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Acoustic Waveguide Modes Observed in Electrically Heated Metal Wires
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The steady-state resistance of small metal wires subject to an electric field is found to exhibit periodic
resonances that scale with the width of the wire. The energies of the resonances have been determined
using the low-temperature corrections to the resistance of the wires, and are shown to correspond to
acoustic modes of the wire. We conclude that the resonances originate from increased energy relaxation
that occurs when the electron system gains enough energy from the electric field to emit phonons in a
higher acoustic subband of the wire.

PACS numbers: 73.50.Rb, 66.90.+r, 68.60.Bs

Nonequilibrium experiments performed on metallic
films and wires have been of interest as a way to study
modifications of the phonon spectrum in systems where

the dominant phonon wavelength becomes comparable
with one or more of the sample's dimensions [1,2]. Re-
cently, it has been suggested that the density of phonon

states in electrically heated Au-Pd films on silicon sub-

strates can be reduced, provided the acoustic coupling be-
tween the metal and the substrate is weak [3]. In this

Letter we present the results of a steady-state heating ex-

periment on narrow wires with cross sections between 600
and 1800 nm . The data show periodic resonances in the
heating characteristics that scale with the width of the
wires and can be assigned to the energies of acoustic
waveguide modes of the wires.

The samples used for the experiments were AusoPd4o

alloy wires that were defined by electron-beam lithogra-

phy and thermally evaporated onto a silicon substrate at
room temperature at a pressure of 5 & 10 Torr. The
native oxide layer on the silicon was not removed prior to
the thermal evaporation of the wires. Three sets of wires

were studied: 45 parallel wires 20 nm thick, 90 nm wide,

and 30 pm long; 25 parallel wires 18 nm thick, 50 nm

wide, and 10 pm long; and 100 parallel wires 20 nm

thick, 30 nm wide, and 85 pm long. The 90- and 30-nm-
wide wires were made concurrently on the same sub-

strate, while the 50-nm-wide wires were fabricated at a
different time using a different silicon substrate. At 4.2
K, the sheet resistance of the wires was Rg =12 Q. The
samples were designed for true four-terminal measure-
ment. They were secured to the inside of an evacuated
copper chamber that was thermally attached to a
temperature-controlled helium bath regulated to better
than 1 mK over the temperature range 1 to 20 K.

Resistance measurements were made using a low-

frequency (23 Hz) four-terminal bridge [4] and signal
averaging. With this technique, a fractional resistance
change of 1 part in 10 could be detected with sensing
currents as low as 5 nA per wire. Electron heating was
achieved by applying a dc electric field E of up to 13
Vcm ' across the wires. The ac sensing bias was kept
low enough that its contribution to the heating always

remained negligible.
The temperature dependence of the equilibrium resis-

tance change, (R —Ro)/Ro =DR/Ro, of all three sets of
wires showed a minimum at To = 8 K, below which the
resistance increased as approximately T 'i, as shown in

Fig. 1. The equilibrium resistance minimum Ro has been
taken to be the value at To. Above To the resistance
change increased and was sample dependent. The 30-
nm-wide wires exhibited an almost linear temperature
dependence between To and 20 K, while the 50-nm-wide

samples were best fitted by a T dependence, and the 90-
nm-wide wires showed a T power law. This variation in

temperature dependence above To has a range of powers
similar to those reported previously [3,5]. The T
dependence below the minimum is characteristic of in-

teraction corrections in one dimension [6], as seen in

wires when the diffusion length, 1, =(Dh/kit T) 't, is less

than the width W and thickness d of the wires. For the
three samples, the three-dimensional electronic diffusion
constant D is 2&10 m s '. Thus l, ~44 nm at tem-
peratures below To. Therefore, only the narrowest wires
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FIG. l. The equilibrium temperature dependence of hR/Rp

for the wires of width 30 (0), 50 (1), and 90 (A) nm. Inset:
An expanded region of tsR(E)/Ro for the 30-nm-wide wire in

which the first two resonances are indicated by the arrows.

1992 The American Physical Society 1427



VOLUME 69, NUMBER 9 PH YSICAL REVIEW LETTERS 31 AUGUST 1992

are strictly one dimensional. The electron dimensionality
in the 50- and 90-nm-wide wires is expected to be re-
duced from two to one within the temperature range
studied; consequently the tern perature dependence of
dR/Ro is expected to change from logarithmic to T
[6]. This could not be detected in the experiments, and a
T ' dependence was found to describe all three sets of
data well. The resistance corrections we observe are simi-
lar to those reported by other workers for Au-Pd wires
and films [5], where it was shown that the dominant resis-
tance correction is due to electron-electron interactions.

In the presence of an applied electric field, the steady-
state resistance change of the three wire samples,
[R(E)—Ro]/Ro =AR(E)/Ro, was found to fall below Ro
at fields above -3 Vcm '. Also, at certain values of the
electric field the steady-state resistance exhibited distinct
features, as illustrated in the inset to Fig. 1. Since these
features are small compared with the overall change in

resistance, to show them more clearly the background has
been removed by fitting it with the form /t R(E)/Ro
=aE '+ pE+ yE, where a, p, and y are constants, and
then subtracting the fit from the original data. Following
this procedure, the data for the three sets of wires are
shown in Fig. 2. For each wire, certain features appear
as a series of peaks that are close to being periodic in the
electric field; these are labeled numerically in Fig. 2.
Peaks having no obvious periodicity are also found, for
example, those above peak 4 for the 90-nm wire. The
resonances were found to broaden with increasing tem-

perature, but to within experimental uncertainty their po-
sition was temperature independent.
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FIG. 2. The change in resistance vs electric field for the
wires of width 30 (0), 50 (1 ), and 90 (L) nm, after removing
the background as described in the text. The numbers are the
assigned values of the subband index n. The peak labeled T is

believed to be associated with the transverse velocity of sound.
For clarity the traces have been oA'set.

Previous electron heating experiments on thin metal
films have reported a fall in the steady-state resistance
below Ro [3,7]. The origin of this eAect can be under-
stood by considering how a low-temperature resistance
correction and a Drude component that make up the
equilibrium resistance combine in the steady state. In the
present samples the resistance correction arises from
electron-electron interactions which are dependent on the
electron temperature T, . The Drude component de-
scribes the resistance arising from impurity and electron-
phonon scattering, where the impurity scattering is tem-
perature independent and the electron-phonon scattering
depends on both the electron and phonon distributions.
Since the correction and Drude components of the resis-
tance each have a different dependence on the electron
and phonon distributions in the wires, when the electric
field moves the electrons and phonons away from equilib-
rium, the relative contribution of the two components to
the total resistance is changed. It has been demonstrated
that such a shift in the relative contribution of each com-
ponent can cause the steady-state resistance to fall below

Rp [3].
Resonant features arising from universal conductance

fiuctuations (UCF) are expected in electrically heated
mesoscopic systems [8]. However, unlike UCF features,
in the present experiments the position of the resonances
was independent of the polarity of the electric field. The
amplitude of the features observed in the present experi-
ments appears to scale with the magnitude of the interac-
tion resistance term, being the largest for the 30-nm-wide
wires. Since this sample has the greatest number and
length of parallel wires, it is expected to have the largest
ensemble averaging of the three samples, and thus the
smallest UCF structure. This is contrary to the present
data which further suggests that the origin of the features
is other than UCF.

To explain the structure observed in AR(E)/Ro, we

consider the acoustic spectrum in the small wires. The
acoustic phonon spectrum is expected to be modified
when the dominant phonon wavelength becomes compa-
rable to the width and thickness of the wires. The tem-
perature at which this occurs can be estimated by equat-
ing the dominant phonon wavelength, X~h = V, h/2kqT, to
the largest cross-sectional dimension of the wires, which
for all the present samples is W. At 1 K, using the es-
timated value of the longitudinal velocity of sound,
V] =4. 1 x 10 m s ' obtained from a weighted average of
Au and Pd values [9], W is less than A, ~h

——98 nm for all
three samples. Therefore, at the lowest temperature of
the present experiments, the bulk longitudinal phonon
spectrum is anticipated to be modified into a series of
acoustic subbands, each corresponding to a lateral acous-
tic waveguide mode of the wire. It is worth mentioning
that the acoustic subbands will be well defined up to ener-
gies at which the acoustic mean free path due to anhar-
monic processes becomes comparable with W and d'.

Thus the phonon-wavelength argument for the tempera-
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ture at which this phenomenon should occur only provides
an estimate of the lowest temperature at which
waveguide modes will be resolved. The presence of the
subbands is expected to affect the relaxation of the elec-
trons heated by the electric field. As the electric field
across the wires is increased, the electron system will gain
energy until at suSciently high field the electrons will

have enough energy to relax by emitting phonons in a
higher acoustic subband. Since the resistance change in

the experiments was measured using an ac technique, we

interpret the peaks as a differential increase in the
electron-phonon scattering rate caused by the increased
density of phonon states when additional acoustic sub-
bands are accessed. The dispersion for uncoupled acous-
tic modes in a rectangular wire has the form [10]

2

V2 2+ nn + mx
s

where V, is the velocity of sound, q is the wave vector
along the wire, and the integers n and m are the subband
indices. Thus, the energy spacing of the subbands scales
inversely with W and d. To estimate the energy of the
resonances observed in hR(E)//Rn, dT, /dE was calculat-
ed for each sample from the equilibrium resistance
correction and the slope of the nonequilibrium data. By
this means a linear relationship between T, and E was
found with dT, /dE =0.59, 0.65, and 0.60 KV ' cm for
the 30-, 50-, and 90-nm-wide wires, respectively. Using
the values of dT, /dE, hR(E)/Ro was plotted as a func-
tion of T, x W and, as seen in Fig. 3, the resonances from
all three samples were found to scale inversely with W.
No scaling with d was found. This result shows that sub-
bands associated with the width of the wire are responsi-
ble for the resonances observed in hR(E)/Rn.
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FIG. 3. The change in resistance vs the electron temperature

T, multiplied by the width of the wire, for the wires of width 30
(0), 50 ( t ), and 90 (4) nm.

When T, is greater than the substrate temperature, the
relationship between E and T, can be written as
eE(Dr)' =kqT„where r is the energy relaxation time
of the electron system. The linear relationship found be-
tween E and T, implies that r is temperature indepen-

dent, which is in contrast to previous results [11]. The
difference between the present and earlier experiments is

the strength of the acoustic coupling between the sample
and the substrate. For Au-Pd on silicon the coupling is

weak and we have previously shown that it creates a
bottleneck for energy relaxation from the electrons which

strengthens the dependence between E and T, [3,12].
Therefore, the present experiments indicate that r is

dominated by the phonon escape time from the wires,
which is temperature independent.

Acoustic coupling between the wire and the substrate
will broaden the acoustic subbands. The broadening of
the modes associated with W is expected to be less than

the broadening of modes associated with d because the
width of the wire is bounded by two free surfaces whereas
the thickness is bounded by one free surface, the other
being in direct contact with the substrate. From Eq. (I),
the subband energy separation due to the wire thickness
is &d =V,zh/d. Therefore, the phonon escape time from
the wire can be estimated to be r„,~ 26/8'ed. Assuming

V, =V~, we calculate r„, «2 d/V~x=3&& 10 ' s. It is

interesting that the argument leading to the present for-

mulation of r„, is different from the usual ballistic es-

cape argument used by many other authors [13],but the
functional form of i„,is the same in both cases.

For the three samples the half-widths of the resonances
have been estimated from the data to be hen/e~ =0.21,
0. 18, and 0.13 for the 30-, 50-, and 90-nm-wide wires, re-

spectively. Several mechanisms are expected to contrib-
ute to hen/eu, for example, temperature and the width

variation in the wire. From Eq. (1) the contribution from
the width variation is simply Ae~/e~=hW/W, where

h, W is the width variation. Electron micrographs of the
three sets of wires show that h, W=8, 8, and 10 nm,
which gives hW/W to be 0.26, 0.16, and 0. 11 for the 30-,
50-, and 90-nm-wide wires, respectively. Thus, the values
of hW/W are consistent with the measured half-widths

heu/e~ indicating that the width variation of the wires

provides the dominant mechanism broadening the acous-
tic subbands.

The energy (T, ) of the resonances normalized with

width are shown in Fig. 4 as a function of the subband in-

dex n. It is expected that the curve in Fig. 4 should pass
through the origin because n=0 is also a solution to the
wave equation describing acoustic modes in the wires
[10]. A least-squares fit to the data gives a slope of
98+'5 nm K, from which V, =(4.2~0.2) X10 ms
This value is in excellent agreement with the estimated
longitudinal velocity of sound in bulk Au-Pd [9].

In the 30-nm-wide sample, an additional peak in

AR(E)/Ro was always observed below the n = I reso-

nance, indicated as peak T in Fig. 2. This feature is
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with the wire width. We conclude that the resonances
originate from a change in the electron relaxation that
occurs when they gain enough energy to emit phonons in

a higher acoustic subband. From the subband spacing an

estimate has been made of the longitudinal and transverse

velocity of sound in the wires, and in both instances it has

been shown to be close to the bulk value.
This work was supported by the National Science

Foundation under Grant No. DMR-90-19525, and a

grant from NATO.

FIG. 4. The position of the resonances plotted vs subband in-

dex.

thought to result from the coupling of electrons to trans-
verse acoustic modes of the wire. From this resonance
the transverse velocity of sound in Au-Pd is calculated to
be V, = 1.9 x 10 m s ', which is very close to the predict-
ed value of 1.8X 10 ms ' for Au-Pd [9]. At present we

do not understand why similar transverse modes are not

clearly seen in the data from the wider wires. One possi-

bility is that the broadening of the subbands is greater for
transverse modes, as suggested in Fig. 2, peaks T and I,
for the 30-nm-wide wire. Since the transverse subbands
are more closely spaced, the larger broadening most prob-
ably causes them to be unresolved in the wider wires.
When coupling between the transverse and longitudinal

phonons is taken into account, the dispersion near the
zone center has regions where ~dcu/dq~ is reduced, in

some instances to zero [10]. We suggest the consequent
increase in the density of states may be responsible for
the nonperiodic peaks.

In summary, periodic features in the electron heating
characteristics of narrow wires have been shown to scale
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