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Abstract

Refinements of the crystal structures of potassium
titanyl arsenate, KTiOAsO,, grown from a tungstate
flux (1) and an arsenate flux (2), are reported. Crystal
data at room temperature are: (1) KTiOAsO,, ortho-
rhombic, Pra2,, a=13.138(2), b=6.582(1), c=
10.787 (2) A, Z=8, R=0.027 for 2086 reflections
with I > 3o (l); (2) KTiOAsO,, orthorhombic, Pna2,,
a=13.130 (2), b=6.581 (1), c=10.781 (1) A, Z =8,
R =0.020 for 2716 observed reflections with I>
3o(I). The values of the linear and non-linear optical
susceptibilities for KTiIOAsO, are discussed using the
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t Author for further correspondence.
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Printed in Great Britain - all rights reserved

isostructural non-linear optical crystal KTiOPO, as a
starting point. The observed increase in certain non-
linear optical coefficients of KTiOAsQ, is shown to
derive principally from the increase in the linear
refractive indices brought about by the substitution
of phosphorus by arsenic in the structure.

Introduction

Potassium titanyl phosphate, KTiOPO, (KTP), and
its analogues have been of interest for many years
because of their suitability for non-linear optical
applications (Zumsteg, Bierlein & Gier, 1976). In
particular, KTP is known as a highly efficient
frequency doubler for 1.06 pm radiation (Perkins
& Fahlen, 1987). The isostructural analogue
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KTiOAsO, (KTA) was initially reported to show a
60% higher effective coefficient for frequency dou-
bling of 1.06 nm radiation (Bierlein, Vanherzeele &
Ballman, 1989) than KTP itself. However, subse-
quent to this, other researchers were unable to repro-
duce this result; this was originally thought to be the
result of using multi-domain crystals for the optical
experiments. In fact, it has been shown that pure
KTA does not phase-match for 1.06 um radiation
and that the original results were obtained with
iron-doped crystals (Bierlein, Vanherzeele & Ball-
man, 1989; Cheng, Cheng, Bierlein, Zumsteg & Ball-
man, 1993). There still remains a query over whether
pure KTA grows as single-domain or multi-domain
crystals; Cheng et al. (1993) have reported that the
addition of small amounts of Fe,O;, Sc,0; and In,0;
to the flux is required to promote the growth of
single-domain specimens.

Recently it has been shown (Cheng et al., 1993)
that some non-linear coefficients of KTA are indeed
enhanced over those of KTP, although by only 20%
or so. Despite the fact that KTA does not phase-
match for 1.06 pm radiation, it remains applicable in
other areas, for example, as a parametric oscillator
material (Jani, Murray, Petrin, Powell, Loiacono &
Loiacono, 1992) or as an electrooptic modulator
crystal (Vanherzeele & Ballman, 1992). In an earlier
structural study of KTA, El Brahimi & Durand
(1986) reported that the AsO, tetrahedra are highly
distorted compared with the PO, tetrahedra in KTP
(Tordjman, Masse & Guitel, 1974). This was sub-
sequently suggested to be the origin of the increased
non-linear optical coefficients in KTA (Bierlein ez al.,
1989). More recently, studies of KTiO(PgsAsgs)Os
and KTiO(P, s3As.4:)0,4 (KTAP) have been carried
out using neutron powder diffraction (Crennell,
Cheetham, Jarman, Thrash & Kaduk, 1992) and
single-crystal X-ray diffraction (Thomas, Mayo &
Watts, 1992), respectively. Compared with the crystal
structures of KTP and the mixed compound KTAP,
the published KTA structure of El Brahimi &
Durand (1986) showed some anomalies, particularly
in the TiOg octahedra.

The failure of structural models to account ade-
quately for the observed optical non-linearity in
KTA led us to examine the structural data again. In
the original work, a very limited data set was
collected, no absorption correction was made to the
data and no mention was made of the use of anoma-
lous scattering corrections to the scattering factors.
The parameters obtained for the O atoms had large
quoted errors and several thermal ellipsoids were
anomalous, including those of the O atoms involved
in the short Ti—O bonds. In view of this, we con-
sidered it necessary to collect structural data from
these crystals again, particularly because the develop-
ment of structural models for non-linear optical

KTiOAsO,

behaviour requires accurate structural data. X-ray
diffraction, etching and second-harmonic generation
measurements of KTA crystals grown from two
different fluxes, arsenate and tungstate, both of
which are used commercially, are reported here in an
attempt to explain their physical properties.

Structure determination
Experimental detail

Crystals of KTA were grown from both a mixed
tungstate/arsenate and a pure arsenate solvent. The
mixed solvent was prepared by melting 2 mol each of
K,CO; and WO; with 1 mol of KH,AsO, in a
platinum crucible. The solution was saturated by
adding 0.33 mol of previously prepared KTiOAsQ,
per mole of solvent, which resulted in a saturation
temperature of 1153 K. The pure arsenate solvent
was prepared by melting 4 mol of KH,AsO, with
1 mol of K,CO; to yield the composition K¢As,Os.
The pure arsenate solvent was saturated at 1193 K at
a concentration of 0.75 mol of KTiOAsO, per mole
of K¢As,O4;.

Large KTA crystals were grown using oriented
seed crystals over the temperature ranges 1103—
1153 K for the mixed and pure solvents, respectively.
Cooling rates were incrementally increased from 1 to
4 K per day. Extensive details of these crystal growth
procedures have been previously reported elsewhere
(Loiacono, Loiacono, Zola, Stolzenberger, McGee &
Norwood, 1992). Crystals in a range of sizes up to a
maximum of 25x 30 x 45mm were grown and
found to be free of veils and other gross growth
defects. Growth striae were clearly visible in crystals
grown from the tungsten-based solvent.

Small fragments were cut from both crystals and
were examined under the polarizing microscope.
Suitable samples both from a tungstate- and an
arsenate-grown crystal were mounted on a Stoe four-
circle diffractometer for data collection. Details of
the data collections and refinements are given in
Table 1.*

Result of refinements

Both the refinements proceeded normally with the
exception of an anomalously small temperature
factor for Ti(2). Fourier difference maps revealed a
small electron-density peak of ca 3 e A ~3 adjacent to
this site at the end of both refinements. Since absorp-
tion effects had been well accounted for by ¢-scans

* Lists of anisotropic displacement parameters and structure
factors have been deposited with the IUCr (Reference: HA0133).
Copies may be obtained through The Managing Editor, Interna-
tional Union of Crystallography, 5 Abbey Square, Chester CHI
2HU, England.
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Table 1(a). Details of data collection and refinement
common to both tungstate- and arsenate-grown KTA

M,

D, (Mgm )

Linear absorption
coefficient (cm ')

Diffractometer

Radiation

Scan type

Range of data collection

Intensity control
Orientation control
Absorption correction
Data reduction
Refinement method
Weighting scheme

241.92
345
101.16

Stoe Stadi-4

Mo Ka

w 26

2 unique sets and their
Friedel opposites

26=3 70

Every hour

Every 4 h

Empirical ¢-scans
REDU4' and CRYSTALS?
FMLS (CRYSTALS?)
Robust resistant refinement:

w=nx
[1 —(4r /6 % 4s
w’ = third-order Chebychev
weights

No. of parameters 153

(1) Stoe & Cie (1988); (2) Watkin, Carruthers & Betteridge (1985).

Table 1(b). Remaining details of data collection and
refinement for tungstate- and arsenale-grown

KTiOAsO,
Crystal KTiOAsO,4 (W) KTiOAsO.4(As)
Crystal shape and Colourless, Colourless,
colour parallelepiped cuboid
Size (mm) 0.09 x 0.12 x 0.17 0.12 x0.17 x 0.15
Lattice parameters. 13.138 (2). 6.582 (1), 13.130 (2), 6.581 (1),
a, b, ¢ 10.787 (2) 10.781 (1)
No. of reflections 9341 6375
measured
260, () 70 50
No. of unique 2086 > 3o 2716 > 3o
observations
R 0.043 0.032
Max., min. transmission 0.4477, 0.2957 0.3495, 0.2576
Model RbTiOAsO, KTiOAsO(W)
R (wR) 0.027 (0.031) 0.020 (0.025)
Exinction parameter 33(2) 60 (2)
Flack enantiopole 0.994 (1) 0.556 (9)
parameter
AP s BPmax (€ A ) -1.5 +09 -08, +0.6
[near O(7)] [near O(7)]
and crystals with uR=1 were used, it was con-

sidered that the extra electron density was real. The
effective occupancy of the Ti(2) site was refined for
both sets of data, giving values of 1.088 (4) and
1.110 (5) for the arsenate- and tungstate-grown
samples, respectively.

In the tungstate-grown crystal, the extra electron
density on the Ti(2) site could be the result of
incorporation of tungsten from the flux. The radius
of octahedrally coordinated W®* is closely matched
to that of titanium so that this substitution is likely.
This was corroborated by proton-microprobe
measurements which did reveal some clustering of
tungsten within the (100) section of tungstate-grown
KTA. However, the fact that there is a peak of
similar size in the arsenate grown sample suggests a

more intrinsic origin of this effect. We suggest that
both KTA crystals possess some disorder that it has
not proved possible to resolve in these refinements.
This manifested itself in earlier refinements using a
1/0 weighting scheme, as convergence of the K(1)
and K(2) site occupancies to approximately 0.85 and
0.9, respectively. On the robust resistant refinement
scheme reported here, both K(1) and K(2) site
occupancies refine to 1 to within experimental error.
The atomic parameters derived using the two differ-
ent weighting schemes are the same. The only
differences lie in some of the thermal parameters:
compared with the parameters obtained from the
1/0? K-deficient model, U,,, U,, and U;; of K(1)
increase by 15, 38 and 9%, respectively, with corre-
sponding changes of 12, 8 and 1% in these param-
eters for K(2). The temperature factors of the O’s
generally decrease by 10-20%, but O(3) and O(4)
become considerably more anisotropic because the
U,, values are halved. For the K-deficient model, the
Ti(2) occupancy refines to only 1.07 in the tungstate-
grown crystal and 1.03 in the arsenate-grown crystal,
suggesting that there is some correlation between the
K-site occupancies and the residual density at Ti(2):
also note that O(3) and O(4), which are the O’s most
affected by the choice of the fully stoichiometric
model, are bonded to Ti(2) in the P(1)O,—Ti(2)Os
chains that run along the [100] direction.

The Flack enantiopole parameter (Flack, 1983)
was refined for both samples with values of 0.99 (2)
for the tungstate-grown sample, indicating that it
was a single-domain crystal, and 0.556 (9) for the
arsenate grown sample, indicating that it was a
twinned sample with close to a 1:1 ratio of domains
of opposite structural polarity. This result is consist-
ent with the presence of polar twinning on a fine
spatial scale in arsenate-grown KTA as the sample
that was used for data-collection was only 150 um in
diameter.

Discussion of the structure

The atomic coordinates and anisotropic temperature
factors obtained from the refinement of the data
from the arsenate-grown sample are given in Table 2.
(Those from the tungstate-grown sample are the
same to within the estimated standard deviations.)
The bond lengths and angles around Ti and As are
given in Table 3. The distortions of the TiO4 octa-
hedra in KTA are smaller than that of the corre-
sponding octahedra in KTP. The difference between
the Ti(1)—O(5) long bond and the Ti(1)—O(6) short
bond is 9.222 (4) A and that between the Ti(2)—O(5)
short bond and the Ti(2)—O(6) long bond is
0.288 (4) A. These should be compared with the
corresponding values in KTP, which are 0.265 (4)
and 0.359 (4) A, respectively. The range of bond
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angles in the As(1)O, and As(2)O, groups is the same
as was found by El Brahimi & Durand (1986), but
the As—O bond lengths show a much smaller
spread, particularly for the As(1)O, group.

Even though the individual groups that make up
the framework of KTA are less distorted than their
counterparts in KTP, the program MISSYM (Le
Page, 1988) measures the whole framework as more
distorted than the KTP framework. The use of this
program to discuss the deviation of the room-
temperature KTP structure from its high-
temperature Pran prototype symmetry has been dis-
cussed extensively before (Thomas, Glazer & Watts,
1990; Thomas et al., 1992). The deviation is rep-
resented by a maximum tolerance in A. These are
0.19 and 0.22 A for KTP and KTA, respectively.

Because this tolerance is not in itself informative
about the source of the increased distortion in the
structure, the shifts of all the atoms from their
projected high-temperature positions were calculated
individually, as has been explained in previous publi-
cations (Thomas er al, 1990; Thomas & Glazer,
1991). For the atoms As(1), As(2), Ti(1) and Ti(2),
which go to special positions in the prototypic phase,
the shifts of the corresponding atoms in KTA and
KTP agree to within the estimated errors, except for

Table 2(a). Atomic positions

X V z

KTiOAsO,

Table 3. Bond lengths (A) around Ti and As

The symmetry operators given refer to the O atoms.
Around Ti(1) Around Ti(2)

o1y 2.126 (3) 003) 2.028 (2)
02" 1.967 (3) oY) 1.990 (2)
o™ 1.966 (3) o(5") 1.787 (3)
0o(6") 1.744 (3) 0o(6) 2075 (3)
) 2.047 (3) 09" 1.967 (3)
o(8") 1.997 (3) 0(10) 1.988 (3)
Around As(1)

o(1) 1.661 (3) o) 1.681 (2)
0(2) 1.692 (3) o8) 1.676 (3)
0O(3) 1.691 (2) 0(9) 1.701 (3)
0(4) 1.690 (2) 0(10) 1.681 (3)

Symmetry codes: (i) x, y, z—; (i) —x+1, —y+1, z— 1§
(i) —x+Ly—2z-5H@(v) ~x+ iyt z-5MWMx—3 —v+a,
(Vi) —x+hy-Lz+i

that of Ti(1) which is 0.045A in KTA and only
0.004 A in KTP. The O atoms also show increased
displacements from their high-temperature symmetry
in KTA. These are most pronounced for the pairs of
atoms O(7) and O(8), and O(9) and O(10), for which
the displacements in KTA are almost double those in
KTP. These atoms are all bonded to As(2), the more
distorted of the two tetrahedra. Therefore, the
increased maximum tolerance required for MISSYM
to find the pseudo-symmetry elements in the KTA
structure is associated with the atoms Ti(l) and
O(7)—0(10).

When the environment of the As(2)O, tetrahedron

K(1) 0.37725 (9) 0.7802 (1) 0.6856 (1) is examined, it is found that there is a buckling of the
¥((21)) g.;gzg EZ; g.gg;; 4(%5);) g.gégg;i;) framework in the vicinity of As(2), possibly associ-
1 . . — V. : : M
Ti2) 024717 (4) 026783 (7) 0.74776 (8) ated with the exaggerated rr!o.vement.of Ti(1) ?e]atlve
As(l) 0.49807 (3) 0.33035 (4) 0.74007 (8) to its high-temperature position. This is reminiscent

As(2) 0.18139 (2) 0.50645 (5) 0.48803 (7) £ in the KTP str at hi
o 04871 (3) 02948 (4) 08562 () of the changes in the KTP structure at high pressure
o2) 0.5066 (2) 0.4659 (5) 0.6072 (2) (Allan, LOVeda)’. Nelrpes & Thomas, 1992) of the
gh 0.3939 (2) 0.1822 (4) 0.7214 (3) Ti—O—P angles linking chains of TiO4 octahedra
4) 0.5988 (2) 0.1738 (4) 0.7599 (3) . : )
o) 02206 (2) 09569 (5) 0.3601 (2) and PO? tetrahedra in the framework, the P(2)—
0(6) 0.2177 (2) 0.0555 (5) 0.6101 (2) O@©)—Ti(2) bond angle shows an exaggerated
8(;) 8’182; (g) g.ggzg (3) gg?(‘)g (? decrease of 5° under pressure, whereas the other
o) 02020 (2) aaa {51 03664 ) linking angles show changes of ca 2° only. When the
0(10) 0.2596 (2) 0.4648 (5) 0.6088 (2) Ti—O—As(2) linking angles involving O’s bonded to
Table 2(b). Anisotropic atomic displacement parameters
Uty U(22) U(33) U(23) U(13) U(12)

K(1) 0.0404 (6) 0.0160 (4) 0.0357 (5) -0.0033 (4) ~0.0105 (4) 0.0037 (4)

K(Q2) 0.0175 (4) 0.0253 (4) 0.0404 (5) 0.0008 (4) - 0.0002 (4) 0.0052 (3)

Ti(1) 0.0045 (2) 0.0047 (2) 0.0060 (2) ~0.0006 (2) 0.0002 (2) ~0.0003 (2)

Ti(2) 0.0035 (2) 0.0064 (2) 0.0056 (2) 0.0019 (2) ~0.0009 (1) ~0.0007 (1)

As(1) 0.0040 (1) 0.0063 (1) 0.0069 (1) ~0.0004 (2) 0.0070 (9) -0.0002 (1)

As(2) 0.0069 (1) 0.0047 (1) 0.0068 (1) 0.0007 (1) ~0.0005 (1) -0.0005 (1)

o(l) 0.013 (1) 0014 (2) 0.012 (1) ~0.0070 (9) 0.003 (1) ~0.0039 (9)

0(2) 0.007 (1) 0.015 (1) 0.014 (1) 0.007 (1) 0.0021 (9) 0.0031 (9)

0(3) 0.0046 (9) 0.010 (1) 0.015(2) ~0.0006 (9) -0.0023 (9) -0.0003 (7)

0(4) 0.0044 (9) 0.009 (1) 0015 (2) 0.0032 (9) ~0.0009 (9) ~0.0006 (7)

0(5) 0.005 (1) 0.012 (1) 0.011 (1) 0.001 (1) 0.0027 (8) 0.001 (1)

0(6) 0.015 (1) 0.009 (1) 0.011 (1) -0.004 (1) ~0.0049 (9) 0.001 (1)

0(7) 0.010 (1) 0.0036 (9) 0017 (2) ~0.0018 (9) ~0.0036 (9) -0.0035 (8)

o) 0.014 (1) 0.008 (1) 0017 (2) 0.002 (1) 0.005 (1) 0.0021 (9)

009) 0.010 (2) 0.013 (1) 0.009 (1) 0.0050 (9) 0.0049 (9) 0.004 (1)

0(10) 0.013 (2) 0.010 (1) 0.012 (1) 0.0050 (9) ~0.007 (1) -0.004 (1)
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of NLO susceptibilities of individual bonds using a
bond-polarizability model (Levine, 1972; Jeggo &
Boyd, 1970).

The intrinsic non-linearity of a crystal is well
represented by 4, coefficients defined by

Ay = (d[/'k)/(EOXiin‘;/ X %) ()
where y, are the appropriate linear optical suscep-
tabilities at the doubled and fundamental frequen-
cies. On the bond-polarizability model, 4’s are given
by

A= X (ghd)IV, )
where V is the unit-cell volume, # is the number of
bonds of type b in the unit cell, 4 is the individual
non-linear 4 of a bond of type & and g}, is the
geometric contribution of bond b to the non-linear
coefficient (given by the appropriate product of
direction cosines: gy, = cos »! cos v/ cos v{).

This model has been employed in discussing the
major structural contributions to the NLO response
in KTP and its analogues (Hansen, Protas &
Marnier, 1988; Zumsteg et al., 1976), with the princi-
pal emphasis being on the unbalanced NLO response
of the short Ti—O bonds of the highly distorted
octahedra. The resultant response of a TiOg group
depends on (1) the absolute magnitude of the non-
linear susceptibilties of the bonds (4”) and (2) the
geometrical arrangement of the bonds expressed
through the cosine products (g,;) of the short, inter-
mediate and long Ti—O bonds. In KTA, the short
Ti—O bonds are longer than their counterparts in
KTP, indicating that their A”’s are smaller. However,
28 for the short, intermediate and long Ti—O
bonds are almost identical in KTP and KTA, so that
in the geometrical part only, the TiOg octahedra
contribute in an identical fashion to the summations.

4;, must be scaled by the linear susceptibilities in
order to obtain the calculated dj; coefficients [see
(1)]. The susceptibilities are related to the linear
refractive indices through the equations

_ .2
Xi=n — 1,

where n; are the principal refractive indices (i = 1, 2,
3). Changes in the refractive indices at the doubled
and fundamental frequencies feed directly into the
calculated non-linear optical coefficients. To illus-
trate the effect, >(G,,/V) for the short bonds only in
KTA and KTP have been scaled by the appropriate
refractive indices (Table 4). Calculated dj; for KTA
enhanced over the KTP by between 10 and 20% are
obtained. Therefore, everything else being equal, the
increase in refractive indices alone predicts larger d;;
coefficients in KTA.

The most reliable published values of the NLO
coefficients of KTA and KTP are gathered in Table

KTiOAsO,

Table 4. Measured d;y in KTP and KTA

KTP* KTA+t Observed ratio,
dyy d, (pm/V) dy (pm/ 1) KTA:KTP
d)s 1.91 2.29 1.2
day 3.64 3.209% 0.88
dizy 16.9 16.2 (1) 0.96
diss 4.35 4.2 (4) 0.96
dayy 2.54 2.8 (3) 1.10

* Taken from Vanherzeele & Bierlein (1992).
+ Taken from Cheng et al. (1993).
} Measured on a scandium-doped KTA crystal.

5. It is seen that d,,; and d;,, are enhanced by 20%
and 10%, respectively, in KTA, whereas ds3; and ds,
are the same as the KTP values to within the errors.
(dy,3 is estimated as 88% of the KTP value, but since
this measurement was made on a Sc-doped KTA
crystal, this may not provide a reliable comparison.)

Only d,,; and d;,, show enhancements of a magni-
tude consistent with the refractive index changes,
indicating that severe suppression of the NLO
response is occurring by some other mechanism for
the remaining coefficients. The geometrical contri-
butions to d,,; and ds, are identical, although they
are scaled at different combinations of refractive
indices (Table 6); similarly, d+,> and d,,;. In all KTP
isomorphs, the d,,; coefficient is dominated by the
Ti(1)O4 octahedron and the d,,, coefficient is domi-
nated by the Ti(2)O4 octahedron. In particular, the
d)13 (d3),) coefficient is dominated by the Ti(1)—O(6)
short bond and the d,y; (din) coefficient by the
Ti(2)—O(5) short bond. The corollary of this is that
the Ti(1)—0O(6) bond makes virtually no contri-
bution to dy3 and the Ti(2)—O(5) bond gives a
negligible contribution to d,;;. This can easily be
understood from the crystal structure (Fig. 2):
Ti(1)—O(6) lies almost parallel to (010) and has only
a small component along b, whereas Ti(2)—O(5) lies
almost parallel to (100) and has a small component
along a. It is also expressed in the relative magni-
tudes of g, for the contributions of the short Ti—O
bonds to the d|,; and d,,; coefficients (Table 7).

Note that Ti(1)Os and Ti(2)O¢ are corner-linked
through the O(S) and O(6) atoms so that the bisec-
ting planes of the octahedra containing the O(5—
Ti(1)—0O(6) and O(6)—Ti(2)—O(5) bond angles,
respectively, are almost orthogonal; this has pre-
viously been described as a cis—trans arrangement.
This bisecting plane in Ti(1)O, (Fig. 2) is almost
parallel to (010), whereas that in Ti(2)Og is closely
parallel to (100). The full analysis of the conse-
quences of this orthogonality for the NLO properties
of crystals of the KTP family will be given in a
further publication.

The relevance of these observations to the NLO
response of KTA in particular is as follows. In KTA,
the Ti(1)—0O(6) bond is 1.744 (3) A, whereas the
Ti(2)—O(5) bond is 1.787 (3) A, considerably longer
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KTP. However, 2g; for the AsO, tetrahedra are a
factor of ten smaller than those for the Ti—O short
bonds so that their contributions are constrained to
be relatively small by geometry.

The principal refractive indices of KTA are
increased by 0.0414, 0.0412 and 0.0439 from the
KTP values. Using these structural data and the
linear bond polarizabilities of Engel & Defregger
(1991), we have also derived these changes from first
principles and have accounted for the decrease in the
optical anisotropy that results in the deviation of
KTA from the phase-matching condition at
1.06 wm. These calculations will be described in
detail in a future publication.

Concluding remarks

KTA is a potentially useful non-linear optical crys-
tal. Although isostructural to KTP and therefore
closely related to this material, it is slow to realise its
potential largely because of problems with growth of
the crystal and misunderstanding of its non-linear
optical properties. From our experience with a
number of crystals and different diagnostic tech-
niques, there is little evidence of polar twinning in
the tungstate-grown crystals so far. The fragment of
the arsenate-grown crystal used for structure-
determination was twinned, but etching and second-
harmonic generation experiments on large plates of
the same material did not show this in the bulk.
Further X-ray anomalous scattering experiments are
currently underway to settle this question.

The effect of substituting P by As in the structure
takes the crystal out of the phase-matching condition
for 1.06 wm radiation and, we suggest, affects the
Ti(2)O¢ group in particular such that some NLO
coefficients are diminished compared with the
expected values. Further evaluation of this hypothe-
sis requires a full ab initio calculation of the relevant
bond polarizabilities.
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