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Neutron scattering study of the one-dimensional ionic conductor P-eucryptite
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The phase transitions in P-eucryptite have been investigated by the slow neutron scattering
technique. In the temperature range 430 ~ T ~490'C an incommensurate structure is found
which coexists with the well-known low-temperature superstructure in the range
430 ~ T ~482,5'C. A pronounced temperature dependence of the satellite positions is ob-
served. Interpretations of the observed scattering are based on a simple model which accounts
only for the Li chains within the quartz channels. The width of the diffuse scattering at 525'C
indicates that the Li correlations within a chain are effective over 19+3 Li-Li distances while
chain-chain correlations are relatively weak. A rather profound analogy to the triangular Ising
lattice in the presence of an external field is discussed. At present this model does not explain
the incommensurate structure.

I. INTRODUCTION

Recently a pronounced one-dimensional character
of the ionic conduction in P-eucryptite (P-LiAISi04)
has been reported. ' The Li conductivity along the
hexagonal axis (o.~~) is about 3—4 orders of magni-
tude larger than the one in the a bplane (o.~) a-nd

reaches a value a-~~ =—0.1 & ' cm ' at a temperature
T =600'C. The high mobility of the Li+ ions is con-
nected with the following structural properties: the
Li+ ions are aligned along chains in the so-called
quartz channels and two possible sites are available
for each Li+ ion of tetrahedral oxygen coordina-
tion. An Arrhenius-type of temperature depen-
dence for the conductivity remains almost unaffected
by an ordering transition at about 490'C. ' This
phase transition, which seems to be almost continu-
ous, by itself represents an interesting phenomenon.
The present neutron scattering study was performed
with a rather limited energy resolution AE = 1 meV
(full width at half maximum) and for this reason no
final answers pertaining to the ionic conduction could
be obtained. The experiments, therefore, concentrat-
ed on the phase-transition aspect of P-eucryptite.

In this context it is necessary first to review some
of the structural properties of LiA1Si04 which have
been investigated with x rays' and, very recently,
with neutrons. The high-temperature structure of
LiA1Si04 (space group P6222) bears close resem-

blance with the one of high quartz (P-Si02).' A
difference concerns the arrangement of Al and Si,
which order in layers perpendicular to the c axis and
cause the c axis in P-LiA1SiOq to be doubled with
respect to quartz. The charge deficiency caused by
introducing Al into the quartz framework is compen-
sated by the Li+ ions, which, as mentioned above,
occupy positions in the "quartz channels". The recent
neutron-diffraction work by Guth and Heger showed
that the two possible Li positions at 000 and 00 6 are
not occupied at random. A 68% probability is found
for positions 000 (sheets of Si), while the corre-
sponding value for positions 006 (sheets with Al) is
22%. Ten percent of the positions are not occupied.
At low temperatures the Li ions form an ordered ar-
rangement. Twenty-five percent of the Li ions occu-

py sites 00
~ which are coplanar with the Al ions,

while 75% are located at the alternative 000 sites co-
planar with the Si ions.

It has been suggested, that the phase transition
mainly involves an ordering of the Li ions in their
respective chains and a phase locking of neighboring
chains. 4 7 %e believe that this indeed is an impor-
tant aspect of the phase transition, on which models
describing the transition could be based. There are,
however, also features reminiscent of the high quartz
to low quartz transition. That means, the phase tran-
sition not only involves an ordering of Li chains, but
is accompanied by a distortion of the A1Si04 frame-
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work. This distortion can be looked upon as rota-
tions of interconnected A104 and Si04 tetrahedra and
has the character of a displacive transition, while the
Li ordering rather has the character of an order-
disorder transition. The rotations of Si04 tetrahedra
at the I -point transition in quartz have been dis-
cussed in detail by Megaw" as well as by Grimm and
Dorner. " In P-eucryptite the situation is more com-
plex as the transition occurs at the M point and hence
involves a doubling of both the hexagonal a and b

axis. -Due to uncertainties connected with the low-

temperature structure of P-eucryptite a detailed
analysis of the mode(s) in the high-temperature
phase which are principally involved in the transition
will not be attempted here. There is no experimental
evidence of deviations from hexagonal symmetry. "
However the absence of an extinction rule for reflec-
tions (00i)9 in conjunction with the possible sub-

groups of the spacegroup P6222, ' suggests a crystal
class of lower symmetry.

In the present neutron scattering experiment the
following aspects have been studied: (i) a prelim-
inary attempt has been made to directly observe the
diffusion of the Li+ ions by incoherent neutron
scattering and to investigate effects of the high ionic
mobility on the phonon dispersion. (ii) The main
concern of this work is the phase transition at
Ti =490'C.

II. EXPERIMENT

Large single crystals containing natural Li have
been grown by the flux method, described else-
where. '4 Experiments were performed with a crystal
of 1.2 cm' volume, mainly in the (h0l) zone oriented
in the scattering plane. The sample mosaic was
determined to be less than 10 '".

Neutron scattering experiments were done on a
triple-axis spectrometer at a thermal beam tube of
the FRJ2 reactor in Julich. Pyrolytic graphite crystals
were used both as monochromators, analyzer and
also as a filter in order to remove the higher-order
contamination in the monochromatic beam. 45 '"

collimators were employed for most experiments. At
an incoming energy E; =14.7 meV the energy resolu-
tion AE was about 1 meV, thus permitting only pre-
liminary dynamical measurements. For intensity rea-
sons no attempt has been made to improve the in-

strumental resolution.

all incoherent scattering cross sections of the other
atoms in a formula unit of LiA1Si04. Despite the
limited resolution an attempt has been made to
resolve the energy width I'(Q) (half width at half
maximum) of the quasielastic scattering; here Q is
the momentum transfer of the neutrons. The energy
width I"(Q) can be related to a diffusion constant D,
which in turn can be compared with the ionic conduc-
tivity. Further it may be hoped to learn about the
geometry of the stochastic jumps' as well as about
the question of correlated motions of the conducting
ions.

Inelastic neutron scattering experiments have
been performed at several Q values (0.6 A '

& ~Q~ & 4 A '), both along [00i] and perpendicular
to this direction. Measurements at T =20 and S50'C
show that elastic intensities at Q = 4 A ' decrease by
roughly a factor of 2 and the background increases
strongly when heating to 550'C. Least-squares fits
of the spectra did not yield any evidence of a quasi-
elastic contribution to the elastic line (related with the
conduction mechanism) nor could we identify a
broad quasielastic component, as has been seen in n-
AgI, ' representative of a local diffusive motion of
the conducting ions and not contributing to the con-
duction. Further measurements require much better
resolution and are planned with a single crystal with
the isotope 'Li.

With a conductivity o-][ =0.1 0 ' cm ' which has
recently been reported, "a linewidth
I'(Q =1 A ') =0.1 meV may be expected, for com-
pletely uncorrelated motion. However, the one-
dimensional conduction within the "quartz channels"
provides a somewhat pathological example for ionic
conduction and a highly correlated motion seems
likely. Such correlation effects (often expressed in
terms of a "correlation factor") will cause that both
quantities D( T) and I'(T) are smaller than to be ex-
pected from the Nernst-Einstein relation.

Additionally acoustic phonons with energies below
10 meV have been measured at two temperatures
(20'C, 550'C) in directions [(00] and [00(]. No
broadening of the phonon groups at high tempera-
tures has been observed, in difference to the findings
in PbF2, ' and the dispersion is quite normal. Only a
usual temperature softening of all phonon energies
by about 10'/o was found.

IV. PHASE TRANSITION AND MODULATED
STRUCTURE

III. DYNAMICS A. Initial findings

Li is a relatively weak scatterer for neutrons:
0 inc

=0 42 barnsis and ~t-Oh =0 57 barns i6 Its
incoherent scattering cross section, however, is
about an order of magnitude larger than the sum of

In order to learn about the temperature depen-
dence of the superlattice intensities and of the critical
scattering in the vicinity of the phase transition, rath-
er extensive measurements in the (010) zone of
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LiAlSiOq were made at various temperatures. Scans
along [(00], [00(] and constant-0 scans were done
mainly around zone-boundary points h/2 0 I with
both h and I odd [indexing with the high-temperature
cell a(550'C) =5.27 A. and c(550'C) =11.06 A]
which become the so-called a reflections in the or-
dered low-temperature phase. Additionally a few
main reflections hOI (present also above 490'C) and
zone-boundary points h/2 0 I with I even have been
sampled. As reported in previous x-ray analyses, ' '
the latter reflections are found to be rather weak.
The most prominent result is the finding of an inter-
mediate modulated structure below the phase transi-
tion, which we observe within a temperature range
T2=430+5'C to T~ =490+2'C. Figure 1 shows
scans (1.5 + (, 0, () with the analyzer of the triple-
axis spectrometer set to the elastic position. Three
typical temperature regimes may be distinguished.

(i) Above T~ [Fig. 1(b)] we observe pronounced
diffuse scattering along the direction [(00] which
connects main reflections. From previous x-ray mea-
surements and our own measurements (some of
which are shown in Fig. 2) we know that this diffuse
scattering appears within sheets, which means corre-
lations along chains (parallel to the c axis) in direct
space. There is, however, a well-defined Q depen-
dence of the diffuse intensity perpendicular to the
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FIG. 1. Two elastic scans with a triple-axis spectrometer
along the [h03] direction of a P-eucryptite single crystal:
(a) A measurement just below Ti =490'C demonstrates the
appearance of both a superlattice peak (connected with an
M-point distortion) and a consequent doubling of the cell
constant a and two satellite peaks (indicating a modulated
phase). (b) Shows the peaking of the diffuse scattering at
the satellite positions above the transition temperature To.

FIG. 2. Photographs taken with fixed film, fixed crystal,
and monochromatic Mo Ko. radiation. Orientation of the
crystal and investigation temperature are marked in the fig-
ure. The diffuse intensities at 385 and 585'C in the form of
very broad lines are caused by thermal diffuse scattering.
The diffuse intensities in form of narrow lines parallel to a
at I = 1, 3, 5, 7 (marked by white arrows at the 385 'C photo-
graph) are caused by the one-dimensional ordering of' the
lithium ions in the structural main channels. These lines
are generated by the so called a reflections (see text), which
become more and more diffuse perpendicular to the c axis,
e.g., the three-dimensional ordering is reduced more and
more. These lines become broader also parallel to c at
585'C. From the broadness parallel to c follows a correla-
tion length of approximately 10 Li-Li distances per ordered
chain.
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chain direction —visible both in the neutron spectra
and on the x-ray photographs. It is due to correla-
tions between different chains and as such becomes
weaker when the temperature is increased far above
the transition temperature T~.

(ii) Below the chain ordering temperature To = Tt
superlattice reflections appear at the zone boundary
M points of the high-temperature phase. Almost
simultaneously, probably at a slightly higher tempera-
ture, satellite peaks appear at (1.5 + 5, 0, 3) with
5 =—„a'[see Fig. 1(a)] and at symmetry related po-

1

sitions. No satellites are observed at positions 25 and
35 nor do we find satellites around the main peaks.
The absence of higher-order harmonics indicates a
sinusoidal modulation of occupation numbers. We
may conclude that there is a modulation of the Li
chain occupation probability with a modulation wave
vector perpendicular to the c direction. The intensity
of all observed satellite pairs is rather asymmetric.
For this reason the simple picture of a sinusoidal
modulation only of the Li chain occupation does not
yield a complete explanation. Another remarkable
finding concerns the fact that the diffuse scattering is
maximal at the satellite positions, while no critical
scattering seems to be directly connected with the ap-
pearance of superlattice peaks.

(iii) Below T2=430+5'C the satellites disappear.
Only superlattice peaks remain and continue to grow
in intensity with decreasing temperature.

B. Results obtained from least-squares fits

In order to obtain more quantitative information
least-squares fits of the observed spectra were per-
formed. With one exception no complete four-
dimensional resolution corrections have been applied.
This would have required much more complete mea-
surements in Q-co space. Therefore peak intensities
as well as linewidths shown in Fig. 3 only have quali-
tative character. As it turns out, however, the energy
width of the diffuse scattering must be well below
our energy resolution hE =1.0 meV even at the
highest attained temperatures. The following results
are obtained:

(i) Disordered phase ( T & Tt =490'C). As may be
seen in Fig. 4 the intensity of the diffuse scattering
strongly increases on approaching the phase transi-
tion. Although the transition appears to be smooth
in the present measurements (Fig. 3), a decision as
to whether this transition really is of second order
would require resolution corrections. Only then an
extrapolation of the inverse susceptibility
X '(Q = Q ~+ g ) —I ' to a temperature below T&

would provide the prove for a (probable) first-order
character of the transition. The q width of the dif-
fuse intensity in the direction of c' is larger than ob-
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FIG. 3. Intensity of both the superlattice peak [(303),
open circles] as well as of the satellite peaks f (3 + 5 0 3),
full circles] are shown, In the temperature regime
T2 =430'C ~ T ~ T1 =490'C incommensurate structures
are observed. A power law fitted to the superlattice intensi-
ty yields a transition temperature To =482.5'C (with om-
mission of two data points which are probably due to a
rounding of the transition) which suggests the existence of a
narrow phase with a modulation but no commensurate su-
perstructure. The insert depicts the satellite position
(squares relate to the disordered phase T ~ T& =490 C).

15

o 0.06—
0
tj)

C
0.04—

g 0.02-

I

O—10—
IJ)
C
t3)

(D

I

450
I I

500 550
temperature ('C j

0
600

FIG. 4. Shows both the peak intensity (open squares) of
the diffuse scattering and the q width of Lorentzians K (open
circles) fitted to the diffuse scattering (as, e.g. , in Fig. 1).

tained when convoluting a scattering law

S(Q, cu) —8(Q, ) 8(tee) with the experimental resolu-
tion. We may ask, whether this is due to a finite en-
ergy width of the scattering function or due to finite
spatial correlations within the Li chains. An answer
may be based on the x-ray photograph at 585 'C
which indicates a q width corresponding to correla-
tions over about 10 Li ions along the chain direction.
Additionally constant Q scans (energy is scanned)
and constant energy scans (with tee =0 and Q,
scanned) at 520'C have been analyzed. For this pur-
pose a four-dimensional convolution of the resolution
function of the triple-axis spectrometer and the above
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scattering law with one of the 5 functions replaced by
a Lorentzian has been performed. The assumption
of a finite energy width fails to provide a consistent
fit of both scans. One can, however, fit the experi-
mental data when replacing 5(0,) by a Lorentzian of
half width ~~~. An inverse correlation length
K~[(520'C) = 0.014 +0.002 A ' is obtained, which
corresponds to correlations over 19 + 3 Li-Li dis-
tances. One may conclude from both the neutron
and the x-ray measurements that the picture of infin-
itely long Li chains only provides an approximate
description of the real situation. It will become worse
at higher temperatures, as the ionic conductivity
increases —but correspondingly should be more ade-
quate at lower temperatures. Correlations within the
a bplane -are much more short ranged (Fig. 4).
Above TI =490'C the finite 0 resolution can be ig-

nored and a correlation length of about 2a is found.
At temperatures much above TI chain-chain correla-
tions (of site occupations) probably can be ignored
and the diffuse scattering will provide information
pertaining both to the geometry and the time scale of
the diffusion mechanism even by coherent scattering.

It is somewhat surprising that the linewidth Kq (half
width at half maximum; not resolution corrected) of
the diffuse scattering seems to decrease monotonous-
ly even below the phase transition (Fig. 4). The ori-
gin of this is probably the following: within our sim-
ple Li-chain model diffuse intensity occurs only in
planes perpendicular to the c direction and labeled by

Q, = 3nc' with n odd. In absence of chain-chain
correlations the diffuse intensity within a plane is
constant. The observed modulation of the intensity
has been attributed to the "chain ordering mode"
which. leads to the modulated structure below
TI =490'C. There are, however, other "chain order-
ing modes" which are noncritical and which may be
responsible for the observed temperature depen-
dence.

(ii) Moduiated phase(s) (430 ~ T ~490'C). The
spectra recorded at 430 ~ T ~490'C have been fit-
ted with a five-peak structure: (i) Three Bragg peaks,
Gaussians with about the same Q width (determined
by the instrumental resolution) for the superlattice
peak and the pair of satellite peaks; and (ii) two
Lorentzians located at the satellite positions and with
identical but temperature-dependent 0 width. Above

. T~ =490'C ther'e are no Bragg features in the vicinity
of an M point and below T2 =430'C the satellite in-
tensity vanishes. The contribution of a powder peak
originating from the aluminum sample container has
been subtracted;

Figure 3 shows the results connected with the
Bragg components of the spectra. We may note, that
the satellite position is strongly temperature depen-
dent (see insert in Fig. 3). This is a finding also in
many other systems with phase transitions into in-
commensurate structures (see, e.g. , Refs. 20—22).

We have included some data points from the disor-
dered high-temperature phase. There 8 reflects the
position of the two Lorentzians fitted to the diffuse
intensity. It decreases from 5=0.11a' at 550'C to
5=0.078a' at 430'C. At 430+5 C a lock-in transi-
tion to 6 =0 is observed; the amplitude of the modu-
lation with wave vector q = ( qM + 8, 0, 0) drops to
zero at this temperature.

Over a wide temperature range satellites and super-
lattice peak appear simultaneously. There is some
similarity with the para- to ferroelectric phase transi-
tion in NaNO2' . there the modulated phase and the
ferroelectric phase coexist as well, however in a much
narrower temperature range. "' In case of NaNO2
the modulated phase appears before the I -point dis-
tortion occurs, when cooling from the paraelectric
phase. At the first glance this seems to be different
in l3-eucryptite: Satellites and superlattice peaks
seem to show up at the same temperature, namely,
TI =490'C. We have attempted to explain such a
behavior with a Landau theory with one of the distor-
tions as the primary order parameter and the other
one as a secondary order parameter, however, unsuc-
cessfully. In particular it is very difficult .o relate the
almost continuous increase of the superlattice intensi-
ty with the steep increase of the satellite intensity.

We now believe that there are two successive tran-
sitions separated by about 7—8'C only. A first tran-
sition at TI = 490'C which is concerned with the for-
mation of the modulated phase and at TO=482.5'C a
second transition at the M point which causes a dou-
bling of the cell constant a. The above finding is
somewhat obscured by the "rounding" of the superlat-
tice intensity around To. Such a behavior is not a
well understood but rather frequently observed
feature also in other systems. Judging from the tem-
perature dependence of the Bragg intensities (of the
satellites) the transition at Tt appears to be of first
order, whereas the one below looks continuous or al-
most continuous (with respect to both the superlat-
tice and the satellite intensities).

(iii) Low temperature ph-ase (T ~ To ——482.5'C).
Below T2 =430'C the satellite peaks disappear and
only the superlattice peaks of the low-temperature
phase remain in addition to the Bragg peaks of the
high-temperature phase. There is no anomalous
behavior of the temperature dependence of the su-
perlattice peaks in the vicinity of T2.

The observed superlattice intensities have been fit-
ted with a power law I —( To —T) 2a as is usually
done at second-order phase transitions. It turns out
that a power law only can be successfully fitted if two
data points in the immediate vicinity of To are omit-
ted from the fit. The rounding of the transition due
to this finite intensity may be caused by temperature
gradients, inhomogenities in the sample, etc. An ex-
ponent P =0.22 +0.015 is obtained. This value is
smaller than what is usually observed at second-order
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phase transition in three-dimensional systems. There
are several possible explanations [e.g. , presence of a

tricritical point: P = —„;two-dimensional Ising system

(as discussed later): P = —,]. We would like to add

another explanation, namely, that small P values
often result, if data in the vicinity of a phase transi-
tion which ultimately is discontinuous are fitted by a

power law. What is important, though, is a resultant
phase transition temperature To =482.5+1.0'C
which supports the conclusion that there are two suc-
cessive phase transitions at T& =490'C and

To =482.5 'C.

V. CONCLUSIONS

It is tempting to investigate the observed phase
transitions on the basis of the Li-chain system only.
In the substance Hg3 &AsF6, which can be viewed as
a solid consisting of mercury chains embedded into a
AsF6 framework, the atoms within the mercury
chains have no well-defined positions with respect to
the framework. This is different in P-eucryptite. If
we ignore the finite correlation length in the direction
of the hexagonal c axis, the high-temperature phase
of P-LiAISi04 can be looked upon as consisting of in-

finitely long Li chains (Li-Li distance equal to 3 c)
with two alternative positions: chains of type 1 start
at 000, while chains of type 2 start at 0 0 6 c. At this

point we may describe the chains by Ising spins, e.g. ,
type-1 chains as up spins and type-2 chains as down
spins and obtain an equivalence between the idealized
chain system (space group P6/mmm) and the tri-

angular Ising lattice.
Obviously the high-temperature phase is disordered

(paramagnetic). Concerning the low-temperature
phases a problem remains: Either one is faced with a
distortion connected with a single I'-M direction (sin-
gle q state) and the hexagonal symmetry is apparent
only because of domain averaging, or the symmetry
really is hexagonal and the distortion is connected
with a star of three equivalent q vectors (triple q
state).

A commensurate triple q state and modes within
. the 7"

t representation (in the notation of Kovalev27)

lead to the space group P6/mmm with a d'oubled unit
cell for the Li-chain system and, equivalently, to p6m
for the triangular Ising lattice. Despite some prob-
lems with forbidden reflections, structure analysis so
far has adopted the triple q state and we shall do the
same in the following. The fully ordered low-tem-
perature phase then corresponds to a ferrimagnet
(Fig. 5) with three spins up and one spin down.

Phase transitions on the triangular Ising lattice
have recently been studied by the Monte Carlo tech-
nique. Interactions between nearest neighbors
(J) and next-nearest neighbors (J') have been in-

FIG. 5. "Ferrimagnetic order" on a triangular Ising lattice
is illustrated which also reflects the chain ordering in the
low-temperature phase. Open and full circles correspond to
the two possible spin (chain) configurations.

eluded as well as an external field. With an antifer-
romagnetic interaction (J and J' (0) and zero field,
the system does not display a phase transition. In the
presence of a sizable external field, however, a tran-
sition to a ferrimagnetic phase, as described above,
occurs.

As it turns out all necessary conditions for the oc-
curence of a ferrimagnetic ordering on the triangular
lattice are qualitatively fulfilled in P-eucryptite.

(i) First, the Coulomb interaction between chains
consisting of Li+ ions indeed yields an antiferromag-
netic interaction, irrespective of the distance between
two interacting chains.

(ii) Concerning the external field we have to
remember that the percentage of up spin in the disor-
dered phase is about three times higher than that of
the down spins. . This ip in accordance with sym-
metry, as it does not relate type-1 and type-2 sites
(primary and secondary channels, respectively) in P-
LiA1Si04. Li atoms at z =-

6 c are located in layers of
Al neighbors, while Li atoms at z =0 are within
layers of Si. Now the Si-0 bond length in a Si04
tetrahedron is about 0.13 A smaller than the Al-0
bond length in a A104 tetrahedron, causing less steric
hindrance and consequently a deeper potential well
for the Li atoms in the silicon sheets. The difference
in this interaction certainly does not fix the ratio of
Li ions at the two different sites at 3:1 in the high-
temperature phase, but definitely off sets it from a
distribution with equal weight for spin up and spin
down. Thus it plays the role of a crystal field
(equivalent to an external field) which favors the oc-
cupation of positions in the Si sheets and hence pro-
vides one of the necessary bases for a "ferrimagnetic"
ordering.

Unfortunately the consideration of the triangular
Ising lattice does not include the possibility of spatial
inhomogeneities and a resultant incommensurate
phase. An extension of the theoretical work along
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(a) phases is the coexistence of a commensurate and an
incommensurate phase in the regime
430 ( T (482.5'C [Fig. 6(a)]. In this regime even
the description of the chain occupation number n ([)
is not yet clear, There seem to be two possibilities:
(i) There are domains with M-point distortions,
which increasingly suppress domains which are in the
incommensurate state, when the temperature is de-
creased from 482.5 'C; and (ii) a superposition of a
modulation of the chain occupation with a commens-
urate q = q M and an incommensurate q = q~ + q~
[Fig. 6(b)].

n([) =n(]) eq~(T)[1+pe(T)e ~ ']e

2/M

FIG. 6. (a) Appearance of superlattice and satellite peaks,
e.g. , in the (hk3) plane, (b) Illustration of the modulation
of the chain occupation probability in the regime
T2 ~ T ~ To, in which satellite and superstructure peaks
coexist q~ denotes the amplitude of the commensurate
modulation and q& denotes the amplitude of the incom-

mensurate modulation.

Here RI denotes the position of a Li+ ion in the Ith=3unit cell of the high-temperature phase, n( [)o:—
4

is

the average spin up (or chain type 1) occupation,
n(/) =1 —n([); gM(T) and mls(T) denote the
amplitudes of the commensurate and incommensu-
rate distortions, respectively [Fig. 6(b)]. Also for
this latter case, a Landau theory should be able to ex-
plain the suppression of qs(T) with growing qM( T).

Further work, both experimental and theoretical is
in progress.

these lines seems to be very desirable. What remains
to be explained, either on the basis of a Landau free
energy or within the Ising model using Monte Carlo
techniques is (i) the sequence of phase transitions
and (ii) the critical scattering only peaking at the sa-
tellite positions. The main problem with the various
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