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Electrical phenomena in granular materials related to an electrical conduction transition (known as the Branly
effect) have been interpreted in many different ways but without a clear demonstration. We report the obser-
vation of electrical transport through a chain of oxidized metallic beads. A transition from an insulating to a
conducting state is observed as the applied current is increased. We show that this transition comes from an
electro-thermal coupling in the vicinity of the microcontacts between beads where microwelding occurs. An
implicit determination of the microcontact temperature isobtained. In a metallic powder, temporal fluctuations
of resistance are additionally observed, and are studied with the tools used in hydrodynamic turbulence. We
show that this electric noise displays scale invariance (over 4 decades in time) and intermittency, which trace
back to thermal expansion locally creating or destroying electrical contacts. As in the case of hydrodynamic
turbulence, the noise properties are well described by a multiplicative cascade model.

1 INTRODUCTION

The coherer or Branly effect is an electrical con-
duction transition that appears in a slightly oxidized
metallic powder under a constraint (Branly 1890).
The initial high powder resistance falls irreversibly
by several orders of magnitude as soon as an elec-
tromagnetic wave is produced in its vicinity. Such
a wave detector was used in the first wireless radio
transmissions at the end of the 19th century. How-
ever, this phenomenon still is not well understood.
Several possible processes at the contact scale have
been invoked without a clear verification: electrical
breakdown of the oxide layers on grains (Kamari-
nos et al. 1975), the modified tunnel effect through
the metal-oxide/semiconductor-metal junction (Holm
2000), the attraction of grains by molecular or elec-
trostatic forces (Gabillard & Raczy 1961), and lo-
cal welding of microcontacts by a Joule heating ef-
fect (Vandembroucq et al. 1997; Dorbolo et al. 2003;
Holm 2000). A global process of percolation within
the grain assembly also has been invoked (Kamarinos
et al. 1975; Gabillard & Raczy 1961; Vandembroucq
et al. 1997).

This effect was discovered in 1890 by E. Branly
and is related to other phenomena. For instance, when
a dc electrical source is directly connected to the
granular sample and exceeds a threshold voltage, a
conduction transition (the dc Branly effect) is ob-
served (Branly 1902; Guthe & Trowbridge 1900) ;
temporal fluctuations and slow relaxations of resis-

tance also occur under certain conditions (Kamarinos
et al. 1975; Falcon et al. 2004).

Our goal in this paper is to understand the dc Branly
effect by means of an experiment with a chain of
metallic beads (Falcon et al. 2004; Falcon & Castaing
2005). Our focus is on the local properties (the con-
tacts between grains). The second goal is to charac-
terize and to explain the origin of the temporal fluctu-
ations of resistance in a metallic powder submitted to
a dc voltage in a 3D container (Falcon et al. 2004). In
this second part, our focus is on the collective proper-
ties of the granular matter.

2 DC BRANLY EFFECT

The experimental setup consists of a chain of 50 iden-
tical stainless steel beads, each 8 mm in diameter,
and0.1µm in roughness. The beads are surrounded
by an insulating medium of polyvinylchloride (PVC).
A static forceF ≤ 500 N is applied to the chain of
beads. During a typical experiment, we supply a cur-
rent (10−6 A ≤ I ≤ 1 A) and simultaneously measure
the voltageU , and thus the resistanceR = U/I. Sim-
ilar results have been found by repeating the exper-
iment with an applied voltage and measuringI and
thusR. The number of beadsN between the two elec-
trodes is varied from 1 to 41 by moving the electrode
beads within the chain. The lowest resistance of the
entire chain (a few ohms) is always found to be much
higher than that of the electrode and the stainless steel
bulk material. Because no particular precautions were
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Figure 1.U -I characteristics of a chain ofN = 13 beads for
various forcesF = 56 N (◦), 100 N (⋆), 220 N (♦), and for
various current cyclesI = 0→ 1A → 0 (◦, ⋆), andI = 0 → 0.5A
→ 0 (♦). TheU -I characteristics are nonlinear, hysteretic, and
saturate to a low voltage per contactU0/(N + 1) ≃ 0.4 V. Inset:
reversible return trajectories rescaled byR0b.

taken for the beads, an insulating film (oxide or con-
taminant), a few nanometers thick, is likely present at
the bead-bead contact.

When the applied current to the chain is increased,
we observe a transition from an insulating to a con-
ductive state as shown in Fig. 1. At low applied cur-
rent and fixed force, the voltage-currentU-I charac-
teristic is reversible and ohmic with a high, constant
resistance,R0. This resistance (R0 ≃ 103–106 Ω) at
low current depends in a complex way on the ap-
plied force and on the contaminant film properties (re-
sistivity and thickness) at the contact location. The
value of R0 is determined by the slope of theU-I
plot at low current. AsI is increased further, the resis-
tance strongly decreases, corresponding to a biasU0

independent ofI. As soon as this saturation voltage
U0 is reached, theU-I characteristic is irreversible
if the current is decreased. The resistance reached at
low decreasing current,R0b (the order of 1–10Ω), de-
pends on the previously applied maximum current,
Imax. Note that the nonlinear return trajectory is re-
versible upon again increasingI, and also is symmet-
rical whenI is reversed (Falcon et al. 2004). For dif-
ferent forcesF and values ofImax, we show that the
return trajectories depend only onImax and follow the
same return trajectory whenU is plotted versusIR0b

(see the inset in Fig. 1). The values ofR0b are deter-
mined by the slopes of theU-I return trajectories at
low and decreasing current (see Fig. 1).

The decrease of the resistance by several orders of
magnitude (fromR0 to R0b) is similar to that of the
coherer effect with powders (Branly 1890) and with
a single contact (Branly 1902; Guthe & Trowbridge
1900). Note that after each cycle of the current, the
applied force is reduced to zero, and we roll the beads
along the chain axis to form new contacts for the next
cycle. The saturation voltageU0 is independent ofF ,
but depends on the number of beads,N , between the
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Figure 2. ExperimentalU -I reverse trajectories of Fig. 1 (sym-
bols) and theoretical curves for an alloy with stainless steel prop-
erties [AISI 420 (−) or AISI 304 (· · ·)], and for a pure metal
(−·). Inset: theoretical maximum temperature,Tm, reached for
one contact as a function of the potential difference,U , across
theN = 13 stainless steel beads in the chain.

electrodes. The saturation voltage per contactUc ≡
U0/(N + 1) is found to be constant whenN is varied
from 1 to 41 and is on the order of 0.4 V per contact.
The value of this saturation voltage depends on the
bead material (Falcon et al. 2004).

From this simple experiment, we have shown re-
cently (Falcon et al. 2004; Falcon & Castaing 2005)
that the transition triggered by the saturation volt-
age arises from an electro-thermal coupling in the
vicinity of the microcontacts between each bead. The
current flowing through these spots generates local
heating. This current-induced temperature rise (up
to 1050◦C) results in the microwelding of contacts
(even for a voltage as low as 0.4 V). Since the tem-
perature,T , being limited to the melting or soften-
ing one, further increase of the current just increases
the microcontact areas. This self-regulated mecha-
nism in temperature is also self-regulating in voltage.
Indeed, the thermal conductivity,λ(T ), and the elec-
trical resistivity,ρ(T ), of the bead material are linked
through the Wiedemann-Franz law,λρ = LT , where
L = π2k2/(3e2) = 2.45 × 10−8 V2/K2 is the Lorentz
constant,k is the Boltzmann constant, ande is the
electron charge. If we combine this equation and the
thermal equilibrium one, we can express the universal
relation between the maximum temperature reached,
Tm, at the microcontact, and the applied voltage,U ,
as

T 2

m − T 2

0
=

U2

4L
, (1)

T0 being the room temperature (the bead bulk one).
A voltage near 0.4 V across a contact leads, from
Eq. (1), to a contact temperature near1050◦C (for
a bulk temperature20◦C), exceeding thus the melt-
ing point of most conducting materials. Equation (1)
shows that the maximum temperatureTm reached at
the contact is independent of the materials in contact
because both the electrical resistivity,ρ(T ), and the
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thermal conductivity,λ(T ), are due to the conduction
electrons, which leads to the temperature dependence
given by the Wiedemann-Franz law.

Based on the temperature dependence of the resis-
tivity, an analytical expression for the nonlinearU-
I reverse trajectory is derived (Falcon & Castaing
2005), and is found to be in good agreement with the
data (see Fig. 2). As shown in the inset of Fig. 2, the
theory also allows for the determination of the micro-
contact temperature,Tm, through the return trajectory
with no adjustable parameters. The measurement of
the saturation voltage per contact allows us to obtain
a determination of the melting temperature,Tf , of the
bead material (see inset of Fig. 2). We could attempt
to directly visualize this process with a microscope or
infrared camera. But for this purpose a very powerful
electrical source must be applied, far in excess of that
necessary to produce true coherer phenomena (Van-
dembroucq et al. 1997).

3 NOISE AND INTERMITTENCY

One gram of copper powder (100µm in diameter) is
confined in a Plexiglas cylinder, 10 mm in diameter,
capped with two brass electrodes. The powder height
is 5 mm corresponding to roughly 500,000 particles.
A mechanical pressure up to 200 kg/cm2 is applied on
the powder. We let the system relax for one day before
performing electrical measurements. A dc voltage,U ,
is then applied to the powder, and we simultaneously
measure the currentI across the powder, and thus its
resistanceR = U/I. Two wires can be embedded in-
side the powder to check that the resistance is not con-
trolled by the electrode-powder interface. Before each
experimental run, the container is refilled with a new
sample of powder. This procedure ensures better re-
producibility than simply relaxing the confining pres-
sure and shaking the container.

At fixed force and small applied voltage, the
powder resistance is very large of valueR0 (few
megohms), due to the oxide layer on grains. WhenU
is increased enough, the voltage-currentU-I charac-
teristic becomes nonlinear, and undergoes for a crit-
ical tension,Uc, a transition from an insulating to
a conductive state (few ohms). The main difference
with the 1D experiment in Sect. 1 is that the critical
tension depends on the applied force, such that the
transition threshold always corresponds to the same
Joule dissipated powerPc ≡ U2

c /R0 ≃ 10−4W what-
ever the applied stress (Falcon et al. 2004). This sug-
gests that the transition comes from a thermal insta-
bility. This is consistent with the 1D experiment, but
in a more complex way. Since the contact distribution
in a powder is very inhomogeneous, one would also
expect an inhomogeneous difference potential distri-
bution between each contacts. Thus, the number of
contacts carrying the current (the current path) should
depend on the initial contact configuration, that is on
R0.
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Figure 3. Typical fluctuations of current,I(t), as a function of
time (quasi-stationary current noise). The powder resistance is
of the order ofkΩ and the applied tension is few Volt.
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Figure 4. Power spectral density,S(f), of current fluctuations
sampled at low (▽) and (△) high frequencies. Dashed line cor-
responds toS(f) ∼ f−1.3.

Let us focus on the temporal evolution of the cur-
rent through the powder. According to the value of
the dissipated powerP ≡ U2/R0, two cases occur:
for P > Pc, the current fluctuates rapidly as a noise,
whereas forP < Pc, its evolution is slow as a relax-
ation. Only the first case is discussed below. An exam-
ple of quasi-stationary current noise in the powder is
shown on Fig. 3 with stochastic fluctuations. Both in-
creasing and decreasing events occur for the current.
This is contradictory to what would result from a cas-
cading electrical breakdown for the oxide layers, as
previously proposed (Kamarinos et al. 1975).

The current fluctuations are recorded with a low
and a high sampling frequency (respectivelyfl = 128
Hz andfh = 25.6 kHz) during long times (respec-
tively 65 min and 20 s). Each type of data acquisi-
tion was repeated 20 times to extract averaged quanti-
ties, due to quasi-stationary feature of the signal. The
log-log power spectral density of the current fluctua-
tions is displayed on Fig. 4, and shows a power law
over more than 4 decades in frequency (1 Hz< f <
10 kHz). This scale invariance means that no typi-
cal frequency is relevant to this problem. It is cut at
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low frequency by the typical diffusive time of a ther-
mal perturbation within the typical size sample esti-
mates corresponding to 1 - 10 s. This order of magni-
tude agreement supports the hypothesis of a thermally
driven phenomenon.

The probability density functions (PDF) of current
increments,δIτ (t) = I(t + τ) − I(t), are measured
for various time lagsτ . These PDF are symmetric and
their shapes change with the time scaleτ – this is a
direct signature of intermittency (Falcon et al. 2004).
Moreover, the mean-squared deviation ofln |δIτ | de-
crease logarithmically with the time scale, as well
as its two-time correlation, and the slopes are equals
(Falcon et al. 2004). The agreement between them
and the linearity inln τ strongly supports a multiplica-
tive cascade description (through the time scales) for
the intermittency. Thus, as in the case of hydrody-
namic turbulence, large scale events condition those
at a smaller scale. In turbulence, this is the energy that
cascades from the large scales toward small ones, be-
fore being dissipated. Here, the cascading quantity is
still unknown.

We can now propose a physical picture of what
is taking place. As shown above, the driving param-
eter of the conduction transition is the total dissi-
pated power. This suggests either local heating, able
to change the electrical properties of contacts (sev-
eral hundreds of degrees are needed in this case, as
in the 1D experiment in Sect. 1), or thermal expan-
sion, which locally creates or destroys contacts. The
power involved is of the order of10−4W. When di-
vided by the number of contacts, it becomes so small
that it cannot generate a temperature of several hun-
dreds of degrees. Moreover, the influence of the large
time scales on the small ones, as shown by the ob-
served long–time correlations, cannot be taken into
account by such a local process. Therefore, thermal
expansion seems to be the mechanism driving the in-
termittent noise.

In this spirit, we attempt to show the correspon-
dence between the formal multiplicative cascade and
electrical conduction in our powder. Since the con-
tact distribution in a powder is very inhomogeneous,
one would also expect an inhomogeneous current dis-
tribution. Thus, very small Joule heating should cre-
ate inhomogeneous increasing stresses in the powder.
Very small thermal expansion can result in dramatic
changes in the current paths, thus in the distribution of
this Joule heating, and so on. Such events can occur at
any scale, ranging from the size of the sample and the
grain size. The large scale events should influence the
small ones, as suggested by our study. Note that such
a very small thermal expansion of a single particle has
been shown to produce a change in the force chains,
and thus in the sound propagation within the medium
(Liu 1994).

4 CONCLUSIONS
By means of an experiment with a chain of metallic
beads, we show, for the first time, that the mechanism
of the electrical conduction transition (dc Branly ef-
fect) results from the local heating of the microcon-
tacts between each bead where microwelding occurs
(Falcon et al. 2004; Falcon & Castaing 2005). The in-
crease in temperature reaches1050◦C for an applied
voltage as low as 0.4 V. The electrical conduction
transition is connected to the local properties of the
contact between two grains. It is a first step towards
more realistic granular media such as a 2D network
of ordered beads (including the disorder of the con-
tacts), and a metallic powder sample (including the
disorder of position). When a dc voltage is applied to
a metallic powder, the temporal evolution of the cur-
rent is then very noisy under certain conditions. We
show that this electric noise has interesting properties
of scale invariance (over 4 decades in time) and of
intermittency which come from thermal expansions
locally creating or destroying the electrical contacts
(Falcon et al. 2004). These expansions can occur at
any scale, ranging from the size of the sample to the
grain size. The large scale events condition those at a
smaller scale, as in the case of hydrodynamic turbu-
lence. This phenomenon of self-similarity traces back
to the collective effects of the granular matter.
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