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Abstract. We report on studies of interplay between percolation and quantum localization
in mixtures consisting of glass grains and RuO2 metal particles of average diameters 550 and
10 nm, respectively. A weak temperature dependence of conductivity ¾(T ) = a+ bT®, where
® »= 0:20, is found in the temperature region 0:04 < T < 1 K. Similarly, an anomalously
small magnitude of magnetoconductivity is observed in the studied magnetic …eld range up
to 5 T. These observations demonstrate that percolation nature of electron transport leads to
a signi…cant modi…cation of quantum corrections to conductivity at the localization bound-
ary. The conductivity at criticality obeys a dynamic scaling equation with the conductivity
exponent ¹ = 1:65 as expected for one-electron Anderson localization.
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1 Introduction

RuO2-glass nanocomposite consists of two randomly mixed phases: metallic RuO2

grains of size d »= 10 nm and insulating glass particles of much greater dimensions
D »= 0:55 ¹m. In order to describe charge transport in such a medium, percolation
phenomena [1] speci…c to systems with macroscopic disorder as well as e¤ects char-
acterizing quantum localization, such as interference of scattered waves and disorder-
modi…ed electron-electron interactions [2, 3], have to be taken into account on equal
footing [4]. Two transition points have been identi…ed [5] as a function of the RuO2

volume fraction À. In addition to the classical percolation threshold at Àc
»= 0:035,

there is a second critical point at Àq in the range 0.12-0.16, in which the temperature
coe¢cient of resistance at room temperature (RT TCR) changes its sign [6]. The
latter, Àq, has been interpreted as a borderline of quantum percolation [4, 7, 8], which
separates a system with localized states for À < Àq from a system with extended states
for À > Àq.

In this paper, we present millikelvin studies of conductivity in a series of …lms
spanning the range of À making it possible to examine the scaling behavior [2, 9, 10] of
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Fig. 1 (a) Low-temperature conductivity versus temperature to the power of ® = 0:20 for
di¤erent values of RuO2 concentrations in the vicinity of the MIT. The straight lines represent
the least square …t to the data. (b) Data from …gure (a) arranged in scaling plot. Vertical
line at ¿ = 0 is the transition point.

the conductivity in the vicinity of the quantum critical point Àq. The values of dynamic
scaling exponents ¹ = 1:65 and z = 5:0 determined here are markedly di¤erent from
¹ »= 1:0 and z »= 2:0 observed [11, 12] for non-percolative media, in which spin-rotation
symmetry is broken so that the Anderson-Mott transition driven by disorder-modi…ed
interactions can occur [2, 9]. Actually, the value of ¹ »= 1:65 is close to that expected
[8, 13] for one-electron Anderson localization. At the same time, both ¹ and z we
observe are close to those obtained for some systems with unbroken spin-rotation
symmetry [10, 11]. This opens an interesting question about the role of long range
‡uctuations in the latter.

2 Samples

The studied samples have been prepared from laboratory made RuO2-glass pastes
consisting of RuO2 and lead borosilicate glass powders having mean size of particles
d »= 10 nm and D »= 0:55 ¹m, respectively. The pastes were deposited on alumina
substrates by using printing and …ring technique [5]. Experimental results for a series
of samples with RuO2 volume fraction 0:10 � À � 0:18 are presented here.

3 Results and discussion

Figure 1a presents the temperature dependence of the conductivity between 0.04 and
1 K. Following the common approach we …t the conductivity versus temperature data
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to the equation ¾ (À; T ) = ¾ (À; 0)+bT ®. According to Fig. 1a, this procedure implies
the presence of the MIT for 0:12 < Àq < 0:13. Furthermore, the exponent ® is found to
be rather small, 0:30 ¸ ® ¸ 0:12 for 0:1 � À � 0:18, respectively. In order to estimate
the exponent ® representative for the whole range of the studied samples dynamic
scaling approach [2, 9] has been employed. According to this theory, the conductivity
at criticality is a function of ¿ ´ À=Àq ¡1 and T only, i.e. ¾ (¿ ; T ) = b¡"g

¡
b1=º¿ ; bzT

¢
,

which predicts ¾ (0; T ) / AT "=z and ¾ (¿ ; 0) / ¿¹ with ¹ = "º. Choosing b = T¡1=ºas
suggested in [10] we arrive at the following form ¾ (¿ ; T ) = ¾q (T ) f (¿=T y), where
¾q (T ) ´ ¾ (0; T ) = ATx, x = "=z, y = 1= (¹z), which enables involving all data
taken at all temperatures and values of ¿ in the critical regime to determine the
exponents. Figure Fig. 1b presents our data arranged in scaling plot with parameters
Àq = 0:126, y = 0:121 and x = 0:20, which, with " = d ¡ 2 = 1 in 3D case, lead
to ¹ = 1:65 and z = 5. The above values of z and ¹ are close to those reported
for the Hubbard-Mott transition studied in NiS2¡xSex [14] and for studies of the MIT
in elemental semiconductors in the absence of the magnetic …eld [10]. On the other
side, the values of z and ¹ obtained here are markedly di¤erent from those for both
classical percolation[16] and the Anderson-Mott transition in the cases when spin-
rotation symmetry is broken either by spin-‡ip scattering or the magnetic …eld [11, 12].
Furthermore, the value of ¹ found here is in agreement with numerical estimates of
this exponent for one-electron Anderson localization of noninteracting electrons [8, 13].
It is also worth noting that the value of Àq = 0:126 used to construct the scaling plot
agrees with that at which RT TCR crosses zero for the studied material [5].

Figure 2a shows the in‡uence of the magnetic …eld on conductivity, ¢¾ (B) =
¾ (B) ¡ ¾ (0), as determined for …ve selected RuO2-glass samples at T = 4 K. The
magnetoconductivity is seen to be negative. While it changes to positive below 300
mK, its magnitude remains smaller than 1%. This means that the quantum e¤ects are
suppressed comparing to the case of homogeneous systems. To explain this observation
we have considered a model of Khmelnitskii [4], in which percolation is taken into
account by allowing for a spatial dispersion of the di¤usion coe¢cient, D is large at
short length scale of metallic grains but small at distances comparable to percolation
length scale. We have repeated Kawabata’s calculations of magnetoresistance for the
3D case in the limit ¿Á ! 1 by assuming D(q) in the form D (q) / 1 + (qLc)

t=ºp ,
where t = 2:0, ºp = 0:89 are classical percolation exponents [16]. The results for
three values of À = 0:10, 0.15, 0.20, are shown as dashed lines in the Fig. 2b. It is
seen that inhomogeneities on the mesoscopic scale can suppress quantum corrections
to magnetoconductivity.

4 Conclusions

Our results demonstrate that quantum corrections to conductivity are modi…ed in
systems with inhomogeneities at the mesoscopic scale. Nevertheless the MIT with
dynamic scaling is observed with the value of critical exponent z encountered in some
nominally homogenous systems with spin-rotation symmetry conserved. The value
of ¹ is close to that numerically predicted for one-electron Anderson localization. A
possible scenario is, therefore, that inhomogeneities on the mesoscopic scale reduces
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Fig. 2 (a) ¢¾ of …ve RuO2-glass samples studied at T = 4K. (b) Magnitude of quantum
corrections to conductivity calculated according to Kawabata [15] (solid line). Inclusion of
q-dependent di¤usion coe¢cient according to Khmelnitskii [4] suppresses ¢¾ (dashed lines).

localization e¤ects of electron-electron interactions, so that the Anderson localization
per se occurs.

The authors are indebted to S. Datta and A. Kolek for enlightening discussions. The work
was supported by KBN research projects 8-T11B-05515 and 2-P03B-11914.
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