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Anisotropic surface acoustic wave scattering in quantum-wire arrays
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We have investigated anisotropic surface-acoustic-w&#N) scattering from quantum-wire arrays as a
function of electron concentration and magnetic field. With the SAW'’s propagating perpendicular to the wires,
when one naively expectwo interaction classically, we observe strong oscillations in the transmitted intensity
reflecting the magnetic depopulation of one-dimensional subbands as described by a full guantum-mechanical
description of the SAW-electron interaction. With the SAW parallel to the wires we observe suppression of
SAW-electron scattering rates at low electron concentrations in narrow wires as predicted on the basis of
phase-space arguments. Surprisingly, at high electron concentrations, the SAW attenuation increases sharply to
where it is three times larger than the maximum possible in the unstructured two-dimensional electron gas. We
speculate that this could possibly be due to the excitation of intraband two-dimensional plasmonlike modes.
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It has long been recognizkthat semiconductor quantum Kgﬁ Ol O
wires could form the basis of very high mobility transistors FZQT 15 (o To2 @
due to the reduced phase space for carrier scattering in two- (oxx/ o)
dimensionally confined systems. Experimental verification of
this predicted phenomenon has, however, been elusive until

recently when reduced exciton-exciton scattering rates Wer@’hereq is the SAW wave vectoe is the effective piezo-

demonstrated in quantum wire arrdyB this paper we ex- electric cgupling coeffigient, anfl has a maximum near a
perimentally explore one aspect of the problem, namely, théharacteristic conductivityy,(=4x10~" Q~1). This clas-
anisotropic scattering of long-wavelength acoustic phononsical approach, however, is only strictly valid whgh<1,

in quantum-wire arrays. Building on pioneering work in wherel is the electron elastic mean free path, and when
which surface-acoustic-wa8AW) attenuation was used to ql>1 quantum-mechanical perturbation theory should be
measure the magnetoconductivity of a homogeneous twaised® Parallel to our wires, we estimate thgit~1 and nei-
dimensional electron g42DEG) (Refs. 3,4, we have inves-  her g classical nor a quantum-mechanical approach is rigor-
tigated the anisotropic SAW scattering at ,&a, xAS/  qsly correct. However, we will show that both models pre-

GaAs quantum-wire arrays for the first time. This techmquedigt negligibly small SAW scattering rates in this orientation.
has many advantages. It is a contactless measurement an Since o, is clearly not defined perpendicular to the
XX

ideal for studying large arrays with good signal-to-noise ra- . .
tio. SAW generation using interdigital transducéi@T’s) is ~ Wires, our system demands a fully quantum-mechanical
also strongly directional and the long wavelengths used ifreatment in this orientation. Fermi’s golden rule has been
our experiment40 xm at 70 MH3 rule out possible diffrac- Used to calculate the leading-order zero-temperature SAW-
tion effects. We show that the scattering rates are onlglectron scattering rates. We assume that attenuation of the
strongly suppressed for SAWSs propagating along the lengtS8AW signal is solely due to the absorption of single SAW
of the wires, and then only for low electron concentrations inquanta by the electronic system and neglect coupling be-
Fhe narrowest struqtures_inve;tigated_. Moreoyer, the scattefyeen wires. The SAW energy quantumg~ 300 meV) is

ing in this Iongltud@fﬂ direction at high carrier concgrlura- negligible compared to the 1D subband spadibg2 me\j,

tions (>8.1x10° m * for 500-nm wires,>3.8x 10° m and the SAW wave vector= 1.6 10° m~1) is very much

for 250-nm wire$ rather surprisingly (_axceeds that of the un- smaller than a typical Fermi wave vectoke(~5x 10°
structured 2DEG by a factor of 3. With the SAWs propagat—mfl) except when a subband is almost depopulated. Conse-

ing perpendicular to the wires, when one naively expects quently, only quasielastic intraband transitions need to be

Lnteractl?ndc_latssmillly, \f/;/e :_)bset:]ve strongt_os(tj:lllatlonlst!n the onsidered. The coupling between SAWs and electrons in
Ignsrﬁbe dm ensd|y re.becdlrt;g :calrlnagnetlc epo;;]u a.|or|1((j) aAs is known to be predominantly via the piezoelectric
subbands as described by a Iull quantum-mechanical 0§giq 4 ction with the following Hamiltoniarf

scription of the SAW-electron interaction.

The interaction between SAW's and 2D electrons has pre- 2
viously been described using a classical relaxation model, , :@( h ) » 1 (e
where the attenuation per unit lengfhis a nonmonotonic PIEZO & | 2pVaoyq 7 9°+q5(B) a.x0ydz
function of the diagonal component of the conductivity ten- _ _
SOrI oy + Sq,yqxqz+ sq,ZQqu](aqelq‘ '+ aaeilq‘ r)' (2)
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wheree,,, p, ande are, respectively, the piezoelectric con- in the classical pictur¢Eq. (1)]. This situation would not
stant, mass density, and dielectric constant of GaAis,the  change significantly upon application of a magnetic field.
sample volumeq, and w, are the SAW wave vector and Measurements were made on arrays of quantum wires
frequencyg is a unit polarization vector, al) isthe SAW  fabricated from an AlGa, ,As/GaAs heterostructure,
annihilation(creation operator,gy(B) is the magnetic-field- grown by molecular-beam epitaxy on a semi-insulatidg)
dependent inverse Thomas-Fermi screening length,xand GaAs substrate, with an unstructured carrier concentration of
y, andz are the GaAs crystallographic axes. 2.1X 10" m~2 and a mobility of 60 M/V s at 4.2 K. Holo-
With the SAW propagating in thg110] direction ' co-  graphic lithography and reactive ion etching with Sj@lere
ordinate perpendicular to the wires, total momentum conser-used to pattern the samples yielding arrays of wires of geo-
vation is relaxed and only electron momentum along themetrical width of either 500 or 250 nm, with periods of 1000
wires must be conserved. In this case the scattering rate rand 500 nm, respectively. The wires were orientated parallel

duces to to the [110] axis. To minimize edge depletion, the etch
2w e’ed,[ & q? 2 depth (~85 nm was less than the depth of the 2DEG below
rl=— — 5> the surface (105 nn). A final wet mesa etch left a
i e \2pwg)\g°+0qy(B)

3X3-mm square of approximately 308000 nanostruc-
o 1 2m*(B) |2 tures in the center of each sample. IDT’s were realized on the

X D [{ irn| €'F |zﬂn)|2—ﬁ(m) , (3)  exposed edges of the substrate by thermal evaporation of

n mh | [Be—En(B)] Cr/Au fingers. The center-to-center spacing of the fingers in
where the assumption of a parabolic confinement potentiggach transducer was 20m, yielding a broad SAW reso-
allows one to retain the concept of one-dimensional subnance of about 785 MHz. Measurements were made by
bands with modified effective masgas* (B)] and subband exciting 0.4us-long SAW pulses, at a repetition rate of 250
energieq E,(B)] in finite magnetic field$. The summation  kHz, from one transducer and receiving them at the opposite
is over then occupied 1D subbands and the matrix elementtransducer. The SAW’s propagate either in {H.0] or
or “form factor,” is close to unity in all cases, since the [110] direction, parallel or perpendicular to the wires, which
SAW wavelength is very much longer than the width of thehave the strongest piezoelectric coupling coefficiemtd
wires. Assuming that screening is weak in our system, wearry a longitudinal electric field. The SAW power at the
see that thé3-dependent scattering rate is dominated by thesample 0.1 W) was reduced to well below the level
total density of electronic states at the Fermi enefigggst  where there was any evidence of heating of the electron gas.
term of Eq.(3)]. This is plotted as a function of applied Our detection system is based on an eight-tap digital delay
magnetic field in Fig. (b) for typical wire parameters after line and measures changes in both the amplitude and phase
negation in order to model the transmitted SAW intensity.(or velocity), to better than one part in 4@&nd one part in
Note the strong oscillations as the Fermi energy drops(®, respectively. Measurements were performed in a 10 T
through the singular density of states at a 1D subband edgéquid-helium cryostat at 1.3 K with the magnetic field per-
The two traces represent two different levels of Gaussiampendicular to the plane of the samples.
disorder broadeningdz) of the subband energies. Figures 1a) and Xc) show transmitted SAW intensity as

Applying the same gquantum-mechanical approach witha function of applied magnetic field for SAW propagation
the SAW parallel to the wires requires total momentum conperpendicular to the 500-nm and 250-nm quantum wires, re-
servation. This prohibits all SAW absorption except for thespectively. Persistent photoconductivity was used to increase
Umklapp process across the Fermi line wH&B|=|g|/2.  the electron concentration in the samplék0-ms-long
This yields the following expression for the scattering rate: 50-mA pulses from an infrared LBEDand successive traces
on both figures have been offset byl0O units on they axis

. 9° )22m*(B) for clarity. In all cases, velocity shift data mirrors the inten-
r

T g2 9?+q3(B)] wh’q sity data, and Fig. (&) also shows SAW velocity shift for the

highest-illumination case. Each trace has been labeled with a

when|qg|=2|kg| (4) calculated 1D electron concentratisee be]ov)n !n F_ig. 1(.c) .

the traces are also labeled by the total illumination time in
and zero otherwise. We see that scattering is now only alseconds, since too few magneto-oscillations were observed
lowed for a fewdiscretemagnetic fields just before a sub- in the zero-illumination case for it to be possible to calculate
band depopulates, and once inhomogeneous broadening da electron concentration. The SAW intensity oscillations in
taken into account we would not expect to be able to resolvgoth sizes of wires are attributed to the magnetic depopula-
this. The last term in Eq(3) (the dominant contribution to tion of 1D subbands, with the minima corresponding to the
the density of states at the Fermi energy wiggr2|ke|) is  peak in the electronic density of states when the Fermi en-
plotted negated as a function of magnetic field in Fih)3 ergy lies near a subband edge. The good agreement between
for the same wire parameters and disorder broadening ale magnetic-field positions of the minima ing(Eg) [Fig.
before and assuming that the SAW power is uniformly dis-1(b)] and those of the equivalent SAW intensfie third
tributed in the rangef=70+2.5 MHz due to our pulsed trace in Fig. 1a)] suggests that SAW absorption is, as pre-
measurement mode. Note that although oscillatory attenuaticted quantum mechanically, predominantly proportional to
tion is predicted, it iour orders of magnitude weaker than the density of states at the Fermi energy. However, the fail-
in the other orientation. Our estimate @f,~10"2 Q~1in  ure of the simulation to faithfully reproduce the measured
this orientation is five orders of magnitude greater thgn  line shapes of the wide wires near depopulation, even after
and hence negligible SAW scattering rates are also predictethe inclusion of substantial disorder broadenirig.g.,
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FIG. 2. Plot of characteristic confinement energies as a function of 1D
electron concentration for both 500-nm and 250-nm quantum wires. The
inset shows a typical linear fit 82 vs (]_, Jj) 2.
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tic confinement energy (1#2v,) can be obtained from linear

4 plots of B? versus E]_;\j) *® at the SAW intensity

) ! ! - minima (see inset of Fig. 2 These are then plotted in Fig. 2

290 b N, 10wy = - for a range of illumination levels in both 500-nm and

© 250-nm wires. The confinement energy of the narrow wires

280 | 1 is approximately a factor of 2 larger than for the wide wires,

284(5.05) in broad agreement with our assumption of parabolic con-

mr i finement. The characteristic confinement energy decreases

260 b 49501009 J with increasing carrier concentration in both cases. This is

1 L 1 L expected due to self-consistent screening of the potéhtial,

0 2 4 6 8 10 with a more rapid change visible in the 250-nm wires, which

B : . .
.1 s st T et vy oo 124 185 000U 10 b, Th ffectve electonie

function of magnetic field foa) 500-nm and(c) 250-nm quantum wires, ; h .

with the SAW’s propagating perpendicular to the wires. The calculated elecCONcentration and are smaller than the geometric widths due

tronic density of states at the Fermi energy is plotted negategb)irior to sidewall depletion, which is expected to bel00 nm at

Nip=7.6x10° m~* and 3 w,=0.85 meV. each edge.

Figures 3a) and 3c) show transmitted SAW intensity as
og=0.1 meV), implies that the screening of the SAW- 3 function of magnetic field with the SAW's propagating
electron interactiofiqo(B) ] must play a significant role even parallel to the wiregthe same array was used for both the
in 1D. The line shapes in the narrow wires, Figc)lagree  perpendicular and parallel measuremgnfsote that the
rather better, as one would expect, since the more confinegaces havenot been offset in this figure. The traces are la-
wave-function states will respond more weakly to the linearheled withN,, values that have been established from con-
applied SAW electric field and hence screening will be lesssecutive measurements with the SAW’s perpendicular to the
important. We also note that the=1 minimum, and to  wires. We see no evidence for Umklapp scattering near fields
some extent the higher minima, in the lowest trace of Figcorresponding to subband depopulation as depicted in Fig.
1(a) are much more clearly defined than at lower illumina-3(b). This is to be expected, due to the relative weakness of
tion levels, suggesting that static screening of disorder ishis channel. In the wide wird$ig. 3(@)], an initial increase
considerably more effective at very large electron concentrain electron concentration with illumination actually leads to
tions, as one would expect. an increase in the measured SAW intensity. This may be due

Assuming parabolic electrostatic confinement, the follow-to a reduction in disorder couplinglisorder relaxes the mo-
ing nonlinear relationship can be derived for the magnetignentum conservation ruleasN;p, is increased and the dis-
field when the 6+ 1)th subband has just been depopuldted: order is screened. Additional illumination, however, leads to

a strong reduction in SAW intensity. In the narrow wires
sl N there is no significant change in SAW intensity from the
@Wo ,—Z‘ ‘/J_ (5 zero-illumination caséthe dotted line in Fig. @)] until the
saturation electron concentration is almost reached, when the
wherem* is the normal effective massl,p is the 1D elec- SAW intensity drops rapidly. The much more confined states
tron concentration, andg is a characteristic frequency de- in the narrow wires make them less sensitive to disorder and
fining the electrostatic confinemem; and the characteris- this is probably why we measure no significant disorder cou-
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FIG. 3. Measured transmitted SAW intensity as a function of magneticjncrease in attenuation at high electron concentrations in the

field for (a) 500-nm andc) 250-nm quantum wires, with the SAW’s propa-
gating parallel to the wires. The contribution of the highest subband to th
electronic density of states at the Fermi energy wheih=|q|/2 is plotted
negated in(b) for Nyp=7.6x10° m~* and 3% w,=0.85 meV.

field-dependent resonances superimposed on a gently vary-
ing background. Parallel conduction in the modulation-doped
Al,Ga; _,As layer is one possible explanation for the sur-
prisingly large SAW absorption at high illumination levels.
However, the fall in intensity from the low- to high-
illumination traces corresponds to an attenuation~@3.5
dB/cm, which is considerably larger than the maximum pos-
sible predicted of~1.1 dB/cm for an unstructured 2DEG
(when the conductivity changes from zeroatg), calculated
using the classical relaxation model. In addition, this strong
attenuation is absent in the perpendicular directior (

Al ,Ga; _,As is highly disordered and would not be expected
to show significant confinement effegtand these two facts
indicate that parallel conduction is not responsible. SAW's
have been used previously to study edge magnetoplastons.
Since the frequency of these diverges as the applied mag-
netic field tends to zero, they cannot alone explain our data,
but the excitation of other plasmonic modes must be consid-
ered. Recent work by Sun, Liu, and ¥thas calculated the
collective excitations of arrays of parallel quantum-well
wires. In the limit of our experiment, they predict a 2D-
plasmon-like acoustic intrasubband excitation in the direc-
tion of the wires, which depends on the mean
two-dimensional electron density, Nyp; (wpy
%\/[(NZDeZ)/(zm*e)]q). This dispersion curve is, how-
ever, three orders of magnitude too steep to allow the SAW
to make energy- and momentum-conserving transitions. We
note, however, that the theory neglects interactions between
1D subbands and we speculate that this could strongly influ-
ence the plasmon dispersion and possibly allow the SAW'’s
to couple.

In conclusion, we have observed strongly anisotropic sur-
face acoustic-wave scattering from quantum-wire arrays. The
data are in fair agreement with our theoretical calculations in
the perpendicular direction, but surprisingly show a sharp

{)ngitudinal direction. We speculate that this could possibly

e due to excitation of intrasubband 2D plasmonlike modes.
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