two-subbandrthogonal orientation to parallel orientation.
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entation. We depict three curves for three typical values oftripe will experience an additional orientation interchange,
Vo /h Q. We find thatE, is definitely negative folVq /7 Q) which may be observed in experiment by sweeping a larger
=0.04, indicating that the parallel orientation is favoreqg. electron density regime. We emphasize that complex trans-
is definitely positive forV,/#=0.06, indicating that the port behavior takes place only in a two-subband quantum
orthogonal orientation is favored. For the curvg/AQ)  well at half-filled Landau levels. Given a filling factor, in-
=0.05, E, changes from positive to negative ag/{) (or  creasing the electron density means increasing the magnetic
electron densityincreases, implying a phase transition from field, which leads to energy level crossings. Reference 22
orthogonal orientation to parallel orientation. This result co-suggested that the squeeze of the electron wave function and
incides with the recent experimental observation by Zhuharder press against the interface may be the origin of the
et al. that the anisotropy axes at half-filled high Landau lev-reorientation of the stripes. We have checked in our compu-
els in the two-dimensional electron system rotate by 90° byations that no such transition can take place in a single-band
increasing the electron densffylt should be noted that in model. Our result provides support to the explanation that
previous studied samples with electron densities inside ththe pinning mechanism is the native surface morphology at
transition region of Ref. 22, the easy direction is always parthe interface of the GaAs/AlGaAs heterostructure.
allel to the(110) direction:®*+*93%This variety of experi- In summary, we have studied the effect of a unidirectional
mental results may originate from the sensitive dependencgeriodic potential on the orientation of the UCDW state. By
of the stripe orientation on the roughness of the surface moronsidering two electric subbands of a wide quantum well, it
phology at the interface of the heterostructure. In our calcuis found that the stripe is parallel to the potential for weak
lations, the parallel phase exists only for rather weak modumodulation and is perpendicular for strong modulation. For
lation (V,/7Q=0.04). Specifically, anisotropy axis rotation intermediate modulation, the orientation can be either paral-
takes place only in a limited range of modulation strengthlel or perpendicular to the potential. When the electron den-
and width of the quantum well (0.62V,/%2Q=<0.06). Be- sity increases, the stripes experience a rotation of 90° from
yond this range, no reorientation transition can be observegarallel or orthogonal to the external potential. The result is
In Fig. 1 there are more energy crossingsecad() (or  consistent with a recent experimental observation. Our dis-
electron density further increases or decreases. For lowercussions may help to discern the pinning mechanism of
density, the single-particle state will be the (02) state. Thestripes at half-filled high Landau levels.
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