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Photon-assisted tunneling in normal-metal point contacts
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It is shown experimentally that the response of normal-metal point contacts at low temperatures to radia-
tion starts to deviate from classical detection when the frequency approaches the Debye frequency. The
high-frequency response can be described with the photon-assisted tunneling (PAT) theory. This implies
the first observation of the PAT effect in a nonlinear element where no superconductor is involved.

Understanding the interaction of radiation with nonlinear
electrical devices such as tunneling junctions and point con-
tacts is of great fundamental importance. This is, more-
over, of interest because these nonlinear devices are com-
monly used in high-frequency applications. In the simplest
approach, the high-frequency response is straightforwardly
described in terms of rectification. It is well known that the
superconducting devices require a more fundamental treat-
ment: either their response is governed by the Josephson
effect' or by the photon-assisted tunneling (PAT) effect. 2

Although it was recognized on theoretical grounds that the
PAT effect should hold for a general class of tunneling de-
vices, up to now it was intimately connected to supercon-
ducting tunneling junctions.

In the present work, it is shown experimentally that the
PAT effect applies to the high-frequency response of the
normal-metal point contact at low temperatures. This ob-
servation in a device where no superconductor is involved is
the first experimental indication for the general applicability
of the effect. In addition, the thorough microscopic under-
standing of the normal-metal point contact allows an easy
physical interpretation for the occurrence of the effect. Re-
versely, the high-frequency response can be viewed as a
new and independent probe of the processes taking place in
the point-contact problem, fully supporting the existing pic-
ture. 4 Moreover, a rigorous derivation of the PAT effect in
case of a normal-metal point contact has recently become
available. 5

The current-voltage characteristic of a point contact with
contact diameter a small compared to the electron mean
free path I (inelastic scattering) is nonlinear. Under the
condition I & a the electrons are accelerated to an energy e V
after traversing the contact when a voltage is applied (e is
the electron charge). The energy dependence of l, caused
by the energy dependence of electron-phonon scattering, is
reflected in the resistance of the contact. A crucial parame-
ter in the point-contact problem, therefore, is the mean free
path, or equivalently, the scattering time 7(t =vpr, UF Fer-
mi velocity). The scattering time is expected to govern the
high-frequency response of the point contact. The high-
frequency response of the point contact was previously in-
vestigated in the classical regime cur ( 1 (co is the frequen-
cy).6 The results could be interpreted in terms of a simple
rectification model. For the present work, the measure-
ments are extended to a higher-frequency range, where the
classical model turns out to be invalid.

The experimental technique is the same as that used be-
fore. An adjustable copper-copper point contact is located

at the end of a lightpipe in a liquid-helium Dewar. The
lightpipe is irradiated by a far-infrared laser. The thin wire
which forms one part of the contact functions as an antenna
and generates alternating current across the contact at the
laser frequency. Because of the nonlinear characteristics,
the ac currents generate a dc voltage, which is recorded as a
function of applied bias voltage. Phase sensitive detection is
used by chopping the laser beam at 560 Hz.

The typical experimental results are displayed in Fig. 1.
The upper curve in Fig. 1(a) is the second derivative
(d2V/dI ) of the contact, obtained by current modulation
techniques. It represents a typical point contact spectrum, 4

the main peak corresponding to the Debye frequency coD.
The lower curve in Fig. 1(a) shows the laser-induced vol-
tage Vd, as a function of bias voltage for a laser frequency
of 525 GHz. Vd, is accurately proportional to d2V/d12.
This can easily be explained if the contact is considered as a
classical rectifier in the small signal limit, assuming the
current is modulated as I =Ip+ipcos(ppt). I is the total
current through the contact, Io the dc bias current, i 0 the
amplitude of the laser-induced current, and cu the angular
laser frequency.

The upper curve in Fig. 1(b) again shows the second
derivative of another point contact. The lower curve
displays the laser response of the same contact, but now for
a laser frequency of 2523 GHz. In contrast to the previous
case, now Vp, is no longer proportional to d V/dI; instead
a considerable broadening occurs. Note also that the struc-
ture near zero bias voltage has disappeared. The data were
taken at sufficiently low power levels, so that broadening
due to overmodulation can be ruled out. A dc d'V/dl'
characteristic as shown in Fig. 1, was recorded immediately
before and after the laser data were taken to enable a com-
parison of dc and high-frequency data, all taken on the
same contact. A broadening of the laser-induced signal was
consistently observed at the higher frequency only. This
ensures that the broadening is not of accidental origin.
Moreover, the broadening is well outside the range of typi-
cal variations from contact to contact. The dashed line in
Fig. 1 is a fit, which makes use of the PAT expression:

I","(vo) = x j„( )I(v +n(ttGJ/e))

Ip,'P ( Vp) is the dc current at dc bias voltage Vp when radia-
tion is applied. I(V) is the current-voltage characteristic
without radiation. It is assumed that the contact is voltage
driven and the voltage varies as V = Vp+ V~ cos(cot ). J„are
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FIG, 1. (a) d V/dI (V) and laser-induced signal (V«) as a func-
tion of bias voltage for a Cu-Cu contact. The laser frequency is 525
GHz and is relatively low (fee/e —2 mV). (b) As above, but for a
different actu, al contact. The laser frequency is 2523 GHz and the
value st/e ( —10.5 mV) is now comparable to the width of the
d V/dI signai. The dashed curve is a calculated result in the low
power limit and has used the measured d2 V/dI2 characteristic
without radiation.

the ordinary Bessel functions of order n and n —= eVt/tee (tcu
photon energy). For the fit in Fig. 1, the measured I(V)
curve was used (by numerically integrating the derivatives).
Equation (1) was used in the limit of small n so that the
shape of the curve does not depend on power level. The
amplitude of the calculated curve was adjusted to coincide
with the measured curve. In this way, an excellent fit to the
data is obtained. The characteristic periodic pattern expect-
ed according to (1) is not observed since this would require
higher frequencies and power levels. In the present experi-
mental setup, coupling efficiency rapidly deteriorates for
higher frequencies, while the power required increases with
frequency (to keep o. constant). At low power levels, ex-

pression (1) implies that the original structure is smeared
out over a voltage range equal to tee/e.

The standard treatment of the point-contact problem is in
terms of Boltzmann transport equations. This theory is
only applicable for the quasistatic case cov & 1. Using a
Green's function technique, Omel'yanchuk and Tuluzov'
derived the same expression for the point-contact nonlinear-
ities as obtained with the Boltzmann theory under quasistat-
ic conditions co7 ( 1. Moreover, for arbitrary frequency
they arrived at the result (1).

Equation (1) reduces to the classical high-frequency case,
when the I( V) curve changes slowly on a voltage scale large
compared to fee/e (Ref. 7) (2 mV at 525 GHz, 10 mV at
2523 GHz). For the present point contact, the typical vol-
tage scale is given by the peak width in Fig. 1 which is of
the order of tcuD/e ( —17 mV see Fig. 1) (cuD. Debye fre-
quency). Therefore, the phenomenological condition to ob-
serve high-frequency effects, based upon Eq. (1), is
equivalent to cu & coD or cur & 1 (r is in the order of cuD

'

for electrons of energy —tcuD interacting with phonons).
Equation (1) has been independently derived for several

specific cases. It was originally developed for superconduct-
ing tunneling junctions. It has, furthermore, been found to
apply for general single-particle tunneling junctions, a
specific type of normal-metal tunneling junction, normal-
metal —superconductor point contacts, and recently for the
normal-metal point contact. 5 Experimentally, it has up to
now been extensively observed in superconducting tunnel-
ing devices (e.g. , Ref. 10) and in normal-metal—
superconductor point contacts. " This work reports the first
observation in a normal-metal device. The common feature
in all these devices is that there is an abrupt change in Fer-
mi level of eV between both electrodes. It is interesting to
note that in some practical, normal-metal point-contact de-
vices, the conditions for PAT seemed in fact to be ful-
filled. ' There is also a striking correspondence between
an internal photoemission process known as photoinduced
tunnel currents (PITC)'3 and the PAT effect. Sometimes
the PITC effect is also referred to as photon-assisted tunnel-
ing. '

The condition for observation of the PAT effect is usually
formulated as hm ) eh V, where 5 V is a characteristic vol-
tage range over which the resistance of the contact changes.
If this 6 V can be associated with some microscopic lifetime
in the problem via t/r = eh V, then the condition becomes
equivalent with cov ) 1.
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