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Observation of Non-Gaussian Conductance Fluctuations at Low Temperatures in Si:P(B)
at the Metal-Insulator Transition
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We report investigations of conductance fluctuations (with 1/f% power spectra) in doped silicon at
low temperatures (7' < 20 K) as it is tuned through the metal-insulator transition (MIT) by changing
the carrier concentration n. The scaled magnitude of noise, yy, increases with decreasing T following
an approximate power law yy ~ T 2. At low T, yy diverges as n decreases through the critical
concentration n., accompanied by a growth of low-frequency spectral weight. The second spectrum and
probability density of the fluctuations show strong non-Gaussian behavior below 20 K as n/n_ decreases
through 1. This is interpreted as the onset of a glassy freezing of the electronic system across the MIT.
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The Anderson-Mott metal-insulator transition (MIT)
has been one of the most studied yet unresolved areas in
condensed matter physics [1,2]. A fundamental issue of
considerable interest is that of conductance fluctuation
(noise) as or—y — 0. The two main aspects, at the ap-
proach of the transition, are the divergence of noise near
the critical region and the onset of non-Gaussian fluctua-
tions. Experimental investigations of the noise magnitude
in thin films of In,O, [3] at room temperature and in Si
inversion layers [4] at low temperatures show a divergence
near the MIT. The only investigation of non-Gaussian
fluctuations at the MIT has been done in 2D silicon
inversion layers [5]. In this Letter we present the results
of the first extensive experimental investigations of non-
Gaussian conductance fluctuations in a bulk (3D) system
(single crystals of P-doped Si) as it is driven through the
MIT at low temperatures. As 7 — 0 and the system
crosses over to the insulating regime, the noise magnitude
diverges, with a sharp rise in the contribution of slow
dynamics to the spectral power. The fluctuations in this
regime become increasingly non-Gaussian.

The P-doped Si samples (in some cases B-
compensated) were taken from the same batches that
were used earlier for transport studies near the MIT
[6] with a range of doping levels n from 3.3 X 10'8/cm?
to 1 X 10'/cm?, covering both sides of the critical dop-
ing level (n.) for MIT (see table, Fig. 1). Samples of
length 300-500 pwm, width 50-100 uwm, and thickness
25-50 pm were bonded with 25 pum gold wires to provide
low-noise Ohmic contacts. Figure 1 shows the variation of
conductivity o with T down to 0.1 K. When fitted to the
simple relation o = oy + mT'/?, samples with o > 0
are taken as metallic. In the samples with n/n. = 1 the
conductivity for T < 10 K follows Mott’s variable range
hopping with o(T) = o, exp[—(Ty/T)"/*]. To— 0 as
n — n. from the insulating side.
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PACS numbers: 72.70.4+m, 72.80.Cw, 72.80.Ng

Noise was measured as a function of 7" using a five-
probe ac technique [7]. The time series of voltage fluctu-
ations were digitally processed [with typically (1-5) X
10° data points] to obtain the power spectra Sy (f), which
varied as Sy (f) ~ 1/f® intherange 107°Hz =< f < 4 Hz.
The temperature was controlled to better than =1 mK.
The spectra at 4.2 K were also taken by directly immers-
ing the samples in liquid *He with the temperature stabil-
ity better than 100 wK, and no significant difference was
found.
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FIG. 1. Conductivity o vs temperature 7 of the Si:P(B)
samples. o of the samples PS24, PS41, and D150 have been
scaled down by a factor of 5 for convenience. The table shows
the relevant sample properties.
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In all samples, Sy (f) increases as the temperature is
decreased below 100 K. For T > 100 K the noise in-
creases with 7 again and this arises from classical mecha-
nisms [8,9] which are outside the scope of this paper.
Figure 2 shows a plot of the relative conductance fluctua-
tion (AG?)/G? = [dfSy(f)/V?, integrated over the ex-
perimental bandwidth, for a representative insulating
sample (K139) with n/n, = 0.94 for T < 10 K. When
measured with a sufficiently low biasing field,
(AG?)/G? varies approximately as ~A/T#. The behavior
presented in Fig. 2 is typical for all samples on both sides
of the MIT, right down to the lowest measured 7.

As T decreases, the measured noise becomes increas-
ingly sensitive to the bias field E, and unless measured
with a bias E < E*, a characteristic field, the noise tends
to “flatten out” or saturate as seen in Fig. 2. For E >
E*(T), the noise decreases according to an inverse power
law with E. Any “sample heating” explains only a small
part of this noise suppression. E*(T) in all the samples
increases with increasing 7. The results presented here
correspond to E < E* such that Sy (f) « V2.

Figure 3 shows a plot of the Hooge parameter [10]
Yu = fNSy(f)/V? at 1 Hz as a function of n/n, for
different 7, N being the total number of carriers in the
measured volume. For n/n. > 1, yy is comparatively
small but as n/n, — 1, yy increases slowly. At lower
temperatures (T < 6 K) close to n/n, = 1, yy starts in-
creasing rapidly and changes drastically over several
orders of magnitude as it goes over to the insulating
side. The strong temperature dependence of yy in the
immediate vicinity of n. is shown in inset (a) of Fig. 3.
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FIG. 2. (AG?)/G? vs T in K139 measured at different biasing

voltages, showing a 7~# dependence of noise at the lowest
measuring bias. The inset shows how (AG?) deviates from a G*
dependence at larger measuring biases.
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At higher temperatures (7' = 6 K), the value of yy passes
through a sharp peak at a value of n/n, very close to but
less than 1 [11].

Figure 3 inset (b) shows the variation of 8 as a function
of n/n,. For n > n., B = 0.5 as expected from universal
conductance fluctuation (UCF) [12,13], slowly increasing
to 1 as n approaches n.. This can also be rationalized
within the framework of UCF when the conductance
becomes scale invariant [14]. However, 8 shows a rather
sharp increase while it passes through the MIT and be-
comes >> 1 in the most insulating sample. The changes in
vg and B across the MIT are extremely large and could
not be analyzed within the framework of UCF (which is
saturated in these systems [12]) or kinetic models [10].

On the weakly localized metallic side (n/n. = 2) the
measured noise is Gaussian. However, at low temperature
(T = 4.2 K) the noise departs strongly from a Gaussian as
n/n. — 1, as seen from the second spectrum [15] defined
as SA(f) = [F(V2(t)V*(t + 7)), cos(2mfT)dr. For un-
correlated fluctuations, S?(f) [16] has a frequency inde-
pendent ‘“‘white” spectrum (Gaussian background). A
departure of S?(f) from a white spectrum will be an
indication of non-Gaussian fluctuations. Figure 4(a)
shows the second spectra S?(f) (with the Gaussian
background subtracted) of five uncompensated samples
close to the MIT at T =42K, normalized by
[fff:fgzz Sy(f)dfT*. The spectra (f <1 Hz) fit the rela-
tion S@(f) o« f~7, which is usually taken as a sign of
interaction between the fluctuators [15]. As a function of
n/ng, p changes [see inset, Fig. 4(a)] from a small value
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FIG. 3. The scaled noise yy for different values of n/n.. Inset
(a) shows the same graph, magnified around n/n. = 1. Inset
(b) shows the n/n, dependence of B.
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FIG. 4. (a) Normalized second spectrum S®(f) at 4.2 K. The

spectra have been shifted down vertically for visual clarity by
factors shown in brackets. The inset shows the sharp growth of
frequency dependence at the critical concentration n = n_ at
4.2 K. (b) T dependence of the exponent p (see text) in the
sample K240.

for n/n. > 1, to ~1.5 as the insulating state is reached,
changing rapidly at n = n.. Figure 4(b) shows how p
varies from a small value <0.5 to a large value ~1.3 in
the insulating sample K240 as the temperature is lowered.
These observations clearly show that as the MIT is ap-
proached the dynamics that gives rise to the conductance
fluctuation becomes increasingly non-Gaussian and this is
more so as the temperature is lowered.

The deviation from Gaussianity can also be seen
through the fluctuation probability density function
(PDF). This is the probability P(|AV|) of occurrence of
a voltage jump of magnitude |AV/| due to the fluctuating

conductance. Figure 5 shows representative data plotted
as P(|AV]) vs |AV?|. The upper panel shows that while
the metallic sample PS41 has a Gaussian PDF at 4.2 K,
the insulating samples K242 and K139 exhibit deviations
from a Gaussian for higher values of |[AV|. The deviation
grows as n decreases below n/n; as well as with decreas-
ing T, as seen in K240, lower panel of Fig. 5. We find that
the non-Gaussian tails can be expressed with a log-
normal dependence on |AV|, where InP(JAV]) x
(In]AV[)?, as predicted by several theoretical investiga-
tions in this regime [17].

The divergence of the conductance fluctuations at
the MIT has been predicted in some models [18]. How-
ever, it is unlikely to arise from the usual dynamics of
atomic defect relaxations [10,13,15] as the strongest cou-
pling mechanism that can produce conductance fluctua-
tion from atomic dynamics is UCF which itself saturates
at a variance of e?/h. The measured noise for n = n, is
much larger than that estimated from the UCF theory.
Further, there is no reason why the defect dynamics
should become more correlated as n is decreased.

There is a marked increase in slow relaxations as n is
decreased. Figure 6(a) shows a segment of the relative
fluctuations AR(¢)/(R) at T = 4.2 K in real time for two
representative samples, K348 (n/n. = 1.05) and K139
(n/n. = 0.94). The fluctuation is much larger as well as
slower in insulating K139. The slow fluctuation seen in
K139 was typical of the insulating samples and grew with
decrease in n. The corresponding power spectra [Fig. 6(b)
inset] of these time series had a 1/f% behavior. @ ~ 0.75
in the metallic limit and rises sharply across the transition
toreach a value ~1.25 in the insulating regime [Fig. 6(b)],
indicating a distinctly enhanced contribution of slow
fluctuations.

Inhomogeneous systems near a percolation threshold
may give rise to non-Gaussian fluctuations, even for in-
dependent fluctuators, as proposed in the dynamical cur-
rent redistribution (DCR) model [19], which usually
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FIG. 5. Upper three panels show the PDF at 4.2 K for the metallic sample PS41, and insulating samples K242 and K139, which
develop a non-Gaussian tail. The lower panels show how this tail grows for another insulating sample K240 with decreasing 7.

216603-3

216603-3



VOLUME 91, NUMBER 21

PHYSICAL REVIEW LETTERS

week ending
21 NOVEMBER 2003

1.4 =
10
(10®) K348[n/n,=1.05] Fio™ o, * K139
12 S0 ) ~1/f1‘25
o o Lo g
= = i 510" K348
E i 31 : 1849 1§00
< 0107107 107 10° 10
08 ~o__ )
(10 K139[n/n=0.94] R -
(a) guide to the eye (b)
2700 2710 2720 2730 2740 2750 0658 3 2 3
time (s) n/n,

FIG. 6. (a) Time series of AR()/{R) for K348 (Gaussian
fluctuations) and K139 (non-Gaussian, with random metastable
states). (b) Variation of « (see text) with n/n.. The inset shows
the power spectra of the two time traces in (a).

works well in systems with large local fluctuations. With
the fluctuations (AR/R) in our most insulating sample,
K139, being <10~* [Fig. 6(a)], the applicability of this
model is questionable in our system. Moreover, DCR
fluctuators appear in series, tending to decrease «. In
contrast, we find a sharp increase in slow dynamics and
an enhanced «. This indicates a growth in correlations
within the fluctuators, leading to large, slow fluctuations.
We suggest that this is an indication of a glasslike freez-
ing similar to what has been seen in spin glasses [15].
Analysis of conductivity data close to the MIT has shown
that a comprehensive scaling description could be ob-
tained if a glasslike transition is invoked [20]. Recent
experiments on 2D Si inversion layers [4,5] show diverg-
ingly large low-frequency non-Gaussian fluctuations near
the transition, interpreted as glasslike freezing of the
electrons [21]. The similarity of the non-Gaussian spectra
seen in both 2D and 3D (present investigation) raises the
interesting possibility that such correlated dynamics may
indeed be a universal feature of the MIT irrespective of
dimensionality. At the MIT the single particle density of
states can show both temporal and spatial fluctuations and
if the dynamics is glassy then the relaxation time be-
comes an exponential function of the correlation length
[20]. In this regime, the fluctuations are likely to be
electronic in origin. The slowing down of the time scale
of charge fluctuations is due to correlated transitions of
electrons over a large number of metastable states and is
in agreement with simulational results [22]. We propose
that the large rise in the low-frequency noise at the
approach to transition is a manifestation of low-
frequency dynamics of the fluctuations in the local den-
sity of states which are strongly correlated by Coulomb
interaction in the absence of strong screening.

This work was supported by CSIR, India, DFG,
Germany (SFB 195), and a DST-DAAD exchange
collaboration.
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