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Pressure-induced staging transition in TiS, intercalation compounds
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Single-crystal diamond-anvil x-ray diffraction at 300 K reveals a reversible stage-1-to—stage-2 transi-
tion in Agy 3sTiS,, with an onset pressure <1 kbar and coexisting stages up to 25 kbar. In contrast, no
stages higher than 1 are observed in Li, sTiS, up to 55 kbar. We argue that the different behavior of Li
and Ag intercalates cannot be understood in terms of a continuum elastic model but depends instead on

the different interatomic distances and atomic radii.

Layer intercalates exhibit a rich variety of structures as
functions of the thermodynamic variables T, P, and
chemical potential p.!”* A particular example is the
effect of hydrostatic pressure on the stage index (i.e., the
periodic sequence of filled and empty galleries) in graph-
ite intercalation compounds (GIC’s). At constant T and
u, pressure-induced staging transitions are found to be
mainly driven by the PV term in the free energy; it is
more favorable to densely fill a fraction of the van der
Waals galleries than to sparsely occupy all of them be-
cause a filled gallery is thicker than an empty one.’

Pressure-induced staging transitions have been exten-
sively studied in graphite intercalation compounds.>® In
one case, the same transition was observed at low T and
high P, and the experimental (P, T) slope agrees with a
Clausius-Clapeyron estimate, which neglects changes in
internal energy, e.g., associated with commensurate in-
plane lock in.”® This implies that the model developed
by Safran and Hamann® and Safran' to explain the ex-
istence of different stages versus 7, and p can be at least

qualitatively applied to P-induced transitions as well. In

this model, the T (or P) scale of the phase boundaries is
set by U,, an effective two-body in-plane attractive in-
teraction, which is mediated by local elastic distortions of
the host layers around an intercalate. U, scales approxi-
mately as R /L2, where R is the intercalate radius and L
is the in-plane “healing length” of the distortion, which
depends only on the host elastic properties.!'~'* This
framework provides a qualitative explanation for the ex-
istence of stage transitions versus p in Li, C4 at 300 K, 1
atm, and their absence in Li, TiS,. The stiffer host layers
in the latter compound result in a larger L and thus
smaller Uy, so 300 K lies above all the phase boundaries.
Low-T powder neutron diffraction showed that dilute
stage-1 Li, sTiS, is at least metastable down to 170 K, in-
dicating either that U, for Li in TiS, is less than 570 K or
that restaging is kinetically hindered.!> Similarly, low-T
x-ray studies of Ag, TiS, show no evidence for restaging
down to 10 K.!® On the other hand, a high-temperature
transition from stage-2 to stage-1 (qualitatively consistent

4

with the Safran model) has been
Ag, TiS,.1"18

In fact, staging transitions are generally ubiquitous in
GIC’s but are quite rare in transition-metal dichal-
cogenide intercalation compounds (TMDIC). In this pa-
per we report preliminary results of a study of pressure-
induced staging transitions in Li- and Ag-intercalated
TiS,, a prototype transition-metal dichalcogenide (TMD).
TiS, consists of triple-layer S-Ti-S sandwiches with strong
internal covalent bonds, weakly held together by van der
Waals interactions.!® Li and Ag intercalates both occupy
octahedral sites in the van der Waals galleries.!?° As
noted above, Li, TiS, is limited to stage-1 at 300 K, 1
atm, for 0 <x <1, while higher stages have been reported
for dilute Ag, TiS,.2"?? In this work, we find that stage-1
Liy sTiS, is stable up to 55 kbar at 300 K, while
Ag, ;5sTiS, begins transforming to stage-2 at less than 2
kbar. This large difference in threshold pressures cannot
be readily explained with the continuum elasticity ap-
proach, which works qualitatively for GIC’s.

Single-crystal Ag, 35TiS, was prepared by reacting Ag
and TiS, powders in a vacuum sealed quartz ampoule for
three days at 1000°C, then cooling slowly to room tem-
perature. Chemical composition was determined by
energy-dispersive x-ray analysis in a scanning micro-
scope. X-ray diffraction showed no detectable stages oth-
er than stage 1; the 300 K, 1 atm,, lattice parameters
were ¢=6.390 and a=3.418 A. Li,TiS, powder was
prepared by reacting proportional amounts of TiS, and
n-butyllithium in hexane at 300 K, followed by homo-
genization in lithium perchlorate and acetonitrile. The ¢
parameter expanded from 5.69 to 6.116 A, from which
x =0.5 was determined by comparison with published re-
sults.!®

We used a standard Merrill-Bassett diamond-anvil
cell?*?* with CaF, powder as a pressure standard and
pentane-isopentane hydrostatic pressure medium for
Li,TiS, and methanol-ethanol for Ag,TiS,. Li,sTiS,
powder was studied using a standard circular gasket hole.

reported for
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Two different arrangements were necessary for the
single-crystal Ag, TiS, experiment in order to record
(HKO) and (0OOL) reflection families. The crystals grow
as thin flakes with ¢ parallel to the thin dimension. For
(HKO)’s, a crystal was placed flat on the culet in a circu-
lar gasket hole. For (O0L)’s we spark cut a rectangular
slot 0.13X0.43 mm through a 0.2-mm-thick T301 stain-
less steel gasket, then attached a crystal (0.2X0.1X0.01
mm) inside the slot with the ¢ axis perpendicular to the
slot and parallel to the culet. This ensures that the crys-
tal remains close to the initial orientation as the pressure
is increased. The drawback is that the slot closes nonuni-
formly at about 30 kbar, and an increasing fraction of the
(OOL) intensity is occluded by the gasket as P increases.
X-ray experiments were performed on the Exxon X10A
and X10B beamlines at the National Synchrotron Light
Source, Brookhaven National Laboratory, NY.

As noted above, the Ag, ;5TiS, was pure stage 1 before
loading in the diamond-anvil cell. The minimal pressure
necessary to seal the gasket (<1 kbar) was sufficient to in-
itiate the onset of stage 2, as revgaled by a new reflection
at 1.031 A ~1[(002),c =12.189 A]. Above 2 kbar, addi-
tional new peaks with Q values corresponding to (001),
(003), and (006) reflections of the stage-2 phase are also
observed. Figure 1 shows data in the Q range covering
the stage-1 (001) and stage-2 (002) at five pressures, along
with fits to two Gaussians plus a quadratic background.
The maximum count rate decreased continuously with in-
creasing P due to the closing up of the slot, so in Fig. 1
we normalized each profile to a constant total integrated
Bragg intensity. It is clear that the stage-2 (002) grows
with increasing P at the expense of the stage-1 (001), with
no stage 1 remaining at 22.8 kbar. The stage-1 (001)
shows no P-induced broadening; the out-of-plane coher-
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FIG. 1. Stage-1 (001) and stage-2 (002) peaks of Ag, 15TiS; at
five pressures, along with fits to two Gaussians plus a quadratic
background. Each profile is normalized to a constant total in-
tegrated Bragg intensity.
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ence length is about 800 A, estimated by the Scherrer for-
mula. Conversely, the stage-2 (002) first emerges with a
width about 1.5 times greater than the stage-1 value, then
broadens slightly more with increasing P. Diffuse
scattering builds up between the Bragg peaks at inter-
mediate P, as seen from the P dependence of the back-
ground parameters (in particular at 5.4 kbar), and then
disappears at higher P as stage 2 becomes a pure phase.

The evolution of stage 2 with increasing pressure was
found to be continuous. The two phases coexist over the
range 1 <P <23 kbar, as shown in Fig. 2. Here we ap-
proximate the relative amount of each phase by the in-
tegrated intensity from the Gaussian fits to Fig. 1, which
in effect neglects differences in structure factors S(OOL)
and the contribution of a possibly P-dependent in-plane
Ag concentration to S(O0OL). Repeat scans after increas-
ing pressure show that the system reaches equilibrium (or
quasi-equilibrium) in less than 30 min. The transition is
reversible; releasing the pressure restores an essentially
pure stage-1 profile.

In order to look for evidence of in-plane Ag ordering,
we also recorded (HKO) profiles for the same range of
pressures, using a different Agg ;sTiS, crystal from the
same batch. Data and fits in the Q region of the
Agq 35TiS, (100) are shown in Fig. 3. In contrast to the
(OOL) experiment, the (HKO) scattering volume is essen-
tially independent of pressure, thus absolute intensity
variations with P convey useful information. At <1 kbar
the (100) is well-represented by a single resolution-limited
Gaussian (coherence length > 1600 A), with a=2.961(7)
A in good agreement with the literature value for stage 1.
Increasing P to 3.4 kbar shows a small compressibility
effect and a 30% drop in integrated intensity. At 19.1
kbar the (100) has two broad components (coherence
length about 800 A) whose d values differ by 0.013 A,
close to the difference between stage-1 and stage-2 in-
plane lattice constants at 1 atm.?! Less than 1/3 of the
initial total integrated intensity remains at this P. Only a
very weak low-Q component persists at 23.7 kbar, while
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FIG. 2. Evolution of stage-2 Ag, 3sTiS, with increasing pres-
sure, estimated by the integrated intensity from the Gaussian
fits to Fig. 1.
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Q (HKO) A Y transfer from Ag to TiS, layers. In all three materials K

FIG. 3. Data and fits in the Q region of the Ag ;5TiS,(100)
reflection for four pressures.

the high-Q component has sharpened overall but now
shows power-law tails (represented in the fit by a mixed
Lorentzian-Gaussian line shape). The integrated intensi-
ty has increased slightly from its value at the previous
pressure.

It is apparent from Fig. 3 that the P dependence of the
stage-1 and stage-2 (100) relative intensities differs quanti-
tatively from the (OOL) results. For example, at 19 kbar
the stage-2 (100) fractional intensity is about 0.5, while
from Fig. 2 the corresponding (OOL)-derived value is
about 0.9. Part of this discrepancy may be related to the
P-dependent total integrated intensity noted above. The
(100) radial intensity is sensitive to stacking faults in the
1T polytype structure of the host material, so one possi-
bility is that the staging transition involves, or is mediat-
ed by, faults that “heal” as a pure high-P phase is
achieved. A second possibility is that the in-plane Ag
concentration varies differently with P in the two phases.
We found no evidence for P-induced in-plane Ag order-
ing, but the possibility remains that a variable “‘coverage”
of Ag on lattice gas sites could lead to a P-dependent
S(100). A similar effect has been observed for disordered
Li in graphite.”> A third possibility is that the two sam-
ples take different paths through the two-phase coex-
istence region.

In contrast to Ag, sTiS,, a powder sample of Li, sTiS,
showed no evidence of staging or polytype transitions up
to 55 kbar. The peak positions were consistent at all
pressures with the 17 stage-1 structure. We cannot rule
out the possibility of P-induced modifications involving
only the relative Bragg intensities, because the flaky
powder takes on a strongly preferred orientation, which
exaggerates the (HKO0)’s relative to (O0L)’s at high P.

In Table I we collect compressibility values K, =Ac /c
and K,=Aa/a per kbar for the compounds discussed
above, as well as our results for pristine TiS, powder.
For both TiS, and Li, sTiS,, K, is roughly four times
greater than K, as expected for layer structures. Com-
parison of values for these two materials shows that occu-
pying half the octahedral sites with Li has only a minor
stiffening effect in both directions. Stage-2 Ag, ;sTiS, is

is essentially independent of P. Since a staging transition
occurs in Ag, 35TiS,, the K, values in principle include
offsetting contributions from the true compressibility and
from P-dependent in-plane density, which affects the
thickness of an occupied gallery. Thus the value
0.23X 1073 for the stage-1 component at low P probably
reflects the tradeoff between emptying the galleries to
“feed” the emerging stage-2 (an effective K, <0), and a
true compressibility not much different from the others.
Similarly, the 0.88X107% value for the stage-2 com-
ponent, derived from the 19.1 and 23.7 kbar profiles in
Fig. 3, is probably close to saturating at a value charac-
teristic of the true stage-2 compressibility, since the filling
of the stage-2 galleries is nearing completion. It would be
interesting to extend these measurements to higher P in
order to measure the true compressibility of stage-2
“Agg 10[TiS,],”; the presence of the (presumably soft)
empty gallery can be corrected for by using the K, of
TiS,. Similarly, measurements on stage-1 Ag 35TiS, with
higher P resolution and at low P may give the true
compressibility. The combination could then be used to
determine the coverage-dependent compressibility of oc-
tahedral Ag layers.

The differences in c-axis compressibility K, and staging
transition threshold pressure between Li,sTiS, and
Ag, 35TiS, are discussed here in terms of S-M (M =Li,Ag)
bonding distances and Li* and Ag™ ionic radii. To first
order, the covalently bonded MX, sandwiches are treated

as rigid incompressible blocks, which leaves the change of
interblock dlstance as the only contribution to K,. We
take @/2=1.71 A as the effective sulfur radius.2® It fol-
lows that the radius of the vacant octahedral site in the
van der Waals gap of pristine TiS, is 0.72 A. Shannon
gives 1.01 A for the radius of Agt? Silver intercalation
to x=0.35 expands ¢ from 5.69 to 6.39 A, and a lattice
refinement?? gives a Ag-S distance of 2.66 A with Ag
midway between two adjacent blocks. This is slightly
smaller than 2.72 A, the sum of Ag and S radii in this
crude estimate, but it suggests that the S-Ag-S octahed-
ron is already closely packed at 1 atm. A similar estironate
shows that the Li-S interatomic distance is 2.57 A in
L10 sTiS, at 1 atm, about 0.2 A larger than the sum of
Li* and S radii (2.38 A). This explains the similarity of
K. values for pristine TiS, and Li, 5TiS,; for small c-axis
compressions, adjacent host blocks do not “feel” the Li
as they are compressed.
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In a hard sphere picture, the difference in threshold
pressures for restaging in Ag- and Li-intercalated TiS, is
a direct consequence of the close packing of Ag and S in
the former and the availability of free space between Li
and S in the latter. According to Le Chatelier’s principle,
a system under pressure will reduce its volume to mini-
mize the free energy F=U—TS +PV. In intercalation
compounds, this can be accomplished initially, at low P,
by compressing the interblock spacing. The P range over
which this dominates depends upon the initial free space
at 1 atm and the compressibility of the system. Then,
after adjacent atoms come into contact with increasing P,
further ¢ axis compression may be achieved by a transfor-
mation to a higher stage, since the specific volume per in-
tercalate is reduced. This defines the threshold pressure,
which therefore depends on U, electrostatic interactions
between intercalates, and the temperature.

A low transition pressure is expected in host lattices
with larger U, because high P and low T are inversely re-
lated, as discussed above. Intercalate size and host layer
rigidity affect the transition pressure through Uy, which
scales as R /L? in a simple continuum model.!? Electro-
static interactions must also play a role in the 7- and P-
dependent phase equilibria, but these have not been ex-
plicitly incorporated in the current models. In the
present case the threshold pressure is also expected to be
temperature-dependent because, in a stage-1-to—stage-2
transition, the configurational entropy will be reduced
due to the increased occupancy of previously vacant octa-
hedral sites. At elevated temperature, the 7S term will
dominate the free energy, leading to an increase in
threshold pressure.

Our estimate, showing that the S-Ag-S octahedron is
closely packed at 1 atm. is consistent with the small K,
value of stage-1 Ag, 35TiS,, which is even smaller than
K,. We estimate that LiysTiS, will similarly achieve
close packing at 65 kbar by extrapolating the K, data.
The present results were limited to 55 kbar; further work
is underway to study the behavior of Li, TiS, in the 100
kbar range with a different cell. The absence of higher
stages in stage-2 Agg 15TiS, (@=3.406 A, c=12.153 A at
300 K, 1 atm) up to 29 kbar, studied in a similar experi-
ment, can also be understood by the same argument. In
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stage 2, alternating van der Waals galleries are occupied
and empty, and the empty gallery has very large K. (close
to TiS,) and thus acts as a “buffer” in volume reduction.
Restaging will begin only after the empty gallery is
compressed to the point that sulfur-sulfur repulsion is
strong enough to prevent further contraction between ad-
jacent TiS, blocks.

The large difference in threshold pressures between Li-
and Ag-intercalated TiS, is inconsistent with an elastic
continuum model. The ratio U,(Ag)/U,(Li) for Ag and
Li in TiS, is predicted to be 1.5 based on the scaling de-
scribed above. This is much smaller than 28, the experi-
mental lower bound from the present results, indicating
that mean field phase diagrams and continuum results
cannot simply be extended from GIC’s to TMDIC’s
without some modification. One essential difference be-
tween these two material families is the host layer
stiffness. In GIC’s, electrostatic interactions are negligi-
ble in comparison with elastic dipole interactions, partly
due to the “‘softness” of graphite host layers. TMD’s are
much stiffer; electrostatic interactions play a role in
defining the local atomic structure, and may therefore
contribute to the energetics of staging transitions in
TMDIC’s.®

The observation of pressure-induced restaging in
M_TiS, implies the existence of a microscopic mecha-
nism with reasonable kinetics at 300 K. This is provided
in graphite intercalates by Daumas-Hérold domains,*
which require elastic deformations of host layers.’! We
have shown for TiS, that the energetics of restaging, in
particular the large difference in threshold pressure be-
tween Ag and Li, cannot be accounted for by elastic con-
siderations. By implication, there must exist a different
microscopic mechanism by which restaging can occur in
TMDIC’s. Elastic property measurements of TiS, would
be helpful to make quantitative comparisons of restaging
in the two systems.
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