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Coexistence of two electronic phases in LaTiQ ;(0.01=<6=0.12 and their evolution with é
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Although LaTiO;,5(0.01< §<0.12 is single-phase to powder x-ray diffraction, its properties reveal that a
hole-poor strongly correlated electronic phase coexists with a hole-rich itinerant-electron phased With
=<0.03, the hole-rich phase exists as a minority phase of isolated, mobile itinerant-electron clusters embedded
in the hole-poor phase. With=0.08, isolated hole-poor clusters are embedded in an itinerant-electron matrix.
As §>0.08 increases, the hole-poor clusters become smaller and more isolated until they are reduced to
superparamagnetic strong-correlation fluctuationgb9.12. This behavior is consistent with prediction from
the virial theorem of a first-order phase change at the crossover from locatizesfrongly correlatedto
itinerant electronic behavior, a smaller equilibriuifi-O) bond length being in the itinerant-electron phase.
Accordingly, the variation of volume with oxidation state does not obey Végard's law; the itinerant-electron
minority phase exerts a compressive force on the hole-poor matrix, and the hole-poor minority phase exerts a
tensile stress on the hole-rich matrix.

DOI: 10.1103/PhysRevB.71.165119 PACS nun®er71.30+h, 72.20.Pa, 72.80.Ga, 75.30.Cr

[. INTRODUCTION evolution with increasing from hole-rich itinerant-electron
clusters in a hole-poor insulating matrix to strongly corre-

LaTiO; is an orthorhombic(c/a> 2 in space group |ated electron fluctuations in an itinerant-electron matrix
Pbnm perovskite with a singler-bonding 3 electron per across the interval € §<0.12.

octahedral-site Till ). The Coulomb repulsion between elec-
trons splits the occupied WV)/Ti(lll) and empty
Ti(ll1)/Ti(ll) redox couples by a small, but finite energy gap
Ey~0.2 eV! A rhombohedral distortion of the Tig) octa- Polycrystalline samples of LaTiQs(0.01< §<0.12 and
hedra appears to stabilizel-8lectron density along gL11] LaTi;,Cr,03 (x=0.1 and 0.2 were prepared by standard
axis, which can account for antiferromagnetic Ti-O-Ti inter- solid-state ~ reaction. ~ Stoichiometric ~ mixtures  of
actions between all nearest neighbdtsTiO; is an antifer-  La,0O5, Cr,03, and/or T}O; were ground together and cold-
romagnetic insulator with a weak canted-spin ferromagnetipressed into pellets; the pellets were placed into a molybde-
component below a Néel temperatdig~ 140 K (Refs. 1,3  num crucible put inside an evacuated tbel0°® Torr) and
and a titanium magnetic moment of only 0.46 as deter- fired for 12 h at temperatures varying from 1350 °C to
mined by neutron diffractioh.However, whether LaTiQis 1620 °C to obtain different values of. A Perkin-Elmer
an itinerant- or a localized-electron antiferromagnet remaingGA-7 thermogravimetric analyz€lGA) was used to de-
controversial. termine the oxygen content of the LahiQ samples from
The system La,Sr TiO3 exhibits broadband metallic be- the weight gain on oxidation of the (Til ) ions to T(IV) on
havior for x>0.5, but asx<0.5 decreases, an increasing heating to 1000 °C in air. Samples wi#+0.01, 0.015, 0.03,
enhancement of the electron effective masas a result of  0.05, 0.08, 0.10, and 0.1@ll with +0.01) were obtained
increasing electron-electron Coulomb interacti®ris first-  after firing in vacuum at 1620 °C, 1600 °C, 1550 °C,
order metal-insulator transition occurs in the interval 0.041500 °C, 1450 °C, 1400 °C, and 1350 °C, respectively. The
<x=0.088 Substitution of the larger &t ion for La®* not  LaTi,_.Cr,0; samples were fired in vacuum at 1620 °C.
only introduces holes into the (TV)/Ti(lll) couple, it also Powder x-ray diffraction(XRD) patterns were recorded
straightens thé€180°-¢) Ti-O-Ti bonds, which broadens the with a Philips PW 1729 powder x-ray diffractometer
narrow 7 bands, without perturbing too strongly the peri- equipped with a pyrolytic graphite monochromator and Cu
odic potential experienced by the Td2lectrons. K, radiation(1.54059 A; Si was the internal standard. Data
An alternative way to introduce an insulator to metal tran-were collected in steps of 0.020° over the range 2@%
sition in LaTiQ; is to increase its oxidation statélthough ~ <60° with a count time of 20 s per step. Peak profiles for the
it is customary to express the oxidized compounds axRD data were fitted with the program JADE. All samples
LaTiOs, the perovskite structure does not support the inwere single-phase to XRD.
troduction of interstitial oxide ions; rather, the excess oxygen Magnetic-susceptibility was measured with a Quantum
is accommodated by the introduction of cation vacanciesDesign dc SQUID magnetometer after cooling in either zero
Since the L&' ions are more mobile than the“Tiions, the  field (ZFC) or in a measuring field~C) of 1 kOe. Hysteresis
resulting La_,Ti;_yO3 compositions have>y.!? The cation loops of magnetizatioM versus applied fieldH were ob-
vacancies introduce a stronger perturbation of the perioditained over the range -5FH<5T at 5 K.
potential experienced by the Td3lectrons than does sub-  The thermoelectric powex(T) was measured from 80 K
stitutional SF* ions. We report here a study that shows anto 300 K with a laboratory-built apparatus as described

II. EXPERIMENT
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FIG. 1. XRD spectra for LaTig.; samples. ///m
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elsewheré! The resistivity was measured with a four-probe T e T e S
technique on samples that were cold-pressed as mixed pow- T e (K
ders. The cold-pressing technique has been described emperature (K)
elsewheré? The p(T) data obtained with our cold-pressed FIG. 3. Temperature dependencies of resistivitior samples

polycrystalline samples were similar to “the single-crystalof LaTiO,,; and LaTCro-0s. Inset of (c): T+ dependence of
data reported by Okadgt al'® and Katsufujiet all* resistivity for LaTiO 1

for ¥=0.015 and 200 KK T<300 K for §=0.03, followed

by (3) a smooth semiconductor to metal transition near 100
All samples were single-phase, orthorhomhiebnm K for §=0.05 before exhibiting4) a metallic temperature

space groupperovskites to XRD, Fig. 1. Figure 2 shows the dependence over the entire temperature range from 40 K to

variation with 8 of the measured unit-cell volumes of 300 K for §=0.08, but(5) with a p(T)=py+aT®? over the

LaTiOs,s, 0.01=<6=<0.12. The volume decreases with in- range 40 K= T<320 K showing non-Fermi-liquid behavior

creasing oxidation paramete, but there is a dramatic remaining in thes=0.12 sample.

change of the slopdV/dé near5=0.05. The thermoelectric-power dai@(T) of Fig. 4 shows an
Figure 3 shows that the resistivity of the LaTiCr,O;  evolution fromp-type for §=<0.03 ton-type conduction for

samples remain semiconductive with an activated charge-

carrier mobility, the motional enthalpy increasing frde

IIl. RESULTS
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FIG. 2. Variation withé of unit-cell volume for LaTiQ,. for samples of LaTi@,s and LaTy_,Cr,Os.
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s Whereas the FC and ZF®I(T)/H curves of Fig. 5 all
0.00} (d) emE 02 a2 s s 2R 000 show normal ferromagnetic behavior with a progressive de-
0 50 100 150 200 250 300 crease with increasing in the FC value oM/H at T=5 K,

Temperature (K) the ZFCM(T)/H curves for6=0.08 and 0.10 in Fig. 6 ex-
hibit a small remanance at=5 K with a maximum value of
M/H at aT,<Ty. Moreover, the FC values dfi/H at T

=5 K decrease more sharply with increasiidor 6=0.08
and 0.10. Fors=0.08,T, moves to lower temperature with
increasing applied field in the range 1 k©&l <10 kOe, in-
set of Fig. &a). In H=1 kOe, the FC value oM/H also
shows a maximum, but this maximum progressively disap-

FIG. 5. () Molar magnetic susceptibility,, and its inverse
1/xmo Of sample LaTiQ g (b, ¢, and ¢ Molar magnetic suscep-
tibility xmo for LaTiOz g15 LaTiOs g3 and LaTiQ g5 respectively.

6=0.08 with ann to p crossover in the5=0.05 sample
where the room-temperature volume vergusurve, Fig. 2,

ih(_)r\./\g a %r%r;jt;::ggnge c.)f slotpe. Abo;/e 15??([) fgr ¢ pears with increasing the field td=10 kOe. Thes=0.10

?]. Ih3'+5(h. o 3f 'T (_emperg ure-in Teﬁen €Nl sample has a maximum ZFC value MT)/H at a lower
which is characteristic of polaronic conduction. The magm-.I.A:32 K and no maximum in the FC value of(T)/H.
tude of a(T) >0 decreases with increasidjas expected for Both the 5=0.08 and thes=0.10 sample exhibiM-H hys-
an increasing population of charge carriers. At room ®Mieresis Ioops.at 5 K, Fig. 8, .that fail to saturate at 5 T. The

perature, the LaTigy; and nominal LaTj Cry,05; samples _ ; ) :
have a comparabla(300 K)~ 120 zV/K; but a weak tem- 6=0.12 sample shows no evidence of a long-range magnetic

perature dependence @fT) for LaTiy ¢Crg 103 implies some 6F
trapping out of charge carriers at lower temperatures. The i
nominal LaTj ¢Cry ;O3 sample shows a stronger trapping out L
of charge carriers below 300 K with a trapping enthalpy oo
AH,/2=0.017 eV. It is also noteworthy thai(T) <0 for & o 128
=0.12 becomes temperature-independent above 250 K.
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Figures 5-7 show, respectively, the magnetic susceptibili-
ties of LaTiQ;,s for 0.01< §<0.05,6=0.08 and 0.10,6
=0.12. The appearance of a weak canted-spin ferromag
netism below aTy=140 K in LaTiO;; is similar to that
reported by other grougs: However, the inverse suscepti-
bility, 1/ xmo(T), for the ZFC curve of LaTiQy,;, Fig. 5a),
exhibits only a weak temperature dependence afgvehat
is more characteristic of a strongly enhanced Pauli paramag
netism than of a localized-electron Curie-Weiss law even
though strong electron correlations split the(IVi)/Ti(lll)
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FIG. 7. Molar magnetic susceptibilityy,, and its inverse
Weiss law gives a Weiss constafit= —1000 K.
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[ LaTiO atomic displacements that, in a mixed-valent situation, may
0.006 i e define a hole rich mobile cluster with low motional enthalpy
0.003 | 6-0.08 = embedded in an insulator matrix as is illustrated, for ex-
L ample, by the superconductive 4g5r,CuO, system, the
0.000 manganites La,CaMnO; exhibiting the colossal magne-
toresistance(CMR) phenomenon, and the LaSrCoO;
-0.003 - systemt’ (2) Fujimori et al!® have shown with photoemis-
£) 0,006 (2 sion spectroscopyPES the coexistence of electrons in
E N | T Fermi-liquid states and in a lower Hubbard band in a
€ o002l .o ' R LaTiOs,; sample with 6=0.03£0.01. (3) The system
el | 5~0.10 La,_,SKTiO; approaches the Mott-Hubbard transition from
Z 0001} the localized-electron side asincreases tx=0.05%""
- Isolated, yet mobile, hole-rich itinerant-electron clusters
0.000 in a matrix of strongly correlated electrons at(Imi) ions
0,001 i would avoid coalescence by the Coulomb_ repulsion_bet_we_en
| them. Nevertheless, the fact that the mobile charge is distrib-
-0.002 + 1§ uted over several Ti centers reduces the locally cooperative
o, ! Lo oxide-ion displacements that self-trap the holes to clusters,

-50-40-30-20-10 0 10 20

H (kOe)

30 40 50

which ensures a low motional enthalgyH,,.!° The mea-
suredE,=AH,,=0.035 eV is over a factor 3 smaller than
found with conventional small polarons. The®-don vacan-

FIG. 8. Field dependence of magnetization measured at 5 Kfof:ies would trap strongly small-polaron holes, but mobile

(a) LaTiOz ggand(b) LaTiO3 1o

hole-rich clusters would be trapped much less strongly. A
weak trapping energy is manifested below 50 K. The

order, Fig. 7. Above 100 K, the susceptibility of Fig. 7 is itinerant-electron clusters dilute the spin-spin exchange inter-
essentially temperature-independent, but its magnitude is twactions between Tiil) ions, which lowersTy. The clusters

orders of magnitude larger than that of the Pauli paramagnetvould also introduce a Pauli paramagnetic component to the
ism of a conventional metal; also, the susceptibility increaseparamagnetic susceptibility, but a theory of how the suscep-
sharply with decreasing temperature below 100 K typical oftibility is made more temperature-independent by fluctua-

the presence of localized-electron impurities.

IV. DISCUSSION
A. Samples with 6=0.01
Interpretation of the data for LaTi); depends on the

model we choose for the development of cation vacancie
with increasings. For 6=0.01, we assume that there are no

vacancies on the TiQarray, which would givex=0.0067 in
La;TiO5 for 0.02 holes in the TIV)/Ti(lll) redox couple.
If the temperature-independemtT) ~ 120 uV/K above 150

tions between localized and itinerant electronic behavior at
the Ti atoms is lacking. However, so long as the hole-poor
matrix percolates, long-range antiferromagnetic order is sta-
bilized.

The CP*-ions in LaTi_Cr,05; samples perturb the poten-
tial experienced by the Ti€Belectrons more strongly than do
the La*-ion vacancies and would therefore tend to act as
geeper traps for any hole-rich clusters. Nevertheless, the
ransport properties of nominal LglgCr, ;O3 are similar to
those of LaTiQy; it is only for larger C#*-ion concentra-
tions, as in LaTj Cry 503 where an itinerant-electron cluster
encounters multiple Ct-ions centers, that a stronger trap-
ping out of holes becomes evident.

K signals polaronic behavior for all the holes, then the sta-

tistical contributiona to «(T) is dominant and would be
given by®

as= (k/e)In[3(1 - Q0)/Qc], 1

wherek is the Boltzmann constang is the charge of the
polaron,B=2 is the spin-degeneracy factarjs the fraction
of Ti atoms that have the formal valencgIV) in a small-
polaron situation, andQ is the polaron size. Ac=26
=0.02—-0.04 gives =16-8, which corresponds either to a
large polaron size or to the existence of itinerant-electro
clusters in a matrix of strongly correlated electrons.

B. The 6=0.12 sample

The other end sample, LaTi®,, would have both La and
Ti vacancies: La,Ti;_,O3 with x>y. The Ti vacancies
would perturb the Ti-8 electronic potential of the Ti,O5
array strongly enough to introduce Anderson localized states
at the bottom of an itinerant-electron” band less than
1/6-occupied. A Fermi energye a little above the mobility
edgeu. would result inn-type metallic conduction. The ob-
servedp(T) =py+aT2 behavior is incompatible with a Fermi

diquid for electrons withe > e, but it has been predictét

for a narrow band containing strong-correlation fluctuations

Three considerations favor the existence of itinerant{SCF$ With aneg a little above a mobility edge. The general

electron clusters(l) From the Virial Theorem, it has been
argued® that the transition from localized to itinerant elec-

tronic behavior is first-order and that where the resulting
spinodal phase segregation occurs at too low a temperature

expression for the thermoelectric powetlis

[ e
“- kT o

de (2

for atomic diffusion, phase segregation in perovskite-relatedn which o(g)=f(g)[1-f(g)]N(g)u(e) is the product of the
structures can be accommodated by locally cooperativEermi distribution function$(s) and[1—f(e)] for electrons
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and holes, the energy density of one-electron sfdtey and  tions that act like superparamagnetic impurities.

the electron mobilityu(e) for energies taken from the bot- Given this smooth evolution of physical properties, it is of
tom of the conduction band is the electronic conductivity. interest to return to Fig. 2. From the virial theorem, it was
A large difference betweelie—ef)o(e) for e>e- and e  argued® that the equilibriun(Ti-O) bond length for strongly
<eg for g a little abovepu, can give the large increase of correlated electrons should be longer than that for itinerant
«(T) with temperature that is observed in théype samples €lectrons; it is the double-well character of t#¥é-O) bond
0.08< §<0.12, and saturation above 250 K in LagiQ  Potential at crossover that stabilizes separation into regions

may signal the onset of vibronic states negrat higher  Of hole-rich itinerant electrons and hole-poor strongly corre-
temperatures. lated electrons. Figure 2 shows that where the volume frac-

tion of strongly correlated electrons is dominant, the volume
C. 0.01< 6<0.12 decreases more sharply with increasithan it does where
) ) ) the volume fraction of itinerant electrons is dominant. With a
The evolution of physical properties from those of jo,ple-well bond potential, the larger equilibriufii-O)
LaTiO;, to those of LaTiQ,, is smooth. The transition p,nq is more compressible. The itinerant-electron regions
from hole-rich itinerant-electron clusters in a hole-poor Ma-mpose a compressive stress on the hole-poor matrix whereas
trix _of strongly correlated electrons to strong-correlationihe pole-poor minority regions impose a tensile stress on the
fluctuations in an itinerant-electron matrix containing jjinerant-electron matrix. Therefore, the sharp change in the
Anderson-localized states occurs ne&r0.05 where both slope of volume versus in Fig. 2 occurs neas=~0.05
volume fractions percolate at low temperatures. Althoughyhere the matrix changes from the hole-poor to the hole-rich
Fig. 4 shows that thé=0.03 sample remains gtype con- gjectronic phase. This argument is supported by transforma-
ductor, which indicates polaronic charge carriers in a matriXjon of the magnetic-insulator phase to the metallic phase by
where the TilV)/Ti(lll) and Ti(lll)/Ti(ll) redox couples are  hqa application of hydrostatic pressife.
split by strong electron-electron Coulomb interactions, the
resistivity data of Fig. 3 shows a vanishing of the motional
enthalpy of the charge carriers below 150 K with an up-turn
below 100 K due to a trapping of the carriers. This indication Examination of the evolution with oxidation state of the
that the volume fraction of the itinerant-electron regionsphysical properties of LaTiQ; reveals that the Ti<® elec-
grows with decreasing temperature is reinforced by the datrons do not behave as localized electrons even in the lowest
of Fig. 4 for 6=0.05, which show a crossover fromitype  oxidation state,6=0.01+0.01, where the compound is an
polaronic behavior at higher temperatures rtdype bad- antiferromagnetic insulator beloWy=140 K. Holes intro-
metal behavior at lower temperatures. At this crossover comduced into the TiV)/Ti(lll) redox couple are not small po-
position, 6=0.05, the itinerant-electron clusters apparentlylarons; they are spread over severall6) Ti centers in what
grow to beyond percolation with decreasing temperature, bugan be described as hole-rich clusters of itinerant electrons
Fig. 5 shows that the strongly correlated volume fraction als@mbedded in a hole-poor matrix of strongly correlated
percolates to retain long-range magnetic order in the ZFQi-3d electrons. Coulomb forces keep the clusters separated.
regime. However, the ZFC curves of Fig. 6 are characteristias the oxidation state increases, the volume fraction of
of a cluster glas&’ The transport properties of the samplesitinerant-electron regions increases to a percolation limit near
6=0.08 and 0.10 are dominated by the percolating itinerants=0.05. For$=0.08, the hole-poor regions have become a
electron matrix, but the samples retain a significant volumeninority phase within an itinerant-electron matrix, and the
of regions with strongly correlated electrons within which coupling between isolated antiferromagnetic regions be-
there is long-range magnetic order; these regions becomsgosmes weaker as increases until only strong-correlation
smaller and more isolated from one anotherdascreases. superparamagnetic fluctuations are left in the itinerant-
Cooling in zero applied fieldZFC) leaves the isolated re- electron matrix. This behavior can be understood to be a
gions randomly oriented; they are only reoriented by theconsequence of a double-well potential for {l@&O) bond
measuring fieldH as the temperature approactiggwhere  that is predicted from the virial theorem to occur at the cross-
the magnetocrystalline anisotropy is strongly reduced. Coolover from strongly correlatetbr localized to itinerant elec-
ing in an applied field orients the separated regions, but weaftonic behavior.
coupling between regions allows local anisotropy fields to
cause the regions to relax to differently oriented easy axes at ACKNOWLEDGMENTS
lower temperatures unless the applied field is stronger than
the effective anisotropy field. Ag increases t@=0.12, the The NSF and the Robert A. Welch Foundation of Hous-
magnetic regions are reduced to strong-correlation fluctuaton, TX, are thanked for financial support.

V. CONCLUSION
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