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Abstract. The superconducting oxide spinel system Lijy, T ;05 (0 € x € %) has been
studied in the temperature range 160-340) K by nuclear magneiic resonance (NMR) of the TLi
nuclens. Elucidation of the two different Li sites (tetrahedral and octahedral) for x > Q has
been achieved via dilution of the 7Li nuclei with SLi, Nmr linewidths show 2 narrowing with
increasing temperature for low x, indicating that the Li fons are becoming mobile around toom
temperature,

Observed chemical shifts show an increase at the metal-insulator transition, demonstrating
that the Li nuclei act as weakly coupled probes of the bulk paramagnetic susceptibility. Analysis
of these shifts, together with nuclear spin-lattice relaxation times, has allowed the Knight shift
due to the Li(2s) contact to be calculated. This reveals that there is ~ 7% Li 2s character in the
unpaired-electron wave function at the Fermi surface in LiTipO4.

1. Introduction

The discovery of superconductivity at high temperatures in cuprate systems has led to a
flurry of research aimed at understanding the reasons for such novel electronic behaviour.
In parallel with this, there has been a renewed interest in the older generation of non-
cuprate oxide superconductors. One such compound is the spinel LiTiyOq, which was first
discovered to have a transition temperature (T.) of ~ 11 K—the first superconductor with
T, > 10 K [1]. The metallic nature of this oxide can be understoed in terms of direct overlap
of Ti (3d(t,;)) orbitals across shared edges of TiOs octahedra. Photoemission and diffuse
reflectance studies [2,3], and electronic-structure calculations [4,5], give support to the
proposal that the conduction band is predominantly Ti(3d) based and is Jocated ~ 3 eV above
the O(2p) band. Specific-heat [6,7] and magnetic-susceptibility measurements [7-9] give
enhanced values of the density of states at the Fermi energy (N (Ex)) over that predicted from -
the band-structure calculations. Early conclusions about the superconductivity were that
LiTi, 0, fitted well into a BCS description, being a weakly coupled d-band superconductor
{6] with an electron—phonon coupling constant (A._pn) of ~ 0.6. More recently, the possible
importance of electron—electron interactions in this material has been highlighted [5, 10], and
Anderson has suggested that LiTi»O4 closely resembles candidate systems for the resonating-
valence-bond (RVB) state [11]. A recent parallel Ti NMR study has discovered an unusually
rapid spin-lattice relaxation of the Ti nuclei [12] suggesting that the electronic properties
of LiTi; Oy are rather more complex than was first assumed.

It is possible to substitite additional Li for the Ti in LiTi;O4, leading to the formation
of a solid solution for 0 < x < % [13]. Such substitution leads to an increase in the

0953-8984/94/428859+12515.50 (© 1994 IOP Publishing Ltd 8859



8860 M Daltor: et al

average oxidation state of the Ti present (effectively emptying the 3d band), limited at
x= % where all Ti is 44, and, as would be expected, the system encompasses a metal-
insulator transition at x ~ 0.15 [7,9]. Initial studies of the nature of this metal-insulator
transition by diffraction and susceptibility measurements [¢] led the authors to believe that
the solid solution close to the transition region was inherently unstable, and that a spinodal
disproportionation oceurred, leading to the observed decrease in ‘superconducting volume
fraction’ with x. The results of a magnetoresistance study seem to indicate, however, that
the system is indeed a solid solution [14]. A recent neutron-diffraction study has shown
that the Li substitute directly and randomly for the Ti in the octahedral spinal B sites (16d)
[15]; the nature of the metal-insulator transition may then be understood in terms of both
the structural disorder (also recently evidenced by an EXAFS study [16]) and local electron-
repulsion effects of the dopant Li, leading, eventually, to localization of the 3d electrons
present [17, 181.

In a previous "Li NMR study of the metallic regime of the Lij..; Tiz—,Oq system, Itoh et al
[19] observed no significant Knight shift at the Li nucleus, and no change in the shift with x.
They ohserved a decrease in NMR intensity per Li nucleus with increasing x, and concluded
that octahedral Li {increasingly populated with increasing x) were invisible and nearest-
neighbour tetrahedral Li were also ‘wiped out’ by their proximity to such B-site Li. These
authors also measured the "Li spin-lattice relaxation as a function of temperature; results
at high temperature (> 150 K) were consistent with a Korringa relaxation via conduction
electrons. However, 11T was seen to decrease significantly at lower temperatures, especially
for samples close to the metal~insulator fransition. This was attributed to an additional
relaxation mechanism via paramagnetic impurities—localized Ti** moments. Such localized
moments have usually been observed in samples in this system, and have been studied by
EPR spectroscopy [20]. Recently, however, a preparative route has been developed that leads
to samples with minimal concentrations of localized moments for x < 0.1, as evidenced by
magnetic-susceptibility and EPR measurements [21], rendering them particularly atiractive
for a reinvestigation of the NMR properties in this system.

The results described in this paper are from NMR studies of the 7Li in Lijy.,Tiz—Oa.
‘We report (1) the resolution of signals from tetrahedral (8a) and octahedral (16d) sites via
isotopic dilution, (ii) Li-ion mobility for samples in the metallic regime and (iii) a small but
abrupt change in resonance shift at the metal-insulator transition, and relaxation behaviour
that fits reasonably with a Koiringa mechanism for metallic samples over the temperature
range studied. The fascinating results of Ti NMR are to be reported elsewhere [12].

2. Experimental details

Single-phase samples of Li;4,Tip., O, were prepared via solid-state reaction of appropriate
quantities of Li;TiO5 {corrected for Li deficiency), TiOs and TiaOs (corrected for O excess),
as described elsewhere [14]. Purity and unit-cell parameters were confirmed by powder x-
ray diffraction (XRD).

A sample of composition x = %, with significantly diluted "Li nuclei, was synthesized
as outlined below. ®Li-enriched metal (containing 5% "Li) was dissolved in water, and the
carbonate was precipitated with 1 M Na,CO3 soution. The resulting 6051 1,CO; was dried,
and then reacted with the appropriate quantity of TiO, at (i) 750 °C for 12 h and (ii) 850°C
for 24 h. Powder XRD showed the resulting spinel material to be single phase.

Magnetic-susceptibility measurements were performed on a superconducting quantum-
interference device (SQUID) magnetometer (Quantum Design) at the Royal Institution. NMR
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spectra were acquired between 160 and 340 K with magic-angle spinning (MAS) up to
12 kHz on a Bruker MSL 500 spectrometer at the University of St Andrews. All 7Li
chemical shifts were measured relative to a 1 M solution of LiCl.

3. Results and discussion

3.1. An elucidation of tetrahedral and octahedral Li resonances

The static, room-temperature spectra of “Li in the two end members (x = 0 and x = %)
are compared in figure 1. As can be seen, there is no evidence of two discrete peaks for
X = % -There are, however, significant differences in the linewidths and lineshapes. These
are discussed below.
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Figure 1. A comparison of the 7Li NMR spectra of LiTizO4 (bottom} and Lij 33Ti;.e704 (top).

311 LiTi; Q4. For x = 0, only tetrahedral 1i is expected. The tetrahedral sites in
the spinel structure have cubic local symmetry, and therefore no chemical-shift anisotropy
or quadrupolar splitting is expected: the dominant source of line broadening should be
through-space dipolar interactions between “Li nuclei.

The observed spectrum is symmetric, with a linewidth of 2.1 kHz (full width at half
height) at room temperature. A rough calculation, based on the van Vleck second-moment
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formula for powders [22] and a Gaussian lineshape, of the theoretical Li linewidth in LiTioO4
produced a value of 2.2 kHz if the broadening effect of nearest-neighbour Li nuclei only was
taken into account. This is clearly a lower limit: the O, Ti and non-next-nearest-neighbour
nuclei will all contribute to raise this theoretical estimate.

3.1.2. Li; 33Ti; 6704. For the x = 1 sample, both tetrahedral and octahedral L are expected.
The tetrahedral Li would be expected to experience similar broadening effects to those above,
with the possibility of increased dipolar broadening due to the closer proximity of octahedral
B-site Li (d(Li(A)}-Li(B)) = 3.49 A, cf d(Li(A)}-Li(A) = 3.64 A for x = 0).

The octahedral Li ought to display very different broadening effects. Firstly, the
‘octahedral’ site has an associated trigonal distortion due to the imperfect packing of the O
[9]. This means that the local site symmetry is axial, so that both chemical-shift anisotropy
and quadrupolar interactions are expected in addition to the dipolar interactions discussed
above. Values of 7Li quadrupolar coupling constants have been derived by Hon and Bray
[23] for a number of Li compounds. Values range between 38 and 110 kHz, depending on
the degree of asymmetry at the Li site. A further complication is caused by the random
occupation of the B sites by Li and Ti. A given B-site Li* ion has six nearest-neighbour
B-site cations. These six nearest neighbours may be any combination of Li and Ti (e.g. one
Li and five Ti). Thus, there will be a range of octahedral i with slightly different chemical
shifts, dipolar and quadrupolar interactions. This will further broaden the spectrum for
octahedral Li.

The observed static spectrom (figure 1) is consistent with the above predictions. The
linewidth at half height is about 4.7 kHz—rather higher than for x = 0. The lineshape is
very different, however, with a much broader base than for x = 0. It seems likely that
the spectrum is a combination of signals from the two different sites: a reagonably sharp
isotropic peak from the cubic tetrahedral sites superimposed upon a broad peak from the
axial ‘octahedral’ sites. ‘

The resolution of these two proposed signals was attempted using MAS. The linewidth
was drastically reduced from ~ 4.7 kHz to ~ 300 Hz. The lineshape was symmetric: there
was no evidence for the two expected signals. There are two possible explanations for this:

(1) the chemical shifts for octahedral and tetrahedral sites are so close that resolution is
not possible, even with high-frequency MAS;

(ii) the octahedral Li are not observed (improbable considering the different lineshapes
for x =0and x = 1).

The second of these explanations was proposed by Itoh ef al, who measured static spectra,
and observed a decrease in ’Li peak intensity for increasing x in Lije.Ti—.O4 [19].
They explained this in terms of the lack of observation of octahedral Li nuclei plus those
tetrahedral Li nuclei that happened to be adjacent to a B-site Li. The reason for such
‘invisibility” was not understood.

In order to verify Itoh’s result, peak intensities were integrated from both static and
spun specira for a number of samples. The results are plotted in figure 2, taken with a
single-pulse acquisition sequence with a pulse width of 2.45 us (set for 7/2 in the x =0
sample). This corresponds to a By of about 60 G, or 100 kHz. Given the range of
quadrupole coupling constants—cited earlier [23}—in Li compounds, it seems likely that
our observation conditions are such that the RF irradiation is larger than the gquadrupole
splittings. This puts the experimental configuration close to the category of non-selective
excitation [24~26].

Static intensities show a much smaller decrease in intensity per Li nucleus with
increasing Li substitution than the loss observed by Itoh, corresponding at most to about %
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Figure 2. Measured signal intensities of Li; 4, Tiz—; Os. Data from ltoh ef al [19] are included
for comparison.
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of the Li at x = {. This value is the same as the fraction of Li occupying the B sites, and
is consistent with a *wiping out” of the octahedral Li. However, spinning spectra showed a
recovery of this ‘lost’ intensity to (within experimental error) the expected value for complete
observation of all the Li. This implies that some intensity is missed on integrating static
spectta—probably due to the very broad pature of the peak base for x > 0, together with
some loss from quadrupolar satellites (subsequently brought back in by spinning). There is
on anomalous result: the x = 0 sample spun at 10 kHz shows a substantial reduction in
intensity from the static spectrum. This is probably an experimental effect caused by the
increased loading of the RF coil by the metallic LiTi20O4 on spinning.

These intensity studies suggest that both Li sites are seen, and that the problem of
separating the A- and B-site signals is one of chemical-shift resolution, The two sites are
not resolved due to line-broadening effects, which are not removed by Mas. The main
contribution to these is likely to be from interactions that have a different orientation
dependence to those eliminated by MAS. One way to decrease these interactions is to increase
the average distance between successive Li nuclei since dipolar broadening is inversely
proportional to the cube of the Li-Li separation. This effect can be brought about by
reducing the concentration of the 7Li isotope in the material. A ®Li-enriched sample of
x = % was therefore synthesized, as described above.

A specttum of “Li in %%°Lij 33Ti; 6704 (Mas, 11 kHz) is illustrated in figure 3, and
reveals just how successful this strategy was at distingnishing the two sites. The spectrum
clearly shows at least two contribations to the lineshape. The overall linewidth (full width at
balf height) is 0.7 ppm (or ~ 130 Hz) compared with a spinning linewidth of ~ 300 Hz for
the natural Li sample. The two chemical shifts, derived from fitting the observed spectrum
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Figure 3. The "Li nMR spectrum of #%5Li) 33Ti) 6704, demonstrating the elucidation of signals
from both spinel cation sites,

to two Gaussians, are (.20 and —0.09 ppm with respect to a2 1 M solution of LiCl. In order
to try to assign the two signals to their corresponding sites, the chemical shifts of some
Li salts containing octahedral Li (LiNO3, Li;S04, LilO3) and one containing tetrahedral Li
(LipS) was measured. The octabedral Li all showed —0.6 < § < —0.1 ppm, whereas the
tetrahedral Li had § = 42.4 ppm. This suggests that the tetrahedral site may be the one
with higher §. The overalil lineshape for this sample indicates that the peak at —0.09 ppm
may be rather broader in nature than that at +0.20. This is consistent with the presence of
a range of B-site Li with slightly different local environments, and supports the suggested
assignment.

3.2. Evidence of Li mobility at room temperature from NMR line narrowing

Estimated values of spectral linewidths are plotted for all samples as a function of
temperature in figure 4. The first point to note is the large linewidth of the x = 0.2 sample
compared with that for x = % (4.7 kHz, figure 1): this is probably due to the presence of
localized Ti**+ (absent for x = 1), leading to a greater range of "Li chemical shifts. For
compositions with x < 0.05, a narrowing of the NMR spectrum is evident with increasing
temperature, whereas for x > 0.05, no decrease in linewidth is observed. For x = 0,
only tetrahedral Li is present, and the line broadening must be due to dipolar interactions
between "Li nuclei. Hence, a reduction in linewidth with increasing temperature indicates
a smaller dipolar effect. This could come about because of partial averaging of interactions
through motion of the Li within the lattice. Therefore, the line narrowing must be caused
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by motion of Li through the spinel siructure: indeed, the possibility of room-temperature
Li intercalation in LiTi»Oy4 [27] requires Li mobility. The narrowing effect is by no means
total: the minimum linewidth is ~ 2 kHz, compared with a spinning linewidth of ~ 90 Hz.
This implies that the Li are still very much restricted in their motion: the dipolar interactions
are not averaged to the same extent as for MAS.

--g--x=0
-#8- -x=0.01
—_ 7.0 - ' ' s ] —e k=002
[ 3 e
» T - -3 - - x=0.05
g 6.0 :-i-"‘ - - @ -x=0.1
% 50 Z_. .................. O e - —a- - x=0.2
& X %tﬁ::—- A~ R % ]
g C _"‘-'-:'.:::g::; jjjj - R K= 3
;:]“ 4-0 - G- — — = --..‘:_:.;Q_:-'\ - —:
2 F AR ]
g 30 b S ;
“ E \\‘i:_‘:_-:___*_ ;
20 ~ ]
1.0 & , 1 , ]
150 - 200 250 300 350

Temperature (K)

Figure 4. The static TLi N linewidth versus the temperature in Lijy T O4.

The motion might be understood by the existence of Li vacancies in the tetrahedral
A sites, as recently evidenced from a neutron-diffraction study, which revealed a 5-8%
deficiency for all compositions [14]. The compositional influence on the Li mohility is
interesting; an explanation for the observed behaviour is not obvious, but a possible factor
is the strength of the Li-Q bond, which would be expected to increase with x as the bond
distance decreases [14].

3.3. Chemical shifts and magnetic susceptibility

The room-temperature shifts of “Li in Lij.,Tiz_ O samples show an interesting change
as the metal-insuiator transition is traversed. These values were derived from spinning
(10 kHz) spectra and plotted in figure 5.

If the Li nuclei were oblivious to the 3d electrons on the Ti sublattice, then one
would expect the chemical shift to be higher for compositions with a greater proportion
of tetrahedral Li {§ of tetrahedral Li is generally higher than that of octahedral—see the
previous section). The observed trend is the opposite of this, indicating an increase in the
shielding constant and therefore a reduction of the effective field around the nucleus. This
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Figure 5. 7Li resonance shifts in Lif,Ti2-xO¢. The negative of the shift is plotted to
demonstrate the correlation with the superconducting transition ternperature (7¢).

has to be put down to the influence of the conduction electrons, whick the Li nuclei are
somehow sensing. The ’Li in metallic compositions appear to be shielded with respect to
those in insulating samples. This is probably a consequence of core polarization [28], where
the spin state of the conduction electron in the highest, partially occupied orbital infiluences
the effective radii of the two possible spin states in the Li s orbitals to different degrees,
resulting in a field reduction.

It is interesting that the variation in shift is not linear with x—metallic compositions
show 8§ o~ —2.4 and there is a change at the metal—insulator transition to § ~ 0. The
maximum shift for the metailic compositions represents only ~ —1% of the Knight shift of
Li metal (Kp; = 260 ppm) [28], demonstrating that the Li present is almost purely ionic.

Values of magnetic susceptibility at 270 K are plotted against composition in figure 6(a).
The full temperature profile for x = 0.025 is shown in figure 6(b) and demonstrates the
minimal concentration of Curie-type localized moments in metallic samples.

The correlation between T, and shift is excellent, though that between susceptibility and
shift is less marked. Compositions on the insulating side of the metal-insulator transition
have higher-than-expected values of susceptibility, presumably due to a large contribution
from localized Ti®* states. The "Li nuclei thus appear to be weakly coupled probes of
the density of states of conduction electrons. A full analysis of the magnetic-susceptibility
results together with EFR measurements across the solid solution will be published soon
[21].

3.4. Nuclear spin-lattice relaxation

1T values are plotted against temperature for all samples studied in figure 7. Absolute
values for metallic samples agree very well with those found by Itoh ez af [19]. A room-
temperature value for £ of 71 s ({7 = 21000 s K} was measured for x = %; the slow
relaxation is a reflection of the absence of 3d electrons for this composition. Two trends
are apparent from the data:
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Figure 6. (a) The molar susceptibility at 270 K in Li,+,Tiz...O4. {5) The molar susceptibility
versus the temperature for Lig 25T 97504.

(1) there is a sharp drop in 7y at the metal-insulator transition;

(ii) there is little temperature dependence of #; T for metallic compositions, but a decrease
is seen at the lowest temperature measured, the magnitude of which seems to scale with Li

substitution.

The increase in relaxation efficiency for insulating samples in figure 7 (lLe. x < %) might be
understood by a change in relaxation mechanism from interaction with conduction electrons
(Korringa type [29]) to interaction with localized 3d' moments, which increase substantially
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in concentration at the metal-insulator transition. The observed slight decrease in 4T for
metallic compositions at low temperatures may also be due to a contribution from localized
moments, though the magnetic susceptibility data make this seem somewhat unlikely. An
alternative explanation is a change in the Knight shift with temperature (K24 T = constant),
though measurements indicate little change down to 160 K.
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Figure 7. 11T versus the temperature for "Li in Li;, . Tis. O4.

The previous section demonstrated that the overall Knight shift (Kqs) for LiTi;O4 is
negative, due to the dominating core-polarization term. If & Korringa mechanism is assumed
at room temperature, then it is possible to deconvolute the contact (K) and core-polarization
(Kep) Knight shifts, using room-temperature # T values as below:

Kops = K5 — Kop (| Kepl > 1K5)) ¢y
KTty = (/47ks)(ve/1a)* = § = 1.6 x 1078 @
K2 (Ttye) = 2.55 =8.0 X 1075 (3)
o T = 1/t T + 1/ tiepy T )

Here we adopt, in the Korringa relation for the core-polarization mechanism, a value of 2.5
for the orbital degeneracy factor {30]. Substituting (2} and (3) into (4), using (1) to substitute
for Kcp, and solving the resulting quadratic in K leads to two solutions for K, only one
of which is possible. The calculated value of LiTi;O4 at room temperature is 19.1 ppm (cf
260 ppm for Li metal), and corresponds to ~ 7% 2s character at the Li nuclens. This seems
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to agree approximately with valence charges deduced from electron-structure calculations
[5]. The derived value for LiTi, Oy is also consistent with those observed in another d-band
systern Nay, WO;3 [31]. A similar deconvolution of the 160 K data leads to the slightly higher
K value of 19.9 ppm, indicating more s character, and may provide an explanation for the
shorter-than-expected f; relative to the room-temperature data.

4. Summary

The 7Li NMR studies of the Lij1, Ti»—,O4 solid solution described above have provided
a number of interesting resuits. The two crystallographically distinct Li sites have been
resolved for x = by reducing dipolar broadening via isotopic dilution. Studjes of spinning
intensities indicate that all Li are observed, though static intensity is ‘missed’ for octahedral
Li sites due to their non-cubic environment. Spectral line narrowing has been observed for
x < 0.05, indicating that the Li are mobile at room temperature in these metallic samples.
Resonance shifts, although extraordinarily small, display a correlation with superconducting
transition temperature. A derived value of the Li(2s) Knight shift for LiTi; Oy is consistent
with band-structure calculations. Relaxation measurements indicate Korringa behaviour at
room temperature, but a second mechanism, whose origin is presently unknown, but is
unlikely to be simple localized 3d' moments, comes into play below 160 K. We speculate
that this may be due to a small change in Li s character in the Permi-surface wave function.
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