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Acoustic phonon modulation of the electron response in tunnel-coupled quantum wells
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Modulation of the electron properties of tunnel-coupled double quantum wells by acoustic phonon pumping
is considered. Phonon-induced voltage induced dipole momehand phonon-drag effect are calculated for
the case of high-energy phonon excitation. Linear electron response, with respect to the phonon-pumping
intensity, is studied taking into account intrawell and interwell scattering processes due to interface roughness.
From numerical estimations we obtained a phonon-induced drop in the potential on the order of 0.1-0.01 meV
and a characteristic drag velocity on the order of 100 cm/s for a nonequilibrium phonon temperature equal to
20 K. The possible applications of such structures are np&@il63-18207)03747-9

I. INTRODUCTION in-plane phonon momentum components to the electrons in
DQW'’s. Note that the phonon-induced voltage can be ob-

Electron response in tunnel-coupled double quantunserved for a phonon pump with isotropic distribution of mo-
wells (DQW'’s) on different types of perturbations has beenmentum in the 2D plane as shown in Figbl while the
intensively investigated recently. It was shown that electrorphonon drag current can only be observed for excitation by
transition in DQW'’s qualitatively differ from the single QW the phonon beam with a nonzero total in-plane component of
case due to the possibility of electron tunneling betweerthe wave vector as is shown in Fig(cL To the best of our
coupled QW’s'? Such an effect is pronounced in peculiari- knowledge, the phonon-induced voltage has not been inves-
ties of the longitudinal transpdt and of the tigated in 2D electron systems. The phonon drag effect could
magnetotransport® Modification of the electron states and be observed in the geometry of Figicl (analogous geom-
selection rules in DQW'’s due to tunneling has been alstry was realized for photon drag; see Ref. 14 and references
observed in the interbaffl and intersubbarid® optical  therein. The phonon drag effect in selectively doped GaAs
spectra. Transition between tunnel-coupled ground states imeterostructure has been also experimentally investi-
DQW’'s under THz (far-infrared radiation were gated**!°Phonon-induced modification of exciton spectra in
analyzed::*? A typical ground-state splitting in DQW’s is DQW's was reported last yed?whereas experimental study
on the order of several meV so that electron transitions beef the “phonoelectric’ phenomena was not carried out yet.
tween them may be excited not only by THz radiation butThe prime objects of this paper are to describe the main
also by acoustic phonon pumping in the meV energy rangepeculiarities of this type of response and to provide the nu-
Such mechanisms of the intersubband transition in DQW’snerical results in addition to our analytical calculations.
have been discussEdin connection with acoustic phonon In our calculations we use the two-level DQW model that
emission by nonequilibrium electrons. It was noted also that
the different types of transitions have taken place for modes
propagating normal to and along the two-dimensional 2D
layer. Two extreme intersubband transitions are shown in
Fig. 1(a): transition 1 is caused by the phonons with energy [ ]
close to level splitting\ 1 where 2D momentum transmission \ D
is small. The momentum transmission under transition 2 is
on the order ofy2mA+ and the energy of the phonon in- —|Q /
volved is on the order of/2ms’A; (herem is the electron 1 w
effective mass and is the sound velocity For these transi- /
tions we have strong nonmonotonic energy and angle depen- 2
dencies in the electron-phonon matrix element due to the
interwell interference of the electron states of the léff) ( (@) (b) ©
and of the right (-) QW's.

In this paper we consider linear, with respect to a phonon  F|G. 1. Energy-band diagram of DQW's and phonon-induced
flux, modulation of the electron response to nonequilibriumtransitions for the cases of normal-incideéfmy and “slipping” (2)
phonon flux which could be measured (@stransverse volt-  phonon modega) and the schemes of excitation under consider-
age which arises due to the electron redistribution betweeation: by the in-plane isotropic punip) and by the phonon beam
QW'’s, and(ii) phonon drag effect caused by the transfer ofwith fixed longitudinal momentunt).
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was described in Refs. 6 and 17 and its band diagram iwherel (5f|p) is the collision integral caused by elastic scat-

mechanism of phonon interaction with tunnel-coupled elecycoystic phonon excitation.

tron states in such DQW's were discussed in Ref. 13. We considering the electron collision in E¢3) we restrict
assume that momentum relaxation and the interwell electrogyrselves to the case of elastic scattering due to interface

redistribution in DQW's are controlled by interface rough- royghness; such mechanisms have been applied in the de-
ness scattering, which, in the general case, can be differeggription of longitudinal transport and interwell tunneling
for |- andr-QW's. We describe nonequilibrium phonons by rejaxation® The collision integral, which takes into account

means of the phonon population numiat, . The isotropic  nonsymmetrical scattering i andr-QW's, is given by
phonon excitation with fixed temperature, which may be es-

timated from the experimental data, is used for dasand - 1 p—p’ [2(1/26)2
the excitation by a phonon beam with fixed wave ve@ds | (9fIP)= 72 k;r WkZ CR
used for casdii) (for more details see Ref. 18 where the P

typical experimental conditions are discussed 0 N ~ a
The paper is organized as follows. In Sec. Il we present X wdT e*{Sp(Piotp — 6fpPy)
the basic expression for linear response of electrons in S, o
DQW's due to phonon perturbation. Phonon-induced voltage X S;,TPK— PiSpr APyt — 5prk)S;T}, (4)

(including the special case of identical QW’s with nonsym- R R
metric scatteringand phonon-drag effects are considered inwherex— +0, S, =exp(h,7/%), | is the correlation length
Secs. Il and 1V, respectively. Concluding remarks are giverof the  roughness in k-QW’s, parameter w,
in Sec. V. :27T|E(28k5/qk)2 determines a scattering efficiency in
k-QW’s, and P, is the projective operator into states of
Il BASIC EQUATIONS k-QW'’s (8 is an average roughness amplitude apds the

In this section we consider the linear response of electrongn?r:ggrg;rﬂt]g ggzlé:g:ttﬁt: :I}e?::/r\{)?] \;\g;h xgtehiﬁ%QW’s it is
to excitation by ballistic acoustic phonons. Under the de- P

scription of electron response the calculations below use th(éonvenlent to uge the basis of th? tunnel-coupled states that
electron-phonon collision integral in the quantum kineticC&n D€ determined from the eigenstate problaph=)
equation. This equation takes into account the interwell cou= € :+pl ¥) Wheree..,=&,+A+/2 describes dispersion rela-
pling of the electron states in the framework of the two-leveltions for |=) states with splitting energr= JA+4T~.
tunnel approximation. According to Eq.(3) the diagonal elements of the electron
For a description of the tunnel-coupled ground states irflistribution in this basissf;,=(j|f|j) are determined by
DQW'’s, we use a basis of the orbitals corresponding-to the system of equations for-) states
and r-QW's, where the Hamiltonian is given by thex2

matrix (“isospin” representatiof) 1(f]jp)+ 8l ac(ip) =0. ®)
- - ~ A R A similar equation may be written for the nondiagonal
hp=epthy, h =5 0, +Toy, (1) components 5f,=(+|5f,|—)=(—|8f,|+)*, which are

small compared té@/(A+7) (7 corresponds to effective scat-

tering time for collision integral Then we can expressf ,

by means of nondiagonal elements of the collision integral
this term accounts for the diagonal contributions &ff,
nly) and phonon perturbatiodl s :

Wheresp=p2/2m is the kinetic energy of the longitudinal
motion (p is 2D momentum andahn is effective mass A is
the level splitting,T is the tunnel matrix element, an, , ,
are the Pauli matrixes. The density of the phonon-induce
currents and voltagesU normalized to the unit arela? are
given by the expressions ~ i% -
ofy=— 1 [(+1(SF[p) =) +(+ Sl ac(P)| ). (8)

e 2 ~ Ame?Z 2 R T
N=n2 2,;‘ ptrofy,  U=—"—1 zp: trozdfp, In the basis of+) states the phonon-induced curreitis

2) determined by diagonal elements of the nonequilibrium elec-

. . ._tron distribution
wheretr corresponds to the summation of diagonal matrix

elementsZ is the distance between the centers of the orbitals 2
corresponding td- andr-QW'’s. Since we are interested in 8J= 2 pofip. @
the modulation of the electron response of DQW'’s electrons
with respect to the stationary excitation of acoustic phononsyne induced voltag@U takes the form
we will only keep in Eq.(2) the nonequilibrium component
of the electron distributiorf,, caused by this perturbation.
Therefore, the X2 matrix 6f, can be determined from the V=—"—— 2 {

linearized kinetic equation e L% |Ar

P . . . 2T ~  ~
3 (AT 1=1(5T1p) + o ac(p). ) —A—T<5fp+5fp>}, ®
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and Eq.(8) also contains nondiagonal contributions that be-Here the overlap factors ae{), =®"_=(1+A/A{)%4,
come the principal contributions in the tunnel resonancep(") —q>(') =(1—A/A7)%4, q)(') cp(r) q)(') =

(nearA=0). <I>(’5 . =(T/A7)2. In contrast to Eq(9), the nondlagonal el-
For elastic scattering by interface roughness the diagonaiments of the collision integral are determined not only by
elements of collision integral in E45) depend both on in-  transition probabilities but also by the modification of elec-
tersubband and intrasubband electron transition probabilities;on states in DQW’s and will be considered in Sec. Ill B.
W(jp,j'p’'), and In order to complete formulation of the problem to be
solved, the acoustic phonon perturbatiéh,c(p) in Eg. (3)
[and in Egs.(5) and (6)], should be expressed through the
C S, nonequilibrium phonon distributioSN5 (the equilibrium
I(5flip)= E W(ip.j'p")(8Fjrpr = 8fjp), ©) phonons are insignificant as a source gf relaxation because of
e roughness scatteringThe phonon perturbatloﬁl ac(p) in
such an approximation may be presented as the sum of con-
2 1o 2 tributions from emission and absorption of phonons. Equa-
W(jp.j'p')=—~ > we PP @}, tion (10) presents the contribution of the phonon emission
k=lr into the perturbative terndl »c, and the contribution from
phonon-absorption can be obtained from Ef) by substi-
X 6(gjp—&jrp)- tution wg— —wq andgq— —q,

R 1 0 N A R R . N A
S ac(P)= 72 % |Col?x(a,d)?6Nqg J ~_d7 e {e TS, (1=Fp)Xq, For Sy narka, ~ Xa, Sp-nar( 1= Fp-sa)Xa, TpSpr]

_e_inT[Sprpj\(qi(l_ fp—ﬁq)sg—ﬁqu\(ci_)A(;lsp+hQTfp+ﬁq5(qL(1_ fp)S;7]+[wQ_>_wQ 1q_’_cﬂ}r (10

where Cq, is the bulk matrix element for electron-phonon (the in-plane isotropic excitation and the phonon beam with
interaction,Q=(q,q,) andwq are, respectively, the phonon fixed momentum are used in Secs. lll and &nd the energy
wave vector and the phonon energy, dpds the electron-  flux densityG. This value is introduced as

density matrix in the absence of nonequilibrium phonons.

The form factorsy(q, d) and )A(qL describing both isolated

QW's (the potentials fol- andr-QW’s with width d~d, , G= |_*32 (Vog)hwgdNg, (13

are assumed to be equahnd the interwell interference Q

effects® take the form

o/a)sin(a/2 and Eq.(13) also depends on the spectral distribution of
Y o= —io. si = w phonons. Below we use the symmetric over 2D-plane pho-
Xq, =C04q,Z)—iozsin(q,2), x(a) 2 > = g
= (a/2m) non distribution and phonon beam with fixed wave ve€or
(1D (in Secs. Ill and IV, correspondingly

Note that the intrawell factoy(a) is presented here for the
confined QW potential in flat-band approximatisee Ref.
19). For the calculation of the phonon excitation in Ef)
we have to rewrite the operatet oc(jp) in terms of diago- According to Eq.(8), the phonon-induced voltage over
nal and nondiagondvith respect to the above-introduced DQW's contains the first termdenoted below assU,)
basep matrix elements. Taking into account the diagonal el-which is caused by the redistribution of electrons betwieen
ements of the density matrix(which correspond to the dis- and r-QW’s and also the collision-induced modification of
tribution functionsf .. ;) and neglecting the small nondiago- the electron states in symmetric DQW'’s, the second term
nal contributions we obtain the general expression for thédenoted below asU,) described by the nondiagonal com-
generation term in Eq5), ponents of distribution functiof6). Below we consider these
two contributions for the weak-coupled QW’s by using a
quasiequilibrium distribution of electrons over states.

Ill. INDUCED VOLTAGE

5|Ac<1p>— E E |Cal?x(a. d)?(jI%q, i) 28N
><(fJ prig— Tjp)[8(&jrprng—Ejp— ) A. Response of nonsymmetric DQW'’s
+8(ejrpsng—&jpthiwg)]. (12) For the low-temperature case, the quasiequilibrium elec-

tron distributionf. , may be written asf(u+—e+p), p+
The phonon population numbeiNg in Eq. (12) is deter-  are the Fermi levels. The expression &, may be written
mined by both the character of the momentum distributionas
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4meZ A last double integralover ¢ and ¢’) may be evaluated nu-
Up=—""= As (ny—n_), merically and the results fosU, are obtained from Egs.
(14) and(15).
2 In order to discuss the numerical results 8, , we
”t:FEp: O(pr—ep), (14 consider a typical symmetrical GaAs{AAl,-As-based

DQW structure with the following parameterd=~70 A, Z
and the induced voltage is proportional to the redistributior=120 A; the barrier width is equal to 47, 56, and 65 A
of the electron concentration betweer" and “ —" states  (these values correspond to the tunnel matrix elements 2, 1,
Sn=n, —n_. After summing the system of Eq&) overp, and 0.5 meV, the tunneling relaxation rate for the near-
we obtain the balance equations for the concentrations  resonant regiomw is estimated below as 50 ps and the level-
For the case of a small redistribution of the concentrafibn splitting dependency of(A) is taken into accountsee
sn=<(n,+n_)/2], the equation for the phonon-induced above. We useT,,=2meV for the high-energy phonon

redistribution transforms to the form pump here. In Figs. (2)-2(c) we plot the dependencies of
the phonon-induced voltage on the level splitting which
Sl act+ vron=0. (15  can be controlled by the application of a transverse gate volt-

age(so that we can considéras an independent parameter
The voltageA U , vanishes for both small and large(due to
symmetry of DQW'’s ifA=0 and due to suppression of tun-
nel coupling forA> 2T, correspondinglyand the amplitude
vi(p)=2 W(+p,—p"), (16)  of sU, peak increases with concentration. The voltage de-
P’ creases ifT increases. The shift in voltage maximum with
and the effective tunneling rate in E4.5), v1, is presented increasedT is demonstrated in Fig. 3 for the normalized
and discussed in Ref. 20 for the scattering due to interfacéU, . If T, decreases the peak 86U, is shifted by a small
roughness. The concentration dependence;ds weak but A; and the sensitivity of the phonon-induced response is
the dependence af; on the level splittingA is substantial limited by the scattering processes or by the large-scale in-
and below we assume the dependenge v1(2T/A1)% vt  homogeneities of the DQW structure.
is the resonant tunneling rate.
The phonon-induced contribution to E{.5), 8l 5c, does B. Voltage due to nonsymmetric scattering
not depend onsn for the small redistribution case under
consideration and this contribution may be transformed from
Egs.(11) and(12) to the form

The rate of interwell tunneling; is expressed through the
probability of transitiong9) according to the relation

Below, we consider the case of symmetric DQWA (
=0) since the small contribution due to nonsymmetrical
scattering is essential for only small The nondiagonal con-
. (2TIAp)? (= . 27 dg tributions, both from the collision integré#) and from the
=—f f de f — f dg, x(q,d) acoustic-phonon perturbatioil0) should be considered in
Eq. (6). Using the diagonal electron contributidén , in Eq.

A; (10) and the matrix elements of the operatéd) we have
Xsinz(qu)éNQQ[ 0| u+ 7—8) found that the matrix element | 8l ac(p)|—) is propor-
tional to cosg Zsing, Z. Since x(a)=x(—a), then the
A , phonon contribution taSf, is equal to zero. As a result, the
- 0('“_ 5 te||lo(e’—e—Ar—hCcQ) nondiagonal component affp is written in the form

+8(e'—e+A—7cQ)]. 17 ~ P dp;
. '0=1a7 | Gam? = Wk S~ lp=p[P(1020)7%]
Here we have introduced the phonon wave numBeand T m

the characteristic relaxation timg,, according to the rela- 5f—p Sf:

. ip
tions XE (+|PiXilPd =) . :
AQ=\2m[e+s'—\es' cos¢]+(%q,)?,
of ot 19
1 2D’m?T gjp— ¢
(18 p +p

— =,
Toh  ThpS whereP? means the principal value. Using the definiti(@)

whereD is the deformation potential constampt,is hetero- we get the following phonon-induced voltage:
structure density, and the angle= (p,p’) appears due to the

in-plane symmetry of the problem. For the case of high- :877922 dp dp, &f p—dfyp
energy excitation of DQW’s we use below the phonon dis- S eT (27h)? (27h)? Ep~€p,
tribution SNg=[expfiwg/Ty) —1]7*, for g, >0 and 6Nq . ,

=0 for g, <0; Ty, is the phonon temperature. Integration X {w exf —[p—p’'|*(1//22) "] —w,

over ¢ may be performed by usingfunctions and the inte- 12 2
gral overq, may be taken analytically under the condition xexe = [p=p’[*(1:/28)°]}. (20)
\/2m3AT<Tph, when the narrow region of the transverse Note that for the symmetric scattering casg=w, andl,
wave vectors gives main contribution to the integrand. The=1,) this contribution vanishes.
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1.0

(a) 0.8

8U, (ueV)

A (meV)

FIG. 3. Normalized level-splitting dependencies of the induced
voltage for the DQW'’s with different tunnel matrix elementst
=2meV (a), 1 meV(b), and 0.5 me\V(c).

dp _4_P2D, E&m
Pf (ZTh)z(sp—S) —7“’] ?, (21)

83U, (ueV)

and analogous with the single QW c&see can introduce a
large logarithmical factorA =In(ey/e); € is characteristic
electron energy. The second integral gives the redistribution
of concentrationsn and the result takes the form

4Ame’7 hoo
SUs=— 5nAﬁ(r| - b, (22)

where 7= mp,pW /f is the relaxation time in th&th QW.
In comparison with the contribution fromdU, (which is
proportional toA/A;) the quantum factorz\(ﬁlzT)(rl_l—

120
I 7, 1) appears in Eq(22). The contribution of Eq(22) is
100 larger thanéU , if
50 A<AK(rr=7Y), (23
> | i.e., for the narrow near-resonant region.
S 60 For the estimations of the characteristic splitting levels
=) [ when Eq.(293) is valid, we useA =5 and take the mobilities
© 40 in - andr-QW’s equal to 4 10° and 16 cn?/V s, respec-
i tively. As a result, this contribution is essential whanis
20 smaller then 0.2 meV for the DQW's with the above-listed
0 parameters andU is on the order of JueV or smaller.
0.5 1.0 1.5
A (meV) IV. PHONON DRAG CURRENT
FIG. 2. The dependence of the phonon-induced voliéde vs The momentum transfer under phonon excitation of

the level splittingA for DQW’s with the tunnel matrix elements DQW's is responsible for the drag curref®, which is ex-
T=2meV(a), 1 meV(b), and 0.5 meMc). The curves marked by pressed through the asymmetrical part of the electron distri-
the indexes 1, 2, 4, and 6 correspond to the electron concentratiofiition function,&ff‘;. Equationg5) and(6) give us
10, 2x10Y, 4x10%, and 6<10' cm™?, respectively.

as__ as /;
A simple estimation for Eq(20) results for the case of Otjp=TipdlacliP); @49
short-range scatteringl 4—0), when the integration over where, is the momentum relaxation time atias(jp) is
momentum is restricted by the conditian e, <epy [the  the asymmetric part of Eq12). Below we consider short-
cutoff energye, is estimated as#(/l,)%/2m]. The logarith-  range roughness scattering and restrict ourselves to the case
mically divergent(if 1,—0) contributions appear after the of u>A+/2 (when * electron states are filledUnder these
integration in Eq.(20), conditions the momentum relaxation rate takes the form
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FIG. 4. The level-splitting dependencies of the phonon-drag ve- FIG. 5. The same as in Fig. 4 for the scattering asymmetry
locity Vpnp for the DQW’s with the tunnel matrix elemenfs factor 7/ /7,=1 (solid) and r;/7,=0.1 (dashed for the incidence
=2 meV (dashedland T=1 meV (solid). The factors of scattering angles: #=60° (1), 6=45° (2), and 6=30° (3).
asymmetry: 7/7,=1 (1), 7,/7,=0.3(2), and 7, /7,=0.1(3).

level phonon-induced transitions may be dominant. Under
P e LA -t these conditions the momentum transfer foistates is near
T+ = 2 ~A; 2 , (25 +@/2 and the total current may change direction. Such be-

havior is analogous to the spectral inversion of interband
where the second term stands for the scattering asymmetrghoton drag current

For the case of excitation, the phonon beai.(jp) trans-

forms to
V. CONCLUSION
Qg — ; i
S8 (jp)= -2 Col?x(@. )2(ilxz |j")[26N In this paper, we have considered two types of the
aclIP 4h Zi % | Q| X |<J|Xqi|] ) Q phonon-induced electron responses in DQWisnsverse

% ( s e voltage and phonon-drag currg¢aind have presented the de-
(fjrpena, ~Tip)l (&) rprng ~€jp~hwo) endencies 06U andVpp,p versus level splitting, concentra-
p ? PhD F;] g ey
tion, and nonsymmetry of scattering. These results demon-
+ (e —gi,+ + — i X
&jrprng —ejpThwg)]T(p——p), (26 strate large values for the phenomena under consideration.

where(, is the angular width of the beam propagating along™©r typical DQW parameters, the characteristic phonon-
the vector with fixed directiond|,d, ). For the incidence induced potential is on the order of 1@V under high-
angle @ we use q,=Q sin6, g,=Q cosd and one- energy phonon pump intensity on the order oﬁW/c_mz.
dimensional integral ove® stays in Eq(26) only. It should For thg DQW's symmetrical level-induced voltag@yspmal

be noted thatl 5. is not a positive definite value. Due to the value is on the order of LV) appear due to scattering asym-
phonon-induced intersubband transitions the inversion Oﬂetry.l Thtevphonohq-lrr:qlucedthdrag deffe?tllosocha/ractegzeg] by
Vpnp for smallA (which is similar to the spectral inversion of € veloCilyVienp WHICN IS ON € Order 0 cm/s under the
photon drag effect; see Ref. 116 possible. excitation by a beam with an intensity of approximately 1

Now, we introduce the phonon-induced drift velocity nw atr)ld aﬂ anglz W'dttr? of '1(')0'.t Th? tsr:gntof th? drag velocity
Ve according to the relation may be changed in the vicinity of the tunneling resonance

where interlevel transitions are essential.

- Our theory was developed under the following assump-

J=enVppp, (27) . X

tions. The model of electron states use a simple two-level

wheren is the total 2D concentration of electrons. Using Eqg.approach and does not take into account self-consistent cor-
(7) and the above-presented relations, we obtain the numeniections, soA and T in the matrix Hamiltonian(1) are the
cal results forVpnp. To be specific, we will consider the semiphenomenological parameters. Using the Planck func-
DQW'’s with parameters introduced in Sec. Il and with 2D tion as a nonequilibrium phonon-energy distribution we may
concentratiom=4x 10"t cm 2. Figure 4 shows the depen- consider the effective phonon temperatdig as a charac-
dence of the velocity/p,,p on level splitting for the different teristic of pump intensity only. The model of the scattering
tunnel matrix elements and the different scattering asymmeprocesses due to interface roughness describes the principal
try factor; the incidence angle here is equal to 45°. The funcproperties of both momentum and interwell relaxation. Con-
tions Vpp(A) for the different incidence angles and tunnel sideration of the linear response case is justified as long as
matrix elements are presented in Fig. 5. The most interestingU andVp,,p are small in comparison with the level splitting
property of these dependencies is the origin ofithersion  A; and the corresponding Fermi velocity. The further restric-
of the phonon-drag current. For smaAl(when tunnel mixing tion is due to the deformation electron-phonon interaction
is essentigland for short-range scattering regimes, the inter-only; this contribution is dominant for high-energy excitation
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in comparison with piezoelectric interaction. The above asRefs. 22—24 due to the substantial temperature dependence
sumptions do not change significantly the presented estimaf the conductivity for DQW’s with asymmetric scattering.
tions for U and Vpy,p or their dependencies on the DQW Therefore, presented estimations of phonon-induced re-
parameters. sponses demonstrate the possibility of phonon detectors
The above-discussed phenomena are sensitive enough based on DQW heterostructures.
the parameters of phonon excitatiére., energy and angle
distributions of phononas long aséU and Vpy,p strongly
depend on level splittingd and incident angled. The
phonon-modulation of the longitudinal conductivity in  This work was supported by a grant from The Army Re-
DQW'’s with asymmetric scattering is also well pronouncedsearch Office. We also would like to express our thanks to
(such methods have been used for other systems; see e.Brofessor G. Auner for careful reading of the manuscript.
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