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Chapter 4 
 

HIGH FREQUENCY RESPONSE OF 
NANOCONTACTS WITH SHORT 
ELECTRON MEAN FREE PATH 

4.1 Abstract 

The thermal regime, realised in contacts with small electron 
mean free path, is the most simple to interpret. The experiments 
on the frequency dispersion in NCs in the thermal regime were 
performed for Cu and Sb contacts.  

In the thermal regime, when the elastic and inelastic mean free 
paths of the electrons are much smaller than the diameter of the 
NC, the IVC is defined by the temperature dependence of the 
resistivity of the metal.  

For thermal NC exposed to external electromagnetic radiation, 
the frequency of thermal relaxation of the NC defines the nature 
of the response signal. Experiments were performed in two 
ranges, for frequencies of the incident irradiation, Ω, smaller 
than the thermal relaxation frequency of the NC, νT, and for 
Ω>νT. The obtained results are discussed in the light of 
theoretical models. Our calculated results agree well with the 
experimental data. The experimental results permitted to 
calculate the thermal relaxation frequency for a Sb NC. 

A theoretical calculation of νT for a Cu NC was also performed. 
The experimentally obtained response signal to microwave 
radiation was in good correspondence with theory. 
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Special attention was dedicated to the response of Cu NCs in 
the thermal regime when exposed to light in the IR and visible 
range. The contribution of NC’s surrounding zone to the 
bolometric response in optical frequency range was taken into 
account to obtain an agreement between calculations and 
experimental data. 

4.2 Thermal Relaxation Kinetics for Sb 
Nanocontacts 

A relatively simple case of NC behaviour in alternating 
electromagnetic fields is the thermal regime of electron transport 
through the contact. In this regime, the IVC are defined by the 
temperature dependence of the resistivity of the metal. In 
stationary conditions, the temperature of the constriction zone is 
directly related to the applied bias voltage, according to (2.14). 

When the applied voltage changes with a frequency close to the 
thermal relaxation frequency of the NC, a corresponding 
variation of the IVC can be expected. From measurements in the 
range ΩτТ~1, it is possible to define the characteristic frequency 
of the thermal relaxation of the contact fT~1/τT. 

As shown in Fig. 4.1, low frequency measurements of the PC 
spectra of Sb in the wide energy range [1] show that at bias 
eV0≈175 mV, a peak occurs, which is much higher than the low 
energy spectral singularities. All of the curves in Fig. 4.1 are nor-
malised to the low-energy singularities of the spectrum. Icreasing 
the bias voltage, as a rule leads to NC instability and finally to a 
jump-like decrease in the resistance. Figure 4.1 shows that the 
higher the frequency, the lower is the amplitude of the mentioned 
maximum; in the 0,8–80 GHz range a plateau is reached. 

The contact instability and the clear non-linearity of the IVC at 
high voltages point to a thermal effect, caused by the bias current 
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in the contact, as origin of the above-mentioned peak. The simple 
relation between the applied bias voltage and the temperature of  

 

 
 

Fig. 4.1 The point-contact spectra of a Sb nanocontact over a 
wide energy range, measured at acoustic frequency at ~1 kHz (1) 
and at 0,033 GHz (2); 0,08 GHz (3); 0,155 GHz (4); 0,170 GHz 
(5) and at 80 GHz (6). The dashed line (7) presents the I-V 
characteristics of the nanocontact. 
 
the contact in the thermal regime explains the dramatic change of 
the contact: indeed, the peak occurs when Sb becomes soft (≈406 
K), at about 0,45 of the melting temperature. The corresponding 
bias voltage, VS, taken from (2.14) is ≈131 mV. The difference 
with the experimental value (≈175 mV) can be due to the fact 
that at low energies the contact is still in the spectral regime 
(with characteristic singularities as presented in Fig. 4.1 at low 
energies) and gradually moves into the thermal regime with 
increasing bias. This kind of NC transformation could shift the 
observed VS value upward. However, the high VS value can also 
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be attributed to the temperature dependence of the Lorenz 
number. 

 
 

Fig. 4.2 Frequency dispersion of the thermal peak’s amplitude 
from the Sb point-contact spectra. The calculated for the 
different fT (thermal relaxation frequency) values curves 
approximate the experimental points: curve 1 for the fT=0,3 GHz, 
curve 2 for the fT=0,17 GHz and curve 3 for the fT=0,08 GHz. 

 
The higher the radiation frequency with respect to the 

nanocontact thermal relaxation frequency fT, the smaller the 
temperature increase of the NC. The stationary temperature of 
the contact will increase and the measured HF response will 
become proportional to the first derivative [2]. This transition 
from one detection regime to another one was observed at f ≈0,17 
GHz (Fig. 4.1). The points in Fig. 4.2 represent the experimental 
response values at eV≈175 meV, with detraction of the response 
level for f=80 GHz. The curves were calculated as the bolometric 
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NC response for the different constants τT~1/fT, in accordance 
with   
 

1/22( ) 1 (2 )Tf fδ π τ
−

⎡ ⎤= +⎣ ⎦ .  (4.1) 
 

As it can be seen from the Fig. 4.2, the best agreement with the 
experiment data is for fT=0,17 GHz. 

Using the Wexler formula (2.3) and taking the zero-bias 
resistance of this Sb NC (R0=1,5 Ohm), a contact diameter d≈160 
nm can be calculated. The thermal relaxation frequency, fT, for 
the given NC can be estimated as   fT≈sli /d2. Taking a reasonable 
value for the electron mean free path [3] for the NC in the 
thermal regime, namely li≈5 nm, the temperature relaxation 
frequency is found to be fT =0,22 GHz.  

By further considering the contact as a ball with diameter d and 
using the formula fT≈λ/cρd

2, with thermal conductivity λ=0,17  J/ 
(сm.s.K), specific heat c=0,05 Cal/(g.K) and Sb density  ρ=6,62 
g/сm3, we obtain fT=0,12 GHz. This value is also quite close to 
the experimental one. With these different estimates that give 
quite close results, we can attribute the background peak at the 
Sb PC spectra to Joule heating of the contact by the transport 
current. 

4.3 Theoretical Analysis of Relaxation Kinetics in 
the Thermal Regime 

Experimentally, the spectra of NCs exposed to radiation in a 
wide frequency range are obtained by means of a small 
amplitude alternating voltage (V(t)=V0+V1cos(Ωt), V1<<V0) 
applied to the contact. When using the current source (instead of 
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voltage source), the derivatives of IVs are dertermined by means 
of the small alternating current. 

The theoretical analysis of the response of the NCs in the 
thermal regime [2] shows that the characteristic parameter is the 
frequency of the NC temperature relaxation νТ~sli/d2 (s – speed 
of sound). With increasing modulation frequency, a transition 
occurs from synchronous detection (rectifying) of the external 
signal at Ω<νT to bolometric detection when Ω>νT. In the first 
case, the temperature of the contact changes with applied voltage, 
while in the second case, the alternating external signal is 
converted into stationary heating of the contact. In this regime, 
the response becomes a rather smooth function of the bias 
voltage, V0. The formulae for the NC response to HF radiation 
are [4]: 

a) at low frequencies (Ω<νT) 
 

  
2

01
0

04
( ) ( )tr

eVV dI V C g S ωδ ω
ω ω

∞ ⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
∫ ,  

  
/22

2
2

0

2
3 3

( )
sin

dS x sh dy
dx x y

ππ π− ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∫ ,  (4.2) 

 
where 3 / iC m ne Rπ ρ= ⋅ ħ . In this case the response signal is 
proportional to the 2nd derivative of the IVC, as we noted before 
(3.4). 
 

 b) at high frequencies (Ω>νT) 
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/2

2
1

0

2
3 3 sin

d dyS sh
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ππ π− ⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∫ . (4.3) 

 
In this case radiation from the external source induces a HF 

current in the contact which heats up the NC while the bulk 
electrodes remain cool. Theoretical analysis shows [5] that in this 
situation the response of the contact will be similar to the 1st 
derivative of the IVC.  

The situation changes when irradiating in the optical range, 
since in these conditions the heating also impacts the bulk 
electrodes (zone covered by the spot of the focused laser beam).  
At large generated voltages V0

2/4L>>T0
2 and consequently at 

high temperatures of the NC, when the function ρph(T) is linear 
(ρph(T)=αT), we obtain 

 

( )2 2
1 0( )

i

L T T
I V

R

α
δ

ρ
−

= − .   (4.4) 

 
So, the response signal δI in the case of irradiation in the 

optical range is no longer dependent on the bias voltage, V0. 
These theoretical considerations will be proven experimentally 
(see below). 

4.4 Experimental Results for Cu Nanocontacts 

The solid line in Fig. 4.3 shows the Cu-Cu NC response under 
irradiation with a frequency Ω/2π=79 GHz. Using the value 
ρi=9.10-6 Ohm.cm, the resistance of the contact R=3,33 Ohm and 
(ρli=5.3.10-12 Ohm.cm2), we obtain for the elastic mean free path 
for this NC li~6 nm, and a diameter of d~27 nm.  
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With these data the frequency of thermal relaxation is derived 
for this NC fT ~13 GHz (considering the speed of sound s=4,7.105 
cm/s for Cu). This value is much lower than the frequency of the  

 
Fig. 4.3 The response of the Cu nanocontact to irradiation at the 
frequency Ω/2π=7,9.1010 GHz: 1 – calculation with gtr(ω), 2 – 
calculation with gpc(ω), continuous line – the experimental data. 
 
impinging radiation. So, for the calculation of the response for 
this NC the formula (4.3) can be used. To make the calculations 
correspond to the experimental data, a V1 value of 4,7 mV was 
chosen for the calculations with gtr(ω)and V1 value of 3.2 mV for 
the calculations with gpc(ω). 

The solid line in Fig. 4.4 presents the experimental results 
obtained for the Cu-Cu NC irradiated with the He-Ne laser. The 
laser beam was focused through the glass substrate on the back 
side of the Cu film.  The inset in Fig. 4.4 shows the PC spectrum 
of this contact.  The film thickness was ~1 μm. Identical 
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dependences were obtained with direct irradiation of the NC 
(front side). This experimental fact confirms the thermal nature 
of the response. As one can see, the signal Vd monotonously  

 
Fig. 4.4 The response of the Cu nanocontact to irradiation with 

visible light: the solid line represents the experimental data 
(point-contact spectrum); 1 – response calculated with formula 
(4.4); 2 – response calculated with formula (4.5). Insert: low 
frequency (~1 kHz) spectrum of the contact. 

 
increases with the bias voltage (the measurements were 
performed up to ~170 mV) in contrast with the theoretically 
predicted saturation. 

Line 1 in Fig. 4.4 shows the result of microscopic calculations 
for the Vd caused by the incident radiation over-heating of the 
NC (we chose ΔT=T1-T0=5 K) and by the bias current. The 
theoretically predicted saturation (line 1) is easy to understand, if 
one considers the NC as a bolometric element whose temperature 
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depends not only on the environment and the incident radiation, 
but also on the transport current: 
 

 ( ) ( ) ( , )S
d

dRV V I V V T T
dT

= Δ .   (4.5) 

 
With increasing bias voltage, the NC temperature increases as 

well in agreement with (2.14), but the magnitude of the ΔT under 
irradiation becomes smaller. This decrease of ΔT compensates 
the signal increase due to increase of the transport current and 
brings the response signal to a constant value. However, this is 
not what is observed experimentally (solid line in Fig. 4.4). 

Let us try to explain the experimental results by assuming that 
the temperature increase ΔT, due to irradiation with a laser beam, 
is independent of the bias voltage value. Then, 

 

1/22( ) 1 ( )s
d

d

RV V L V T
R

⎡ ⎤
= − Δ⎢ ⎥

⎣ ⎦
.  (4.6) 

 
The response values for ΔT=0,16 K calculated in this way are 

shown in Fig 4.4 (line 2). Our assumption can be motivated by 
the special contribution of the NC’s lateral surfaces to the 
response signal. These surfaces are heated less by the current 
because of phonon heat transfer to the environment. Their 
temperature is not determined by (2.14). On the other hand, the 
radiation-induced heating of these surfaces is maximal. Certainly, 
in real conditions the response is due to superposition of (4.5) 
and (4.6) contributions. Thus, while under HF radiation the 
induced current heating of the NC itself dominates, for exposure 
to radiation in the optical range, the direct beam heating of the 
lateral surfaces gives the main contribution to the response 
signal. Experiments with sub-millimetre and CO2 lasers 
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ascertained that the bias dependence of the response starts to 
change at a frequency of 2,83.1013 Hz.  

The nature of the response of a Cu NC in the ballistic regime 
(Chapter 5) also changes for frequencies higher than 2,83.1013 
Hz, where radiation heating of the surrounding zone of the 
NC,becomes important and not only that of the NC itself. 

4.5 Conclusions 

With increasing radiation frequency in the HF range, a 
transition from synchronous detection (rectifying) of the external 
signal at Ω<νT to bolometric detection at Ω>νT occurs (νT is 
frequency of thermal relaxation of the NC). According to 
theoretical models, in the first case (Ω<νT) the temperature of the 
contact changes with applied alternating voltage and a simple 
relation determines the bias voltage dependence of the contact 
temperature in the thermal regime. In the second case (Ω>νT), the 
influence of the alternating external signal is converted to 
stationary heating of the contact (bolometric effect). In this 
regime, the response becomes a smooth function of the bias 
voltage, proportional to the first derivative of IVC and not to 
d2I/dV2. The higher the irradiation frequency in comparison to the 
contact relaxation frequency, fT, less the NC temperature follows 
the alternating bias.  

For Sb and Cu NCs the experiments prove that for Ω/2π>fT the 
response signal dependence of the bias corresponds to the 1st, and 
not to the 2nd derivative of the IVC of the NC. 

From the frequency dispersion of response signal a 
characteristic frequency, fT, of ≈2.108 Hz was determined for the 
thermal relaxation of a given NC of Sb. The thermal relaxation 
frequency of a Sb NC was also estimated theoretically (based on 
the determined NC parameters) in two different ways and the 
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results (0,22 GHz and 0,12 GHz) were in good agreement with 
experiment.  

The experimental response of Cu NCs in the thermal regime to 
irradiation with light in the visible range differs from calculations 
according to the bolometric response model. To reach agreement, 
one has to assume that the direct beam heating of the lateral 
surfaces (and not only of NC zone) becomes the main 
contribution to the response signal in the optical range. 
Significant NC lateral surface heating was experimentally 
observed for frequencies above f ≈2,8.1013 Hz. 
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