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We present measurements of the electrical resistivity at a series of hydrostatic pressures, the ac 
magnetic susceptibility, and the low temperature specific heat for single crystals of titanium-doped 
and vanadium-deficient V,O, on both sides of the metal-insulator transition. We concentrate on the 
experimental signatures of disorder as a way to probe both correlation and charge localization effects. 
Comparison is made to previous Z”0 results obtained for the rare earth oxide La,-,Sr,CuO, and the 
doped semiconductor Si : P in the immediate vicinity of the transition. B 1990 Academic PWS, IX. 

Introduction 

As emphasized in the classic papers of 
Mott (1) and Anderson (2), electron correla- 
tion and disorder are essential ingredients 
in the phenomenon of electron localization. 
Experimental studies of the metal-insulator 
transition have concentrated on two classes 
of materials, those where the electron-elec- 
tron interactions appear to dominate and 
those where the effects of disorder seem- 
ingly drive the physics. As an example of the 
first class, consider vanadium sesquioxide, 
which undergoes a striking first order 
metal-insulator transition at a temperature 
T MI - 150 K, marked by ajump in the electri- 
cal resistivity of seven orders of magnitude, 
a hysteresis loop of 10 to 12 K, a volume 
expansion of 1.4%, and antiferromagnetic 
ordering of the spins. Investigations (3) have 
centered on the remarkable electronic, mag- 
netic, and structural behavior at the transi- 
tion, which has served as a prototype for 
the physics of Mott-Hubbard transitions. In 
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contrast to this discontinuous metal-insula- 
tor transition at finite temperature is the pro- 
cess of Anderson localization, whereby an 
insulator continuously evolves into a metal 
at zero temperature. Doped semiconductors 
are probably the simplest realization of this 
second class of materials, and they have 
been widely studied (4) to probe the nature 
of the metal-insulator transition in disor- 
dered systems. Experiments (5) have eluci- 
dated the critical behavior of the conductiv- 
ity (in the metal) and the dielectric 
susceptibility (in the insulator) at absolute 
zero, as well as documenting the unusual 
low temperature corrections to transport 
processes due to the effects of the random 
distribution of the charge donors. 

The division of real systems into two sep- 
arate categories, one represented by the 
physics of disorder, the other denoted as 
highly correlated, is necessarily artificial. 
For example, electrons in a sufficiently dis- 
ordered metal at low temperature do not 
travel anymore as Bloch waves, but ran- 
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domly walk their way through the material. 
Hence, increasing the disorder similarly in- 
creases the importance of Coulomb effects 
as the electrons diffuse more slowly and in- 
teract more strongly. Moreover, the mag- 
netic character of disordered electronic sys- 
tems appears to be intertwined with their 
critical behavior at the metal-insulator tran- 
sition. Various magnetic (6) measurements 
on barely metallic Si : P at milliKelvin tem- 
peratures indicate the presence of localized 
spins above the transition. It appears likely 
that a theory incorporating localization, elec- 
tron interactions, and the spin degrees of 
freedom will be required to account for the 
full spectrum of electronic, magnetic, and di- 
electric behavior of disordered materials in 
the vicinity of the Anderson transition. 

It is the thesis of this paper that the effects 
of disorder equally well need to be incorpo- 
rated in a full description of Mott-Hubbard . . transitions. In particular, as T,, is driven 
down in temperature by internal chemical 
(e.g., via alloying) or external applied pres- 
sure, the quantum nature of the localization 
process must become germane. The 
metal-insulator transition itself may be 
modified by it. At a minimum, we can use 
the diagnostic tools developed in milliKel- 
vin temperature studies of doped semicon- 
ductors and amorphous alloys to help under- 
stand the fundamental low temperature 
character of highly correlated metals and 
insulators. 

We divide this article into discussions of 
The Disordered Insulator, The Disordered 
Metal, and Correlations and Disorder at the 
Transition. We present preliminary results 
(7) on titanium-doped and vanadium-defi- 
cient V,03 as well as low temperature stud- 
ies (8) of (insulating) La,-,Sr,CuO,, both in 
the context of what we have learned from 
earlier experiments (9) on the prototypical 
disordered system, Si: P. In addition, we 
attempt to outline new experiments which 
bear on the fundamental physics in the vicin- 
ity of the metal-insulator transition. 

‘t’ = 0. 2.5, 4, 6 kbar 
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FIG. 1. Resistivity, p, as a function of inverse temper- 
ature, l/T, at a series of hydrostatic pressures, P, for a 
single crystal of Ti-doped Vz03 on cooling. A simple, 
activated form, representing the opening of the insulat- 
ing gap, is only appropriate over a narrow range of T 
just below the metal-insulator transition temperature, 
TMI(f?. 

The Disordered Insulator 

We plot in Fig. 1 the c-axis resistivity, p, 
as a function of inverse temperature, l/T, at 
a series of hydrostatic pressures, P, for a 
single crystal of (V,.9,Ti,&0, grown at 
Purdue. Metallic behavior at high T is 
abruptly interrupted by a jump in p of order 
four decades, marking the transition into the 
insulator. Pressure applied via a standard 
BeCu cell (using silicone oil as the hydro- 
static pressure medium) helped maintain the 
electrical contacts through the volume 
expansion at the transition and permitted 
data collection for temperatures well below 
TMl. All curves shown are for the cooling 
cycle only. 

The metal-insulator transition tempera- 
ture, TM,, is depressed smoothly with in- 
creasing P, as expected (3). At no pressure, 
however, is a simple activated form appro- 
priate for the resistivity in the insulator over 
more than a narrow range close to TM,. The 
form p(T) = p,, exp(AlT) represents the 
opening of the insulating (Mott-Hubbard 
and/or Slater) gap, but it is clear from the 
curvature of p vs l/T in Fig. 1 that slower 
than exponential conduction processes pre- 
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FIG. 2. Logarithm of the low temperature (13 5 T 5 
95 K) insulating resistivity from the previous figure vs 
TWu4, fit to a Mott variable range hopping form (solid 
lines) at the pressure extremes of our experiment. 

vail at low temperature. A stretched expo- 
nential form for the resistivity, p(T) = 
p,exp(T,JT)P, with 0 < /3 < 1, is a character- 
istic way to account for the effects of dis- 
order on the insulating state in the low T 
limit. Mott variable range hopping (10) cor- 
responds to p = ll(d + l), where d is the 
system dimensionality. There is not enough 
thermal energy to excite electrons across 
the gap, so charge transport occurs by pho- 
non-assisted hopping to states far away in 
space, but close by in energy. 

We plot in Fig. 2 log p vs (1/T)1’4 for the 
Ti-doped sample of V,03 at the lowest and 
highest pressures for T well below TM,. The 
solid lines are fits of the data to three-dimen- 
sional variable range hopping. We find that 
the characteristic energy for the hopping 
state, T,,, systematically decreases with in- 
creasing P. It must go to zero at sufficiently 
high pressure, where the metallic phase is 
stabilized at all T. We can estimate a local- 
ization length, (Y-I, via the relation (IO) 
a-’ = [kT,,iV(EF)/16]“3, where N(E,) is the 
density of states at the Fermi level and k is 
Boltzmann’s constant. Assuming a N(E,) 
of 1 state per vanadium atom (ZZ), we find 
(Y-’ = 0.6 A for P = 0. Although To is al- 
most halved by P = 6 kbar, the localization 
length only increases by 20% because of the 
cube root dependence. 

When electron-electron interactions in 
the presence of disorder are sufficiently 
strong, a soft gap is opened in the density of 
states. Variable range hopping conduction 
with this so-called Coulomb gap (12) also 
gives a stretched exponential form for the 
resistivity, but with /3 = l/2 (for both two- 
and three-dimensional systems). Here, 
a-’ = e2/kToK, where e is the charge of the 
electron and K is the dc dielectric constant 
of the material. Hence, observation of Cou- 
lomb gap behavior can provide a quantita- 
tive measurement of an insulator’s dielectric 
character. 

We show Coulomb gap behavior at low 
temperature in the rare earth oxide 
La1,98Sr0,02Cu04 in the left-hand panel of 
Fig. 3. From the value of T,, (the slope of 
log p vs T-1’2), we estimate (8) K 2 100, in 
support of contentions that high tempera- 
ture superconductivity evolves with doping 
from an insulating state on the verge of a 
ferroelectric instability. At higher Sr con- 
centration, we find Mott variable range hop- 
ping with /3 = l/4, as evidenced by the be- 
havior of La,,,,Sr,,,CuO, for 0.05 I T 5 
3.0 K (right-hand panel, Fig. 3). We inter- 
pret the change in p as an indication that at 
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FIG. 3. As a function of Sr concentration, the loga- 
rithm of the low-temperature resistivity in the insulator 
crosses over from a T-In to T-l4 dependence, indicat- 
ing variable range hopping conduction in the presence 
of carrier interactions (Coulomb gap behavior) and in 
the case of sufficiently screened interactions, respec- 
tively. Following Ref. (8). 
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the higher doping level the hole concentra- 
tion has increased sufficiently to provide 
screening of the Coulomb gap even to the 
lowest temperatures measured. If it were 
possible to measure closer to T = 0, at 
higher resistivities, we would expect a 
crossover to the Efros-Shklovskii form, p CC 
exp(T,,lT)1’2. 

Although strong electron-electron inter- 
actions are essential to the physics of the 
Mott-Hubbard insulator, we do not observe 
the opening of a Coulomb gap at low T in 
(V0,,,Ti,&,03. It may be that we simply 
have not extended our measurements (lim- 
ited by the resistance exceeding 10” a) to 
low enough temperatures. It may also be 
that the on-site Coulomb repulsion, as pa- 
rameterized by the Hubbard U, modifies the 
spectrum of available hopping states and/or 
the nature of the screening. We note that the 
hard Hubbard gap and the soft Coulomb gap 
are not related directly, the former owing its 
existence primarily to intraatomic repulsion 
while the latter depends on the long-range 
interatomic electron-electron interaction 
which is screened at high temperature. 
Nonetheless, understanding the relation- 
ship between the two may provide new in- 
sights into the nature of the correlations in 
the insulating state. 

Not all disorder is the same. We compare 
in Fig. 4 the low temperature heat capacity 
of titanium-doped and vanadium-deficient 
V,O,, less a fitted Schottky tail from the 
vanadium hyperfine interaction. The sam- 
ples have approximately the same metal- 
insulator transition temperature, and TM, is 
depressed identically in the two cases with 
the application of hydrostatic pressure (7). 
Yet, in the plot of C/T vs p, the single crys- 
tals of (V,,,T&,,),O, and V,.,,,O, have dif- 
ferent slopes as well as different T = 0 inter- 
cepts. Here, the slope gives the sum of the 
phonon and magnon contributions to the 
specific heat, while any non-zero intercept 
reflects the presence of two-level systems 
due to disorder in the insulator. 

-0 20 

FIG. 4. Specific heat, C, less the nuclear Schottky 
contribution, C, a l/T*. Lines are least square fits to a 
T3 lattice and magnon term plus a linear T term due to 
disorder. Only the vanadium-deficient sample shows 
evidence for a significant density of two-level systems. 

In the standard model (13) for the linear 
T term in the specific heat due to disorder, 
C = 2n,k2T b2sech2xdx, where k is Boltz- 
mann’s constant and q3 is the density of two- 
level systems, usually expressed in units of 
JJ’me3. For V 1.9967O3 we have n, = 2.2 x 
104’ J-‘me3. In comparison (14), a structural 
glass like SiO, has no = 8.4 x 1O45 JJ’me3, 
while the metglass Zr,,,Pd,,, has n, = 2.7 x 
lo6 JJ’m-3. We believe that the vanadium 
vacancies in metal-deficient V2O3 provide 
multiple sites for oxygen reorientations, 
which leads to the large number of two-level 
systems. These modes might also provide 
extra states in the gap, which could influ- 
ence strongly the low temperature hopping 
conduction. 

The Disordered Metal 

Our start for the study of the highly corre- 
lated metal is with ajust insulating sample of 
vanadium-deficient V2O3! We show in Fig. 5 
the characteristic behavior of the resistivity 
and the ac magnetic susceptibility at the 
metal-insulator transition for an oriented 
single crystal of V 1,98703, including the dis- 
continuous jump at TM1 and the hysteresis 
loop on cooling and warming. The resistivity 
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FIG. 5. The electronic and magnetic discontinuities 
at the finite temperature metal-insulator transition in a 
single crystal of nonstoichiometric VrO,. Hysteresis 
loops are shown in both the resistivity, p, and ac mag- 
netic susceptibility, x. 

measurements are actually at a small pres- 
sure (-l/4 kbar) in order to maintain electri- 
cal contact at low temperature, which ac- 
counts for the small depression of TM1 
relative to the ambient pressure susceptibil- 
ity jump from antiferromagnet to paramag- 
net. Data for the c-axis is identical except 
for a small difference in scale. 

The disordered V ,,98703 is close enough to 
the boundary where the metallic phase is 
stabilized at all T that we can push it across 
with only a small amount of hydrostatic 
pressure. We plot in Fig. 6 p(T) for this 

2' 0 
loo T (K) *O” 

300 

FIG. 6. Resistivity, p, as a function of temperature, 
T, for the vanadium-deficient crystal of VrO, shown in 
Fig. 5, but pushed through the insulator-metal transi- 
tion with the application of 3.6 kbar of hydrostatic 
pressure, P. The various transport regimes are de- 
scribed in the text. 

3818.e 1.5 j-112 (K’/z) 

FIG. 7. The low temperature portion of the previous 
figure plotted as conductivity, (T, vs T’“. The square- 
root temperature dependence is characteristic of diffu- 
sive transport in the metal due to electron-electron 
interactions in the presence of disorder. 

sample at P = 3.6 kbar. The sample is me- 
tallic (and nonsuperconducting) down to at 
least T = 20 mK. At highest temperatures, 
the resistivity is effectively linear in T. At 
lower temperature, there is a crossover in p 
to a superlinear temperature dependence, 
which is cut off at low T by a resistivity 
minimum associated with the antiferromag- 
netic ordering of the spins. In this region, the 
resistivity approaches a T2 form, reflecting 
enhanced electron-electron interactions 
and usually analyzed within a Brink- 
man-Rice (15) framework for the correlated 
metal. At the lowest temperatures, p a T’“, 
a form unheard of for crystalline systems 
but characteristic of electron-electron in- 
teractions in the presence of disorder (5, 
16). We demonstrate in Fig. 7 the T’” depen- 
dence of the conductivity, (T, for our single 
crystal of V,,98703 at P = 3.6 kbar over the 
temperature range 0.05 I T 5 2.2 K. 

In addition to underlining the sensitive 
role of disorder at low Tin the highly corre- 
lated metal, the square-root temperature de- 
pendence of the electrical transport pro- 
vides us with a new mechanism to 
quantitatively assess the salient physical 
characteristics of the interaction-dominated 
metal. We turn to experience with the doped 
semiconductor Si : P to illustrate this point. 
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FIG. 8. The low temperature conductivity, (T, vs 
Z’1’2 for a degenerately doped single crystal of Si : P. 
Following Ref. (9). 

Phosphorus doped silicon is a well-char- 
acterized, homogeneous system where P 
donors sit substitutionally and randomly in 
a dislocation-free Si lattice. The outer elec- 
tron of the shallow donor moves with a large 
effective Bohr radius which encompasses 
many lattice sites. At low temperature, the 
discreteness of the lattice is unimportant 
and the donor electrons move in the random 
potential of the impurity (donor) sites. When 
degenerately doped, the donors are in ex- 
tended states, but close to the metal-insula- 
tor transition their motion is diffusive and 
electron-electron interactions cannot be ig- 
nored. In fact, the lowest temperature cor- 
rection to the T = 0 conductivity is due to 
electron-electron interactions in the pres- 
ence of disorder, giving the unusual cusp- 
like behavior: c(T) = u(0) + mT1". We 
graph in Fig. 8, u vs T"' down to T = 3 
mK for a single crystal of Si : P with donor 
density n = 7.0 x 1018 cm-3, nearly a factor 
of two above the critical density for the 
metal-insulator transition. 

Calculations (5, 17) considering Coulomb 
interactions with electron-electron scatter- 
ing modulated by random impurities give 
u(T) = a(O) + a(4/3 - hF)Tu2, where 
X = 2 for a single isotropic valley, but be- 
cause of anisotropy factors A = 4 for Si : P. 

In both cases, (Y = [T&z*DI~~)]-“~, where 
TF is the Fermi temperature, m* is the effec- 
tive mass, and D is the diffusion constant. 
The dimensionless term F is a function of 
X = (~/GJK)~ and it results from the Hartree 
interaction, where kF is the Fermi wavevec- 
tor and K is the screening wavevector. It is 
given by F = ln[(l + X)/X] and ranges from 
0 to 1. Far above the transition, at high car- 
rier density, X is large and F + 0. This pro- 
duces a positive value for the slope of the 
T1'2 term, m, in some systems (e.g., V,,98703, 
Fig. 7). Closer to the transition, where most 
of the Si : P data is taken, X5 1 and AF > 4/3, 
yielding negative values of m. Very close to 
the critical density for the transition, n,, the 
screening breaks down, K may become 
small, and F + 0 again, causing m to change 
sign. We show in Fig. 9 the variation of m 
with n for a series of Si: P samples. The 
solid line is calculated from the equations 
above, but scaled by a numerical factor. 
Hence, the magnitude of m as well as its 
dependence on carrier density is a measure 
of not only the diffusion constant D, but of 
the Hartree interaction and the screening 
wavevector as the transition is approached 
from above. 

The magnetic field dependence of the T --, 
0 conductivity can provide additional infor- 
mation about correlations in the presence of 
disorder. Lee and Ramakrishnan (18) have 
shown that for the interaction model in the 
limit of mph % 1, where m, is the bare 
mass of the electron, a positive magnetore- 
sistance of the form H1’2 is produced due to 
the spin splitting of electrons with opposite 
spin. The energy splitting is of the usual 
form, gpL,H. In the high-field limit, 

p(H,T) = p(O,O) - ap2(0,0) ; - AF T'" 
( 1 

+ 0.77ap2(0,0)F(gpBlk)"2H'/2, 

an expression which involves (and can con- 
strain) some of the same physical quantities 
essential to understanding o(T). 
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FIG. 9. The slope, m, of the T’” term in the T-, 0 
conductivity as a function of donor density, n, for me- 
tallic samples of Si : P. m becomes large and negative 
as the critical density for the metal-insulator transition, 
n,, is approached per the equations in the text (solid 
line). Very close to n, screening breaks down causing 
m to change sign (the dashed line is a guide to the eye). 
Following Ref. (9). 

H’” --, 0 provide values of p which should 
be linear in T"2 as shown by the expression 
for p(H,Z”). This plot is shown in the inset 
to Fig. 10. At H = 0 the resistivity be- 
comes 

P(W) = p(O,O) - q2(0,0) ; - AF T'", 
( ) 

and this T'" dependence is also shown in the 
inset, where both curves are constrained to 
go through the same value of p(O,O). This 
type of analysis provides a way to include 
the effects of the spin degrees of freedom 
on the diffusive motion of the correlated 
electrons. The extension to substitutionally 
doped or vanadium-deficient V203 is compli- 
cated, however, by the antiferromagnetic 
ordering of the spins below T = 10 K in the 
metal. 

The important features of this equation 
are demonstrated in Fig. 10, which shows 
p(H, 7’) plotted against H’” at four tempera- 
tures for a sample of Si : P with II = 3.84 x 
10” cmm3. This sample is only 3% above the 
transition, but its zero-temperature conduc- 
tivity is still twice that of Mott’s characteris- 
tic (“minimum metallic”) conductivity, aM. 
The solid lines are best fits to the data and 
show the H’” dependence above 300 Oe. 
The slopes for the four temperatures are 
nearly the same, in agreement with theory. 
The extensions of these straight lines to 
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FIG. 10. Resistivity, p. vs I%“* at four temperatures, 
T, for a single crystal of Si : P with n = 1.03~ At high 
fields p is proportional to H”’ with a slope independent 
of T, in agreement with equations in the text. The 
intercepts of the solid lines, as well as p measured in 
zero field, are proportional to T” (inset), indicating 
the importance of correlations modulated by disorder. 
From Ref. (9). 
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Correlations and Disorder at the 
Transition 

The finite temperature metal-insulator 
transition in V,O, involves not only a dis- 
continuous electronic transition, but accom- 
panying magnetic and structural changes. In 
the T + 0 limit, the situation becomes less 
complex. We sketch in Fig. 11 a simplified 
phase diagram (19) for titanium-doped, va- 
nadium-deficient, and/or compressed vana- 
dium sesquioxide. Here, we parameterize 
the internal chemical pressure and/or the 
external applied pressure by the ratio B/U, 
where B is the bandwidth and U is the intra- 
atomic Coulomb repulsion. 

Note that the T = 0 metal-insulator tran- 
sition does not need to be linked with a mag- 
netic transition; it is from antiferromagnetic 
metal to antiferromagnetic insulator, in con- 
tradistinction to the usual Mott-Hubbard 
finite temperature paramagnetic metal to 
antiferromagnetic insulator transition. We 
plot in Fig. 12 the ambient pressure ac mag- 
netic susceptibility vs temperature for a 
barely metallic (at all T) oriented single crys- 
tal of V ,,98203 in order to illustrate the low T 
magnetic transition in the metal. The con- 
trasting behavior of the a- and c-axis suscep- 
tibility is a classic example of the different 
magnetic response along the easy and hard 
axes of an antiferromagnet. 

r 

B/U 

FIG. 11. Generalized phase diagram for V,O,. Ti- 
doping, vanadium deficiency, and hydrostatic pressure 
are all parameterized in terms of the ratio of the band- 
width to the Coulomb intraatomic repulsion, BICJ. 

1.6 

FIG. 12. The ac magnetic susceptibility, x, of an 
oriented single crystal of vanadium-deficient Vz03 
showing the transition along both the hard and easy 
axes from paramagnetic to antiferromagnetic metal at 
temperature T - 10 K. 

We also know from the discussion in the 
previous two sections that the effects of dis- 
order are prevalent at low temperature on 
both sides of the metal-insulator transition. 
In light of these observations, the question 
arises as to whether the T = 0 transition is 
still of the Mott-Hubbard-type. Sufficient 
disorder will, at a minimum, modify the tra- 
ditional description and, in the extreme, will 
convert it to a continuous Anderson-type 
transition (20). Measurements of the T + 0 
critical behavior of the conductivity in the 
metal and the dielectric susceptibility in the 
insulator as a function of doping or pressure 
should shed light on this issue. Moreover, 
the interplay of electron correlations and 
localization effects at the metal-insulator 
transition may differ with the type of disor- 
der introduced. For example, vanadium-de- 
ficient V,O, with its large concentration of 
two-level systems is probably more likely to 
be in the Anderson limit than its substitu- 
tionally-doped analog. 

A question remains as to the role of the 
magnetic degrees of freedom. We might ex- 
pect the possibility of an enhancement with 
increasing disorder of the Wilson ratio, the 
ratio of the spin susceptibility to the specific 
heat. Recent results (21) on barely metallic 
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Si : P down to milliKelvin temperatures indi- 
cate a Wilson ratio considerably larger than 
can be expected in either the Brink- 
man-Rice or interaction-disorder scaling 
theory models (22) of the metal-insulator 
transition, and are interpreted as evidence 
for the presence of localized spins. Hence, 
a dependence of the Wilson ratio in V,O, on 
alloying or perhaps even radiation damage 
would provide a powerful key to under- 
standing the part played by the magnetic 
character of highly correlated, disordered 
electronic systems. 

Conclusions 

Vanadium sesquioxide has served as a 
prototype for the study of the physics of the 
Mott-Hubbard transition. With substitu- 
tionally doped and metal-deficient single 
crystals, we find the hallmark signatures of 
disorder in experiments at low temperature. 
These include variable range hopping con- 
duction and large two-level system contri- 
butions to the specific heat in the insulator, 
as well as a sublinear temperature depen- 
dence of the conductivity due to diffusive 
transport in the metal. We analyze these 
effects of disorder with regard to previous 
investigations on rare earth oxides and 
doped semiconductors. Our results raise 
new questions about the ground state prop- 
erties of highly correlated insulators and 
metals in the presence of disorder, and even 
about the nature of the T ---, 0 metal-insula- 
tor transition itself. Quantitative analysis of 
the effects of disorder may provide new ave- 
nues of approach to understanding the rela- 
tive roles and interplay of electron-electron 
interactions and electron localization ef- 
fects. 
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