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Phonon-induced conductivity of ballistic quantum wires
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We have used pulses of nonequilibrium phonons to probe the electron-phonon interaction in a ballistic
guantum wire. Phonons incident on the wire caused a decrease in its conduetan@e,due to phonon-
induced electron backscattering. We observed giant oscillatiorsAiG as the wire was narrowed. Maxima
occurred whenEg was close to the bottom of any one-dimensional subband. An applied magnetic field
broadened and shifted the phonoconductivity oscillations, due to the depopulation of the hybrid electric-
magnetic subbands. When the wire was just pinched off, the phonons caused a strong increase in the conduc-
tivity due to phonon-assisted transfer of electrons across the potential barrier.

A knowledge of the carrier-phonon interaction in elec- Ballistic nonequilibrium phonons were generated by ap-
tronic nanostructures is essential to understand important aplying short (=20 n9 electrical pulses to the heater. The
pects of device behavior, for example, hot carrier effects antieater temperaturel,,, could be determined by acoustic
energy relaxation. The best way to obtain detailed informamismatch calculation® and the peak in the Planckian spec-
tion about carrier-phonon scattering processes is to make dirum of generated phonons was at frequenckglg/h. The
rect phonon measurements, i.e., phonon emission and aBlectron-phonon interaction was measured by the phonocon-
sorption experiments. Acoustic phonons also make idealuctivity, i.e., the transient change in conductance of the
spectroscopic probes of such systems because their wav@evice caused by the incident phonon pulse. A constant bias
length and energy are comparable to the important lengteurrent of 100 nA was passed through the device and the
and energy scales of the carrier states. The value of direé@mall(~uV) voltage changes detected by a high-speed digi-
phonon measurements has already been proven in studiestisfer and signal averager. A detailed description of the ex-
two-dimensional electron systerfeee, for example, Refs. 1, perimental method, including a discussion of the methods
2). Although considerable theoretical work on the electron-used to minimize electromagnetic breakthrough and other
acoustic phonon interaction in quantum wires has been respurious responses, is given in Ref. 8. Figure 1 shows the
ported (see, for example, Refs. 3)%7there have, to our device response to the incident phonons as a function of time
knowledge, been very few, if any, direct experimental mea-after the heater pulse. The split gate bidg,, was—1.7 V
surements on these systems. andT,=28K. After about 80 ns, which is the time taken for

In an earlier papetwe described phonon absorption mea- ballistic longitudinal (LA) phonons ¢, ~5000m s?%) to
surements on a 1@m-long nonballistic quantum wire. traverse the GaAs substrate, the initial sharp rise of the signal
Acoustic phonons were generated by a thin-film heater oiis seen. Another sharp increase is seen 120 ns after the pulse.
the face of the substrate opposite the wire, and detected vibhis is due to ballistic transvers€TA) phonons (ta
the phonon-induced change in the wire conductdpbeno-  ~3300m s?) reaching the device. The signal continues to
conductivity). The phonons caused an increase in the conrise while phonons are incident on the QPC. After the peak,
ductance which we attributed to the phonon-induced delocalthe signal decays away slowly due to the long electrical time
ization of weakly localized electron states. In this article, we
describe measurements on a short ballistic wgeantum
point contact using the same technique.

The quantum point conta¢®@PQ used in the experiments
described here was formed in a GaAsB& _,As hetero-
junction by the well-established split-gate techniduEhe
two-dimensional electron ga2DEG) in the heterojunction
had an areal density of 4410*°m~2 and a mobility of 100
m?V s 1at 4.2 K. A device, 0.5-mm-wide3-mm-long,
was defined by a conventional wet etch and ohmic contacts
were made at its ends. A split gate was fabricated in the
middle of the device by electron-beam lithography, the gate ) ) ) :
separation at the point contact was 400 nm. On the polished 0 100 200 300 400 500
face of the GaAs wafer opposite the device, a
100-um-longx 10-um-wide, 5002 CuNi heater was fabri-
cated photolithographically. Infrared front-to-back alignment  F|G. 1. Time dependence of phonon-induced conductivity. The
was used to place the heater directly opposite the point corstart of the heater excitation pulse istatO and the features be-
tact, with the heater’s long axis aligned perpendicular to theween 0 and 50 ns are due to residual electromagnetic breakthrough.
channel. The arrows show the arrival times of the ballistic phonon modes.
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4 : ; 0.04 scattering with heating only playing a very minor role.
G(1.3K).. . . . .
N2 Increasing thénegative gate bias narrows the point con-
3t N=1 I R tact and so increases the separation of the quasi-one-
o ' T looz - dimensional1D) electronic subbands in the channel. The 1D
o b SN | ' % density of state§DOS) at the Fermi energyk¢, is sharply
St } 1001 peaked when the bottom of tiNth 1D band aEy coincides
N . with Er (Eg is assumed constant at the value of the 2D
of | -7 .\ . \»Q; 0 reservoirs sinceV,,<Eg, whereV,, is the voltage drop
./ PN i/ across the 1D channel Therefore, the dc conductivity,
L E [G(42K)- GA3KY10 | 0y s : : .
7 1% 15 a4 which is proportional to the integral of the DOS, exhibits
vy step-wise behavict.On the other hand, the probability of
gate phonon scattering is proportional to the DOS and so the

FIG. 2. Strength of phonoconductivity response as a function ophonocfon(rj]uctlwty exhibits 050|Ilat|on§. FMGKGO’ the
the gate bias voltage. Also shown is the dc conductanc& at size of the conductance change is given KWG/Go

—1.3K and the difference between the dc conductance at 1.3 and@ — 7/ 78, Whereris ﬂlel time an electron takes to propagate
4.2 K. G, is the conductance quanturs e?/h). through the wire andy ™ is the backscattering rate. Assum-

ing the effective channel length,~ 200 nm (allowing for
constant of the measuring syste®@~0.5xs). The sec- reasonable “rounding” of the gate pointswe obtaing*
ondary peak starting about 240 ns after the pulse is due t0{2(EF—EN)/m*Lf,}l’ZAG/GO~O.4 nst for (Er—Ey)
phonons reflected off the top and bottom surfaces of the sub=kgT.
strate, traversing the thickness of the wafer two more times For an ideal ballistic quantum wire that shows well-
before falling on the device again. Observation of the ballis-defined quantized conductance steps, phonon emission and
tic phonon peaks in the time-resolved trace allows us to difabsorption are expected to lead to backscattering of elec-
ferentiate between the device’s response to ballistic phonortsons, and so a decrease in conductance. Guresici®
and to any heating of the entire sample by the phonon pulseised the kinetic equation approach to calculate the change in
The polarity of the phonoconductivity is negative, i.e., theconductance due to scattering by equilibrium phonons. They
phonon pulse causes a transidetreasen conductance of found that the phonon-assisted conductance is negative be-
the QPC. We checked that the signal was not due to therm@ause of backscattering and it oscillates due to quantum size
electric effects by removing the bias current, upon which anyeffects, as discussed above. The peaks in the oscillations oc-
trace of the signal disappeared. cur close to the 1D band edge owing to the divergence of the

Figure 2 shows the strength of the phonoconductivity as 4D density of states. Blencowe and Shidonsider the case

function of V5. This was obtained by integrating the signal of backscattering by nonequilibrium phonons, which is more
shown in Fig. 1 over 80—180 nghe time interval during relevant to our experiment. They arrive at an expression for
which the phonon signal was increasin@scillations are AG which takes the following forntfor deformation poten-
observed with an amplitudeA G/Gy|~2% and withAG tial coupling:
dropping near to zero between the peaks. Closer examination

reveals that the phonoconductivity maxima occur near to e’Lym* =2 1

steps in the dc conductance of the point contact. Before pro- AG=— 5

ceeding to discuss these measurements in relation to the cur- 8mh“pus i JEr—Ey

rent theories of electron-phonon interactions in quantum NG| Z(a,) 21X (a2

wires, it is important to consider the possible heating effects Xf quJ da, q z X 1)
of the phonon pulse. Heating of the entire sample was mea- VEE—Enutho,

sured using superconducting transition edge bolometers. We

found that the sample, which was immersed in liquid heliumwhereX= is the deformation potential constantjs the pho-

Il at T=1.3K, warmed by just a few tens of mK during a non wave vector andiw, its energy;N, is the phonon
pulse and cooled on a sybs timescalgfaster than the pulse (Bosg distribution function;p is the crystal density ands
repetition periogl Heating of the 2D electron system by pho- the phonon velocity; the confined state “form factors”
non absorption was measured without gate bias. By measulZ(d,)|? and|X(qy)|* account for momentum nonconserva-
ing the change of resistance of the 2DEG induced by théion in thex andz directions(perpendicular to the wijeand
phonon pulses and comparing this with a calibration ofthe other symbols have their usual meanings. We see from
steady-state resistance vs temperature, we estimate the 2DE@s expression thaAG is always negative and diverges at
temperature is raised about 1 K in the area directly oppositeF~EN.

the heater. Also shown in Fig. 2 is the effect on the conduc- Our experimental observations are in broad qualitative
tivity of heating the sample by approximately 3 (Karger  agreement with the theoretical predictions. However, the am-
than both the above valuesThis was obtained by subtrac- plitude of the conductivity oscillations estimated using Eqg.
tion of dc conductance measurements at 1.3 K and 4.2 K(1) turns out to be one to two orders of magnitude smaller
The heating effect clearly differs from the phonoconductivitythan measuret!. The reason for this is that in the chosen
in two distinct ways: first, the heating oscillates symmetri-geometry(a small heater placed directly opposite the QPC
cally about zero conductance change and, secondly, thghonons are incident close to normal to the QWR. As such,
phase of the oscillations is different. We therefore attributethey would not appear to possess sufficiently laggevave

the observed phonoconductivity to direct electron-phonorvector components to cause backscattering. The fact that we
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function of applied magnetic fielB normalized to the amplitude at
Veare 1V B=0. The solid line is fromm* (B)/m* (0)= (1+ w?/ »3).

FIG. 3. Phonoconductivity as a function of gate bias at various . * . .
values of the applied magnetic field. portional tom* [Eq. (1)] hence the observation of an in-

crease in amplitude of the phonoconductivity oscillations

with increasing magnetic field. Figure 4 shows the amplitude

see any signal at all is due to the acoustic anisotropy of thg¢ the phonoconductivity oscillationgormalized to zero
GaAs substrate material which leads to phonon fo_cujs_%ng. magnetic fieldl as a function of the applied magnetic field
As a result, a small but a significant fraction of the '”C'de”tstrength. The solid line is given byn*(B)=m*(0){1

phonons can have their wave vectors oriented at angles of up wzlwg} fitted to the data points. From the fitting param-
° ; ; ; ; c :
1,20 gy ro el eneroypropagaton diecton, e we obtain=2.6¢10°s  which gves an efctve
i P — * 1/2__ — i
to the QPC. These phonons are predominantly TA mode, ire width |, = (/m" wo) 26nm attheN=0 step. This

focused close t6001]. Including the effects of acoustic an- alue is consistent with that obtained from conventional
‘ 9 magnetotransport measurements on the same sample.

At fields above 2 T, an additional phonoconductance peak

been shown that proper consideration of acoustic anisotropé(z

IZSDnglczaecStrS:r:ystZtee):ﬁlsallSIIEEeHzevigccsarozhpehg?fggts);g?cgjgttii c“}ting of the spin degeneracy of the subband. It is interesting
Y ) ! that as the field is reduced to zero, this feature does not

an}sotropy have not SO far been fully included n the calcg completely disappear, but persists as a weak ledge on the
lations for 1D electronic systems. Further theoretical work is_. ~ .

g side of theN=0 peak. This phenomenon may have the same
needed to resolve this issue.

The phonoconductivity oscillations measured with a mag-cr::;gégir:;e;hé Et?sp bZﬁie%Zgé{[Ei)s ?g;ﬁrrvee?n;n tt)r: n(jsl?g YIO
netic field applied parallel t@ (the heterojunction growth electron-electrdn interactions y
direction are shown in Fig. 3. Increasing the magnetic field . : L
: Turning our attention now to higher gate voltages where
spreads out the peaks and also shifts them to a sniabga- S :
. : o . °..__the device is pinched off, we notice that the phonoconduc-
tive) gate bias. This is due to the formation of hybridized

electric-magnetic subband$.in an applied magnetic field, EII'\QZ izhtiggiiiijlegnrsthﬁoﬁgﬁls( (?at\ljgaet?T a_slt.rgv (Iar;;i% t?é
the bottoms of the 1D electronic subbands ar&gt=(N device conductancep It was again checkenc;m'?hat the positive
+1) %o, whereow=(w3+ w?)Y2 Here,w, is the character- ' N P

I . : . photoconductivity was not due to heating. In the pinch off

Istic frequen_cy of the harmor_uc oscillator wave fun_ctlons .dueregime, the signal appeared to show activated behavior with

to the electric confinemerithis assumes the electric confin-

ing potential along the direction is parabolic in shapand

w. is the cyclotron frequency«,=eB/m*). The energy 100

separation of the subbands is now increased compared to the

zero field situation. If we follow the phonoconductance peak

due to a particular subband, label®t increasing the mag-

netic field(and sow,), requires a reduction i@, to maintain

Ey=Eg. This means the electric confinement must be re-

duced and the peak moves to smaller gate bias, as observed.
Another effect of the applied magnetic field is to increase

the dynamical effective mass of the 1D electrons by a factor

w? wg, i.e.,m*(B)=m*(0){1+ 0?/w3}.** This can be un- 1

derstood semiclassically by picturing the electrons under the 0.03 004 005 006 007 008 0.09

influence of the magnetic field as performing “skipping or- Ut /K"

bits” along the walls of the 1D channel. The result is that the "

group velocity of the electrons through the channel is re- FIG. 5. Strength of phonoconductivity response at pinch off as a

duced and this may be accounted for by a correction to theunction of the phonon souroeatey temperatureV,, is the gate

effective mass. The strength of the phonoconductivity is provoltage at theN=0 dc conductance step.

/h in the dc conductance data and is probably due to a
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respect tol',, see Fig. 5. This suggests that we were observtector.

ing phonon-assisted transfer of electrons across the potential In summary, we have studied the phonon-induced con-
barrier at the QPC. Under these conditions the signal shoulductivity of a ballistic quantum point contact device. We
be proportional to the number of phonons in the heater speddentified two contributions to the signai) direct phonon-
trum of energy equal to an activation gap For A>kgT,,  induced backscattering of electrons in the QPC, &ind

the phonon occupation number at an enekgg proportional phonon-activated conduction as the channel is pinched off.

to expA/ksTy) and soA can be extracted from an Arrhen- We h_ave shown that heating_e_ffects make a ne_gli_gible con-
ius plot. DefiningV,, as the gate voltage of th§=0 con- tribution to the phonoconductivity. The characteristics of the
. P

cuctance sie, heh for an offset ol V,) = 6Oy, PHONOEONALEtly agree win heoretca precicons except
A=4 meV. This increases to 7 meV for an offset-e1.00 9 gnal. ’ 99

. ; o effects of acoustic anisotropy on the phonon distribution and
mV. Interestingly, the ratio of the activation energiesl.7) the electron-phonon coupling matrix elements are included

is very nearly the same as the ratio of voltage offSet. Wey, e theory, full quantitative agreement may be obtained.
propose that, because of phonon absorption, an electron jje s rements of the phonoconductivity in a magnetic field

the 2DEG source contact is promoted into the em®ty0 gy that the phonoconductivity is a sensitive probe of the
subband upon which it contributes to the conduction. Al-qactronic states in 1D systems.

though the absorption of meV phonons by a GaAs 2DEG is

expected to be very weak due to momentum conservation The authors would like to thank Professor A. Shik, Dr. M.
selection rules, it is only necessary to excite a few electron8lencowe, and Dr. D. Lehmann for helpful discussions. This
to cause a significant fractional conductance change in thevork was supported by the Engineering and Physical Sci-
pinch off regime. It is possible that after calibration, such aences Research Council of UK, under Grant No. GR/K

point-contact device could be used as a tunable phonon d&5561.
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