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In the LiM,Ti, 0, (M = Cr’*, AP’*) spinel solid solution systems, the M>* cations substitute at the
octahedral sites and thus directly interact with the titanium 3d conduction electrons. The effect is
dramatically illustrated in the chromium series where superconductivity is supressed completely at
2.5% Cr’* substitution by a magnetic impurity effect. Infrared transmission measurements indicate a
metal-nonmetal transition (MNMT) in LiCr,Ti,_,O, at 0.33 < x < 0.40. In the aluminum series, the
superconducting transition temperature T, persists at a high value (> 6 K) to x = 0.33, where a
MNMT is proposed. Percolation, disproportionation, and conduction electron concentration are briefly
discussed as possible contributing mechanisms for the MNMT in the cation-substituted LiM,Ti,_,0,

(M = Li*, AP*, Cr?+) system.
Introduction

The metallic spinel LiTi,0, was originally
synthesized and structurally characterized
by Deschanvres et al. (I) as an endmember in
the Li; ., Ti,_,0, (0 = x = 1/3) solid solution
series. Johnston subsequently found
LiTi,0O, to be a high temperature supercon-
ductor with T, = 11 K (2, 3). Interestingly,
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all metallic compositionsinthe Li;, Ti,_ O,
series are superconducting with nearly the
same transition temperature (4-6).

X-ray diffraction studies (I, 3, 5) show
that LiTi,O, possesses a normal spinel cat-
ion distribution; the lithium cations are lo-
cated at the tetrahedral sites and the tita-
nium cations occupy the octahedral sites. In
the Li, . Ti,_, series, the additional lithium
cations randomly substitute on the spinel
octahedral sites as x increases, while the
titanium cations remain restricted to the oc-
tahedral sublattice. The metallic character
of LiTi,O, is thus derived from direct tita-
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nium 34 orbital overlap between adjacent,
edge-sharing octahedra. A conduction band
composed largely of titanium 3d t,, orbitals
is approximately 1/12 filled in LiTi,0,.

In an effort to better understand the Li, . .
Ti,_, 0, system, we have studied the struc-
tural, magnetic, and electronic effects of
Mn?* and Mg?* substitution at the tetrahe-
dral sites in LiTi,0, (7). In the present work,
we report the results of Cr** and AP’ sub-
stitution in the octahedral sublattice of the
same parent compound and present a com-
parison of the physical properties and the
composition-induced metal-nonmetal tran-
sitions of the LiM,Ti,_,0, systems (M =
Lit, Crt, APY).

Experimental

Stoichiometric amounts of Li,CO, (Atom-
ergic, 99.99%), TiO, (AESAR, 99.998% Pur-
atronic), Ti,0;, and either Cr,0; (AESAR,
99.99% Puratronic) or AlLO; (AESAR,
99.99% Puratronic) were combined and fired
in a two-step process according to the over-
all reaction scheme,

Li2C03 + 2Ti02 + (1 - x)Ti203
+ xM,0, — 2LiM,Ti, O, + CO,, (1)

where M is Cr’* or AP’*. The Ti,0; was
prepared from Ti metal (AESAR, 99.99%)
and TiO, at 1600°C under RF heating in vac-
uum. The starting materials were dried and
checked for phase purity by X-ray dif-
fraction.

After mixing and pelletizing, the air stable
components were fired at 750°C in air for 2.5
hr. The requisite amount of Ti,0; was then
mixed with the prefired material and pellet-
ized. The pellets were wrapped in 0.001 in.
OFHC Cu foil and sealed in evacuated
quartz tubes for the final firing. The firing
temperatures varied linearly with x from
850°C (x = 0.0) to 1000°C (for x = 0.0) for
18 hr and then allowed to furnace cool to
ambient temperature. Additional prepara-
tive details have been described earlier (7,
8).
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X-ray powder diffraction patterns were
obtained for all samples with 114.6-mm di-
ameter Debye-Scherrer cameras using Ni-
filtered CuKa radiation. Powder diffraction
tracings were obtained with an Enraf-Non-
ius diffractometer equipped with a Stoe
Bragg-Brentano goniometer (NRC Labora-
tory, Ottawa, Canada).

The normalized integrated peak intensi-
ties obtained from the diffractometer trac-
ings were used to determine u, the crystallo-
graphic spinel oxygen parameter, and the
cation site distribution in several samples.
The Furuhashi method (9) was used for the
above analysis, with theoretical intensities
determined by the LAZY PULVERIX pro-
gram (10). A heuristic search in the « and
cation distribution space located the most
probable structure (7).

Static magnetic susceptibility measure-
ments were obtained on the computer-inter-
faced Faraday balance (11). Calibration was
performed using HgCo(SCN), as a standard.

BAQIO\ T T T Y
8.390 | i\ .
.
8370} Ny 1
OS [ )

© s3s0f . -
8.330 | L] .
8310 1 1 L L L

00 0.2 0.4 0.6 0.8 1.0
x in LiCr,Ti,_ Oy

8410 T T T T

“e.
8.390 | b

8370 1
~
© 8350+ 4

8330

T
I

a 3 I O 1 A A i
0.0 02 o4 06 08 [Re]

x in LiAkTiz-xO4

F1G. 1. The compositional dependence of the lattice
parameter (a) in LiCr,Ti,_,O, and (b} in LiALTi,_,0,.
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The temperature-independent Van Vleck
paramagnetism of Ti** in an octahedral oxy-
gen environment (12, 13) approximately
compensates for the core diamagnetism in
all samples, and so core corrections were
not applied to the susceptibilities.

Superconducting transition temperatures
were measured on an AC inductance instru-
ment operating at 400 Hz (/7). Transition
temperatures are reported at 50% of full sig-
nal deflection and transition widths as be-
tween 10% and 90% deflection.

Infrared transmission measurements
were obtained on either a Perkin—Elmer 337
grating infrared spectrophotometer from
1333 to 444 cm ™! or an IBM FTIR spectro-
photometer (Series IR/90) from 1000 to 400
cm™!. Samples were prepared as pellets us-
ing the KBr technique.

Structural Parameters

Single-phase powder samples of the
LiCr,Ti,_,0, series were prepared for 0 <
x < 1. A distinctive color change occurs as
the chromium concentration is increased;
the blue color of LiTi,O4 changes to a green
color in the intermediate x value composi-
tions and gradually becomes orange-brown
in LiCrTiO,. All diffraction lines were in-
dexed to a cubic system consistent with the
spinel unit cell. The lattice parameters (a)
for the chromium series (Fig. 1) obey Veg-
ard’s law. The lattice parameter of
LiCrTiO,, a = 8.3135(8) A, is in excellent
agreement with the literature values of 8.31
A (14) and 8.32 A (15).

Compositions of the LiAI Ti,_ O, series
were prepared as predominately single-

hkl: h#2n+1 n + 1
k#2n+1 or 4n+ 1 or
I=2n+1 4n + 1

are almost totally dependent upon the
atomic form factor of the cations occupying
the tetrahedral sites. With lithium at the tet-
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phase spinels up to x = 0.25. The x = 0.33
sample originally contained LiAl:Og as an
impurity. However, refiring the sample at
915°C for 2 hr removed the majority of this
phase leaving only the spinel phase and a
trace of the unidentified impurity phase ob-
served by Inukai and Murakami (16) and
Harrison et al. (6). Refiring at higher temper-
ature gave a mixture of spinel and ramsdel-
lite phases (17). At higher x values, in addi-
tion to the cubic phase, substantial amounts
of both impurities were observed, depend-
ing on the firing and refiring temperatures;
measurements are reported only for compo-
sitions up to x = 0.33.

The lattice parameters for the aluminum
series (Fig. 1) show a linear dependence
with composition (within experimental er-
ror) through the x = 0.33 sample. The color
of the compounds changes as x increases
from blue to grey-white at x = 0.33. This
trend resembles the color changes observed
in the Li;,,Ti, O, series, and is one of
many similarities between the systems.

Blasse (/8) claimed to have prepared sin-
gle-phase LiAITiO, by firing Li,CO;, TiO,,
and Al,O; in a 1:1 CO,/Q, atmosphere at
1000°C for 24 hr. Two different lattice pa-
rameters are reported, a = 8.30 A (I5) and
a = 8.34 A (18). In our investigation, a dupli-
cation of the conditions described above
gave a multiphased product. Kordes and
Rottig (/4) attempted the preparation of
LiAITiO, and reported only a noncubic
phase as a product.

Qualitative cation site distributions for
the members of the LiM Ti,_,O, systems
are easily obtained since, in the spinel struc-
ture, diffraction lines with the restrictions

4n
4n and h+ k+1=4n
4n

2

rahedral position, the intensity of these dif-
fraction lines is nearly zero, and any signifi-
cant substitution of a cation with a higher
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TABLE 1
CATION SITE DISTRIBUTIONS FOR LiM,Ti, O,
Composition Best fit In X u B.g
x = 0.00 Lig 9s[Tiz]0, 0.470  0.2600 0.684
Alx = 025  Li[AlyTi; 5104 -0.0154 02617 1.128
Crx =033 LigesTipoalCrosTi;elO4  0.0620 0.2620 1.095
Crx = 0.625 Li[CroesTi; 375104 0.0178 0.2623 0.671
Crx =100 Li[CrTilO, 0.0426 0.2620 0.421

Note. K is scale factor. B, is effective temperature factor.

atomic form factor (e.g., A’*,Cr**) pro-
duces an observable line intensity. In all the
LiM,Ti,_, 0O, samples prepared little, if any,
tetrahedral line intensity is apparent in the
X-ray powder patterns.

These qualitative observations are sub-
stantiated by X-ray line intensity analysis
(Table I) using the Furuhashi method (9).
The most reasonable cation distribution is
considered to be that which gives the best
linearity for the relation

In(Z/I,.) = In K — 2B.4(sin2@/A2), (3)

where K is a scale factor, 8 is the effective
temperature factor, A is the X-ray wave-
length and,

Icalc = |FF*|me (4)

where F is the calculated structure factor, L
is the Lorentz factor, p is the polarization
factor, and m is the multiplicity of the re-
flection. Each composition is close to the
desired cation distribution of Li[M,
Ti,_,JO,, where the brackets indicate octa-
hedral coordination.The u parameter of
0.262 for LiCrTiO, is close to the reported
value 0of 0.260 (15).Theoretical and observed
intensities are compiled in Table II for x =
0.33, 0.625, and 1.00 of the LiCr, Ti,_,0O,
series and x = 0.25 of the LiAlTi,_,0O,
series.

Superconductivity

The superconducting transition tempera-
ture declines sharply with increasing x in
the LiCr,Ti,_,O, series (Fig. 2), until by x
= 0.05 (2.5% titanium substitution) the tran-
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Fi6. 2. Superconducting transition temperatures, 7,
versus x for LiM,Ti,_,0,. The bottom figure is an ex-
panded version of the data for LiCr,Ti; 04 (O <x <
0.05).

sition can no longer be detected. At lower x
values, T, falls linearly from 10 K at x = 0.0
to=4.6 K at x = 0.04. Suchrapid diminution
is not unexpected since Cr3*, with three un-
paired d electrons, should produce a strong
magnetic impurity effect.

The Abrikosov—Gor’kov relation (/9) de-
scribes to first order the magnetic impurity
effect and reduces to the linearly asymptotic
form

T /T, = 1 — 0.691(n/n,,) ©)

as n tends toward zero, where T, is the
transition temperature of the undoped host
material, and 7, is the critical electron con-
centration for the complete loss of super-
conductivity. Thus, the transition tempera-
ture falls nearly linearly with »n and hence x
to approximately T./T., = 0.45 (20).
Within experimental error, the chromium
system displays similar behavior, as shown
in Fig. 2. The T, data for the higher x values
should be considered to be less reliable be-
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TABLE 11

THEORETICAL AND OBSERVED X-RAY INTENSITIES FOR LiAlysTi; 504, LiCry 53Tl 670,,LiCry 65 Tiy 3750,
AND LiCrTiO,

LiAlypsTiy 7504

LiCrg 3Ti; 6,04

LiCr 65T 37504 LiCrTiO,

hki Observed Calculated Observed Calculated Observed Calculated Observed Calculated

111 1000 1000 1000 1000 1000 1000 1000 1000
220 6 7 — 7 6 11 6
311 468 433 472 466 460 444 496 454
222 31 45 48 61 56 68 70 75
400 616 574 642 560 597 558 609 567
331 65 75 89 i 85 83 95 89
511 + 333 188 173 199 181 195 190 210 187
440 331 303 342 304 321 306 326 319
531 106 103 110 103 128 112 125 119
533 40 35 43 37 31 38 41 41
622 31 30 35 34 38 39 50 43
444 69 69 68 65 74 71 75 7
711 + 551 44 50 53 49 61 56 58 60
731 + 531 41 51 60 51 59 55 58 61
800 26 34 25 33 33 36 48 41

cause of a decrease in signal amplitude. This
indicates that less of the sample is supercon-
ducting. This point will be addressed
shortly.

The LiALTi,_,0, series was prepared as
an analogous system to the Li,, ,Ti,_ O, se-
ries. The AI** cations, having no d electrons
or magnetic moment, should mimic Li* sub-
stitution at the octahedral sites. The super-
conducting transition temperature in the
aluminum series is nearly constant through
x = 0.2 (Fig. 2) after which T, falls gradually
t0 6.45 K atx = 0.33. No superconductivity
is observed in the multiphased x > 0.33 com-
positions. A decrease in signal amplitude
was observed for increasing x values. The
persistence of superconductivity in the x <
0.33 compositions is remarkable consider-
ing that nearly 17% of the titanium sublattice
has been substituted by a foreign cation.
The comparison to the Li, , Ti, ,O, series
is intriguing; T, in that system, is constant
up to x = 0.12, after which superconductiv-
ity is suppressed (6). This suggests that the
precipitous depression of T scales with the
valence state of the dopant cation, or more

formally, with the nominal conduction elec-
tron density n,.

Magnetism
LiAlTi, O,

The magnetic susceptibilities of the alumi-
num series were fit to the function

Xm = (C/T) + Xpay + AppT, (6)

where ¥, is the molar susceptibility, C is
the Curie constant, xp,; is the temperature-
independent term reflecting the Pauli para-
magnetism of the conduction electrons, and
Arpis atemperature-dependent term similar
to that observed in LiTi,O, (4, 6). As in the
Li;,,Ti, ,O, and Li, _ Mg, Ti,O, series, the
LiALTi,_,O, molar susceptibilities are char-
acterized by small Curie terms, correspond-
ing to approximately 1-2 mole % spin § =
1/2 moments, together with substantial xp,,;
and A contributions. Representative mag-
netic suscpetibilities are shown in Fig. 3 and
the fit parameters are compiled in Table I11.

The xp,y term rises rapidly with the addi-
tion of a small amount of aluminum (x <
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F1G. 3. Magnetic susceptibility data for LiAl Ti,_,0, (x = 0.05, 0.10, 0.25, and 0.33).

0.01) and then decreases in a nearly linear
fashion through x = 0.33 (Fig. 4). The Arp
contribution also exhibits a sharp change in
magnitude at low aluminum concentrations
and then falls toward zero as x increases
(Fig. 4). The two terms appear to be corre-
lated; a similar interdependence is seen in
the Li, ,Ti, O, system (6).

The decrease in xp,,; With increasing x
values indicates a loss of conduction elec-
tron density. In the Li, , Ti,_,0, series, the
decrease in xp,,; is well correlated with the
location of the metal-nonmetal transition
(MNMT) (6). Presumably, electrons are lo-
calized (and spin-paired) as the material be-
comes nonmetallic, since a corresponding

TABLE III
MAGNETIC SUSCEPTIBILITY PARAMETERS FOR LiAlLTi, O,

XPauti
Fit Mole % x 108 Arp
temperatures § =11 (emu/ x 108
x (K) C (g = 2) mole) (emu/mole)
0.00 12-300 0.00205(2) 0.6 268(1) —0.146(4)
0.00 12-300 0.00687(5) 1.8 248(2) —0.138(10)
0.005 12-300 0.00762(5) 2.2 332(2) —0.241(11)
0.01 12-300 0.00302(3) 0.9 333(1) —0.285(6)
0.025 12-300 0.00250(1) 0.7 297(1) —0.180(3)
0.05 12-300 0.00321(2) 0.9 285(1) —0.180(4)
0.10 12-300 0.00253(1) 0.7 235(1) —0.104(2)
0.20 12-300 0.00226(1) 0.6 214(1) —-0.102(2)
0.25 12-300 0.00264(1) 0.7 219(1) —0.085(3)
0.33 12-300 0.00732(3) 2.0 130(1) 0.001(5)
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surge in Curie behavior is not evident. Un-
fortunately no conclusive evidence of paired
titanium species or clusters in these materi-
als is available, although there is precedent
for Ti-Ti dimers in the Magneli phases of
Ti,0,,_; (21-23). Additionally, Harrison et
al. (24) have suggested that in the high x
value composition of the Li,, ,Ti, O, sys-
tem, both the positive A, term in the sus-
ceptibility and the lineshape of one of two
observed ESR absorptions could be due to
Ti$* and Ti}* dimers. Such species may
exist as random local phenomena within the
structure, or as cooperative lattice distor-
tions. Regardless of the distribution, detec-
tion of such clusters by X-ray analysis is
difficult in polycrystalline materials.

The Ay contribution to the susceptibility
would appear to be related to the actual con-
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duction electron concentration. Presum-
ably, the A, term corresponds to a temper-
ature-dependent enhancement to the Pauli
susceptibility, and is not unexpected in nar-
row-band materials where electron correla-
tion interactions are important (24, 25).

LiCr.Ti,_.0,

As in the Li,_ ,Mn,Ti,O, system (7), the
Xpay; and Ay, contributions to the magnetic
susceptibility are largely obscured in the
LiCr,Ti,_ O, system by the spontaneous
paramagnetism associated with Cr**. Rep-
resentative susceptibilities are shown in Fig.
5 and the fitted results are given in Table IV.

At low chromium concentrations the Cr3™*
contribution to the susceptibility is rela-
tively small and the three parameter fit to
the experimental data [Eq. (6)] is appro-
priate. The effective magnetic moments for
chromium, calculated from the Curie con-
stant, begin at 4.35 u; at x = 0.0025. How-
ever, at such low chromium concentrations,
the Curie contribution from the electrons
trapped at oxygen vacancies should also be
significant. Assuming an average of 1 mole
% vacancies (7) the corrected chromium g
values are relatively constant at ~ 2.8 u,
(see Table 1V). The xp,,; and Arp terms ob-
tained for the low doping level chromium
samples are of the same magnitude as those
for the LiALTi,_,O, series.

The reduction in the chromium moment
from the spin-only Cr** value of 3.87 Mg can
be attributed to spin exchange interactions
with the conduction electrons. If the Cr**
levels are near enough to the Fermi level
to interact with the conduction eiectrons, a
reduction in magnetic moment is likely. This
reduction would be proportional to N(E;)
and the proximity of the impurity manifold
to the Fermi level. A magnetic ion may ap-
pear nonmagnetic if the ion lies within the
occupied conduction electron states (25).
The continued presence of a substantial p.q
indicates that the chromium levels are not
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F1G. 5. Plots of reciprocal magnetic susceptibility versus temperature for LiCr,Ti,_ O,, where x =

0.05, 0.10, 0.25, 0.33, 0.50, 0.625, 0.75, and 1.00.

in the conduction electron states, but are
near enough to experience a partial reduc-
tion in magnetic moment. Theoretically, the
change in the magnetic moment as the Fermi
level is raised or lowered should indicate the
relative location of the chromium levels; a
continued reduction in u. as x increases
would suggest the Cr* states are slightly be-

low the conduction band. Unfortunately,
such an analysis is limited not only by the
uncertainty in the absolute x values at the
low chromium concentration, but also by
the assumption of a 1 mole % vacancy con-
tribution. Additionally, a wider range of
chromium levels is anticipated from the ex-
istence of exchange-coupled dimers, tri-
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TABLE IV
MAGNETIC SUSCEPTIBILITY PARAMETERS FOR LiCr,Ti,_ 0,
xPauli
Fit x 108 ATD
temperatures Mg -8 (emu/ x 10°
x (K) C (1) (K) mole) (emu/mole)

10-300 0.00594(2) 4.35 — 260(1) ~0.1543)
0.0025 (2.65)

10-300 0.00827(2) 3.64 — 249(1) —0.164(5)
0.005 (2.69)

8-300 0.0184(1) 3.13 — 265(4) -0.21(2)
0.015 (2.80)

7—300 0.0363(1) 3.11 — 253(8) -0.17(5)
0.03 (2.95)

9-300 0.0584(1) 3.06 — 250(7) —0.04(3)
0.05 (2.96)

8-300 0.1047(5) 2.89 — 332(33) —0.08(17)
0.10 (2.84)

5-50 0.270(5) 2.94 2.7(2) — —
0.25 150-300 0.464(1) 3.85 67.1(6) — —

5-50 0.325(5) 2.79 4.5(2) — —
0.33 150-300 0.7157(4) 3.78 83.7(1) —_ —

5-50 0.349(3) 2.64 4.9(1) — —
0.40 150-300 0.7157(4) 3.78 83.7(1) — —

5-50 0.331(2) 2.30 34D — —
0.50 150-300 0.883(1) 3.76 109.2(3) — —

5-50 0.405(3) 2.27 7.0(1) — —
0.625 150-300 1.108(1) 3.76 127.1(2) — —

5-50 0.336(4) 1.89 5.1(1) — —
0.75 250-300 1.380(1) 3.84 177.8(4) — —

5-25 0.29(1) 1.52 13.0(1) — —
1.00 250-300 2.053(8) 4.05 305(2) — —

“ Parentheses indicate uy adjusted for 1 mole % § = 1/2 moments.
mers, and larger clusters. In the lower x 5 , : T ‘
value compositions, the reciprocal suscepti- b
bility is nonlinear throughout the measured 4 "aa s & !
temperature range (Fig. 5). However, for o 3%
the high x value compositions (x > 0.1) the = f ¢ |
reciprocal susceptibility is linear above 2 ot ]
~100 K and so can be fit to the inverse © Fullteme. fit
Curie-Weiss function. The resulting Curie 1 * 1 mole s = 12 conection
T ® High temp. fit

terms closely match the Cr’* spin-only

value of 3.87 ug (Fig. 6), implying that the
titanium d electrons are either delocalized
or spin-paired.

The large negative 9 values (shown in Fig.
7) indicate strong antiferromagnetic interac-
tions, as would be expected from direct

04 06
xin LiCryTip 04

0.0 0.2

0.8

Fi1G. 6. The effective magnetic moment, ps as a

function of x for LiCr,Ti,_,Oy (see text for details of
temperature ranges used in deriving u.q).
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Cr3*-Cr** interactions (25, 26). The in-
crease in # with x follows from an increasing
exchange energy brought about through a
decreasing Cr’*—-Cr’* atomic separation
and an increase in the overall number of
Cr3*—Cr’* interactions as the titanium cat-
ion concentration is decreased.

Although the nearest-neighbor magnetic
percolation threshold is x =~ 0.8 (26) for the
octahedral sublattice and despite the exis-
tence of strong antiferromagnetic exchange
interactions, no evidence of magnetic order-
ing is observed in the concentrated chro-
mium samples. The absence of magnetic or-
dering may be attributable to ihe
““frustration’’ inherent to this B sublattice
(27). Anderson pointed out that the topology
of the octahedral sublattice could not sup-
port long range order through nearest-neigh-
bor exchange interactions alone (28). The
presence of predominately antiferromag-
netic B-B interactions leads to topological
frustration; not all such interactions within
a tetrahedron of octahedral sites can be si-
multaneousiy satisfied (27). Spin frustration
may also follow from competing nearest-
neighbor and next-nearest-neighbor ex-
change interactions (29, 30) or from the com-
peting interactions of different cations (3/)
and is often expressed as spin-glass behav-
ior. For example, in the spinel series Zn[Cr,
Ga,_,]O,, topological frustration leads to
spin-glass behavior below 4 K for 0.8 < x <

LAMBERT, EDWARDS, AND HARRISON

1.7 (32). Thus, the LiCr,Ti,_,O, series is a
potential spin-glass system. However, since
the randomly ordered spin-glass state is usu-
ally destroyed by moderate magnetic ficlds,
such behavior may be modified at the field
strengths applied in this study or ordering
may occur at lower temperatures. Indirect
evidence of spin-glass-like behavior has
been observed in electron spin resonance
studies (8).

Although the high temperature regions of
the magnetic susceptibilities for x > 0.1 are
compatible with Curie—Weiss behavior, at
lower temperatures a significant deviation is
observed which cannot be modeled ade-
quately with the addition of a low tempera-
ture Curie contribution. Instead, the effect
is likely to result from the formation of spin-
exchanged clusters. Within such n-atom
clusters, the exchange interaction generates
states of distinct total spin value,

S =1/2,3/2,512. ..

nS for half-integral nS,
S'=0,1,2,3,4. ..

nS for integral nS, (7)

separated by energy gaps proportional to
the exchange coefficient J. At temperatures
much greater than J/ky the S’ levels are
nearly equally occupied and the susceptibil-
ity is close to that expected for the isolated
ion. At lower temperatures, where kg7 < J,
only the lower §' levels are occupied. A
classic example of exchange-coupled clus-
ter formation is that of Cry(CH,
COO0)(OH)2Cl - 8H,0, where a clear dis-
tinction between the ' = 3/2 and §' =
1/2 regimes is observed in the reciprocal
susceptibility (33, 34).

The x > 0.25 chromium compositions ex-
hibit similar behavior. A reduction in the
effective magnetic moment occurs at low
temperature as evidenced by the w4 values
calculated from the nearly linear portions of
the low temperature reciprocal susceptibil-
ity (Table IV). A distribution of cluster sizes
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Fi1G. 8. Infrared transmission spectra (room tempera-
ture) for the series LiCr,Ti,_O;.

and the presence of isolated Cr’* ions con-
tribute in a complicated manner to the ob-
served susceptibility.

Baltzer and Lapatin (35) reported a molar
Curie constant of 1.35 (corresponding to p.g
= 3.29 ) and a @ value of —81 K for
LiCrTiO, in the 300-1000 K temperature
range. In this study, the Curie constant and
value of LICrTiO, are 2.3 0 (u.g = 4.32 pp)
and —377 K. However, between 275 and
300 K the reciprocal susceptibility ap-
proaches that observed by Baltzer and La-
patin.

Infrared Spectra

The transmission infrared spectra of the
x < 0.4 compositions of the LiCr,Ti,_,0,
system are characterized by a featureless
continuum band absorption associated with
delocalized d electrons. Vibrational struc-
ture is clearly evident in the compositions
of x = 0.4 (Fig. 8).
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Reuter and Muller used the value of the
Seebeck coefficient to locate the metal-insu-
lator tramsition in Mg, ,Li V,0, and
Zn,_,Li,V,0, (36). Both critical composi-
tions correlated with the appearance of vi-
brational absorption bands in the IR region.
Arndt et al. also correlated a metal-insula-
tor transition with the evolution from a con-
tinuum absorption to a vibrational spectrum
in the IR region (37).

Ganguly and Vasanthacharya (38) have
recently reported infrared spectroscopic
studies of the MNMT in perovskites
LaNi,_,B,0, (B = Cr, Fe and Co). The au-
thors note a disappearance of the vibrational
features in the infrared spectra when solid
solution composition approaches the region
of metallic behavior.

We believe that in the LiCr,Ti,_ O, sys-
tem the observed change in the IR region
from continuum band absorption to vibra-
tional structure to be indicative of a MNMT
in the composition range of 0.33 < x < 0.40.

In the LiAl Ti,_ O, series vibrational ab-
sorptions are evident in the x = 0.25 and
0.33 compositions (Fig. 9), although in both
compositions the absorbing region is broad
and appears to be superimposed upon the
continuum absorption. In the multiphased
higher x value compositions, the vibrational
absorptions increase in intensity and resolu-
tion, and match the spectrum of ordered

T T T T T T T T

Li[AlTi, O,

Transmission (vertically displaced)

i

2
1300 1200 1100

L y n L L
1000 900 800 700 600
cm™

L

500 400

FiG. 9. Infrared transmission spectra (room tempera-
ture) for the series LiALTi, 0.
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LiAlL;Og (39). This impurity phase is easily
observed in the higher x value compositions
by X-ray diffraction but is not obvious in the
lower x value materials. The detection of
LiAl,Og by X-rays is complicated by the
overlap of several diffraction lines with
those of the LiAl Ti,_,0, series.

Thus the compositions x = 0.25 and 0.33
appear to contain two phases; one which is
metallic with a conduction-electron absorp-
tion, and the LiAl;O, impurity phase with
strong vibrational absorptions.

Superconductivity and The Metal-
Nonmetal Transition in LiM . Ti,_,0,;
M = Lit, AP+, Cr**

In this section we outline certain of the
major features associated with the composi-
tionally induced MNMT in the title system.
As in most systems which span the transi-
tion region between localized and itinerant
electron states, the questions of electron
screening, electron correlation, and disor-
der are inextricably mixed.

In the Li, _,Ti,_,0, systems, the MNMT
occurs at a considerably reduced x value
(~0.1) as compared to that in the corre-
sponding LiALTi,_,O,(x > 0.33)and LiCr,_
Ti,_, 0, (x = 0.3-0.4) systems. This situa-
tion arises from the relative effects of M>*
versus Li* substitution on the conduction
electron density. In the case of the monova-
lent substituent ion, the conduction band is
drained of electrons three times as rapidly.

However, the LiALTi,_,O, system bears
a strong resemblance to the Li,. Ti,_,O,
system when the physical properties of each
system are scaled to the nominal conduction
electron density, n., defined as the density
of titanium 3d electrons (3d € ~/cm?®). This
quantity effectively normalizes the x values
in each system by compensating for the va-
lence difference between Li™ and A", As
examples, we show in Fig. 10 the trend in
T, with n, for both systems, and in Fig. 11
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Fi1c. 10. The superconducting transition tempera-
ture, 7, versus nominal electron concentration (n,) for
Li,,,Ti;_,O4 (6) and LiALTi,_,O,.

the variation of xp,,; and A with n, for
each system.

Within and between each series, the
trends in T¢, Xpau;> and App are similar when
the differences in conduction electron den-
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Fi6. 11. The compositional dependence of the contri-
butions xp,,; and Ap to the total magnetic susceptibil-
ity, plotted as a function of the nominal electron con-
centration for Li;.,Ti,_ O, (6) and LiAl,Ti,. O,.
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TABLE V

METAL-NONMETAL TRANSITION IN LiM,Ti, O,
(M = Li, Cr, Al).

System X, n, x 102
Li;, Ti, 0, ~0.12 ~8.6
LiALTi,_,0, 20.33 ~8.9
LiCr,Ti,_ 0, 0.33-0.40 ~8.6

sity are taken into account. The composi-
tions for which xp,,; and Ay, values are re-
ported in the Li, Ti,_ O, series do not
cover the low level substitution region
where sharp peaking in these terms is ob-
served in the aluminum series. However,
Harrison and Edwards (40) did observe an
anomalously large xp,; value for an x =
0.02 sample. The comparison to the Li,_,
Ti,_,0, system, where the MNMT is posi-
tioned at 0.1 < x < 0.15 (24), additionally
suggests that a MNMT occurs at a composi-
tion near or slightly beyond x = 0.33 in
LiALTi, O, and that a common or analo-
gous mechanism may drive the MNMT in
both these series.

The infrared transmission result for the
LiCr, Ti,_,0, series describes the rapid evo-
lution from the metallic to nonmetallic be-
havior at 0.33 < x < 0.40 and a nominal
electron density, n, of 8.6 x 10?! cm™'.
Thus, the MNMT for each of the LiM,
Ti, O, (M = Li*, AP*, Cr**) systems oc-
curs at virtually the same n, value (Table
V). Clearly, T, variation in the Li; ., Ti, ,O,
is dominated by the magnetic effects and x,
cannot be estimated from this compositional
behavior.

The peculiar T, trend observed in the alu-
minum and lithium series is difficult to ratio-
nalize in terms of the BCS theory of super-
conductivity (4I). A variation in T, with
changing n, would be anticipated in sharp
contrast to the observed persistence of a
high T, across quite a large homogeneity
range in x. In the absence of a satisfactory
explanation for the 7, behavior, micro-
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scopic chemical inhomogeneities have been
considered (24). In the most obvious pic-
ture, a bulk disproportionation occurs with
superconducting LiTi,0, as one product.
The concentration of this superconducting
phase then decreases as the nominal compo-
sition is adjusted toward the insulating
endmember. The T, would remain constant
and the superconducting volume fraction
would then decrease linearly with x, as is
observed experimentally (24).

The apparent homogeneity on a X-ray
wavelength scale sets the upper limit to any
homogeneity fluctuations of ca. 500 A in
these materials, and the calculated super-
conducting coherence length of approxi-
mately 26 A represents the lower limit (24).
Segregation on such a fine scale is indicative
of spinodal decomposition (42, 43). As op-
posed to the nucleation and growth mecha-
nism of disproportionation in which the sec-
ond phase is fairly localized and of constant
composition, the spinodal decomposition is
characterized by a continuous change in the
compositions of the disproportionating
phases. As a result, the homogeneity fluc-

Te/K
r
{e7] increasing {e7] decreasing
-— X —
a increasing 12k a decreasing
Li*
e
Io‘fvr-k\\
V4 s T 3+
h ~ Al
Mng// 8%
- ,,' % N,
¢ ep
2e y Cr3*
Mn / *
.-“ 4 i
2F
X L | \ L . L L e x
04 0.2 0 02 04
Lij-xMe[Tipl0s  LiTis04 Li[M,T2-_,]04

Fic. 12. The substitutional chemistry of LiTi,0,.
The compositional dependence of cation-substituted
LiTi,0, including Li; M,Ti,O, (7) and LiM,Ti,_,0,
(present investigation). A-site cation substitution
(Li;_,M,Ti,0,) increases both a and rn,; B-site cation
substitution (LiM,Ti,_,0,) decreases both a and n,.
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tuations are slight and finely segregated with
a high degree of connectivity.

The transmission infrared spectra of the
LiALTi, ,O, series show the presence of
insulating phases in compositions on the me-
tallic side of the MNMT, and so demon-
strate some consistency with the dispropor-
tionation model. However, samples of
composition x = 0.025 and 0.075 in the
Li,,,Ti,_,0O, series were subsequently pre-
pared to check for similar insulating phases
by IR. No vibrational absorptions were ob-
served in either composition.

In addition, direct evidence of dispropor-
tionation has not been found in prelmininary
high resolution electron microscopy
(HREM) studies. Examination of the Li-
Al 33Ti, ;0, composition has revealed a
majority phase with an electron diffraction
pattern consistent with the spinel space
group, and two minority phases which were
not found in sufficient crystallinity for elec-
tron diffraction. However, qualitative char-
acterization of the two minority phases sug-
gests, respectively, a spinel with
superstructure, and a highly disordered,
poorly crystalline material. The former ma-
terial is undoubtedly the ordered LiAl;Oq
impurity phase which is known to exhibit a
superstructure of ordered cations (44), and
the latter phase is most likely the unidenti-
fied and nonsuperconducting impurity
phase (6, 16). within the majority phase no
evidence of intergrowth or composition
fluctuation is present.

The disproportionation scenario, even on
the 25 A scale, should alter the MNMT
mechanism. rather than percolation along
discrete sites of the octahedral sublattice
in a compositionally homogeneous system,
percolation between the disproportionation
phases (at least one of which is supercon-
ducting) dictates the position of the mnmt,
and the T, dependence. Continuum percola-
tion is characterized by topological disor-
der, and the critical percolation threshold is
defined in terms of a critical volume fraction
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(45). Conveniently, the critical threshold de-
pendence upon lattice type is immaterial in
continuum percolation, and both the theo-
retical and empirical results place the criti-
cal percolation volume at ca. 16% (45, 46).

Presumably, a MNMT could then occur
in a range of x values depending upon the
extent of the spinodal decomposition and
the volume occupation of the resulting
phases. The superconducting transition
temperature would be dependent upon the
tunneling probability between the supercon-
ducting regimes, which again would be de-
termined by the nature of the decomposi-
tion. Recent studies have presented results
supporting bulk superconductivity in the
Li,,,Ti,_ O, system (47,48). The observed
decrease in the superconducting volume
fraction is explained as a percolative restric-
tion of the superconducting pairs to a de-
creasing volume fraction of a chemically
homogeneous crystallite. A classical perco-
lation interpretation of superconductivity
and the MNMT in the LiM,Ti,_, 0O, systems
has been previously presented by Lambert
et al. (49).

Concluding Remarks

The physical properties of the Li,,,
Ti,_,0O, series have been extensively stud-
ied, yet a comprehensive understanding of
these properties and the MNMT is lacking.
The existence of compositional inhomoge-
neities remains unconfirmed and their possi-
ble significance undetermined. As an further
example of the gaps in our current under-
standing of these systems we note the im-
portant question of oxygen vacancies. The
presence of oxygen vacancies within the
materials has been well established by mag-
netic susceptibility and electron spin reso-
nance investigations (5, 6). However, the
corresponding relationship between the
concentration of these centers and the su-
perconducting volume fraction is uncertain
(50).
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The polycrystalline nature of the Li,,,
Ti,_,0, materials undoubtably contributes
to such puzzling physical properties. How-
ever, the intricacies of the system may not
be resolved by the synthesis of single crys-
tals since such crystals may be intrinsically
different, particularly if nonstoichiometry
and inhomogeneity influence the properties
of the powder samples. The preparation of
analogous powder series, such as LiCr,
Ti,_, 0, and LiALTi,_ O, provides a possi-
ble alternative approach to the understand-
ing of the Li,, Ti, .0, system.

One overriding feature which emerges
from the studies on cation-substituted
LiTi,0, is the proximity of the parent com-
pound to the MNMT. In Fig. 11 we have
attempted to highlight this feature; increas-
ing or decreasing the electron density in cat-
ion-substituted LiTi,0, serves always to re-
duce T, from the value of ca. 11 K. The
ability to synthesize oxides close to the
MNMT region will always raise the possibil-
ity of high temperature superconductivity
Gn.
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