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Composite Fermions in Modulated Structures: Transport and Surface Acoustic Waves
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Motivated by a recent experiment of Wille¢t al. [Phys. Rev. Lett78, 4478 (1997)], we employ
semiclassical composite-fermion theory to study the effect of a periodic density modulation on
a quantum Hall system near Landau level filling facter= 1/2. We show that even a weak
density modulation leads to dramatic changes in surface-acoustic-wave (SAW) propagation, and
propose an explanation for several key features of the experimental observations. We predict that
properly arranged dc transport measurements would show a structure similar to that seen in SAW
measurements. [S0031-9007(98)06095-5]

PACS numbers: 71.10.Pm, 73.20.Dx, 73.40.Hm

Experiments on surface acoustic waves (SAW) proparentJ(r) is related to the electric fiell(r) by alocal re-
gation above a two-dimensional electron gas (2DEG) [1,2kistivity tensorp(x). The measurable quantity, however,
provided strong support for the composite-fermion apdis the macroscopic resistivitg™, relating thespatially
proach to the compressible quantum Hall state near fillingveragedcurrent and field. We now show that the modu-
factor v = 1/2 [3,4]. Measurements of both absorption lation makesp™ anisotropic although locallyp,, = py,.
and velocity shift of SAW's probe the conductivity of The local resistivity is a function of the local densityx)
the 2DEG at finite wave vector and frequency [1]. Inand can be written ag(x) = p + 8p(x), wheredp has
this way, Willett et al. [2] observed that the absorption zero spatial average. (Here and below, bars denote quan-
(velocity shift) of the SAW as a function of filling fac- tities in the unmodulated system.) We assume a strong
tor exhibits a maximum (minimum) at = 1/2, imply-  magnetic field so that,, > p.., p,y, and neglect the di-
ing a maximum in the conductivity. Exactly at= 1/2, agonal elements ofp. Since the density depends only
the conductivity is found to be linear in the wave vectoron x, the current, electric field, anad are all independent
for wavelengths smaller than the composite-fermion meanf y. Conservation of current then implies thitis uni-
free path, in agreement with composite-fermion theory. form in space. From Maxwell's equations, we hawex

Recently, Willettet al. observed a striking effect in E = 0, which impliesép,,J, + p,,6J, = 0. Here,é/J,
SAW measurements near = 1/2 on samples whose is the modulated part of the current in thedirection,
electronic density n(r) = 7 + dn(x) is periodically —whose spatial average is zero. Thus [7], whife = p,,,
modulated inone direction, sayt [5]. When the SAW pr = po(l + p26n. /7%, 1)
propagates in th¢ direction, a rather weak density modu- here & is the root-mean-sauare value 6. the
lation (6n/n =< 0.05) turns the minimum in the velocity \év Ere onms 1S qu . ’

. - X . : . deviation of the local electron density from its mean value
shift at » = 1/2 into a surprisingly robust maximum: _ d have defined b
Unlike the former, the magnitude and width of the latter’ @N¢ W€ A by
are almost independent of the SAW wave veajoand Spxy = Bpudn/ii. (2)
the modulation periodz (for sufficiently smalla). In  In a naive Drude picture8 = p,,/p. > 1. In the
contrast, the modulation has no significant effect wherguantum Hall regime, empirical observations [8] tlagt
the SAW propagates in thedirection. is proportional to the derivative gf,, with respect to the

In this Letter, we analyze dc transport, SAW velocity logarithm of the magnetic field (“resistivity law”), together
shift, and SAW absorption in modulated systems near  with the observation that,, is primarily determined by the
1/2. We employ semiclassical composite-fermion theoryfilling factor v, suggest that the coefficieg is in fact a
[3,6], which allows one to derive a Boltzmann equationconstant, independent of the applied magnetic field, and
for composite fermions (CF’s). Within this theory, one weakly temperature dependent, of order 20 or more for
attaches two Chern-Simons flux quanta to each electromigh-mobility samples. Thus weak density modulation,
The resulting quasiparticles—CF's—experience an effecwhile having no effect opy;’, strongly enhancegyy.
tively reduced magnetic fiel@® (r) = B — (2h/e)n(r) so An SAW transmitted above a 2DEG gives rise to
that a density modulation leads to a modulated magnetia “bare” electric fieldEg';, parallel toq, due to the
field B(r). Thus, experiments on modulated structures tespiezoelectric effect in GaAs. In unmodulated systems,
a fundamental aspect of the theory. the screening response of the 2DEG leads to an absorption

We first consider dc transport in modulated systems wittand a velocity shift of the SAW, proportional to the imagi-
very large modulation period. For such systems the cur- nary and real parts, respectively, Of + iocyo/om) ",
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where o is the electronic conductivity at wave vectgr total electric fieldE**¥ + E"d acting on the electrons.
and frequencyw = v,q (v, being the sound velocity), The fieldE"¢ due to the induced electronic charge density
«a is the direction ofq, and o, = ev,/2m, with € can be linearly related to the current W™ = UJ
the appropriate background dielectric constant [1,9]. Agwith U given below). Clearly,p.w = p — U. In
customary, the velocity shift is given relative to its value modulated systems, bott and p,,,, are nondiagonal in
for o, = ©. One may naively conjecture that in a momentum: an electric field of wave vectqrinduces
modulated systena- should be replaced by™<. Since currents and densities of wave vectags+ Ip, where
oy = pm/(pxy)*, such a conjecture (to be partially / is an integer anc = 27%/a. We use the notation
verified below) predicts a modulation-induced suppressiompSAw(q))’;’ﬁ for the ratio of the fieldE:*" of wave vector
of velocity shift whenq || §, and no effect whemy || .  q + kp to an applied currents of wave vectorg + Ip.
In strong magnetic fields,, is large compared tor,,, The o dependence is left implicit since all gquantities
so that a decrease in the velocity shift corresponds to aare diagonal inw. Without modulation,p, ps.., and
increase in the absorption and vice versa. their inverses are diagonal in the modulation indiges
The local approximation obviously applies when thepy Coulomb’s law and the continuity equatiofuilﬁ =
mo?ulation perioda islmuc;‘} larger thar;1 thehcompos- _l.ajl(qa+lpn)(qﬁ+lp3) |2Iz |
ite fermion scattering lengtlf,.. Even when this con- @ elgripl” .
dition does not hold the resistivity is still local far from The rate of energy absorption by the electrahsis
v = 1/2, where the composite fermion cyclotron radius is
much smaller tham. Thus, away fromy = 1/2 we still
expect the modulation to enhance the dc resistivity fol- o ) o
lowing Eq. (1) and similarly to enhance SAW absorptionWith . = Psawe o The SAW velocity shift is propor-
and suppress the velocity shift. Near= 1/2, however, tonal to IMo.)e, + o, [2,9]. A related formalism
we expect these effects to be greatly reduced 4 ¢,, as independently developed in Ref. [11].
leading to a local minimum in the resistivity and SAW ab- ©OUr starting point for calculatingsw is a B_oltzmann’ _
sorption (as a function of magnetic field), and a maximunfauation descrlblng. the semlc'lassmal .dyn.amlcs of CF's in
in the SAW velocity shiftt0]. The detailed analysis we a modulated poten’tlal [6]. This equgtlon mc;orporates 'ghe
present below confirms these general expectations. coupling of the CF's to the Chern-Simons fields describ-
We now proceed to study SAW propagation without!"9 the interactions of the charges with the attached flux
assuming a local resistivity tensor. The electric figjgy ~ duanta. Itis Va"fj close tor = 1/2 where the quantum
induces electronic currents and densities in the 2DEGT€chanics of CF's can be neglected. (All relevant length
In linear response, the currefitis related to the SAw Scales are assumed large comparet/fo:.) The Boltz-
field by E*Y = p...J. The matrixp,., differs from the ~Mann equation is an equation fén,(r, 1), the deviation

electronic resistivity,p, which relates the current to th? ?fthe_t(:ompg)lgti)te-fermi?n ph\:;\\?;er;_spﬁlce distribution function
rom its equilibrium value. Within linear response,

P = Rd:J* . (ESAW + Eind)] — Re(USAw)goalESAwlz (3)

{00+ vp - Ve = (VeV) - Vy + e[vp X 2B] - Vp}dny + ¢E - Vynl¥) — I|:5np - an,,l =0. (4
p/

HereV*¢(x) is the self-consistent equilibrium electrostaﬁc wavelengthsg €, < 1, weak disorderk.¢, > 1, and
potential creating the modulatiom, is the velocity of a p > g. We first consider the SAW wave vector to be
composite fermion of momentugm and is the impurity q = ¢J, i.e., perpendicular to the modulation wave vector.
scattering collision integral. The equilibrium value of the We write ps,w = psaw + 6p and o = Gsay + 60
phase-space distribution function is the Fermi-Dirac disSince the Boltzmann equation is a convenient tool for
tribution nl()o)(r) = fu(p?/2m + V*(x)) with a chemi- calculatingd p in powers ofén, we write

cal potential .. The composite fermions are subject (803)% = [Gou(=8p + 8pFendp)ie]l.  (5)

to a spatially modulated effective magnetic fieRi(x). ] s o , )
The effective electric fieldE = E*Y + E"d + ECS js  Sinced is diagonal in its superscripts, both the rightmost

composed of the physical fiel" + En¢, and the and leftmost matrices afé.,)%. We find (g, )" using
Chern-Simons electric fiel®CS = (2h/e2)J X 2. The  Tssw = (p — ’ll)fl. Thexx element does not contribute
modulation enters Eq. (4) through*(x), B(x), and the 1O (5). The off-diagonal elements are larger than ghe
Fermi velocity. The electronic current induced By is  element by a factor of.€,,, and are given bﬁ%-
J(r,1) = >, vpén(p,r,1). We emphasize that while we Sincegf,, < 1, we may approximaté,(q) by itsq = 0
use composite-fermion theory, we present here only mearalue. The biggest contribution to the first term in (5),
surableelectronicresponse functions. then, is proportional to5p%, which is precisely what
The essential physics is captured by a perturbatives measured in Weiss-oscillation measurements [7]. Its
calculation ofo,, to second order in the density modu- contribution here is smaller by a factor bf¢,. than that
lation 6n. In this calculation we consider long SAW of the second term in (5).
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For the second term of (5) we use the Boltzmanninfluence of the modulation is essentially determined by
equation (4) to calculatép to first order inén. We find &, (Ip). This quantity is known, both from previous ex-
that as long ag.a > 1 (a condition well satisfied by the periments [2] and from theory [3,4], to exhibit a maxi-
experimental system), the Hall componentsief® are mum as a function of magnetic field at= 1/2 when
_ ény llpl > 1/€,. Thus Eq. (9) predicts that the modulation-
Pxy™ — (6) dependent contribution to the absorption (velocity shift)

with 8n; = (1/a) [% dx Sn(x)exp(i2mix/a). The diag- has a minimum (ma>.<imum) around = 1/2, once the

onal componentsp’0, 8! are smaller by a factor of modulation perioda is smaller than{,. The trends
xx° yy . i . . 00

k.0,. By the Onsager symmetryyng(B) _ pfgoa(—B) of the modulation-independent contr|but|o[ﬁyy, around

. . . 4 = 1/2 are just the opposite. For strong enough modu-
[.12.]' These EXpressions, V.Vh'Ch are ob_\/lous in the IOC"’H':';\tion, it is the modulation-dependent contribution which
limit a > ¢, hold irrespective of the ratio af to ¢,,.

. : determines the type of extremum points:at= 1/2, in
Equations (5) and (6) and the expressmn&‘@ﬁ‘ suggest agreement with the new effect observed by Willett et al.
that the second term in (5) can be approximated by

The analytical results are well supported by our numeri-
(BUSAW)BS = Z(C_TSAW)B%;O%((_TSAW);@5;0;2(@”)22~ caI' solutions of the Boltzmann equation, yvhich are_not re-
10 stricted to weak modulation or to the regime<x p, ¢;'.
(7)  Numerically, we directly compute the response to the ap-
This is indeed the case, since we now show that,)! is  plied SAW field. We restrict ourselves to a modulated
dominated by ityy element.
The response functioias,, )" relates an externally

magnetic field with a single Fourier component, and em-
applied electric field of wave vectaey + [p to a current

ploy the isotropic relaxation-time approximation [13] to
account for impurity scattering. Representative results
of the same wave vectam an unmodulated systenWith
the expression fofll, one finds for the inverse ¢, )",

S0y = ~5pi2 =

for the SAW velocity shift as a function of filling factor
aroundr = 1/2 are shown in Fig. 1. At zero modulation,

Ip

(ﬁSAW)Zl — ﬁxx(lp) + iqlo'm
ﬁyx(lp) + o

po(p) + =
ﬁ)’)’(lp) + ilpqa'm

the velocity shift exhibits the usual minimum at= 1/2.

As the modulation is increased, the minimum disappears
and a maximum develops in accord with the analytical
conclusions above. The effect of the modulation gets

Here we approximateq + Ip = [p. Sincep > ¢ and
om < e?/h, the biggest element itip,,,)" is the xx

stronger as one gets farther from= 1/2. As seen

component, and, consequently, its inverse is dominatelf Fi9- 1, the modulation-induced peak in the velocity

by the yy component.
(4h/e*)o, < p?/qk. and (pvy)/(qve) > 1 (with v,
the composite fermion Fermi velocity), thém,,,)!, ~
1/pyy(Ip) = (e2/2h)*/ 5 (Ip). The largeness of they
eIement,(erAW)i,lv, which plays an important role in our
calculation, is in marked contrast to the conductivity
matrix &'/, whose largest elements are the off-diagonal
ones, due to the strong magnetic field. This contrast
reflects the fact that in the modulated system, the SAW
field E*V in the § direction is accompanied by a large
induced field in thet direction. The current is almost
perpendicular to theotal electric field and hence has a
sizable component in thg direction.

Finally, using (7) and (8), we find

2
SAW yy

S\ n 1 +iogy/on) du(lp)’ ©)
This is the central result of our analytical calculation. In
the local limit,p <« 1/, this expression can be obtained
from the analysis described above Eq. (1). An analogous
calculation shows that the effect for SAW propagation
parallel to the modulation directior; = g%, is smaller
by a factor of ordefk,¢)> ~ 10°~10*. Experimentally,
indeed, the modulation has no observable effect in this
case. The modulation contribution to the macroscopié:
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conductivity is given by (9) witho,, = .

and the modulation wave vectgrf,, = 6. With increasing

We now show that the predictions of Eq. (9) are inmodulation, the minimum in velocity shift changes into a
qualitative agreement with key experimental results. Thenaximum, consistent with the experimental results of Ref. [5].
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emphasize that we found similar behavior over a wide Our calculation for dc transport, whose result was stated
range of the parametegsand p. below Eq. (9), predicts anisotropies in the macroscopic dc
Experimentally, the modulation-induced peak in veloc-conductivity and resistivity tensors. Specifically, we find
ity shift was strikingly insensitive to the SAW wave vec- that bothp™ ando™ exhibit minima neaw = 1/2 (with
tor ¢ and the modulation wave vectpr Figure 2 shows the modulation in the: direction), observable in Hall-bar
our results for that peak for realistic valuespfand p.  and Corbino geometry, respectively. Transport experi-
Clearly, the width and magnitude of the peak are rathements reported in Ref. [5] have not shown these effects.
stable over a substantial parameter range—a factor of 2 iHowever, it is not clear what are the actual current paths in
modulation period and a factor of 3 in SAW wavelength,this experiment. Very recent experimental results of Smet
in good qualitative agreement with the experiment. et al. [14] are in qualitative agreement with our theory.
There is a point of disagreement between our theory In conclusion, we find within a semiclassical composite-
and the experiment. Theoretically, the maximum in thefermion approach that a weak density modulation can
velocity shift is primarily due to a decrease in the velocitydramatically affect both dc transport properties and SAW
shift away fromvr = 1/2, rather than to an increase in propagation near = 1/2. Our results are in agreement
its value atr = 1/2. Experimentally, there seems also with many key features of the experimental results. Details
to be a sharp increase mX) at v = 1/2. This may be of the calculation will be published elsewhere.
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