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Giant Hall Effect in Nonmagnetic Granular Metal Films
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Nearly 3 orders of magnitude enhancement in the Hall coefficient is observed in Cux-�SiO 2�12x granu-
lar films. This large enhancement of the Hall coefficient not only is significantly larger than the prediction
of the classical percolation theory, but also occurs at a metal concentration identified to be the quantum
percolation threshold. Measurements of the electron dephasing length and magnetoresistance, plus the
TEM characterization of microstructures, yield a physical picture consistent with the mechanism of the
local quantum interference effect.
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As a basic material constant, the Hall coefficient is gen-
erally indicative of the density and sign of the charge car-
riers. Thus, in granular metals, as the metal concentration
decreases, the lower carrier density is expected to yield
an enhanced Hall coefficient which peaks at the percola-
tions threshold with a factor of �30 for �1 mm thick films
[1,2]. Recently, however, it was found that in the magnetic
�NiFe�-SiO2, and Fe-SiO2 granular films [2–5], the ex-
traordinary Hall coefficient was enhanced by a factor of
104 when the metal volume fraction is close to x � 0.53
(the classical percolation threshold). An especially intrigu-
ing feature of this discovery is that, even after magnetic
saturation, the ordinary Hall coefficient was still observed
to increase by almost 3 orders of magnitude [4], suggesting
a magnetic-independent mechanism could be operative.

In this Letter, we focus on the origin of the ordinary
giant Hall effect (GHE) by studying the nonmagnetic
Cu-SiO2 granular system. We find the same 3 orders
of magnitude enhancement in the Hall coefficient. By
carrying out measurements on the electron dephasing
length and the magnetoresistance (MR), and by charac-
terizing our samples by transmission electron microscope
(TEM) pictures, we find the Hall coefficient to peak at
the quantum percolation threshold. Based on the picture
that inhomogeneities (due to the small substructures)
inside a dephasing length would necessarily cause local
quantum interference and thereby modify the effective
local properties, we show that all experimental data can be
quantitatively accounted for within this simple framework.
In particular, when the small substructures are suppressed
through annealing, the GHE is shown to disappear, in
agreement with the theoretical prediction [6].

Cu-SiO2 granular films with different metal volume
fractions were fabricated by using the cosputtering tech-
nique with a glass or Kapton substrate, at a temperature of
50 ±C. The base pressure of the chamber was kept below
2 3 1027 Torr. The films deposited on the glass were
used for transport measurements and the films on Kapton
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were for composition determination. The metal volume
fraction x for all the films was obtained from energy-
dispersive x-ray spectroscopy analysis. The dc resistance
was measured by using the standard four-probe technique,
and the Hall resistance was measured by using the
five-contacts method.

More than 25 samples, with 0.4 , x , 0.81 and a
thickness of �1 mm, have been fabricated and charac-
terized. Longitudinal resistivity, rxx , was measured as
a function of temperature between 4 and 350 K. As
quantum effects, such as hopping conduction or electron
localization, are more dominant at low temperatures, we
identify the (classical) percolation threshold by focusing
on the temperature dependence of room temperature
(300 K) resistivity [7]. We find the room temperature
d lnr�d lnT to change sign at x � xc � 0.43, indicative
of the percolation threshold. This is corroborated by the
fact that, at x � 0.42, rxx exhibits the lns ~ 21�

p
T

hopping conduction behavior [8] and is 2 orders of
magnitude larger than that for x � 0.45. While not
shown, we have also measured the magnetoresistance.
The negative MR � �r�H� 2 r�0���r�0�, observed at
5 K for various compositions, is indicative of the electron
weak localization effect. In particular, the MR magnitude
is noted to peak above the percolation threshold.

The Hall resistivity, rxy , for all samples was measured
in a magnetic field 24.6 # H # 4.6 T and at tempera-
tures ranging from 2.5 to 50 K. A perfect linear depen-
dence of rxy on the magnetic field was observed. In Fig. 1,
the measured rxy at 5 K is plotted versus x 2 xc. It
is seen that rxy increases monotonically with decreasing
x, reaching a maximum of R0 � 1.84 3 1028 m3�C at
x � 0.513, and plateaus after that. The ratio of the high-
est value to the lowest is 700, almost 3 orders of magni-
tude, and this enhancement is nearly independent of the
temperature up to 50 K. In magnetic granular films, the
ordinary Hall coefficient is noted to increase by about 640
times [4], similar to what we find here. The maximum
© 2001 The American Physical Society
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FIG. 1. The Hall resistivity plotted as a function of x 2 xc, on a log-linear scale. The values of 1�k� for several typical samples
are also shown; open circles are for the lower bound of � � 1 nm, solid diamonds are for the upper bound of � � 10 nm. The inset
shows the temperature dependence of the dephasing length for several samples.
R0 � 1.84 3 1028 m3�C in our sample is larger than that
observed in Al-Ge [9], Au-SiO2, W-SiO2 [10], and Al
granular films [11], where the enhancement is about 100
or less. However, we should note that there are large fluc-
tuations in the measured maximum R0. Thus, a careful
search in other granular systems might yield enhancement
factors similar to what we have observed.

The measured enhancement in Hall coefficient is much
larger than that expected by the classical percolation the-
ory, where the maximum predicted enhancement factor
(occurring at the percolation threshold) is on the order of
�T�a��g�n�, where T is the thickness of the film, and a is
the size of granules. Here, g is the critical exponent of
3D Hall resistivity, and n is the exponent for the 3D cor-
relation length. The ratio g�n is approximately given by
0.4�0.9 � 0.45 [1]. By taking T � 1 mm, the thickness
of our films, and a minimum value of a � 1 nm, we get
�T�a��g�n� � 30 [2].

Besides the magnitude of the enhancement factor, an-
other intriguing feature is that the maximum Hall coef-
ficient does not occur at the percolation threshold, xc �
0.43, but rather at a higher value of x � 0.51, unexpected
within the classical picture. Below, we show that MR data,
when coupled with electron dephasing length measure-
ments and TEM characterization of the microstructures,
identify x � 0.51 to be close to the quantum percolation
threshold.

Electron dephasing length of our samples was obtained
by the standard approach of measuring the magnetoresis-
tance in low magnetic fields �,0.5 T�, over a tempera-
ture range between 5–35 K, and then least-squares fitting
the data to the 3D weak-localization predictions [12–15]
for extracting the electron dephasing length Lw�T �. The
results are shown in the inset of Fig. 1. It is seen that
Lw increases with decreasing temperature and increas-
ing metal volume fraction. It varies from �10 nm up to
slightly below 100 nm. We have also characterized the mi-
crostructure of our samples by means of TEM pictures. In
Fig. 2(a), it is seen that, for the sample with x � 0.513
and a corresponding large Hall coefficient, there are many
small substructures on the order of 1 nm. Since this is con-
siderably smaller than the measured Lw � 8 nm, it follows
that, within a footprint on the order of Lw 3 Lw 3 Lw

[seen as a dashed circle on Fig. 2(a)], the local quantum
interference must necessarily be present. In Fig. 2(b), the
high resolution TEM picture of the same sample, annealed
at 450 ±C for 1 h is seen to have a grain size �10 nm,
with a clear suppression of the small substructures. The
Hall coefficient of the annealed sample was measured to
be more than 2 orders of magnitude smaller than before;
i.e., the GHE has disappeared. There is thus a clear-cut
correlation between the presence of small substructures,
dephasing length, and the GHE.

An important indicator of electron scattering/
localization effect is the product k�, where k is the
electron wave vector (renormalized by multiple scattering
effects) at the Fermi level, and � is its scattering mean-free
path. From the measured MR and the dephasing length,
and by setting the scattering mean-free path to be the
size of the small substructures (1 nm at x � 0.513),
we can directly deduce the value of k� [16]. This is
shown by the open circles in Fig. 1. It is seen that the
composition where the Hall coefficient peaks corresponds
with k� � 1, i.e., the quantum percolation threshold (or
the mobility edge) [16]. For high metal concentrations,
the k� increases considerably even if we still assume the
5563



VOLUME 86, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 11 JUNE 2001
FIG. 2. High resolution TEM pictures of the sample with x �
0.513. (a) The image for the as-prepared sample, in which small
substructures of insulating particles and metallic particles, on
the scale of 1 to 3 nm, are clearly seen (as indicated by the
arrows). The dashed circle indicates schematically the size of a
footprint on the order of one dephasing length. Inhomogeneities
inside the dephasing length are clearly seen. (b) The image of
the same sample after annealing at 450 ±C for 1 h. The feature
size is greatly increased (to about 10 nm), with a narrower size
distribution and a clear suppression of small substructures.

mean-free path to be 1 nm. By assuming � to have the
upper bound value of 10 nm would make k� even larger
(indicated by solid diamonds). We have also measured
the MR of the annealed sample shown in Fig. 2(b). The
resulting k�, by using a mean-free path of 10 nm, is �13,
i.e., the scattering/interference effect is greatly reduced.

Our experimental results consistently indicate a strong
correlation between the GHE and the electron wave
scattering/interference effect. In particular, if Lw is less
than the feature/grain size, such as in the annealed samples,
then dephasing would occur inside each grain. Electrical
conduction between the connected metallic grains would
then be classical in character, i.e., there should be no GHE.
This is in contrast to the reverse case, where the interfer-
ence effect would be present locally. Based on this picture,
we have carried out theoretical calculations by using the
following physical model. Because of the wave nature of
the electrons, the Hall coefficient results from a combina-
tion of the classical Hall effect as well as the local interfer-
ence of the electronic wave functions. Thus, the effective
local Hall conductivity sH � sxy � 2syx , as well as
the (longitudinal) conductivity s � sxx � syy � szz ,
can be calculated by using the quantum percolation model
[17] on finite-sized samples. Details of the calculations
are given in [6]. As the interference effect is insensitive to
the sign of the charge carrier but sensitive to the detail of
the local microstructure, it follows that the calculated sH

can be either positive or negative when considered over
all possible random, local microstructures. Two calculated
distributions of the Hall conductances are shown in the in-
set of Fig. 3, where we have considered a 10 3 10 3 10
finite-size quantum percolation model (i.e., substructure
sizes about 10 times smaller than the dephasing length)
[18]. At concentrations far above the percolation thresh-
old, the distribution is broad and peaks at a negative value.
For concentrations close to the quantum percolation
threshold but above the (classical geometric) percolation
5564
threshold, the distribution is very symmetrical and peaks
approximately at zero. While not shown, distributions of
local (longitudinal) conductivities can also be similarly
obtained [6]. The knowledge of the local (Hall and longi-
tudinal) conductivity distributions at every concentration
enables us to calculate the macroscopic conductivity
tensor, where we use the classical (Kirchhoff) conditions
of = 3 �E � 0 and = ? �j � 0, where �j � s̃ �E. Here,
s̃ is the local conductivity tensor (with components
sH � sxy � 2syx and s � sxx � syy � szz). By
combining the two conditions to yield = ? s̃=f � 0,
where f denotes the electrical potential, and discretizing
the model, we have numerically solved the problem by al-
locating on each discretized node a local s̃ in accordance
with the prior-calculated distributions. The solution of the
classical network problem yields the macroscopic Hall
resistivity rH � 1�sH and the macroscopic resistivity
r � 1�s. To compare the predictions of the theory
with the experiment, we eliminate the concentration x
by cross-plotting the Hall coefficient as a function of r

in Fig. 3. Excellent quantitative agreement is seen. The
GHE can therefore be heuristically understood as follows.
Since R0 � 1�sH � 1��n	ec, a symmetric distribution
in local Hall conductivities effectively implies an overall
decrease in the averaged charge carrier density and, hence,
an increase in the Hall coefficient, because R0 � 1��n	ec,
where �n	 � 0 denotes the average charge carrier density.
This also gives a plausible explanation to the temperature
independence of the observed GHE up to 50 K, because
the temperature variation is associated with the magnitude
of the dephasing length. While the distribution of the local
Hall conductivity can vary with the size of coherence
region as defined by the dephasing length, the mean of
the distribution ���n	�, which depends on the degree of
asymmetry in the distribution, may remain relatively ro-
bust up to a point. Moreover, the interference component
increases in importance as x approaches the quantum
percolation threshold, which is the point at which the
interference-induced wave function localization occurs
(at the Fermi level). Below the quantum percolation
threshold, interference has the effect of changing the
localization length. As Lw is only a few feature sizes in
our case, the localization length variation is not expected
to be significantly perceivable on that scale, and a plateau
in Hall resistivity results. As the quantum percolation
threshold is above the classical percolation threshold, it
follows that the GHE does not “see” the classical xc,
but rather peaks at or close to the quantum percolation
threshold. Local interference is also expected to affect the
resistivity by modifying the two-component composite
picture to one that has a distribution of local conduc-
tivities. Moreover, this distribution is expected to have
an increased number of small conductivities due to the
localizing nature of the interference effect. Nonuniversal
critical behavior may therefore result.
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FIG. 3. The Hall coefficient cross-plotted as a function of rxx . Experimental data are shown by solid circles and the theory points
are indicated by crosses. The theory and experimental data are normalized at one point — the peak value of the Hall coefficient and
its associated (longitudinal) resistivity. Excellent quantitative agreement is seen. Inset: Distributions of local Hall conductivities at
two metal concentrations, calculated from the 10 3 10 3 10 quantum percolation model through the Kubo formula. The distribution
is noted to be nearly symmetrical for the concentration close to the percolation threshold. Here xc 
 0.31 is the theoretical model.
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