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A stoichiometric Wadsley bronze Nq.ZSTi02 has been prepared for the first time. The perovskite-like 
sites of the TiOr framework are fully occupied by sodium ions. The space group, at room temperature, 
is P2/a or Pa and the lattice parameters are a = 12.177(3) A, b = 3.875 x 4 = 15.50(2) A, c = 6.480(3) 
A, p = 107.08(2)“. As compared with those of the well-known Wadsley bronze of C2/m symmetry, X- 
ray and electron diffraction patterns exhibit extra reflections at about b*/4. At TzD = 430 K, a second- 
order transition appears. The smooth variation of the n-order parameter and the anomalous specific 
heat have been studied. The critical exponents (Y = LY’ = 0.110 + 0.003 and p = 0.324 are in good 
agreement with those calculated from renormalization group method for d = 3 and n = 1 (d = 
dimensionality and n = number of order parameter components). 0 1988 Academic PESS, 1~. 

Introduction 

Review articles (Z-3) dealing with the 
properties of bronzes show that while the 
tungsten bronzes, at all temperatures, are 
metals, the vanadium ones exhibit semicon- 
ducting behavior and that the molybdenum 
bronzes, including the so-called “blue 
bronze” A0.&lo03 (A = K, Rb, Tl) exhibit- 
ing a metal-semiconductor transition, seem 
to be intermediate in properties with re- 
spect to d-electron localization and the 
width of the conduction band (4-6). 

Metal-semiconductor transitions are ob- 
served for some stoichiometric ratios corre- 
sponding to a particular filling of the con- 
duction band. The properties of such 
compounds are mostly determined by an- 
isotropic Fermi surfaces with nesting prop- 

* Dedicated to John B. Goodenough. 
t To whom all correspondence should be addressed. 

erties leading to charge density wave 
(CDW) instabilities. 

The Tim 3d-electron is not as firmly 
bound as that of Vi”, so it was of interest to 
examine whether a Peierls transition could 
occur in titanium bronzes of particular stoi- 
chiometries and also to attempt the prepa- 
ration of Nao.25Ti02. 

Physical properties of titanium bronzes 
have already been studied, including that of 
the spine1 phase Lii+xTi2-x04 which, in the 
composition range 0 < x < 0.1, exhibits 
superconductivity at 11 K (7-IO), but atten- 
tion has never been focused on particular 
stoichiometry such as x = 0.25 in Na,TiO,. 
The Na,TiOz crystal structure with 0.20 < x 
< 0.235 has been determined by Wadsley to 
be in the C2/m space group (11, 12). 

The bronze with x = 0.25, in which the 
perovskite-like sites are fully occupied by 
sodium ions, has been prepared. It crystal- 
lizes, at room temperature, in the P2/a (or 
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Pa) space group with the lattice parameters 
a = 12.177(3) A, b = 3.875 x 4 = 15.50(2) 
A, c = 6.480(3) A, p = 107.08(2)“. Its physi- 
cal and structural properties are quite dif- 
ferent from those of the Wadsley bronzes 
(23, 14). Its electrical and magnetic behav- 
ior will be described in a forthcoming paper 
(15). The initial results on the thermody- 
namic and crystallographic properties are 
presented here. 

Synthesis 

A,MO, bronzes are generally prepared 
two ways (3): 

reaction of appropriate mixtures of MO,, 
M (or MO,-I), and AO, or 

removal of oxygen from AO, , MO, mix- 
tures by spontaneous decomposition or 
chemical or electrolytic reductions. 

The Wadsley bronze Nao.20Ti02 (II) has 
been prepared by reduction of Na2Ti307 un- 
der hydrogen at 1225 K for 2 days. The 
product obtained is a mixture of several 
black phases. Nao.zOTiOz is isolated after 
dissolution of the unidentified compounds 
by boiling for several days in hydrofluoric 
and sulfuric acids. 

Reid and Sienko (13) prepared Na,TiO, 
(0.20 < x < 0.235) by heating a stoichio- 
metric mixture of Na2Ti307, Ti, and TiOz 
for 12 to 40 hr at 1200 K in a platinum- 
sealed tube. 

x = 0.235 is the highest x value obtained 
in the earlier synthesis of the Wadsley 
bronze at high temperatures. Attempts to 
reach the particular ratio x = 0.25 were car- 
ried out through three different chemical re- 
actions: 

NazTi307 + 4Ti + jTi02 + 2NaT&O8 (I) 

as in the Reid and Sienko method. 

Na2C03 + 8Ti02 + 2Hz + 
2NaTi408 + CO + 2HzO (II) 

in which the finely ground mixture of the 
solid phases was heated in an alumina cru- 

cible for 15 hr at 1300 K 
stream. 

under a hydrogen 

Na + 4Ti02 + NaT&08 (III) 

in which sodium and titanium dioxide were 
heated for 12 hr at 1600 K in a nickel tube 
sealed under vacuum and this tube heated 
at the same temperature under an atmo- 
sphere of argon before use. 

The starting materials were titanium di- 
oxide (Merck 99.99%), sodium carbonate 
(R.P. 99.5%) sodium (Merck >99%), tita- 
nium powder (Merck 99.9%). 

All three methods produced homoge- 
neous blue-black products, acicular crys- 
tals for the first, powders for the second, 
and small platelet-like crystals for the third. 
For a better understanding, in connection 
with their preparation methods, these three 
bronzes will be hereafter referenced as type 
I, II, and III, respectively. 

Analysis 

Only the type II bronze has been chemi- 
cally analyzed, after dissolution in hot con- 
centrated sulfuric acid, by absorption spec- 
trophotometry for Na and a calorimetric 
method for Ti (a). It is almost impossible to 
dissolve the type I and III crystals com- 
pletely; their sodium and titanium contents 
were determined by using the CASTAING 
microprobe technique (b). They are consis- 
tent with the results inferred from the struc- 
tural determinations (c). The results are 
presented in Table I where a, b, and c refer 
to the analysis technique used. 

TABLE I 

Reaction 
type 

I 

II 

Duration NalTi molar 
(hr) ratio 

1200 24 0.235 k 0.009 (b) 
1300 36 0.206 k 0.003 (c) 
1200 12-40 0.249 2 0.008 (a) 

III 1600 12 0.253 k 0.008 (b) 
0.248 2 0.003 (c) 
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FIG. 1. Anomalous specific heat. Dotted line, exper- 
imental results; solid line, simulated curve by (T, - 
T)-” and (T - T,)-“‘. 

Results and Discussion 

Speczjic Heat Anomaly 

The specific heat was calculated from en- 
thalpy measurements using a differential 
scanning calorimeter (DSC 4 Perkin- 
Elmer) with a linear rise of temperature. 
The thermal analysis produced evidence for 
N%.25Ti02 (type II and III) at T = 430 K, a 
reversible phase transition. 

The anomalous specific heat observed 
(Fig. 1) is characteristic of a second-order 
transition which has been simulated, as 
shown by the full line in Fig. 1, by (T, - 
T)-* below T, and (T - T,)-*’ above T,, 
with (Y = Q’. The critical exponent a! (Table 
II) is in good agreement with that calculated 
from the renormalization group method for 

TABLE II 

T? (K) 430 2 1 
AT 6) 375-460.5 
ATIT 0.20 
AH (J g-‘) 4.89 2 0.05 
AC&,% 28 
a 0.107 t 0.003 
a’ 0.110 * 0.003 

d = 3 and 12 = 1 (d = dimensionality, IZ = 
number of order parameter components), CY 
=(Y ’ = 0.111 t 0.0045 (26). 

Electron Diffraction 

Transmission electron diffraction experi- 
ments have been performed from room 
temperature to 800 K using a JEOL 100 CX 
(120 kV) electron microscope. The side en- 
try stage allows a tilt angle of +60” with the 
standard specimen holder and one of +45” 
with the heating specimen holder. 

The reciprocal lattice exploration of 
Na0.2mTi02 (type I) by tilting around b indi- 
cates that the reciprocal lattice corresponds 
to that of the ordinary bronze structure 
C2/m (Fig. 2). 

Figure 3a shows the (OOl)* plane com- 
mon to the two other bronzes (types II and 
III). It may be described as a periodic ar- 
rangement of the main lattice reflections 
with extra reflections near b*/4. The 
strongest superreflections correspond to 
odd k values and the weakest ones to even k 
values such as k = 2(2n + 1). These two 
types of superlattice reflections also appear 
in the (102)* plane (Fig. 4) for the lines with 
k = 3,5, 11, 13, . . . , and k = 2,6, 10, 14, 
. . . ) respectively. An explanation of the 
relative spot positions is obtained from the 
drawing of the tridimensional reciprocal lat- 
tice (Fig. 5). 

The observed superlattice reflections 
may be due to a periodic modulation in- 
volving small atomic displacements from 
the average structure. In the commensurate 
phase, the wave vector Q of the modulation 
is Q = +a* 2 qb* + Oc*, with q = 0.25. 
The resulting Fermi wave vector (q = 2kF), 
kF = 0.125 is concordant with the conduct- 
ing properties of this compound (15) and 
with the l/4 filling of the conduction band. 
The weakest superlattice reflections are re- 
lated to the Bragg spots by Q’ = +2a* k 
2qb” + Oc*. The second-order satellites in- 
dicate that the modulation is not purely si- 
nusoidal (17, 18). 
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FIG. 2. Electron diffraction pattern: (OOl)* plane for Na,,zasTi02 type I and for Na,,zsTiOZ types II and 
III at elevated temperature. 

When the temperature increases, the Q 
component along b * decreases, the su- 
perlattice becoming incommensurate with 
respect to the main lattices reflections. This 
decrease in 4 = 0.25 - E and the intensity 
of the superlattice reflections are related: 
the second-order satellites are the first to 
disappear (Fig. 3b), then the first-order 
ones vanish, leaving only the C2/m main 
lattice (Fig. 2). 

The temperature dependence of q cannot 
be investigated by electron diffraction ex- 
periments since electron beam irradiation 
induces local heating of the sample, making 
it difficult to determine the transition tem- 
perature precisely. The value obtained in 
such experiments is systematically lower 
than that given by differential scanning cal- 
orimetry and X-ray diffraction. 

X-Ray Diffraction 

The X-ray scattering experiments were 
performed first at room temperature by 
usual photographic methods in order to 
characterize the two sublattices and then 
with an automatic Nonius CAD4 diffrac- 
tometer. 

The existence condition on h01, h = 2n, 
implies that the low-temperature commen- 
surate phase belongs to the P2la or Pa 
space group. 

In order to determine the q component of 
the wave vector modulation along b*, the 
lattice parameters of a type III crystal were 
studied at room temperature. Prior to this 
study, three sets of reflections were se- 
lected from the electron diffractions pat- 
terns according to the temperature depen- 
dence of the q vector. The first one 
contained superreflections with k = 1, 5, 9, 
. . . ) thesecondwithk=3,7,11,. . . , 
and the last with the main lattice reflec- 
tions . The parameters calculated from 
these three sets and the corresponding q 
values are reported in Table III. 

The linewidths of the Bragg peaks and of 
the satellites are identical, in accord with 
the long-range order at this temperature. As 
mentioned earlier only the Q component 
along b* is affected and assumes a q value 
of 0.24915 + 0.0005; the Fermi wave vector 
kF is then 0.1245. 

The temperature dependence of q was 
studied by the precession method with non- 
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FIG. 3. Electron diffraction pattern: (OOl)* plane of Nq.zSTiOz types II and III; (a) room tempera- 
ture, (b) 300 K < T < TzD. 

filtered molybdenum radiation in order to a quartz stick. A device built in Grenoble 
reduce the exposure time (17 hr). A plate- (29) permitted heating of the sample in an 
let-like type III crystal elongated along the argon stream. Peaks positions were deter- 
b-axis was glued with refractory cement on mined on films by use of a Nonius densi- 

TABLE III 

hkl Lattice parameters Averaged 
q in linewidth 

Class Number a (A) b (A) c (A) P (“) b* units (X3w 0) 

k = 1, 5, 9, . . . 16 12.173(4) 15.55(l) 6.473(2) 107.02(3) 0.2492 rfr 0.0005 0.70(10) 
k=3,7,11,. . . 15 12.174(4) 15.44603) 6.471(2) 107.03(3) 0.2491 ? 0.00045 0.65(9) 
k = 4, 8, 12, . . . 25 12.174(4) 15.499(4) 6.473(2) 107.00(3) 0.59(9) 
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FIG. 4. (102)* diffraction plane of Na,,25TiOz types II and III at room temperature. 

tometer. For each temperature, 4 is defined 
as the length ratio between two first-order 
satellites and two Bragg peaks in the hk0 
plane. 

As temperature increases, the 4 value de- 
creases (Fig. 6). The q values obtained at 
room temperature by both methods are sig- 
nificantly different, 0.243 2 0.001 and 
0.24915 + 0.0005, respectively, by the pre- 
cession method and the four-circle diffrac- 
tometer. This discrepancy may arise for an 
intrinsic reason, due to small differences 
in composition between the crystals, or 
to an extrinsic one, due to experimental 
methods. 

Twenty-five Bragg reflections were used 
to determine the thermal behavior of the 
cell parameters on a Philips three-circle dif- 
fractometer. Two transitions are clearly 
noted, in good agreement with the results 
obtained either by DSC (T2D = 430 K) or by 
electronic conductivity and magnetic mea- 
surements (Tr = 630 K) (15). These are 
shown in Fig. 7. The main feature to be 
noted is the decrease in b as the tempera- 

ture increases; this may be correlated with 
the metallic conductivity observed above 
630 K. If one considers a linear extrapola- 
tion of parameters from the low tempera- 
tures (dotted line on Fig. 7) it appears that 
the relative variation of the b-axis is about 
-0.47 + O.Ol%, as compared to +0.34 + 
0.01% for a- and c-axes at 630 K. 

The integrated intensities of the satellites 
peaks are proportional to the square of the 
order parameter (Zoln2>. The five strongest 
satellite peaks 651, 652, 772, 631, and 433 
have been measured in the temperature 
range 130-450 K. Four Bragg peaks 741, 
683, 542, and 802 of quite similar intensity 
with those of satellite peaks are used as 
standards. The relative precision for the 
standard determination is roughly 3%. 
Measurements are reproducible on temper- 
ature cycling. All the satellite peaks exhibit 
the same thermal behavior. The variation of 
the order parameter, r) versus temperature, 
as calculated from the average normalized 
intensities is shown in Fig. 8. The smooth 
variation is in agreement with a second-or- 
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FIG. 5. Three-dimensional lattice of the commensu- 
rate phase in reciprocal space. 

der transition. Near 430 K, the curve may 
be fitted (full line on Fig. 8) by r) = a(T, - 
T)@ with a = 0.223 and /3 = 0.324. 

This critical exponent p is in good agree- 
ment with the one determined by the renor- 
malization group method for a dimensional- 
ity d = 3 and n = 1 (n = number of 
components of order parameter), namely, /3 
= 0.325 + 0.0015 (16). 

Near 430 K, the long-range order disap- 
pears, as illustrated in Fig. 9, by the varia- 
tion of the 651-reflection profile with tem- 
perature. 

f 

0.24 - 

0.23. 

0.22 * 1 . _ 
350 400 Tp 450 

T (K) - 

FIG. 6. q component of wave vector in b* units ver- 
sus temperature. 

Conclusion 

This study enables a comparison to be 
made of the bronzes Nao.2tTi02 and Nao.2~ 
Ti02. The former does not exhibit anoma- 
lous specific heat when the temperature in- 
creases. By contrast, the latter undergoes a 

, 0 
106,7 I I 

, 260 360 430 480 .580&O T(KL 
660 

FIG. 7. Thermal behavior of cell parameters. 
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FIG. 8. Order parameter q versus temperature. 

second-order transition in relation to the 
stoichiometry x = 0.25. For lower x values 
there is a sodium disorder inside the chan- 
nel parallel to b; it is likely that such a dis- 
order destroys the long-range lattice distor- 

FIG. 9. Temperature dependence of the 651~super- 
structure reflection profile. 

tion which appears for x = 0.25 in the 
low-temperature range. 

For Na0,25Ti02 the critical exponents (Y 
and 0, related to the second-order transi- 
tion at T:D = 430 K, have been determined. 
The wave vector Q has been measured at 
room temperature. Its q component along 
b* decreases with increasing temperature. 
This behavior characterizes a displacive 
modulation which arises from Peierls tran- 
sition at Tp = 630 K. Due to strong elec- 
tron-phonon coupling, the modulation of 
the lattice is accompanied by a simulta- 
neous modulation of the electronic gas, 
forming a charge density wave with the 
wave vector 2kF along the b*-axis. At 430 K 
this charge density wave becomes static 
and orders three dimensionality. 

From X-ray data collection at 135 K, a 
commensurate modulated structure deter- 
mination is in progress using the concept of 
the four-dimensional space group. 
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