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Chapter 1.

General Introduction



Historical bacquound

QX-AgI is classical and typical superionic conductor of Ag
ions which are mobile with large self-diffusion constant. ({ -AgI
(high temperature form) transforms to B—AgI (low temp. form) at
420 K. O{-AgI exhibits high conductivity with a low activation
energy, while B-AgI exhibits low ionic conductivity with an
appreciable activation energy; the high-conducting state of AgI
is achieved through the first-order phase transition and the
ionic conductivity increases by four orders of magnitude (Fig.
1). B—AgI exhibits a negative thermal expansion. A decrease in
volume (ca. 7%) occurs at the transition from B— to Q -AgI
(Hoshino, 1957).

The crystal structure of ({-AgI has bheen extensively
discussed. The unique Q-AgIl type structure was found only in
other systems of Cuprous halides and argentous chalcogenides
(Boyce & Huberman, 1979). Strock (1934 and 1936) proposed an
"average structure" in which the Ag ions are distributed randomly
over several kinds of available sites among interstices of the
regular body-centered cubic lattice formed by iodine ions (Fig.
2). Superionic a-AgI crystal was thought of as consisting
of two interpenetrating sublattices with an ordered framework and
a "molten silver sublattice'; the silver ions were treated as a
"liguid" confined to the channels of the b.c.c. lattice of I
ions. Several different models were proposed for the
statistically disordered distribution of the highly mobile Ag
ions (e.g. Burley, 1967). Recently, such distribution has been

reexamined in several high-accuracy structural studies, and it
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Fig. 1. Ionic conductivity of AgI showing the behavior observed
on going from the low temperature p—phase to the high temperature

superionic ({-phase. After Boyce & Huberman (1979).
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Fig. 2. Possible interstitial sites for the distribution of Ag

ions ing{-AgI. After Hoshino et al. (1977).



has been shown that the experimental data are very well explained
by a structure model in which the Ag ions are distributed
randomly over the 12(d) sites of the space group Im3m (only one
sixth of the sites is occupied) with large anharmonic thermal
vibrations (Hoshino et al., 1977 and Cava et al., 1977).

The dynamical behavior of atoms in Q{-AgI has been studied
extensively through several techniques; far-infrared absorption
(Bruesh et al., 1975), Raman spectroscopy (Hanson et al., 1975
ana Delaney & Ushioda, 1976) and neutron scattering (Golin,
1968). From the crystallochemical considerations and
interpretation of the obsérved spectra, it has been suggested
that only tetrahedral 12(d) sites among interstices of the b.c.c.
lattice formed by iodine are occupied at equilibrium. It was,
however, only proposed from EXAFS study that the Ag ions in¢{-Agl
occupy the sites displaced from the center of the tetrahedron
(Boyce et al., 1977), and Boyce et al. (1977) concluded that all
the previous conclusions about the distribution as well as about
the dynamics of Ag ions were ruled out.

The low-temperature p—phase of AgI has the wurtzite type
structure (Fig. 3, hexagonal closest packing of iodine atoms with
tetrahedrally coordinated silver atoms whose coordination
tetrahedra share only corners), and exhibits a peculiar thermal
behavior. In spite of the simple basic structure ova-AgI, the
details of the structure such as the anharmonic thermal
vibrations are not well established yet. Helmholtz (1935)
suggested that Ag ions were slightly displaced from the centers
of their coordination tetrahedra at room temperature. Later

diffraction studies (Burley, 19263 and Cava et al., 1977) failed



Fig. 3. Crystal structure of wurtzite (a) and hexagonal diamond

(b).



to confirm this type of disorder and the detailed structure is
not known yet. Several diffraction studies on the anharmonic
thermal vibration of wurtzite type compounds have recently been
reported (e.g. Stevenson & Barnea, 1984) and have shown that
anharmonic effects are important even at room temperature. The
importance of the anharmonicity of vibrating mobile ions near
phase transitions of superionic conductors has also been pointed
out (e.g. Matsubara, 1975), Anharmonic effects in the thermal
Qibration of atoms in p—AgI should, therefore, be taken into
account in analysing diffraction data. It is clearly necessary to
reexamine the structure of both K- and P—AgI, especially the
distribution and the thermal behavior of Ag ions.

The phase diagram of the AgI-AgBr system (Fig. 4) has been
reported by Stasiw & Teltow (1949). The dynamical and structural
properties of the silver halides are governed by the competition
of ionic bonding versus covalent bonding. Covalent character in
the AgI-AgBr system is increasing from AgBr to AgI. The
ionicities (f) of both AgI (ngI=O'77) and AgBr (ngBr=0.85)
based on the Phillips scale are close to the critical value of
0.785 which separates tetrahedral covalent compounds from
octahedral ionic ones (Phillips, 1970). In the rock-salt type
structure of AgBr, each Ag ion is octahedrally surrounded by six
Br ions and vice versa. On the other hand, AgI stably
crystallizes in the tetrahedrally coordinated wurtzite type
structure (@—phase) under ambient conditions. Because AgBr
differs from AgI in the nature of chemical bonding and in the

structure type, the solid-solution range for each structure type
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is limited. The superionic conductor ({-Agl is stable over a wide
range of temperature to the melting point of 825 X and AgBr is
stable only in the rock-salt type structure up to the melting
point of 707 K. Both 0-AgIl type and rock-salt type solid-
solutions with cubic symmetry are stable over a wide range of
composition and temperature.

AgBr exhibits a considerable ionic conductivity even at room
temperature by the diffusion of Ag ions through the lattice,
though it does not exhibit superionic conduction. The migration
of Ag ions in AgBr is applied in the photographic process
(Hamilton, 1984). The movement of the Ag ions is believed to bhe
thé interstitialcy mechanism (Friauf, 1957). The introduction of
Agl iﬁto AgBr leads to a large increase in the ionic conductivity
(Fig. 5 and 6).

Ionic conduction mechanism in the solid-solutions has not
been sufficiently explained from a structural point of view. One
of the technigques employed to increase ionic conductivity is the
addition of foreign ions having wrong charge. According to
classical theories, an ionic crystal in which foreign ions with
wrong charge are dissolved adjusts charge neutrality by the
formation of compensating point defects, and the defects enhance
the diffusion of ions. However, an introduction of foreign ions
with correct charge such as the introduction of AgI into AgBr
also leads to a substantial increase in the ionic conductivity
and the charge compensation mechanism cannot be applied to
explain the behavior. There must be induced the diversity of
local structure in solid-solution. Local structures in solid-

solution are not so simple that it is not still understood why
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the introduction of homovalent foreign ions leads to the
enhancement of ionic conductivity. The chemical composition and
basic structure of the rock-salt type AgBr, _,I, solid-solutions
are simple. Nevertheless, it will be presumed that the local
environments of the I ions differ from those of the Br ions. It
is necessary to know what occurs around the substituted ions in
the solid-solution, and the knowledge of the correlation between
the substituted ions and the local structure should be of primary

importance for understanding of the ionic conduction.

Methods

X-ray diffraction experiments allow the determination of the
three-dimensional distribution of atoms in the unit cell. The
Fourier transformation of the temperature factor determined hy X-
ray diffraction is the probability-density function (p.d.f.).
The p.d.f. is defined as the probability of finding an atom in a
volume element and provides information about the distribution of
atoms around the equilibrium positions. Fig. 7 shows the ensemble
of all atoms occupying the equivalent sites superimposed in their
common potential. All of these atoms occupy different states of
thermal excitation in the potential. The effective one-particle
potentials (o.p.p.) has an absolute energy scale and is almost
independent of temperature. The p.d.f. maps involve valuable
information about diffusion paths and that the o.p.p. curves
allow estimation of the potential barrier along the diffusion
path of the mobile ions.

The local environment around a particular kind of X-ray

absorbing atom is determined by analysing EXAFS. The XANES region
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of the absorption spectrum contains the information on relative
orientation and bond angles of atoms surrounding X-ray absorbing
atoms. Diffraction technique is a powerful method to determine
periodical arrangement, while EXAFS spectrum can be measured not
only from crystalline materials but also from noncrystalline
materials. Moreover, the local structure arround the specified
atom is determined by EXAFS even if the material contains several
kinds of atoms at a crystallographically equivalent position. In
solid-solutions, positionally averaged information for different
kinds of atoms occupying an eguivalent position is obtained by
the diffraction studies. Because (X—-Agl type structure has a
statistical distribution of Ag ions over an equivalent position,
the averaged informations of both one tetrahedral site occupied
by the Ag ion and five unoccupied tetrahedral sites is only

obtained by diffraction.

Purpose of this study

A number of superionic condugtors has been extensively
investigated in view of both fundamental and applied point. In
the absence of detailed structural knowledge, the models which
have been proposed to explain superionic conduction are based on
either hypothetical structure or general considerations on
residence and hopping times (e.g. Eckold et al., 1976). AgI has
been of interest as a model compound for the étudy of fast-ion
transport in solids.

The structures of superionic conductors such as (X-AgI are
related to the partially covalent bond (Phillips, 1976). The

nature of chemical bonding in the superionic conductors is,



therefore, particularly interesting in relation to the origin of
high ionic conductivity. It is necessary to investigate the
effects of covalent and ionic characters on the superionic
conduction.

The crystal structure analyses are fundamentally necessary
for understanding of the chemical and physical properties of the
materials. The detailed structure of p—AgI was not yet been well
established because of difficulty. In this study the structure of
@-AgI was refined in a temperature range from 123 K to the
vicinity of the(3—cXphase transition point. Anharmonic thermal
vibration of P—AgI, which was obtained by X-ray diffraction
method, was analysed as a function of temperature. We applied the
cumulant-expansion formalism proposed by Johnson (1969) in order
to determine the accurate positional parameters and the p.d.f at
individual temperatures. The o.p.p are derived from the p.d.f..
The contribution of the anharmonic thermal vibrations to X-ray
diffraction intensities is also investigated. The crystal
chemistry of the wurtzite-type compounds is discussed based on
the effect of chemical-bond character on the thermal behavior of
atoms.

EXAFS and XANES structural analyses were made for the ¢/(-Agl
type and rock-salt type solid-solutions to elucidate the local
structure and to determine the actual nearest neighbor distance
in disordered structures and in solid-solution. We have also
calculated the p.d.f. and o.p.p. of both Ag and I atoms in-AgI.
The crystal structure of p—AgI is reviewed in comparison with

that off3—AgI and the mechanism of ionic conduction of o(-2AgI is



discussed from a view point of structural chemistry, especialy

the thermal vibration.
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Chapter 2.

Anharmonic Thermal Vibrations in the Wurtzite-type AgI



1) Introduction

The wurtzite-type silver iodide (/3~-AgI) shows a considerable
ionic conductivity due to diffusion of silver ions even at room
temperature. It exhibits a negative thermal expansion, and
undergoes a first order phase transition at 420 K to the
superionic conducting phase, ¢-AgI, with higher density. The
cleavage and gliding perpendicular to the c-axis occur because of
the anisotropy of interatomic force.

Mair & Barnea (1975) presented a detailed theoretical study
of anharmonic thermal vibrations in wurtzite-type structures. A
number of X-ray studies on the anharmonic thermal vibration of
wurtzite-type compounds have been reported (e.g. Whiteley, Moss &
Barnea, 1978; Stevenson, Milanko & Barnea, 1984; Kihara & Donnay,
1985). Cava, Reidinger & Wuensch (1977) refined the structure of
X-AgI using neutron diffraction method and showed that the
complex silver distribution is completely accounted for by
higher-order thermal tensors. Piltz & Barnea (1987) have studied
anharmonicity of J-AgI using X-ray diffraction at room
temperature and revealed the presence of considerable cubic
anharmonic effects.

The dispersion relation of the normal modes of lattice
vibration in [3-AgI was determined based on the coherent neutron
inelastic scattering experiments by Buhrer & Bruesch (1975) and
Buhrer, Nicklow & Briuesch (1978). They reported that the
characteristics of phonon spectra showed some strong anharmonic
effects, and analyzed a peculiar dispersion relation by a

valence-shell model. Beyeler, Bruesch, Hibma & Buhrer (1978)



calculated the diffuse scattering pattern of B3-AgI with
parameters of the valence-shell model. They concluded. that f-AgI
exhibits a low-frequency phonon-induced diffuse scattering but no
additional diffuse scattering due to static disorder. The large
temperature factors of both atoms, therefore, should not be
attributed to the statistical distribution.

In this work we studied the behaviour of anharmonic thermal
vibrations in ﬁ—AgI as a function of temperature by X-ray
diffraction method, and the effect of chemical-bond character on
the anharmonicity. We applied the cumulant-expansion formalism
proposed by Johnson (1969, 1970) in order to determine the
accurate positional parameters and the probability-density
function (P.D.F.) at 123, 297, 363 and 413 K. The mechanism of
ionic conduction of A-AgI is discussed based on the thermal
vibration of atoms. The crystal chemistry of the wurtzite-type
compounds is also discussed based on the results of the structure

of -AgI.

2) Experimental

2-1 Specimen

[f-AgI single crystals were grown by a method reported by
Cochrane (1967) and also grown in silica gel (Photo. 1 and 2).
As the crystals are easily cleaved and glided normal to the c-
axis (Photo. 3), a single crystal used for X-ray work was
carefully ground to a sphere by hand using emery paper under
microscope. The spherical crystal with a diameter of 0.20 mm was
examined by means of precession photography before intensity

measurements.
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Photo. 1. (a) Single crystals of Q—AgI are grown by slow
diffusive dilution of a solution of AgI in concentrated aquous KI
solution. The 1lower half of the long-necked glass bottle was
filled with the saturated KI and AgI solution, and the upper part
of bottle with distilled water. (b) Growth of single crystals in

silica gel.
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Photo. 2. Typical habit of @-AgI single crystals (a) grown by the
Cochrane's method; characterized by well developed {1071},
{1077}, {0007} ana {0001} faces, (b) grown in silica gel,

characterized by {10?1}, {1072} and {OOOT} faces.



B -Agl

U mm

Photo. 3. e—AgI crystal shape before (left) and after (right)

application of stress.



2-2 Temperature dependence of cell dimensions

Cell dimensions at various temperatures between 115 and 413
K were determined by the least-squares method using the 2§
values of fifteen reflections within the range of 20°9<2f<50°
measured on a Rigaku AFCS5FOS four-circle diffractometer (Table 1,
Fig. 1). MoRA radiation (A=0.71069 Z) monochromatized by
pyrolytic graphite was obtained from a rotating-anode X-ray
generator (60 kV, 200 mA). The same set of fifteen reflections
was used in all the measurements. Temperature fluctuations were

within +2 K.

2-3 Intensity measurements

Accurate intensity measurements of the Bragg reflections at
123, 297, 363 and 413 K were made. Intensities of reflections
within one quadrant were measured adopting the (-2§ scan mode,
scan width of 1.89+0.8°tanf and scanning speed of 5° min~! in 26.
Reflections were measured within (sinf)/x<1.15 Z°1. Lorentz and
polarization factors were applied and absorption correction for
spherical shape was made; Pr=1.81. The significant intensities

(o4
with |F |>30(|F,|) were observed within 1.04, 0.82 and 0.78 A'1

ol
of (sin@)/ A at 297, 363 and 413 K, respectively. Independent
reflections were obtained by averaging the equivalent reflections
and are 323 at 123 K, 170 at 297 K, 108 at 363 K and 90 at 413 K.
The amplitude variations of standard reflections throughout the
measurements were within +1.7 % at 413 K. The deviations from
the averaged values of |Fg| of equivalent reflections were within

about 2.5 %. The corrections for thermal diffuse scattering

(TDS) were made by adopting a model of first-order scattering due



(2)8°60T (1)L°601 (1)8°60T1 (S)L¥ 601 »DY-1-bv
(Z)1°60T1 (Z)Z°60T (T)T°60T (v)8v 601 by-1-by
(o)

sa1bue puog

(T)v6sS°¥ (1)565°7 (T)L6S° Y . (2)L65°v by -«b¥
(T)06S" V¥ (T)T65°F (T)T65°V (T)T6S° ¥ by - by
(8)L6L"T (8)£03°C (9)86L°C (€)618°C I -«b¥
(£)L18°C (£)918°¢C (2)618°2 (1)118°2 I - by
Amv S8due3lsIp
puog
(vz)ov (6)ST (L1)22 (9)z1 (z)¥t (¥)1 ()1 (1)z onx €ETTO
(v9)P-  (E€P)P6~ (8L)pZ-  (08)86- (9€)S51~ (ze)e- (ST)v1- (vT)11- wOHx €TITY
(02)¥6 (8)8- (9T)€S (9)0 (0T) 1€ (v)p- (2)z (nz oon EEEEQ
(9TZ)6TTT (£8)09¢ (061)899 (LS)81T (v6)v6e (8€)LET (LT)TIT (L)8 oon TTIT9
€18 (PPT)CTIB- ovS (91T)0¥S- 08¢ (€L)08E- 34 (sT)€EZ- gOTX €TTA
6Zv- (vL)6Z¥ 0tE-  (09)01E PeT- (8E)VET 6~ (ot)zs 01X €EEA
(16£)LTLY (LZT)60T (£62)£62E (¥6)LOT  (£02)661C (89)29 (g9)1s¢ (Lz)og- moax ITIA
(6)Zv¥ (L)0SZ (8)L9€ (9)122 (9)6LT (8)19T (g)ot11 (z)yoL pOTX £€eg
(8£)8£9T  (S2)186 (ze)ZLeT  (TT)1S8 (92)650T1 (LT)899 (8)59¢ (s)eve 01X 1ty
(0T)ELZ9"O 0°0 (0T)L9T9°0 0°0 (8)PLTZ9°O 0°0 (£)L¥Z9°0 0°0 z
by 1 by I by I by I
Topou
810°0 LTO"0 020°0 0Z0°0 0£0°0 620°0 8Z0°0=4M  £Z0°0=Y STuocuxRYUY
(0T)ETH ($)182 (8)9%¢ (y)¥1Z ($)TLZ (2)E9T (1)80T (T)TL vOHx €eg
(se)L8YT  (LT)9E6 (€2)€s2T  (ZT)eeL (YI)SL6 (L)6Z9 (€)9s¢g (z)sez Mol 119
(01)6829°0 0°0 (8)8LZ9°0 00  (S)PLZ9°D 0°0 (T)LSZT9*0O 070 z
- by 1 by I by I by I
Topou
670°0 ¥70°0 S¥0°0 8€0°0 150°0 9¥0°0 TEQO*O=¥M  5ZO'0=Y DTuUouIeH
(Z)90G°L (T)06S"¥ (z)sos*L (T)165°v (Z)OTS* L (T)T6S°¥ (P)TIS"L (T)T6S"¥ (y)suorsusurp
o) e o) ® o e ol e 1120
AETY ME9E IRY4 AETT aanjersdwsly

*pTwelid Teuobtxl Jo wolze Teotde
8yl S°93ROTPUT 4By *Topow OTUOWIBYUE 8Y3 JO S3I[NSSI 8yl UO peseq
pe3eTnoTed 9I9M SSTHUR puUR S80URISTP Puog *ST2pow OTUCWIBYUR pue

oTuowIey Y3 Ul sisjswered OTWOIE PUEB SUOTSUSWIP T °| OIqeL



Table 1. (continued)

Name

Chemical formula
Formula weight
Space group

Z

F(000)

Method used to
culculate w

Temperature of
measurement

VolumeBOf unit
cell(&>)

Calculated densites,
Dx

Number of reflections
measured

Number of unobserved
reflections

G(ext)

silver iodide
Agl

234.772

P63mc

2

200

o| Fy| based on counting statistics

123K 297K 363K
137.1(1) 137.1(1) 137.0(1)
5.708 5.706 5.710

1359 1338 1125

84 133 155
0.67(7)x10°8 0.77(25)x1078 0.34(4)x10"

7

413K

137.0(1)

5.714

491

64

0.31(3)x10"

7



Table 1. (continued)

WV NN DW=
NN == e 0Q0 OO0

B

WA WA =N -0
NN =000 Q 0

SN SN
NN OCOo

{F,l = IFP.l tables for 8-AgIl at 413 K.
Ir,l Ir | h k [Fol el
0 0 29.42(35) 28.89
- 0 1 0 12.93¢12) 13.12
2 0  36.91(25) 38.23 2 0 8.79(12) 8.98
3 0 36.39(24) 36.81% 3 0 9.22012)> 9.35
4 0 6.76(13) 6.90 3 0 1.79(19) 2.12
5 0 3.51 (13 3.66 1 1 19.72017) 19.66
6 0 1.78(20) 1.88 2 1 5.93(13) 5.86
2 1 25.10(¢15) 25.10 3 1 3.23¢11) 3.16
3 1 13.07(10) 12.97 4 1 2.67(12) 2.55
4 1 8.97(11) 9.12 2 2 6.64(16) 6.58
2 2 27.14(23)  26.15
3 2 5.66(¢13) 5.44 1= 7
4 2 2.51¢12) 2.54
3 3 4.77¢22) 4.93 1 o 8.23(13) 8.44
2 ] 6.81(13) 6.73
- 9 2 1 5.28(14) 5.12
. ) )
2 0 27.25019)  27.73 ; ; §_3gfll> 3 ;g
3 0 2.31¢(18) 1.76 °
4 0 7.76¢12) 7.65
5 0 3.27(11) 3.48 1= 8
2 1 19.97(12) 19.91 0 0 13.32(21)  13.62
3 1 10.80010) 10.78 1 0 6.14(15) 6.08
5 1 1.77¢16) 1.81 2 0 4.29013) 4.35
3 2 5.80(13) 5.67 3 0 5.13(16) 4.91
4 2 2.34€13) 2.50 1 1 9.64(15) 9.58
2 1 3.07(12) 3.00
- 2 3 1 1.91¢15) 1.72
oo gemen aas 41 lTenn
2 0 25.46(18) 25.58 ° *
3 0 25.96(18) 25.87
4 0 5.93(15) 5.53 =9
5 0 2.52(13) 2.54 1 0 4.75(18) 4.85
2 1 16.80(12) 16.97 2 0 3.30(12) 3.36
3 1 8.82(11) 8.68 2 1 2.60¢11) 2.42
4 1 6.88(11) 6.89
2 2 18.62017) 18.45
3 2 4.26013) 6.17 1= 10
3 3 3.73016) 3.81 0 ] 2.76¢22) 2.51
= 3 1= 11
56.07(36) $5.21 1 0 1.98(16) 1.90
40.82(27) 40.79
1.75(22) 1.71
9.88(12) 10.13
3.41(13) 3.38

29.51(17) 29.20
13.646¢10) 13.47

2..29012) 2.14
7.0912) 7.05
3.03C11) 2.57

= 4

17.32(23) 16.90

8.40013) 8.54
6.89(15) 6.92
10.03(¢12) 10.19
3.26(12) 3.35
15.44(16) 15.31
6.36(14) 6.31
3.42012) 3.21
3.50011) 3.61
7.84016) 7.85
2.30(13) 2.25
= 5

35.29(23) 34.96
24.55(17) 24.57
6.22(14) 6.47

2.09015) 2.36
17.646011) 17.41

8.41C11) 8.53

4.57¢13) 4.64

1.75¢(16) 1.82
= 6




Table 1.

(continued)
IFol - IFol tables for B-AgI at 363 K.

h x lrl el h kel |
3 1 11.09¢(8) 11.12
1= 0 5 1 2.15¢(9) 2.38
2 0 38.49(26) 39.66 3 2 6.66(10) 6.38
3 0 40.33(26) 41.05 4 2 2.65(8) 2.77
4 0 8.86(9) 9.06
] 0 4.78(13) 4.90 1= 6
6 0 2.91(9) 2.98
2 1 28.02017) 27.91 0 0 32.81(38) 31.75
3 1 15.40(8) 15.40 1 0 14.61(012) 14.88
4 1 12.16¢(8) 12.12 2 0 10.32(12) 10.64
5 1 1.98(12) 1.81 3 0 11.78¢11) 11.88
6 1 1.1329) 1.11 4 0 2.76(10) 2.90
2 2 31.68(21) 30.66 1 1 23.09019) 22.81
3 2 7.35(9) 7.17 2 1 7.39¢11) 7.28
4 2 3.59(8) 3.50 3 1 6.16(9) 4.24
5 2 2.33010) 2.38 4 1 3.71¢(8) 3.76
3 3 6.88¢10) 6.88 2 2 8.71¢12) 8.69
3 2 2.19011) 2.17
1= 1 3 3 2.91¢(12) 2.19
2 0 28.31(19) 28.82
3 0 2.25¢(18) 1.56 1= 7
4 0 9.38(9) 9.22 1 0 9.79¢11) 9.96
S Y] 4.29¢11) 4,49 2 0 7.65¢16) 8.10
2 T 21.57(14) 21.50 4 0 3.12(8) 3.19
3 1 12.26(8) 12.32 5 0 1.36(20) 1.78
5 1 2.52(9) 2.61 2 1 6.72(11) 6.36
3 2 7.26(9) 7.07 3 1 3.99(9) 4.13
4 2 3.35(8) 3.61 3 2 2.52(9) 2.53
1= 2 1= 38
1 0 36.84(25)  36.49 0 0 17.06(22) 17.45
2 0 26.74(18) 27.20 1 0 7.76013) 7.93
3 0 29.06(20) 29.18 2 0 5.83(15) 5.84
4 0 7.32010 6.94 3 0 7.1413) 6.97
5. 0 3.33(10) 3.38 1 1 12.69(14) 12.73
6 0 2.19012) 2.45 2 1 4.29(13) 4.19
2 1 18.56(12) 18.97 3 1 2.58(9) 2.53
3 1 10.33(8) 10.31 4 1 2.22(9) 2.38
T4 1 8.86(8) 8.99 2 2 5.52(15) 5.22
2 2 21.90415) 21.65 :
3 2 5.46¢11) 5.35
4 2 2.69(9 2.53 =9
5 2 1.86(12) 1.95 1 0 6.18(14) 6.12
3 3 5.37(16) 5.25 2 0 6.34(15) 6.467
4 0 1.84(14) 1.60
1 = 3 2 1 3.37(11) 3.37
2 0 44.31(30)  43.83 3 ! 1.89013) 1.96
4 0 12.83(9) 13.06
5 0 4.81(13) 4.90 1= 10
z To33.27019)  33.02 0 0 4.40(31) 4.05
3 1 16.710(9) 16.88 1 0 1.85(18) 1.89
5 1388 3.25 3.0 2.07015)  2.10
3 2 9.49i(9) 9.41 1 1 3.42(14) 3.26
4 2 4.01(9) 3.81 2 2 1.73¢15) 1.68
1 = 4 1= 11
0 0 15.82¢(22) 15.47 1 0 3.02¢(12) 2.99
1 0 7.93¢13) 7.93 2 0 2.25(12) 2.25
2 0 6.72(15) 6.85
3 0 10.52¢11) 10.81
4 0 3.76(10) 3.88
5 0 1.62017) 1.53
1 1 14.97¢15) 14.76
2 1 6.41(13) 6.45
3 1 3.89(9) 3.71
4 1 4.644(10) 4.55
2 2 8.70(12) 8.74
3 2 2.98(9) 2.76
3 3 2.68(13) 2.82
1= 5
1 0 39.43(25) 38.53
2 0 28.72(20) 28.45
4 0 8.45(9) 8.62
5 0 3.28(9) 3.56
2 1 21.05¢13) 20.98




Table 1.

IF,I - |F.! tables for B-AgI at 297 K.

(continued)

h kgl rel n PN [ h ko Ir) ircl
1 1 15.32(8) 15.26 1 0 8.77¢6) 8.96
= 0 2 ] 7.02¢4) 6.95 2 0 6.85(6) 6.90
3 0 54.86l26) 54.49 3 1 4.51(5) 4.38 4 0 2.70(7) 2.66
4 0 13.27(7) 13.11 4 1 5.72(5) 6.08 5 0 1.47C11 1.49
5 0 7.35(6) 7.43 5 i 1.68(8) 2.00 2 1 5.41(5) 5.36
6 0 5.72(6) 5.55 2 2 10.47(7) 10.28 3 1 3.47(6) 3.38
2 1 34.464013) 34.58 3 2 3.94(6) 3.61 6 1 0.86(41) 0.51
3 1 20.72(8) 19.96 4 2 1.99(7) 1.76 3 2 2.16(7) 2.16
4 1 18.68(7) 18.25 5 2 1.89¢7) 2.10 4 2 1.35(10) 1.21
5 1 3.57(6) 3.42 3 3 4.31(7) 4.19 4 3 1.32017) 0.66
6 1 2.08(7) 2.07 4 3 1.18012) 1.:22
2 2 42.62(22) 41.14 4 4 1.14007) 1.23
3 2 10.88(5) 10.56 1= 10
4 2 5.71(5) 5.60 0 0 7.57¢12) 7.90
5 2 4.6006) 4.55 = 5 1 0 3.71(8) 3.68
3 3 11.56(9) 11.21 1 0 53.11(25)  50.649 2 0 2.97(1) 3.00
4 3 2.57(5) 2.51 2 0  38.67(18)  37.86 3 0 6.22(7) 4.25
4 4 2.244(9) 2.53 4 0 12.91(D) 13.26 4 0 1.29 (16) 1.30
5 0 6.2106) 6.10 5 0 1.10(16) 0.77
- 2 1 29.62011)  28.76 1 1 6.50(7) 6.41
3 1 16.56(7) 16.53 2 1 2.48(6) 2.43
3 0 1.6909 1.25 5 1 3.87(6) 4.25 3 1 1.77(8) 1.64
4 0 11.58(6) 11.79 6 1 1.51(9) 1.68 4 1 1,798 1.92
5 0 6.69¢6) 6.46 3 2 10.68(5) 10.27 2 2 347D 3.47
70 12801y .34 6 2 4.97(S) 4.98 32 1.29010 - 1.08
2 1 264.63(9) 25.21 4 3 2.69(5) 2.76
3 1 15.37(6) 15.26
L1 .31 0.92 B =M
5 1 4.10(6) 4.02 = 6 1 0 6.146) 5.93
6 1 1.80(8) 2.11 0 0 42.23¢(39)  41.31 2 0 4.26¢7) 4.60
3 2 9.70(5) 9.45 1 0 18.80(9) 18.99 4 o 1.76010) 1.82
4 2 5.29(5) S.15 2 0 13.89(7) 14.07 5 0 1.23022) 0.91
6 2 1.38011) 1.12 3 0 17.17(8) 17.24 2 1 3.50(6) 3.62
4 3 2.79(6) 2.76 4 0 4.29¢6) 4.60 3 1 2.38(6) 2.23
s 0 2.28(7) 2.40 5 1 1.39¢22) 0.63
- 6 0 1.93¢9) 2.15 3 2 1.57¢9) 1.644
1 0 44.83(21)  44.40 A 315?2?31 30 55
2 0 30.58(14)  32.05 2 1 10.93¢5) 10.35 . I = 12 )
3 0 35.48(16)  37.17 3 1 6.19(4) 6.16 0 0 3.08(17) 2.66
4 0 9.35(6) 9.51 4 1 6.18(5) 6.27 1 0 1.18(14) 1.23
5 0 5.25(6) 5.22 5 1 1.37.(10) 1.53 3 0 1.29013) 1.40
6 0 4017 4.35 2 2 13.37(8) 13.18 1 1 2.16(9) 2.13
2 122188 22.85 3 2 3.63(6) 3.64 2 2 1.08¢18) 1.14
3 1 13.32(6) 13.46 4 2 2.56(6) 1.88
4 1 13.17(6) 13.19 5 > 1 81D 1,75
5 1 2.85(6) 2.86 3 3 4.13(8) 3.98 1 = 13
6 1 1.45(9) 1.53 4 b 1.33(24) 0.98 1 0 2.01(9) 1.85
2 2 28.74(15) 28.29 2 0 1.33¢13) 1.51
3 2 7.82(4) 7.63 _
4 2 4.15(5) 4.06 o
5 2 3.45€6) 3.58 1 0 13.45(8) 13.52
3 3 8.50(7) 8.35 2 0 11.14(6) 11.15
4 3 2.23(6) 2.00 4 0 4.99(6) 5.00
4 4 1.69012) 2.04 5 0 2.71(6) 2.86
2 1 9.16(5) 9.10
3 1 6.12(5) 6.18
= 3 5 1 1.96(7) 1.95
3 0 1.19(11) 1.07 3 2 4.23(5) 4.164
4 0 17.6819) 18.72 4 . 2 2.32(6) 2.36
5 0 7.91(6) 8.21 4 3 1.31¢10) 1.36
7 0 1.49C11) 1.63
2 1 42.31€16) 43.13 -
3 1 22.39(9) 23.76 -
5 1 5.28(5) 5.57 0 0 26.08(25) 26.42
6 1 2.05¢7) 2.18 1 0 11.80(8) 12.10
3 2 14.29(6) 14.22 2 0 9.13(6) 9.29
4 2 6.66(5) 6.62 3 0 11.72(D) 11.89
6 2 1.14¢15) 1.35 4 0 3.29¢7) 3.16
4 3 3.46(7) 3.55 5 0 1.86(9) 1.87
5 3 1.58(9) 1.53 1" 1 20.01¢(11) 20.08
2 1 7.01(5) 6.99
= 4 3 1 4.52(5) 4,42
0 0 15.69(15)  15.64 ; ; ;:ZEE;; 3';;
1 0 7.94¢5) 7.93 3 2 2.78(6) 2.60
2 0 7.25(5) 7.11 2 2 1.47(9) 1 4s
3 0 11.71¢(6) 12.10 3 3 2.91(8) 2 95
4 0 4.562(6) 4.73 )
5 0 2.10(8) 1.93
6 0 2.58(7) 2.5¢4 = 9 -




Table 1.

Fgl - |Fgl

{continued)
tables for B-AgI at 123 K.

n ok il Ir et o ok gl Il n ko Irl Ir .l
4 2 13.05011) 13.06 3 2 32.08(17) 31.51
= 0 5 2 47.42012) 17.17 4 2 22.36(13) 22.05
2 0 57.51(37) 59.49 6 2 5.58(15) 5.42 6 2 10.16012) 9.76
3 0 B80.77(50) 82.59 7 2 3.68(16) 3.54 7 2 5.81(15) 5.88
4 0 29.66(19) 30.64 3 30 27.13(22) 26.73 4 30 16.38(12) 16.06
5 0 20.61¢15) 21.24 4 3 9.61(12) 9.18 5 3 10.61¢12)  10.56
6 0 25.64(17) 26.61 5 3 6.26(16) 6.21 5 4 7.77(13) 7.24
7 0 7.61(15) 7.88 6 3 7.94(13) 7.85 6 4 4.57(12) 4.49
8 0 5.10(16) 5.36 7 3 2.645(22) 2.40
9 0 S.66(15) 5.81 4 4 12.82(16) 12.67 - 6
2 1 49.50(27)  49.67 5 4 4.29¢15) 4.16
3 1 36.25¢21) 36.31 6 A 3:.05(21) 2.67 0 0 57.77(61) 57.02
4 1 48.26(26) 48.39 5 5 5.80(21) 5.47 1 0 28.55(19) 27.97
s 1 16.51¢12) 15,74 2 0  23.61(16) 23.97
g0 adn n Le o3 i 0 1s.eiin 1589
8 1 g:;zflli 1§:2; 1 0 89.24(58) 88.12 5 0 9.96414) 9 94
2 2 72.76(56) 72.07 2 0 77.37(48) 76.49 6 0  13.44¢13) 13.35
3 2 26.74(15) 26.82 4 0 43.08(27) 43.39 7 0 4.01¢17) 4.55
4 2 18.63(12) 18.59 5 0 28.91(18)  29.29 8 0 2.77(22) 2.94
5 2 23.92(14) 23.83 7 o 12.67(12) 12.41 1 1 69.92(38) 49 .22
P 5 7.3514) 720 8 0 7.09(14) 7.36 2 1 20.31(12) 20.68
7 2 5.08(15) 4. 81 2 1 66.90(37) 66.08 3 1 15.62(11) 15.86
8 2 4.93(16) 5. 30 3 1 49.87(27) 49.45 4 1 22.43(13) 22.77
3 3 38.50(29)  37.75 > 1 23.58(14)  23.50 5 1 8.11013) 7.94
4 3 12.96(12) 12'76 6 1 14.70(11) 14.87 6 1 5.59(17) 5.42
5 3 8.47(13) 8.55 8 ! 5.38(15) 5.72 7 i 6.66€14) 6.91
6 3 10.46¢12)  10.40 3 2 38.70¢22)  37.95 8 1 2.00(29) 2.40
7 3 3.07017) 2.96 4 2 26.59(15)  26.06 2 2 32.76(25)  32.73
4 64 17.23017)  17.29 6 2 11.32011) 11.18 3 2 14.33012)  12.33
5 4 5.41(15) 5 49 7 2 6.50014) 6.70 4 2 9.03(12) 8.85
6 4 3.45.017) 351 4 30 18.910(12)  18.69 5 2 12.15U11) 12,06
. p 701 19) 2 07 5 3 12.18(12) 12.15 6 2 4.2815) 4.10
. . 7 3 4.65(14) 4.72 7 2 2.87(19) 2.66
5 4 8.43¢(13) 8.24 3 3 18.46017) 18.21
=1 6 4 5.15(13) 5.08 4 3 6.50(16) 6.44
1 4] 49.09(32) 49.52 5 3 4.39(15) 4.39
2 0 39.38(25) 40.36 1= 4 6 3 5.56(16) 5.73
3 0 3.56(22) 0.44 4 4 9.09(18) 9.01
4 0 20.99¢15) 21.79 ? 8 11‘8?2}?2 1;'52 5 4 3.32(21) 3.04
5 0  14.62(13) 15.26 5 0 6 16(16) 2 o8
.3 2o 9l 30 11.38(12)  11.81 = 7
8 0 4.42(15)  4.92 e 0 sal 5.62 1 0 23.85(16) 23.02
2 1 33.68(19) 33,80 5 0 4.03(18) 3.73 2 0  20.10¢14) 20.29
3 1 24.88(14) 25.03 6 0 6.57(16) 6.90 4 0  12.67¢(13) 13,02
4 1 2.64(25) 0.68 7 0 3.01(23) 3.24 5 0 9.80(15) 9.80
5 1 12.15011)  12.12 8 0 2.17G29 1.59 70 4.90014)  4.98
s 1 8.00(13) 3. 53 1 1 12.24€014) 12.05 8 0 3.02€22) 3.51
8 1 3.60€14) 3.62 2 1 6.32(146) 6.16 2 1 17.75012)  18.02
3 2 19.22012)  19.19 3 ! 5.70(15) 5.24 3 1 14.56011) 14,44
. > 13,7901 13.63 4 1 9.20012) 9.32 5 1 8.66(12) 8.17
¢ 5 o 45 (15) o35 5 1 4.28(14) 4.31 6 1 5.80(17) 5.95
7 2 ,';4(,3, 4 53 6 1 3.220119) 2.50 3 2 11.92011) 11.80
4 3 16'11(12) 9 99 7 1 4.43014) 4.62 4 2 9.17(12) 8.96
p 3 6. 82 (15) 21 2 2 11.49015) 11.24 6 2 4.91(13) 4.62
7 3 3:15(17) 3'13 3 2 5.23(15) 5.02 7 2 3.10019) 3.25
5 “ 5.02(13) < 05 4 2 4.30018) 3.72 4 3 7.17016) 6.93
6 4 3.67(1%) 3.52 5 2 6.97¢14) 6.50 5 3 5.34(16) 5.07
6 2 3.02(21) 2.93 5 A 3.48(17) 3.70
_ 3 3 8.25017) 8.21
= 2 4 3 3.71018) 3.52 - 3
i 0 49.20(32) 49.97 6 3 4.13014) 4.08
2 0 39.99(25) 40.93 4 4 6.34¢21) 5.47 0 0 53.43(57) 53,01
3 0 58.83(38) 58.77 5 4 2.48(29) 2.21 ! 0 25.72017) 25.92
4 0 20.76(15) 21.24 5 5 3.17(24) 3.16 2 0 22.81016) 22.71
5 0 14.66(13) 14.82 3 0 37.24(23) 36.37
6 0 18.63(14) 19.09 4 0 13.92013) 13.78
7 0 5.95(16) 5.93 1 = s 5 o 10_.31(13) 10.26
8 ] 3.98(16) 3.90 6 0 13.264013) 13.70
9 0 4.29¢146) 4.55 1 0 72.23(45) 70.84 7 0 4.68(16) 4.43
1 1 80.93(62) 79.17 2 0 61.19(¢38) 61.16 8 0 2.88(23) 3.12
2 1 33.81(19) 34.02 4 ] 35.09¢21) 35.75 1 1 48.31(37) 46.58
3 1 24.59¢14) 24.97 5 0 24.07(16) 24.62 2 1 19.93(13) 19.91
4 1 34.10019) 34.06 7 0 10.44¢1%) 10.82 3 1 15.46¢10) 15.75
5 1 11.26(11) 11.26 8 0 5.97(16) 6.44 4 1 23.10013) 23.05
6 1 7.864(13) 7.69 2 1 52.93(28) 53.10 5 1 7.94(14) 7.97
7 1 9.43¢11) 9.44 3 1 40.95¢23) 40.36 6 1 5.51017) 5.71
8 i 2.75(19) 2.82 5 1 19.98¢(12) 20.03 7 1 6.75(16) 6.99
2 2 52.06(40) 50.86 é 1 12.82¢11) 12.83 2 2 32.15(25) 32.31
3 2 18.900112) 18.66 8 1 5.14(15) 5.07 3 2 12.05¢10) 12.38




IFol = IFl tables for 8-AgI at 123 K (continued).

h Kk ol 17l h K (EN| Ircl
4 2 9.10(12) 9.13
5 2 12.51(12) 12.38 =13
6 2 4.04(16) AL 01 1 0 12.77013  12.17
3 3 18.34(14)  18.60 2 0 11.46¢13)  11.02
4 3 6.84(13) 6.56 4 0 7.75¢(15) 7.57
5 3 4.93¢14) 457 5 0 5.86(17) 5.72
6 3 S.77(14) 5.77 2 1 10.59012)  10.02
4 4 9.70(18) 9.21 3 1 8.80(12) g.27
5 4 3.28(21) 3.03 s 1 4.82(13) 4.85
3 2 7.35(13) 6.89
s 4 2 5.42(14) 5.23
1 0 15.82(13)  16.20
2 0 14.24013) 164.44 1= 14
4 0 9.28(13) 9.49 0 0 9.55(¢24)  10.11
5 0 6.92(15) 7.38 1 0 4.65(16) 4.90
7 0 3.45(18) 3,81 2 0 4.47(16) 4.45
2 1 12.87011)  12.91 3 0 7.58(15) 7.62
3 1 .10.33(11)  10.55 4 6 2.85(23) 3.10
5 1 5.57¢15) 6.08 5 0 2.10(29 2.39
6 1 4.08(15) 4.63 1 1 9.05(17) 9.19
3 2 8.85(12) 8.66 2 1 .11 015 4.05
4 2 6.83(14) 6.73 3 1 3.34(18) 3.37
6 2 3.47¢16) 3.52 4 1 5.13(14) 5.32
4 3 5.05¢14) 5.20 2 2 6.85(20) 6.95
5 3 3.80(16) 3.89 3 2 2.62€22) 2.82
5 4 2.7920) 2.81 4 2 2.15(24) 2.17
3 3 4.26 (19) 4.66
= 10
0 0 23.65(28)  24.19 1= 15
1 0 11.27013)  11.69 1 0 3.73¢18) 3.84
2 0 10.10(13)  10.48 2 0 3.59(18) 3.61
3 0 17.33€13)  17.48 4 0 2.78(23) 2.79
4 0 6.93(16) 6.85 2 1 3.30(18) 3.38
5 0 4.86(18) 5.29 3 1 2.84(19) 2.99
6 0 7.42(15) 7.44 3 2 2.14(25) 2.62
7 0 2.62(24) 2.56
1 T 20.45018)  21.64
2 1 9.32¢12) 9.37 1= 16
3 1 7.73(13) 7.68 0 0 5.79(32) 6.93
4 1 10.41¢i2)  11.76 1 0 3.07 3.36
5 1 1.93(16) 4.26 2 0 2.86(23) 3.07
2 2 15.09¢16) 15.78 3 0 4.92016) 5.29
3 2 6.33(15) 6.25 1 1 6.20 (20> 6.33
4 z 6.77¢14) 4.78 2 1 2.69(20) 2.80
5 2 6.37014) 6.81 2 2 4.89(23) 4.84
3 3 9.48(17) 9.75
4 3 3.39(18) 3.59
4 4 5.41€19) 5.25 1= 17
1 0 2.84(21) 3.18
= 1
1 0  20.90¢15) 21.18
2 0 18.77¢(14)  18.95
4 0 12.57(13) 12.47
5 0 8.76(14) 9.22
7 0 4.34014) 4.49
2 1 17.57¢12) 17.01
3 1 13.97(11)  13.76
5 1 7.60(13) 7.67
6 1 5.01(13%) 5.28
3 2 11.55¢11)  11.25
4 2 8.66(13) 8.36
4 3 6.47(15) 6.31
5 3 4.30014) 4.37
= 12
0 0 6.48(29) 6.56
1 0 3.15(22) 3.22
2 0 3.20021) 3.02
3 0 6.05(16) 5.53
4 0 2.97(20) 2.52
6 0 3.23(20) 3.29
1 1 6.60(21) 6.19
2 1 3.51017) 2.89
4 1 4.86(13) 4.41
2 2 5.38(19) 5.23
5 2 3.00017) 3.09
3 3 4.18(20) 3.92
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to one-phonon process of acoustic mode (Sakata & Harada, 1976).
The program TDS2 (Stevens, 1974) was used for the evaluation of
the TDS correction factor. The elastic constants for each

temperature were taken from Fjeldly & Hanson (1974).

2-4 Refinement of the structure

Refinements were carried out using the program RFINE4
(Finger & Prince, 1975). Cumulant expansion up to the fourth-
order terms was applied to the temperature factors. The
temperature factor T(h) is expressed as T(h) =
expl[(i%/21)Z5f5hyhy + (/31555 5 hyhghy + (1/4DEIEE5 )1 h
jhkhlhm] {Johnson, 1969 and 1970), where ﬂjk' ryk1 and 5jklm are
the coefficients in the second-, third- and fourth-order cumulant
terms, respectively. In order to calculate T(h) with harmonic
model for JB-AgI, four independent coefficients ﬁjk and the

positional parameter z for Ag are necessary. The anharmonic model

requires additional fourteen independent coefficients ijl and
Sjkx1m (seven for each atom); yq99(=-Y332=2Y1125-2Y122)s ¥ 333"

T113(5Y223=27923)r 51111(28222272511125209222=201122)r 533337
91113(7762223=281123=7281223) and 59933(=5,233=287233) [referred

to International Tables for X-ray Crystallography, Vol.IV]. 1In

addition, a scale factor and an isotropic extinction factor are
included in the least-squares refinements. Simultaneous
refinement of the four independent terms, Y333(I), T333(Ag),
T113(I), T113(Ag) was unsuccessful because of the strong
correlations between Y333(I) and ¥Y333(Ag), and between 7,4 3(I)
and 7113(Ag). Then constraints of r333(I)=—T333(Ag) and

7113(I)=—T113(Ag) were adopted, which are the same as used by



Kihara & Donnay (1985). Atomic scattering factors for neutral
atoms and correction terms for anomalous dispersion were taken

from International Tables for X-ray Crystallography, Vol.IV

(1974).

The alternatives of indexing hkl and iﬁi are possible
because of the non-centrosymmetric structure. The correct choice
.was decided based on the comparison of the final R-factors (=g(
IIFgl - IF.Il )/Z |Fpl ) of both cases. The difference in the R-
factors between the alternatives was 0.2 % for the 297 K data.
The results of the refinements and the experimental conditions
are given in Téble 1. The refinements based on the anharmonic
model remarkably reduced the R-factor compared with those based
on the harmonic model. Consequently it is concluded that the
anharmonic model is essential to the /-AgI structure. Maxima in
positive and negative electron densities in the difference-
Fourier maps for the data at 413 K were 0.28 and —0.43 e3’3,
respectively after the refinements with the anharmonic model.
Bond distances and angles are plotted versus temperatures in Fig.
1. The P.D.F. maps computed using PDFED program (Kihara,
Matsumoto & Imamura, 1986) are presented in Fig. 2.

The effective one-particle potential (0.P.P.) of an isolated
atom, V(r), is derived from the P.D.F. by the following equation
(Willis, 1969; Bachmann & Schulz, 1984),

V(r)=Vy-kTln[pdf(r)]
where k is the Boltzmann constant, T is absolute temperature, and
Vo is an arbitrary numerical factor. The O.P.P. curves of both

atoms along the basal Ag-I bond at individual temperature are



*S193usd B9yl woly y
G*0 ©Ie SOUTT USYOIQ 9YJL °*SoI93usd oYyl 3B SITun Q| O3 pPaIeOS aie

SINO3U0D BYL *(0gll) utr uorjzoungy AjTsusp AjrrIqeqoad 8yl *z BTJ

ATh A£9¢

AT




(eV)

(eV)
W3 +0,25
363K 10.20
297K
+0.15
(b) 100
123K
+0,05
1 1 > 1 1
1.0 0.5 05 1.0
Ag I &)

Fig. 3. Effective one-particle potentials of Ag (a) and I (b)
atoms in B-AgI along the basal Ag-I bond, showing the potential

curves at 123, 297, 363 and 413 K.



plotted in Fig. 3.

3) Results and Discussion

3~-1 Anharmonic thermal vibrations and forbidden reflections

The wurtzite—type structure belongs to space group P63mc.
Because both Ag and I atoms are located in 2b positions of
Wyckoff letter, site symmetry of which is 3m, the systematic
absence of reflections has the extra conditions provided that
atomic thermal vibrations are harmonic. That is, reflections of
hkl with h-k=3n are absent if 1 is odd in addition to the normal
systematic absence. However, these reflections were observed to
have intensities owing to the strong anharmonicity of thermal
vibrations in B-AgI (Fig. 4). Agreement of the observed structure
amplitudes among the equivalent reflections was sufficiently
good. Agreement of the observed and calculated structure
amplitudes for these reflections is well in the anharmonic model
mentioned above (Table 2).

Whiteley, Moss & Barnea (1978) reported that the paired
reflections, 701 and 531, with the same 1 value (non-symmetry-
related reflections with the same Bragg angle) of the wurtzite-
type structure can have different amplitudes in the anharmonic
model, whereas they must have the same amplitudes in the harmonic
one. In B-AgI, the significant differences of amplitudes between

701 and 531 were observed (Table 3). This characteristic is the

same as in other wurtzite-type structures (Stevenson & Barnea,
1984; Kihara & Donnay, 1985).

The P.D.F. maps (Fig. 2) revealed that the motions of both
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Table 2. Observed amplitudes of the reflections violating the
extra conditions of the systematic absences at room temperature.

These structure amplitudes can be explained by the anharmonic

model.
h k 1 !Fol | Fo|harmonic |Fc|anharmonic
3 0 1 1.69(9) 0.0 1.25
3 0 3 1.19(11) 0.0 1.08
4 1 1 1.37(9) 0.0 0.92

Table 3. Structure amplitudes of reflections 701 and 531 at 123K.

|Fck5were calculated with anharmonic model.

h k 1 IFyl 1F.l  OlIF,) h k 1 IF ) IFgl OIF,)
7 0 0 7.61 7.88 0.15 5 3 0 8.47 8.55 0.13
7 0 1 6.75 6.89 0.15 5 3 1 6.82 7.11 0.15
7 0 2 5,95 5.93 0.16 5 3 2  6.26 6.21 0.16
7 0 3 12.67 12.41 0.12 5 3 3 12.18 12.15 0.12
7 0 5 10.44 10.82 0.13 5 3 5 10.61 10.56  0.12
7 0 6 4,01 4.55 0.17 5 6  4.39  4.39 0.15
7 0 7 4.90 4,98 0.14 5 3 7 5.3 5.07 0.16
7 0 8 4.48 4.43  0.16 5 3 8  4.93 4.57 0.14
7 011 4.34 4.49 0.14 5 311

4,30 4,37 0.14




atoms are strongly anharmonic even at lower temperature. The
0.P.P. is given with the assumption that an atom independently
vibrates within the range of the average potential caused by the
interaction with all the other atoms in the crystal. The O.P.P.
curves of both atoms (Fig. 3) revealed the softening of the
potentials with increasing temperature, and should also justify
the wvalidity of the thermal tensor coefficients (Table 1)

obtained independently from each data set.

3-2 Structure changes and temperature dependence of anharmonic

thermal vibrations

Fig. 1 shows structure changes of B-AgI as a function of
temperature up to the vicinity of phase transition point. 1In
the idea; wurtzite-type structure based on the hexagonal closest
packing, the axial ratio (g/g), a variable coordinate 1-z and the
bond angle are J§7§, 0.375 and 109.47°, respectively. With
increasing temperature, the 1-z and the bond angles of J-AgI
deviate from the ideal values, whereas the axial ratio which is
slightly larger than the ideal value at lower temperature
approaches to the ideal one. The manner of the decrease in axial
ratio with temperature is similar to other wurtzite-type
compounds (e.g. Mair & Barnea, 1975; Kihara & Donnay, 1985). The
axial ratio is closely related to the elongation or compression
of AgI, or Ag,I tetrahedra along the c-axis. The c-axis becomes
short when the temperature is raised. With increasing
temperature, the apical Ag-I distance (parallel to the c-axis)
becomes short whilst the other three basal Ag-I distances become

slightly larger. The three apical bond angles become larger



whilst the other three basal bond angles become smaller. The
shortening of the apical bond distance makes the three apical
bond angles larger as illustrated in Fig. 5.

These structural changes versus temperature can be explained
from the anharmonic thermal vibration, especially of the iodine
atom. The anharmonic thermal vibrations of both atoms in f-Agl
are demonstrated in the P.D.F. maps (Fig. 2). The anisotropy of
thermal motion of the I atom is getting predominant compared with
that of the Ag atom at higher temperature. If we compare the
magnitudes of vibrations of I atoms along four antibonding
directions, the magnitude along the c-axis is smaller than the
other three equivalent magnitudes. This causes a centroid of
thermal vibration of the I atom to be relatively deviated toward
the apical Ag with increasing temperature, which is shown

schematically in Fig. 5.

3-3 Relation of anharmonicity to the phase transition and ig the

ionic conduction

The transition from p— to ol-AgI of body-centered lattice was
discussed based on the displacement of iodine.atom by Burley
(1967) and Buhrer & Bruesch (1975). 1In Fig. 2, it is noted that,
at higher temperature, the magnitudes of anharmonic thermal
motion of the I atom are larger along the three antibonding
directions. This makes the structure closer into a body-centered
cubic arrangement of ®-AgI. In f-AgI, Buhrer & Bruesch (1975)
observed a low-1lying optical mode which makes the large
contribution to the thermal motion. 8o they also demonstrated

that this mode plays an important role in the displacement of the
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iodine arrangement at the phase transition. The displacements of
the atoms in this mode mainly change the tetrahedral angles and
slightly vary the Ag-I distances. The P.D.F. for the I atom
along the antibonding direction of basal Ag atoms will evidently
satisfy the matter. Therefore, their interpretation of thermal
motion applying a lattice-dynamical treatment agrees with our
results obtained by the analysis based upon the intensities of
the Bragg reflections.

The temperature factors of the mobile Ag atoms are larger
than those of the I atoms (Table 1, Fig. 2). This accords well
with the results of lattice-dynamical studies (Blhrer & Bruesch,
1975; Buhrer, Nicklow & Bruesch, 1978); e.g. their theoretical
r.m.s. radial displacements of the Ag atoms at room temperature
(0.292 X) are comparable well with our experimental ones (0.28(1)
X: obtained from the equivalent isotropic temperature factor of
the Ag atom at 297 K). The ionic conductivity of B-AgI is due to
Frenkel defects. The formation of Frenkel defects is closely
related to the thermal motion of ions (Frenkel, 1926). Hence,
the knowledge of the thermal motion should be of primary
importance for understanding of the ionic conduction. On the
measurements of ionic conductivity on single crystals of f-AgI,
it was found that the silver-ion conductivity is essentially
isotropic (Cava & Rietman, 1984). So it can be said that the
appreciable anisotropy Qf the thermal motion in the hexagonal
close-packed structure is not directly related to the macroscopic

characteristics of ionic conduction in fB-AgI.

3-4 Structural variations in wurtzite-type compounds




The wurtzite-type structure is closely related to the
sphalerite-type structure. Both structures are classified into
covalently bonded compounds. The notable difference in the
environment around atoms in both structures is shown in Fig. 6.
It is well known that wurtzite has a larger Madelung constant and
it is more ionic than sphalerite. Table 4 presents the bond
distances, bond angles and ratios of the apical distance to the
basal one for wurtzite-type compounds. As shown by the dotted
lines in Fig. 6, the electrostatic interaction between an atom
and its third neighbors in the wurtzite-type structure is
greater than that in the sphalerite-type structure. Thus the
apical distances for most of the compounds are longer than the
basal ones except for J-AgI at room temperature. This will be due
to the electrostatic attraction and/or the difference in the
contribution to hybridization between three directions and
another symmetrically non-equivalent direction. In (B-AgI (Fig.
1), the apical distance is longer than the basal ones at 123 XK.
However, it becomes shorter at higher temperature. Such a
variation, as described above, results from the shortening of
the apical bond distance owing to the anharmonic thermal
vibrations.

With an increase in ionicity defined by Phillips (1970), the
ratios (M-N*)/(M-N) decrease and accordingly the apical bond
angles increase (Table 4). Since the electrostatic interaction
should increase with the ionicity (f;), the decrease in the
ratios (M-N*)/(M-N) with the increase in ionicity is
inconsistent. The thermal vibrations are generally dependent on

the bonding force and thus the anharmonicity will cause the



Fig. 6. Difference in the configurations of third-neighbor
between wurtzite-type (solid line) and shalerite-type (broken

line) structure.
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structural variations in the wurtzite-type compounds. Martin
(1970) and Fjeldly & Hanson (1974) observed that the elastic
properties of the covalently bonded sphalerite-type and wurtzite-
type compounds show a systematic tendency toward a lattice
instability as the ionicity increases. Koto & Schulz (1979) have
| reported that the diffuse scattering increases in intensity with
increasing the ionicity. The tendency toward the lattice

instability should result in the increase in anharmonicity.
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Chapter 3.

Variations of Ag bonding distances in the AgBr4_,I, rock-salt

type solid-solution by X-ray and EXAFS analyses



1) Introduction

Silver bromide exhibits a considerable ionic conductivity
even at room temperature by the diffusion of silver ions through
the lattice. The migration of silver ions is applied ih the
photographic process.

The dynamical and structural properties of the silver
halides are governed by the competition of ionic bonding versus
covalent bonding (Buhrer et al., 1978). Covalent character in the
AgBr-AgI system is increasing from AgBr to AgI. 1In the rock-salt
type structure of AgBr, each Ag ion is octahedrally surrounded by
six Br ions and vice versa. On the other hand AgIl adopts the
tetrahedrally coordinated wurzite or zincblende type structure.
Because AgBr differs from AgI in the nature of chemical bonding
and in the structure type, the solid-solution range for each
structure type is limited (Stasiw & Teltow, 1949).

In the AgBry rock-salt type solid-solution(0<x<0.4 at

-xIx
293 K), it is expected that the local environments of the I ions
(e.g. the bond distances to the Ag ions) differ from those of the
Br ions. Nevertheless, positionally averaged information for
both ions has been obtained by the diffraction studies because
the Br and I ions occupy the c;ystallographically equivalent
positions. EXAFS spectroscopy is a useful probe of the local
environment around a particular kind of absorbing atom in the
random solid-solution. We have already reported on an important
feature of the local structure of the solid-solution at 123 K in
a brief publication (Yoshiasa et al., 1986).

This work presents an EXAFS structural analysis of the

AgBrq_,I, rock-salt type solid-solution at room temperature in



order to study the correlation between the substituted I ions and
the structure. The crystal structure analyses using the single
crystal X-ray diffraction methods have also been carried out, and
then the local structure and chemical bond of the solid-solution

are discussed.

2) Experimental

2-1 Synthesis

AgBr and AglI (99.99%, Koso Chem. Co., Ltd.) in powder form
were used as starting materials without further purification.
Appropriate amount of a well-blended mixture of Ang and AgI (0-
40 m/o) was first heated under the iodine atmosphere (about 100
mmHg) at 973 K for 40 hours in quarti tube and then quenched
into cold water. The quenched samples were'anneaied at 443 X for
20 days and cooled down tb room temperature. Special precaution
was paid to prevent from exposure to light. Transparent yellow
crystals were confirmed thé rock-salt type by X-rays. We have
measured the Raman spectra of the solid—éolutionand the formation
of the rock-salt type structure are supported because the first-
order Raman scattering is forbidden. The rock-salt type solid-
solution was synthesized with the compositions of 0-40 m/o AgI

content. The lattice constants are given in Table 1 and Fig. 1.

2-2 X-ray single crystal structure analysis

All the single crystals for X-ray study were made to
spherical shape. The lattice constant determination and intensity
data collection of the Bragg reflections were made on a Rigaku

AFC5F0S four circle diffractometer at room temperature. MoK



Table 1. Cell parameters(a) and bond distances(d) in & for
the AgBr, I solid-solution. d{Ag-(Br,I)]=a/2.

1-x"x

| a d [Ag-(Br,I)]
AgBr 5.776(1) 2.888
AgBro.golo.10 5.815(2) 2.908
AgBro,eoIo,zo 5.851(2) 2.926
AgBro,7510,25 5.868(2) 2.934
AgBro,7oIo,3o 5.889(2) 2.945
AgBro.eslo.as 5.906(2)  2.853
AgBro.solo.40 5.924(1) 2.962
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radiation (60 KV, 200 mA) was monochromatized by pyrolytic
graphite. Symmetry independent reflections were obtained by
averaging the equivalent reflections in an octant in reciprocal
space. Absorption and extinction corrections were made for each
data set. The structure refinements were carried out with
isotropic temperature factors, assuming that both anions occupy
the normal octahedral sites statistically in the rock-salt type
structure with space group Fm3m. Crystal data and parameters

refined are listed in Table 2.

2-3 X-ray absorption measurement

For X-ray absorption measurements,well-ground powder samples
were mixed with boron nitride in an agate mortar and pressed into
pellets of 0.6 to 0.8 mm in thickness and 10.0 mm in diameter.

The X-ray absorption measurements near the Br K- and Ag K-
edges were made with synchrotron radiation by use of the EXAFS
facilities installed at the beam line 10B of the 2.5 GeV storage
ring of Photon Factory in KEK. Gas mixture in the ion chamber
detector was selected for optimum signal to noise ratio. The X-
ray absorption spectra were observed from 13.170 to 14.700 KeV in
energy for Br K-edge and from 25.230 to 26.600 KeV for Ag K-edge.
The survey regions and scanning steps of X-ray energy are shown

in Table 3.

2-4 EXAFS data analysis

EXAFS data analyses were carried out using the programs
EXAFS and CURFIT (Maeda et al., 1982). In obtaining the EXAFS
function ¥(k), the background level was subtracted from the

observed absorption spectra by using Viktoreen fit and the
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Table 3. Servey regions and scanning steps of X-ray absorption

spectra in Br K-edge (a) and Ag K-edge (b).

(a) Br K-edge

13.170 - 13.440 (KeV) 5.3 (eV)
13.440 - 13.550 1.0
13.550 - 14.050 2.4
14,050 - 14.700 3.1
(b) Ag K-edge

25,230 - 25.480 (KeV) 5.0 (eV)
25.480 - 25.570 0.9
25.570 - 26.120 2.1
26.120 - 26.600 3.1




absorption spectrum for the isolated atom was approximated by the
cubic spline technique. Typical X(k) data (multiplied by 53) are
shown in Fig. 2. The Fourier transform of X(k) to real space
yields a radial structure function %(5) (Sayers et al., 1971).
The Fourier transform for Ag K-edge is shown in ¥Fig. 3 where no
phase shift corrections are made. The peak in each radial
structure function indicates the nearest-neighbors around the
absorbing atom.

For the purpose of curve-fitting, the distance range of
interest for Y(r) was filtered with a smooth filtering window,
and transformed back to k-space, X'(k). Carrying out non-1linear
least-squares program of Marquardt's method (Marquardt,1963),
%'(k) was fitted with analytical EXAFS function %X(k);

(K =T3N5 /(kRy%) | £5(TL,k) | expl-273%k?] expl-2Ry/Alk)]

sinlzgRj + §ij(5)L
Here N. is the number of atoms in the j-th shell at distance R.,

J

\fj(nlg)l is the back-scattering amplitude, 7

factor (this Debye-Waller factor differs from the Debye-Waller

is a Debye-Waller

factor for X-ray diffraction; ¢. is the root-mean-square average

3
of the difference of displacements along the equilibrium bond
direction (Teo,1986)), exp[—ZRj/xj(g)] is a damping factor due to
inelastic losses in the scattering process with the electron mean
free paiﬁlhj(g)znuiiij(h) is the phase shift experienced by the
photoelectron. The back-scattering amplitude lfj(m,g)l and the
phase shift §ij(k) are parameterized as follows (Teo et al., 1977
and Lee et al., 1977),

= 2(_c. 12
lfj(E,E)l = Aj/(T + By (k-C5)7)
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= 3. . 12 /3
ﬁlj(g) = ajy + byk + c5k” + dj/g
k

= [x'2 - 0.2625(A5,)11/2,
where k' and AEO are the experimental wave number of
photoelectron and the difference in energy threshold between
theory and experiment, respectively. The parameters in the j-th

shell [Aj, B Cj], fas, b

3y 3y 3y er
members (AgBr and B-Agl) were fixed through the refinement of the

dj] determined from the end-

solid-solution. The refinement is applied to AEO and three

structure parameters; the coordination number N. interatomic

J'

distance d. and Debye-Waller factor ¢ Varying AEO can correct

J J°
for errors in the determination of the energy origin and
compensate for the effects of changes in electronic
configurations on phase shifts (Teo & Lee, 1979).

The interatomic distances’for the end-members (pure AgBr ang
B-AgI) at 293 K were determined by the structure analysis-with X-
ray single crystal data (Yoshiasa et al., 1986 and 1987). The
structure parameters obtained by the least-squares parameter
fitting are listed in Table 4. The analysis has been made
assuming that the peak in each radial structure function for the
Ag K-edge of the solid-solution is composed of double shells
(i.e. the Ag-Br and Ag-I distances), and that for the Br K-edge
is single shell (the Br-Ag distance). The reliability of fit
parameter, R = E:slhs?’x(]—is)exp. - 35321(&5)0&10.! / lhs%‘(l{-s)exp.l'
between the experimental and calculated EXAFS functionsis also

listed in Table 4. The quality of the fit on the Ag-(Br,I) peak

for AgBrg 415, 3 is shown in Fig. 4.



Table 4. Structure parameters determined by the least-sguares
parameter fitting; co-ordination numbers [N], interatomic

distances [R(/{)] and Debye-Waller factors (X).

Ag K-edge

N[Ag-Br]} N[Ag-I1I1 R[Ag-Br] R[Ag-1] o [Ag-Br]l o [Ag-I] R-factor
AgBr 6 2.888(2)» 0.10¢N
AgBro.golo. 10 1(2) 2017)  2.87(2) 3.0(3) 0.09(2) 0.2(5) 0.1%
AgBro.golo.20 3(1)  2(9) 2.86(2) 2.9(2) 0.09(1) 0.2(3) 0.1%
AgBro.7slo. 285 4(3) 1(1) 2.89(3) 3.0(1) 0.09(2) 0.12(8) 0.2%

AgBro.v0Jo0.30 5(3) 2(1) 2.86(3) 2.9(1) 0.11(3) 0.12{(4) 0.4%
AgBro.eslo.as 4(2)  1(2) 2.85(%) 2.9(1) 0.09(3) 0.12(8) 0.1%
AgBro.golo. a0 3(3) 2(2) 2.87(3) 2.9(1) 0.10(4) 0.12(6) 0.1%
B-Agl 4 » 2.813(3)+* 0.10(1)
Br K-edge
N R[Br-Ag] o R-factor

AgBr 6 + 2.888(1)~ 0.11(2)

AgBro.golo.10 6(1) 2.88(1) 0.11(1) 0.01%

AgBro.golo.20 5(1) 2.88(1) 0.11(1) 0.02%

AgBro.7slo.25 6(1) 2.88(1) 0.12(1) 0.05%

AgBro.70lo.30 S5(1) 2.87(1) 0.11(1) 0.07%

AgBro.sslo.as 5(1) 2.88(1) 0.11(1) 0,04%

AgBro.solo.40 6(1) 2.88(2) 0.12(1) 0.11%




3) Results and discussion

3-1 Local structure of the solid-solution

The cell dimensions of the AgBr _,I, solid-solution increase
linearly with increasing AgI content because of the substitution
of larger ion I~ for Br~ (Fig. 1), i.e., it follows Vegard's law.
The average Ag-(Br,I) distances determined by X-ray diffraction,
therefore, increase apparently. The cell dimension for the rock-
salt type AgI can be estimated to be ca. 3.06 K by extrapolation.
The value of 3.06 K is compared well with 3.04 X for the rock-
salt type AgI obtained under 4 kbar by Moore & Kasper (1968).

EXAFS and XANES spectra yield information on the local
environments around a particular kind of absorbing atom in random
solid-solution. Because the nearest neighbors for Ag ion are bhoth
Br and I ions in the AgBr,_,I, solid-solution, the peak in each
radial structure function for the Ag K-edge of the solid-solution
(Fig. 3) gradually develops a shoulder at longer distance with
increasing AgIl content and is composed of double shells of the
Ag-Br and Ag-I distances as shown in Table 4. The distances from
Br to the first nearest neighbor, Ag, and from Ag to that of Br
obtained by EXAFS3 gradually decrease with AgIl content (Fig. 5),
which exhibits a contrast with the phenomenon observed in the
Gaq _yInyAs solid-solution where short Ga-As distances increase
with InAs content (Mikkelsen & Boyce, 1982). It will be expected
that Ag* is locally attracted to Br~, which has larger effective
anion charge than I, by replacing Br~ with I~ (Fig. 6). The
similar variation in bonding distance of a particular atom pair

is observed in other systems such as X-quartz type GaPO, and



1.0

(R-3)
0.5 -

0.0 +—
o

-0.,5 -

_ ! ! ! ! L
1.0 4,0 6.0 8.0 10.0 12.0

k(R-1)

Fig. 4. Fourier-filtered EXAFS spectra (solid curve) and least-

squares fit (dotted curve) for Ag K-edge of AgBrgy 71 3-



2.7"" : |
AgBr
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(open circles) vs composition in the AgBry _,I, rock-salt type
solid-solution at room temperature. Closed circles denote the

mean Ag-(Br,I) distances obtained from diffraction experiments.



Fig. 6. Schematic ¥epresentations of the local changes
around Ag ion. Ag is attracted to Br haveing stronger
bond than I .



GaAsO, in which the silicon positionsare regularly occupied by
two kinds of atoms. The Ga-0 distances (data from Goiffon et
al.,1986) are varied with the kind of atom standing on the
opposite side (P or As) by the displacement of two-coordinated
oxygen atoms (Fig. 7).

In Table 4, it is interesting to note that the Debye-Waller
factors 7 are almost constant value of 0.11. This Debye-Waller
factor ¢ is different obtained by diffraction experiments; only
the component of the relative displacement which lies along the
bond direction needs to be considered (Teo, 1986).

The XANES region of the absorption spectrum contains the
information on relative orientation and bond angles of atom
surrounding the X-ray absorbing atoms (e.g. Fujikawa et al.,
1983). The experimental Br K- and Ag K-edge XANES spectra of the
solid-solution are shown with the reference samples in Fig. 8 and
Fig. 9, respectively. There are systematic changes in both Br K-
and Ag K-edge XANES spectra with increasing AgI content (e.g.,
the third peak becomes gradually indistinguishable from the
second peak), which will be correlated to the change in the local

structure of the solid-soclution.

3-2 Average distribution of atoms in the unit cell

X-ray diffraction experiments allow the determination of the
three-dimensional distributions of atoms in the unit cell and
provide information about the average distribution of atoms
occupying an equivalent position in a solid-solution. In the
AgBrq_,I, solid-solution, the Br and I ions are distributed at

random over the 4(a) sites of space group Fm3m. It thus appears
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that static deviations of both cation and anion from the lattice
site occur because the Ag-Br and Ag-I distances 1in the
solid-solution are closer to the respective distances in the pure
rock-salt type compounds, AgBr and hypothetical rock-salt type Agl,
than to an average distance. The electron density section of the
difference-Fourier syntheses in the (100) plane, where both sites
for cation and anion just cut through their centers, is shown in
Fig. 10. The small residual electron density indicates the
preferred displacement of atoms along the <100> direction though
the electron density distributions of both caion and anion are
almost isotropic. In difference-Fourier maps for various
compositions, there is little residual electron density at the
tetrahedral site (1/4,1/4,1/4) for Ag.

The temperature factors [B(KZ)] for both cation and anion
determined by X-ray diffraction, which arise from both dynamic
disorder due to thermal vibrations and static disorder, inc¢rease
with AgI content (Fig. 11). In AgBr, the heavier Ag ion has a
larger temperature factor than the lighter Br ion in agreement
with the results of lattice-dynamical study (Dorner et al.,
1976). The root-mean~square (r.m.s.) displacement for (Br,I) and
Ag in AgBry 75I,. 55 is 0.18(4) and 0.22(5) A, respectively, and
they have a considerably larger value than that in pure AgBr
(0.14(4) K for Br and 0.17(4) X for Ag). The difference in the
r.m.s. displacement of each (Br,I) and Ag between pure AgBr and
AgBrg 751 .55 ({i.e., 0.04 = 0.18 - 0.14 for (Br,I) and 0.05 =
0.22 - 0.17 for Ag) accords weil with the average displacement

from the lattice sites (i.e., 0.04 = ( | 2.93 - 2.88 (X0.75 + |
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2.93 - 3.06 [X0.25 )/2 ) asumming that the Ag-Br, Ag-I and
average Ag-(Br,I) distances in the solid-solution are 2.88, 3.06
and 2.93 K, respectively. The particular increase in temperature
factors should result from the displacements of atoms from the
normal octahedral site owing to the fact that Br and I randomely
occupy the normal sites in the rock-salt type structure and that

the Ag-Br and Ag-I distances in the solid-solution are different.

3-3 Local structure and ionic conduction in the solid-solution

The conduction mechanism of AgBr was introduced in detail by
Shewmon (1963). The high ionic conductivity of AgBr results from
Frenkel defects. The measurements for the diffusion of silver in
AgBr single crystals using radiocactive tracers (Friauf, 1957)
showed that the most probable mechanism for the movement of the
interstitial silver ions is the interstitialcy mechanism. The
introduction of a large amount of AgI into AgBr leads to a large
increase in the ionic conductivity (Cain & Slifkin, 1980 and
Shahi & Wagner, 1982). It appears that the conductivity in the
intrinsic region increases monotonically with increasing AgI
content and that a large enhancement of ionic conductivity in AcgI
rich region will be ascribed to an increase in the concentration
of the Frenkel defect in an equilibrium state caused by changes
in local structures, in addition to the weaker I-Ag bond than the
Br-Ag bond. The activation energy for the solid-solution in
which Br and I ions are distributed at random over octahedral
sites without forming clusters is not so much influenced by

changes in the local structure.
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Chapter 4

Local structure of the superionic conducting (¥-AgIl type AgIq_,Bry

solid- solution



1) Introduction

The (k-phase silver iodide is the classical and typical
superionic conductor of Ag ions. The high-conducting state is
achieved through a first-order phase transition (T, = 420 K) and
the ionic conductivity increases by four orders of magnitude
(e.g. Shahi & Wagner, 1984). In X-AgI, the iodine ions form a
regular body-centered cubic lattice with the statistically
disordered distribution of the highly mobile Ag ions. A
decrease in volume (ca. 7%) occurs at the transition from the
low-temperature wurtzite-type structure (ﬁ—phase). KX-AgI 1is
stable over a wide range of tempefature to the melting point of
825 K. A pronounced anomaly in the heat capacity of {-AgI was not
observed (Nolting & Rein, 1969). However, a memory effect occurs
at temperature below 443 K because the distribution of Ag ion is
not completely random near the transition temperature (Burley,
1967).

The crystal structure and dynamical behavior of atoms in (X-
AgI have been studied extensively through several techniques;
e.g., X-ray and neutron diffraction (Hoshino et al.,1977 and Cava
et al.,1977), EXAFS (Boyce et al.,1977 and Hayes et al.,1978),
far-infrared absorption (Brﬁesch et al.,1975), Raman (Hanson et
al.,1975, Burns et al.,1976 and Delaney & Ushioda,1976). From
the crystal chemical considerations and interpretation of the
experimentally observed spectra, it has been suggested that only
the 12(d) sites (tetrahedral) of space group Im3m are
appreciably occupied at equilibrium. Boyce et al. (1977),

however, proposed from EXAFS study that the Ag ions in (X-AgI



occupy the sites slightly displaced from the center of the
distorted iodine tetrahedron.

The phase diagram of the AgI-AgBr system (Fig.1) has been
reported by Stasiw & Teltow (1949). ((-AgI type AgI4_,Br, solid-
solution with cubic symmetry is stable over a wide range of
composition and temperature. The substitution of iodine with
bromine in {-AgI lowers the melting temperature. Under ambient
conditions AgI is stable in the wurtzite type structure (ﬁLphase)
and is metastable in the sphalerite type structure (py-phase).
While AgBr is stable only in the rock-salt type structure up to
the melting point and does not exhibit superionic conduction.
The tetrahedrally-coordinated 8- and )-phases of AgI transform to
the rock-salt type phase under high pressure (Moore &
Kasper,1968). Covalent character is increasing from AgBr to AglI.
The ionicities (f) of both Agl and AgBr based on the Phillips
scale are close to the critical value of 0.785 which separate
tetrahedral covalent compounds from octahedral ionic ones; f(AgI)
= 0.77 and f(AgBr) = 0.85 (Phillips, 19790).

In the d-AgI1_XBrX solid-solution with disordered
distribution of Ag ions, the chemical composition and basic
structure are simple. Nevertheless, it will be presumed that the
local environments of the Br ions differ from those of the I
ions. EXAFS spectroscopy is a useful probe for investigating the
local environment around a pvarticular kind of absorbing atom in
the disordered structure and/or in the random solid-solution.

In this work, EXAFS and XANES structural analyses were made

XU X

for the K-AgI,_,Br, solid solution (0<x<0.4) at 573 K to

elucidate the distribution and the thermal behavior of the Ag
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Fig. 1. The phase diagram of the AgI-AgBr system
by Stasiw & Teltow (1949). Solid circles stand for
the samples studied by EXAFS spectroscopy



ions. The structure investigations are reviewed, and the
diffusion mechanism of Ag ions in this famous superionic
conductor are discussed from a view point of structural

chemistry.

2) Experimental

2-1 Synthesis

AgI and AgBr in powder form (99.99% pure ffom Koso
Chemicals) were mixed together in appropriate proportions. The
mixture was melted under the iodine atmosphere of about 100 mmHg
at 973 K for 20 hours in silica tube and then quenched into cold
water., The sample was taken out from the silica tube and ground
to a fine powder. The powder was annealed at 623 K for two hours
before measurements. The formation of single phase -AgI type
AgIq _Br, solid solution (0<x<0.4) was confirmed by X-ray powder
diffraction technigue at 573 K. Special precaution was paid to
prevent from exposure of light. The compositions of the samples
were assumed to be the same as those of the starting mixtures.
The cell dimensions (Table 1 and Fig. 2) decrease linearly with
increasing AgBr content.

For the high temperature X-ray absorption measurements the
fine powder samples were mixed with powder of boron nitride and
pressed into pellets of 0.6 to 0.8 mm in thickness and 10.0 mm in
diameter. The samples had the edge-jumps (aMd) of 1.8~ 0.5 for
the Br K-edge and 1.3~ 0.9 for the Ag K-edge, where‘# is the

linear absorption coefficient and d, the sample thickness.

2-2 Furnace



Tab%e 1. Cell dimensions (a) and cell volumes (V)
in A for Q-AgI type AgI4_,Br, solid-solution at
573 K.

a (A) vV (R?)
a-Agl 5.082(4) 131.3(4)
@ -Ag(To.eBro.1)  5.031(4)  127.3(4)
«-Ag(Io.8Bro.2) 5.002(5) 125.2(4)
a@-Ag(lo.7Bro.a)  4.969(6) 122.7(5)
@ -Ag(lo.6Bro.4) 4,934(3) 120.1(2)
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Fig. 2. Relationship between cell paramater and
composition of the ((-AgI type AgI4_4Br, solid-
solution at 573 K.



A photograph of the fabricated heating furnace for X-ray
absorption measurements is shown in Fig. 3. The overall
dimensions of the furnace are with approximately 100 mm in
diameter, 150 mm in height and approximately 7 kg weight. Two
pellets of samples can be supported on the lower heating element.
Two thermocouples mounted inside the furnace serve to control the
temperature and measure the specimen temperature. It is possible
to evacuate or to flow desired gases. The samples can be heated

up to 850 K with a stability of + 1 K.

2-3 X-ray absorption measurements

The X-ray absorption measurements near the Br K- and Ag K-
edges at 573 K were made with synchrotron radiation by use of the
EXAFS facilities installed at the beam line 10B of the 2.5 GeV
storage ring of Photon Factory in KEK.

A Si(311) channel-cut monochromator was used. The incident
and transmitted X-ray intensities were measured with ionization
chambers filled with N, and Ar gas. Gas mixtures were selected
for optimum singnal to noise ratio. The survey regions and
scanning steps of X-ray absorption spectra for the Br X- and Ag
K-edges are shown in Table 2. During the runs, the storage ring
was operated at the energy of 2.5 GeV with an electron current of

210 - 110 mA.

2-4 Structure analysis

Data processing and analysis applied to the absorption
spectra are described in detail in chapter 3. We extracted the
EXAFS function X(k) from the measured absorption spectra and made

a Fourier transformation into real space. The same k range, k =



(a)




(b)>

Fig. 3. (a)Photographs of the fabricated heating
furnace for high temperature EXAFS measurements.
Refer to the text for a detailed description. (b)
The furnace mounted on the EXAFS spectrometer at
BL10B of Photon Factory in KEK. The synchrotoron
source is situated to the left of the ionchamber
detector and guide-pass.



Table 2. Survey regions and scanning steps of X-
ray absorption spectra in Br K- and Ag K-edge.

Br K-edge
13.220 — 13.450 (KeV) 5.1 (eV)
13.450 — 13,530 1.0
13.530 — 13.950 2.6
13.950 — 14.170 3.6

Ag K-edge
25,230 — 25.490 (KeV) 5.1 (eV)
25,490 — 25.570 0.9
25.570 — 25.950 2.4
25.950 — 26,200 3.4




4.5 - 11.0 A~1 for the Br K-edge and k = 4.5 - 11.0 A-1 for the
Ag K-edge, were used in each case. Typical X(k) data and the
Fourier transforms for the Br K- and Ag K-edges are shown in Fig.
4, Fig. 5 and Fig. 6, respectively. The highest peak in each
radial structure function indicates the nearest-neighbors around
the absorbing atom. With increasing temperature from 293 K to
573 K, the peak in radial structure function around the Ag ion of
pure AgI shifts to a shorter distance and the peak magnitude
decreases. Using a curve-fitting analysis of EXAFS, the
structure parameters (the coordination number N, interatomic
distance d and Debye-Waller factor ) of o(~AgI1_XBrX solid
solution (0<x<0.4) at 573 K are determined by the least-squares
parameter fitting as mentioned in chapter 3 (Table 3). The
amplitude and phase shift parameters were obtained from the
rgference samples (pure ﬂ—AgI and AgBr at 293 K). The
interatomic distances for the reference samples were determined
by the single crystal structure analysis with X-rays (Yoshiasa et
al., 1986 and 1987). The analysis has been made assuming that
the first peak in each radial structure function for the Ag K-
edge of the solid-solution is composed of double shells (i.e. the
Ag-I and Ag-Br distances), and that for the Br K-edge is single
shell (the Br-Ag distance). The reliability of fit parameter, R
= E’slzl—{-s?’x()—{-s)exp. - l<-s:3x(-]is)calc.l/735ll{-s37‘3(-]is)exp.l' between the
experimental and calculated EXAFS functionsis also listed in
Table 3. The quality of the fit for the Ag K-edge of the AgIg 7
Brg. 3 is shown in Fig. 7. The curve-fitting analysis

satisfactorily reduced the magnitude of R-factor by roughly 1 %.
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Fig. 4. Ag K-edge EXAFS oscillations for {{~-AgI and
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at 573 K. No phase shift corrections were made.
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Tgblg 3. Structure paramaters by the least-squares paramater
fitting : coordination numbers [N], interatomic distances [R(R)]
and Debye-Waller factors [T].

Ag K-edge

N Ag-T1 N Ag-Br R Ag-I R Ag-Br UAg—I aAg-Br R-factor
B-Agl [293K]= 4 2,813 0.08(3)
a-Agl [573K] 1.7(5) 2.76(2) 0.09(2) 1.53%

o -Ag(Io.8Bro.2) 1.3(14) 0.3(3) 2.79(6) 2.68(6) 0.09(4) 0.05(22) 0.26%

a-Ag(Io.7Bro.3) 1.3(12) 0.6(9) . 2.73(8) 2.67(3) 0.10(4) 0.06(8) 0.08%

e -Ag(lo.6Bro.4) 1.0(2) 0.7(2) 2.77(2) 2.68(2) 0.09(2) 0.07(2) 0.04%
AgBr [293K]= 6 2.888 0.09(1)

Br K-edge

R R-fact
N Br-Ag Br-Ag aBr—Ag actor

a-Ag(Io.8Bro.2) 3.0(7) 2.71(1) 0.09(1) 0.01%

a-Ag(lo.7Bro.3) 2.1(6)  2.69(1) 0.08(1) 0.04%

a-Ag(o.6Bro.a) 3.1(7) 2.70(1) 0.10(1) 0.30%
AgBr [293K]+ 6 2.888 0.10(1)
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Fig. 7. Fourier-filtered EXAFS spectra (solid
curve) and least-squares fit (dotted curve) for Ag
K-edge of Q-~AgI type AgIl; 7Brg ;3.



The quality of the fit on the peaks for solid-solutions is

sufficent and should justify the validity of our models.

3) Discussion

3-1 The effective one-particle potentials in the high and low

temperature phases of AgI

Here, the crystal structure of (-AgIl is reviewed in
comparison with that of ﬂ—AgI. X-ray or neutron diffraction
experiments allow the determination of the three-dimensional
distributions of atoms in the unit cell and provide information
about the average distribution of atoms around their equilibrium
positions. We have studied the behavior of anharmonic thermal
vibrations in ﬂ—AgI as a function of temperature by X-ray
diffraction method (Yoshiasa et al., 1987). The probability-
density functions (P.D.F.) were presented and the effective one-
particle potentials (0.P.P,) of both Ag and I atoms were derived
from the P.D.F.s. The O.P.P. has an absolute energy scale and is
almost independent of temperature.

Cava et al. (1977) refined the structure of {-AgI by single-
crystal neutron diffraction method and showed that the
equilibrium position of Ag is only the tetrahedrally-coordinated
site at (1/4 0 1/2) and that the complex silver distribution is
completely accounted for by anharmonic thermal vibration. We
have calculated the P.D.F. and the 0.P.P. for (X-AgI with the
temperature factors published by Cava et al. (1977). Fig. 8
shows the 0.P.P. curves of both atoms in X-AgI (solid curves) and
B-AgI (dashed curves) along the Ag-I bond at the individual

temperatures. Fig. 9 shows the O.P.P. curve of Ag in (X-AgI
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perpendicular to the Ag-I bond (parallel <201>). The Ag and I
atoms in {-AgI are located in 12(d) sites (noncentrosymmetric
site symmetry 42m) and in 2(a) sites (centrosymmetric, m3m) of
space group Im3m, respectively, while in B—AgI both Ag and I
atoms are located in 2(b) site (noncentrosymmetric, 3m) of space
group P6jsmc. The O.P.P. curves for the I atoms in X-AgI are
symmetric as shown in Fig. 8 because the 2(a) sites have a center
of symmetry. The O.P.P. provides some useful information with
respect to an isolated atom vibrating in equilibrium position.
For the interpretation of this potential, Bachmann & Schulz
(1984) have demonstrated that the temperature dependence of
potential is different between ordered structures (dynamic
disorder due to thermal vibrations only) and disordered
structures (in addition to thermal vibrations, static deviations
from the crystal symmetry); i.e. for ordered structures the
0.P.P. curves are almost independent of temperature and for
disordered structures a temperature-dependent pseudo potential is
obtained.

Since the Ag atoms in ({-AgI are distributed at random over
the 12(d) sites and only one sixth of the sites is occupied, it
may be considered that static deviations from the lattice sites
contribute appreciably to the 0.P.P.. Nevertheless, in Fig. 8,
the obtained potentials of both atoms in ®K-AgI are considerably
similar to those in B-AgI of which structure is quite different.
It is, therefore, suggested that the obtained potentials of both
atoms in {-Agl are not far removed from the actual potentials
though diffraction experiments provide space averaged information

for the disordered structure. The potentials do not change



appreciably through the ﬂ—d phase transition. It is also
noteworthy that the curves of both atoms in ({-AgIl toward the
bonding direction are characteristically located lower than those
in B-AgI. These features suggest that the I ions are localized
on the body-centered cubic lattice and do not deviate appreciably
from their lattice sites by the statistical distribution of the
Ag ions.

The P.D.F. map in the (010) plane is presented in Fig. 10.
The P.D.F. is defined as the probability of finding an atom in a
volume element (Willis & Pryor, 1975) and provides information
about the average distribution of atoms around the equilibrium
positions. The widespread distribution obtained for both atoms
exhibits that the periodicity is substantially disturbed by the
large thermal motion of the atoms. The Ag ions are statistically
distributed over the iodine tetrahedra. Each tetrahedron shares
faces with four other tetrahedra in the body-centered structure.
The P.D.F. for the Ag ion extends to neighboring tetrahedra.
Consequently, the Ag ion can jump to the neighboring site with
appreciable probability by the thermal motion. It is proposed
that the disordered nature of (X-AgI is due to the thermal motion
coupled with the lattice vibration of the I ions, and diffusive
and vibrational motions are not independent. Although the
directions of motion having the largest amplitude for the Ag ions
are the <100> directions toward two longer edges of the
tetrahedra, the positions having the highest probability density
on the boundaries between neighboring tetrahedral sites, i.e.,

the col in the potential barriers, are indicated by the arrows in
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Fig. 10. The probability density function in the
(010) plane. The contours are scaled to 100 units
at the centers. The arrows show the highest
probability density on the boundaries between
neighboring tetrahedral sites.
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Fig. 10. It is, therefore, suggested that diffusion occurs
mainly between four face-shared tetrahedral sites. Based on the
Ag density in Fourier maps (Fig. 11), Cava et al. (1977) pointed
out that the location of the three-coordinated saddle point
(0.39,0,0.39) is significantly different from the geometrically-
anticipated 24(h) site (3/8,0,3/8). Our interpretation accounts
completely for the discrepancy of the location; the col in the

potential barriers corresponds to the saddle point.

3-2 Local environment of the Ag ion in X-AgI

In Table 3, we showed the coordination number and
interatomic distance for (X-AgI at 573 K by a curve-fitting
analysis of EXAFS. Apparent decrease iﬁ the coordination number
is observed in (X-AgIl. This results are compatible with the
previous EXAFS results. Boyce et al.(1977) reported that in X-AgI
only ~75% of the Ag atoms contribute to the sharp EXAFS features
at 471 K. And they explained such a loss in intensity by
considering a residence time and a flight time; a sharp EXAFS
signal does not yield during the flight time because the Ag-I
distances are distributed over a large range. Indeed, large
static and thermal disorder can lead to a reduction of the EXAFS
amplitude, and hence a lowering of the apparent coordination
number (Teo, 1986). The residues were detected on the radial
structure function because of broadening of EXAFS signal.

EXAFS spectroscopy is sensitive to the local environment
around the Ag ions in (-AgI which has a statistical distribution
of Ag ions over the 12(d) sites, while spatially averaged

information over the 12(d) site (the average of one site occupied
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Fig. 11. Distribution of silver scattering density
for O-AgI in the (010) plane at 573 K
(contribution of I subtracted) from the neutron
scattering results of Cava et al, (1977).
Tetrahedral sites (f]), octahedral sites (@) and
trigonal sites (4).
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by the Ag ion and five unoccupied sites) are obtained by
diffraction experiments. We have obtained the distance from Ag to
the first nearest neighbor, Ag-I = 2.76,&, at 573 K by EXAFS as
listed in Table 3. On the other hand, at the center of the iodine
tetrahedron the Ag atom has four nearest neighbours at 2.84 K by
diffraction experiments at 573 K. The Ag-I distance obtained by
EXAFS in A-AgI is, therefore, significantly shorter than that by
diffraction experiments. |

Here, let's discuss the local structure of -AgI on the basis
of the comparison with ﬁ—Ang B8-AgI has a negative thermal
expansion and transforms to X-AgI with higher density at 420 K.
Ip ﬁ-AgI, the nearest Ag-I distances are 2.811(1) X and 2.819(3)
R at 123 K and as the result of increasing thermal vibration of
atoms the distance of 2.819 A becomes short with temperature
(Yoshiasa et al., 1987). The 0.P.P. curves of both Ag and I atoms
in &-AgI are sufficiently similar to those in 8-AgI (Fig. 8). In
addition, the curves in (X-AgI toward the bonding direction are
located lower than those in ﬁ—AgI. It thus appears that the
tetrahedral sites occupied by Ag ions in ({-AgIl are smaller than
those in ﬂ—AgI and that the Ag-I distance obtained from EXAFS
method represents the nearest-neighbor distance in {~AgI. The
average distances between the nearest I ions in ({-AgIl are 4.38 Z
(433 K) and 4.40 Z\ (573 K) which are compared to 4.59 /g\ in /G—AgI
over a wide range of temperature, and the larger thermal
expansion in X-AgI results from the dilation of unoccupied I
cages. Hokazono et al. (1984) analysed dynamical correlation

between anions and cations by a molecular-dynamic technique, and

they pointed out that the average volume of tetrahedra which
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contain Ag ions are smaller than that of unoccupied tetrahedra.
The Debye-Waller factor for EXAFS experiments differs from
that for diffraction experiments. In EXAFS only the component of
the relative displacement which lies along the bond direction
needs to be considered (Teo, 1986). The much larger root-mean-
square deviation from the average lattice position are obtained
from diffraction studies. In Table 3, it is interesting to note
that the Debye-Waller factor for the nearest neighbor Ag-I atom
pair in X-AgI (573K) is not significantly larger than that in ﬁ—
AgI (293 K) though the motion of the Ag atom in X-AgI is

extremely violent.

1-x§£§ solid-solution

3-3 Local structure of the X-AgI

The cell dimensions of d-AgI1_xBr solid-solutions (Fig. 2)

x
decrease linearly with increasing AgBr content because of the
substitution of smaller Br ion for larger I ion and follow
Vegard's law. The cell dimension for the ((-AgI type structure of
AgBr at 573 K is estimated to be ca. 4.72 K by extrapolation.
The values of 4.72 Z for the X-AgI type structure and of 5.77 &
for the rock-salt type structure (293 K) in AgBr are compared
well with 5.08 ; for the Ol-AgI type (573 K) and 6.07 X for the
rock-salt type (at room temp. and 4 kbar, Moore & Kasper, 1968)
in AgI. From the cell dimension of 4.72 Z for the X-AgI type
AgBr, the Ag-Br distance of the tetrahedral site is 2.64 K
(fga/4), while the average Ag-8rdistance of the octahedral site
is 3.01 A ((2¥2a + a)/6).

EXAFS and XANES spectra yield information on a specific

ion's immediate environment. The peak in each radial structure
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function for the Ag K-edge of the solid-solution at 573 K (Fig.
6) gradually develops a shoulder at shorter distance with
increasing AgBr content and is composed of double shells of the
Ag-I and Ag-Br distances as shown in Table 3. On the other hand,
the peak for the Br K-edge of the solid-solution (Fig. 5) does
not vary with AgBr content and is composed of single shell of the
Br-Ag distance. In the solid-solution range, the Ag-I and Ag-Br
distances are constant and are 2.76 ‘1& and 2.69 X, respectively.
Though apparent decrease in the coordination number is also
observed in the solid-solution, the ratio of the coordination
number of I ions around the Ag ion to that of Br ions is
reasonably proportional to the chemical composition.

The XANES region of the absorption spectrum contains the
information on relative orientation and bond angles of atoms
surrounding the X-ray absorbing atoms (e.g. Fujikawa et al.,
1983). The experimental Br K- and Ag K-edge XANES spectra of the
solid-solution at 573 K are shown in Fig. 12 with the reference
samples. There are little changes in the Br K- and Ag K-edge
XANES spectra through the solid-solution range. It is, therefore,
proved from EXAFS and XANES spectra that only tetrahedral sites
are appreciably occupied at equilibrium in the solid-solution
though the X-AgI type structure has several kinds of available
sites among interstices of the b.c.c. lattice formed by anions,
and that the Ag atoms in the solid-solution are restricted by

long-range order.

3-4 Superionic conduction of X-AgI

The Ag ions in O{-AgI vibrate about the tetrahedral 12(d)
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Fig. 12. Experimental Br K-edge and Ag K-edge
XANES spectra of (X-AgI type AgI, solid-
solution at 573 K with the reference samﬁﬁes {pure
B AgI and AgBr at 293 K).
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sites with large amplitude and then jump to a nearest neighbor
site in a manner coupled with the lattice vibration of the I
ions. Cooperative effects will be important for the dyvnamics of
the diffusion (e.g. Alben & Burns,1977 and Hoshino et al.,1977).
The ionic conduction is closely related to the phonon spectrum
and the knowledge of the lattice vibrations should be of primary
importance for understanding of the ionic conduction.

The structural feature proposed in the present study of -
Agl is consistent with the spectroscopic considerations for the
Ag ion having a tetrahedral symmetry. The far-infrared (Bruesch
et al.,1975) and Raman studies (Burns et al.,1976) showed that
the frequency of the To mode in the (X-AgI is essentially the same
as in ﬁ—AgI and that the interatomic forces are nearly the same
in both phases. Buhrer et al. (1978) attempted preliminary
lattice-dynamical calculations of ¢{-AgI using the force constants
of B—AgI, and obtained an agreement for the frequencies of the To
modes. Beyeler et al. (1978) calculated the diffuse scattering
pattern of ﬁ—AgI with the valence shell model parameters of
Buhrer et al. (1978) and concluded that in.ﬁ— and {-AgI a large
part of the strong diffuse scattering is of thermal nature
originating from the large number of low-freguency lattice
excitations whose frequency is determined by weak bending forces.
In bond-bending modes, the tetrahedral angles are mainly changed
but not the Ag-T distances. The weakness of bond-bending forces
appears to be a characteristic for superionic conductors
(Phillips, 1976).

Using a molecular-dynamics technique nature of ionic motions
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in {-Agl was studied by Vashishta & Rahman (1978), Parrinello et
al. (1983), Vashishta (1986), Chiarotti et al. (1986) and Tallon
(1986). They showed to some extent that a simple potential
function successfully describes the ﬂ—a vhase transition and that
the structural and dynamical properties of {-AgIl are in good
agreement with experiments. These reports, therefore, suggest
that the interparticle potential in AgI doesnot change appreciably
through the B-X phase transition.

At 420 K, the ﬁ—AgI transforms into the superionic (Y-AgI in
which Ag ions are mobile with large constant of self-diffusion.
ﬁ—AgI has low conductivity with appreciable activation energy,
while ({-AgI has high conductivity with little apparent thermal
activation. It should be emphasized that these appreciable
difference in the ionic conductivity between these phases is
attributed to the difference in the atomic arrangements. A
necessary condition for superionic conduction is the availability
of many energetically nearly equal sites per ion for the
conducting species as conduction paths. In {-AgI, iodine cages
share the faces and edges with each other; accordingly there is a
continuous path through the crystal. The P.D.F. maps involve
valuable information about diffusion paths and the O.P.P. curve,
which has an absolute energy scale, allows estimation of the
potential barrier along the diffusion path of the mobile ions. It
is known that the estimated potential barrier along the path
compares well with the activation energy of conductivity
(Bachmann & Schulz, 1984). Fig. 9 shows the O.P.P. curve for the
Ag atom along the diffusion path between face-shared equivalent

tetrahedral sites (the direction of the arrows in Fig. 10).
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Thermally excited Ag ions can overcome the barrier height of 0.07
eV to change their positions. The value of 0.07 eV agrees well
with the activation energy for ionic diffusion as derived from an
Arrhenius plot of conductivities (¢); the activation energy as
calculated from the plot of log(yT) vs 1/T (Rice & Roth,1972) or
the plot of logg vs 1/T (Shahi & Chandra, 1975) has been found to
be 0.10 eV or 0.05 eV for the conduction of Ag ion in X-AgI (both
plots yield adequately straight lines from the literature data

(Tubandt & Lorenz, 1914 and Kvist & Josefson, 1968)).
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Chapter 5.

General conclusion
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1) Anharmonic thermal vibrations in wurtzite-type AgI

The thermal behavior of atoms in wurtzite-type AgI (p—AgI)
was investigated by X-ray diffraction at 123, 297, 363 and 413 K.
The several reflections which violate the extra conditions of the
systemétic absences of the wurtzite-type structure were first
observed and explained by anharmonic thermal vibrations. It is
concluded that the anharmonic character is essential to the B—AgI
structure.

The effective one-particle potentials of both Ag and I atoms
in B~AgI were evaluated and the anharmonic thermal vibrations of
both atoms are demonstrated by the probability density functions.
The degree of anisotropic thermal motion of the I atom was
getting more prominent than that of the Ag atom at higher
temperatures and the thermal motion of the I atom reveals a
salient anharmonicity toward the structural change corresponding
to the transformation from ﬁ~ to O-AgI. The c-axis becomes
shorter with raising temperature. The structural changes versus
temperature can be explained from the anharmonic thermal
vibration.

The apical distances of wurtzite-type compounds are longer
than the basal ones due to the difference in the contribution to
hybridization between three equivalent directions and another
symmetrically non-equivalent directions. The apical distance
becomes shorter at higher temperature owing to the thermal
vibrations which are dependent on the bonding force. It is proved
that the anharmonicity causesthe structural variations in the

wurtzite-type compounds.
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The magnitudes of temperature factors are larger for mobile
Ag atoms than for I atoms. The appreciable anisotropy of the
thermal motion is not directly related to the macroscopic
characteristics of ionic conduction.

2) Variations of Ag bonding distances in the AgBr,_,I, rock-salt
type solid-solution by X-ray and EXAFS analyses

The local structure of the AgBr,_,I, rock-salt type solid-
solution (0<x<0.4) was investigated by both EXAFS and single
crystal X-ray diffraction. The first nearest neighbor distances
from Br to Ag, and those from Ag to Br in the solid-solution can
determine from EXAFS method. On the other hand, X-ray diffraction
methods provide the average Ag-(Br,I) distances because the Br
and I ions occupy the crystallographically equivalent positions.
Because Agt surrounded by both Br~ and I ions is locally
attracted to Br~, which has larger effective negative charge than
I-, the Ag-Br distances gradually decrease with AgI content.
There are observed systematic changes in both Br K- and Ag K-edge
XANES spectra with increasing AgI content in connection with the
change of the local structure in the solid-solution.

In the solid-solution, the Br and i ions are distributed at
random over the 4(a) sites of space group Fm3m without forming
clusters. Static deviations of both cation and anion from the
lattice site occur because the Ag-Br and Ag-I distances in
the solid-solution are closer to the respective distances in the
pure rock-salt type compounds, AgBr and hypothetical rock-salt
type AgI, than to an average distance. The particular increase in

temperature factors by X-ray diffraction results from the static

displacements of both cations and anions from the normal
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octahedral site.

A large enhancement of ionic conductivity in AgI rich region
will be ascribed to an increase in the concentration of the
Frenkel defect caused by changes in local structures in an
equilibrium state. The activation energies in the intrinsic
region for the solid-solutions in which both anions are
distributed at random over octahedral sites without forming
clusters are not so much influenced by changes in the local
structure.

3) Local structure of the superionic conducting (-AgI type AgI,_

«Bry, solid-solution.

EXAFS and XANES structural analyses were made for the ((-AgI
type AgI,_,Br, solid-solution (0<x<0.4) at 573 K to elucidate the
distribution of Ag ions. The Ag-I and Ag-Br distances in the
solid-solution keep constant values over whole range,
respectively: 2.76 A for Ag-I and 2.69 A for Ag-Br. There are
little changes in the Br K- and Ag K-edge XANES spectra through
the solid-solution range. It is, therefore, concluded that only
tetrahedral sites are appreciably occupied by Ag ions at
equilibrium in the solid-solution though (X-AgI type structure has
several kinds of available sites among interstices of the b.c.c.
lattice formed by anions, and that the Ag atoms distribute
statistically over the tetrahedral sites with long-range order,

The Ag-I distance obtained by EXAFS is significantly shorter
than that by diffraction experiments. The Ag-I distance obtained
from EXAFS method represents the nearest-neighbor distance in QX-
AgI, while space averaged information over the 12(d) site (the

average of one site occupied by the Ag ion and five unoccupied
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sites) are obtained by diffraction experiments. The larger
thermal expansion in QU-AgI results from the dilation of
unoccupied I cages.

We have calculated the effective one-particle potentials and
the probability-density functions of both Ag and I atoms in Q-
AgI. Judging by comparison with the o.p.p in B—AgI, it is
suggested that the calculated potentials of both atoms in (X-AgI
are not so different frcm the actual potentials though
diffraction experiments provide spatially averaged information
for the disordered structure. It is surprised that the potentials
along the Ag-I bond do not change appreciably through the B%x
phase transition though ion conductivity remarkably change
through the transition.

The wide spread distribution of both atoms exhibits that the
periodicity of atomic arrangement is substantially disturbed by
the large thermal motion of the atoms. The probability-density
function for the Ag ion extends to neighboring tetrahedra.
Consequently, the Ag ion can jump to the neighboring site with
appreciable probability by the thermal motion. The highest
probability density is found on the boundaries between four face-
shared tetrahedral sites though the directions of motion having
the largest amplitude for the Ag ions are the <100> directions
toward two longer edges of the tetrahedra. It is proposed that
the disordered nature of (~AgI is due to the thermal motion of Ag
ions.

The effective one-particle potential allows estimation of

the potential barrier along the diffusion path of the mobile
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ions. The Ag ions which are thermally excited more than 0.07 eV
can overcome the barrier. The appreciable difference in the ionic
conductivity between B— and ({-phases is attributed to the
difference in the atomic arrangements. A necessary condition for
superionic conduction is that the structure has many available
energetically nearly equal sites per mobile ion and diffusion

paths with low energy barrier.
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