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Abstract. The electronic states of th@i;—,V,)30s5 system, where & x < 0.33, have been
explored through measurements of the x-ray diffraction, magnetization, electrical resistivity, and
thermoelectric power. Three structural phases appear as the composition and temperature are
varied: the high-temperature orthorhombic (HO) phase with a pseudobrookite-type structure
and the slightly deformed monoclinic (HM) one, and the low-temperature monoclinic (LM) one
which is completely different from the former two phases. Fog< O < 0.08, the HO-HM
transition with a small magnetic anomaly and the HM-LM transition with significant spin-
singlet Ti—Ti pairs successively take place, but fot & x < 0.33, no transition to the LM
phase exists there. While the HO-phasegGki is like a highly correlated metal, the HO-phase
compounds with @ < x < 0.33 have a strongly localized state due to the disorder and the
polaron formation, and exhibit a spin-glass-like phase at low temperatures.

1. Introduction

Transition-metal oxides and bronzes have various properties that arise from their crystal
structures, which are generally formed by the linkage of polyhedral units of oxygens.

In particular, 3d transition-metal oxide systems have been studied intensively to extract
properties originating from a significant electron correlation, an electron—phonon coupling,

or a quantum spin-fluctuation effect.

Table 1. Crystal data for HOs at 296, 467, and 514 K.

T (K) Spacegroup Z a (A) b (A) c @A) g (deg) VvV (A3)

296  C2/m 4 9748(1) 3.8013(4) 9.4405(7) 91.529(7) 349.69(6)
467  C2/m 4 9.835(1) 3.794(1) 9.9824(9) 90.720(9) 372.5(1)
514  Cmem 4 3798(2) 9.846(3) 9.988(4) 90 373.5(2)

Titanium binary oxides often exhibit phase transitions of crystal structures, electronic
transport, or magnetic properties [1]. Among themyCE which is the subject of this study
undergoes first-order structural and magnetic-nonmagnetic transitidfis at 460 K on
heating and af,, = 440 K on cooling [2—14]. The crystal data for the compositiogOEi
at several temperatures are listed in table 1 [14]. The low-temperature monoclinic structure
belowT1 2, hereafter called LM, has the valence order of Tiions, in which the @Bd') and
Ti*t (3d°) sites are differentiated and the spin-singlet"FTi®* pairs (dimers) are formed.
Above T¢1 2, there appear two kinds of phase: one is the high-temperature monoclinic (HM)
phase belowl,, >~ 500 K and the other phase is the high-temperature orthorhombic (HO)
one aboveTn, [14]. In both cases the structures are completely different from that of
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the LM phase and are of a pseudobrookite-type built up by the linkage of distorted TiO
octahedra. The HO-phase;Us has been considered to be a highly correlated metal, where
the effective Ti valence is nearly equal to the average V%Puexpected from the chemical
formula, though it is difficult to obtain reliable transport properties owing to cracking of the
specimens due to the large changes of the lattice constafigg,ahs shown in table 1. The
HO-HM transition is accompanied by a small magnetic anomaly, which may be attributed to
Ti—Ti pair formation with a small gap and/or the distortion of octahedral units of oxygens
in the framework of pseudobrookite-type structure. Here, the latter is inferred from the
fact that the temperature-independent susceptibility of the LM-phag®; 1$ considerably
smaller than that of the HO phase [14].
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Figure 1. The x-dependence of the lattice constants fori(TV,)30s at 290 K, where the

open circles, open squares, and open triangles indicate the low-temperature monoclinic phase,
the high-temperature monoclinic one, and the high-temperature orthorhombic one, respectively.
The full circles and full triangles at = 0 show the data at 296 and 514 K, respectively, obtained
from the x-ray four-circle diffraction [14].

The phase transition of 305 at 71 2 was found to be suppressed by a slight substitution
of Fe for Ti [2]. The effects of doping with Sc, V, and Zr have also been investigated;
the limits of solubility of these ions in the LM phase are 0.02, 0.07, and 0.08, respectively
[12]. The main factor determining the reduction Bf; , was attributed as the reduction
of inequivalence in different crystallographic Ti positions. Previous investigations of the
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Figure 2. The temperature dependence of the magnetic susceptipility (Ti1—xV,)30s with

0 < x <£006: (@) x againstT between 100 and 850 K, where the open and full symbols are

the data obtained on heating and cooling, respectively, and the dashed curves express data for
x = 0[14]; (b) x 1 againstT below 300 K, where the full curves indicate the results calculated

on the basis of a Curie-Weiss law.

doping effect have concentrated on just electronic states for the low-temperature phase for
compounds with transition to the LM phase. For compounds without structural transition,

there are no data available.

It is important to further describe the electronic states @Ofiwith a pseudobrookite-
type structure in the region abovg; », since both an electron correlation and an electron—
phonon coupling are expected to provide important contributions there. For this purpose,
the (Tip_,V,)30s system, where the compositian= % has three electrons per formula unit
with three cations, has been investigated on the basis of structural, magnetic, and transport
properties. This may also allow us to explore in detail the main factor in the disappearance
of Te12. The experimental methods and the results are presented in sections 2 and 3,
respectively. The electronic states for the high- and low-temperature phases are discussed

in section 4, and section 5 is devoted to conclusions.

2. Experiments

Polycrystalline specimens of the (TiV,)3:0s system, where & x < 0.4, were prepared
using an appropriate mixture of Ti (99.9% purity), Bi(®9.9% purity), and YOs (99.99%
purity) with an Ar arc furnace. Electron-probe microanalysis (EPMA) was performed to
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Figure 3. The phase diagram for (i[i,V,)30s. Here, LM, HM, and HO show the low-
temperature monoclinic phase, the high-temperature monoclinic one, and the high-temperature
orthorhombic one, respectivelyiz; on heating andc; on cooling correspond to the HM—LM

and spin-singlet transition temperatures, dh@ indicates the HO-HM transition temperature.

SI, PI, SRO, and SG show the phases of the spin-singlet insulator, the polaronic insulator, the
short-range-ordered cluster, and the spin-glass, respectively. The lines and curves are drawn as
guides to the eye.

estimate the cation concentration ratio.

X-ray powder diffraction patterns were obtained with Cu Kadiation at 290 K by
a two-circle diffractometer. The magnetization was obtained by the Faraday method with
an applied field of upd 1 T in thetemperature region between 4.2 and 1000 K, and the
magnetic susceptibility was determined from the linear coefficient of magnetization versus
field (M—H) curve with a decreasing field. The four-terminal electrical resistivity in the
region between 100 and 600 K and the thermoelectric power in the region between 100 and
350 K were measured by a DC method.

3. Results

3.1. Lattice constants and the cation ratio

The cation concentration ratio V/Ti determined by EPMA agrees well with the nominal
value.

At 290 K, the LM, HM, and HO phases are formed in the ranges &f ® < 0.06,
0.1 < x £0.15, and @ < x < 0.4, respectively. The results far= 0.07 and 0.08 indicate
a mixture of the LM and HM phases. Therange for the LM phase is fairly consistent
with the previous result [12]. The lattice constants of the LM, HM, and HO phases against
x are shown in figure 1 by the open circles, open squares, and open triangles, respectively.
For comparison, the results for the LM and HO phasescfer 0 determined by means of
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the single-crystal diffraction are indicated by the full circles and full triangles, respectively.
Here, it should be noted that the lattice constant$, and 8 in the LM and HM phases
correspond tdb, a, anda in the HO phase, respectively. The behaviours as a function
of x are very similar to those against temperature for the compositighsTiL4], i.e. the
addition of V is approximately equivalent to the increase of temperature. The compounds
with x = 0.07 and 0.08 undergo first-order phase transitions at around room temperature.

3.2. Magnetic properties

3.2.1. Susceptibility fob < x < 0.06. The temperature dependence of the magnetic
susceptibilityy for 0 < x < 0.06 between 100 and 850 K, and thatyof! below 300 K are
shown in figures 2() and 26), respectively. Here, the open and full symbols in figure) 2(
indicate the data obtained on heating and cooling, respectively, and the dashed curves show
previously obtained data for the compositiors@4 [14]. All of the data for thisx-range
exhibit first-order magnetic transitions &t;,. As shown in figure 3, the reduction of
Te12 for x = 0.002 is very significant, but for.002 < x < 0.01, it is nearly constant.
For x > 0.01, Tz; » decreases monotonically with There is anothereversibletransition
temperature at whicly has a cusp abové&:;,. On the basis of the result for 305 [14],

this temperature is considered to corresponditg for the high-temperature phase. As
indicated in figure 3,1, has anx-dependence similar to that @t ,, but it reaches up

to x = 0.15. Thus, forx < 0.06, three characteristic temperature regions are defined:
T < Te12, TCLZ <T < Tmo andTyo < T.

Below T;12, x shows a Curie—-Weiss paramagnetism without magnetic order in the
region for which measurements were mage= C/(T + Tw) + xo, WhereC, Ty, and xo
are the Curie constant, the Weiss temperature, and the temperature-independent contribution
of the Van Vleck orbital and diamagnetic susceptibilities, respectively. The full curves in
figure 2p) show the results calculated on the basis of the parameters plotted in figure 4.
Here,C increases monotonically with. Forx < 0.01, Ty is close to zero ang is nearly
constant, while forx > 0.01, they increase with.

At temperatures betweef;;, and Tmo, x for x < 0.03 decreases gradually with
decreasing temperature. On the other hgndor the largerx shows a slight upturn at
intermediate temperatures. In the region ab®yg x with x = 0 is of the Pauli type with
the Fermi energyEr ~ 2 x 10° K and the effective electron mass‘ ~ 16mo, mo being a
free-electron mass [14]. The thermal variationyofor x # 0 is apparently larger than that
for x = 0. Thex-dependence of at the fixed temperatures abo¥g, has a minimum at
x >~ 0.01.

3.2.2. Susceptibility and remanent magnetizationddr < x < 0.33. The temperature
dependence of the inverse magnetic susceptibjlity for 0.1 < x < 0.33 between 4.2 and
1000 K is shown in figure &f). It apparently shows a ferrimagnetic-like behaviour. For
x = 0.1 and 0.15, small magnetic anomalies take place at about 400 and 360 K, respectively,
which may be attributed to the HO—HM transitions as shown in figure 3 by the full triangles.
x aboveTn, for x = 0.10 and 0.15 and that above 100 K forl® < x < 0.33 follow
the Curie—Weiss law. The full curves in figuread(show the values calculated with the
parameters plotted in figure 4. Bothand xo are roughly proportional ta. Ty decreases
rapidly with increasinge in the range 0.K x < 0.2, but for largerx, it is nearly constant.

x below Ty for x = 0.10 and 0.15 and that below about 100 K foi®< x < 0.33
deviate significantly from the Curie—Weiss curves obtained above. With the transition
temperaturel; at around whichy has a peak as plotted in figure 3 as the full diamond, the
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Figure 4. The x-dependences ot} the Curie constan€, (b) the Weiss temperaturgy, and
(c) the temperature-independent susceptibitigyfor (Ti1—,V,)30s. Here, the full and open cir-
cles show the results for the LM phase<Qv < 0.06) and for the HO phase (O< x < 0.33),
respectively. The lines ina) indicate the calculated results.

remanent magnetization defined byM = x H + o appears. The temperature dependence
of o is shown in figure 5f). This behaviour is weaker than that expected from the weak
ferromagnetismg /og = tanhp T;/(00T)], whereoy is the value at 0 K. The magnitude of

o is rather small and does not depend significantlyxon

3.3. Transport properties

The electrical conductivity belowy;, for the single crystals of 3Ds is like that in a
semiconductor or a variable-range hopping, but at ardyngl it increases more than tenfold
[14]. Below T;1 2, the temperature dependence of the resistivity for the polycrystalline
compounds with O< x < 0.06 is roughly similar to that of the compositionsTs with an
activation energy of about 2 10° K. Unfortunately, it is difficult to obtain precise results
for the electrical resistivity abové:; » owing to cracking of the specimens at the transition.
However, at least it can be said that the resistivity for thisange decreases rapidly at
aroundTcy» on heating.

The electrical resistivityp for 0.1 < x < 0.33 as a function off % is shown in
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Figure 5. The temperature dependences of the inverse magnetic susceptibiliy ! and
(b) the remanent magnetization for (Ti1—,V,)30s with 0.1 < x < 0.33. The full curves in
(a) indicate the results calculated on the basis of a Curie—Weiss law.

figure 6@). In this x-range, no electrical anomalies due to the HM—LM transition are
obtained, which is consistent with the results on magnetic properties. The temperature
dependence is like that of a semiconductor. The activation engigy defined as
p = po€XP(Eg/kT), wherepg is assumed to be a constant a@ni$ the Boltzmann constant,
is of the order of 2« 10° K from the full lines in figure 6¢), which is comparable with the
value for the LM phase. The curves representing the resistivity data #00.10 and 0.15
at low temperatures bend downwards with decreasing temperature; this may be caused by
a three-dimensional variable-range-hopping conductiop,dn7 —%4 [15].

The thermoelectric powes for 0.1 < x < 0.33 againstT~ is shown in figure 6).
Above 250 K,S seems to have a term proportionalfto!. On the other hand, below 200 K,
it is nearly constant and the absolute value decreases with increasifige negative sign
of S suggests an electron carrier afidbelow 200 K forx = 0.33 is approximately zero.
This result is clearly different from the behaviour expected from a wide-band semiconductor
model.
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Figure 6. The temperature dependences af the electrical resistivityp and ¢) the
thermoelectric powes for (Tiz—,V,)30s with 0.1 < x < 0.33. The full lines in §) indicate
the results calculated on the basis of a semiconductor model.

4. Discussion

4.1. Electronic states with < x < 0.08

The results on the structural, magnetic, and transport properties show that the compounds
with 0 < x < 0.08 undergo a transition to the LM phaseTat,. The exchange constant for
paramagnetic ions in the LM phase is rather small, so they may be isolated. The significant
reduction ofT.1, for x = 0.002 suggests that V ions in this smalrange are partly in

the trivalent state, since we know that the reduction due to the doping with trivalent ions,
irrespective of whether they are magnetic or nonmagnetic, is larger than that with tetravalent
ions [2, 12]. One can also expect the isolated V ions {000 x < 0.08 in the LM phase

to be mostly in the tetravalent state, since thdependence of;y, for this x-range is
similar to the result of the nonmagnetic*Zrdoping [12]. Thus, the behaviour @t , for

0.002 < x < 0.01 may be attributed to the change in the V valence as previously suggested
on the basis of differential-thermal-analysis data [12]. Tdependences of the Curie
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constants for the doped V ions with the rati§*yV4t = 2 (the same case as insTs) and
with only V#* ions are indicated in figure 4) by the dotted and broken lines, respectively,
whereg = 2. The above model may prove to be correct. Unfortunately, further discussion
on this point is difficult, since a possible contribution from the isolated paramagnetic Ti
ions induced by the doping should also be considered.

Xo in the LM phase corresponds to the temperature-independent susceptibility originating
from the spin-singlet pairs and the isolated ions. As mentioned earfen the LM phase
of Ti3Os is considerably smaller than that in the HO phase [14]. Thus, the fact that, for
x > 0.01, xo increases withr and tends towards the value extrapolated from the composition
without transition to the LM phase suggests that the crystal-field effect in the octahedral
unit of oxygens in the LM phase becomes similar to that in the HO phase with increase of
x. This probably makes the valence order state there incomplete. Another explanation is
that a proportion of the magnetic ions that do not form the spin-singlet pairs have a nearly
temperature-independent spin susceptibility, but this is unlikely.

The difference ofy with x # 0 from that withx = 0 aboveTy, is negative for
0 < x < 0.01 and positive forx > 0.01 as described earlier. This is probably caused
by a difference between the valences of the V ions. The exchange interaction for V ions
in the HO and HM phases may be still small, neglecting possible indirect couplings due
to the RKKY interaction [16]. The temperature-dependent contribution in the LM phase
should be superposed on the susceptibijityin the HO and HM phases which exhibits
the magnetic transition. In other words, the Ti ions that form local spin-singlet pairs below
Tc12 and the isolated paramagnetic ions may coexist in the HO and HM phases. Using the
parameters shown in figure 4, one finds that the temperature dependeptesobf the
Pauli type rather than of the Curie—Weiss type. On the assumptioryghatthe HO phase
is given by the value extrapolated from the largeside, x* is found to be reduced with
x for 0 < x < 0.01, outside of which range the reduction is not significant. This result
may be consistent with the above model; i.e. for- 0.01, the VW —Ti*" substitution is
dominant, and, therefore, the number of'Tions that form the spin-singlet pairs does not
change significantly. It is not clear whether or not the HO-phase compounds wth are
metallic, since the disorder effect due to the doping may cause an electron localization, and
the correlation effect comparable with the bandwidth often leads to variable-range-hopping
transport states [17].

4.2. Electronic states with.1 < x < 0.33

The electrical resistivity for @ < x < 0.33 has an activation-type thermal variation, while
the thermoelectric power at low temperatures is small and depends little on temperature.
Assuming that the estimated activation energy corresponds to the energy for electron hopping
in the localized states, carriers in thigange are suggested to enter self-trapped or polaronic
states.

On the basis of the-dependence of the Curie constant fot & x < 0.33 shown in
figure 4@), it is suggested that all of the paramagnetic ions are localized and the V ions are
in the state ¥+ with 3d' as indicated by the full line, wher€ = 0.75+ 1.12x with g = 2.
Moreover, the result that the Weiss temperature is much larger than thatfor & 0.08
indicates that the exchange interaction betweett &ind \V** ions is significant because
of the relatively high concentration of V ions as well as the strong localization due to the
disorder [18]. Thus, the magnetic properties are completely different from those of the HO
phase for 0< x < 0.08. From the result forg shown in figure 4), the crystal-field
effect for the octahedral unit of oxygens does not change significantly. Here, it is noted that
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the extrapolated value at= 0, o ~ 2.8 x 10~* emu mot, agrees well with the value
obtained from the free-electron-model analysis [14].

A significant difference between the measured susceptibility and the Curie—Weiss curve
calculated from the high-temperature side is not ascribed to the magnetic impurity or lattice
imperfection by considering the x-ray diffraction result. It may be attributed to the formation
of short-range-ordered clusters with the antiferromagnetic correlation due to the disorder
and the competition of different superexchange interactions as expected from the crystal
structure. The occurrence of the remanent magnetization is probably due to the freezing of
the clusters, since the composition dependencg &f rather small: i.e7; may correspond
to the transition temperature to the spin-glass-like phase. It should be noted that the related
compound FgTiOs exhibits anisotropic spin-glass behaviour [19]. The HO-HM transition
occurs even when the susceptibility is of the Curie—Weiss type, where the Weiss temperature
is apparently large.

5. Conclusion

The effect of V doping on the electronic states and the phase transitiong@©f Mas

been investigated on the basis of structural, magnetic, and transport properties. Analysis
of our data leads to the phase diagram shown in figure 3 with several critical parameters
and properties. There exist three structural phases as functionsuwed temperature: the
high-temperature orthorhombic (HO) phase with a pseudobrookite-type structure and the
slightly deformed monoclinic (HM) one, and the low-temperature monoclinic (LM) one.

For 0 < x < 0.08, the HO-HM and HM—-LM transitions successively take place at
Tmo and atTe; (Tc2) on heating (cooling), respectively. The magnetic properties for this
x-range are considered as contributions from the Ti ions that form the spin-singlet pairs
in the LM insulator phase (Sl) and the isolated ions due to the dopinge At0.01, the
valence of doped V ions may change. FOBD< x < 0.08, the doping can transform the
octahedral unit of oxygens in the LM phase into a unit similar to that of the HO phase
without significant change of the mass-enhanced susceptibility. This probably weakens the
effect of valence order in the LM phase, which leads to the reductid@ef The HO-phase
TizOs is like a highly correlated metal, but it is not clear whether the HO-phase compounds
with 0 < x < 0.08 with apparent Pauli-type susceptibility and the delocalized density of
states have a metallic state or a variable-range-hopping one.

The HO-phase compounds with10< x < 0.33 are interpreted as being strongly
localized and polaronic insulators (PI), where onl§*Tions are substituted for with 4f,
and a mixed-oxide model in which the Ti ions and the doped ones interact with each other
may be applied. Thus, the abrupt disappearanc&of may be caused by a localization
effect of electrons due to the disorder as well as an electron—phonon coupling effect. This
idea supports experimental evidence that the composition dependeffige, dor the V**
doping is similar to that for the 2 doping except for a very smak-range. The PI
phase exhibits short-range-ordered (SRO) spin-correlation effects and the spin-glass-like
(SG) phase appears at low temperatures befpwThe presence of the SG phase above
x ~ 0.1 is correlated with the disappearance Tt », since in the LM phase, only the
exchange coupling within the Ti—Ti pair is significant. In order to explain quantitatively a
crossover from the delocalized state to the strongly localized one at axonn@ 1, further
work is necessary.
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