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Field-tilt anisotropy energy in quantum Hall stripe states
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Recently reported giant anisotropy in the longitudinal resistivity of a two-dimensi@ialelectron system
with valence Landau level inded=2 has been interpreted as a signal of unidirectional charge density wave
(UCDW) ground states. We report on detailed Hartree-Fock calculations of the UCDW orientation energy
induced by a tilted magnetic field. We find that for current experimental samples, stripes are oriented perpen-
dicular to the in-plane field, consistent with experiment. For wider 2D electron systems, we predict tilt-induced
stripe states with variable anisotropy energy s{@0163-18209)16047-9

Several groups® have reported the observation of strong experimental observations. The same conclusion was found
anisotropies and nonlinearities in the low-temperature magto apply for the lower density No=2.2x10' cm™?)
netotransport of clean two-dimension@D) electron sys- sample of Part al. To explore the dependence of this result
tems over ranges of Landau levellL) filling factor sur-  On system geometry we have repeated these calculations for
rounding v=n+1/2 for n=4, i.e., for valence LL orbital @ parabolic confinement quantum well models with variable
indexN=2. Although the origin of these anomalies has notsubband separation. These calculations reveal a mechanism

been firmly established, the anisotropy is probably associate@r tilt-induced UCDW states in samples with more than one
with the undirectional charge density wai¢CDW) UCDW occupied subband for which the perpendicular field state is
states which have been predicted to occur under precisefXPected to be isotropic. We find that stripe orientation par-
these circumstancéd. Recently Paret al? and Lilly et al? allel to the in-plane field is possible when two subbands are
have discovered that the isotropic gapped5/2 quantum Occupied at zero tilt angle. _ 344
Hall state gives way to the anisotropic state for sufficiently  OUr calculation starts from the following observatiorr:
large in-plane magnetic fields. Shayegan and ManoRarar] Ne property that states within a LL are related to each other
have observed that in a 2D hole system the5/2 state is PY Operations of the magnetic translation group implies
already anisotropic even without in-plane field, indicating&guivalence of any LL to the lowest LL of a zero-thickness
that lower electron densitymore LL mixing can stabilize 2D electron system with a suitably adjusted effective
the CDW. Both of these observations are consistent with affl€ctron-electron interaction. For the example of interest
anisotropic  spontaneously-broken  orientational-symmetry’€e, & quasi-2D electron system in they plane with the
state, like the UCDW state. Several recent theoretical"agnetic field tited away from the normal to the pldfiee
paper&'®have explored the properties of these “liquid crys- Choose the in-plane compondsitof the magnetic field to be
tal” states for perpendicular field. in thex direction and use the following Landau gauge for the
In this paper, we evaluate the dependence of UCDWector potential A= (0,8, x—Byz,0). The one-particle orbit-
state’s energy on its orientation relative to the in-plane fieldals for any z-dependent single-particle confining potential
component, when the magnetic field is tilted away from thecan then be written as
2D electron system normal. Theoretical studies along similar

lines have recently been carried out by two other grddps. oiky
We find that screening due to polarization of remote LL’s (rlk,i,oy=—=¢; ,(x—1%,2), (1)
plays an essential role for the preferred orientation of the \/L—y ’

stripes. Using a realistic model for the sample of Liéyal.

(a single GaAs/AlGa, _,As heterojunction with densitiN, ~ wherek is the wave vector that labels states within L,lo is
=2.67x10" cm ?) we quantitatively determine the anisot- the spin index, antf=7%c/eB, . The translational symmetry
ropy energy and find that the stripes prefer to be alignedesponsible for LL degeneracy leads to a 2D wave function
perpendicular to the in-plane field for the whole range ofe; ,(x,z), which is independent of the state lalkelexcept
studied field-tilt angles and filling factors, consistent with for the rigid shift byl?k alongx axis. This in turn leads to

0163-1829/99/6(23)/155744)/$15.00 PRB 60 15574 ©1999 The American Physical Society



PRB 60 BRIEF REPORTS 15575

two-particle matrix elements of the Coulomb interactions TABLE I. HF state energies per electron =it =1/2 for trian-
with a dependence on state labels which is identical to thagular Wigner crystal, UCDW, and anisotropic Wigner crystal states.
for the lowest LL of a zero-thickness 2D electron systemThe energies are in units ef/e,l. These results are for zero thick-
provided the 2D Coulomb interaction is replaced by the fol-ness 2D electron layers and no screening.

lowing effective interaction

TWC ucbw AWC

N e all e e
V( *)_4Lezeq2|2/z = dg, [MS'(@)]* o O 04435  3.299
4= € 27T q2+q§ ! 1 —0.3443 4.443 —0.3456 —0.3509
2 —0.2897 5.805 —0.3063 —0.3091
whereq=(qx,q,). € is the semiconductor dielectric func- 3 —0.2667 6.890 —0.2740 —0.2764

tion and

minimizing Eq.(5) with respect these parameters. In E),
U(q) can be separated into diredt|(q), and exchange,
X(q), contributions with

M‘g"(ci)=f_ dxf_ dzddxe!d22
X()Di,o(x+|2qy/212)<)0i,0'(x_|2qy/2|Z)' (3)

Since the stripe states are found at relatively weak mag- .
netic fields, we can anticipate that the valence LL which is H(q)=
partially occupied will not be widely separated from remote
LL's. We include remote LL degrees of freedom in our cal-
culation by accounting for the screening they produce when d2p
polarized by valence LL electrons. The random phase ap- X(6>=—f e—pZIZ/Zei(pqu—pyqx)lzv(5)_ (6)
proximation (RPA) (one-loop calculation, leads to the fol- (2m)2
lowing expression for the modified dielectric functith:

e~ q2I 2/Zv( d’)

272

- The physics responsible for the occurrence of UCDW
€(q) 1= >V Ne(eir,o) ~Ne(ei,o) Vi’,i(q’)exq_q2|2/2) states is equation and robust. For an infinitely narrow elec-
€o e 2™ (e o—E1,) tron layer the effective 2D Coulomb interactiovi(q), re-
(4)  duces to[Ly(g%/2)]22me?l/eq whereLy(X) is a Laguerre
. . . . polynomial. Starting fromN=1, zeros ofLy(X) occur at
wheree is the dielectric constant of the host Sem'conducmr’smallerx with increasing\, producing a zero in the repulsive
Nr(x) is a Fermi factor, the prime on the sum excludes the, ree interaction at smaller wave vector where the attrac-
valence LL, and the effective inter-LL interactio$,'(d)  tive exchange interaction is stronger. In Table | we compare
differ from V(q) only through the replacement M;'(q) by ~ the v* =1/2 HF energies of triangular Wigner crystal states
M!"i(q). The wave functions and single-particle eigenval-and UCDW states with maximura satisfying H(2m/a)

ues,s; ., used to define the effective interactions were ob-~0- The triangular Wigner crystal state energy is intended

tained from local-spin-density self-consistent-field calcula-© approximate the energy of possible isotropic fluid states.

tions, which include the solution of the two-dimensional V& Seée that forN=2, the energetic preference for the

single-particle Schitinger equation that arisEsat tilted UCDW states is large, substantially larger for example than

magnetic fields. The effective interactions are anisotropic beln€ Preference for Laughlirf$fluid states over Wigner crys-

causeB mixes the cyclotron and electric subband levels. tal states at=1/3. These calculations suggest that for

One-particle density matrices in a single LL, and hence~ + the competition between isotropic fluid states and

also Hartree-FockHF) energiesl,s are uniquely specifiéa UCDW states is delicate. Also noted in Table | is the fact

by the particle density function. The energy per electron ofat in the HF approximation, the UCDW state is unstable to
the UCDW state at fractional filling* of the valence LL is Ccharge modulation along the striptksading to anisotropic
given by Wigner crystal states with slightly lower energy. This insta-

bility is, however, misrepresented by the HF approximation
sin(nv* ) and the system is expectéd to be effectively a UCDW at
—e), Aj=vF ———~, any accessible temperature for €.4* <0.6. We appeal to
a nv* o the relatively small difference between UCDW and aniso-
(5) tropic Wigner crystal state HF energies in using the simple
) ) . _ UCDW state to estimate the anisotropy energy.
wherea is the period of the UCDW state ardis the direc- We now turn to our evaluation for the anisotropy energy
tion of charge variation. The UCDW state consists of stripest ,=5/2, 9/2, and 13/2 in the sample of Lillgt al>? The
of width ar* with occupied guiding center states separatedself-consistent-field separation between lowest spin-up elec-
by stripes of widtha(1—»*) with empty guiding center trical subbands is 9.8 meV so that the valence LL’s at per-
states;A, above is the Fourier transform of the the guiding pendicular field for these filling factors are the spin-ug N
center occupation function at wave vecto2w/a. In 2 and 3 LL's of the first electrical subband, respectively.
Hartree-FockHF) theory, the UCDW state energy dependsThe in-plane magnetic field has only a weak effect on the LL
only on a and e and the optimal UCDW is obtained by spacing even at field-tilt angles as high és 60°. We rep-

x 2.
> Aﬁu(

2v* n=—=
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TABLE Il. Field-tilt anisotropy energy components. Energies 30 r
are per electron and in units of 16 €%/ eyl ~kg10 mK.
20
No Screening Screening
0 Ex,o Eﬁ,o Ea EE,O Ex,o E, a*/l 10 +
V:5/2 0
20° —32.79 36.16 1.16 —17.65 28.94 280 5.15
40° —45.70 78.73 8.85 —21.26 70.63 12.38 5.24
60° —127.32 174.73 10.73 —75.64 164.19 21.25 5.15 10l
v=9/2 %
20° —-1352 6.17 —-140 -—-558 759 0.27 641 e 0
40° —43.84 18.17 —4.44 -10.83 1951 223 641 -
60° —101.57 39.78 —9.59 -—-15.00 47.00 8.07 6.68 :; 10
v=13/2 ) ) ) ) ) ) )
20° -3.76 006 -077 -081 091 004 7.66 S
40° -1849 275 —348 -1.93 6.20 0.87 7.66 T
60° —70.55 6.33 -1249 -254 1603 268 7.85 5¢ 1
resent the effective interaction anisotropy by performing a 0
Fourier expansion in the anglg betweene and the in-plane

field
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H(q,¢>=§ H.n(g)cog 2n )

FIG. 1. Field-tilt anisotropy energy as a function of parabolic
confining potential strength. Data for the valence LL close to de-
generacy with another LL are not plotted as the theory fails to
X(q,¢)= ; Xan(g)cog2ng), (7 describe this circumstance.

where pression and reoptimizing the lattice constanta*, sub-
stantially reduces numerical value of the anisotropy energy
o but does not change its sigB, is largest in magnitude for
Xon(q) = — f dppHzn(p)Jan(pa) (8)  »=5/2. Even these relatively modest anisotropy energies are
0 sufficient to tip the delicate balance between isotropic and

and J,,(x) is the Bessel function. Even at lar@g the an- ~ anisotropic states foN=1, explaining the transition to an-
isotropy of the effective interaction is relatively weak and isiSOtropic states seen in experiment. We can use the calcu-
accurately proportional to cos¢2. This property ofH(q) is Iatgd values prA to estimate .the temperature below vyhlch

- LT anisotropy will be observed in the transport properties of
sh_ared bW(Q) and greatly S|mpl!fles the UCDW energ@ these systems. Current experimental samples apparently have
mlmmlzatlon procedure. For a glvem_the ex“e”_‘a oF lies a native anisotropy of unknown origin, which can be over-
either at$p=0 or at = /2. We define the anisotropy en-

e € , come by the application of an in-plane field, reorienting the
ergy per electror, as the minimum oE($=/2) Minus  gyines and changing the easy transport direction. Sihce
the minimum ofg(¢=0). <20 can reorient the stripes fod=2 andN=3, we esti-

Details of the anisotropy energy calculation aré summag, e from Table Il that the native anisotropy energy is less

rized in Table Il. We first discuss the results obtained Wher{han 104(e?/ ;) ~ks10 MK per electron. We can also use

RPA screening is neglected. Most qualitative features ar%A to estimate the temperature below which anisotropy will

already gaptured in_a_simple theory that retains onllyrthe e observed in the transport properties of these systems.
=1 leading harmonic in the UCDW energy expression an

i X X " AN ased on an experimental onset temperafiire-100 mK
finds the optimal UCDW perioda=a; by minimizing  ith native anisotropy we estimate thia§T* ~10E,. Ac-
Ho(27/a) +Xo(2m/a). The Hartree anisotropy enerdj , cording to our calculations the largest anisotropies occur for
=—2H,(27/ag) is consistently negativéstripes along in-  N=1 for which we predict an onset temperature exceeding 1
plane field but is countered by the exchange eneEfy,= K at larged. We note that our theory gives similar results for
—2X,(2mlag). For v=9/2 and 13/2, where the UCDW the field-tilt anisotropy energy at=11/2 andv=9/2 and
state is most robust, the Hartree term dominates whetherefore as unable to explain the differences observed in the
screening is neglected but exchange dominates when screemisotropic transport measuremeérits majority and minor-

ing is accounted for. Our finding that the stripes prefer to baty valence LL's.

aligned perpendicular to thB| direction is consistent with Finally, we discuss UCDW energy calculations for para-
the experimental findirfef that this is the easy transport di- bolic quantum wells with different electric subband splittings
rection. Including all harmonics in the UCDW energy ex- Q). The results are summarized in Fig. 1; both screening
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0.05 ' - - lence LL can belong to a higher electrical subband, and more
complex behavior occurs. The solid curve in Fig. 2 shows

0.04 L — eRye=01 il the interaction energil, for v=9/2 and a narrow parabolic

¢ , quantum well. It has a structure characteristic of Me 2
"""""""" 0,[9/21/2=0.6, 6=20 LL effective interaction{ @ is not indicated here as the field-
S 0.03 r ——— @[921/Q=0.6,6=40" | tilt has a negligible effect omg(q) for w [9/2]/Q2=0.1}
N The dotted and dashed curves correspond to the case where
} 0.02 - the perpendicular field valence LL is the lowebt=€0) LL
of the second electrical subbands. F&+20°, Hy(q) de-

001 | creases monotonically with, as in the perpendicular field;
as explained above the UCDW is not the likely ground state
for the system in this circumstance. However, Gat40°,

0.00 Ho(q) is more akin the perpendicular fie=2 LL effec-

a () tive interaction which favors the UCDW state. This mecha-

nism of stabilizing UCDW ground state by in-plane mag-

FIG. 2. Wave-vector-dependent Hartree energies for parabolitietic field is different from the one discussed above for
quantum well model ana=9/2. Lilly's et al}? sample and is germane to wider quantum
wells with higher electrical subbands occupied. Our calcula-

and higher harmonics in the UCDW energy were accountejflonS indicate t'hat bqth perpendicular f’:\nd para[lel orienta-
lons of the stripes with respect to the in-plane field can be

for in these calculations. The perpendicular magnetic fiel ) o .
was chosen to correspond to the 2D electron density in théeahzed for these tilt-induced UCDW states. The competi-

experiments of Lillyet al,>2i.e., the cyclotron frequency at tion between isotropic and anlso_troplc states, and the. anisot-
v=9/2 ishw[9/2]=4.24 meV. Two regimes can be distin- ropy energy of UCDW states, will both have a complicated

guished in Fig. 1. For narrow quantum wells{9/2)/Q) dependence on filling factor and tilt-angle in this regime.
<0.5), only the lowest electrical subband is occupied at The authors acknowledge stimulating interactions with J.
=0, the stripes orient perpendicular to the in-plane field, and. Eisenstein and thank M. Fogler and R. Moessner for help-
the magnitude o, increases with and decreases with.  ful private communications. This work was supported by
The samples of Lillyet al’® and Panet al? fall into this ~ NSF Grant No. DMR-9714055 and by the Grant Agency of
regime. In wider quantum wells the perpendicular field va-the Czech Republic under Grant No. 202/98/0085.
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