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Critical behavior in LaTiO 31d/2 in the vicinity of antiferromagnetic instability

Y. Taguchi
Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan

T. Okuda
Joint Research Center for Atom Technology, Tsukuba 305-0046, Japan

M. Ohashi, C. Murayama, N. Moˆri, and Y. Iye
Institute for Solid State Physics, University of Tokyo, Tokyo 106-8666, Japan

Y. Tokura
Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
and Joint Research Center for Atom Technology, Tsukuba 305-0046, Japan

~Received 18 September 1998!

The critical behavior in the vicinity of antiferromagnetic instability has been investigated for the filling-
controlled insulator-metal transition system, LaTiO31d/2 , by transport and specific heat measurements. With
the increase of nominal hole dopingd, the system undergoes a phase change from an insulating phase to a
metallic phase atdc

IM'0.05 and the low-temperature antiferromagnetic phase disappears atdc
mag'0.08. The

Hall coefficient for an antiferromagnetic metallic crystal ofd'0.06 shows a broad minimum near the Ne´el
temperature while that for the compound ofd5dc

mag exhibits little temperature variation. At the antiferromag-
netic instability point, the electronic specific heat coefficientg as well as the coefficientb of T3 term of
specific heat takes a maximum value as a function ofd. High-pressure measurements of resistivity and Hall
coefficient revealed that not only the antiferromagnetic spin correlation but also randomness effect plays an
important role in producing an unconventional metallic state in the immediate vicinity of the magnetic insta-
bility point of the present compound.@S0163-1829~99!00112-5#
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I. INTRODUCTION

Recent extensive investigations on anomalous meta
states derived from Mott insulators have shed light on
neric features of the highly correlated electron system
led to the discovery of versatile intriguing phenomena.1 One
way to obtain a metallic state from Mott insulators is
enhance one-electron transfer interaction, and hence to
duce relative strength of electron correlation effect with a
plication of an external pressure, such as done in V2O3 ~Ref.
2! and PrNiO3 ,3 or with modification of chemical composi
tion, as employed inRNiO3(R being a rare earth ion!4 and
Ni(S,Se)2 .5 In addition to such a bandwidth-controlle
insulator-metal transition at a constant~integer! band-filling,
another successful way of driving an insulator-metal tran
tion is to vary the electron filling from integer~filling-
controlled insulator-metal transition!. This has extensively
been applied to various transition metal oxides, in particu
in this decade after the discovery of high-Tc superconductiv-
ity in filling-controlled cuprate compounds. In filling
controlled insulator-metal transitions, many unconventio
phenomena have been unraveled, for instance, cha
ordering transition in a stripe form,6 incommensurate spin
density wave transition with strong carrier-ma
renormalization,7,8 colossal magnetoresistance,9 and so on.
Among them, a perovskite-type titanate syste
La12xSrxTiO31y/2 is known to be a canonical system for th
filling-controlled insulator-metal transition and has wide
been studied by transport,10–12 thermodynamic,13 and spec-
troscopic measurements,14–16 as well as theoretically.17,18

One of the advantages in studying this particular class
PRB 590163-1829/99/59~12!/7917~8!/$15.00
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titanate lies in its relatively simple electronic and lattice fe
tures; namely, in a stoichiometric compound LaTiO3 a rel-
evant electron is only single 3d electron per each Ti site
whose network forms a simple, approximately cubic, latti
The stoichiometric compound is a Mott-Hubbard type ins
lator with a charge gap of ca. 0.2 eV,16 not a charge-transfe
type insulator,19 and hence the oxygen electronic states
not have to be taken into account explicitly as a first appro
mation. A magnetic transition takes place at around 140
from a high-temperature paramagnetic phase to a l
temperature antiferromagnetic phase with minute spin c
ing (,1°). With substituting La site by Sr(x) and/or intro-
ducing excess oxygen (y/2), we can doped (5x1y) holes
per Ti site and hence control the band filling (n512d). As
the dopingd proceeds from 0 to 0.1, Ne´el temperature (TN)
goes down and the antiferromagnetic long-range or
disappears12 ~see also Fig. 3!. For the sufficiently hole-doped
metallic regime withd>0.1, low-energy physics is basicall
understood in terms of conventional Landau-Fermi-liqu
theory with renormalization of carrier effective mass in
strongly filling-dependent manner.11,13,17,18 Many of the
characteristic fingerprints for Fermi liquid, such asT-squared
resistivity, T-independent Pauli-like susceptibility, an
T-linear electronic specific heat are observed, and carrier
fective mass is critically enhanced as the insulator-me
phase change is approached from the metallic side, reflec
the dominance of electron correlation effect associated w
the metal-insulator transition. Optical measurements h
also captured such a strong correlation effect over a hig
energy scale of 1 eV order.14–16 Overall features of the
insulator-metal transition have so far been unraveled as m
7917 ©1999 The American Physical Society
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7918 PRB 59Y. TAGUCHI et al.
tioned above, yet the nature of critical regime between
stoichiometric insulating compound and heavily doped m
tallic phase is left to be explored in light of quantum critic
phenomena in the course of the Mott transition. Here we n
that there exist two quantum phase transitions on the
from the Mott insulator to the Fermi liquid; one is a
antiferromagnetic-paramagnetic transition, the other is
insulator-metal transition. We have a possibility to find o
just at the magnetic phase transition, such a non-Fermi-liq
behavior as observed in a heavy fermion system20 and also
expected from a renormalization group analysis.21 In the vi-
cinity of the insulator-metal transition, which takes pla
away from integer filling, some effects other than electr
correlation, in particular, Anderson localization, are also
pected to play a role. Such a Mott-Anderson transition
correlated electron systems is a subject of recent vital th
retical studies22,23and should be experimentally clarified in
systematic way. If the two transitions occur at similar dopi
levels, and this is indeed the case in the present system~vide
infra!, complex but intriguing phenomena are likely to b
observed at the critical region. In order to clarify such
critical region, we have made transport and thermodyna
measurements on the crystals whose hole concentrationd is
finely tuned near the insulator-metal transition point (dc

IM

'0.05) and the magnetic instability point (dc
mag'0.08). In

this paper, the fine control of the doping leveld or the band
filling ( n512d) was executed by introducing excess ox
gen ~i.e., d5y and x50), as was previously performed i
another prototypical Mott transition system V2O3.24,25 The
filling control alone, in reality, cannot be made finely enou
by its chemical nature to reveal all the critical behaviors
interest. Therefore, in addition to the filling control, we ha
utilized a high-pressure technique for a finer tuning as
often employed in heavy fermion systems.20 External pres-
sure causes an increase of the one-electron bandwidt
equivalently a reduction in the relative strength of the el
tron correlation effect, which enables us to probe the criti
behavior in more detail.

II. EXPERIMENT

All the crystals investigated here were grown by the flo
ing zone method. We prepared the sample with differend
by changing the atmosphere (H2 /Ar mixture 0 –7%) as well
as the feeding speed (5 –20 mm/h) during the cry
growth. The excess oxygen contentd/2 could be accurately
determined by the thermogravimetric analysis.26 Resistivity
measurements were carried out by a conventional four-pr
method, using indium as an electrode. Magnetization m
surements were done for the same samples as used in
tivity measurements, which are typically of 33131 mm3

in size and of 10 mg in weight. The Hall coefficient wa
measured by rotating samples in a constant magnetic fie
5 T (7 T) for d'0.01 and 0.04~for d'0.06, 0.08, and
016! and fitting the Hall voltage with a sinusoidal curve
several temperatures. We have measured specific heat
conventional relaxation method down to 0.5 K. Tempe
ture variation of resistivity of the crystals withd'0.06 and
0.08 under high pressures up to 2.0 GPa was measured
tungsten-carbide piston-cylinder apparatus, and the pres
was kept constant during a temperature sweep usin
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constant-load generating system.27 We also measured th
Hall coefficient at 4.2 K under high pressures by a conv
tional six-terminal method. Hall voltage (VH) was monitored
with the change of the magnetic field~B! up to 65 T and
the Hall coefficient was estimated from the slope of theVH-B
line.

III. DOPING DEPENDENCE OF TRANSPORT
AND SPECIFIC HEAT PROPERTIES

NEAR THE CRITICAL POINT

In Fig. 1 we display the temperature dependence of
resistivity for samples with several doping concentratio
ranging from 0.01 to 0.16. As shown in the inset, the sam
with d'0.01 shows an insulating behavior below room te
perature. The resistivity for thed'0.04 crystal exhibits an
upturn at around 130 K and increases with further lower
temperature. In the main panel of Fig. 1 is shown resistiv
of the compound whose ground state is metallic~the com-
pound ofd'0.06 is exemplified also in the inset to show
difference from the insulating samples!. The crystal withd
'0.06 also shows an upturn at around 90 K~slightly below
TN), but the resistivity remains finite even at the lowest te
perature. The resistivity of thed'0.08 crystal continues to
decrease down to the lowest temperature. It is worth no
that the resistivity ford'0.06 and 0.08 well exceeds th
Mott limit ( '0.5 mV cm in the present case! in a certain
range of temperature, and hence these two crystals shou
called a ‘‘bad metal’’ according to the nomenclature by E
ery and Kivelson.28 The sample ofd'0.16 shows a qualita-
tively different behavior from the other two metalli
samples: residual resistivity is less than 100mV cm and a
rapid increase above 100 K seen in the former two sam
is absent.

We show in Fig. 2 the temperature dependence of m
netization under a magnetic field of 100 Oe. As we me
tioned before, the antiferromagnetic spin ordering accom

FIG. 1. Temperature variation of resistivity for metallic crysta
Inset shows the resistivity for insulating compounds on a logar
mic scale. The sample ofd'0.06 is included for comparison.
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nies a minute amount of spin canting. Therefore, we
unambiguously determine the Ne´el temperature for each
crystal by the onset of the magnetization. As the doping c
centration is increased, the Ne´el temperature is reduced from
about 140 K, and is likely to disappear at a doping conc
tration of d'0.08.

We summarize the results of resistivity and magnetizat
measurements in Figs. 3~a! and 3~b! as a function of doping
level d, together with those of the Hall coefficient in Fig
3~c! and the specific heat in Figs. 3~d! and 3~e!. As shown in
Fig. 3~a!, the T→0 conductivitys0 ~inverse of residual re-
sistivity! is negligible ford,0.05 and the ground state is a
insulator, while s0 for d>0.06 is finite and a metallic
ground state is realized. The filling-controlled insulato
metal transition occurs at the critical hole concentration
dc

IM'0.05. Thes0 for d.0.05 seems to increase approx
mately linearly with the change ofd, which is often ob-
served in the Mott-Anderson transition system.29 We show in
Fig. 3~b! the magnetic transition temperature (TN) and the
magnetization under 100 Oe at 5 K. As holes are do
into the system, it is likely~provided that the canting angle
unchanged! that the net moment shrinks eventually to disa
pear at critical doping concentrationdc

mag'0.08, which is
slightly larger thandc

IM('0.05). From the results of Figs
3~a! and 3~b!, the ground state of the system is an antifer
magnetic insulator ford,0.05,antiferromagnetic metalfor
d50.0620.08, and paramagnetic metal ford.0.08.

We plot in Fig. 4 the temperature variation of the Ha
coefficient (RH). All the values are of minus sign, indicatin
electronlike charge carriers in agreement with the previ
result for d>0.1.11 The RH of insulating compounds ofd
'0.01 and 0.04 show strong temperature dependence,
are likely to diverge with lowering temperature, althou
they cannot be measured below 120 K (100 K) ford
'0.01 (0.04) because of too low mobility. On the oth
hand, theRH of metallic crystals (d'0.06, 0.08, and 0.16!
show a relatively weak temperature variation, compared w
the insulating compounds. A density of one carrier per Ti s
gives the RH value of 0.431023 cm3/C according to a

FIG. 2. Temperature dependence of magnetization under a m
netic field of 100 Oe.
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simple Drude model ofRH51/ne, wheren is carrier density
ande is electron charge. Although in a real material quan
tative analysis ofRH should be made with a real band stru
ture, small Hall coefficients certainly indicate that the cry

g-

FIG. 3. ~a! Conductivity (s0) in T→0 limit, ~b! antiferromag-
netic spin-ordering temperature (TN) and spontaneous magnetiz
tion (M , taken at 5 K under 100 Oe) due to minute canting of t
antiferromagnetically ordered spin,~c! inverse of Hall coefficient
(RH) at 2 K ~d! electronic specific heat coefficient (g), and ~e!
coefficient ofT3 term of specific heat (b), as a function of hole
concentrationd. Vertical dashed lines denote the insulator-me
(dc

IM'0.05) and antiferromagnetic-paramagnetic (dc
mag'0.08)

phase boundaries. Solid lines are the guides to the eyes. Open
bols in ~d! and ~e! are the results for La0.95Sr0.05TiO3.04 reproduced
from Ref. 13. AFI, AFM, and PM stand for antiferromagnetic ins
lator, antiferromagnetic metal, and paramagnetic metal, res
tively.

FIG. 4. Temperature variation of Hall coefficient (RH). TheRH

is negative for all the samples. The data points ford'0.01 are
multiplied by a factor of14 . Solid lines are the guides to the eyes
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tals of d'0.08 and 0.16 have a large Fermi surfac
consistent with the band filling 12d. The RH of the d
'0.06 sample is about two times as large as those od
'0.08 and 0.16 at the lowest temperature, which can
attributed to an opening of the spin-density wave~SDW! gap
over about half of the original Fermi surface area. This w
be clearly evidenced by the pressure effect onRH as de-
scribed in the next section. Thus, the crystal ofd'0.06 with-
out SDW would also show a large Fermi surface correspo
ing to an electron density of 12d. The lowest-temperature
(2 K) value ofRH

21 is plotted in Fig. 3~c! as a measure o
carrier density in the ground state.

Let us focus our attention on the temperature depende
of RH for d'0.06. Two factors are likely to be responsib
for the observed temperature dependence. First, one is a
mally induced increase of the effective carrier number
equivalently restoration of the original Fermi surface ar
which should lead to a reduction ofRH , as the temperature i
increased from the lowest temperature towardTN . Another
factor originates from a thermally induced crossover in
ture of charge carriers from low-temperature electronl
carriers with a large Fermi surface to high-temperature h
like carriers characteristic of a hole pocket. Recently, te
perature variation of frequency-dependentRH in hole-doped
Mott insulators in two-dimension~2D! has been studied
numerically,30 and shown to cross over from electronlikeRH
at T,J (54t2/U) to holelike one atJ,T,U. In a lan-
guage of dynamical mean-field theory,18 low-temperature
transport is dominated by quasiparticles with a large Fe
surface satisfying the Luttinger theorem, and hence a ne
tive small value ofRH should be observed. On the oth
hand, at high temperatures, where Kondo resonance or
herence peak in the single-particle spectral function is
sent, a rigid band picture of Hubbard gives an accurate
scription of physics, and therefore a large positive value
RH is expected.18 In view of the close proximity of this crys
tal to the insulator-metal transition point (d IM'0.05), such a
crossover is likely to occur, which leads to an enhancem
of RH , as the temperature is increased from the lowest t
perature. These two factors may yield the observed temp
ture variation ofRH , namely, a broad minimum nearTN .

The crystal ofd'0.08 shows a very weak temperatu
dependence, which rather mimics that ofd'0.16, locating
deep in the paramagnetic phase. Such a seemingly no
behavior ofRH even at the magnetic instability point is co
trasted by an anomalous feature ofRH observed and theoreti
cally conjectured for a 2D case. Recently, a ‘‘Fermi-surfa
segment’’ was observed by angle-resolved photoemis
experiments near (p/2,p/2) point in k space in underdope
high-Tc cuprate superconductors.31,32 In relevance to these
experiments, the mean-field phase diagram as a functio
doping was studied theoretically33 with SU~2! formulation of
the t-J model, and it was shown that the Fermi surface sh
evolves from a segment near the (p/2,p/2) point in an un-
derdoped region just next to the antiferromagnetic phase
ward a full Fermi surface satisfying the Luttinger theorem
a higher doping level. If such a Fermi surface segment w
of a generic feature among compounds in the vicinity of
antiferromagnetic phase, an enhancement ofRH due to a
shrinkage of the Fermi surface might be observed as
antiferromagnetic spin correlation is enhanced with the
,
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crease of temperature toward the magnetic quantum cri
point. As will be shown later, in this specific compound
d'0.08, an antiferromagnetic spin correlation is likely
develop sufficiently at low temperatures in view of an e
hancedT3 term of specific heat. Nevertheless, such an
crease ofRH cannot be observed even in the present cry
just at the magnetic instability point. The absence of
increase of RH even in the immediate vicinitiy of the
antiferromagnetic-paramagnetic and/or insulator-metal tr
sition point may be attributed to a difference in electron
dimension~2D vs 3D! of the cuprates and the present tita
ates.

In Fig. 5, we show the result of specific heat measu
ments, in a form ofC/T vs T2. With decreasing the doping
level from d'0.16 tod'0.08, g andb are both enhanced
whereg(intersection! and b(slope! are defined asC/T5g
1bT2. @See also Figs. 3~c! and 3~d!.# Further reducing the
doping level below 0.08 leads to a reduction of theg value
as well as of the slopeb. For the samples withd'0.01 and
0.04,C/T begins to decrease belowT2,10 K2 toward zero.
In a heavy fermion system,20 dramatic deviation from con-
stant g value at low temperatures is observed just at
magnetic instability point. In the present system, the crys
of d'0.08, just at the magnetic critical point, shows a ve
slight upturn at about 1.2 K~barely discernible in the
present scale of Fig. 5!. If we assume this upturn is due to
critical spin fluctuation and fit the data with the renormaliz
tion group theory by Milliset al.21 we obtain a coherence
temperature of 270 K~referred to asT* in Ref. 21!, which
should be of the order of Fermi temperature. On the ot
hand, the Sommerferd constantg of this compound,
'17 mJ/mol K2, yields a Fermi temperature of 2400 K
which is one order of magnitude larger than that deriv
from the fitting procedure. Therefore, we cannot fit the d
quantitatively with the renormalization group theory. The a
sence of a significant temperature dependence ofg is per-
haps due to a fairly high-degenerate temperature in

FIG. 5. Low-temperature specific heat~C! plotted in a form of
C/T versusT2. Solid lines are fitted lines with a formula ofC/T
5g1bT2 in a temperature range of 10 K2<T2<50 K2 for d
'0.01 and 0.04, and ofT2<50 K2 for d'0.06, 0.08, and 0.16.
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3d-electron system, presumably two orders of magnitu
larger than that of thef-electron system.

In Fig. 3~d!, g values are plotted against the doping ra
d. As the antiferromagnetically spin-ordered phase is
proached from the paramagnetic side,g is enhanced due to
strong electron-correlation effect,11 takes a maximum value
('17 mJ/mol K2) at the magnetic instability pointdc

mag,
and is followed by a reduction in the antiferromagnetic m
tallic phase. Such dependence ofg on the control paramete
is observed in other systems, for example, NiS22xSex,

34 in
which the parameter is the one-electron bandwidth as
posed to the band filling in the present case. Another
ample for the enhanced Sommerferd constantg in the anti-
ferromagnetic metallic phase is for the filling-controlle
system V22yO3,35 whereg increases with the decrease ofTN
but a paramagnetic ground state cannot be achieved by fi
control alone. All these cases including the present sys
can be qualitatively understood as follows. At the critic
parameter value, the spin correlation length diverges tow
absolute zero temperature and the characteristic energy o
spin fluctuation decreases faster than temperature, and h
low-lying spin fluctuation persists down toT50 and contrib-
ute to the specific heat. As the compound enters into
antiferromagnetic phase, some portion of the Fermi surf
is gapped and the density of states at the Fermi level
creases. This was also confirmed by preliminary results
photoemission experiment36 on thed'0.06 crystal. On the
other hand, as the compound goes away from the crit
point in the paramagnetic phase, the less important the e
tron correlation effect is, and consequently the lessg is en-
hanced.

The decrease ofd below 0.05 drives the system insula
ing, but the apparentg value, which is extrapolated from th
points of 10 K2<T2<50 K2 to T50 has nonzero value
for d50.04 and 0.01, although the value ofC/T decreases
steeply toward zero belowT2<10 K2 for the both samples
The result implies that a finite density of states is pres
very near the Fermi level but that a minimal gap of abo
3 K opens just at the Fermi level. This might signal that t
insulator-metal transition in this system is influenced by
Anderson localization effect, although the strong electr
correlation effect does play an important role in prepar
the strongly mass-renormalized state that is amenable to
Anderson localization.

In Fig. 3~e!, the coefficientb of the T3 term is plotted as
a function of hole concentrationd. As is well known, the
contribution from a three-dimensional antiferromagnetic s
wave to specific heat is proportional toT3. Therefore, theb
value in the antiferromagnetic phase (d,0.08) contains con-
tributions from both phonons and magnons. One may no
that theb value as well asg takes a maximum at the mag
netic instability point and is reduced either in the param
netic metallic side or in the antiferromagnetic insulating si
Such an enhancement of theT3 term toward the magnetic
critical point basically originates from increasing magn
contribution due to a critical softening of spin stiffness ev
though spin wave excitations are not well-defined mode
the critical point. The amount of such an enhancement, h
ever, seems to be too large to be attributed only to mag
contribution, as in the light of the following quantitative e
timate: the Heisenberg spin model in a 3D cubic lattice p
e
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dicts that the nearest-neighbor exchange constantJ would be
about 6 meV whenTN is 140 K, which makes a contribu
tion to theb value by an amount as small as 12mJ/mol K4.
Therefore, 91% of theb value ind'0.01 comes from other
degrees of freedom than the spin wave, such as lattice vi
tion. As for the sample ofd'0.16, contribution from mag-
netic excitation is likely to be also small because it is deep
the metallic phase. Provided that the phonon contribution
the b is roughly of 120 mJ/mol K4, which should be as
large as theb values ford'0.01 and 0.16, over the whol
doping range considered here, in the samples withd'0.06
and 0.08, about 70mJ/mol K4 comes from magnon or othe
related low-lying excitation. Here we adopt a metallic an
ferromagnetic model,37 in which the spin-wave dispersion i
given by vk5 1

3 vFk for the small value ofk, where vF is
Fermi velocity. If we assume only the spin-wave contrib
tion is responsible for all of the additional 70mJ/mol K4,
we obtain Fermi velocity ofvF52.13106 cm/s, which re-
sults in the carrier effective mass ofm* /m0;42, m0 being
free electron mass. This value is within an acceptable ra
of magnitude, but is somewhat large, compared with
valuem* /m0;11, estimated from the observed Sommerfe
constantg. This implies a possibility that there exists a
other type of bosonic excitations, which contribute to t
specific heat. In the present compound, the relevant elec
is accommodated to the triply degeneratedt2g orbital, and
hence has an orbital degree of freedom. Orbital ordering
orbital wave excitation are recently discussed in many tr
sition metal oxides, in particular, perovskite-type mangan
and its layered compounds.38,39 It is reasonable to anticipat
that such an orbital ordering also takes place in the pre
antiferromagnetic compounds, although there has been
far no direct evidence in this system. Therefore, soften
orbital waves may make some contribution to theb value,
especially in the vicinity of the magnetic critical point ne
which the orbital ordering is also likely to disappear.

IV. PRESSURE DEPENDENCE OF TRANSPORT
PROPERTIES NEAR THE CRITICAL POINT

Since the tuning by filling control is discrete by natur
we have tried to investigate the critical region in more de
with use of high pressure. The role of pseudohydrosta
pressure is to enhance the electron hopping and henc
decrease the electron correlation strength.1,12 We have per-
formed high-pressure experiments for two particular co
pounds. One isd'0.06, which is an antiferromagnetic meta
and the other isd'0.08, which is just at the magnetic insta
bility point ~see Fig. 3!. We show in Fig. 6~a! temperature
dependence of resistivity ford'0.06 under various pres
sures. At ambient pressure, this sample undergoes a tr
tion to the antiferromagnetic state atTN5112 K. Resistivity
under the atmospheric pressure decreases quite steeply b
300 K with lowering the temperature, takes the minimum
a slightly lower temperature thanTN , which we define as
T* , and then gradually increases. In a temperature ra
below T* , the temperature derivative of resistivity is neg
tive. However, the resistivity shows saturation and rema
finite down to 40 mK~not shown here!, indicating a metallic
ground state. The negative temperature derivative of resis
ity only means that the effective carrier number is getti
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7922 PRB 59Y. TAGUCHI et al.
smaller due to a gradual opening of the SDW gap over so
portion of the Fermi surface as the temperature is decrea
and does not mean emergence of an insulating state, w
should correspond to a complete opening of a gap over
whole Fermi surface area or equivalently a complete dest
tion of the Fermi surface. Such a negative temperature
rivative of resistivity belowTN is also observed in anothe
SDW transition system, V22yO3, and has been similarly in
terpreted as ametallicantiferromagnet.7 The resistivity value
of the d'0.06 crystal at ambient pressure is higher than
characteristic Mott limit ('0.5 mV cm) over the whole
temperature range and the steep increase above'100 K is
reminiscent of the thermally induced coherent-incoher
crossover, which is generic for a correlated metal,2,40 as pre-
dicted by the dynamical mean-field theory.41 With the appli-
cation of pressure, we observed a huge reduction in resi
ity, both in residual resistivity and high-temperatu
resistivity.

We showT* in the upper panel of Fig. 6~b! as a function
of applied pressure. Although the important quantity un
an external pressure is the Ne´el temperature, we cannot de
termine it from this resistivity data because of the le
anomaly in the resistivity at the magnetic transition tempe
ture ~at ambient pressure! apart from a gentle upturn below
T* . Therefore, we plotT* instead ofTN , since these tem
peratures are more or less correlated. Resistivity uptur
robust against pressure, andT* shows little change agains
pressures less than 1.5 GPa. Applying a pressure of 2 G
however, the resistivity upturn can be almost suppressed.
can infer that the antiferromagnetic ordering is accordin
suppressed in the pressurized sample, but cannot conc
from these transport data alone the perfect change into
paramagnetic state at high pressures, say.1.5 GPa.

In the lower panel of Fig. 6~b! is plotted the residua
resistivity (r0) as well as the Hall coefficient (RH) at 4.2 K
~viewed as representing the ground state! as a function of
applied pressure. Ther0 andRH are reduced by a factor o
1/6 and 1/2, respectively, under the pressure of 2 GPa. S
a large variation inr0 and RH is interpreted in terms o
pressure-suppression of the SDW state. Residual resist

FIG. 6. ~a! Temperature variation of resistivity ford'0.06 un-
der various applied pressures.~b! Pressure dependence of tempe
ture of resistivity minimumT* ~upper panel!, residual resistivityr0

~closed circles, lower panel!, and Hall coefficientRH at 4.2 K
~open squares, lower panel!. Solid lines in~b! are the guides to the
eyes.
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is given42 by r0512p3\/e21/SFl , where SF is the area
of the Fermi surface, andl the mean free path for elasti
scattering. The Hall coefficient is expressed43 as RH5

(12p3/ec)(1/kF/SF), where1/kF is the average curvature o
the Fermi surface. Therefore, the both quantities42,43 are a
good measure for the Fermi surface area. At ambient p
sure, the SDW gap opens up belowTN over some region of
the Fermi surface, which causes the reduction of the Fe
surface area or effective carrier number and the concomi
increase of resistivity. With the application of pressure,
apparently drive the system toward the paramagnetic ph
and suppress the SDW state via the pressure-induced in
ment of the one-electron bandwidth. Therefore, the lost a
of the Fermi surface is partly restored under high press
which results in the reduction of both residual resistivity a
the Hall coefficient. The difference in the magnitudes of t
pressure-induced reduction inr0 andRH may be attributed to
their different response to the localization effect, which mo
clearly emerges in the case ofd'0.08, as detailed below.

Figure 7 is concerned about the high-pressure study
thed'0.08 crystal, which locates just at the magnetic ins
bility point. This sample shows neither spontaneous mag
tization nor resistivity upturn down to 4.2 K. Resistivity un
der pressure is displayed in Fig. 7~a!. At ambient pressure
the temperature dependence of resistivity changes at aro
70 K;;T1.6 at lower temperatures and;T2.5 at higher tem-
peratures. Application of pressure largely reduces the re
tivity also in this crystal, in particular the residual resistivi
(r0). We show in the lower panel of Fig. 7~b! the pressure
variation ofr0 andRH at 4.2 K. While ther0 decreases by
a factor of 1/2 under 2 GPa,RH at 4.2 K is almost pressure
independent, making a striking contrast to the case od
'0.06, in which these two quantities are both significan
reduced.

The randomness effect, perhaps caused by the presen
excess oxygen, may play a crucial role in the different

-

FIG. 7. ~a! Temperature dependence of resistivity ford'0.08
under various applied pressures. The inset to~a! exemplifies
Ta-type dependence of resistivity below 60 K at ambient press
and 2.0 GPa, and straight lines correspond toa51.6 and 2.0 de-
pendencies, respectively.~b! Pressure dependence of residual res
tivity r0 ~closed circles, lower panel!, Hall coefficientRH at 4.2 K
~open squares, lower panel!, and the powera ~upper panel! defined
asr5r01ATa. Solid lines in~b! are merely the guides to the eye
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sponses ofr0 andRH to external pressure. The Hall effect
the disordered electron system was investigated first
Fukuyama44 and Altshuleret al.,45 using the perturbation ex
pansion technique, and later by Shapiro and Abrahams,46 us-
ing a scaling theory. These studies show that the Hall co
ficient is unaffected by disorder as a first approximation a
the conductivity can go to zero with theRH unchanged. Ac-
cording to the scaling theory,46 conductivity and Hall con-
ductivity are expected to vary ass(E)'(E2Ec)

m and
sH(E)'(E2Ec)

2m, Ec being the mobility edge. Thus, th
Hall coefficient RH5sH /s2 is constant. When we appl
pressure to an Anderson insulator and drive the system
tallic, the conductivity increases with theRH unchanged. Our
experimental result, namely the reduction ofr0 while RH
is being kept constant, is therefore understood consiste
in terms of pressure suppression of the weak localiza
effect.

Another feature to be noted is a gradual change in te
perature dependence of resistivity below 50 K with the
plication of pressure. Below 50 K, resistivity is well fitte
by the equationr5r01ATa, as exemplified for the cases o
0 and 2.0 GPa in the inset to Fig. 7~a!. We adopt 50 K as a
high-temperature cutoff for the fitting since the resistiv
starts to increase radically above 70 K due to the aforem
tioned coherent-incoherent crossover. The powera is plotted
against applied pressure in the upper panel of Fig. 7~b!. The
a appears to varycontinuouslyfrom '1.6 at ambient pres
sure to'2.0 under the pressure of 2.0 GPa. The power
1.5 is predicted by the self-consistent renormalization~SCR!
theory47,48 for the compound at the antiferromagnetic ins
bility point, and is actually reported for NiS22xSex with
x'1.35,49The power of 2 is, as well known, characteristic
the Fermi liquid, and is indeed observed in this titaniu
system with a sufficient doping concentration, sayd.0.1.11

Thus, we have observed a crossover from an anoma
metal near the magnetic quantum critical point to a conv
tional Fermi liquid. The standard SCR theory taking acco
of the spin fluctuation effect alone predicts47 that at a fixed
value of the control parameter, a crossover occurs arou
certain temperature from lower-temperatureT2 dependence
to higher-temperatureT1.5 dependence, and that the cros
over temperature itself increases as the control paramet
varied away from the critical point. Obviously, this is not th
case of our experiment, which indicates that the other ef
has to be considered. The alternative relevant factor is
randomness effect, which is proved to be important
the aforementioned argument ofr0 and RH . Recently,
Dobrosavljevic´ and Kotliar22 have studied the Mott-
Anderson transition using a dynamical mean-field theo
where a control parameter is the relative strength of rand
potential to one-electron bandwidth, and have found
d.
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presence of a non-Fermi-liquid phase between an insula
phase and a Fermi-liquid phase. Explicit calculation
temperature dependence of resistivity is not shown th
but the present compound (d'0.08) might have traversed
this type of non-Fermi-liquid phase as the one-elect
bandwidth is increased or equivalently the relative stren
of randomness effect is decreased with the increase of p
sure.

V. CONCLUSION

We have clarified the critical behavior in the LaTiO31d/2

system in the vicinity of antiferromagnetic instability (dc
mag)

by transport and thermodynamic measurements. While
Hall coefficient (RH) of the antiferromagnetic metallic
sample withd'0.06 increases belowTN due to the decreas
of the effective carrier number, that of the sample withd
'0.08, just at the magnetic instability point, shows litt
temperature variation. Electronic specific heat coefficieng
takes a maximum value ('17 mJ/mol•K2) at dc

mag'0.08
and is reduced in the antiferromagnetically ordered ph
(d,dc

mag). The coefficient ofT3 term b of specific heat
exhibits a remarkable enhancement as well at the magn
critical point, which is attributed to softened spin-wave-lik
excitations, and also possibly to orbital excitations. Resid
resistivity and the Hall coefficient at 4.2 K for the antiferro
magnetic metallic state withd'0.06 are both reduced unde
high pressure, which we interpret as due to pressu
suppression of the SDW state and resultant restoration o
Fermi surface area. By contrast, the barely paramagn
compound withd'0.08 close todc

mag shows little change in
the Hall coefficient in response to pressure, whereas a la
reduction in residual resistivity is observed. This result in
cates the relevance of the randomness effect and a dom
role of pressure in suppression of the weak localization
fect. At d'dc

mag, we also observe a pressure-induced cro
over in the temperature dependence (Ta) of the low-
temperature (T,50 K) resistivity from a'1.6 to a'2.0.
This may signal the pressure-induced traverse from a n
Fermi liquid to a Fermi-liquid state.
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