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Anderson localization and electrical 1/f noise in lanthanum strontium vanadate
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Anderson localization has been investigated in La, „Sr,VO, for 0 & x (0.4. The results of transport
studies are analyzed in terms of the pseudogap theory for localization. The conduction studies are supported

by electrical 1/f noise and Hall-mobility measurements.

I. INTRODUCTION II. PSEUDOGAP THEORY

The electrical properties of La, „Sr„VO3 change
from those of semiconductor to a metal as the Sr~'
content is increased with a nonmetal-metal tran-
sition occurring at x=0.23. The transition has
been characterized as an Anderson transition with
hopping conduction at low temperature. ' The in-
corporation of Sr" ions at La" sites l.eads to a
disorder arising from a random distribution of
these sites including Anderson localization of car-
riers in the material. High-temperature trans-
port studies show the association of a mobility
edge with the transition. ' Measurements of con-
ductivity and thermopow'er showed a uniform tran-
sition from semiconducting to metallic behavior
as the strontium content is increased.

The transition in La, „Sr„VO, has been charac-
terized as an Anderson transition" and its con-
duction properties have been investigated over
wide ranges of temperature and frequency. The
material showed variable-range hopping and ac
conducitivity at low' temperatures. %'bile general
conduction behavior conforms to that predicted foi.
a simple Anderson model, some variations have
been noted. The variation of activation energy
with composition makes it difficu1t to distinguish
between the behavior expected for an Anderson
model and that arising from percolation effects.
The theory predicts a density of states smaller
than that estimated from the Sr' concentration,
implying that interpretation in terms of pairs hop-
ping is suspect.

In order to obtain a better understanding of the
conduction process in the materials with Anderson
localization, information concerning the density
of states is necessary. This paper reports inves-
tigations of 1/f noise and Hall mobility in
La, „Sr„V03. Mott proposed a pseudogap theory
for such materials. In this paper an analysis
based on the above theory is presented and is used
to interpret the present results and earlier con-
ductivity data.

In order to calculate the conductivity of a disor-
dered solid, Mott evaluated the Kubo-Greenwood
formula and wrote for conductivity'

o = (me'/n)za'I'fz(Z )]',

where g is the coordination number, a' is the
atomic volume (assuming a cubic lattice), N is the
number of atoms, and I is the hopping integral.
Equation (2) shows that conductivity of the mater-
ial is proportional to [N(Z~)]'. If N(E)is less that
the free-electron value, as in a "pseudogap, " the
conductivity is given by

o =S~e'ag'/22m'n,

where g is defined as

g =N(Z, )/[N(Z, )], .
It is the value of g that determines the nature of
conduction in these materials.

The dependence of conduction characteristics on
the value of g has been reflected i.n other studies
on disordered solids, ' ' and w'e thought it would be
of interest to study this in detail. Tw'o experimen-
tal techniques have been considered. The Ball ef-
fect appeared to be a powerful tool but it is found
experimentally that the Hall mobility in amorph-
ous materials is small and is often less than the
estimated drift mobility. The sign of the Hall co-
efficient is often anomalous and may not be the
same as that of the charge carrier. Thus the Hall ef-
fect provides a complex probe of a low mobility sys-
tem. The other method i.s to measure the electri-
cal excess or 1/f noise. It has been suggested that
the noise power spectra provides a more sensitive
average over different possible conduction paths
than is reflected by the conductivity. ' This w'ould

imply that noise measurements provide 1Ilforma-
tion not available through conventional conduction
studies. The following sections describe the in-
vestigations of 1/f noise and Hall mobility togeth-
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er with a discussion in relation to the conduction
mechanism.

m. EXCESS OR 1/f NOISE

Excess or 1/f noise is well established as a gen-
eral bulk effect in materials and is inversely pro-
portional to the total number of charge carriers.
Hooge' suggested an empirical relation based on
dimensional reasoning for the spectral noise pow-
er S,.(f) as

&;(f)= (&/&, )&f/f (4)

where I is the current through the sample, N& is
the total number of free carriers, hf and f being
the bandwidth and the frequency of measurement,
respectively. ~ is an empirical constant with a
value of 2x10 '.

1/f noise has been observed in very thin metal
films, semiconductors, and glasses. With a few
notable exceptions, the measured noise power in
these materials is well expressed by Eg. (4).
Hooge and Hoppenbrouw'ers' studied the noise in
contiuous gold films and semiconductors and con-
cluded that the noise was a bulk effect and arises
from fluctuations in carrier mobility. Main and
Owen' measured the noise in ehalcogenide glasses
and made an attempt to interpret the results in
terms of transport properties. Voss' studied the
1/f noise in different systems and concluded that
homogeneous materials can be well described by
a linear mechanism. Also a strong dependence of
the 1/f noise on conduction characteristics was
suggested. While extensive data show that 1/f
noise is an equilibrium property, the spectrum
lacks frequency. -dependent spatial correlation that
is characteristic of fluctuations in a diffuse medi-
ums

In the present paper an attempt is made to relate
noise properties to the conduction mechanism.
The previous models considered the 1/f spectrum
as a gener ation recombination spectrum with a re-
laxation time 7 and a statistical weight in-
versely proportional to v. The usual, explanation
w'as a variation of McWhorter's" theory of charge
trapping. 1/f noise measurements have been car-
ried out on metal-oxide-semiconductor (MOS) de-
vices." The conduction in these devices occurs
either within localized or extended states and the
Fermi level can easily be adjusted with the appli-
cation of a gate voltage. We felt it w'ould be of in-
terest to study the noise spectra of a bulk materi-
al which is characterized by an Anderson transi-
tion, viz. , conduction occurs initially through lo-
calized states and then by band conduction in the
extended states.

Current-induced 1/f noise has been measured in

small samples of pure and strontium-doped lan-
thanum vanadate. The preparation of this material
has been described in an earlier paper. ' The
method of measurement was similar to that of
Voss and Clarke. ' The experimental technique
w'as to measure the total spectral noise power with
a constant current I applied to the sample. The
background noise spectrum was then measured
with zero current in the sample and the difference
between these values gave the current-induced
noise in the sample. The noise was amplified by
a narrow band lock-in-analyzer (lthaco 393) and
measured after rectification by a precision rms-
dc converter (Burr-Brown 4841). This voltage
was recorded by a Fabritek 1062 instrument com-
puter which also provided accurate analog to digit-
al conversion and storage over a range of frequen-
cies. Successive counts were stored to provide an
average measure of the noise power spectrum.
The noise pow'er spectra were calibrated by mea-
suring the Nyquist noise level of known resistors.
The spectral noise power S,.(f ) was expressed in
terms of noise current fluctuations as

s,.(f) =~i'/I',

where 4I is the measured noise current and I is.
the current through the sample. The samples were
bars 0.01 cm' in area and 1 cm long. They had a
resistance inversely proportional to the thickness.
Reversal of bias current and variation of surface
area to volume ratio failed to show any contact ef-
fects.

The noise power spectra showed a frequency de-
pendence which was of the form

\

S,(f)~f ',
where p was =0.9 for all compositions. At 1 KHz
the magnitude of the excess noise was several or-
ders of magnitude larger than the thermal noise
in the abse5ce of a current. Measurements at 100
Hz in a bandwidth of 1 Hz have been used in the
pi'esent paper. Figure 1 shows the spectral noise
pow'er at two different temperatures for different
compositions of La, „Sr„VG,. A decrease in ob-
served noise power takes place in the vicinity of
the Anderson transition at g =0.23. The figure al-
so shows the variation of conductivity as a function
of composition. The power spectrum may be
analyzed using Hooge's einpirical relation (4).
The variation of the total number of free carriers,
+f, as a func, ion of composition is shown in Fig. 2.
The figure also shows the total number of carriers
which are expected to be present on the basis that
a V4' ion is introduced for each Sr" subsititution
of La". The carrier concentration for undoped
LaVO, was determined earlier by extrapolation
from doped materials and has not been previously
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FIG. 1. Variation of spectral. -power intensity as a
function of composition of La~ „Sr„VO3. The figure also
shows the variation of conductivity over the same comp-
os ition range; o-300 'K; -195 'K; k-conductivity at
300 'K.

verified by an independent technique. The value of
n was taken as 2~10' and the agreement of noise
measurements with the conductivity suggests that
impurity scattering may be absent and that the
noise is generated only by the lattice scattering. "

The value of N& shows an increase at the composi-
tion corresponding to the transition. The measure-
ment would imply that delocalization takes place
as x approaches 0.2 as expected for an Anderson
transition and the number of carriers participat-
ing in the noise process increases. The tempera-
ture variation also suggests that the material for

x ~0.2 behaves as a semiconductor. In a conven-
tional extrinsic semiconductor, conductivity is in-
dependent of frequency and depends on tempera-
ture through a change in the number of carriers in
the valence band. When Sr" is introduced in the
host materi@. , a tail of localized states extends
from valence band into the band gap an& conduc-
tivity arises when carriers are excited into a band
of states at the mobility edge. ' At high concentra-
tion of Sr", a broad band of fully compensated im-
'purity states may overlap the tail of localized
states resulting in a mixed conduction. Cohen

et al."suggested that for the overdoped case, the
free carrier population will be in equilibrium with
the carriers trapped in the localized states. The
noise spectrum of such a system will not show any
variation with either composition or temperature.
This is clearly evident from Fig. 2. Voss" ha.s
also observed similar results in MOS devices.

There is a striking agreement between the value
of carrier concentration in LaVO, measured from
noise spectral power and that determined from
conductivity. The basis for the conductivity cal-
culation was. that an intrinsic carrier concentra-
tion.associated with oxygen vacancies in addition
to carriers introduced by doping could be recog-
nized. The independent measurement of carrier
concentration from noise power spectra supports
this assumption. However, the fact that N„„
&+„„,in the metallic regime is not understood.
It corresponds to a 1/f noise power less than that
predicted by Hooge relationship.

As outlined in Sec. D, the conduction properties
of a material which is localized can be explained
by the factor g given by

g = [x(z)].. ./[x(z)],„„.
The conduction properties of such materials will
depend on the precise value of g. For the present
case g=0.1 in the metallic region in which case
conduction at low temperatures is by thermally
activated hopping whereas at higher temperatures
carriers will be excited from the nonlocalized
states. This is in conformity with the observed
conduction behavior of the material.

IV. HALL EFFECT
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FIG. 2. Number of free carriers as a function of
composition: Q-300 'K; h, -125'K; C-estimated from con-
ductivity measurements at 300 K.

The Hall mobility is disordered solids is small
and its value is often less than that estimated from
drift mobility. The na,ture of Hall mobility for
electrons and holes in amorphaus materials was
discussed by Friedmari" and Emin. " The systems
usually contain several types of disorder but the
Anderson model which takes into account the cellu-
lar disorder is used here. Electronic motion is
then assumed to be diffusive, with charge carriers
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performing a random walk motion from site to
site. The mean path is of the order of lattice spac-
ing and any phase information is lost over this
distance. It was shown that Hall mobility depends
upon local lattice geometry and is only weakly
temperature dependent, whereas the conductivity
mobility is temperature dependent. The theory
also predicts that the Hall coefficient is smaller
in magnitude than is predicted by conductivity
estimates. Friedman" uses a modification of
Kubo formula and obtains for the ratio of Hall
mobility g~ to conductivity mobility p, as

p, „/p, , = (6uT/Zgiz/z', (6)

where z is the coordination number, z is the aver-
age number of closed site paths about an arbitrary
site, andy is a constant.

The measurement of Hall mobility in disordered,
solids requires a very sensitive technique for the
measurement of the effect. In the present work a.

double ac method involving simultaneous variation
of electric. and magnetic fields is used. The ex-
perimental system consisted of a magnet capable
of delivering field strengths up to 500 kG (peak to
peak). The sample current was supplied by anoth-.
er oscill, ator. The Hall signal was detected by a
lock-in amplifier and fed to an instrument comput-
er in order to obtain an enhanced S/N ratio. Mea-
surements were carried out in four probe config-

urationn

and the system sensitivity was 0.05
sec . A theoretical estimate of the Hal].

mobility to conductivity from Eri. (6) gives

&H/pc=0 l

Also the conductivity mobility in bulk samples of
LRVO3 w'as found to be 0.15 cm' V ' sec '. No Hal l
mobility could be recorded with the present setup,
implying that it is much below the sensitivity of
the system. This is also in conformity w'ith the
theoretical predictions and hence an alternative
technique like electrical 1/f noise was found to be
useful to determine the same.

V. DISCUSSION

The addition of strontium to LaVO, results in the
formation of V" centers and a subsequent decrease
in the ion separation. This is reflected in the conduc-
tivity and reduced activation energy as the Sr" con-
tent is increased. For sufficiently large values of
Sr2' content, the activation energy will disappear
and the disorder due to random positions of atoms

TABLE I. Values of g obtained from theoretical esti-
mates and from experimental results of several investi-
gations.

Measured
Parameter

Conductivity
Hall effect
1/f noise

Theoretical. Experimental

0.100~
~ ~ ~

0.08

can lead to localization. If the conduction and the
valence bands overlap slightly, a "pseudogap" or
minimum density of states is expected. ' As long
as the overlap is small, the density of states is
localized. At sufficiently low temperatures, N(E~)
is finite but the states are localized near the Fer-
mi energy. Et is then that the phenomenon of vari-
able range hopping sets in and the conductivity can
be wel1 described by a T' ' behavior. Sayer eI; g$. '
investigated the conduction in La, „Sr„VO, and
found the behavior described above in the low-tem-
perature region. As the Sr" content is increased,
a point will be reached at which the states at
E~ are no longer localized. At this point a
metal-nonmetal (MNM) transition of Anderson
type takes place and the conductivity o is given by

where C is a constant. Inserting experimental val-
ues of conductivity (100 0 ' cm ') and a (6 A), C
may be estimated as

C =0.0329, g2 =0,1,

which are in reasonable agreement with the
pseudogap theory fox Anderson localization.
Table I shows the value of g obtained from various
investigations which are all in conformity with the
above theory.

It can be seen from Table I that the MÃM transi-
tion in La, „Sr„VO, can be well described by the
pseudogap theory with the conductivity proportion-
al to N(E„).' The analysis is further supported by
thermopower measurements. The thermopower in
such materials should be a maximum for compen-
sated samples, decreases with increasing Sr" con-
tent, and then changes sign at the transition. This
is in accord with experiment 2

It can be concluded from the above investigation
that the conduction in lanthanum strontium vana-
date can be described by the pseudogap theory for
localization.
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