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Neutron powder diffraction patterns of (y + «) and B lithium iodate samples are used to refine the
structure of y (at 488 K) and B (at 513 K) LilO;. All three modifications are built up from Li+ and (10;)-
pyramids but lithium is six-, five-, and fourfold-coordinated to oxygen in the a-, y-, and B-phases,
respectively. The study of 10, group displacements through the a — y phase transition suggests that
the y phase structure is closely related to a mixed orthohexagonal description of the « structure where
both enantiomorphic forms of the hexagonal unit cell are present. The existence of a new o’ modifica-
tion is postulated in view of neutron diffraction and NMR results. A simulation of the structure of

hexagonal a-LilQ; is also presented.

1. Introduction

Three modifications of LilO; are known;
upon heating, «-LilO; transforms revers-
ibly into y-LilO; (at about 500 K with a
large hysteresis), then y-LilO; transforms
irreversibly into 8-LilO; (at about 540 K)
which is stable up to the melting point (708
K) (1). The temperature of the two phase
transitions is influenced by the crystal
growth conditions (2, 3), the nature of the
sample (single crystal or powder) and its
thermal history (4). The structure (hexago-
nal a-LilO; (P63, Z = 2)) has been first de-
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termined by Rosenzweig and Morosin (5)
and De Boer et al. (6) at room temperature,
and the thermal evolution of structural pa-
rameters has been recently studied by neu-
tron and X-ray diffraction (7, 8). B-LilO;
can be prepared in two different ways; ei-
ther by growing single crystals from aque-
ous solution under specific temperature and
pH conditions (9), or by heating a-LilO;
above 540 K which leads to polycrystalline
samples. Its structure is tetragonal (P4,/n,
Z = 8) and was determined by single-crys-
tal X-ray diffraction (10).

The present investigation was under-
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taken to determine the crystal structure of
v-LilOs and to establish the relationship be-
tween the three modifications of lithium
iodate. During the completion of this work
an orthorhombic structure (Pna2,, Z = 4)
has been proposed for y-LilO; by Liminga
et al. (11); their results were obtained by
profile refinement of X-ray diffraction pow-
der data and the position of lithium atoms
cannot be accurately determined. Our
results confirm their space group and give a
more accurate description of the structure.

The format of this paper is as follows. We
first give a description of the experimental
procedures used to prepare 8- and y-LilOs
and to collect neutron diffraction data; in
Section 3 we describe the structure of the
B-phase and the determination of the struc-
ture of y-LilOs from a mixed pattern « + 7.
In Section 4 we shall discuss the structural
differences between the three modifications
and in Section 5 we shall present a possible
model of the a 2 y phase transition. NMR
results will be presented in Section 6; fi-
nally, we shall discuss a simulation of the
lattice of hexagonal «-LilO; in the last sec-
tion.

2. Experimental

Neutron powder diffraction patterns
were recorded on the D1A high-resolution
diffractometer of the Institut Laue-
Langevin; the wavelength A = 1.9066(3) A
was calibrated with a Ni powder standard
(a = 3.5238 A). The samples were inserted
in a cylindrical vanadium container (15 mm
in diameter) and the heating device was a
conventional furnace with vanadium heater
working under low helium pressure. The
temperature was measured with a Ni-Cr
thermocouple in contact with sample
holder. Data were collected from 26 = 10 to
140° in steps of 0.05°. Measurement time
was about 15 sec per step. Data of the 10
counters were then summed using a con-
ventional ILL program (12).
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The powdered sample of 8-LilO; was ob-
tained by grinding small single crystals;
however to avoid a possible contamination
of the 8 powder by small amounts of a-
LilO; created during grinding in air (13),
the sample was first heated up to 632 K to
ensure a complete transformation into S;
then the sample was cooled down to 513 K
for measurements.

The powdered sample of y-LilO; was ob-
tained by grinding a large single crystal of
a-LilO; grown from aqueous solution at pH
= 6; this « powder was first heated to 473 K
over a period of 3 hr; then the temperature
was raised very slowly while measuring the
diffraction pattern in the angular range 20 =
29-32° to monitor the intensity of the two
reflections (101), and (111),. The tempera-
ture was stabilized as soon as the vy line
appeared on the pattern (496 K). The sam-
ple was held at this temperature for half an
hour and then cooled down to 488 K. After
a few hours the intensity of (101), and
(111), showed no more evolution with time;
the percentage of y-LilO; in the mixture
was about 50%. The complete pattern was
then recorded over a period of 12 hr. The
beginning of the pattern was remeasured at
the end of the experiment to ensure that the
v/a ratio did not change during data collec-
tion. No line from 8-LilO; is observed on
the final diagram.

The "Li NMR spectra were collected on a
BRUKER SXP pulse spectrometer operat-
ing at 35 MHz in the temperature range RT
to 573 K. The powdered samples prepared
from a single crystal of a-LilO; were con-
tained in Pyrex tubes.

3. Structure Refinements

3.1. B-LilO; (513 K)

The Rietveld program (14), as modified
by Hewat (/5) was used for profile-fitting
structure refinement. Cell parameters are a
= 9.7899(1) and ¢ = 6.1605(1) A. The re-
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TABLE 1
STRUCTURE Data oF B8-LilO; AT 513 K (SPACE GROUP P4,/n, ORIGIN AT 1)

X y k4 Uy Uy Uy U, U Un
Li 0.43138) 0.2297(7)  0.407(1)  0.064(7) 0.044(4) 0.035(5) —0.009(4) -0.025(4) —0.007(4)
I 0.0349(2) 0.7593(3)  0.1128(4) Isotropic U = 0.0200(5)
O(1) 0.8336(3) 0.1205(2) —0.0574(4) 0.037(2) 0.043(2) 0.080(2) —0.014(2) 0.012(2) —0.001(2)
O(2) 0.0823(2) 0.2051(2) 0.1053(3) 0.044(2) 0.059(2) 0.017(1) 0.013(1) —0.006(1) 0.000(1)
0(3) 0.8430(2) 0.5523(2)  0.1672(3) 0.034(2) 0.052(1) 0.025(1) —0.022(1) 0.008(1) 0.000(1)

Note. Numbers in parentheses are standard deviations related to the last digit. In three first. columns are given
fractional position parameters; in last columns anisotropic thermal parameters in A2.

finement started with the atomic parame-
ters given by Schuiz (10). The neutron scat-
tering lengths were taken from Ref. (16). In
order to limit the number of parameters to
be adjusted, the thermal parameter of io-
dine is assumed to be isotropic, which is
reasonable in view of Schulz’s results at
room temperature. The other atoms were
allowed to vibrate anisotropically. A set of
260 reflections resolved into individual
components by the program were used to
refine the structural and thermal parame-

ters which are reported in Table 1. The final
agreement factors for the parameters given
in this table are Ry = 0.036, Rp = 0.088,
Ryp = 0.092, Reyx, = 0.058. Observed and
calculated neutron diffraction profiles are
shown in Fig. 1. Results are in satisfactory
agreement with Schulz’s structure parame-
ters at room temperature except the lithium
coordinates which are more accurately de-
termined by neutron diffraction. Bond dis-
tances and angles are listed in Table 1I. By
comparison with previous results (10), our
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TABLE II

BoND LENGTHS (A) AND ANGLES (°) FOR 8-LilO; aT
SI3K

I coordination

Distances Angles
I-0(1) 1.777(3) O(1)-1-0(37) 100.8
I-0(3) 1.799(3) O(1)-I-C(2) 101.0
1-0(2) 1.801(3) O@3)-1-0(2) 99.9
I-0(31) 2.784(3)
[-O(1%) 3.005(3)
I-O(1ii) 3.242(3)
Li coordination
Distances Angles
Li—O(3ii) 1.955(7) O3i)-Li—O(21) 120.2
Li-O(2f) 1.968(7) O3 -Li-O(1%) 90.6
Li~O(1™) 1.965(8) O(3ii)—Li~O(2ii) 126.5
Li-O(2if) 1.969(8) OQ2i)-Li~-O(1%) 114.4
O2i)-Li-O(2iii) 98.9
O(1")-Li~O(2ii) 105.7

Note. Atom designations are the same than in Ref.
(10). Standard deviations are about 0.3° for angles.

data indicate a more regular 10; pyramid; in
addition, and this is the main difference
from Schulz’s results, the LiO4 tetrahedron
is almost regular with Li—-O distances be-
tween 1.955 and 1.969 A and angles from
90.6 to 126.5°.

3.2. y-LilO; (488 K)

It has not been possible to obtain a pure
sample of y-LilOs; the diffraction pattern
from an 1:1 mixture of a- and +y-lithium
iodate was refined with the multiphase pro-
file refinement program of Bendall (/7). All
reflections from 26 = 20 to 144° were used
in the refinement; the structure of a-LilO;
was refined in space group P6; while for y-
LilO; we used the space group Pra2, deter-
mined by Liminga et al. (11). This acentric
space group is actually supported by the
result of second harmonic generation
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(SHG) measurements above the o — 7 tran-
sition temperature: at the transition the
strong SHG signal from a-LilO; decreases
to about a third of its value (/8); then it
decreases slowly with increasing tempera-
ture to disappear abruptly at the y — 8
phase transition. The starting parameters
(cell dimensions and atomic coordinates)
were taken from Refs. (8, 1) for «- and y-
LilO;, respectively; all atoms were compel-
led to vibrate isotropically except the oxy-
gen of the a-phase; the three halfwidth
parameters U, V, and W were constrained
to the same values for both phases. Gaus-
sian peaks were assumed for both phases.
Refinement of instrument (zero shift, U, V,
and W) and structural (cell dimensions,
atomic coordinates, and Debye—Waller fac-
tors) parameters together with the two
scale factors led to

Ry = 0.095, Rp = 0.168, R.p = 0.174,

to be compared with Reypeciea = 0.048. The
isotropic thermal parameters of lithium and
iodine in a-LilO; refined to negative values.
Detailed examination of the difference pro-
file then revealed that most of the discrep-
ancies could be attributed to the a-LilO,
pattern. The poor fit of the calculated pro-
file to the experimental a-LilO; lines is ob-
served either on the intensities or on the
full-widths at half-maximum (FWHM) or
on both parameters. A second refinement
was then performed with two sets of
halfwidth parameters (U,V,W), and
(U,V,W), but did not decrease significantly
the agreement factors (R = 0.094, R, =
0.162, R,p = 0.167). However, whereas the
profile parameters of the y-phase retained
reasonable values corresponding to the res-
olution function of the diffractometer (U, =
2615, V, = —6616, W, = 5149), the profile
parameters of a-LilO; refined to rather dif-
ferent values (U, = 1375, V, = —3961, W,
= 3718). In addition, examination of a few
single (or almost single) reflections of the «-
phase showed that all the experimental
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TABLE 111

STRUCTURE DATA OF y-LilO; AT 488 K (SPACE
Group Pna2,)

x y z B
Li —0.0236(10)  —0.0901(15) 0.0086(41) 4.9(3)
1 0.3203(3) 0.0733(5) 0. 0.8(1)
O(1) 0.1499(3) 0.0231(6) —0.1842(9) 2.9(1)
0(2) 0.4269(4) —0.1447(5) —0.1685(13)  3.8(1)
0o(3) 0.3738(4) 0.3147(6) -0.1891(12)  2.5(1)

Note. Isotropic thermal parameters (in A?) are given in the
last column.

FWHM’s are not yet correctly reproduced
by these new parameters which suggests
that the simple Cagliotti’s equation (19)

(FWHM): = Utan? 0 + Vtan 0 + W

may not apply to the pattern of a-LiIO; in
the mixed sample « + vy. This could result
from a high concentration of planar defects
in a-LilO; at this temperature (see below)
or from anisotropic strains on the crystal-
lites arising from the large volume change
occurring at the transition; indeed the con-
sequence of such effects is that the
FWHM’s are no longer a simple instrumen-
tal parameter but depends also on the scat-
tering vector; this means that the standard
Rietveld method of profile analysis can no
longer be used. Unfortunately it has not
been possible to isolate enough single and
well-defined reflections of a-LilO; from the
pattern to analyze further their shape as a
function of (hkl). Moreover, the mixing of
the two patterns of - and y-LilOQ; is such
that it is not possible to exclude all the a-
phase lines to refine only the structure of y-
LilO;. We then adopted the following pro-
cedure:

—We first tried to obtain a best fit to the
experimental pattern by introducing a few
other parameters in the refinement of the a-
phase (asymmetry parameters, I and Li oc-
cupancy factors). Although one cannot ex-
pect these refined parameters to achieve
any physical significance, they have been
used to obtain the ‘‘best numerical fit’”’ to
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the profile of the a-phase within the con-
straint of the Rietveld’s method (Gaussian
peak shapes, no dependence of FWHM on
the scattering vector).

—The “‘observed’’ intensities of y-LilO;
obtained as a result of the profile refinement
have subsequently been used for a conven-
tional structure refinement; however all the
lines which were close to poorly fitted lines
of the a-phase were excluded from this last
refinement. Cell parameters are a =
9.4039(4), b = 5.8539(3), and ¢ = 5.2915(3)
A. The final refined parameters are given in
Table III. They do not differ significantly
from the results of the last Rietveld refine-
ment, but we consider that the above proce-
dure leads to a more correct estimate of the
standard deviations and agreement factors
(R = 0.060, R, = 0.045). Calculated dis-
tances and angles are given in Table IV.

TABLE 1V
BoND LENGTHS (A) AND ANGLES (°) FOR y-LilO; AT
488 K
Distances Angles
1 coordination
I-0(3) 1.803(5) 0O(1)-1-0(2) 96.0
I-0(2) 1.852(5) O(-1-0(3) 94.1
I-0(1) 1.899(5) O(2)-1-0(3) 97.0
1-0O(3f) 2.887(5)

1-O(2ii) 2.984(5) N
1-0(1i)) 3.131(5) O(l_‘)—Ll—O(Z_‘) 102.6
. L O(1)-Li-0(3) 86.2
Li coordination O(1)-Li-0(3) 82.6
O(1)~Li-O(1iy 143.1
Li-O(2}) 1.872(14) O(2)-Li-0(3}) 108.2
Li-O(1) 2.036(14) O(2)Li-0(3) 105.5
Li-0O(1%) 2.051(19) O(2i)-Li-O(17) 114.3
Li~0Q() 2.151(14) O(3)-Li-0(3) 146.1
Li-0(3) 2.204(18) O(3)-Li-O(1i) 81.0
Li-0(2i)) 3.247(14) 0O(3)-Li-0(1%) 89.0

Atom designations
Li t+xt-y,2

o1
02)
0@3)

O(lii)
0O(2i)
03

t+xi-y1z2
x1+y,z
l-x,1-y,4+2

t-x,b+y,i+z
1-x,5,4+z
t-xy-4i+z

Note. For atom designations refer to Table ITI. The eds’s of
O-1-0 angles are about 2°.
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LilO; as a function of temperature. (x) This work, (+)
Ref. (7), (O) Ref. (8), (@) Ref. (10), (A) Ref. (11).

4, Comparison between a-, -, and
v-LilO; Modifications

A first difference between the 3 phases of
lithium iodate lies in the volume per for-
mula unit; as shown in Fig. 2, the largest
volume change occurs at the « — v transi-
tion (AV = 4.2 A3) which explains the de-
struction of the a-LilOj; single crystal dur-
ing the phase transition. All three
modifications of lithium iodate are built up
from discrete (I0;) groups and lithium at-
oms; in addition each iodine atom is linked
to three other oxygen at distances in the
range 2.8 to 3.2 A. In order to compare the
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deformation of the lithium and iodine coor-
dination polyhedra for the three modifica-
tions we make use of the distortion index
(DI) introduced by Brown and Shannon

(20):
o= 15 (4559

i=1

where n is the coordination number, d; the
length of the ith bond, and (d) the average
bond length. Average geometrical parame-
ters and distortion indices for «-, y-, and 8-
LilO; are listed in Table V.

Iodate groups form regular trigonal pyra-
mids in the « phase but distorted ones in 8-
and y-modifications. Average bond lengths
and angles within the (IO;) pyramid are al-
most identical in a- and 8-LilOs; and in good
agreement with the values observed in
other iodate structures. The average 1-O
distance in y-LilO; is larger than the usual
values and cannot be explained simply on
the basis of the well known increase of the
average bond length with distortion (20).

The main difference between the three
modifications of lithium iodate lies in the
lithium environment. Indeed in the « phase
the lithium atoms are sixfold-coordinated to
oxygen to form an octahedron with two sets
of almost equal Li—O distances: 2.094 and
2.167 A at 475 K (8). In the y-modification,
the lithium is clearly fivefold-coordinated
with distances ranging from 1.87 to 2.20 A;
the next Li—O distance (the sixth bond in
the a-phase) is at 3.25 A. The average bond

TABLE V

AVERAGE BOND LENGTHS (A) AND ANGLES (°) FOR IODINE AND LITHIUM OXYGEN ENVIRONMENTS IN THE
THREE PHASES OF LilO;; DiSTORTION INDICES OF IODATE AND LiO, POLYHEDRA

T AN DI CN(Li) DI
Phase K) (1-0) (I---0) 0 0 (105) (n) (Li-O) (LiO,)
o 475 1.801 2.947 100.5 0 6 2.130 294
Y 488 1.851 3.001 95.7 448 5 2.06 3054
B 513 1.792 3.010 100.6 37 4 1.964 8
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length is 2.06 A as compared with the value
of 2.07 A found in lithium metaborate
LiBO, where lithium is also in fivefold-co-
ordination (21). In 8-LilO;, lithium is tetra-
hedrally coordinated with four nearly equal
bonds from 1.955 to 1.969 A; the average
bond distance is 1.964 A close to the value
1.960 A found in Li,CO; for instance (22).

Another way to analyze the three phases
of lithium iodate is to calculate the distribu-
tion of bond valences of the two cations
between their surrounding oxygen atoms.
This concept of bond valence, originally in-
troduced by Pauling (23), has recently been
refined by a number of workers (for a recent
review of the subject, see, for instance,
Ref. (24)). The most commonly used ana-
lytical relations between bond strength s;
and bond length d; are the inverse power
law (20) and the logarithmic function (25,
26). We used the latter expression

dy — d;

B b
where d; (the length of a bond of unit va-
lence) and B are fitted constants. From a
survey of the literature we selected 25 Li*
and 46 I’* environments (oxides only) with
accurately determined bond distances
(esd(d)) = 0.01 A). The valence parameters
dy and B corresponding to the Li*—O and
I3*—O were then obtained by a statistical
procedure similar to that described by
Brown and Shannon (20) giving

Lit-0: dy = 1.282 A, B = 0.480 A
5*-0: dy = 1.982 A, B = 0.401 A.

These parameters have been used to calcu-
late the bond strength sums given in Table
VI. The valence sum rule is well obeyed by
all three lithium environments. This is also
true for the iodine environment in - and -
LilIO; but rather large discrepancies are ob-
served for I,O(1) and O(2) in y-LilO;; this is
obviously a consequence of the rather large
1-0O(1) and I-O(2) distances {Table IV) cal-
culated for this structure.

§; = eXp
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TABLE VI

ANALYSIS OF BOND VALENCES IN THE THREE
PHASES OF LITHIUM IODATE

o Li I s
0.189 1.564
0 0.163 0.100 2.016(6)
s 1.055(7) 4.992)
B Li 1 35
0.241 1.668
o) 0.078 2.032)
0.043
0.239 1.572
0Q) e 2.05(2)
0.246 1.579
00) e 1.96(2)
s 0.96(2) 5.08(4)
y Li I ss
0.208 1.231
om 0.201 0.057 1.703)
1.384
0Q) 0.292 o 1.76(3)
0.163 1.564
00 0.146 0.105 1.983)
ss 1.013) 4.42(6)

Note. Expected valences: s = 5(iodine), 2(oxy-
gen), 1(lithium) valence units. Values in parenthesis
are valence esd’s as estimated from bond length esd’s.

5. A Geometrical Description of the a 2
vy Transformation

X-Ray diffraction studies of the o — ¥y
transition (4) have shown that the two cells
are related as

a, = a.V3; b, = ag; c, = cq

then a possible relation between the two
structures may conveniently be examined
in terms of this orthohexagonal cell. Projec-
tion of the structures of a- and y-phases
along the ¢ axis are shown in Figs. 3a and c,
respectively. As discussed in the previous
section the trigonal pyramidal iodate ions
are only slightly affected by the transition;
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F1G. 3. (a) Projection along the c-axis of the orthohexagonal ceil of a-LilO; (two unit cells). Dashed
outline represents the hexagonal cell. Pyramidal iodate ions are shaded; small open circles denote the
lithium atoms; solid and dashed line threefold stars on the left-hand unit cell represent the orientations
of (I0;) groups in the two enantiomorphic configurations. (b) Hypothetical ‘‘mixed a-LilO;’* structure
(same orientation and notation as (a): The (a,c) layers containing Li and IO, groups correspond
alternatively to the L- and pD-forms of a-LilO;. Arrows indicate the rotation of the 10; groups from a-
LilOs. (¢) Projection along the ¢-axis of the structure of y-LilO; (notation as above). Arrows indicate
the shifts of Li* and (I0;)~ from (b). (d) Proposed structure of a domain wall in a-LilOs.

then, except for small changes in the unit-
cell dimensions, the main differences be-
tween the «- and y-phase structures must
arise from a modification of packing of
these iodate pyramids and from the result-
ing change of lithium coordination. Exami-
nation of Figs. 3a and c shows that the
transformation « — v results from (i) a rota-
tion by 20 ~ 30° around ¢ of half of the
pyramids, (i) a cooperative shift of iodate
groups alternatively along +b, and —b,.

This reorientation of the I0; pyramids
may be related to the distortion of a-LilOs.
Indeed a-LilO; structure shows a small de-
viation from a regular hexagonal packing
(for instance see Fig. 4 of Ref. (27)). A mea-
sure of this distortion is provided by the
angle @ (see Fig. 3a and discussion below);
this angle which is slightly temperature de-
pendent (8) can be positive or negative and
this leads to two configurations of opposite
chirality. Then, according to the above



STRUCTURE OF y- AND g-LilO;

141

Fi1G6. 3—Continued.

mentioned rotation of half of the (10-)
groups, y-LilOs can be described as built up
from a succession of a-LilO4 cells belong-
ing alternatively to the D- and L-enan-
tiomorphs. This is best seen by comparing
Figs. 3c and b which represents an hypo-
thetical “‘mixed”” «-LilO; structure in
which the iodate pyramids are alternatively
rotated about the threefold axis by +8 and
—8 from the position corresponding to the
regular hexagonal packing. However, such
a structure gives rise to (i) short oxygen—
oxygen distances between two iodate
groups and (ii) a geometrical arrangement
of the iodine atoms which is not favorable

from the point of view of secondary bond-
ing.

Starting from this ‘‘ideal’’ mixed struc-
ture, small cooperative shifts of the (10;)
pyramids (shear plane perpendicular to a,)
and small tilts (~3°) from the ¢ axis give the
structure of y-LilO;. The main result of this
relaxation from the ‘‘mixed’ structure to
the arrangement of pyramids found in vy-
LilIO; is a change of the lithium environment
from a distorted octahedron (Fig. 3b) to a
fivefold polyhedron (Fig. 3c). A second
consequence of this rearrangement is a
drastic change of cell parameters with a
contraction of the orthohexagonal axis a

kR4
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Fi16. 4. (a) 'Li NMR patterns of the three phases of LilO;. (b) Evolution of the NMR signal versus

temperature.

from 9.5472 A in @ t0 9.4093 A in y and an
expansion of the orthohexagonal axis b
from 5.5121 A in « to 5.8539 A in y. This is
to be related to the analysis of the IR spec-
tra (28, 29): the normal modes assigned to
10; group displacements in this model of
the & — y phase transition exhibit a strong
increase of damping coefficients in the vi-
cinity of the phase transition. Indeed:

(i) The external v{ mode (148 cm~! at
room temperature (RT)) corresponds to ro-
tations of 10; groups around the ¢ axis.

(ii) The external v{1 mode (176 cm™! at
RT) to rotations of 105 groups around an
axis perpendicular to the ¢ axis (related to
the tilts of pyramids from the ¢ axis).

(iii) The external part of the mixed inter-
nal-external v£! mode (355 cm~! at RT) can
be associated to the relative translations of
10; groups with respect to lithium atoms in
the (a,b) plane.

This description of the a — vy phase tran-
sition is also further supported by a recent
investigation of the structure of defects in
neutron-irradiated a-LilO; crystals (30); in-
deed this optical study has shown the oc-
currence of linear periodic nonuniformities
(concentration of defects) in such crystals.
These nonuniformities are 300 to 400 um
apart and make an angle of 30—40° with the
hexagonal axis, i.e., they almost coincide
with the a axis of the orthohexagonal cell.
This strongly suggests that these defects
correspond to walls between enantiomor-

phic domains of a-LilO; (Fig. 3d); although
the barrier of potential which corresponds
to @ = 0°is probably rather high (see below),
the structure of y-LilO; shows that the lat-
tice can easily accommodate different ori-
entations of the (I0;) pyramids and that a
likely frontier between two domains (D- and
L-domains) is a plane perpendicular to the b
axis of the orthohexagonal cell. Therefore
the high density of defect specimen studied
by Klimova et al. (30) is a partly ordered
crystal intermediate between ideally per-
fect @-LiIO; and y-LilOs;; or, to say it an-
other way, y-LilO; might be considered as
a fully ordered highly defective a-LilOs.

6. NMR Investigations

’Li NMR results clearly show up the dif-
ferences between the three phases of LilOs
(Fig. 4a). The "Li satellites are observed in
all three phases and the quadrupole split-
ting increases in the order a < y < g indica-
ting an increased distortion! of Li* environ-
ment in the same order. This result can be
correlated more quantitatively with the
structural results by calculating the electric
field gradient (EFG) tensor at the lithium
site for all three structures. Indeed, for 7Li

! Here the term distortion concerns the electric field
gradient at the lithium site, i.e., a rather long-range
interaction; it must not be confused with the distortion
quoted in Table V which refers to the first sphere of
coordination only.
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(spin I = 3) the strength of the quadrupole
interaction (31) can be measured as

Vo = 3€szQ/2I(I - l)h, (1)

where Q is the "Li nuclear quadrupole mo-
ment, and Vzz the principal component of
the EFG tensor. However, the powder
spectrum of such a quadrupolar nucleus
only allows to measure the product v, =
vg(1 — m) where ) is the asymmetry param-
eter defined as

N =Vxx — Vyr)/Vzz.

The usual definition |Vzz| = |Vyy = [V
limits the n values to the range [0,1].

In ionic crystals the main contribution to
the field gradient comes from the lattice,
i.e., from the arrangement of the ionic
charges around a given site and the nine
(five independent) components of the EFG
tensor can be calculated from the relation

Vip= 2 ae 2 2 Grurye = dyrbiri, @)
i

where
Lj=XY,2
8;=1 if i = j and @ otherwise

and rq, ry, rx are the coordinates in an
arbitrary orthogonal system of the kth atom
with charge ¢, situated at the distance r,
from the reference site.

The conditionally convergent series of
Eq. (2) can be evaluated either by direct
summation or, after transformation, by
summation in Fourier space (32). In the
former method the convergence of the lat-
tice sums can be improved by making use of
the unit-cell-shaped boundary method (33)
and extrapolating to infinity by a so-called
Neville-plot (34). Both methods converged
to the same values and direct summation
was used for most of the calculations men-
tioned below.

In the following, lithium iodate is consid-
ered as an ionic crystal Lit(I03;)~ which
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means first that we do not take into account
the contribution of lone-pairs to the EFG.
The hypothesis of a onefold positively
charged lithium is reasonable and sup-
ported by recent investigation of somewhat
similar crystals (e.g., see LiBO; (21)); then
evaluation of the field gradients in the three
phases of LilO; depends on knowledge of
the charge distribution inside the iodate
group: It90;(1+93, The electrostatic field
gradient at a lithium site in «- and B-LilO,
was calculated as a function of the effective
charge g of iodine; the calculated tensors
were diagonalized in order to obtain Vzz
and 7 (note that the axial symmetry at the
Li* site in a-LilO; implies that n* = 0). The
charge distribution in the (I03)~ was then
simply obtained by comparing the experi-
mental ratio v%/v8, = 22 kHz/70 kHz =
0.314 to the calculated V%/V4z(1 — nf) =
f(g). Agreement with the experimental ra-
tio? is found for ¢ = +2.3 which is to be
compared with the value g = 2.25 (£0.10)
obtained from X-ray chemical shifts (35).
The corresponding asymmetry parameter is
n# = 0.376. The numerical relation between
v,, (expected) and the calculated EFG ten-
sor for g = 2.3 can then be written

Vm = 800(1 - n)VZZ,

with v,, and V27 in units of kiloHertz and e
- (Angstrom)3, respectively. Using this re-
lation and the above charge distribution in
(I0;)~ one obtains for y-LilO; a calculated
value of 59 kHz; owing to the crudeness of
the charge model and to the uncertainties in
the experimental values of v% and v%, this is

2 A similar calculation has recently been published
by Daraselia and Briauer (46), giving a rather different
charge distribution on the iodate group; however their
method of calculation makes use of the Sternheimer
antishielding factor (1 — y.) and of the "Li quadrupole
moment Q for which no accurate value is available. In
order to overcome this difficulty we based our calcula-
tion on »%/vE which does not depend on these two
parameters; hence errors in our estimated charge dis-
tribution arises only from the uncertainties of »%/v5
and from the model of charge distribution.
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in reasonable agreement with the measured
value v}, = 38 kHz.

A second interesting feature of the ’Li
NMR in LilOs is the evolution of the signal
between 509 and 543 K, i.e., in the range of
temperature where v-LilO; is observed
(Fig. 4b):

(1 Up to 509 K one observes only two
satellite lines with a spiitting v,, = 22 kHz
typical of a-LilO; (36). This splitting is al-
most temperature independent. In this
range of temperature the spin-lattice relaxa-
tion time T, decreases (from 83 sec at 473 K
to 32 sec at 509 K) as already observed by
other authors (37).

(ii) Between ~509 and 514 K two pairs of
satellites are observed (Fig. 4a): the first
shows a splitting of about 38 kHz and is
observed up to 543 K (i.e., up to the transi-
tion to B-LilOs); therefore it is attributed to
v-LilO3. The second set of satellites gives a
much smaller splitting (~16 kHz) and its
intensity decreases rapidly when the tem-
perature is raised: it is no longer observed
above 514 K. As long as S-LilO; is not
formed, all these transformations are com-
pletely reversible. In this narrow range of
temperature two spin-lattice relaxation
times T, are observed (T, = 49 sec and T} ~
3 sec at 509 K).

(iii) Above 543 K the sample is irrevers-
ibly transformed into B8-LilO;. The 8-LilO;
quadrupole splitting (70 kHz) is also tem-
perature independent.

These results suggest that the transition
from o- to y-LilO; proceeds through an in-
termediate phase which we call o'-LilO;.
The exact nature of this phase, the domain
of stability of which is very narrow, is not
known and it has not been directly ob-
served in diffraction experiments. How-
ever, we already mentioned in Section 3.2
that all our attempts to refine the structure
of a a-LilQj; in space group P6; failed. This
may indicate that the structure of « is modi-
fied when vy-LilO; is being formed. NMR
results bring evidence that Li* is much
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more mobile in this phase than in a-, y-, or
B-LilO;. As the o — v transition is a recon-
structive transformation which involves a
modification of the first sphere of coordina-
tion of Li atoms, this a’-LilO; might well be
an amorphous or, at least, very divided
phase as already observed in similar phase
transitions (38). Further information on this
point could only be obtained through a de-
tailed quantitative investigation of the
phase transformation in the range 509-515
K.

7. Discussion

The above description of the relationship
between the a- and y-LilO; structures has
emphasized the importance of the proto-
type structure of a-LilO; which would cor-
respond to a regular hexagonal close pack-
ing (6 = 0°). Although this ideal structure is
never realized by lithium iodate, studies of
the structural temperature dependence in
a-LilO; have shown (7, 8) that 8 decreases
regularly from 15.69° at 20 K to 14.55° at
500 K; moreover the analysis of thermal
motion shows that iodine atoms vibrate al-
most isotropically whereas the thermal vi-
brations of oxygen are rather anisotropic
with a principal component close to the
(a,b) plane. All these arguments suggest
that the rotation about the trigonal axis of
the 10; pyramids is a soft feature of the
hexagonal structure and that the variation
of the potential energy of an iodate group as
a function of the angle of rotation 8 can be
represented by a double well potential (Fig.
Sa).

The two minima of energy are about 30°
apart and E; is the energy barrier for coop-
erative rotation of all iodate groups of the
lattice from one enantiomorphic form to
the other. An exact calculation of this po-
tential curve, even with a simple lattice
model, would require a knowledge of many
parameters (e.g., the repulsive interaction
parameters in the case of an ionic Born—
Mayer model). However, it is possible to
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Fi1G. 5. (a) Double well potential versus angle of rotation 8. (b) DLS simulation of the distortion of a-
LilO;. The angle # which measures the deviation from a regular hexagonal close packing is defined in
the insert. Parameters of simulation are given in Table VII.

further investigate this aspect in a rather
simple way by making use of a computer
simulation procedure. Indeed a common
feature to all the known iodate structures is
the occurrence of two sets of iodine—oxy-
gen distances: each iodine atom is linked to
three oxygen atoms at a distance of about
1.80 A with average O-I-0 angle of 99°; in
addition to these strong (short) bonds there
are invariably two, three, or four weak
bonds at distances in the range 2.7-3.0 A.
This irregular environment is a resuit of the
steric activity of I** lone-pair and the coor-
dination of I atom in iodates is often consid-

TABLE VII

PARAMETERS OF DLS SIMULATION OF a-LilO;
(Spacte GrRoOUP P6;)

Distances (A) Weight
Constraints d(1-0) 1.803 2
d(---0)  2.908 0.5
d(Li-0y 2117 1
dO-0y  2.767

Cell dimensions (a,c)
2(Li), x(0), z(0)

Refined variables

< For sake of simplicity, the two slightly different
Li-O distances have been averaged.
b Oxygen—oxygen distances within the same (I0;)

group.

ered (39) as octahedral with the iodine atom
displaced off-center along the threefold
axis. This information was input in a dis-
tance least-squares program DLS-76 (40)
in order to simulate the structural evolution
of hexagonal lithium iodate as a function of
the rotation angle 6; the input parameters
are given in Table VII. With these con-
straints, one can simulate the a-LilO; lat-
tice in the range 10 < @ < 23° but it is not
possible to obtain a solution for < 10° and
in particular for 8 = 0. The variation of the
calculated cell volume as a function of 8 is
given in Fig. 5b. A first important result
from that simulation is that the experimen-
tally observed structure (¢ ~ 15° corre-
sponds to the maximum cell volume. This is
a good example of a general rule recently
introduced by O’Keeffe (44) which states
that ‘‘ionic structures are expected to be
those of maximum volume subject to the
constraint of fixed bond lengths.”” This is
further supported by a calculation of elec-
trostatic (Madelung) energy E*: as ex-

3 Further information about distance least-squares
simulations may be found in Refs. (41—43).

4 All calculations performed with the program
LATSUM (Pannetier, unpublished computer program,
1975) based on Bertaut’s series ((32) and references

quoted therein). Ionic charges Li (+1), I (+2.3), O
(—1.1).
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pected the minimum of energy corresponds
to the maximum volume and to the experi-
mental structure. Moreover, the slight
asymmetry of the curve E; vs @ indicates
that an increase of temperature should de-
crease the average value of 0, in agreement
with experiment. It is also worthwhile to
mention that the maximum of volume (min-
imum of energy) for 8 # 0 is only due to the
weak I-—O bonds; indeed, a simulation
without the constraint d(I-——0) = 2.908 A
gives a maximum volume at § = 0°: the re-
sulting structure is closely related to that of
CsNiCl; (45) with Ni replacing Li and Cs
shifted by ~¢/4 from the iodine position.

A second result from this simple calcula-
tion (including the weak I-—-O bonds) is
that the energy barrier corresponding to 6
= (° (i.e., to the transformation from one
enantiomorph to the other by a cooperative
rotation of all iodate groups) is very high.
This was obviously not unexpected but, as
the o — vy transformation involves such a
rotation of half of the pyramids, it strongly
suggests that a fully cooperative motion of
the iodate groups throughout the crystal is a
rather unlikely mechanism for the phase
transformation. However, the sluggishness
of the transition which may spread over a
range of about 50 K implies a gradual
buildup of y- from a-LilOs; the model pre-
sented in Section 5, although based only on
geometrical arguments, may provide a
plausible mechanism for the a« — y phase
transition.
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