
VOLUME 40, NUMBER 2$ PHYSICAL REVIEW LETTERS 5 JUNE 1978

may mix in a larger wavelergth, for which the Coulomb
force has a longer range.

"A similar calculation shows that the electron gas on
the mercury chains could have a charge de-natty era-ve

transition with wave-vector components (2k~, 2'�) in
the az, bz plane.

' B. F. Dashen, B. Hasslacher, and A. Neveu, Phys.
Rev. D 11, 3424 (1975); A. Luther, Phys. Rev. 8 14,
2153 (1976).

38. F. Edwards and A. Lenard, J. Math. Phys. (N.Y.)
3, 778 (1962); N. Gupta and B. Sutherland, Phys. Rev.
A 14, 790 (1976).
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A new electrochemical measurement applied to the Li/Ti82 cell reveals subtle changes

in slope on the voltage-composition relationship. These anomalies occur at compositions

where ordered structures among intercalated lithium are predicted from lattice-gas
theories. Li„TiS2 appears to be a nearly ideal model for the study of composition- and

temperature-dependent properties of the two-dimensional lattice gas.

The intercalation compounds of the layered
chalcogenides with the alkali metals have re-
ceived attention because of their use as battery
cathodes. " In some alkali-metal intercalation
compounds, such as Na in TiS„' phase bound-
aries occur that impede reversible intercalation,
while in post-transition-metal intercalation
compounds, such as Cu in NbS„4 the intercalated
ions are found to form ordered arrays. Such
ordered structures are also found in metal-rich
layered compounds such as Ti, +„S,' and V, +Pe,.'
In Ti, +„S,the metal ions in intercalated sites
are presumably immobile at room temperature
while in Na„TiS, the symmetry of the site oc-
cupied by the intercalate is a function of composi-
tion. ' In contrast to these cases the intercalated
Li ions in Li„TiS, are mobile at room tempera-
ture' and no distinct phase boundaries have been
apparent for 0 &+&1."

The work reported here shows that, even though
Li in Li, TiS, is mobile, there are subtle irregu-
larities on the curve of intercalation energy ver-
sus composition at compositions where lattice-
gas theories predict that ordered structures
should occur. Six of the compositions where or-
dering occurs are used to conclude that the Li'-
Li interaction is dominated by the long-range
Coo.lomb repulsion. Composition- and tempera-
ture-dependent studies suggest that Li„TiS, offers
a uniquely versatile lattice-gas-model system on

which studies may encompass the entire lattice-
gas phase diagram for the Li'-Li' interaction.
The measurements reported here mark the first

detection of such ordered structures in an elec-
trochemical measurement.

Battery cycling data were collected using a new

electrochemical technique, Quasiconstant-poten-
tial, open-circuit measurements were made by a
series of constant potential steps. The potential
remains fixed on each step while the current de-
cays in time to some small value, I. ;„. When

I;„is reached, the voltage. is advanced to the
next level. One complete cycle is made and the
net charge, AQ, accumulated on each step is ob-
tained by averaging the values on the charge and

discharge portions of a cycle. This technique
yields a high-resolution approximation to the
open-circuit discharge curve and provides an ac-
curate derivative of the voltage-charge relation-
ship.

The data obtained on Li-Li„TiS, are shown in
Fig. 1. Figure 1(a) shows the integrated dis-
charge curve at 300 K, while the incremental
capacity at 300 K is shown in Fig. 1(b). The in-
cremental capacity is the charge accumulated on
each voltage step divided by the size of the volt-
age step. The raw data are actually collected in
the derivative format as in (b) where the typical
reproducibility is 1% of the M/AV values. The
accumulated charge is normalized to the capacity
of the cell and the voltage step is 0.01 V for all
the reported data. A typical cathode has a capac-
ity of 50 C on an area of 2 cm'. Maximum dis-
charge-current densities are limited to 2 mA/cm'
and the I;„is 1 pA/cm'. The cells were pre-
pared as described previously. ' Two cells were
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measured; one using high-surface-area (3 m'/g)
TiS, made from sponge titanium and sulfur; the
other one using highly crystalline, high-purity
material made from titanium wire. No differ-
ences between these cathodes were detected in
these measurements. Cells containing no TiS,
were cycled to identify spurious capacities asso-
ciated with impurities, electrolyte decomposi-
tion, cathode grid reactions, etc. All such spu-

X IN Lix Tis2

FIG. 1. (a) The quasi-open-circuit, voltage-compo-
sition relation for Li-Li„TiS2. (b), (c) The reciprocal
derivative of (a) at 300 and 273 K. The ordinate is
the incremental capacity or the charge accumulated at
each datum point of (a) normalized to the total cell
capacity. (d) The difference between (b) and (c) [(b)
—(c)3.

rious capacities were found to contribute less
than O. l%%uo to the measured capacity. The room
temperature and cell temperature were measured
during cell operation and no systematic errors
with temperature variations were detectable.

Figure 1(b) shows peaks in incremental capacity
at compositions near X=—,', 4, and —'„while at
273 K, Fig. 1(c), the peak at X = —,' is sha. rpened
considerably, the 4 peak is broadened to the right,
and the -', peak is partially flattened. Figures 1(b)
and 1(c) do not reveal the full resolution of the
measurement and so their difference was taken
as shown in Fig. 1(d). On five discharges at 273
K and two at 300 K the scatter in the data was
less than l%%uo or approximately 0.01 V '. The re-
producible features from these several cycles
are indicated by the faired curve of Fig. 1(d).
The data of Fig. 1(d) are averaged data from sev-
eral complete cycles but those features designat-
ed reproducible appear as relative maxima on

every data set. The data of Fig. 1(d) emphasize
the sharpening of the peak at x = —,' and show that
the broadening of the 4 peak appears as a new

peak near x = —,'0. In addition to the major peaks
at g p 4 yp and —'„reprodueib le maxi ma were

always observed at —,' and —',. The uncertainty in
these peak positions is estimated to be +0.01
mole and is limited by the instrumental resolu-
tion of 0.01 V. The remaining reproducible fea-
tures of Fig, 1(d) are either too broad to be de-
finitive about their placement or require higher
voltage resolution to be confident of their exis-
tence. These features are the subject of continu-
ing studies with equipment having higher resolu-
tion. Although complete cycles were always
made in these experiments, the corrections intro-
duced by cell IR drops, electrode polarization,
and irreversible reactions were insignificant at
the effective current densities of 1 ~/cm'. The
hysteresis between charge and discharge cycles
is typically of the order of the instrumental reso-
lution of 0.01 V.

I will now argue that the characteristic corn-
positions are associated with the formation of an
ordered lithium superlattice between the TiS,
layers, and that these structures are those ex-
pected when the Li'-Li+ interaction is the long-
range, repulsive, Coulomb interaction and the
Li ions are constrained to reside on a two-di-
mensional triangular lattice. At room tempera-
ture the Li ions are mobile' but are constrained
to reside in the octahedral, interlayer sites sup-
plied by the TiS, host. ' These octahedral sites
lie on the triangular TiS, lattice. When there are
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interactions between the Li' ions, such as a Cou-
lomb or dipolar repulsion, the mobile lithium
may be further constrained to occupy certain
octahedral sites preferentially, thus forming a
superlattice parallel to the TiS, planes. One
such set of superlattices occurs when all near-
neighbor lithiums are equidistant. On a two-
dimensional, triangular-lattice equidistant struc-
tures can appear whenx=1, 3, 4, 7

-9x 1'2 1'3. ~16

As discussed by Kaburagi and Kana-
mori ' and Kaburagi, "the ordered structures
one expects to see on any given lattice will de-
pend in detail on the interparticle interactions.
The near-neighbor-equidistant structures are
exclusively predicted for the cases where inter-
actions to second neighbor are present. ' When
longer-range interactions are present, numerous
structures are possible including structures
where an ion's near neighbors are not equidis-
tant. " It is the appearance of nonequidistant
ordered compositions that plays a cruicial role
in deciding the nature of the ion-ion interactions.

In the present electrochemical data the fea-
tures at —,' and 4 are equidistant compositions
while the —', composition is one where the vacant
octahedral sites may form a near-neighbor-equi-
distant structure. The well-established features
at nonequidistant compositions are 'those associ-
ated with vacancy ordering at —', and —',. By use of
the appearance of these compositions the lattice-
gas model" may then be used to suggest the possi-
ble types of ion-ion interactions that can produce
these structures. When this is done, it is found
that a contiguous region of the lattice-gas phase
diagram is defined that contains the repulsive
Coulomb interaction but does not contain the di-
polar or higher multipolar repulsions. (A dipolar
or quadrupolar interaction might be expected
from the positive charge on the Li and the nega-
tive charge on the TiS, layers. ) In addition, the
appearance of an ordered structure at —,' requires
the Li+-Li+ interaction to be long range, sub-
stantially longer than the third neighbor.

Further information regarding the Li'-Li
interaction may be obtained from the additional
features of Fig. 1(d). The peak at ~» may be the
expected, equidistant structure at —,' that is shifted
slightly by the temperature-dependent —,' feature
or it may be associated with the temperature de-
pendence of both the peak position and amplitude
for the 4 peak. It may also be an additional peak
centered at ». According to Ref. 11, a —,', struc-
ture is expected when the Li+-Li+ interaction is
slightly longer than the Coulomb repulsion. This

last possibility is not judged likely but higher-
resolution data may resolve these alternatives
and clearly delineate the remaining subtlties.
From this comparison of the electrochemical data
and lattice gas models I conclude that all of the
observed anomalies (including the more subtle
features not discussed) occur at compositions
where ordered structures are predicted for the
repulsive Coulomb interaction between Li' ions.

The structural origin of the electrochemical
features reported here is supported by indepen-
dent x-ray studies made prior to this investiga-
tion. " These x-ray studies discovered irregular
changes in the lattice parameters of Li„TiS, in a
Li-Li„TiS, cell discharged in an x-ray diffractom-
eter. Direct observation of an ordered lithium
lattice is difficult because of the relatively small
x-ray scattering cross section of Li compared
to Ti and S, but indirect observation of such or-
dering may be observed in the lattice parameters
and the titanium-atom positions.

The electrochemical parameters can be direct-
ly related to the thermodynamics of lithium inter-
calation and superstructure formation and hence
supply complementary data to those obtained by
structural studies. The cell potential is related
to the partial molar free energy of formation of
Li„TiS, by AG = -nI' V where AG is the free ener-
gy of formation, n is the number of electrons
(= 1), and F is the Faraday. The thermodynamics
of the Li-TiS, couple are discussed by Whitting-
ham. " Additional thermodynamic information
can be obtained from the incremental capacity.
The thermodynamics of a reversible electro-
chemical cell may be described by analogy to the
thermodynamics of fluids. " In this analogy,
pressure is replaced by —V, the cell potential
at open circuit, and volume by Q, the electric
charge. The electrochemical analogy of the iso-
thermal compressibility is then

1 BQ 1 Bx
k /electrochemical) = ——

QBV xBV'

The incremental capacity is then a response func-
tion for the electrochemical cell analogous to the
isothermal compressibility times the charge.
The peaks in Ax/b, V would then be the expected
response when the electrochemical system passes
near a critical point, where the isothermal com-
pressibility has a ~-point singularity. This anal-
ogy, the electrochemical data and the published
diffusion studies' lead me to suggest that, at
room temperature, Li„TiS, lies near, but prob-
ably above, the critical points for ordering of the
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Li ions. When the composition is changed the
system passes through regions of composition
where ordering fluctuations occur, leading to
peaks in the "compressibility. " Between the
compressibility peaks the lithium form a disor-
dered liquid. With this analogy to the thermody-
namics of liquid-gas systems, it is anticipated
that high-resolution and temperature-dependent
electrochemical studies can be used to study the
Li„TiS, phase diagram in detail, including criti-
cal-exponent studies near ordered compositions.
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Using angle-resolved photoemission and synchrotron radiation, we have determined
the energy-versus-momentum valence-band dispersion relations for a Ni(111) crystal.
The temperature-dependent ferromagnetic exchange splitting has been directly observed.
Both the d-band width (-3.4 eV at L) and exchange splitting (0,31 eV) are much smaller
than theoretical estimates (- 4.5 eV wide at L vrkh - 0.7-eV splitting, respectively, at
293 K).

Nickel has been a prototype metal for innumer-
able studies of various physical properties in-
volving itinerant-electron ferromagnetism, d-
band electronic structure, and transition-metal
surfaces. Despite intense study, two basic as-
pects of Ni have remained controversial and un-
resolved, i.e., the overall d-band width and the
exchange sp1itting. For example, angle-integrat-
ed photoemission estimates of the d -band reso-
nance width" (-3.3 eV) are narrower than self-
consistent one-electron band theory estimates' '

(-4.5 eV). One explanation given for the ob-
served narrow d bands is that photoemission
samples only a few atomic layers and band nar-
rowing occurs at the surface. '" Another recent
explanation of the narrow experimental widths
is tha, t the lower d states in Ni have very short
electron hole lifetimes. ' However, several re-
cent ang1e-reso1ved photoemi ssion experiments
report larger widths (e.g. , = 4.2 eV) ' or "agree"
with theory. ' '" Photoemission, optical, and
theoretical studies of the magnetic exchange split-
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