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Phonon Scattering of Composite Fermions
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We study the principal aspects of the interaction between acoustic phonons and two-dimensional
electrons in quantizing magnetic fields corresponding to even denominator fractions. Using the com-
posite fermion approach we derive the vertex of the electron-phonon coupling mediated by the Chern-
Simons gauge field. We estimate the acoustic phonon contribution to electronic mobility, phonon-drag
thermopower, and hot electron energy loss rate, which all, depending on the temperature regime, are
either proportional to lower powers @ than their zero-field counterparts or enhanced by the same
numerical factor as the coefficient of surface acoustic wave attenuation. [S0031-9007(97)02968-2]

PACS numbers: 73.40.Hm, 63.20.Kr, 71.10.Ay, 71.10.Pm

The discovery of gapless compressible states at even denhanced compared to its zero-field universal counter-
nominator fractions (EDFy ~ 1/®, ® =2, 4, etc. [1] part [6].
motivated the theoretical idea [2] to describe these states In the present Letter we discuss another such example
as a new kind of Fermi liquid, which is formed by spin- provided by the electron-phonoa-ph) scattering at EDF.
less fermionic quasiparticles named composite fermions In the well-studied zero-field case the electron-phonon
(CFs). On the mean-field level the CFs, regarded as spirscattering in GaAs heterostructures is dominated by the
polarized electrons bound & flux quanta, experience piezoelectric (PE) coupling at temperaturBs< 3-4 K
zero net field and occupy all states with momehtsc  (see [7] and references therein).
kper = (47n,)'/?, wheren, is the 2DEG density, inside We will concentrate on the range of temperatures below
the effective CF Fermi surface. In the framework of thel K and treat phonons as bulk acoustic modes coupled
Chern-Simons theory of Ref. [2] the residual interactionsto the local 2DEG density via the vertel }5(Q) =
of CFs appear as the gauge forces mediated by local densigy 4(A,/2pu,Q)'/%, whereQ = (3, ¢.) is the 3D phonon
fluctuations. Conceivably, a 2D Fermi system governed bynomentumy is the bulk density of GaAsy, is the speed
long-ranged retarded gauge interactions could demonstraté sound with polarization, 4,4 is the nonzero component
quite unusual properties and thereby provide an examplef the piezoelectric tensor which relates a local electrostatic
of a genuine non-Fermi liquid (NFL). potential¢ to a lattice displacemernt (V;¢ = eh; i %),

Therefore, a qualitative success of the mean-field Cfand the qnisotropg/j@ctgh is given by the formula [7]
picture in explaining the experimentally observed Fermi4, = 97”7,/% = %_
liquidlike features atv = 1/2, 3/2, and3/4 [1] caused It had been a long-standing issue of whether or not the
a great deal of theoretical activity intended to reconcile2DEG-3D phonon vertices get screened by the 2DEG
these experimental observations with the implications of7], and it became customary to dress the bare 3D PE
the CF gauge theory [3]. vertex with the static 2D dielectric functior(g) =

The present understanding of the situation is that tha + H(q)(2me?vr/€oq), Where €, = 12.9, vp = 5=
electrical current relaxation processes, which corresponig the density of states on the Fermi level proportional
to smooth fluctuations of the ostensible CF Fermi surfaceto the number of spin components and H(g) =
can be safely described by means of the Boltzmanrf [dzdz'£2(z)é2(z')e 977! is the form factor of the
equation, where the singular self-energy and the Landaguantum well given in terms of the lowest occupied
function terms largely compensate each other [4]. subband wave functioti(z) ~ ze ¢/".

Yet, even in a hydrodynamic regime described by the In fact, the PE vertex undergoes a full dynamical screen-
Boltzmann equation for CFs with a finite (mean field) ing, as follows from a systematic approach to the electron-
mer ~ kper€o/e?, one might expect that, when it comes phonon coupling as resulting from fluctuations of the
to a coupling to another subsystem, the CF “marginalCoulomb potential associated with lattice vibrations [8].
Fermi liquid” will behave differently from the standard Summing up the RPA sequence of diagrams, one arrives
Coulomb-interacting 2DEG at zero field. Such NFL at the expressiod ¥(Q)/e(w, ¢), where the dynamic
deviations from the conventional behavior would thendielectric functione(w, g) = 1 + H(q)V.-.(g)lgo(w, q)
provide new tests for the CF theory. is given in terms of the 2D Coulomb-e¢ interaction

As an example of this sort, it was recently shown [5]V,-.(q) = 2me*/epqg and the scalar 2D polarization
that a combined effect of the CF gauge interactions andly(w, g). In the presence of disorder characterized by
impurity scattering leads to the experimentally observedhe elastic transport time = [/vr, the expression for
nonuniversal If" term in the resistivity, which is strongly the polarizationllyy = vr(1 + iw/vrg) obtained in the
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clean limitg/ > 1 andwr > 1 changes tdlgp(w,q) =  They also supported their findings by the results of the
vp2b— atql <1 andwr < 1 (hereD = v}r/2 is  analytic calculation presented without derivation.
the diffusion coefficient). Since, to the best of our knowledge, a systematic

Then, provided the ratia/vr < 1 is fairly small (in  analysis of the CF-phonon problem so far had not been
what follows we will not distinguish between longitudinal made available, to facilitate our further discussion we first
u; and transverseu,, sound velocities while making derive the effective CF-phonon vertex for CFs with Fermi
gualitative estimates), the use dilgo(zQ,q) in the momentumkrcs = V2 kp, effective massn’; ~ 10my,
screened matrix eleme (Q) leads to the same results wherem, is the band electron mass in GaAs, angd ~
as the naive static screening at gll> u/D which is  (107!-1072)7,.
equivalent to7 > T, = tu?/I> ~ 0.1 mK. The latter The dynamical screening in compressible EDF states
temperature is small compared ® = u// ~ 1 mK, is described in terms of a polarization tenddy,, (v, q)
below which one must use the expressionlhy(uQ,q)  of CFs coupled to a 2D Chern-Simons (CS) gauge field
which contains the diffusion pole. a, = (ap, a) [2].

In turn, T, is much smaller than the Debye temperature |n the Coulomb gaugé@?z = 0), the CF polarization
Tp = 2ukp ~ 10 K, below which both in-plang; and  js 32 x 2 matrix IT = diagITg, IT,) corresponding to
out-of-plane . components of the phonon momentum he scalaw, and the transverse vector, components of
Q are controlled by temperature. Indeed, for typicalihe cs gauge field. The CS gauge propagétgs(w, q)

. 72 . .
electron densities, ~ 10'' cm™ one hask > kr, and  gepends on the actual form of taee interaction,
then the width of the quantum wely ~ (kn,)"'/3

provides a cutoff forg, ~ 1/w which is larger tharkg U w.q) = 0 iqg/ 2w d)
(in all our estimates throughout this paper we use the ~#” 4 —ig/QRT®) ¢*V,-.(q)/Qud) |
typical values of the parameters from [7]). Furthermore, 2

at these densities the PE vertex is effectively screeneflhe form of the scalar CF polarizatiofl g (w, ¢) is

PE 2 2 o . . :
[IMi°(0)/e(Qy, 9" ~ g°/Q] atall T < Tp. similar to that of ordinary electrons, which we discussed
Phonon-limited mobility—The low momentum re-  apove. The transverse vector component is given by the
laxation due toe-ph scattering is usually slow compared formuyla 1T, (0, ¢) = yerg? + iwoet(q), Where yer ~
to the impurity transport raté/r,, which allows one to 1/vrer and oep(q) equals vpeDer if gleg <1 and
estimate the phonon contribution to the electronic mobil-kFcf](qu) otherwise. '

2mm” MPE(O)2 Q Q grams, we 'obta!n that a'PE scalar potentjalgener-
,u;_lph = I Z | (A) ©)l 2|F(qz)|2 —QN<—Q> ated by lattice vibrations induces both scalar and vector
€ o (@0, )l r r components of the gauge field acting on Cks; =

Qo 7 (1 = UM ped.
X [1 + N(T)} cos 05<2m* B qucos(9>, Thus, the CF-phonon vertex acquires both the density-

(1) like and currentlike parts,

whereQ, = uQ is the dispersion of phonons distributed of.s v MYE(Q)

with N(v) = (¢ — 1) and Flg) = [dzg2(@)eis. My =M MY = O

In the Bloch-Gruneisen regim& < Tp, Eq. (1) yields .

e-pn ~ T3 which changes to a linear behavior abdye % [1 + (21-77(1))H(q)v X q Hoo(w,q)] ®)
[7]. The theoretical prediction of the nonline&rdepen- q*

dence of the phonon-limited mobility was experimentally 5 )
confirmed in [9] where Ecf = 1+ HHOOVe—e + H (27Tq)/q) HOOHJ_.

The above dependence, however, can only hold g8y Virtue of the vertex (3) the CFs couple to both
T, < T < Tp, whereas at loweF the Matthiessen’s rule ongitudinal (/) and transversetr) phonons, unlike the
breaks down because of the effects of quantum interferSOtropic 3D case of electrons interacting via the electro-
ence between impurity scattering angh interactions. ~ magnetic gauge field, which only generates coupling to

This low-T regime, which is hardly accessible in the r-Phonons [8]. _ _
zero-field case, becomes essentially more relevant in the N the diffusive regimeyle; < 1 corresponding 1" <
case of CFs, since the absolute value of the resistivity af2.ct the vertexM, ™ gets dressed by the impurity ladder
primary EDF is more than 2 orders of magnitude higher~7c;' (Derg> — iw)~!, whereas the vector pamd;

than at zero field [1], and therefore the CF transport timeloes not acquire such a pole. Even in fthe clean regime
cf,up

7.t IS much shorter than the electronic ong gl.s > 1 the latter remains unscreenéds, " |> ~ 1/0Q)
The low-T mobility measurements similar to those of at all T > T3 = u’kpcreo/e>.
[9] were recently performed at = 1/2 [10]. The authors In the range of temperatur@s s < T < Tp.f, Wwhere

of Ref. [10] reported a stronger temperature dependendhe limiting 3D momentum of thermally excited phonons is
of ,uc‘fl_ph consistent with7? at 7 < Tper = V2Tp. controlled byT and, at the same time, the dynamics of the
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CFs remains nondiffusive, one can use Eq. (1) and obtain In the zero-field casero(q) ~ 1/q atql; > 1, whereas
Wateph ~ (his€d/eputkper)T3. The main contribution the momentum-dependent conductivity of a CF state at
to /Lc_fl-ph(T) comes from the vector part of (3). EDF v = 1/® is inversely proportional to the CF quasi-

In contrast to Egs. (1) and (2) from [10] our expressionparticle conductivity [2]: o7, (q) = (e?v/2m)* /o (g),
for per-pn(T) contains neithem; nor electron band mass Which implies thato,(q) ~ ¢ at gley > 1. At small
in GaAs. Well belowTp the ratio per-pn/te-pn Varies 4 both ph_y5|cal .conductl_\ntles approgch their static
simply as(T/Tp)>. values, which typically satisfy the relations; > ¢2/

It is worthwhile mentioning that, in principal, it could 7 > o, ~ ou. In this regime the SAW attenuation
exist as a range of temperatuBs,; < T < Tsr, where b_ecomes linear in momentunTl‘,q = yq and the coeffi- -
IMST12 ~ ¢%/0 and perepn ~ T°. However, for typical ~Ciénty, appears to be strongly enhanced compared to its
parametersT; s appears to be close ® s ~ 300 mK, zero-field counterparo:
which is about the lower bound of the temperature range Jyo = Oy 1+ o5/ 000y
where the reliable data were obtained [10]. YvlYo 1+ U%/U}W 00 oy + o2

At T < T, ¢ the processes of small momenta transfers (6)
contribute tou.s-pn(7T) as

> 1

] 4 in agreement with the available data on SAW propaga-
— me w .
Pertpn = — - 1m > f 5, |F(@)’Dx(0, 0) tion [1].
0.1

e Phonon-drag thermopower-Thermoelectric measure-
(4) ments probing the low: dynamics of the CF and their

w |M;f,v|2 v%’chzwifqz interactions with the phonons were recently reported
f<7><(D 2 i) D — iw) > [13,14]. Below 100 mK the thermopower (TEPY(T)
" s g g measured at EDF correspondingdo= 2 and4 has an
where  f(7) = jolewcothw/2T)],  Di(w,Q) =  approximately linear behavior and is believed to be of
[w — QA(Q) +i0]7" — [0 + 0,(Q) +i0]"" is the the diffusion origin [13]. At highef the measured TEP
(retarded) phonon Green function. From this expressioBhows a nonlinear dependence which was assigned to the
we obtain that, within the rang@,.; < T < Ty, the  phonon-drag contributios, resulting from the momen-
phonon-limited CF mobility varies as (Thcr/T) pro-  tum transfer from phonons, which acquire a net flux of

vided the ratiou/vr.r is small enough. AT < Ticr  momentum in the presence of a thermal gradRéfit to
the correction ceases to grow logarithmically and showgne cEs through their interaction
— 2 . . . _ . * .
OnJXI’ a~T Zd()Swnward dsewanon from it” = 0 value In analogy with the standard theory of theph interac-
et-ph ~ (his€okper/puetee) IN(Toer/Ticr)- tion the thermoelectric effect can be treated in the frame-
Besides the nonuniversal prefactor given in terms ofyork of the Boltzmann equation [15], which yields the

the PE coupling, the above term is down by an extrg|osed expression for the phonon-drag TEP:
factor of 1/o.s compared to the I term resulting from

2
@n':erfertgnce [kl)s(]etween impurity scattering and the CF gauge S, = % Z IMﬁE(Q)lle(qz)IZQé & N<%>
interactions [5]. et 5

Surface acoustic wave (SAW) attenuatierit was Qo
the SAW anomaly atv = 1/2 which provided the first X [1 + N(Tﬂ Im Koo(€20, ¢) 7)
evidence of the compressible CF states at EDFs [1] an
inspired the formulation of the CF theory [2].

Following the procedure of Ref. [11], one can derive
the coupling of electrons to SAW ghonons from the
bulk PE vertex:|MS"Y(q)|> ~ [ dq,IM}*(Q)1*|F(q.)I.

By contrast to the case of bulk PE phonons, the verte
M3AW (g) remains finite aty — 0.

The SAW attenuation is given by the imaginary part
of the 2DEG density-response functioky(w,q) =
IIy(w, g)/e(w, g) which incorporates the effects of the
dynamical screening [12]:

gerived under the assumption that phonons equilibrate by
virtue of the boundary scattering, which is characterized
by the relaxation time-,, proportional to the system size.

In the case of electrons Eq. (7) yields the known result
S, ~ T*[16], which holds in the clean reginie > 7.
)éelow T, it crosses over t8, , ~ T3. According to the
above discussion this can be viewed as the change from
the momentum-dependent conductivity(g) ~ 1/q to a
constant one.

However, in the case of CFs we obtaip . ~ T? at
T > Ther (provided thaﬂ"3,cf < T2’Cf) anng’Cf ~ T3 at

r, = 2—7T|MSA‘"’(q)|2Im Koo(Qy, q) T < T,.. Remarkably, the exponent is higher in the
u dirty limit, as opposed to the situation at zero field. This
~ gl 1 (5) is a direct consequence of the fact that in the clean regime

m 1 +io(g)/oy’ the momentum-dependent EDF conductivity(g) grows
where in the last equation we used the standard definiinearly with momentum.

tion of the complex momentum-dependent conductivity Although in the regime of strong disorder both the zero
o(q) = ioul[l — €(Qg,q)] and oy = eou/27 ~ 5 X field and the EDF phonon-drag TEP share the same tem-
1077 Q1 perature dependenceT?, the prefactors are drastically
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different. A straightforward comparison between Egs. (5)2DEG at zero magnetic field and at strong fields corre-
and (7) shows that the rati®, .+/S, . is equal to that of sponding to EDF states viewed as the “CF marginal Fermi
the SAW attenuation coefficients (6). liquid.” We show that in the latter case the acoustic

The experimental data from [14] show, according to thephonon contribution to the electronic mobility, the phonon-
authors, an “only marginally weakef dependence for drag TEP, and the energy loss rate for hot electrons, de-
CFs than for electrons,” which suggests that the CFs arpending on temperature, either contain smaller powers of
well in the disordered regime. The data, fitted in [14]T or are enhanced by the numerical factor related to the
with S, ~ 7495 and S, ¢ ~ T35*93, demonstrate a ratio between the SAW attenuation at zero field and that at
2 order of magnitude enhancement of the prefactor ithe EDF. Our results reconcile the seemingly contradict-
the CF case. As a remark, we note that the authors ahg conclusions which otherwise could have been drawn
Ref. [14] analyzed their data by using the expression fofrom the experimental data on phonon-limited mobilities
S, derived for the case af-ph coupling via deformation [10] and phonon-drag TEP [14]. In addition to the already
potential in the clean limit [15]. existing experimental observations, we predict a strong en-

It also follows from our analysis that the above similar-hancement of the hot electron energy loss rate at EDFs,
ity of the T dependence of the phonon-drag TEP at zeravhich is expected to be comparable with that of the SAW
field and at primary EDF is not, in fact, inconsistent with attenuation.
the drastic difference in the corresponding phonon-limited One of the authors (M. Yu.R.) acknowledges the sup-
mobilities found in [10]. port from US Office of Naval Research.

Hot electron energy loss rate-Another informative
experimental probe of the-ph interaction is provided by
measurements of an effective temperature of the 2DEG
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