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Magnetoconductivity near the percolation threshold in granular Sn:Ar mixtures
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We have measured for the first time to our knowledge the magnetoconductivity ha on the me-

tallic side of the metal-insulator transition in a three-dimensional percolating system as a function
of the metal volume fraction v. The magnetoconductivity vanishes at the critical metal volume

concentration v, 0.26~0.01 according to —

haec�(v

—v, )' with a critical exponent t 1.90
0.15 which is slightly higher than the conductivity exponent. The relative magnetoresistivity

scales as hp/pa:(v —v, ) '. This behavior is in contradiction to theory which predicted Ap/p to

stay constant in the critical region.

Metal-insulator transitions (MIT) in three-dimensional
(3D) percolating systems have been mostly investigated
by measurements of the transport properties. It is well es-
tablished that the behavior of the conductivity cr can be
described by a power law cr cx: (v —v, )', where v is the ac-
tual metal volume fraction, v, is the critical metal volume
fraction at which the MIT occurs, and t is the critical ex-
ponent of the conductivity. Experimental results gave
values for the critical exponent t in the range of
t 1.6-1.9 (Ref. 1) in agreement with theoretical predic-
tions. Recent Hall-effect data show that the Hall con-
stant RH diverges at the MIT with RH cx: (v —v, ) s where

g 0.4-0.5.3 This is in agreement with theoretical mod-
els which predicted the critical exponent of the Hall con-
stant to be in the range of g 0.3-1.0.

Whereas the MIT in percolating systems seems to be
well described in terms of the two magnetotransport pa-
rameters o and RH, no data are available on the behavior
of the magnetoconductivity Ao(8) or the relative magne-
toresistivity Ap(8)/p approaching the MIT.

Within this article we want to report the first systematic
study of the dependence of magnetoconductivity Ao(8)
and magnetoresistivity t)p(8)/p on conductor volume
fraction in a 3D percolating system, namely the granular-
metal-rare-gas mixture Sn:Ar. Our results can be com-
pared with a theory recently developed by Bergman for
the case of a random mixture of a good and a bad conduc-
tor.

Measurements of the longitudinal voltage U„„as a
function of the external magnetic field were performed on
films with a thickness of 800-1000 A. The metal was eva-
porated out of a resistance heated Ta crucible and con-
densed simultaneously with the rare gas on a sapphire
substrate held at a temperature of =5 K. Au electrodes,
as contact areas (=800 A thickness), were evaporated on
the substrate before each measurement at room tempera-
ture. Cu wires were attached to the Au areas using In as
solder. Condensation rates and the thickness of the films
were controlled by a quartz-crystal oscillator. Since the
Sn:Ar films were unstable against heating above 30 K, all
measurements were performed in situ in a temperature
range of 4.2-10 K. After preparation of the film the sam-
ple holder was brought into a field of a superconducting
split-coil magnet (8» 5 T). Since the Sn:Ar films were

superconducting (T,=4.5 K) with the exception of the
immediate vicinity of the percolation threshold, ' the films
had to be heated above the transition temperature T, dur-

ing the measurement procedure. The longitudinal voltage
U„„as a function of the external magnetic field was deter-
mined by a dc method. An evaporating mask was used to
obtain a certain geometry of the film, i.e., a defined length
to width ratio which was about 4:1. This ratio is sufficient
to avoid geometrical contributions to the magnetoresis-
tance. All measurements were made in the low-field re-
gime (to, r « 1) with a linear behavior of RH as a function
of the magnetic field and a relative change of the longitu-
dinal conductivity l),ct(8)/ct» 10 at a field of 3 T.

The behavior of the field-induced change of the conduc-
tivity ho(8 2 T) as a function of the distance from the
critical metal volume fraction v, 0.26 is shown as a dou-
ble logarithmic plot in Fig. 1. The straight line in Fig. 1

is a result of a least-squares fit to the data with
—ho cx: (v —v, ) ' with an uncertainty in the exponent of
+ 0.15. This value of the critical exponent of do(8) is

slightly higher than that of the conductivity exponent t
with t 1.6~0.1 in Sn:Ar. ' A more sensitive represen-
tation of the experimental data is shown in Fig. 2. The
relative magnetoresistivity as a function of the distance
from v, decreases with decreasing metal volume fraction
according hp/pcL'(v —v, ) . This experimental results

may be compared with a theory recently developed by
Bergman in which scaling arguments are used to predict
the behavior of the magnetoconductivity Ao(8) and the
relative magnetoresistivity t)p/p at the percolation thresh-
old in a random mixture of a good conductor with a con-
ductivity orat and a badxonducting material with a con-
ductivity az. In the region above the threshold v & v, the
effective magnetoconductivity d,ct, in such a system is

given by the following equation:

a~, - (aost~+ aostii) (v —v, ) '

(&ss —4) '
+(l)txt~+Acsp])(v v ) +

&M

where k~ and A, l are the Hall conductivities of the two
components. The indices & and Il denote the direction of
current flow (transverse i and longitudinal II) with

respect to the magnetic field. In addition to the conduc-
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whereas the value of the magnetoconductivity of pure Sn
is htrgg = 100 (0 cm) '. Therefore, the third term in Eq.
(1) is negligible with respect to the first term. Thus, the
effective magnetoconductivity Acr, should exhibit' the
same critical behavior as the normal conductivity cr. The
value of the critical exponent t-1.6 ~0.1 determined in
the conductivity experiment is slightly below that value of
t 1.90~0.15 resulting from the measurement of the
magnetoconductivity but it is nevertheless in the range of
1.6 ~ t ~ 2.0 as predicted by percolation theory. Due to
the special properties of Sn:Ar, i.e., the very low value of
the ratio Egg/aug in comparison to d,oM, it is not possible
to determine the new critical exponent ter

The behavior of the transverse relative magnetoresis-
tivity can be calculated by the following equation:

hp, ha', X,,2
pe &e &e

2

0.0 1—

0.01 0.1 (V V ) 2t-g~M

&M
v-v

FIG. l. Magnetoconductivity h, a as a function of the distance
from the critical metal volume fraction v, 0.26 at a magnetic
field of 2 T and a temperature of 4.2 K. The solid line is a result
of a least-squares fit to the data.

tivity exponent t and the critical exponent s, which is
correlated to the correlation length exponent v(3D) s

0.84, "a new critical exponent t~& is introduced by this
theory which describes the critical behavior of the
second-order Hall contribution to the low-field magneto-
conductivity. The value of tsg& is predicted to lie in the
range of 1.3 ~ tgg~ ~ 2.0.

In the case of the metal rare-gas mixture Sn:Ar the
second term of Eq. (1) vanishes since condensed Ar is an
ideal insulator with err hrfr kr 0. The prefactor
A,gg/os in the third term is of the order of 10 (0 cm)

Since the value of t is larger than g and A,~/
rrgg«hrrsg/osr the second term in Eq. (2) is negligible.
In this case the relative magnetoresistivity should exhibit
a constant behavior since the magnetoconductivity Acr,
and the conductivity cr, tend to zero with the same critical
exponent t at the MIT. This prediction of the theory is
not in agreement with the experimental bp/p data in
Sn:Ar shown in Fig. 2. The relative magnetoresistivity
hp/p as a function of the distance from the MIT tends to
zero according to hp/pcs: (v —v, )n3 as a consequence of
the critical behavior of the magnetoconductivity Acr and
the conductivity cr, respectively. This discrepancy be-
tween experiment and theory is possibly due to the fact
that the theory is made for random composite systems
whereas the Sn:Ar mixture has a granular nature in which
islands of crystalline Sn are surrounded by an Ar matrix
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FIG. 2. Double-log plot of the relative magnetoresistivity
&p/p as a function of the distance from the MIT at a magnetic
field of 2 T and a temperature of 4.2 K. The solid line is a result
of a least-squares fit to the data.
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FIG. 3. Relative magnetoresistivity Ap/p as a function of the
external magnetic field at various Sn volume fractions v.
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which is crystalline on a local scale but strongly dis-
turbed. ' ' This arrangement of the Sn clusters in the in-

sulating matrix shows no self-duality, i.e., metallic and in-
sulating regions can be distinguished by topological
reasons in contradiction to the assumption made in theory.
This may lead to a reduction of the critical exponent of
the conductivity, ' whereas the critical exponent of the
magnetoconductivity seems to be unaffected.

The behavior of the relative magnetoresistivity hp/p as
a function of the magnetic field for various Sn concentra-
tions is shown in Fig. 3. Up to a magnetic field of 1 T the
magnetoresistivity is proportional to 8 which is the typi-
cal low-field behavior in metals. ' At fields larger than 1

T there is a crossover to a linear slope hp/p as a function
of 8. This behavior cannot be explained in terms of a
low-field (ro, r && 1) to high-field (co,r» 1) crossover
which is observed in pure metals' due to the influence of
closed orbits' since the low-field condition is always

fulfilled in Sn:Ar.
In conclusion we have shown that the relative magne-

toresistivity hp/p scales with hp/p CX: (v —v, ) at the per-
colation threshold in Sn:Ar in contradiction to theory
which predicted a constant behavior of Ap/p. Conse-
quently the critical exponent of the magnetoconductivity
d, o is slightly higher than the conductivity exponent. This
discrepancy between theory and experiment may be
caused by the granular nature of Sn:Ar, i.e., the lack of
self-duality. Therefore, more experimental work is need-
ed, especially for systems where the third term in Eq. (1),
containing the new exponent isr&, is not negligible. This
may be the case in mixtures of semiconducting materials
with insulators.
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