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X-ray powder diffraction measurements show that the M’+ cations substitute almost completely at the 
tetrahedral sites in the Li,+,M,TizOd spine1 systems (M = Mn*+, 0 < x < 1; M = Mg’+, 0 < ,r < 0.2). 
The magnetic susceptibility of the Li,-,M,Ti,O, system is dominated by high-spin Mn” moments for x 
< 0.5 and shows ferrimagnetic ordering at low temperatures (15-55 K) for samples with higher x 
compositions. The occurrence of spontaneous magnetism in the Li04Mn0.bTiZ04 sample is interpreted 
as indicating a compositionally induced metal-nonmetal transition near that composition. The tita- 
nium-titanium cation distance at the transition is 3.016(2) A in excellent agreement with Good- 
enough’s critical R, value of 3.02 A for Ti3+ ions. The magnetic susceptibility of the Li, ,Mg,T&O, 
system is distinguished by large Pauli susceptibilities and the Curie behavior of small concentrations of 
spins trapped at defect sites. The superconducting transition temperature T, falls with increasingx and 
shows a strong correlation with the lattice parameter in both series. A decreasing density of states at 
the Fermi level resulting from increasing electron correlation and electron-lattice interactions is 
proposed to account for these observations. Importantly, no magnetic impurity effect on T, is ob- 
served. D 1985 Academic Press, Inc. 

Introduction (I). Subsequent investigations revealed the 
end member LiTi204 to be a high-tempera- 

The Lil+xTiZ-xOd (0 < x < 8) spine1 sys- ture superconductor with a transition tem- 
tern was originally synthesized and strut- perature Y’, = 11 K (2-5). The composi- 
turally characterized by Deschanvres et al. tional range of the solid solution spans a 

* Present address: Eastman Kodak Co., Research titanium valency of +3.5 in LiTi204 to +4 
Laboratories, Rochester, NY 146.50. in Li4,3TiS,304 and the latter compound is 
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ally induced metal-nonmetal transition 
(MNMT) is inescapable within the homoge- 
neity range. The position of the MNMT, as 
suggested by an increase in the pressed- 
pellet electrical resistivity and a reduction 
in the Pauli susceptibility, is placed at x = 
0.1-O. 15 and is distinguished by a complete 
loss of superconductivity (4, 6-8). Prior to 
the transition, T, remains virtually con- 
stant. 

X-ray diffraction studies show that the 
spine1 tetrahedral A sites in the Lil+lTi2-x04 
series are occupied by lithium cations and 
the octahedral B sites are randomly popu- 
lated by titanium and lithium ions in the 
ratio determined by the composition (4). 
The electronic and magnetic properties are 
attributable to the titanium 3d electrons. 
The direct cation-cation orbital overlap be- 
tween adjacent edge-sharing octahedra in 
the spine1 structure forms a conduction 
band composed largely of the titanium 3d 
t2g orbitals. A schematic band structure 
(Fig. 1) shows the titanium 3d orbital mani- 
fold to be split by the cubic crystal field into 
an empty eg band and a partially filled t2X 
conduction band (l/12 full in LiTi?O,). Ideal 
cubic close packing is seldom realized in 
the spine1 structure and the anions are usu- 
ally distorted along the (111) direction in 
order to accommodate the different cation 
radii in the A and B sites. The effect, de- 
scribed by the oxygen positional parameter 
U, superimposes a slight trigonal distortion 
at the octahedral site as shown in Fig. 1. 

Magnetic susceptibility and electron spin 
resonance measurements (7) show the pres- 
ence of a small number (l-2 mole%) of lo- 
calized moments in all but the x = + compo- 
sition which are apparently associated with 
oxygen vacancies. The Lil +xTiz- r04 system 
has also been the subject of photoelectron 
(9) and diffuse reflectance (10) spectros- 
copy studies. 

The existence of metallic behavior and 
superconductivity in LiTi204, combined 
with the relative ease of cation substitution 
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FIG. 1. Schematic band structure of a metallic com- 
position in Li,+rTiZmr04. Localized oxygen vacancy 
states are indicated by 0;. 

in the spine1 structure, offers the unique op- 
portunity to effect metal-nonmetal transi- 
tions and to manipulate the supercon- 
ducting properties in a systematic manner. 
In this paper, we describe the results of ex- 
periments in which cation substitution on 
the spine1 tetrahedral sublattice is per- 
formed where Li’ is replaced by Mn’+ or 
Mg*‘. In a subsequent paper, substitution 
of titanium cations on the octahedral sub- 
lattice by Cr3+ or A13+ will also be pre- 
sented. Each type of sublattice substitution 
manipulates lattice expansion and electron 
concentration in the opposite sense and 
each pair of sublattice substitutions offers 
the valuable additional comparison of mag- 
netic versus nonmagnetic dopants. In this 
way, the effects of octahedral and tetrahe- 
dral substitution on properties such as su- 
perconductivity and the MNMT can be dis- 
tinguished. 

Experimental 

Powder samples were prepared through 
the solid-state reaction of the component 
oxides in a manner similar to that of John- 
ston (4) and Harrison et ~1. (7). Stoichio- 
metric amounts of L&CO3 (atomergic, 
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99.99%), TiOz (AESAR, 99.9998% Pura- 
tronic), Ti203, and either MgO (CERAC, 
99.95%) or MnO (CERAC, 99.9%) were 
mixed and fired according to the overall re- 
action, 

(1 - x)Li2C03 + 2xMO + 2(1 - x)TiOz 
+ (1 + x)Ti203 + 2LiIm.A4,Ti204 

+ (1 - x)CO2, (1) 

where M is Mg or Mn. The T&O3 was pre- 
pared from Ti metal (AESAR, 99.99%) and 
Ti02 at 1600°C under RF heating and 
checked for stoichiometry by oxidation. 
The phase purity of the dried starting mate- 
rials was verified by X-ray diffraction mea- 
surements. 

The oxidized components for each com- 
position were intimately mixed in an agate 
mortar for IO-15 min, pressed in &in.- 
diameter pellets at 25,000 psi and fired at 
750°C for 26 hr. This “prefiring” promoted 
cation mixing on an atomic scale; without 
this step, samples usually contained the im- 
purity phase described by Harrison et al. 
(8) and Inukai and Murakami (II). The du- 
ration of the prefiring encouraged complete 
loss of CO1 (to within 0.5% of theoretical 
loss). The prefiring temperature was limited 
to 750°C to avoid the loss of lithium oxide. 

The prefired pellet was ground with the 
required amount of T&O3 for 30-40 min ei- 
ther in an inert atmosphere (VAC Helium 
Dri-Lab) or in air; no differences in the final 
sample properties were observed between 
the two preparations. The powder mixtures 
were again pressed into &in. pellets at 
25,000 psi. 

Sample tubes were prepared from fused 
quartz tubing (Hereaus-Amersil Inc. 12-mm 
OD x l-mm wall) and were washed with 
aqua regia, rinsed in distilled deionized wa- 
ter, then dried and degassed for 1 hr under 
vacuum (10e5 Torr) at 1000°C. 

The pellets were wrapped in O.OOl-in. 
OFHC copper foil to reduce lithium loss 
through diffusion into the silica walls of the 

sample tube. No reaction was observed be- 
tween the sample pellets and the copper 
foil. After sealing under vacuum (IO-’ 
Tort-), the samples were placed in a box fur- 
nace at 500-600°C. The temperature was 
then raised over the course of 2-3 hr to the 
final firing temperature, held there for 
16-18 hr, and allowed to cool to ambient 
temperature. The firing temperatures var- 
ied linearly with x from 850°C for n = 0.0 to 
1190°C for x = 1 .O. Higher firing tempera- 
tures for low values of x were not possible 
because of the structural transformation to 
the ramsdellite phase (12). 

Debye-Scherrer X-ray powder diffrac- 
tion patterns were obtained for all samples 
using 114.6-mm-diameter cameras and 
nickel-filtered CuKa! radiation. The method 
of lattice parameter determination has been 
previously described (13). Powder diffrac- 
tometer tracings were obtained either with 
an Enraf-Nonius diffractometer equipped 
with a Stoe Bragg-Brentano goniometer 
(NRC Laboratory, Ottawa, Canada) or 
with a Philips diffractometer (University 
Chemical Laboratory, Cambridge, En- 
gland). 

The integrated peak intensities obtained 
from the diffractometer tracings were nor- 
malized to 1000 and used to determine 11, 
the oxygen parameter for the spine1 struc- 
ture, and the cation site distributions for 
several samples using the Furuhashi 
method (14). The technique describes the 
diminution of the line intensity with in- 
creasing 8 by means of an effective temper- 
ature factor Beff. The best structure is that 
which gives the best linearity for the re- 
lation, 

lnU,t,,/I,a~c) = InK - 2Bef~(sin%/h2), (2) 

where K is a scale factor, A is the X-ray 
wavelength, and 

LI, = lFF*lLpm, (3) 
where F is the calculated structure factor, L 
is the Lorentz factor, p is the polarization 
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factor, and m is the multiplicity of the re- 
flection. The absorption correction factor 
was ignored in the calculated intensity as 
the linear absorption coefficient was as- 
sumed to be large. 

Intensity calculations were performed by 
the LAZY PULVERIX program (1.5) for 
various site distributions and values of u. 
The calculated intensities were compared 
with between 9 and 15 observed lines of 
sufficient intensity (lob, > 5) using Eq. (2). 
The degree of linearity was judged by the 
magnitude of the root-mean-square stan- 
dard deviation of a linear least-squares fit 
between ln(Z,i,,/Z,,i,) and sin’O/h’. For each 
fit, B,rr and K were determined. The most 
probable structure was determined via a 
heuristic grid search in the 14 and cation dis- 
tribution space in which lithium and oxygen 
nonstoichiometries were also considered. 

Static magnetic susceptibility measure- 
ments were obtained by the Faraday 
method on a computer-interfaced instru- 
ment described previously (16). Calibration 
was performed using HgCo(SCN)4 as a 
standard. Magnetization curves were calcu- 
lated from the approximate applied fields of 
8400 G and 12,000 G. Spontaneous magne- 
tization curves were estimated by extrapo- 
lation to zero field. The magnetic ordering 
temperatures were taken as the low-tem- 
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FIG. 2. Cubic lattice parameter (1 for Li, ,M,TilO,: 
M = Mn?‘, Mg’+. 

perature inflection points of the inverse sus- 
ceptibilities. The temperature-independent 
Van Vleck paramagnetism of Ti4+ in an ox- 
ygen octahedra nearly compensates for the 
core diamagnetism in all samples (4); there- 
fore, core corrections were not applied to 
the susceptibilities. 

Superconducting transition temperatures 
were determined by the AC mutual in- 
ductance technique on an instrument de- 
scribed earlier (16). Transition tempera- 
tures are reported at 50% of full signal 
deflection and transition widths at between 
10 and 90% deflection. 

Structural Parameters 

Single-phased polycrystalline samples of 
LilmxMglTi204 systems were prepared up to 
x = 0.2; beyond this composition unreacted 
T&O3 was present as a major impurity. The 
linear compositional dependence of the cu- 
bic lattice parameter is 

N = (8.4046 + 0.0967x) ii (4) 

with a correlation coefficient of 0.979 (Fig. 
2). 

Lecerf (I 7) described a laborious prepa- 
ration of MgTi204 in which a 0.7/1.0 mix- 
ture of MgO and TiOz was stoichiometri- 
tally reduced with acetylene black at 
1400°C in argon. The reaction product con- 
sisted of a cubic phase and MgO, the latter 
which was dissolved in dilute HCl. X-ray 
analysis showed the cubic phase to be a 
normal spine1 with a lattice parameter a = 
8.474(2) A. Johnston (3) also claimed to 
have prepared MgTjzOd with a lattice pa- 
rameter of 8.505(3) A, but provided no syn- 
thetic details. Studies of nitrogen-fixing 
Mo/Ti/Mg hydroxides (18) claimed that 
MgT&Oh was formed by coprecipitation 
with alkali from a methanolic solution of 
MgC12 and TiC13. Two phases were formed; 
a nearly amorphous material and a cubic 
phase considered to be MgTizOd despite the 
large lattice parameter of 8.9 A. The precip- 
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itate was rapidly oxidized on exposure to 
air. 

Reaction of MgO and T&O3 in sealed 
evacuated tubes, or by RF heating in vac- 
uum, was incomplete, and nearly a 50% ex- 
cess of MgO was required to consume the 
T&O3 and produce a single-phase spinel. 
The lattice parameter of this material is 
8.502(2) A, close to Johnston’s reported 
value for MgTizOd. 

Polycrystalline powder samples of the 
Lii-,MnXTizOd series were prepared for 0.0 
< x < 1.0. The color of the samples varies 
smoothly from royal blue for LiTiZ04 (X = 
0.0) to black for MnTizOd (x = 1.0). All dif- 
fraction lines in the Debye-Scherrer pow- 
der patterns were indexed to a cubic system 
with extinctions consistent with the spine1 
space group. No superstructure lines are 
evident. A linear dependence of the cubic 
lattice parameter a with x is seen in accor- 
dance with Vegard’s law (Fig. 2). The 
composition dependence is 

a = (8.404 + 0.223x) A (5) 
with a correlation coefficient of 0.999. The 
average lattice parameter of the three 
LiTi204 samples is 8.405(2) A and is consis- 
tent with the reported ceramic preparations 
(4, 7, 19, 20). 

All samples were predominately single- 
phased; the x = 0.7 and 1.0 compositions 
contain traces of unreacted T&O3 (-5%). A 
x = 0.85 sample was prepared and was 
found to contain a significant amount of 
Ti203. In this compositional range, higher 

reaction temperatures are likely to be re- 
quired for a single-phase spine1 product. 
However, the concomitant increase in Liz0 
loss would be undesirable. 

Lecerf (17) first claimed to have pro- 
duced stoichiometric MnTi204 through the 
solid-state reaction of a sixfold excess of 
Mn metal and TiOz fired at 1400°C in argon. 
The excess Mn was subsequently removed 
with dilute hydrochloric acid. The reported 
cubic lattice parameter is 8.600(2) A. A sec- 
ond MnTi204 preparation by Lecerf was 
less severe; a stoichiometric mixture of Mn 
and TiO,? was fired in argon at 12OO”C, 
cooled, ground, and refired (21). The re- 
ported lattice parameter is 8.628(2) A in ex- 
cellent agreement with the x = 1.0 sample. 
Presumably the smaller unit cell of original 
synthesis reflected the effects of acid 
leaching. 

The cation site distributions, oxygen pa- 
rameters, and temperature factors obtained 
from the line intensity analysis of the pow- 
der diffractometer tracings are compiled in 
Table I, and comparisons of theoretical in- 
tensities (adjusted by &r and the scale fac- 
tor K) and the observed intensities are 
shown in Table II. 

In all the compositions analyzed, the M'+ 
ion appears to substitute for lithium largely 
at the tetrahedral sites, thus maintaining the 
integrity of the titanium octahedral sublat- 
tice. For intermediate value of x in the man- 
ganese series the presence of a slight 
amount of Li’ on the octahedral sites is in- 
dicated, and for the x = 0.15 sample of the 

TABLE I 

CATION SITE DISTRIBUTIONS FOR Li,-,MxTi204 

Composition Best fit InK u B df 

x = 0.00 Li0.9dTiZ104 0.470 0.2600 0.684 
Mg x = 0.15 LiO.&nO. ihdTil &fgO dh -0.007 0.2620 1.200 
Mn x = 0.25 Lio.,Mno.zsTlo.os[Ti, &dO~ -0.0406 0.2600 1.138 
Mn x = 0.70 Lio.asMno.,oTio os[Ti,.,,Lio.o,]O, -0.020 0.2600 0.393 
Mnx = 1.00 Mn[TiJO, 0.015 0.2605 0.585 
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TABLE II 

THEORETICAL AND OBSERVED X-RAY INTENSITIES FOR LiTi204, LiO &go ,5Ti204, 
LIO ,sMno zTI~O~, Llo ?Mno ,T1204, and MnT1204 

hkl 

Lie 75Mno 2qTi20., 

Obs. Calc. 

Lie ,Mno ,TiZ04 

Obs. Calc 

MnTi204 

Obs. Calc. 

111 
220 

311 
222 

400 
331 
422 

511 + 333 
440 
531 

620 
533 
622 

444 
711 + 551 
642 

731 + 553 
800 

998 839 
87 101 

1000 1000 
53 77 

770 716 

52 64 
25 26 

383 350 

648 561 
100 96 

- - 
70 77 

42 44 
85 83 

39 47 
- - 
104 102 

55 60 

LiTi204 

203 204 

266 266 
1000 IO00 

35 47 

288 321 
- - 

83 85 

369 365 
523 617 

24 23 

27 29 
97 92 

34 33 

36 43 
13 15 

30 39 

133 143 

67 65 

76 77 

361 350 
1000 1000 

35 44 

200 205 
- 

106 110 

355 351 
500 448 

- 
33 38 

hkl Obs. Calc Obs. Calc 

Ill 1000 1000 1000 1000 
220 5 5 18 18 
311 482 469 499 532 

222 51 59 43 62 
400 733 609 675 582 
331 84 96 66 59 
511 + 333 214 I81 212 211 
440 404 337 346 351 
531 140 II6 106 103 
533 43 40 38 44 
622 38 36 40 37 
444 82 79 76 70 
711 + 551 48 56 42 51 
731 + 553 66 59 45 64 
800 37 41 33 40 

magnesium series, a small amount of octa- ston (~1 = 0.264, Ref. (4)) and Harrison et 
hedral Mg2+ is suggested. The best fit for al. (U = 0.261, Ref. (7)). 
the LiTi sample shows a lithium defi- In the case of the manganese series the 
ciency, which is reasonable considering the adherence of the lattice parameter to Ve- 
volatility of Liz0 at the firing temperature. gard’s law further supports tetrahedral sub- 
The value of the u parameter for LiTi204 is stitution for Mn2+ since both end members 
in good agreement with the results of John- are considered to be normal spinels; any 
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deviation from a linear lattice parameter de- 
pendence of x would imply that the solid 
solution does not possess the same extent 
of normality as the end members. The pref- 
erence of the A4*+ cations for the tetrahe- 
dral sites is explained largely by the princi- 
ple of “highest charge neutralization” (22). 
The absence of any net octahedral field sta- 
bilization energy for Mg2’ or Mn2+ (d5 high 
spin) is also contributory. 

Results 

A. Magnetic Susceptibility 
The substitution of nonmagnetic Mg2+ 

cations allows investigation of composi- 
tional trends in both the Curie-like behavior 
of the spins trapped at oxygen vacancies 
and the conduction electron Pauli suscepti- 
bility. Representative molar susceptibilities 
for x = 0 and x = 0.075 are shown in Fig. 3. 
Included are fits to the function, 

XM = C/T + Xpauli + xTDT, (6) 

where XM is the molar susceptibility, T is 
the temperature in degrees Kelvin, C is the 

0 50 100 150 200 250 300 
Temperature/K 

FIG. 3. Representative molar susceptibilities for 
Lil-xMgxTiZ04 (CGS units). 

- 

0 
0.15 

. 

si- 
x in Li,-,Mg~TI,O, 

FIG. 4. Compositional variation of xPaull and oxygen 
vacancy concentration for Li,-,MgXTizOJ. 

Curie constant, xPauli is the temperature- 
independent term reflecting the response of 
the conduction electrons, and xTD is the 
temperature-dependent term similar to that 
applied to LiTi204 (4, 7). 

As outlined elsewhere (4, 7), tempera- 
ture-dependent terms in the magnetic sus- 
ceptibility (as exemplified by xTD) may arise 
from a variety of sources: 

(i) enhancement effects in the Pauli para- 
magnetism, due to either electron-elec- 
tron or electron-phonon interactions 
(7-10, 13, 16); 

(ii) the presence of quasiparticles such as 
large polarons or mobile spin-paired dimers 
(7). 

The XPauli term appears relatively insensi- 
tive to composition and in the lower x value 
compositions, the number of vacancies cal- 
culated from the Curie constants is inde- 
pendent of the x value (Fig. 4). Similar ob- 
servations were made by Harrison et al. (7) 
and Johnston (4) for the Lil+xTi2-x04 sys- 
tem. Above x = 0.1, the number of vacan- 
cies falls significantly and is correlated with 
the weakening of the ESR vacancy reso- 
nance intensity (13). 

Up to x = 0.5 in the LiI~.MnXTi20~ se- 
ries, the magnetic susceptibility is dom- 
inated by the Curie-Weiss behavior of 
high-spin Mr?+ local moments. In the com- 
positions x = 0.05 and x = 0.1 the best fits 
to the data include a temperature-indepen- 
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TABLE III 

MAGNETIC SUSCEPTIBILITY DATA FOR Li,-,Mn,TizOd 

x 
Temp. 

(“K) 

Spontaneous 
&IT 1@XF%“,, magnetic moment T; 

c b-%) (emu/mole) (!4) (“K) 

0.05 12-300 
0.10 12-300 
0.20 Y-300 
0.30 7-300 
0.40 5-300 
0.50 5-300 
0.60 200-300 
0.70 200-300 
I .oo 200-300 

0.191 5.53 9.7 260 
0.398 5.65 11.8 277 
0.906 6.02 15.7 - 
I.351 6.00 19.2 - 
I .756 5.93 20.5 - 
2.135 5.85 17.7 
2.618 5.91 21.8 0.003 15 
3.125 5.98 37.4 0.07 25 
3.545 5.33 37.4 - 0.39 55 

dent xPauli term. For higher x values (0.10 < 
.Y < 0.50) any temperature-independent 
term is swamped by the response of the 
Mn” moments, and the inverse magnetic 
susceptibility is completely modeled by a 
Curie-Weiss law with a slight antifer- 
romagnetic interaction (Fig. 5, Table III). 
The petI- values are close to the free spin 
VahJtZ Of 5.9 pB (Fig. 6). 

A deviation from Curie-Weiss behavior 

,000 

800 
Li,$Mn., TI,O, 

Frc;. 5. Representative inverse molar susceptibilities 
for Li, ,Mn,TizOd. 0 5 x 5 0.5 (CGS units). 

is observed in x = 0.6 and increased 
through n = 1.0; the inverse susceptibility 
is linear only from 150 to 300 K and falls off 
hyperbolically at lower temperatures (Fig. 
7). The peff and 0 values obtained from the 
linear Curie-Weiss portion of the inverse 
susceptibility are included in Table III and 
Fig. 6. Field dependencies, indicating spon- 
taneous magnetism, are observed in the 
low-temperature susceptibilities of the x = 
0.6, 0.7, and 1.0 compositions. TA is the 
ordering temperature associated with these 
moments. Saturation could not be achieved 
at the maximum field of 12,000 G and so the 
calculated spontaneous moments listed in 
Table III must be considered as low limits. 
The possibility of spin glass formation, in 
which metastable frustrated spin confi- 
gurations are randomly frozen out at an or- 

3.5 
0 0.2 0.4 0.6 0.8 I.0 

x in Lil-xMnrTlZ04 

FIG. 6. Effective magnetic moment /Lo and Weiss 
constant 8 for Li,-,Mn,Ti?O+ 
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a 
.Z 0 IO0 200 300 
z Temperature/K 

cj Temperature/K 

0 100 200 300 
Temperature/K 

FIG. 7. Inverse molar susceptibilities of the x = 0.6, 
0.7, and 1.0 compositions of Li,-,Mn,Ti204 indicating 
ordering at low temperatures. 

dering temperature, was investigated by 
field cooling experiments. However, no dif- 
ference was observed in the susceptibilities 
obtained from samples cooled in the 12,000 
G field and those cooled in zero field. 

B. Superconductivity 
With five unpaired spins in the d-orbital 

manifold, high-spin Mn2+ should act as an 
effective scattering center providing there 
is conduction electron density near the im- 
purity. The effects of a magnetic ion on the 
transition temperature T, should be sub- 
stantially greater than that of a nonmag- 
netic ion such as Mg*+, assuming an equal 
mean-free path. A comparison of the super- 
conducting properties of the two series 
therefore provides a measure of the interac- 
tion between the conduction electrons and 
the tetrahedral cation sublattice. 

The superconducting transition tempera- 
ture falls more rapidly in the manganese se- 
ries (Fig. 8a, Table IV) but not as precipi- 
tously as expected for a magnetic impurity 

TABLE IV 
SUPERCONDUCTING TRANSITION 

TEMPERATURES FOR LI,-,M,TI~O~ 

AT, 
X ("K) 

Mg x = 0.0 (No. 1) 10.8 5.9 
0.0 (No. 2) 8.9 4.3 
0.0 (No. 3) 9.8 4.6 
0.025 9.4 4.1 
0.05 8.8 4.2 
0.075 8.4 4.0 
0.10 8.8 4.7 
0.15 7.8 4.6 
0.20 7.0 4.8 

Mn x = 0.05 9.1 4.2 
0.1 7.8 4.4 
0.15 5.9 3.6 
0.2 3.6 3.5 
0.25 3.3 2.5 

effect. A strong correlation is evident be- 
tween T, and the cubic lattice parameter 
across both series (Fig. 8b) where 

0 0.1 0.2 0.3 0.4 0.3 
x in Lil-xM,Tip04 

Lattice Parameter, a/A 

FIG. 8. Superconducting transition temperature T, in 
Li,-xA4xTi204r M = Mn”, Mg’+, versus (a) composi- 
tion x and (b) lattice parameter a. 
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T, = (1073.7 - 126.6a)“K (7) 

with a correlation coefficient of -0.974. 
The signal amplitude of the supercon- 

ducting transition temperature falls for the 
x = 0.2 and 0.25 samples of the manganese 
series. The detection of the transition tem- 
perature in the latter composition cor- 
responds to the sensitivity limit of the AC 
mutual inductance apparatus. The signal 
amplitude measured by this technique is at 
best a rough approximation of the volume 
of superconducting material and is suscep- 
tible to grain size and phase distribution ef- 
fects. It is possible that the superconduc- 
tivity observed in these compositions men- 
tioned above reflects homogeneity fluctua- 
tions or an increased penetration depth AL. 
An increase in hi as the insulating composi- 
tion of MnT&Od is approached is not unrea- 
sonable considering the inverse relation be- 
tween the conduction electron mean-free 
path and XL. 

The magnitude and variation of 7’, for the 
LiTi204 samples are similar to previous 
studies (4, 7). The transition widths are 
large in comparison to other supercon- 
ductors, but consistent with those found for 
the Lil+xTi2-x04 system by AC mutual in- 
ductance (7). 

Discussion 

A. Magnetic Susceptibility 
As x increases in the LilP.VMg,Ti204 se- 

ries, an enhancement in xPauli is expected 
since (1) the resulting band narrowing in- 
creases both the effective mass my and the 
density of states at the Fermi level, N(Er), 
and (2) the addition of electrons further in- 
creases N(Er) for a less-than-one-half-filled 
band. Since an increase in effective mass is 
inescapable as the band narrows, the gen- 
eral trend in Xpauti as x increases implies a 
decreasing N(Er). This point will be ad- 
dressed in the next section. 

The observation of free-spin Mn*+ local 

moments is consistent with the X-ray line 
intensity analysis placing the manganese 
cations at the tetrahedral sites. Since the 
high-spin dS configuration has no angular 
momentum and, to a first approximation no 
spin-orbit coupling, a modified Mn” mo- 
ment would indicate conduction electron- 
mediated interactions. Such spin exchange 
would most reasonably occur on the B sub- 
lattice. An unaffected moment does not, 
however, preclude octahedral site occupa- 
tion; the Mn2+ energy levels could be suffi- 
ciently separated from the conduction band 
to limit spin exchange. 

The negative Weiss constants obtained 
for x < 0.5 (Fig. 9) do not imply magnetic 
ordering, but rather indicate small antifer- 
romagnetic interactions within the mag- 
netic clusters of Mn2+ cations or between 
isolated Mn’+ cations. The weak interac- 
tions are again consistent with tetrahedral 
site occupation since the A sites do not 
share common anions with which to facili- 
tate superexchange. Experimentally, low 
antiferromagnetic ordering temperatures 
and Weiss constants are obsrved for sys- 
tems with magnetic ions only at the A 
sites (B-25). An exemplary system is 
ZnlP,Co,Rh204 (24) where the Co*+ cations 
are confined to the A sites. Weak antifer- 
romagnetic interactions exist at low x val- 
ues, as indicated by the Weiss constants 
shown in Fig. 9. Antiferromagnetic order- 
ing is observed for x > 0.42 in excellent 
agreement with Monte Carlo calculations of 

, 
. Zn,$o,RhpOq 

0 0.2 0.4 0.6 0.8 1.0 
x in Zn,.,Co,Rh2048 LIIexMnrTi204 

FIG. 9. Compositional variation of 0 for 
Zn,-,Co,Rh,O, (24) and Li,-,Mn,TizO,. 
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the A site percolation threshold (26-28) as- 
suming only four interacting neighbors. The 
Weiss constants of the Lil~xMnxTi204 se- 
ries are shown in Fig. 9 for comparison. 
The manganese series follows the same 
trend up to x = 0.4, after which the incipi- 
ent antiferromagnetic ordering is frus- 
trated. 

In the x > 0.5 samples, the hyperbolic 
shape of the inverse susceptibility and the 
appearance of spontaneous magnetism at 
low temperature are not consistent with an- 
tiferromagnetic ordering among the A site 
cations but is characteristic of ferrimag- 
netic ordering involving local moments on 
the A and B sublattices. Lecerf et al. (21) 
observed spontaneous magnetization in 
MnTi204 samples at 4.2 and 20.4 K and 
found the magnetization of the MnTizOd 
samples varied with the cooling rate after 
firing. Those samples which were furnace- 
cooled could not be saturated at 20,000 G, 
similar to the findings of this study. Al- 
though the spin configuration of the ferri- 
magnetically ordered state can only defin- 
itely be established with neutron scattering, 
“incomplete” saturation is often exhibited 
in materials with noncollinear spin arrange- 
ments; the applied field alters the canting 
angle of the spins and so increases the net 
magnetization. 

The criteria for a noncollinear arrange- 
ment versus a NCel collinear arrangement 
has been parameterized by Kaplan et al. 
(29) in terms of the spin exchange coupling 
constants for the strongest interactions in 
the spine1 structure, JAB and JBB, 

~JBB~B 
Uferri = -  _ ,. ~ 2 # for noncollinear. (8) 

JJABAA 

In the case of MnTi204, the B-B ex- 
change interaction is substantial because of 
the strong direct-exchange mechanism be- 
tween titanium cations. The A-B exchange 
scales with orbital filling and is weakened 
for B site cations with less than three d elec- 
trons (30). Thus, from Eq. (8), a noncol- 

linear configuration is expected for MnT& 
04, as observed in MnV204 (27) and 
MnCrlOd (32) for similar reasons. The lack 
of a NCel collinear moment of 3 pa in 
MnTizOd is also indicative of a noncollinear 
arrangement. The ordering persists for 
compositions of x I 1 .O, where the decreas- 
ing Mn*+ and Ti3+ concentrations reduce 
the net exchange energy and in doing so 
lower the transition temperature (Table IV) 
and magnetization. 

In the compositions which ferrimagneti- 
tally order, the high-temperature Curie 
constants should include the effective mag- 
netic contribution from both sublattices. In 
the case of x = 0.7 and 1 .O, the Curie con- 
stants fail to account for even the full Mn’+ 
moment. Precedent exists for reduced 
Curie constants in ferrimagnetic spinels 
with A site manganese. On the basis of a 
low Curie constant obtained between 300 
and 500 K, Dwight et al. (33) conclude that 
an intrinsic reduction of the Mn*+ moment 
to 2S = 4.3 pa occurs in MnCr20d. To ac- 
count for the reduced Mn*+ moment, the 
authors assume a full spin-only Cr3+ contri- 
bution and propose an admixture Mn” 
ground state composed of the sextet S state 
(%#J) and several quartet states (44), 

t/J = a*(%$) + (I - a2)“2(4c$), (9) 

where CY is the mixing coefficient. An CY 
value of 0.81 is required to give the ob- 
served Curie constant. Neutron diffraction 
studies in MnV204 (30, MnCr20d (32, 34). 
and MnFezOd (35) support the existence of 
a reduced moment of 2S = 4.3-4.6 pa for 
Mn*+ in the ferrimagnetically ordered state. 

An alternative explanation is simply that 
high-temperature data is required for accu- 
rate Curie constants in ferrimagnets. The 
inverse susceptibilities of several ferri- 
magnets, including MnCr20d (36) and 
MnCrA104 (37), show curvature up to 300- 
400 K before the paramagnetic region is 
reached. Accordingly, the Curie constant 
derived in the low-temperature region is 
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lower than that of the linear high-tempera- 
ture region. The situation for the Lit-, 
Mn,Ti204 series may be complicated by a 
temperature-dependent Ti’+ moment from 
spin-orbit coupling effects. 

A complementary description for the fit- 
ting of magnetic data from ferrimagnets is 
outlined by Srinivasan and Seehra (38) for 
the case of hausmannite (Mn304). 

The significance of ordering the MnTiz04 
is the presence of local moments on the tita- 
nium sublattice and the implied insulating 
state. The appearance of the ordering at x = 
0.6 suggest a compositionally induced 
metal-nonmetal transition (MNMT) near 
that value. 

B. Superconductivity 

The observation of superconductivity up 
to x = 0.25 in the Lil-.,Mn,TizO~ system 
provides further evidence for tetrahedral 
Mn’+ since, as will be shown in a subse- 
quent paper (39), the presence of as little as 
2 at.‘% Cr” on the titanium sublattice de- 
stroys the superconductivity through a 
magnetic impurity effect. 

The Bardeen et al. (40) theory of super- 
conductivity is reduced to a single expres- 
sion for the transition temperature, 

T, = 01, exp( - I IN(Er) URCS), (10) 

where On is the Debye temperature, roughly 
a measure of the mean phonon frequency, 
and UBcs is the attractive electron-lattice 
interaction. 

The correlation of the superconducting 
transition temperature in the Lil-,M,VTiz04 
series to lattice parameter appears at first 
glance to be inconsistent with the behavior 
predicted by Eq. (IO); as x increases, the 
addition of conduction electrons combined 
with the concurrent narrowing of the tsR 
band should increase N(Er) and thus should 
similarly increase T,. (The electron-lattice 
interaction term, UBcs, should remain fairly 
insensitive to compositional changes within 
a given crystal system.) 

At a characteristic bandwidth, the above 
model collapses as electron correlation and 
electron-lattice interactions are no longer 
adequately treated as small perturbations 
to the collective electron Hamiltonian. In 
the Hubbard formalism (41), electron cor- 
relation drives a band splitting in a system 
with an integral number of electrons per 
atomic site as the MNMT is approached 
from the broadband limit. The density of 
states at the Fermi level decreases gradu- 
ally (Fig. 10) as U,rr, the coulomb interac- 
tion energy, increases as the limit of com- 
plete localization is approached. The band 
gap at this limit corresponds to a charge 
transfer energy. 

The density of the continuum states is 
consumed by localized states formed from 
the increasing electron correlation. Al- 
though correlation effects are weakened 
with more (or less) than an integral number 
of electrons per atom, the electron-lattice 
interaction becomes influential as the 
metal-nonmetal transition is approached 
and the overall trend in N(Er) remains the 
same. 

I N(E)- I N(E)- 

(al bcb, (bl bcbe 

I N(E)-= I N(E)- 

Ic) bc<b<b,r, td) b’b. 

FIG. 10. Schematic representation of the decrease in 
the Fermi level density of states NC&) with increasing . 
U,,, modified from Ref. (45). 
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LOCALIZED 
ELECTRONS 1 

SPONTANEOUS 
MAGNETISM 

CURIE- WEISS 
PARAMAG. 

PARAMAG. 

4 bm bs 

TRANSFER ENERGYb - 

FIG. 11. Qualitative temperature versus bandwidth 
phase diagram detailing magnetic and electronic states 
(modified from (42, 45)). 

The dependence of T, for a supercon- 
ductor on bandwidth is phenomenologically 
described by Goodenough (42). The band- 
width B is related to b, the overlap or trans- 
fer energy, as 

B = 2zb (114 

b, = ($iH$j), (1 lb) 

where z is the number of like nearest neigh- 
bors. As shown schematically in Fig. 11, a 
superconducting state in the collective elec- 
tron regime displays the following behav- 
ior. As b decreases from the broadband 
limit, T, gradually increases via an increase 
in N(Er). As the band narrows further, T, is 
maximized and, assuming the BCS model is 
still applicable in this regime, begins to fall 
as electron correlation (the Hubbard lJ,rr is 
nonzero) and the electron-lattice interac- 
tions (the atomic cores are no longer 
screened effectively) reduce the density of 
states at the Fermi level. It is important to 
note that the complete loss of supercon- 
ductivity occurs well before the MNMT. 

LiTi204 is certainly in the narrow-band 
regime and the electron-lattice interactions 
are strong, based on the calculated elec- 
tronic mean-free path of 11.2 A (8) and the 
high superconducting transition tempera- 

ture. It is not unreasonable to place the 
transfer energy at bTmax. Since the narrow- 
ing of the bandwidth or transfer energy 
scales approximately with lattice parame- 
ter, the transition temperature falls 
smooothly and linearly with the decreasing 
density of states, as x increases in Lil-., 
MxTi204. The extrapolated T, = 0 K com- 
position is x = 0.35, well before the 
MNMT, in agreement with Goodenough’s 
phase diagram. The xPauli values for the 
magnesium series qualitatively support a 
decrease in A$!$). 

Conclusions 

In a strict sense, the formal arguments of 
the Mott (43) and Wigner (44) models are 
not appropriate to the MNMT observed in 
the Li,-,Mn,Ti204 system since there is a 
nonintegral number of electrons per tita- 
nium ion at the transition. Thus, the driving 
force for the MNMT cannot be wholly elec- 
tron correlation. Nevertheless, such effects 
are likely to be present as the titanium- 
titanium distance is increased, in addition 
to the strong electron-lattice interactions. 

The existence of a nonintegral number of 
electrons per atomic site alters the physical 
manifestation of the transition. In the Mott 
model, a sharp transition is expected as the 
reduction in screening by the conduction 
electrons further encourages localization, 
the vice versa. With a nonintegral number 
of electrons per atomic site, the degeneracy 
of the charge transfer 

M’” + M+(“+I)-, M+(“+l) + M+” (12) 

is maintained, and the electrons are free to 
move through the lattice. However, the 
electron-lattice interaction confers upon 
the electron an envelope of atomic dis- 
placement and the volume of this quasipar- 
title, or polaron, decreases with increasing 
electron-lattice interaction. In the metallic 
regime, large polarons with associated 
atomic displacements extending over sev- 
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era1 unit cells comprise the continuum band 
states. In the small polaron unit, the lattice 
displacements are limited to the immediate 
atomic sites and the electron resides in the 
localized state. 

At a given temperature, a critical cation- 
cation separation will distinguish the con- 
tinuum band mobility of large polarons 
from the activated mobility of the small po- 
larons in the insulating state. Goodenough 
(45) has proposed a semiempirical criterion 
for this distance R, in transition metal ox- 
ides with strong cation-cation interactions. 

R, = (3.20 - 0.05m - 0.04Si(Si + 1) 
- 0.03(2 - ZTj)} A, (13) 

where m is the valence state of the cation, 
S; is the electron spin, and Z is the atomic 
number of the cation. All three parameters 
mimic the reduction in the radial extension 
of the d orbitals across the periodic table. 
By the appearance of magnetic order, the 
MNMT in LiiP.Mn,TizOd is placed approxi- 
mately at x = 0.6 which corresponds to a 
Ti-Ti separation of 3.016 A, in excellent 
agreement with the R, value of 3.02 A for 
T?+ from Eq. (13). 
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