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Received I February 1992 

Abstnet ?he Steady-slale electron heating characteristic of narrow metallic wirw de- 
posited on silimn subsmtes is shown to exhibit a periodic resonance smcture. Using the 
quantum mrrections to the resistance of the wire to estimate the electron temperature, 
we are able to determine the energy of each mnance .  W show that there energies 
agree with the subband energies of the spatially confined phonons in Ihe wire. Fmm the 
energy separation of the m n a n c e s  we have made the first direct measurement of the 
velodty of sound in nanometre sale wires. 

Recent investigations of the non-equilibrium properties of metallic thin films have 
shown the importance of considering the phonons within the microstructure itself 
[1,2]. One technique employed to study the non-equilibrium properties of microstruc- 
tures has used an applied electric field E to heat the electrons above the ambient 
temperature of the lattice. With this technique it has been shown that the steady-state 
phonon distribution in thin metal "s is far from equilibrium [3]. Furthermore, it 
has been suggested that below a certain frequency the phonons in the film have a two- 
dimensional density of states, arising from spatial confinement by the film thickness. 
In this letter we describe an electron heating experiment performed on nanometre 
scale metallic wires. The electron heating characteristics show periodic structure that 
can be assigned to spatially confined phonon modes of the wire. 

Mnty-five parallel Au,,Pd,, alloy wires that were thermally evaporated onto a 
silicon substrate at mom temperature and at a pressure of S X ~ O - ~  'Ibrr were used as 
samples for the experiments. No attempt was made to remove the native oxide layer 
from the silicon before thermal evaporation of the Wires. The Wires were delineated 
by electron beam lithography, and were 18 tun thick and SO nm wide. The sheet 
resistance of the Wires at 4.2 K was Ra = 12 a. The samples were designed for 
true four-terminal measurement with an active sample length of 10 pm, as shown 
in figure 1. They were mounted inside a sealed copper chamber that was thermally 
attached to a temperature controlled helium bath. This arrangement ensured a good 
thermal contact to the silicon substrate and enabled the substrate temperature to 
he controlled to be better than 1 mK over the temperature range 1 to 4.2 K. The 
chamber could be either evacuated or filled with helium so that the exposed surfaces 
of the Au-Pd wires were either in vacuum or covered with liquid helium. This 
arrangement allowed the electron-heating effects to be studied as a function of the 
acoustic boundary conditions on the wires. 

Resistance measuremenu were made using a low-frequency four-terminal bridge 
[4], and signal averaging. With this technique a fractional resistance change of one 
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Figure 1. An elcclron micrograph Ot the AU-Pd wire samples. 'lhe WO vertical sfcipes 
are the voltage mntacis. 

part in lo6 could he detected with sensing currents as low as 120 nA per wire. Electron 
heating was provided by a DC electric field of up to 30 V an-' applied across the 
WireS. The AC sensing bias was always kept sufficiently low that its contribution to 
the heating remained negligible. 

The equilibrium resistance change, ( R  - R,)/R, = A R / R , ,  of the wires as a 
function of the substrate temperature is shown in figure 2. A minimum resistance 
R, is observed at To = 8 K below which the resistance increases as approximately 
T-' /* .  To within experimental error no difference was found in the equilibrium 
resistance change with the chamber evacuated or filled with liquid helium. The 
resistance correction we observe is similar to those reported by other workers for 
one-dimensional Au-Pd wires [5, 61, and is consistent with the experiments reported 
hy Lin and Giordano [7] who have shown that the dominant resistance correction 
term in Au-Pd films and wires is due to electron-electron interactions [8]. 

In figure 3, the steady-rate resistance change of the wires with applied electric 
field, ( R ( E )  - R,)/R, = AR(E) /R , ,  at three substrate temperatures in vacuum 
is shown. There are two important features of the data; first, the steady-state resis- 
tance falls below R, at applied fields greater than 5 V an-', and second, periodic 
resonances are observed with increasing electric field. The resonant features were not 
observed in Au-Pd films of similar sheet resistance and thickness that were fabricated 
mncurrently adjacent to the wire samples. The position of the resonances was inde- 
pendent of the substrate temperature and the sweep direction of the applied field, 
hut the magnitude of the resonances did change with substrate temperature, as seen 
in figure 3. Culve D in the inset to figure 3 shows the steady-state resistance data at 
1.5 K after they were passed through a high-pass digital filter to remove some of the 
background. A Fourier transform of the data indicated a single dominant component 
corresponding to a periodicity in the electric field of 29 V an-l, as shown in the 
inset to figure 4. Curve E in the inset to figure 3, and figure 4 show that when helium 
was condensed in the chamber the position of the peaks shifted systematically. This 
result clearly shows that the acoustic boundaly conditions at the surface of the wires 
affect the electron-heating characteristics. It also highlights an important experimen- 
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Figure 3. The electric field dependence of the 
resistance at the substrate temperatures 1.5 K (A), 
3.0 K (B). and 4.0 K (C). Cum D in lhe inset shows 
the 1.5 K data in vacuum and cuwe E shows the 
1.8 K data in helium after they were passed h u g h  
a high-pass digital filter to reduce the background. 
For clarity the tram in the figure and inset are 
OW by A R J ~  = 5 x 10-5.  

tal point At the beginning of each experiment the chamber was flushed with heiium 
and then pumped for at least three days at mom temperature. If the chambcr was 
pumped for only a few hours, the position of the peaks was found to be between 
the data from the sample pumped for several days and the data from the sample in 
liquid helium, as shown in figure 4. We will address this point below. 

Figure A The position of the resonances plotted versus 
subband index. The positions of the resonances are the 
average values taken from traces at 1.5, 1.8, 24? 3.0, 4.0 K. 

0 2 4 6 8 m e  inset ir the Fourier transform of A R ( E ) / &  for the . . .  
wires in vacuum, and the a m  indicates the dominant 

Subband Index n mmponent 
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The observation that in the presence of the electric field the steady-state resistance 
may be reduced below Ro is similar to an effect observed previously in thin film 
samples [2,9], but we believe this to be the fust report of the effect in wires. The 
origin of this phenomenon may be understood by considering the sum of the low- 
temperature resistance corrections and a Drude component of resistance that give the 
equilibrium resistance as a function of temperature. Each component has a different 
dependence on the electron and phonon distributions within the wires. Therefore, 
when the electrons and phonons are moved out of equilibrium by the applied electric 
Eeld, the relative magnitudes of the components change which can cause the minimum 
steady-state resistance to be below R, [3]. Since the dominant resistance correction 
term in Au-Pd wires is due to interactions [I, which depend only on the electron 
temperature, to a good approximation we can use the resistance correction to estimate 
the electron temperature T, in the wires. 

Features in the steady-state conductance of metallic wires as a function of the 
bias current have been reported previously and were shown to be due to universal 
conductance fluctuations (UCF) [IO]. For several reasons we do not consider UCF to 
be the origin of the features we observe in AR( E)/Ro.  First, the Fourier transform 
shows one dominant period, which is not typical of UCF [lo]. Second, the length 
of the wires, and the fact we have 25 in parallel, with considerable electron heating 
by the DC current, are expected to depress UCF in our samples. In A R ( E ) / R ,  we 
did observe some signals of magnitude 5 in 10‘ that were not reproducible; these are 
most probably UCF. Third, the systematic manner in which the periodicity of the peaks 
changed when the acoustic boundary conditions were altered suggests a mechanism 
other than UCF. 

’lb interpret the features in the electron-heating data from the wires in a vacuum, 
we discuss the phonon spectrum in the wires. The phonon dispersion for uncoupled 
modes in a wire has the form [ll], 

w z  = Kz[qz + (nn/W)’+ (mr/d)’] 

where d and W are the thickness and width of the wire, respectively, V,  is the ve- 
locity of sound, and q is the wavevector along the wire. The integers n and m are 
the subband indices. In general, for a given pair of subband indices n and m, three 
subbands exist: one for the longitudinal and two for the transverse modes. When n 
and m are both zero, the phonons will be effectively one dimensional. The temper- 
ature at which one-dimensional behaviour is expected can be. estimated by equating 
the dominant phonon wavelength A,, c V,h/2kBT, to the largest dimension, ei- 
ther d or W .  At 1 K, using the bulk value of the longitudinal velocity of sound, 

= 4.1 x lo3 m s-l obtained from a weighted average of Au and Pd values [IZ], 
both W and d are less than A,, = 98 nm. Therefore, at the lowest temperatures of 
the present experiments, the longitudinal phonon spectrum is anticipated to be mod- 
hied. We note, however, that this argument only provides a rough estimate of the 
temperature range over which the phonon spectrum is modified because the phonon 
subbands are expected to be well defined up to energies at which the phonon mean 
free path due to anharmonic processes becomes comparable with W and d [3]. 

The resonances observed in A R ( E ) / R ,  appear to be associated with the width 
of the wire since they were not found in the data from 1 p m  wide films of similar 
thickness. From (1) the subband energies due to the wire width are E = V,nah/W. 
Using the equilibrium resistance correction in conjunction with the initial slope of the 
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non-equilibrium data we estimate that dT,/dE = 0.65 K V-I an, which is consistent 
with the linear dependence between E and T, predicted for a onedimensional system 
1131. From this relationship we have determined the energy of each resonance, and a 
least-squares-fit to the energy versus subband index gives a slope of 1.9 f 0.1 K from 
which we obtain a sound velocity of V ,  = 3.9 f 0.2 x lo3 m s-l. This velocity is in 
good agreement with VI and appears to be the first measurement of the velocity of 
sound in Au-Pd alloy. More importantly, it is the first experimental determination of 
the velocity of sound in a nanometre scale wire and shows the value is close to that 
of the bulk. 

?b support our explanation that spatially confined phonon modes cause the reso- 
nances, we note that a zero-wavevector phonon corresponding to no relative particle 
displacement is a solution to the equation of motion for elastic waves in an acoustic 
waveguide. This agrees with the present data since the fiS shown in figure 4 can 
be extrapolated through the origin. Also, we have estimated the half-width of the 
peaks and fmd Ae/e  = 0.18. This value can be equated with AW/W to predict 
a variation of f9 MI in the width of the wire. This is in close agreement with the 
value of f8 MI obtained from high-magnification electron micrographs of the wires. 

Now we consider the shift in the peak positions when the acoustic boundary 
conditions on the wire are changed by immersion in liquid helium. Assuming the 
velocity of sound in the wire does not change with the boundary conditions, the data 
suggest the phonon subband energies are more closely spaced. This is seen in curves 
B and C of figure 4, for normal and superfluid helium, respectively. Curve A’ of 
figure 4 shows data after pumping the chamber for only a few hours, as described 
above. Since these data lie between the vacuum and normal helium data (curves A 
and B in figure 4, respectively), we believe residual helium remained adsorbed on the 
wires causing the subband spacing to be less than was found under more stringent 
vacuum conditions. The change in the subband spacing as the boundary conditions 
are modified is consistent with a reduction in subband spacing expected when the 
phonon confinement is changed ‘from hard wall to a situation in which the phonons 
in the wire can couple to a surrounding medium. 

Finally, we discuss the fact that we do not resolve the subbands associated with 
the transverse velocity of sound or the thickness of the sample. nking a weighted 
average of the bulk transverse velocities for Au and Pd [12], we expect a subband 
spacing almost one half the spacing of the subbands associated with the longitudinal 
velocity of sound. Thus, half the transverse subbands will coincide with the resonances 
observed and the others will be midway between the observed peaks. Broadening by 
both the temperature and the width variation of the wires may cause them to he 
unresolved in the present experiments. However, we cannot rule out the possibility 
that the electron coupling to phonons in the transverse subband is weaker than it 
is m phonons in the longitudinal subband. It is most likely that we do not see the 
subbands associated uith the sample thichess because they are broadened by the 
coupling to the substrate. 

In summary, we have evidence for the existence of phonon subbands in narrow 
metallic wires. From the subband spacing we have made the first measurement of the 
longitudinal velocity of sound in small Au-Pd wires and have found it to be close to 
the expected bulk value. 

This work was supported hy the National Science Foundation under Grant No DMR- 
90-19525, and a grant from NATO. 
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