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An investigation was made of the 1/f noise in vanadium dioxide. It was found that studies of the 1/f noise
should be made using relatively small currents in order to ensure that the normalized noise power is
independent of the current. The frequency dependence of the noise was studied in a wide range of
temperatures. Far from phase transitions the noise spectrum obeyed the f~“ law, whereas near phase
transitions the spectrum became more complex. Near these transitions there were also high-amplitude peaks
in the temperature dependence of the noise intensity and these were clearly associated with the crossing of the
metal-semiconductor phase boundary and also of the boundaries of the various modifications of
semiconducting phases. The results show that a study of noise can provide a very sensitive method for
constructing the phase diagrams of a wide range of materials undergoing the metal-semiconductor phase

transition.

PACS numbers: 72.60. + g, 72.70. + m

In spite of the fact that the excess low-frequency
noise of the 1/f typel) has been studied for a long time,
there is as yet no clear idea of its nature. This has
arisen because such noise is observed in a “ catas-
trophically” wide range of phenomena in live and dead
matter,1 and the explanations of its partial manifesta-
tions published from time to time (see, for example,
Ref. 2) have failed to give a complete solution to the
problem.

Most of the investigations of the 1/f noise have been
explained by equilibrium fluctuations of the resistance
in a specially constructed inhomogeneous system.
According to a different point of view, the 1/f noise is
a consequence of transient phenomena in the current-
conducting system or in the material as a whole.> This
hypothesis is used in estimating the service life of
electronic devices. Finally, there is another point of
view according to which the 1/f noise is due to the non-
equilibrium in the current-conducting system during the
actual flow of the current. However, no work has been
done on this aspect because of the difficulties encount-
ered in theoretical descriptions.

The 1/f noise has been investigated in metals, insu-

lators, and semiconductors with the aim of covering

- the widest possible range of states in the electron sub-
system.4 Therefore, it seemed of interest to study the
1/f noise in a material (such as vanadium dioxide)
undergoing metal-semiconductor and semiconductor-
semiconductor phase transitions, i.e., those phase
transitions which cause very great changes in the elec-
tron subsystem. This provides a unique opportunity to
investigate not only the manifestations of the noise in
various electron states of matter but also on transition
from one state to another.

Our interest in the noise in vanadium dioxide has
been also stimulated greatly by the investigations pub-
lished in Refs. 5 and 6, and also that in Ref. 7 dealing
with the current noise in a two-contact switching device
made of a vanadium dioxide single crystal.
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EXPERIMENTAL METHOD

Our experiments were carried out on VO, single crys-
tals grown by the gas-transport reaction method® and
also by electrolysis of molten vanadium pentoxide.
Samples were usually needle-shaped; their length was
several millimeters and their cross section was 0.1
X 0.1 mm. Measurements were carried out under given-
current conditions, as in Ref. 7, but in contrast to that
study, use was made of a potentiometric four-contact
circuit.

The spectrum of mean-square fluctuations of the volt-
age Al? was investigated using a real-time analyzer
of the S4-73 type, which enabled us to record the spec-
trum simultaneously at 200 equidistant points on a fre-
quency scale ranging from 2 Hz (resolution 0.01 Hz/
channel) to 20 kHz (resolution 100 Hz/channel). Inde-
pendent realizations of the spectrum were averaged
under linear (or exponential) accumulation conditions
using an F-36 multichannel register; the averaging was
continued for 4 min and this period was the same at all
the analyzed frequencies. The whole spectrum from
0.1 Hz to 20 kHz was recorded by measurements in four
analyzer ranges: 20 Hz, 200 Hz, 2 kHz, and 20 kHz.
We thus found that the total time for recording a single
spectrogram was of the order of 16 min (the number of
experimental points was then about 800). Naturally, in
this procedure the precision deteriorated at lower fre-
quencies (Fig. 1). The matching of the spectra re-
corded in different ranges was achieved using channels
10-100 in any range. In the presence of the 1/f noise
such matching reduced to simple multiplication of the
content of the channels in each lower (on the frequency
scale) analyzer range by the relative change in its
resolution (i.e., the factor of 10, 100, and 1000).
However, in any frequency dependence of the spectrum
other than f™ this procedure could not be used for any
quantitative conclusions. One could only say that the
form of the spectrum was more complex than f ™,

In accordance with the generally accepted procedure,9
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FIG. 1. Typical spectrogram of low-frequency noise. The
noise power AU 2 is given in relative units and the procedure
for matching the results obtained in different analyzer bands
is described in text; &=1.188+0.002, I=8.5uA.

a study was made of the dependence of the noise power
on the current in the investigated sample. These mea-
surements were carried out at temperatures far from
the phase transition points where the 1/f law was obey-
ed. The reasons for this procedure were as follows.
A large number of experiments indicated that the mean-
square fluctuations (i.e., the spectral density of the
noise) obeyed the empirical law

— Af Cu s 132

AU = 77VJ R, (1)
where N is the number of carriers in the investigated
system, I is the current through the sample, R is the
resistance of the sample, and Cy is the Hooge con-
stant.®’?® It has been suggested®**? that C, is a univer-
sal constant applicable to a large number of different
materials and having a value of the order of 2x107%,
However, other investigations have found that this con-
stant has values three or four orders of magnitude
greater7 or three orders of magnitude less.?! There-
fore, the question of universality of this constant is
still subject to discussion. In particular, we found that
the semiconducting state of VO, is characterized by Cy
=4,

Figure 2 shows the results of a determination of the
normalized noise power AU2?/U?as a function of the cur-
rent I at a given frequency f=10 Hz in a band of Af=1
Hz. The same figure includes the noise spectra record-
ed at fixed values of the current. We can see that vari-
ation of the current alters the noise power and the na-
ture of the law ™. Only in the limit of small currents
(I< 5 pA) is the spectrum close to f ™ (@=1.05+0.01)
and there is a flat region in the dependence on the cur-
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FIG. 2. Frequency dependences of the normalized noise power
obtained for different currents through a sample. The ordin-
ates of each lower spectrogram, recorded using the current
given alongside the curve, are shifted relative to one another
to the left and downward but the frequency scale is the same
for all of them. The top right-hand corner gives the current
dependence of the normalized noise power at 10 Hz in a band
of 1 Hz,

rent. As the current is increased, the values of @ and
Cy change significantly. It is reported in Ref. 7 that
when the current density is j~1.2x10* A/m?, which is
considerably greater than the values in our study (for
I=5 pA the current density in our sample was j=~5=10°
A/m?), it is found that @ =1.25 and C, ~100, which can
be regarded as extrapolation of our current dependen-
ces to the range of high currents.

RESULTS OF MEASUREMENTS

In view of the above discussion, we investigated the
temperature dependence of the noise spectrum at low
currents of the order of 2 4uA. The results of this
investigation are presented in Fig. 3. Near each curve
we have given the temperature at which the measure-
ments were carried out. Between room temperature
and ~50°C all the spectra obey the same f™ law («
=1.05+0.01). By way of example, Fig. 3 includes a
spectrogram recorded at  =49.4°C. Considerable
changes in the spectra are observed at higher tempera-
tures. Although at low frequencies (f< 50 Hz) all the
spectra obey the same universal law f ™, there are
considerable changes in the high-frequency parts of the
spectra.

Even more interesting features on approach to the
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FIG. 3. Spectral dependences of the normalized noise power
recorded at various temperatures. The lower left-hand corner
shows the temperature dependence of the resistance of vana-
dium dioxide.

expected various phase transitions in vanadium dioxide
were observed in the temperature dependence of the
normalized spectral density. The measurement re-
sults are shown in Fig. 4a. The temperature depen-
dence of the noise in the semiconducting phase was re-
corded at a fixed frequency allowing for the tempera-
ture dependence of the resistance and, consequently,
for the temperature dependence of the carrier density.
This was done by normalizing the power in the noise
spectrum to the value of U!R. In fact, according to
Eq. (1),

and then for a fixed value of Af/f, we have

AT*/UR=Cy.
(It is assumed here that the mobility of carriers de-

pends weakly on temperature, in agreement with the
results of Ref. 12.)

The noise spectrum was also investigated in the me-
tallic phase of vanadium dioxide. In this case, we
found that the value of C; was ~10™ and it was close to
that given by Hooge. This value of C; was 10® times
less than that reported in Ref. 7, which was clearly due
to the fact that the measurements in Ref. 7 were car-
ried out by the two-contact method and in the metallic
state the contact resistance was greater than the resis-
tance of the sample.
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FIG. 4. Temperature dependences of the noise power (upper
half) and of the resistance and the derivative of the resistance
with respect to temperature (lower half). In the upper half the
noise power is plotted in two scales (circles and continuous
lines) differing by a factor of 10 in order to stress the smooth
rise of the normalized power, which is difficult to detect on

a scale of the peaks.

DISCUSSION OF RESULTS

1. A comparison of the temperature dependences of
the normalized noise power and of the resistance of a
sample (Figs. 4a and 4b) readily shows that the singu-
laritiesin the dependence R(f) are correlated with sharp
peaks in the noise. The reason for this correlation can
be established by considering the phase diagram of
vanadium dioxide.'®

Incorporation of trivalent impurities such as chro-
mium, aluminum, iron, etc. in the lattice of vanadi-
um dioxide stabilizes two new semiconducting phases
with the monoclinic symmetry: M; and T. This is
illustrated in the phase diagram shown in Fig. 5 for
the V;,Fe, O, system, which is taken as an example.™
When temperature of this system is increased, three
phase transitions are observed: M; = T (semiconduc-
tor-semiconductor), 7= M, (semiconductor-semicon-
ductor), and M, = R (semiconductor—metal) instead of
one transition M; <= R which occurs in pure vanadium
dioxide. Moreover, the transitions T M; and M; =R
are observed readily because of the large jumps in the
resistance, latent heat of phase transition, and other
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FIG. 5. Typical phase diagram of VO, doped with a divalent
impurity.
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properties, whereas the transition M; = T can be de-
tected only by x-ray and NMR and ESR methods. It
has not yet been possible to find any anomalies in the
electrical resistance or to measure the latent heat of
this last transition. Therefore, the order of this tran-
sition is not yet known reliably, but it is suggested in
Ref. 15 that it should be of the first order.

Samples of vanadium dioxide investigated by us con-
tained small (<1%) amounts of Cr and Fe impurities.
The presence of such trivalent impurities gave rise on
top of the metal-semiconductor transition (Mzz R),
to an additional semiconductor-semiconductor transi-
tion (T=M,) at T~58°C (Fig. 4). In the case of dis-
crete (point-by-point) determination of the thermogram
in Fig. 4, there was naturally a possibility of missing
some spectral singularity. Therefore, to obtain a
complete picture of all the significant singularities
(peaks) in such a thermogram, dynamic measurements
were made, i.e., continuous recording of the total
spectral noise (AU®) at 10 Hz in a band 1 Hz wide during
slow (at a rage of ~0.01 °C/sec) heating of the sample
(Fig. 6).

We found that the two most pronounced groups of noise
peaks in Fig. 6 near 69~70 and 57-61°C corresponded
exactly to the M, = R and T= M, transitions. The noise
peaks at T ~46-47°C were, in our opinion, due to the
T= M, transition. In the same region we observed a
slight kink in the temperature dependence of the resis-
tance (Fig. 4b). The origin of a group of noise peaks
near 65°C was not clear but it was likely to be associa-
ted with deviations from stoichiometry in some parts
of the sample, which could reduce the transition tem-
perature from the semiconducting to the metallic
state.!

Each of the groups of peaks in Fig. 6 had its own
characteristic “fine-structure” which could naturally
be attributed to the fact that the phase boundaries shown

%oMe*3

FIG. 6. Thermogram of the noise power recorded at 10 Hz in
a band of 1 Hz (explanations in text). The lower part of the
figure shows the phase diagram of VO, doped with a trivalent
impurity.
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in Fig. 5 were not lines but had finite dimensions.!®

We thus found that noise investigations can provide a
very fine and sensitive method for constructing the
phase diagrams of a wide range of materials undergoing
the metal-semiconductor phase transition. One should
stress here particularly that observation of the T =M,
transition in vanadium dioxide, which—as indicated by
our measurements—is readily manifested by noise
peaks, is a difficult experimental task, especially in
the case of small single crystals. Unfortunately,
doped vanadium dioxide is available only in the form of
small single crystals.

2. We cannot give any reasonable explanation for the
f™ noise observed in the semiconducting and metallic
states of VO,. This applies to the region close to the
phase transitions, where there is a great variety of the
vanadium dioxide structures and the spectrum deviates
from the simple f™ law. In this region it is difficult
to investigate the true nature of the spectrum because
the resolution varies with the band. Equally serious
difficulties are encountered in the interpretation of
such spectra. We do not know the answers to the seem-
ingly simple questions: is the spectrum normalized
(are the original f™ and new spectra cumulative) or is
it the result of two mechanisms (i.e., are the f™ and
new spectra additive)? However, it should be pointed
out that the frequency range of the observed deviations
of the spectra from the f™ law is 1-1000 Hz (Fig. 3),
i.e., these deviations may be attributed (if a suitable
theory is available) to the appearance in the investi-
gated system—at temperatures close to the phase tran-
sition—of some additional relaxation mechanism with
a characteristic time scale from seconds to millisec-
onds. This conclusion is in qualitative agreement with
the results of Ref. 17, where the nucleation time of ~1
sec was reported.

The change in the f™ law is observed when the cur-
rent is increased (Fig. 1). One should stress that the
effects of heating of a sample by the maximum currents
were small (within 1-1.5°C), i.e., there is no ques-
tion of any pretransition phenomena.

3. The normalized noise power increased on ap-
proach to the transition (Fig. 4). This may possibly be
due to heterophase fluctuations near a first-order phase
transition. However, to the best of our knowledge,
there is no dynamic theory of heterophase fluctuations
in a form suitable for the interpretation of the noise
experiments. Such an overall rise of the normalized
noise power and, possibly, its more rapid rise near
phase inhomogeneities in vanadium dioxide is reported
in Ref. 18. However, the higher range of frequencies
employed in that study (f~40 kHz) and the greater mea-
suring currents prevent us from concluding that the re-
sults are comparable.

The influence of the switching regime on the noise
spectrum of vanadium dioxide was investigated in Ref.
6 and, in particular, a report was given of spectral and
current singularities resembling qualitatively those ob-
served in the present study. However, the ranges of
the frequency and currents where these singularities
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were observed conflicted with the criteria in Ref. 6.
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The subbarrier relaxation of a particle located in a nonsymmetric double-well potential is considered. The
phonon subsystem plays the role of a thermostat. It is shown that the tunnel kinetics of the particle is
characterized by two relaxation times. The relaxation of the occupation numbers is proportional to the square
of the overlap integral, whereas the relaxation of the phase correlation is of zero order with respect to the
overlap integral and generally proceeds at a faster rate than the relaxation of the occupation numbers. The
relative roles of two-phonon and one-phonon relaxation mechanisms are elucidated. Experiments on sound
absorption in amorphous media and on tunnel diffusion of mesons are discussed within the framework of the

proposed model.

PACS numbers: 43.35.Fj, 43.35.Gk, 63.10. + a

1. INTRODUCTION

In recent years, a whole group of problems has arisen
which can in pattern be reduced to sub-barrier tunneling
between two potential wells with slightly displaced ener-
gy levels, in the presence of an arbitrary interaction
with the phonon field. This group includes quantum dif-
fusion of light particles in crystals with defects, the
class of low-frequency excitations in amorphous media,
orientational transitions, and so on. A characteristic
feature of these problems is the presence of a small pa-
rameter, such as the overlap integral J of the wave
functions belonging to states in different wells, This
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leads to the result that two-well tunnel kinetics differs
in principle from the well-known picture of relaxation
of two-level systems (spin relaxation). As will be shown
below, even in the presence of only one dissipation
mechanism—the interaction of the “particle” with the
phonon field—a property of two-well kinetics is the si-
multaneous presence of fast and slow relaxations that
differ strongly in magnitude. Using the language of spin
kinetics and introducing approximately the concept of
longitudinal T, andtransverse T, relaxation times, we can
verify that the relaxation of the occupation numbers (longi-
tudinal relaxation) is due to transitions from one well to
the other, and the probability of this transition is pro-
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