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Direct measurement of electron-phonon coupling a F(co) using point contacts: Noble metals
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A new technique of forming tiny point contacts between normal metals is described. By measuring the

voltage derivative of the resistance of such contacts at 1.2 K, structure is found which is consistent with bulk-

phonon densities of states. Similar results were reported recently by Yansun using a shorted-film technique.
%'hen interpreted, the observed structures yield electron-phonon coupling parameters in close agreement with

literature values.

The measurement of the electron-phonon inter-
action has attracted considerable interest. ' ' Re-
cently Chaikin and Hansma have estimated the
electron-phonon coupling parameter ~ in Al and Cu
using proximity-effect tunneling, ' and Hoyt and
Mota have estimated X's for Cu, Ag, and Au using
concentration-squared extrapolations based on the
McMillian equation and the superconducting criti-
cal temperature of n-phase noble-metal-rich al-
loys. ' In this paper we report measurements of
the voltage derivative of the resistance of junctions
formed by tiny contacts between two noble metals,
which show deviations from Ohm's law. ' Structures
are seen which coincide well with bulk phonon
spectra, and when interpreted yield A. 's close to
those expected' ' for noble metals. Some of our
results have been presented qualitatively at the
Rochester meeting. '

We were stimulated to try our experiments by
the work of Yanson. " He used shorted junctions
formed from normal metallic films separated by
an insulator. The measured junctions were in the
normal state, either because of the Dewar temper-
ature or because of the application of an external
magnetic field. His Cu results are in excellent
agreement with those presented here. It occurred
to us that if we could form tiny metallic bridges
from sharp points, the resulting junctions would,
in the normal state, be Sharvin junctions, ' and
perhaps be simpler to form and control than those
formed from shorted films. The major potential
disadvantages of such junctions, compared with
those formed from films involved questions of
mechanical stability.

We formed a sharp tip (-—, pm) on a thin wire
("spear") through an electrolytic etching technique.
This was mounted rigidly on a subassembly with a
larger wire ("anvil"}, cooled to 1.2 K and carefully
pressed into the anvil. The separation was first
crudely adjusted using mechanical differential
screws and then finely adjusted, using a piezoelec-
tric substage. We estimate that the anvil-spear
separation could be controlled this way to better

than 10 ' cm. An individual point contact was made
and broken many times until a stable and repro-
ducible value of resistance was achieved. Us-
ing the piezoelectric lever arrangement, the
resistance of noble-metal point contacts ranged from
2.5 to 600. Once formed, the point contacts had stable
resistances for 3-4 h. The first and second derivative
(sV/SI and O'V/aI') were recorded using conventional
ac modulation, phase-sensitive detection, and
lock-in techniques, similar to those used in supercon-
ducting tunneling- spectroscopy. The modulation vol-
tage was small, typically 300 p, V. The resistance
R(V) = 8V//SI was smooth as a function of voltage, but
not constant. For applied voltages greater than
about 30 mV, the resistance of all such junctions
increased linearly with voltage; below 30 mV, the
behavior was roughly parabolic. Thus the resist-
ance of the junctions was distinctly non-Ohmic in
both regimes, but metallic in the sense that it was
a monotonically increasing function of voltage.
For a clear discussion on this point we refer to
Rowell et gI, .

The voltage dependence of various (aR/aV}
[=(s'V/sl')/(aV/-8I)] fell into three distinct types:
Those presented here in Fig. 1 ("normal" ); those
which had a large second derivative peak at less
than 5-mV bias ("anomalous" ); those which showed
structure similar to that in Fig. 1, but with a ra-
pid oscillatory modulation of order 1 mV ("multi-
ple-junction" ). Similar effects were seen by Yan-
son and Shalov' in their film experiments. In our
experiments the three types divided roughly as
70%%up, 25%%up, and 5%%up of the formed junctions, re-
spectively. In Figs. 1(a)-1(c) typical results are
given for sR/sV of Cu, Ag, and Au as a function
of voltage for "normal" junctions. In all cases
R(V) was nearly a symmetric function of V and
sR/sV an antisymmetric function of V. Two pieces
of structure are seen at voltages less than 30 mV;
above this value sR/sV is constant. In the same
figure literature values are given for the phonon
density of states F(&g) for Cu, '0 Ag, "and Au, "ob-
tained from neutron scattering experiments. The
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coincidence of the low voltage peak of our results
with the transverse phonon peak is excellent. The

higher peak coincides well with the longitudinal

peak, with a small disagreement in the case of Ag.
We believe, therefore, that bulk phonons play a
signif icant role.

The resistivity ratio (RR) of our samples given

in Table I i.s low and the resistance at zero volt-
age Q, is high compared with previous experi-
ments on metallic contacts. ' Estimating the con-
tact radius a„ from a„=p/20, (p is the resistivity
of the metal; Maxwell" derived this formula using
Ohm's law) and the data of Table I we find values
smaller than 0.2 A. These are far smaller than

our estimates of the residual impurity scattering
length l ~. Thus the flow of electrons through the

contact orifice would have additional impedance
due to the Knudsen" effect. Wexler" had given a
detailed treatment of the resistance in the case
where the orifice size a is small compared with

the scattering length E. He gives

R;„, = I'(K)/2oa+4K/3ia,
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where I' is a slowly varying function of the Knudsen

number K= I/a which takes the value 1 at zero and

~», v' at high K and o = 1/p the conductivity of the

bulk material. The first term in this formula is
dominant for small K and similar to the resistive
formula of Maxwell. " The second term dominates
for high K and is similar to the formula of Sharvin. '
The regime of high K is of interest here and the
radii given in Table I are found from a'= 4pl/3vII, .
These radii are much larger than our Maxwellian
estimates, but the condition K»1 is still fulfilled.
We assume that only the scattering length l de-
pends on the voltage V (or energy eV). Thus since
pl is independent of l and l a slowly varying func-
tion of K, the derivative sR/sV is given by

J5
0

010 e~ rpt e
eV 2a BV l(eV}

(2)

and the total scattering length by 1/I = 1/l ~+ I/I, ~,
where

'IO

Voltage (mV)

1 1

I., v, ~(e V)

FIG. 1. Measured voltage derivative of the resistance
of point contacts as a function of applied voltage of (a)
Cu-Cu, (b) Ag-Ag, (c) Au-Au, and (d) Cu-Au, plotted as
the solid lines {left-hand scale). The right-hand scale
is derived through Eqs. (2) and {3). In (a), {b), and {c)
the background functions are shown as short-dashed
curves, and phonon density of states from Ref. 12 as
long-dashed curves. The dotted line in (b) shows the
small measured anomaly at zero bias. In (d) is plotted
as long-dashed curves the difference between the mea-
sured solid curve and the background function for Au and
Cu, respectively.

2'
d(u a'F((g) [2ND(up) + 1 f (e V —(u)—

v~5

+f,(ev + (u)] (3)

is the energy-dependent phonon-emission length at
energy eV, and n'F the frequency-dependent elec-
tron-phonon coupling constant. Thus at low tern-
peratures we obtain directly a'F, given as the
right-hand scales of Fig. 1. In the theories of
electron-phonon coupling reviewed by Zavaritskii
and Grimvall, ' I/I. , becomes constant at high en-
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TABLE I. Experimental parameters for the four point contacts plotted in Fig. 1. Qo is the junction resistance at
zero voltage; l&~ the 1.2-K resistive scattering length; l~~ the 30-meV electron-phonon emission length; a the orifice
radius, and E the Knudsen ratio l//a. A, & is twice the integral of the derived n I'/~.

RR
Qo

(Q)
pl

(10" Qcm2)
l~

(10 cm) (10 cm)
a

(10 cm)

Cu-Cu
Ag-Ag
Au-Au
Cu-Au

71
43
23
35

5.7
16.3
32.0
2.5

0.71
0.91
1.04
0.88

0.89
1.01
1.16

3.25
3.26
1.25
2.51

72.7
54.9
37 ~ 1

122.2

96 0.14 + 0.03 0.16 0.14
140 0 ~ 10 + 0.04 0.16 0.15
162 0.14 + 0.05 0.21 0.16

B(V) = C tanh'(1. 5 eV/keD), (4)

where C is a constant fitted at 30 mV. To compare
with other experiments, we integrate to find the
A~'s; Q is taken from Grimvall' and A.„from Hoyt
and Mota, ' given in Table I. On the basis of the
close coincidence of the structure of Fig. 1 with
phonon structures, and the agreement with litera-
ture values of X, we conclude that the voltage de-
rivative of the resistance of small point contacts
provides a simple and convenient method to mea-
sure a'F(&g) in normal metals. The same conclu-
sion was reached by Yanson in his experiments
using evaporated films.

We will briefly give some other experimental re-
sults and conclusions:
(i) Figure 1(d) tests the possibility of dissimilar
junctions —here with a "spear" of Cu and "anvil"
of Au. The results suggest that the effect is addi-
tive —as was given by Wexler, "Eq. (69).
(ii) Using anvils of single crystals, preliminary
experiments seem to show that the results donot
depend on the exposed crystalline face. The form
of the variational function of Wexler suggests that
the half width at half maximum of the electrons
which pass the orifice is 45 . This is 82%%up of 54.7',
the angle between [100]and [111].
(iii) Plotting all our experimental data, the ampli-

ergy, i.e. , (S/aeVX1/l. ,)-0. We see that our re-
sults contain a phonon-emission effect, and another
smooth ("background") effect. We have approxi-
mated the second effect through the dashed func-
tions presented in Fig. 1, given by

tude of the first peak scales as 0, to the 0.36
+ 0.13 power; this is consistent with the analysis
above (0.5 power). The size of the residuals sug-
gest that the internal consistency of the data is of
the order of 2(gp.
(iv) Yanson has defined y, the ratio of the "back-
ground" to the first peak height. '

y shows a de-
pendence as Ao to the power -0.54 for Yanson's
Cu data and -0.53 for ours. Thus B does not de-
pend on Qo.
(v) B depends on the residual resistance ratios RR
of the anvils as the power -0.52.
(vi) The ratio of the o.'F's of Fig. 1 to the related
F(+)'s shows that o.' is strongly &u or energy de-
pendent: Transverse phonons couple to the elec-
tron gas about four times more effectively than
longitudinal phonons in noble metals. This is con-
sistent with the results and conclusions of a theory
of Das, who first suggested" in a quantitative way,
that d electrons were important and strongly
umklapp coupled to transverse phonons in noble
metals. It is likely that the same is true in transi-
tion metals —or "transition-metal compounds. "
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