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Abstract. -We present new experimental results about the spine1 system Lil-sTi2-x04. Specific heat data and transport 
properties show the high quality of the samples prepared by new routes. If stoichiometric compound satisfies BCS theory 
the mechanism of superconductivity seems to be more complex when off-stoichiometric compounds are considered, due to 
the vicinity of a metal-insulator transition. 

A tremendous amount of experimental and theoreti- 
cal works have been reported on new high Tc supercon- 
ductors but the understanding of the observed critical 
temperatures and the relevance of attractive theoreti- 
cal models are still debated [l]. 

For a better understanding of the relative role of the 
factors leading to high T, superconductivity (vicinity 
of a metal-insulator transition, low dimensional char- 
acter, ...) the study of spinel compounds and espe- 
cially LiTizO4 seems to be attractive. This three- 
dimensional mixed valent system has unusual T, value 
(Tc=12.7 K) and the off-stoichiometric compounds 
Li1+,Ti2-,04 (0 < X < 113) exhibit a metal-insulator 
transition for X = 0.2, i.e. before the complete empty- 
ing of the titanium "d" band [z]. 

We studied systematically the physical properties 
of LiTizO4 and of'the off-stoichiometric related com- 
pounds obtained by substituting lithium to titanium. 
In this first paper, we report new results about prepa- 
ration, transport and magnetic properties. 

Preparation and structural da t a  

Samples were prepared by solid state reaction in two 
steps. First, a lithium titanate compound was synthe- 
sized under oxygen, then mixed to titanium and sin- 
tered under vacuum. Titanium oxides was obtained by 
hydrolysis of an alcoholic solution of titanium ethox- 
ide, alcohol washed, air dried and calcinated 2 hours at 
750 'C. This method gives a fine powder, extremely re- 
active and easy to reduce. The predried constituents, 
Li2 (CO3) and the ex-alkoxide TiO2, were ground to- 
gether for l hour under argon. The mixture was then 
heated at 750 'C under oxygen for 1 hour, in order to 
eliminate CO2. 

The appropriate amount of Ti was added to the pre- 
fired pellet and thoroughly ground. The mixture was 
then pressed at 275 MPa and heated under vacuum 
before being sealed in quartz tube. The sample was 
finally hold at 800 'C for 48 hours. 

X-ray powder diffraction analysis of the samples, 
made by using the CuKa radiation, has not allowed 
to detect any impurity phase. The lattice parameter 
a of the face-centered-cubic spinel structure has been 
determined and its variation with the rate of lithium 
is displayed in figure 1. A linear decrease of a is ob- 
served over all the concentration range, in agreement 
with Johnston [2] results. 

Fig. 1. - Lattice parameter versus composition for 
Lil+xTi2-x04. 

Electronic properties 
On close examination of the specific heat of LiTi204 

(Fig. 2), it appears that the transition is very sharp 
(AT,= 0.32 K), indicating a very good homogeneity of 
the sample. This result is very satisfying, compared to 
that obtained for less homogeneous samples (Tab. I) or 
that reported by Johnston, ATc=1.2 K. Note, on the 
other hand, that AC/yT,, calculated from the specific 

Fig. 2. - Specific heat of Lil+xTi2-x04 for the tempera- 
ture range 1.5-17 K. 
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Table I. - Specific heat data. 

Compounds t', Tc T c  oaact PT= DICIkTc A 

Li0.118.M60,02Ti?04 55s 11.8 12.6 0.84 1.39 0.68 

*Inhomogeneous sample. 

heat jump at the transition and the electronic term in 
the normal state, which is quite high, agrees with pre- 
diction of BCS theory. Further, upon cooling down 
to zero, it can be observed that C,] is nearly zero 
(while it is non-zero for an inhomogeneous sample). 
The obtained value for the electron-phonon parame- 
ter, 2A/kTc=3.8, is in good agreement with recent 
tunneling results yielding 4.00 and quite comparable 
to the BCS value, 3.53. Accordingly, we can assume 
that LiTi204 is a good bulk superconductor, without 
detectable impurity phase, and which verifies BCS the- 
ory. 

Examine now the behavior of off-stoichiometric sam- 
ples Lil+xTi2-x04. It appears, for increasing X, that 
Tc and A C  decrease, while in turn AC/yT, stays con- 
stant and AT, raises as displayed for Lil.12Til.ss04 
in figure 2. This variation is, in fact, not regular as 
noticed by Johnston [2]; it exists a turning value of 
X corresponding to a transition from superconducting 
to  insulating state. Low y values are reported for z 
ranging in between 0.2 and 113, but without noticeable 
transition above 1.5 K, while y = 0 is only obtained for 
X = 113. Note that the non-superconducting fraction 
in Lil+xTi2-x04 increases with X, and corresponds, 
according to y = 0, to  a pure insulating species. Fi- 
nally, for the limiting value x = 1/3, giving a pure 
~ i ~ +  phase, the behavior plotted in figure 2 presents, 
as expected, the signatures of an insulating system. 

The variation of the electrical resistivity p with tem- 
perature shows a nearly temperature independent be- 
havior, but with an unexplained wide bump around 
200 K for the stoichiometric sample (Fig. 3). For off- 
stoichiometric compounds, p increases in the normal 
state upon cooling down; furthermore, the resistivity 
at the transition increases rapidly when a: is raised' 
(p = 1.35 R cm at T : ~ ~ ~ ~  for X = 0.12 instead of 4.7 X 

Fig. 3. - Electrical resistivity of LiTizO4 for 4.2 K <T < 
300 K. 

10-~ R cm for X = 0). The same findings have been 
observed by Johnston [2] and more recently by Watan- 
abe et al. [3] but with resistivity larger by a factor 100. 
In addition, let us point out that the critical current 
is of the order of 10 ~ / c r n ~  a t  4.2 K, for X = 0, and 
decreases for increases X. In view of these results, a 
careful investigation of the influence of grain bound- 
aries and intergranular regions has to  be planned. 

The magnetization curve of Lil+xTi2-x04 exhibits 
the typical variation of superconductors reported so 
far. In the normal state, the magnetic susceptibility is 
weakly temperature dependent and its value is vary- 
ing slowly with Li substitution. This behavior can be 
analyzed either through a band model (Pauli suscepti- 
bility) or in a mixed valence framework. In the specific 
case of ~ i ~ +  which contains one unpaired electron, the 
behavior results from the combined effect of spin-orbit 
coupling and local distorsion stabilyzing a four fold 
degenerate level. Accidentally, this low-lying level is 
non-magnetic to first order. On close examination of 
the results, we can assume that the behavior for X = 0 
obeys Pauli susceptbility with a superimposed contri- 
bution due to localized ~ i ~ +  ions. Small amount of 
these last seems also to be present in the insulating 
phase ( X  = 1/3) . 
Concluding remarks 

Fkom the above results, it appears that our samples 
are of good quality, especially the stoichiometric com- 
pound LiTizO4 whose specific heat variation shows a 
very narrow transition and no residual linear contri- 
bution below T,. This sample verifies all features of a 
BCS weak coupling superconductor with typical pa- 
rameters, AC/yTc=1.4, 2A/kTc=3.8,X = 0.7 and a 
high y value. Moreover, while Tc decreases with sub- 
stitution of Li to Ti, y falls to zero for the insulating 
material Li4/3Ti5/304. Therefore, LiTi204 can be con- 
sidered as a conventional BCS-type superconductor. 

These preliminary results show that we have now 
to focus on the concentration range X = 0.2 to 0.3 
where low y values are obtained but no superconduc- 
tivity is observed (at least above 1.5 K). This critical 
domain is now being studied in detail, including NMR 
studies. The important difference between theory and 
our experimental results concerning y values variation 
has also to be explained. Further experimental stud- 
ies will also concern the spine1 system Lil+xTi2-x04 
where the ratio ~ i ~ + / ~ i * +  is larger than 1. 
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