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The infrared absorption spectra of RbNiF, and CsNiF;, both with a perovskite-like structure,
have been measured in the region 500—50 cm™ at room temperature and at liquid nitrogen tem-

perature.
sorption bands in perovskite.
symmetry of the investigated compounds.

The observed bands can be classified into three groups, corresponding to the three ab-
These bands can reasonably be assigned on the basis of the crystal
A normal coordinate analysis of a crystal as a whole has

been performed, where the interatomic force constants between the atom pairs within a distance of

3.5 A are taken into account.

It was shown that the normal coordinate treatment of the optically-

active vibrations on the basis of a molecular dynamics model is useful for the interpretation of the

lattice vibrations in these fluorides.
are discussed.

The effects of the structural differences of the lattice vibrations

In recent years several investigations of lattice
vibrations in perovskite-type fluorides AMF; have
been made, and the nature of the interatomic forces
in these compounds is coming to be clear.l™®
‘The observed infrared spectra were well interpreted
on the basis of a valence force type potential for
MPF-octahedron and a central force type potential
for the other atom pairs, A-F, F-F, and M-A.%
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This means that some covalent character is included
in the M-F bond, even in the “ionic” crystal
AMF,.

Various compounds with the composition AMX,
which have a crystal structure closely related to
the perovskite structure, have been discovered, and
the stability relations among these structures have
been discussed.®? All these compounds are com-
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(d)

Crystal structures of RbNiF; and CsNiF;. All Ni (full circle) and Rb

or Cs (open circle) ions on the hexagonal (1.1, 0) plane are illustrated. F ions

are located on the octahedra around Ni ions.

(c) RbNiF, 6L, (d) RbNiF, cubic.

posed of closely-packed layer lattice of larger cat-
ions, A, and anions, X, while smaller cations,
M, are located at the octahedral interstices of the
AX; lattice.. The only difference between the
several structures is in the stacking order of the
closely-packed layers. If we denote the three
different phases of such layers in a closely-packed
structure as a, b, and ¢, an ordinary perovskite
may be expressed as abcabe. The structures with
the stacking sequences ab (2-layer type: 2L), abcach
(6-layer type: 6L), and ababcbcac (9-layer type:
9L) appear in fluorides, as is shown in Fig. 1.

The purpose of the present study is to investigate
how these structural differences are reflected in
the infrared spectra and to clarify the lattice vibra-
tions in these “perovskite-like” compounds. Our
aims are to establish the actual forms of vibrations,
to test the validity of the pictures used for per-
ovskites in a previous work by one of the present
authors (I. N.) on these compounds, and, further,
to establish the interrelations between the nature
of the bonds and the stabilities of the various
structures. For this purpose we have chosen to
study two fluorides, RbNiF; and CsNiF,;. RbNiF,
has a 6-layer structure (hexagonal BaTiO; structure)
at ordinary pressure, and it is transformed into
a cubic perovskite structure at 10 kbar.®) CsNiF,
has 2-layer structure at ordinary pressure, and it
is transformed into a 9-layer structure at a few
kbar.®? Thus, we can compare different structures
with the same composition.

We measured the far infrared transmission spectra

8) Y. Syono, S. Akimoto and K. Kohn, presented
at Colloque International du C.N.R.S. sur les Propriétés
Physiques des Solides sous Pression (Grenoble, Sept.
1969).

9) J. M. Longo and J. A. Kafalas, J. Appl. Phys.,
40, 1601 (1969).

(a) CsNiF, 2L, (b) CsNiF, 9L,

at room temperature and at liquid nitrogen tem-
perature. We also calculated the lattice vibrations
on the same assumptions regarding interatomic
forces as in the previous paper. The results show
that the picture applied to perovskites is also
valid in “perovskite-like” fluorides. The potential
constants, which give calculated frequencies in good
agreement with the observed, were also determined.

Experimental

Polycrystalline RbNiF; 6L and CsNiF; 2L were
prepared from an intimate mixture of RbF and NiF,
or CsF and NiF, by reaction at an elevated temperature.
The reaction was made in a sealed-off platinum ampoule
in order to prevent oxidation and evaporation. The
high pressure phases, RbNiF; cubic and CsNiF; 9L,
were supplied by Dr. Y. Syono of the Institute for
Solid State Physics of the University of Tokyo. They
were prepared from the corresponding low pressure
phases using a tetrahedral anvil type, high pressure
apparatus. These samples were dispersed in poly-
ethylene sheets for use in the measurements.

A Hitachi FIS-I vacuum infrared spectrometer (500—
50 cm™1) was used. In the low-temperature measure-
ments, samples were placed in direct contact with the
metal conductor in the cryostat, and spectral measure-
ments were made according to the procedure described
in a previous paper.” The observed spectra are re-
produced in Fig. 2.

Spectral measurements are limited to the transmit-
tance, and throughout this study we regard the ab-
sorption frequencies obtained from the powder samples
as 1’s (resonance frequencies or minimum transmission
frequencies as a thickness d—0). We checked the dif-
ference between the resonance frequencies obtained from
the reflection data of a single crystal and those from
the transmission data of a powder sample for a closely-
related compound, MgF,, for which both crystal and
powder samples are available. This difference was
found to be less than 5%, as will be shown in Appendix1.
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Infrared absorption spectra of RbNiF; and CsNiF,. Powdered samples dispersed in polyethylene

sheets (ca. 1 mg/cm?). (a) spectra of room temperature, (b) spectra of liquid nitrogen temperature.

Observed Spectra

The observed spectrum of RbNiF; cubic is similar
to that of the isomorphous compound KNiF,;. It
consists of three absorption bands, around 390 cm™,
270 cm™1, and 140 cm™. It is clear that they
correspond to the Ni-F stretching, F-Ni-F bending,
and A-F stretching vibrations respectively. Many
more bands appeared in the spectra of RbNiF,; 6L
and CsNiF; 9L. They can also be classified into
three groups, the bands in the 350—420 cm™!
range, those in the 200—300 cm™! range, and those
below 200 cm~. It can easily be understood that
these bands arise from the splitting of the above
three bands in more complicated structures. The
spectrum of CsNiF, 2L consists of four bands. The
two bands at lower frequencies are considered to
arise from the F-Ni-F bending and Cs-F stretching
vibrations. However, the two at 420 cm™* and
340 cm™! are either too high or too low to be
simply compared with the corresponding band of
cubic perovskite.

With a lowering of the temperature almost all
the bands become sharp, and a few split into
several components. At the same time, they shift
to higher frequencies. Among them, the bands
around 400 cm~! show the most remarkable shift.

Lattice Vibrations of “Perovskite-like” Fluo-
rides

The crystal structures of RbNiF; 6L, RbNiF,
cubic, CsNiF; 21,19 and CsNiF, 9L (Fig. 1) belong
to the space groups Dj},—P6s/mme, O, —Pm3m,
D3, —P6,/mmec, and D3;—R3m, and the Bravais
primitive cells of these compounds consist of 6, 1,
2, and 3 formula units respectively. The crys-
tallographic data relevant to later discussions are
summarized in Table 1. The numbers of optically-
active lattice vibrational modes in the different
species were determined by factor-group analysis.!?
The results are shown in Table 2.

The optically-active vibrational frequencies and
the corresponding vibrational modes were calculated
according to the method of Shimanouchi, Tsuboi,
and Miyazawa.!?) First, we took a potential func-
tion:

U= iZKi(ATNi"Fiﬂz + lE.Hi(AOCF-m—Fij)2
257 2437
1 ‘ 1 ‘
+?§Fi(dﬂ—m1)2 + ?%ﬂ(AqA-sz)2

10) D. Babel, Z. Naturforsch., 20a, 165 (1965).

11) See, for example, S. Bhagavantam and T.
Venkatarayudu, ‘“Theory of Groups and Its Applications
to Physical Problems,” (2nd ed.), Andhra Univ., Waltair,
1951, p. 127.

12) T. Shimanouchi, M. Tsuboi and T. Miyazawa,
J. Chem. Phys., 35, 1597 (1961).
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TaBLE 1. CRrysTAL DATA OF RbNiF; anp CsNiF;
Structure Lattice . .
Compound Space group Parameters Ionic positions
RbNiF; 6L, 6 layer a=5.847A Rblin 2(b)
D, — P6,/mmec c=14.319A Rb2in 4(f) (z=0.0986)
Z=6 Nilin 2(a)
Ni2 in 4(f) (2=0.8498)»
F1l in 6(4) (x=0.522)
F2 in12(k) x=0.835)a>
2=0.078
RbNiF; cubic perovskite a=4.0769A Rb in I(a)
0,—Pm3m Z=1 Ni in 1(b)
F in 3(¢)
CsNiF, 2L 2 layer a=6.255A Cs in 2(c¢)
D}, — P6,/mme c=5.237A Ni in 2(a)
Z=2 F in 6(h) x=-—0.1431»
CsNiF,; 9L 9 layer _ a=6.146A Cslin 3(a)
Di,—R3m c=22.300A Cs2 in 6(c¢) (2=0.2181)®
Z=9 Nil in 3(b)
(hexagonal cell) Ni2 in 6(c¢) (2=0.3819)
F1l in 9(e)
F2 in18(k) (x=0.156\9
2=0.558

a) see Ref. 13) for CsMnF,
b) see Ref. 10)
c) see Ref. 14) for BaRuO,

TABLE 2. RESULT OF FACTOR GROUP ANALYSIS FOR
OPTICALLY ACTIVE LATTICE VIBRATIONS
oF RbNiF; anp CsNiF,

Number of modes

Space group Compounds in each species

Dg,—P6;/mme  RbNiF; 6L 54,9+ 14;4+24,946A45y
+6B,g+2B1y+ 1By
+6B,y,+8E 3 +8E;,
+6Eyg+T7Ey

IR active: A,y and Eyy

(acoustical modes: 14,y
+1Ey)

3Fu+1Fyy

IR active: Fiy

(acoustical modes: 1Fyy)

14,9+ 1459+2A45u+2B1g
+1Byu+2Byu+3Ey,
+3E,y+1E)g+2Ey

IR active: Ay, and Ejy

(acoustical modes: 144,
+1E)

443042 At 1450+ 7 A
+5E,+9E,

IR active: Ay, and Ey

(acoustical modes: 14,y
+1E,)

0,—Pm3m RbNiF,

cubic

Dg,—P6;/mmc  CsNiF; 2L

D, —R3m CsNiF,; 9L

where K;’s and H,’s denote the Ni-F bond-stretching
and F-Ni-F angle-bending force constants. The
Jfi’s and F;’s represent the interactions between the

13) A. Zalkin, K. Lee and D. H. Templeton, J.
Chem. Phys., 37, 697 (1962).

14) P. C. Donohue, L. Katz and R. Ward, Inorg.
Chem., 4, 306 (1965).

A cations (Rbt or Cst*) and the F~ ions, and those
between F~ ions, respectively. The sum was taken
over all kinds of internal coordinates, z, and all
the internal coordinates, j, for each kind of ¢ in
a Bravais primitive cell. These potential is a
generalization of the potential function described
in the previous paper. That is, we assumed a
valence force type potential for the NiFg-octahedron,
and a central force type potential for all the atom
pairs, for which the nonbonded repulsions or the
ionic interactions are expected to be considerable.
In the present case, all the interactions between
the atom pairs within a distance of 3.5 A were
taken into account.

The internal coordinates, in which the potential
function is expressed, are transformed into Cartesian
diplacement coordinates, and the potential function
is expressed in terms of Cartesian displacement
coordinates. The optically-active F-matrix (poten-
tial energy matrix), F,,, in terms of the optically-
active Cartesian displacement coordinates, is set
up; the secular equation,

| M Fyop — EA| =0
where M is a diagonal mass matrix and E is an
unit matrix, gives the eigenvalues and eigenvectors
which correspond to the frequencies and the vibra-
tional modes. The normal modes are described
on the basis of the Cartesian symmetry coordinates
listed in Appendix 2.

In the course of the calculation, the values of
the atomic positions and interatomic distances were
needed. They were calculated using the lattice
parameters given in Table 1. Since precise crystal
data were lacking for RbNiF; 6L and CsNiF,; 9L,
we used some parameter values of isomorphous
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compounds, CsMnF; (6L type) and BaRuO,; (9L
type). They are given in parentheses in Table 1.
This is justified since the corresponding parameter
values in CsMnF,;!3) and hexagonal BaTiO,;,'® both
of which have a 6L-type structure, are quite the
same.

TABLE 3. CALCULATED AND OBSERVED FREQUENCIES
OF INFRARED ACTIVE VIBRATIONS
1N RbNiF; anp CsNiF,
RbNiF,; 6L RDbNiF; cubic
Calcd. Calcd. Calcd.
(4 (Exa) Obsd. (Fra) Obsd.
cm™ cm~! cm™! cm™! cm™!
411 411 412 394 394
352 370 273 270
325 354 129 137
286 284
243 253
204 218
183 178 167
129
106 112 115
85 82 94
CsNiF, 2L CsNiF, 9L
Calcd. Calcd. Calcd. Calcd.
() (Ew) O (4, (B OPd
cmn~!  cm™! cm™?! cm™? cm™! cm™?!
420 370 366 386
350 348 337 347 326 342
231 266 317
81 103
55 265 289 273
276 (doublet)
250 226
205 218
171 183
129
107 104 1O
71 69 87

The numerical calculations were carried out with
a HITAC 5020E computer at the Computation
Center of the University of Tokyo. Programs,
AXSM and CART, set up in our laboratory were
used.’®) The calculated frequencies of optically-
active vibrations are listed in Table 3, together

15) P. C. Burbank and H. T. Evans, Jr., Acta
Crystallogr., 1, 330 (1948).

16) T.Shimanouchi, ‘‘Computer Programs for Normal
Coordinate Treatment of Polyatomic Molecules,” The
University of Tokyo, July 1968.
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TaBLE 4(a). FoRCE cONsTANTS K; USED
IN THE CALCULATION

Kind of Bond length K,

Compound bond )" (mdyn/A)
RbNiF; 6L Ni 2-F 2 1.99 0.70
RDbNiF; 6L Ni 1-F 2 2.01 0.64
CsNiF; 2L Ni 1-F 1 2.03 0.60
RDbNiF; cubic Ni 1-F 1 2.04 0.58
RbNiF; 6L Ni2-F 1 2.05 0.57
CsNiF,; 9L Ni 2-F 1 2.09 0.55
CsNiF; 9L Ni1-F 2 2.10 0.54
CsNiF,; 9L Ni 2-F 2 2.13 0.53
TaBLE 4(b). FORCE CONSTANTS f; USED
IN THE CALCULATION
Compound Kt;ggd()f Bond( }f)ngth (tad {: ; e
RbNiF; cubic  Rb 1-F 1 2.88 0.14
RbNiF; 6L Rb 2-F 1 2.89 0.14
RDbNiF; 6L Rb1-F1 2.93 0.12
RbNiF; 6L Rb 2-F 2 2.94 0.12
RbNiF; 6L Rb I-F 2 2.98 0.10
RDbNiF; 6L Rb 2-F 2 3.05 0.07
CsNiF; 9L Cs1-F1 3.07 0.13
CsNiF; 9L Cs1-F2 3.07 0.13
CsNiF; 9L Cs2-F2 3.08 0.13
CsNiF; 9L Cs2-F2 3.08 0.13
CsNiF; 9L Cs2-F1 3.12 0.11
CsNiF; 2L Cs1-F1 3.14 0.09
CsNiF; 2L Cs1-F1 3.33 0.03

with the observed values. The values of the force
constants are given in Table 4. All the force con-
stants were determined in a consistent way, in the
sense that the relation between the interatomic
distances and force constants was taken as universal
for all the fluorides in the present study as well
as for perovskite KNiF; in the previous paper.
The following points should be made:

1) The force constants K;’s and F;’s are assumed
to be functions of the interatomic distances 7ry;_p
and 7p_g, respectively, regardless of the composition
or structure of the compound (see Figs. 3 and 4).

2) The force constants H;’s are taken to have
a constant value of 0.30 mdyn-A in all cases.

3) The force constants f;’s are assumed to be
a linear function of the ratio of the actual bond
length, r,_g, to the sum of the ionic radii, 74+7g-
(see Fig. 5).

Discussion of Results

The spectrum of RbNiF; cubic reveals a typical
feature characteristic of a regular cubic perovskite
structure. The three absorption bands observed
correspond to the Ni-F stretching, F-Ni-F angle
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bending, and Rb-F stretching modes respectively,
all of which belong to the F,, species. In contrast
with this simple spectrum, those of RbNiF, 6L
and CsNiF; 9L are much more complicated. How-
ever, they can be explained if we consider that
a single band in perovskite splits into several com-
ponents in more complicated structures. This
situation may be clearly seen in the form of the
calculated normal modes of vibrations. In Fig.6(a)
we show the atomic displacements for the normal
modes of the lattice vibrations of RbNiF; 6L as
an example. This is based on the transformation
matrix, L,, between the Cartesian coordinates, X
and the normal coordinates @, defined as X=L.Q,
M2F,L,=L,A. Here we will examine how the
above splittings come about in the Ni-F stretching
modes in RbNiF; 6L. In this phase Ni ions are
still surrounded by six F~ ions, as in perovskite-type
RDbNiF,;. However, we can expect that a single
band in RbNiF, cubic will split, since:

1) there are two different sites, (a) and (f), for
Ni ions and the vibrational modes of these NiF,-
octahedra couple together to give two different
frequencies;

2) these NiFg-octahedra are not regular, unlike
in perovskite, but are somewhat distorted in different
ways (Table 5), and

TaBLE 5. DisTORTION OF NiF-OCTAHEDRA
1N RbNiF; anp CsNiF,

Compound Central ~ Ni-F bond F-Ni-F bond
Niion® length (&) angle
RbNiF, 6L Ni 1 2.01 92.1°
Ni 2 1.99 95.5°
2.05 76.6°

RbNiF; cubic Nil 2.04 90°

CsNiF, 2L Nil 2.10 82.8°
CsNiF; 9L Nil 2.10 86.2°
Ni 2 2.08 84.7°
2.13 95.3°

a) See Table 1.

3) some of the freedom of motion of the F~ ions
is inhibited by the symmetry in infrared active
vibrations, and the form of the vibrational modes
of a single octahedron undergoes some change. It
may clearly be seen in Fig. 6 that a simple vibra-
tional mode in perovskite (Fig. 6b) is modified,
and that some modes have a feature of the partially
angle-bending type. This tendency is essentially
the same for all the compounds studied here.

The reasonable agreement between the calculated
and the observed frequencies suggests that our model
is still applicable to these fluorides. However, we
must remark on several points in this connection.
First, there are some differences between the values
of the force constants K;’s used in this paper and
those determined for some perovskite-type fluorides
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(b)

Fig. 6. (a) Displacements of ions for the lattice vi-
brational modes in RbNiF; 6L. Only a half of
Bravais primitive cell is shown, since the dis-
placements of other ions can be derived by consi-
dering inversion symmetry of the modes. The
vibrational modes of 43, and E1y species are ill-
ustrated in upper and lower halves, respectively.
(b) Displacements of ions in MFg-octahedron
for the Ni-F stretching vibrational mode in pero-
vskite type fluoride.

12 82

in the previous paper, although the lengths of the
M-F bonds are almost the same. In the present
case, the K;’s take values between 0.55 and 0.70
mdyn/A, while those in the previous paper are
around 0.80 mdyn/A. Here we must recall possible
differences in the nature of the Ni-F bonds in
these two cases. Some of the compounds in this
study have a high pressure form, and the atoms.
are, so to speak, “squeezed together” in them.
This will certainly cause a deviation of the force:
constants from their values in ordinary structures.
In addition, there is some change in the covalent
character in Ni-F bonds, as is suggested by the
distortions of the NiFg-octahedra. The distortion
of NiFg-octahedra are listed in Table 5. The
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covalent character differs from one type of octa-
hedron to another. Such factors are wholly neg-
lected in our calculation, where the K;’s are taken
as a function of the bond length only, and where
the H;’s are assumed to be constant regardless of
the actual bond angles. For instance, in RbNiF,
6L, the octahedron around the fsite Ni ions is
much distorted. This suggests some modifications
in some force constants, which results in the im-
provement in some of the calculated frequencies
(352, 325, 286, 183, and 178 cm™1). At present,
however, we have no sound theoretical ground or
empirical information sufficient to guide our estima-
tion of the force constants in such cases. Thus,
our simple model serves only as a useful starting
point. The force constants, f;’s and F;’s, between
nonbonded ions are more satisfactorily used.

As for CsNiF, 2L, we have some trouble in
explaining the Ni-F stretching vibrations, since the
calculated frequencies of the A4,, and E,, species
for this mode are almost the same, while we have
two observed bands around 420 cm—! and 340 cm™2.
An experimental check for isomorphous compounds
is needed. A study about such compounds con-
taining oxides and chlorides is now in progress.

The authors wish to express their thanks to
Professor T. Shimanouchi of the University of Tokyo
for his kind guidance and valuable discussions.
Thanks are also due to Professor S. Akimoto and
Dr Y. Syono of the Institute for Solid State Physics
of the University of Tokyo for kindly supplying
the samples of high pressure phases of RbNiF,
and CsNiF,.

Note Added in Proof.

Recently Dr D. Babel and Dr J. M. Longo have
kindly informed us about their crystal data of RbNiF,
6-layer type (D. Babel: Z. Anorg. Allgem. Chem., 369,
117 (1969), R. J. Arnott and J. M. Longo: to be published
in J. Solid State Chem., 2, (1970)). Their parameter
values of ion sites are very close to those assumed in
this paper.

Appendix 1. Comparison of the Transmission Spectrum
of Powdered Samples with the Reflection Spectrum of Single
Crystals.

The results of MgF, (uniaxial crystal: Dii-Pnnm)
are given in Fig. 7.

A transmission measurement of a MgF, powdered
sample dispersed in a polyethylene sheet (ca. 1 mg/cm?)
was made by using a HITACHI EPI-L spectometer.
A reflection measurement of the MgF, single crystal
was made near a normal incidence on the c¢-plane,
using HITACHI EPI-L and FIS-21 spectrometers with
reflectance attachments. The optical constants were
derived from the measured reflectivity, using the
Kramers-Kronig relation.

The reflection spectrum and the real and imaginary
parts of the infrared dielectric constant (¢’ and &)
are given in Fig. 7, where they are also compared
with the transmission spectrum.

Infrared Spectra of RbNiF; and CsNiF,
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transmittance

409 24
455
500 00 a0 300 o
L T T T T
8
8
8
®
600 500 400 300  om'
Fig. 7. Comparison of the transmission spectrum
of powdered sample with the reflection spectrum
of single crystal for MgF,.
Appendix 2. Cartesian Symmetry Coordinates of
Infrared Active Vibrational Modes in *Perovskite-like”
Compounds.

The Cartesian symmetry coordinates of optically
active vibrational modes in 2L, 6L, and 9L structures
have been determined. The expressions for the infrared
active vibrational modes are as follows:

1) RDbNiF;6L: Ions with the Cartesian coordinates
given in the parenthesis are indexed as follows:

1 Nil; (0,0,0),
2 Nilj (0,0,¢/2),

3 Ni2; (—a/a3, 0, wi),

4 Ni2; (—a/v/3,0, 1)2—wc),

5 Ni2; (¢/v3,0, —w),

6 Ni2; (a/4/3,0, =12+ww),

7  Fl; ((W3/[2)ua, (—3/2)usa, c/4),

8 Fl; (—~"3ua,0,c/4),

9 Fl; ((V3/2)ua, (3/2)wa, c4),

10 F1; (V3ua,0,—c/4),

11 F1; ((—3/2ua, (3/2)usa, —c/4),
12 F1; ((—~3/2)usa, (—3/2)ua, —c/4),
13 F2; (—~"3ua,0,w),

14 F2; ((W'3/2)ua, (—3/2)usa, wa),

15 F2; ((V3/2)usa, (3/2)usa, wa),

16 F2; (—+"3ua,0, 12—wx),

17 F2; ((W3]2ua, (—3/2)usa, 1[2—wec),
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20
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27
28
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30
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F2; (v 3]2)ua, (3/2)ua, 1[2—wsx),
F2; (& 3ua,0, —wsx),

F2; ((—~3/2)ua, (3/2)ua, —w2),

F2; ((—~/3/2)ua, (—3/2)uza, —wsc),
F2; (& 3ua,0, —12+ws),

F2; ((—~/3/2)uza, (3/2)usa, —12+w:c),
F2; ((—~3/2)ua, (—3/2)uza, —1/2+ws),
Rb 1; (0, 0, c/4),

Rb 1; (0, 0, —c/4),

Rb 2; (a/a/ 3, 0, wic),

Rb 2; (aa/3, 0, 1/2—wsc),

Rb 2; (—a/~/ 3, 0, —wsc),

Rb 2; (—a/+v/ 3,0, —1[2+wsc),

where u’s and wy’s are parameter values (see Table
1). Then the Cartesian symmetry coordinates of Agu
and E,, species are as follows.

(Az2u)
Nil:
Ni 2:
Rb 1:
Rb 2:
Fl:
F2:

F2:

(Ew)
Nil:

Ni 2:
Rb 1:

Rb 2:

Fl:

Fl:

F2:

F 2:

5=/~ 2)4(z1+25)s
s3= 1/ 4)A(zs+ 24425+ 26)5
33=(1/N/T)A(Z25+Z26),
34=(I/N/ZV‘(zzv+zzs+zzs+zao)’
35=(1/N/E—)A(Z7+zs+zs+zm+zu+zlz),
se=(1/812)A(215+ 214+ 215+ 216+ 217+ 218
+219+Zso+Zn+zzz+zza+zu),
57=(1/*/I§)A{(x13 + (—%u +/31)[2
+(—x15—‘\/3~}15)/2-"16—(—x17
+*/?}’17)/2—(—xls—“/g-)’m)/z’f'xls
+(—x20+‘\/?yzo)/2+(‘le—N/gJ’m)/z
—xgy— (—Xpa A 3 p) [2— (—2p
—~/32)(2),}

s1=(1/" 2)A(x1+x2),

sy=the same for y;,

53=(l/«/T)A(x3+x4+x5+x6),

s, =the same for y;,

S5 = (1/’\/ -2~)A (¥a5+%26)5

s¢=the same for y;,

s,=(I/N/Z)A(x27—l—x28+x29—{—x30),

sg=the same for y;,

59=(1/a/ 6 ) A(x74 x5 +Xg+-%10+ %11 ¥12),

s10=the same for y;,

sn=(1/2/6)4 {(r 4+ (—%s—~/328)[2+(—x,
+'\/3_)’9)/2‘iiim+(—xu—‘\/gyu)/z
+(—x12+*/ 3?12)/2_)}:

512=(1/“/ 6 )_A_{(}’H“(*/ 3 xs—')’s)/zA
+('"*/ 3 %9—2)/2 +}’10+(‘/ 3xn
'—}’11)7&"!‘ (‘—N/ 3 x12—12)/2)},

s15=(1/" 12 ) (%13 + %14+ %15+ X156 %17+ %18
%19+ %20+ %21+ X0+ X231+ %24),

s;4=the same for y;,
515=(I/N/W)A{(xw'i'(—xu—ﬁ)’u)/z
+ (=215 3 315) [24%16+ (— 317
—*/?)’17)/2+("x18+*/?.713)/2+x19

+(—x20—~/_3—_y20)/2+(—x21+»\/?y21)/2
+x22+(—"23"‘\/3~]23)/2+(“‘xz4
+4/32)[2)},

F2: J15=(l/~/rf)A{(y13+(«/?xu—yu)ﬂ
+ (=~ B x15—215) 24016+ (V 311
—12)[2+ (—4/—3—7‘18 —18) /24010
+ (v B x30—p20) 24 (—~ B xa1—rm)[2
+y22+(«/?x23—_y23)/2+(—/\/7;:24
—224)[2)},

F2: 517=(1/“/2T})A{(2513_514_z15—2z1e+517
+ 21542210 230— 2212222+ 223 T 224) }»

s15=1/~ 8)A{(z14—2z15— 217+ 218 +220— 21

—Zas+224)}-

2) GCsNiF; 2L: If ions are appropriately indexed, the
Cartesian symmetry coordinates has the same expres-
sions as those of RbNiF; 6L. Then in (4,4), only sy,
s3, and s; in RbNiF; 6L appear, and in (E;4), only
S15 S25 555 S65 595 S105 S11, @nd 535 in RbNiF; 6L appear.
3) GsNiF; 9L: Ions with the Cartesian coordinates
given in the parenthesis are indexed as follows:

1 Nil; (0,0, 0)

2 Ni 2; (0, 0, wyc)

3 Ni2; (0, 0, —wyc)

4 F1l; (—a/24/3,0,¢/6)

5 F1; (a/4 3, —al4,c[6)

6 F1l; (a/4v'3, al4,c[6)

7 F2; (v 3ua, 0, wy)

8 F2; ((—~ 3/2)usa, (3/2)usa, wy)

9 F2; ((—~3/2)uga, (—3/2)usa, wy)
10 F2; (—~ 3ua, 0, —wy)

11 F2; ((ﬁ/?)uza, (—3/2)uga, —wy)
12 F2; ((W3]2)uya, (3/2)usa, —wye)

13 Cs1; (W 34,0, ¢/6)
14 Cs 2; (0, 0, wye)
15 Cs2; (0,0, —wye),

where #;’s and w;’s are parameter values (Table 1).
Then the symmetry coordinates of Ay, and E, species
are as follows.

(A2u)

Nil: s,=Az,

Ni2: sy=(1/+/2)4(22+25),

Cs 1: s3=A42zy3,

Cs 2: s;=(1/v/2)A(214+215),

Fl: s;=(1/a3)A(z4+25+26)s

Fl: sg=(1/+/3)A{(xa+(—x5++335)[2
+(—%—~"39)/2)},

F2: s;=(1/a6)A(z;+25+29+ 2102111 212)s

F2: x3=(1/*/—6_)4|(x1+(_"8‘{"*/3‘)’3)/2
+(—x9—~/—§]9)/2+x10+(—xu
4 B 1) 24 (—x12—~ B12)[2),

(Ew)
Nil: s;=4dxy, sy=the same for y;,



December, 1970]

Ni2:
Cs 1:
Cs 2:
Fl:

F1:

F1:

F1:
F1:

ss=(1//2)A(xy+xs),

S5=Ax3,

$7=(1/4"2 ) A(x14-+%15), s3=the same for y;,

39=(1/~/?)A(x4—|—x5—|—x8),

sjo=the same for y;,

J'11=(1/*/?)A{("‘x‘l‘(""s"*/?)’xi)ﬂ
+(—xs+4"34)/2)},

s12= (1~ 3)A{(3a+ (v B x5—35)[2
+(—~"3x—35)/2)},

513=(1/‘\/€)A(2Z4—Z5*Zs):

Suu= (1/‘/7)4(55—36);

sy=the same for y;,
sg=the same for y;,

F2:

F 2:

F2:

F2:
F2:
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315=(1/ﬁ)A(x7 +xg+x9+x10 %11 +12)
s;6=the same for y;,
s17=(1/6)A{(x,+ (—xs—~ 332
+(—%+4335) 2+ 510+ (—2n
"ﬁyu)/z'*‘(—"12+'\/3—)’12)/2)}:
-’1s=(1/ﬁ)4 {(0r+ (W Bx5—2s)[2
+ (=3 x3—5) [2tp10+ (W B 3y, —
)’u)/z_‘_i‘(‘—*/?xlz—“)’lz)ﬂ)},
“19=(1/“/12)4(zzv_zs_Zo‘i‘zzlo—zu_zlz),
520=(I/N/T)A(Za"‘zs'i‘zu“lm)'






