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Pressure-induced phase transitions in AgCl, AgBr, and AgI
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~Received 18 August 1998!

The structural behavior of the three silver~I! halides AgCl, AgBr, and AgI has been investigated to pressures
p;13– 16 GPa using angle-dispersive x-ray diffraction with an image-plate device. Principal attention has
been paid to the structural characterization of the phase transitions in the pressure rangep;7 – 13 GPa ob-
served previously by optical and resistivity techniques. In AgCl, the ambient-pressure rocksalt-structured phase
transforms atp56.6(6) GPa to a monoclinic structure with a KOH-type arrangement and then to an ortho-
rhombic TlI-type configuration atp510.8(8) GPa. Both these structures can be considered to be more densely
packed arrangements derived from rocksalt and possess ionic environments intermediate between the octahe-
drally coordinated rocksalt structure and an eightfold coordinated CsCl-type one adopted at higher pressure.
AgBr and AgI both undergo rocksalt→KOH-type structural transitions, atp57.9(4) GPa andp
511.3(2) GPa, respectively. The nature of the pressure-induced rocksalt→CsCl transformation in the three
Ag~I! halides is discussed in relation to the continuous rhombohedral deformation model due to Buerger and to
recent theoretical predictions derived fromab initio electronic structure calculations.@S0163-1829~99!02702-2#
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I. INTRODUCTION

The structural behavior of binaryAB compounds unde
hydrostatic pressure has been a popular topic in conden
matter research over the past decade. The improvemen
high-pressure diffraction techniques using both neutron1 and
x-ray2 radiations give data suitable for Rietveld refineme
and the resultant information concerning the relative stab
of various structures provides a challenge to theoretical
tempts to derive reliable interatomic potentials for the
systems.3–12 The most covalentAB compounds are the III-V
and II-VI semiconductors which, at ambient conditions, ge
erally adopt the tetrahedrally coordinated zincblende
wurtzite structure. By analogy with the behavior of elemen
Si and Ge under compression, many of these phases
originally thought to adopt a diatomic version of the tetra
onalb-Sn structure at high pressure@i.e., InSb~Ref. 13! and
GaP ~Ref. 14!#. In other cases, the first transition is to th
octahedrally coordinated rocksalt arrangement, followed
theb-Sn structure at higher pressures@i.e., InP~Ref. 15! and
CdTe ~Ref. 16!#. However, recent x-ray diffraction studie
have found no evidence for orderedb-Sn-type phases in an
III-V or II-VI systems and the correct description of th
high-pressure phase is orthorhombic~space groupCmcm!, in
which both atomic species adopt distorted fivefold coordi
tions ~see Refs. 17 and 18, and references therein!. At the
other extreme, the highly ionic Na, K, and Rb halides ad
the rocksalt structure at ambient conditions and, under p
sure, the majority of these compounds undergo first-or
structural phase transitions from sixfold- to the eightfo
coordinated CsCl structure.19 The CsCl structure is, in turn
adopted by the Cs halides at ambient conditions and re
sents the densest packing of spheres of different size. A
result, further structural transitions require extremely la
pressures and, in the case of CsI, the material becomes
tallic at p.100 GPa and the essentially identical ionic co
adopt a dense packing which is close to hexagonal c
packed~for further details, see Refs. 20 and 21!.
PRB 590163-1829/99/59~2!/750~12!/$15.00
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In contrast to the general picture given above, the hi
pressure structural behavior of compounds whose bond
character is intermediate between ionic and covalent is o
rather complex. This is the case for the Ag~I! and Cu~I!
halides, which can be considered as I-VII compounds ly
at the ionic end of the sequence IV→III-V→II-VI→I-VII.
Starting with the purely covalent elements Si and Ge,
degree of ionic character increases with increasing separa
of the constituent elements within the periodic table throu
the III-V and II-VI semiconductors. On the Phillips scale
ionicity,22 the Ag and Cu monohalides have values fromf
50.692 ~CuI! to f 50.894 ~AgF! which span the critical
value f c50.785 marking the idealized boundary betwe
predominantly ‘‘covalent’’ and ‘‘ionic’’ systems. This is il-
lustrated by the fact that AgF, AgCl, and AgBr adopt t
octahedrally coordinated rocksalt structure characteristic
ionic bonding at ambient pressure and temperature, while
three Cu halides possess the zincblende arrangement fav
by the more covalent compounds.23 AgI differs only slightly
from the latter, usually existing as a two-phase mixture of
cubic zincblende polymorph and its hexagonal wurtz
counterpart.24

The Ag ~Cu! atom possesses a completely filled 4d10

(3d10) shell and a single 5s (4s) electron which is trans-
ferred to the halide atom. However, the Ag~Cu! halides dif-
fer from their alkali halide counterparts because the 4d (3d)
electrons undergo hybridization with the halidep state. There
have been several attempts to developab initio theoretical
models to describe this resultant, more complex, electro
band structure, within the local-density approximation us
a pseudopotential plane-wave method.9–12 These studies
have been motivated by the extensive use of mixed ph
AgBr-AgI in photographic applications.25 The promotion of
an electron from the valence band to the conduction b
within the silver halide grain is an important, though rel
tively poorly understood, aspect of the formation of a late
image. Of greater relevance to this work, reliable calcu
tions of the total energies and cohesive energies of the C~I!
750 ©1999 The American Physical Society
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and Ag~I! halides as a function of volume, using trial cryst
structures, can predict the behavior of these compound
elevated pressures.7,12

This paper reports the results of a series of high-pres
x-ray diffraction studies of AgCl, AgBr, and AgI at pressur
up to p;13– 16 GPa. The crystallographic information o
tained is used to resolve some of the uncertainties prese
the literature concerning the high-pressure structural pro
ties of these compounds~see next section! and to assess th
ability of electronic structure calculations to predict this b
havior.

II. SUMMARY OF PREVIOUS LITERATURE

While the high-pressure behavior of the Cu~I! halides has
recently been extensively studied,26–29 the behavior of their
Ag~I! counterparts is relatively poorly understood. The e
ception is AgF, which transforms to the CsCl arrangemen
p52.70(2) GPa ~Ref. 30!. Interestingly, the reverse
CsCl→rocksalt transformation on decreasing pressure oc
via an intermediate phase which possesses an anti-N
configuration.31 The static compressibility studies o
Bridgman32 observed pressure-induced phase transiti
within both AgCl and AgBr at pressures in the regionp
58.4– 8.8 GPa, with volume discontinuitiesDV/V;1.6%
and 1.1%, respectively. Subsequent optical33,34 and
resistivity35 measurements under pressure confirmed
presence of these transitions and observed one in AgIp
;10– 12 GPa. However, the initial assumption that the hi
pressure phases adopted the cubic CsCl structure32 was
shown to be incorrect by the x-ray diffraction experiments
these systems. In the case of AgCl, Jamieson and Laws36

indexed five diffraction lines collected atp;11 GPa in terms
of a tetragonal unit cell witha59.03 Å and c53.92 Å,
while Schock and Jamieson37 subsequently interpreted 1
lines collected atp;9.2 GPa with a hexagonal unit cell o
a54.06 Å andc57.02 Å. For the latter, the observed pea
were shown to be consistent withP3121 symmetry, suggest
ing a cinnabar-type~HgS! structure. This arrangement of th
ions is related to rocksalt, with the formation of short
Ag1-Cl2 distances~;2.0 Å! interpreted as evidence of in
creasing covalent character.37 However, this structural as
signment was later questioned by Kabalkinaet al.,38 on the
grounds that the derived volume discontinuity at the tran
tion (DV/V;7.8%) is significantly greater than that ob
served by Bridgman.32 Their 17 diffraction lines collected a
p;10 GPa were indexed in terms of an orthorhombic u
cell with a56.068 Å, b55.518 Å, andc53.519 Å, and a
distorted rocksalt-like arrangement~orthorhombic HgO
type38!. However, the calculated intensities for such a str
ture were in relatively poor agreement with those observ
In the most recent work, Kusabaet al.39 used energy-
dispersive x-ray diffraction methods to determine the pr
ence of three transitions in AgCl atp;8 GPa,p;13 GPa,
and p;17 GPa, though the latter required heating toT
;500 K. Diffraction patterns collected within the stabilit
fields of the three high-pressure polymorphs were inde
as monoclinic @a53.517(2) Å, b53.988(2) Å, c
55.225(2) Å, b5101.00(5)° at p;9 GPa#, orthorhombic
@a53.350(2) Å, b59.916(7) Å, c54.093(1) Å at p
;13.5 GPa#, and cubic@a53.199(1) Å atp;17 GPa and
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T5520 K#. On the basis of the observed reflection con
tions, the structures and space groups were identified
KOH-type (P21), TlI-type ~Cmcm!, and CsCl-type
(Pm3̄m), respectively, though no comparison of the o
served intensities with those expected was reported to c
firm these structural assignments. The single x-ray diffr
tion study of AgBr reported only three measured diffracti
lines37 which, by analogy with the situation in AgCl at tha
time, were interpreted as evidence of a cinnabar-structu
phase witha54.0 Å andc57.15 Å. In the case of rocksalt
structured AgI, the transition atp;10– 12 GPa was postu
lated to be to a different structure than in AgCl and AgB
because it is accompanied by a significant blueshift in
optical absorption rather than red.33 However, Bassett and
Takahashi34 and Schock and Jamieson37 were unable to de-
termine the structure of the high-pressure polymorph in A
merely remarking that it was not CsCl-type and providing
possible tetragonal unit cell witha55.611 Å and c
55.020 Å ~Ref. 37!.

Very recently, Nuneset al.12 have published an extensiv
ab initio study of the high-pressure structural properties
AgCl, AgBr, and AgI, using the local-density approximatio
with a pseudopotential plane-wave method in a number
trial structures~zincblende, wurtzite, rocksalt,b-Sn, cinna-
bar, NiAs, and CsCl!. In their calculations of AgCl and
AgBr, pressure favors a continuous transformation from
rocksalt structure to the CsCl one over the pressure ran
p55 – 18 GPa andp57.5– 32 GPa, respectively. The inte
mediate structure is discussed as an idealized version o
trigonal cinnabar configuration in space groupP3121. In
contrast, AgI was proposed to transform fro
rocksalt→CsCl in a discontinuous manner, though the stru
ture of the intermediate phase was not determined.

III. EXPERIMENT

Commercially available AgCl, AgBr, and AgI supplied b
the Aldrich Chemical Company, of stated purity 99.999
was used in this work. Finely ground material was load
into diamond anvil cells of the Merrill-Bassett40 design,
which allow diffraction data to be collected up to a max
mum scattering angle 2u;40° and a maximum pressurep
;15– 17 GPa. A 4:1 mixture of methanol:ethanol was
cluded as a pressure transmitting medium and the pres
determined using the ruby-fluorescence method. The exp
ments were performed on station 9.1 at the Synchrotron
diation Source, Daresbury Laboratory, U.K. using an ima
plate setup2 with an incident wavelengthl50.4868(1) Å.
Two-dimensional powder-diffraction data collected on t
image plates were read on a Molecular Dynamics 40
PhosphorImager and then integrated using thePLATYPUS

program41 to provide one-dimensional diffraction pattern
Least-squares refinements of the diffraction data were
formed using theFULLPROFprogram.42 Further details of the
fitting procedure are given for the individual phases in Se
IV A–IV C.

IV. RESULTS

A. Silver chloride

On increasing pressure, the rocksalt structured ph
AgCl-I is stable up top56.6(1) GPa, at which point addi
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tional reflections are observed atd spacings of;1.79,
;2.17, ;2.62, and;3.12 Å. On further pressurizing top
57.5(1) GPa, all the remaining diffraction peaks charac
istic of the rocksalt phase disappeared and the sample
assumed to have completely transformed to phase AgC
Diffraction data of high statistical quality were measur
from this phase at a pressurep58.6(1) GPa for;8 h. The
resultant pattern was considerably more complex than
measured from the rocksalt-structured AgCl-I, indicative o
significant reduction in symmetry. Trial calculations of th
expected diffraction pattern were performed using plaus
structures for this phase derived from previous work
AgCl and related compounds. These included the monocl
KOH structure~cf. Ref. 39!, the cinnabar structure~cf. Ref.
37!, and the anti-NiAs structure~cf. AgF in Ref. 31!. These
simulations assumed a value of 37.5 Å3 for the unit-cell vol-
ume per formula unit (V/Z), which is estimated using th
valueV/Z;38 Å3 observed in the rocksalt-structured pha
AgCl-I at p56.6(1) GPa. Approximate values of the va
ous axial ratios, interaxial angles and ionic positions w
estimated using ‘‘typical’’ values for compounds whic
adopt these structures under ambient conditions.23

The measured diffraction pattern of AgCl-II showed t
greatest resemblance to that calculated using the KOH
rangement and the agreement was improved further by
justment of the unit-cell dimensions toa53.55 Å, b
54.00 Å, c55.25 Å, andb5100.5°. All the observed dif-
fraction peaks could be indexed with this unit cell by inclu
ing the single reflection condition (0k0; k52n) imposed by
the space groupP21 /m. This is consistent with the KOH
structure and we initially place the Ag1 and Cl2 in the 2(e)
Wyckoff sites at (x,1/4,z), with xAg50.17, zAg50.29, xCl
50.32, and zCl50.77, these values being the positio
adopted by K1 and OH2, respectively, in KOH itself.23

However, significant differences between the observed
calculated intensities of several peaks suggested that t
‘‘trial’’ values were inappropriate and least-squares refin
ments of the diffraction data were performed. The final fit
the experimental data used a total of 13 adjustable par
eters, comprising an overall scale factor, two peak width
rameters, four unit-cell constants, two isotropic thermal
bration parameters (BAg andBCl), and the four ionic position
parameters. The quality of the resultant fit is illustrated
Fig. 1. The values of the significant fitted parameters for
data collected at six pressures within the stability range
AgCl-II are given in Table I.

At a pressure ofp510.8(1) GPa, additional diffraction
peaks not consistent with the KOH structure appear at,
example,d;2.05 Å, ;2.52 Å, and;3.17 Å. On further
increase of pressure top512.6(1) GPa, the diffraction
peaks from the KOH-structured phase disappeared and
AgCl sample had undergone a complete transition to a n
phase which we label AgCl-III. Once again, calculations
the expected diffraction pattern using likely trial structur
were performed, in this case usingV/Z534.5 Å3 estimated
from the smallest value observed in AgCl-II before the tra
sition. The best agreement was obtained using the or
rhombic TlI-type arrangement proposed by Kusabaet al.39

with approximate values ofa53.35 Å, b510.05 Å, andc
54.00 Å atp512.6(1) GPa. This structure places both t
Ag1 and Cl2 in the 4(c) 0,y,1/4 positions of space grou
r-
as
II.
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Cmcmand the initial valuesyAg50.39 andyCl50.13 were
taken from Tl1 and I2, respectively, in TlI itself.23 Least-
squares refinements of experimental data collected for;6 h
at p514.2(1) GPa showed the values adopted in AgCl-III
be very close to these estimated positional parameters~see
Table I!. The final refinements varied the scale factor, tw
peak width parameters, three unit-cell constants, two iso
pic thermal vibration parameters, and two positional para
eters, and the agreement with the data is shown in Fig.

B. Silver bromide

The rocksalt-structured phase AgBr-I was observed to
dergo a structural phase transition on increasing pressu
p57.9(1) GPa with the appearance of additional reflectio
at d;1.90, ;2.16, ;2.24, and;2.65 Å. The remaining
peaks due to the rocksalt-structured phase disappeared a
further small increase in pressure top58.1(1) GPa. The
resultant diffraction pattern of phase AgBr-II showed som
similarity to that measured previously for AgCl-II, though
significant fraction of the intense reflections observed
AgCl-II ~Fig. 1! were now considerably weaker. Simulation
of the expected diffraction pattern from a KOH-structur
phase of AgBr were performed, using the same positio
parameters as AgCl-II but with the unit-cell dimensions
creased with respect to those found in AgCl by an appro
mate factor derived from the difference in unit-cell consta
for the rocksalt-structured phases. This gave a calculated
fraction pattern in good agreement with that measured, in
cating that the observed intensity differences betwe
AgCl-II and AgBr-II are purely a consequence of the diffe
ent scattering powers of Cl2 and Br2 for x rays. Least-
squares refinements of the data, with the same set of v
ables as AgCl-II, confirmed the KOH-type structure
AgBr-II and provided the fitted parameters listed in Table
The fit to the experimental data is illustrated in Fig. 3. N
further transitions were observed in AgBr up to the ma
mum pressure reached@p512.7(1) GPa#.

C. Silver iodide

The ambient pressure data for AgI showed that the sam
was initially a mixture of the wurtzite and zincblende stru

FIG. 1. Least-squares fit~solid line! to the experimental diffrac-
tion data~dots! for KOH-structured phase AgCl-II collected atp
58.6(1) GPa. The difference plot~observed minus calculated! is
shown at the bottom of the figure and the calculated 2u positions of
the allowed reflections are illustrated by the tick marks across
top of the plot. The structural parameters obtained by this proced
are listed in Table I.
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TABLE I. Summary of the results of the least-squares refinements of the diffraction data collected from AgCl over the pressu
p50 – 16.1(1) GPa. Phases I, II, and III adopt the rocksalt, KOH and TlI structures, respectively.

Pressure Lattice parameters Thermal parameters Positional parameters
p ~GPa! Phase a ~Å! b ~Å! c ~Å! b ~°! BAg(Å

2) BCl (Å 2) xAg yAg zAg xCl yCl zCl

0.0 I 5.5463~2! 5a 5a 90 5.5~2! 3.2~3! 1/2 1/2 1/2 0 0 0
2.5 I 5.4610~3! 5a 5a 90 5.4~3! 2.9~4! 1/2 1/2 1/2 0 0 0
3.9 I 5.4138~6! 5a 5a 90 5.4~5! 2.6~7! 1/2 1/2 1/2 0 0 0
5.2 I 5.3820~3! 5a 5a 90 5.5~3! 3.3~4! 1/2 1/2 1/2 0 0 0
6.2 I 5.3537~3! 5a 5a 90 6.0~3! 3.3~4! 1/2 1/2 1/2 0 0 0
6.6 I 5.346~2! 5a 5a 90 7.1~6! 3.7~6! 1/2 1/2 1/2 0 0 0
6.6 II 3.587~5! 3.992~6! 5.307~7! 98.40~5! 7.4~7! 3.3~5! 0.184~3! 1/4 0.220~3! 0.300~4! 1/4 0.713~4!

7.6 II 3.561~3! 3.994~4! 5.271~5! 99.12~4! 6.7~5! 2.7~4! 0.177~2! 1/4 0.224~2! 0.298~3! 1/4 0.711~2!

7.9 II 3.548~3! 3.997~3! 5.259~4! 99.75~3! 5.8~5! 3.0~4! 0.165~2! 1/4 0.215~2! 0.307~5! 1/4 0.700~3!

8.6 II 3.530~2! 4.011~2! 5.243~2! 100.69~2! 5.8~3! 3.3~4! 0.157~1! 1/4 0.210~2! 0.308~3! 1/4 0.705~3!

10.0 II 3.497~2! 4.009~2! 5.214~2! 102.11~3! 4.7~3! 3.2~4! 0.148~1! 1/4 0.206~2! 0.314~3! 1/4 0.702~3!

10.8 II 3.481~5! 4.016~5! 5.191~6! 102.87~5! 4.8~5! 2.8~5! 0.138~3! 1/4 0.210~3! 0.322~4! 1/4 0.696~4!

10.8 III 3.399~3! 10.124~6! 4.032~3! 90 5.1~5! 2.2~5! 0 0.404~2! 1/4 0 0.141~2! 1/4
12.7 III 3.369~1! 10.023~3! 4.053~1! 90 3.9~2! 2.4~3! 0 0.397~1! 1/4 0 0.138~1! 1/4
14.2 III 3.337~1! 9.907~3! 4.095~1! 90 3.9~2! 2.7~3! 0 0.398~1! 1/4 0 0.140~1! 1/4
16.1 III 3.320~1! 9.835~2! 4.108~1! 90 3.8~2! 2.5~3! 0 0.398~1! 1/4 0 0.141~1! 1/4
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tured phases~AgI-II and AgI-II8, respectively!. As illustrated
in Fig. 4, thep-T phase diagram of AgI in the low-pressu
region (p,;1 GPa) is rather complex.43,44 The structural
behavior of the material in this region has been extensiv
studied, including the determination of the tetragonal str
ture of phase AgI-IV~Ref. 45!, which is intermediate be
tween the tetrahedrally and octahedrally coordinated st
tures, the effects of pressure on the superionic behavio
the body-centred-cubic structured phase AgI-I~a-AgI!,44 and
the onset of thermally induced disorder within AgI-III as th
rocksalt-structured phase is heated.44,46,47As a consequence
measurements in this work began atp51.5(1) GPa. The
rocksalt-structured phase AgI-III was found to be stable
to p511.1(1) GPa. A further small increase in pressure
p511.3(1) GPa produced an abrupt change in the diffr
tion pattern, with peaks atd spacings of;2.12, ;2.65,
;2.78, and;2.86 Å and no evidence of any remaining Ag

FIG. 2. Least-squares fit~solid line! to the experimental diffrac-
tion data ~dots! for TlI-structured phase AgCl-III collected atp
514.2(1) GPa. The difference plot~observed minus calculated! is
shown at the bottom of the figure and the calculated 2u positions of
the allowed reflections are illustrated by the tick marks across
top of the plot. The structural parameters obtained by this proce
are listed in Table I.
ly
-

c-
in

p
o
-

III. The diffraction pattern from the high-pressure phas
which we label AgI-V, was very similar to that measure
from AgBr-II. This clearly implies that the structure o
AgI-V is the same KOH-type as AgCl-II and AgBr-II, de
spite the suggestions of Slykhouse and Drickamer33 that the
differing behavior of the optical properties at the transitio
imply they are not. The same procedure as described in
IV B was followed, with simulations of the diffraction per
formed with approximate starting values for the unit-c
constants and subsequent refinements of the diffraction
to obtain fitted values of the unit-cell constants, ionic po
tion parameters, etc. However, the quality of the fit to t
data for AgI-V was somewhat poorer than that obtained
the isostructural AgCl-II and AgBr-II phases. Closer inspe
tion showed that the intensities of the peaks with predo
nantly 00l character were systematically underestimated
the calculated pattern, indicating a degree of preferred or

e
re

FIG. 3. Least-squares fit~solid line! to the experimental diffrac-
tion data~dots! for KOH-structured phase AgBr-II collected atp
59.3(1) GPa. The difference plot~observed minus calculated! is
shown at the bottom of the figure and the calculated 2u positions of
the allowed reflections are illustrated by the tick marks across
top of the plot. The structural parameters obtained by this proced
are listed in Table II.
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TABLE II. Summary of the results of the least-squares refinements of the diffraction data collected from AgBr over the pressu
p50 – 12.7(1) GPa. Phases I and II adopt the rocksalt and KOH structures, respectively.

Pressure Lattice parameters Thermal parameters Positional parameters
p ~GPa! Phase a ~Å! b ~Å! c ~Å! b ~°! BAg (Å 2) BBr (Å 2) xAg yAg zAg xBr yBr zBr

0.0 I 5.7721~2! 5a 5a 90 6.3~4! 3.3~3! 1/2 1/2 1/2 0 0 0
1.5 I 5.7103~2! 5a 5a 90 6.5~4! 3.3~2! 1/2 1/2 1/2 0 0 0
3.9 I 5.6344~2! 5a 5a 90 6.5~4! 3.2~3! 1/2 1/2 1/2 0 0 0
6.2 I 5.5673~3! 5a 5a 90 6.0~4! 2.8~3! 1/2 1/2 1/2 0 0 0
7.9 I 5.5203~4! 5a 5a 90 7.9~7! 3.7~4! 1/2 1/2 1/2 0 0 0
7.9 II 3.821~7! 3.980~7! 5.513~9! 95.9~1! 5.5~6! 3.3~4! 0.18~1! 1/4 0.21~1! 0.28~1! 1/4 0.69~1!

8.1 II 3.818~4! 3.981~3! 5.510~6! 96.07~8! 4.9~7! 2.7~6! 0.182~6! 1/4 0.215~4! 0.284~6! 1/4 0.686~5!

9.0 II 3.791~2! 3.984~2! 5.496~2! 97.05~5! 4.5~5! 2.9~4! 0.161~3! 1/4 0.216~3! 0.291~3! 1/4 0.689~3!

9.3 II 3.787~2! 3.985~2! 5.487~3! 97.94~3! 5.5~7! 2.3~4! 0.152~3! 1/4 0.227~3! 0.298~3! 1/4 0.706~3!

10.2 II 3.749~2! 4.007~2! 5.464~3! 98.56~4! 5.7~5! 2.7~4! 0.133~3! 1/4 0.223~3! 0.302~3! 1/4 0.696~3!

12.7 II 3.691~2! 4.018~2! 5.450~2! 100.87~4! 6.5~4! 3.2~3! 0.129~2! 1/4 0.229~2! 0.305~3! 1/4 0.680~3!
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tation within the sample. As a result, an additional varia
was included in the fit to represent the 00l preferred orienta-
tion of grains, following the model of March.48 This pro-
duced a marked improvement in the quality of the fit~see
Fig. 5! and provided the fitted parameters listed in Table

D. General trends

The presence of the structural phase transitions at p
sures ofp56.6(6) GPa andp510.8(8) GPa in AgCl and a
p57.9(4) GPa andp511.3(2) GPa in AgBr and AgI, re
spectively, are broadly in agreement with the results of p
vious studies using x-ray diffraction, optical and resistiv
techniques.32–39 The compressibility data for the three Ag~I!
halides shown in Figs. 6–8 can be used to determine
isothermal bulk moduli (B0) of the various polymorphs by
fitting the Birch equation49

p5
3

2
B0F F V0

V~p!G
7/3

2F V0

V~p!G
5/3G

3H 12
3

4
~42B08!F F V0

V~p!G
2/3

21G J
to the experimental data forV(p)5Vu /Z, whereVu is the
unit-cell volume determined from the experimental values
the unit-cell constants,Z is the number of formula units in
the unit cell, andV0 is the value ofV(p) at ambient pressure

FIG. 4. The complexp-T phase diagram of AgI in the low
pressure region~after Refs. 43, 44!.
e

.

s-

-

e

f

In practice, attempts to vary the first pressure derivative
the bulk modulus (B08) away from its nominal value of 4.0
did not yield significant improvements in the quality of th
fit. This is a consequence of the limited pressure range o
which a given phase is stable. The values ofB0 were, there-
fore, determined with the fixed valueB0854. Values ofB0

547(1) GPa,B0545(1) GPa, andB0543(1) GPa are de-
termined for the rocksalt-structured phases of AgCl, Ag
and AgI, respectively. These are slightly higher than tho
obtained in previous studies using, for example, ultraso
pulse techniques (B0544– 46 GPa for AgCl andB0
540– 42 GPa for AgBr@Refs. 50–52#! but somewhat lower
than those calculated byab initio methods (B0566.8 GPa
andB0560.3 GPa for AgCl and AgBr, respectively12!. The
latter is probably a consequence of the neglect of ther
effects in the calculations and the agreement would be
pected to be better in comparison with low-temperature
perimental data forB0 . Interestingly, the expected tren
of increasing compressibility in the sequence Ag
→AgBr→AgI observed for the rocksalt phases is revers
for the KOH structured polymorphs, with values ofB0
563(3) GPa, B0575(4) GPa, andB0589(6) GPa, re-

FIG. 5. Least-squares fit~solid line! to the experimental diffrac-
tion data ~dots! for KOH-structured phase AgI-V collected atp
511.3(1) GPa. The difference plot~observed minus calculated! is
shown at the bottom of the figure and the calculated 2u positions of
the allowed reflections are illustrated by the tick marks across
top of the plot. The structural parameters obtained by this proced
are listed in Table III.



re range

PRB 59 755PRESSURE-INDUCED PHASE TRANSITIONS IN AgCl, . . .
TABLE III. Summary of the results of the least-squares refinements of the diffraction data collected from AgI over the pressu
p50 – 14.5(1) GPa. Phases II, II8, III, and V adopt the wurtzite, zincblende, rocksalt, and KOH structures, respectively.

Pressure Lattice parameters Thermal parameters Positional parameters
p ~GPa! Phase a ~Å! b ~Å! c ~Å! b ~°! BAg (Å 2) BI (Å 2) xAg yAg zAg xI yI zI

0.0 II8 6.4991~7! 5a 5a 90 6.5~5! 5.6~4! 1/4 1/4 1/4 0 0 0
0.0 II 4.599~3! 5a 7.524~5! g5120 8.9~7! 5.8~7! 0 0 0 0 0 0.335~6!

1.5 III 6.0339~2! 5a 5a 90 8.1~6! 5.3~4! 1/2 1/2 1/2 0 0 0
3.4 III 5.9577~3! 5a 5a 90 7.1~7! 5.5~4! 1/2 1/2 1/2 0 0 0
6.4 III 5.8570~3! 5a 5a 90 7.0~6! 5.3~4! 1/2 1/2 1/2 0 0 0
8.9 III 5.7894~3! 5a 5a 90 6.7~7! 4.4~3! 1/2 1/2 1/2 0 0 0

11.1 III 5.7320~4! 5a 5a 90 6.4~8! 5.0~3! 1/2 1/2 1/2 0 0 0
11.3 V 4.056~1! 4.057~2! 5.615~3! 98.43~4! 4.2~2! 3.4~2! 0.157~4! 1/4 0.219~4! 0.300~3! 1/4 0.707~3!

11.7 V 4.052~1! 4.052~1! 5.604~3! 98.70~4! 3.9~2! 2.9~3! 0.157~4! 1/4 0.217~3! 0.300~3! 1/4 0.704~3!

14.3 V 4.007~2! 4.064~2! 5.546~6! 100.39~8! 3.5~3! 2.9~3! 0.150~5! 1/4 0.228~4! 0.307~4! 1/4 0.697~3!

14.5 V 4.001~1! 4.067~1! 5.545~5! 100.55~8! 3.5~3! 2.7~3! 0.150~5! 1/4 0.230~4! 0.308~4! 1/4 0.695~3!
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spectively. The relatively large uncertainties in these val
are a consequence of the limited pressure range over w
data are measured. The values for the volume discontinu
at the rocksalt→KOH transitions areDV/V051.60(5)%,
0.96~7!%, and 3.2~2!% for AgCl, AgBr, and AgI, respec-
tively. The first two agree well with the values of 1.6% a
1.1% originally determined by Bridgman32 using static com-
pressibility techniques. The KOH→TlI transition in AgCl is
accompanied by a volume changeDV/V0;1.9(2)%.

V. DISCUSSION

As discussed in Sec. I, binary compounds with the ro
salt structure generally transform to the CsCl arrangemen
elevated pressure, provided the bonding is predomina
ionic in character. In the I-VII compounds, such behavior h
been observed in AgF atp;2.70(2) GPa~Ref. 30!, in AgCl

FIG. 6. The compressibility of AgCl under pressure illustrat
by the decrease in the unit-cell volume per formula unit (Vu /Z).
s
ch
es

-
at
ly
s

at p;17 GPa andT;500 K ~Ref. 39! and presumably oc-
curs in AgBr and AgI at somewhat higher pressures. In c
sidering the nature of the pressure-induced rocksalt→CsCl
structural transformation there are several possibilities.

~i! The transition is first-order reconstructive with a
abrupt volume decrease. Simple ‘‘hard-sphere’’ calculatio
for a binaryAB compound show that the ratio of the volum
of the CsCl and rocksalt~RS! arrangements is dependent o
the ratio of the radiir A /r B as follows:

VCsCl/VRS54)/950.770, if r A /r B.)2150.732,

VCsCl/VRS5
4

~11r A /r B!3 , if 0.732>r A /r B>0.414

and

FIG. 7. The compressibility of AgBr under pressure illustrat
by the decrease in the unit-cell volume per formula unit (Vu /Z).
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VCsCl/VRS5&51.414, if r A /r B,&2150.414.

So, provided the anion and cation are of comparable size
idealized rocksalt→CsCl transition is accompanied by
;23% volume decrease. In practice, the volume discont
ity is somewhat smaller than this value, typically in the ran
10–15 %~see Refs. 53, 54, and references therein!.

~ii ! The transition occurs via more than one first-ord
structural transition, involving intermediate phases of low
symmetry and more, but smaller, discontinuities during
reduction inV(p) with pressurep. This behavior has bee
reported in PbS, PbSe, and PbTe, where the rocksalt→CsCl
transition occurs via intermediate phases with the orthorh
bic GeS or TlI structures.55 The high-pressure behavior o
AgF can be considered intermediate between those desc
in ~i! and~ii !, undergoing a direct transformation from roc
salt to CsCl on increasing pressure@VCsCl/VRS50.884(4)#
but the reverse transition on decreasing pressure occur
an intermediate phase with the anti-NiAs structure.31

~iii ! The transition is continuous, evolving via a gradu
distortion of the cubic unit cell. There are a number of top
logical possibilities for the displacive rocksalt→CsCl trans-
formation ~see Ref. 56, and references therein!, the most
straightforward being proposed by Buerger57 and considers
the primitive rhombohedral unit cell as illustrated in Fig.
In this scheme, the rhombohedral anglea increases continu
ously from 60°~rocksalt! to 90° ~CsCl!, such that the@110#
cubic direction in the former becomes the@110# direction in
the latter.

The presence of KOH and TlI structured phases betw
the rocksalt and CsCl-structured modifications and the sm
volume discontinuities at the transitions clearly indicate t
AgCl ~and presumably AgBr and AgI! follow route ~ii !.

FIG. 8. The compressibility of AgI under pressure illustrated
the decrease in the unit-cell volume per formula unit (Vu /Z). The
data for the tetragonal phase AgI-IV and the two lowest press
points in the rocksalt-structured phase AgI-III are taken from R
45.
he
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However, we will start by discussing the continuous tran
formation model~iii ! in more detail, in order to relate th
experimental evidence to recent theoretical12 and x-ray
diffraction39 studies which have been interpreted in terms
a displacive mechanism, and to provide a clearer descrip
of the sequence of structural changes in these compound
their idealized forms, the two displacive mechanisms12,39are
topologically equivalent to each other and to the Buer
model57 illustrated in Fig. 9. The development of these tw
differing descriptions, summarized in Table IV, are mo
vated by the desire to interpret the conflicting experimen
evidence. Nuneset al.12 did not consider the experimenta
results of Kusabaet al.39 and instead related their calcula
tions to the earlier proposed structures.37

Model 1. The ab initio electronic structure calculation
of Nuneset al.12 indicated that the likely transitional rout
between rocksalt and CsCl structures in AgCl and AgBr w
via a trigonal phase in space groupP3121. This structure
places the two ionic species in 3(a) and 3(b) Wyckoff sites,
i.e., in positions atxA,0,1/3, etc. andxB,0,5/6, etc. withxA
5xB52/3. This arrangement can be considered as an id
ized variant of the cinnabar structure, of the type propo
for the high-pressure phase of AgCl and AgBr on the basis
an early x-ray diffraction study.37 The rocksalt→CsCl trans-
formation then involves no changes in the ionic coordinat
merely a decrease in the trigonal unit cell axial ratio su
that c/a reduces fromA6 to A3/2. In many cinnabar-
structured compounds, the values of the positional par
eters are generally rather displaced from thexA5xB52/3
positions. For example, the aristotype HgS hasxHg50.720

re
f.

FIG. 9. Schematic representation of the continuous rhombo
dral deformation of the rocksalt structure~a!, to the CsCl arrange-
ment~b!, in a binaryAB compound proposed by Buerger~Ref. 57!.
The transformation from sixfold to eightfold coordination is ass
ciated with an increase in the rhombohedral anglea from 60° to
90°.
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TABLE IV. Summary of the two alternative descriptions of Buerger’s rhombohedral intermediate ionic arrangement~Ref. 57! in terms
of monoclinic ~KOH-type! ~Ref. 39!, and trigonal~cinnabartype! ~Ref. 12! structures. Their structural relationship to the low press
rocksalt and high-pressure CsCl structures is also given.

Model Space group Ionic positions Rocksalt equivalence CsCl equivalence

Trigonal P3121 3(a)x,0,1/3: x52/3 aCinna5aRS/& aCinna5&aCsCl

~Cinnabar structure! 3(b)x,0,5/6: x52/3 cCinna5)aRS cCinna5)aCsCl

Monoclinic P21 2(a)x,y,z: x51/4, y51/4, z51/4 aKOH5aRS/& aKOH5aCsCl

~KOH structure! 2(a)x,y,z: x51/4, y51/4, z53/4 bKOH5aRS/& bKOH5&aCsCl

cKOH5aRS cKOH5)aCsCl

bKOH590° bKOH5cos21(1/))5125.27°
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and xS50.485 ~Ref. 23!. Nuneset al.12 speculate that the
poor agreement between the intensities in the original x-r
diffraction study37 and those calculated using typical valu
for xAg and xCl supports their idealized trigonal~cinnabar!
model. However, attempts to refine the diffraction data c
lected in this work within the high-pressure phases AgCl
AgBr-II, and AgI-V using both the idealized and typical va
ues forxAg andxanion were not successful and do not supp
this model.

Model 2. An alternative lower symmetry description o
the intermediate structure between the rocksalt and C
modifications has been provided by Kusabaet al.39 In this
model, Buerger’s rhombohedral cell is considered as
monoclinic unit cell containing two formula units. In the
chosen space group,P21 , both ionic species are located
the general Wyckoff positions atx,y,z, with xA5yA5zA
51/4, xB5yB51/4 andzB53/4. This arrangement can b
considered to be an idealized version of the KOH struct
and is identical to the idealized cinnabar structure discus
above. As shown in Table IV, the route from rocksalt
CsCl involves continuous changes in the unit-cell consta
the most significant being the increase in the interaxial an
b from 90° to 125.27°. The values of the six positional p
rameters remain constant throughout. This behavior is il
trated schematically in Fig. 10. The sixfold coordinati
within the rocksalt configuration@Fig. 10~a!# increases to a
612 environment in the KOH-structured modification@the
two longer bonds being shown as dashed lines in Fig. 10~b!#
and then to the regular eightfold coordination in the Cs
structured phase@Fig. 10~c!#.

With the exception of the assignment of the correct sp
group ~see below!, the observation of a KOH-type phase
high pressure is supported by our experimental results
AgCl, AgBr, and AgI. However, the work of Kusabaet al.39

on AgCl reports only the unit cell of the KOH phase at o
pressure and no refinements of the experimental data w
performed to confirm this assignment and extract values
the ionic position parameters. Though not explicitly stat
the latter is presumably a consequence of their use of
energy-dispersive technique with its inherent problems
data normalization. The continuous nature of t
rocksalt→CsCl structural transition could not then be co
firmed by their data. As discussed in Secs. IV A, IV B, a
IV C, the data collected in this work within the high-pressu
phases AgCl-II, AgBr-II, and AgI-V can be successfully fi
ted using the KOH-type structure in space groupP21 /m,
with the two ionic species in 2(e) x,1/4,z positions. Reduc-
y-
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ing the symmetry toP21 , as proposed by Kusabaet al.,39

makes the structure noncentrosymmetric and they positions
of both the Ag1 and the anion are no longer constrained
take the value 1/4. Attempts to refine the data with sp
groupP21 did not significantly improve the quality of the fi
to the experimental data or result in values ofy for either the
cation or anion that were significantly different from 0.2
We conclude, therefore, that the correct space group
P21 /m.

The Ag1-Ag1 and anion-anion distances are identical
the rocksalt structure with a value equal toaRS/&. They are
also the same in the CsCl structure~with a distance ofaCsCl)
and, as illustrated in Fig. 10~b!, are equal in the idealized
KOH intermediate arrangement. However, Tables I–III in
cate that the refined values of the four positional parame

FIG. 10. Schematic diagram illustrating the continuous dist
tion of the rocksalt structure~a! to the CsCl structure~c! via the
intermediate KOH arrangement~b! as the interaxial angleb in-
creases from 90° to 125.27°. The small and large spheres repr
the cations and anions, the dark spheres lying in the plane of
paper and the light ones being ions displaced by61/2 the repeat
distance perpendicular to the plane of the paper. The coordinatio
illustrated in each case, the dashed lines denoting the two lo
cation-anion contacts in the ‘‘612’’ environment in the KOH
structure~b!.
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FIG. 11. The relationship between the ionic arrangements within the rocksalt~a!, KOH ~b!, TlI ~c!, and CsCl~d! structured poly-
morphs. The small and large spheres represent the cations and anions, respectively. The KOH and TlI pictures use values of th
constants and positional parameters obtained for AgCl-II atp58.6(1) GPa and AgCl-III atp514.2(1) GPa. Both illustrate the tendency
form shorter Ag1-Ag1 distances at the expense of longer Cl2-Cl2 ones. The crystallographic unit cells for each structure are illustrate
the dark lines.
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xAg , zAg , xanion, and zanion are significantly different from
their ideal values given in Table IV. The significance
these changes is illustrated in Fig. 11~b! for the case of
KOH-structured AgCl-II atp58.6(1) GPa. The distortion
from the idealized structure allow the Ag1-Ag1 distances to
become slightly shorter than the Cl2-Cl2 ones, as might be
expected owing to their different sizes@r Ag151.15 Å and
r Cl251.81 Å ~Ref. 58!#. This argument presumably explain
the somewhat greater deviation from the ideal values sh
in Table III by AgI @which hasr I252.20 Å ~Ref. 58!#, espe-
cially in the case ofxAg . Tables I–III also indicate that the
positional parameters generally move further away fr
their ideal values as pressure increases. This feature wi
considered later in this section.

We now turn our attention to the TlI structure adopted
phase AgCl-III. This structure is illustrated in Fig. 11~c!.
Both species are located in 4(c) sites of space groupCmcm
at 0,y,1/4 with yAg;0.40 andyCl;0.14 ~Table I!. With ref-
erence to Fig. 11~c!, it is clear that the TlI arrangement i
related to the KOH structure and that both are derivatives
the rocksalt structure@Fig. 11~a!#. Kusabaet al.39 proposed
that the orthorhombic unit cell of the TlI-structured pha
AgCl-II ~of dimensionsaTlI3bTlI3cTlI) could be interpreted
in terms of an effective monoclinic cell corresponding to th
in the KOH structure~with unit-cell constantsaKOH8 , bKOH8 ,
cKOH8 , andbKOH8 ). The relevant expressions are

aKOH8 5aTlI ,

bKOH8 5cTlI ,

cKOH8 5bTlI/2 sin bKOH8

and
n

be

f

t

bKOH8 5901tan21~aTlI /bTlI !.

In the case of our data for AgCl-II atp514.2(1) GPa, we
obtain values aKOH8 53.337(1) Å, bKOH8 54.095(1) Å,
cKOH8 55.227(1) Å, andbKOH8 5108.6(1)°. As discussed by
Kusabaet al.,39 these values follow the general trend e
pected for the continuous monoclinic transition from t
rocksalt structure to the CsCl one, in particular with resp
to the increasing value of the monoclinic interaxial ang
from 90° to 125.27°. However, this approach is rather m
leading, since the ionic arrangement within the TlI structu
is different from the KOH arrangement. In particular, th
cannot be derived from one another using only the degree
freedom allowed by their respective space-group symm
tries. In the case of the rocksalt→KOH→CsCl continuous
transformation @Fig. 11~a!→Fig. 11~b!→Fig. 11~d!#, the
gradual increase in the value ofb causes the relative dis
placement of all the (001)KOH planes in the@100#KOH direc-
tion. However, the TlI arrangement is unlike the KOH~and
cinnabar! intermediate structures because it cannot be
rectly deformed to produce both the low-pressure rock
and high-pressure CsCl configurations. Instead,
rocksalt→TlI→CsCl route @Fig. 11~a!→Fig. 11~c!→Fig.
11~d!# is a two-stage discontinuous process, requiring
displacement of pairs of (010)TlI planes in the@100#TlI direc-
tion. With reference to Fig. 11, the rocksalt→TlI transforma-
tion requires the movement of the second and third lay
from the bottom of the picture byaTlI/2 and the subsequen
TlI→CsCl one uses a similar shift of the third and four
layers. This idealized picture assumes that the (010)TlI planes
in AgCl-III are flat, which would be true ifyAg53/8 and
yCl51/8. In reality, the environment around both Ag1 and
Cl2 is a distorted sevenfold coordination, as illustrated
Fig. 11~c!. In common with the situation in KOH-structure
AgCl-II, the refined values of the positional paramete
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~Table I! are somewhat displaced from their ideal values a
the structure favors shorter Ag1-Ag1 distances and longe
Cl2-Cl2 ones. For this reason, we might then expect the
arrangement to be favored in binaryAB compounds possess
ing ions of different size. Indeed, very recent x-ra
diffraction studies of NaBr and NaI indicate that these alk

FIG. 12. The pressure variation of the Ag1-Ag1 distances in
AgCl, AgBr, and AgI. The symbols represent different structu
types: j zincblende~AgI-II 8!; d rocksalt ~AgCl-I, AgBr-I, AgI-
III !; m KOH ~AgCl-II, AgBr-II, AgI-V !; . TlI ~AgCl-III !. The two
lowest pressure data points in the rocksalt-structured phase Ag
are taken from Ref. 45.

FIG. 13. The pressure variation of the anion-anion distance
AgCl, AgBr, and AgI. The symbols represent different structu
types: j zincblende~AgI-II 8!; d rocksalt ~AgCl-I, AgBr-I, AgI-
III !; m KOH ~AgCl-II, AgBr-II, AgI-V !; . TlI ~AgCl-III !. The two
lowest pressure data points in the rocksalt-structured phase Ag
are taken from Ref. 45.
d

lI

li

halide compounds adopt TlI-structured phases
p;30– 40 GPa~Ref. 59!. The Li1 halides, with even greate
cation-anion size difference might also be expected to ad
this structure at higher pressures.

Figures 12–14 show the pressure variation of the vari
interionic distances within the three Ag~I! halides. In the
rocksalt arrangement, the cation and anion sublattices f
two cubic close-packed~c.c.p.! arrays displaced by a dis
tance)aRS/2 along the body diagonal. The data for th
Ag1-Ag1 and anion-anion distances~Figs. 12 and 13, re-
spectively! are broadly similar though, as discussed alrea
the former are somewhat shorter in the KOH and T
structured polymorphs to reflect the smaller size of the c
ions. There is an increasing distortion of the two pseu
c.c.p. sublattices within the three KOH-structured phases
relatively little change within the TlI-structured AgCl-III
The behavior of the Ag1-anion distances on increasing pre
sure is more marked~Fig. 14!, though relatively similar for
all three isostructural KOH-type phases. At th
rocksalt→KOH structural transition the perfect octahedr
coordination surrounding the cation becomes distorted w
four different Ag1-anion distances which differ by only;6–
8 %. However, the most significant change is the appeara
of two further contacts at distances of;4–4.5 Å. These
correspond to the bonds illustrated as dashed lines in
10~b!. The effect of the ‘‘nonideal’’ values of the unit-ce
constants and positional parameters is to make these
longer contacts in the ‘‘612’’ coordination shell different.
However, both become closer to the other six as press
increases, principally due to the increase in theb angle and
the decrease inxAg . In the TlI-structured phase AgCl-III, the

III

in

III

FIG. 14. The pressure variation of the Ag1-anion distances in
AgCl, AgBr, and AgI. The symbols represent different structu
types: j zincblende~AgI-II 8!; d rocksalt ~AgCl-I, AgBr-I, AgI-
III !; m KOH ~AgCl-II, AgBr-II, AgI-V !; . TlI ~AgCl-III !. For
clarity, the multiplicities of the bond lengths in the KOH structure
phase AgCl-II are not shown, but are the same as those given
the isostructural phases AgBr-II and AgI-V in the lower plots. T
two lowest pressure data points in the rocksalt-structured ph
AgI-III are taken from Ref. 45.
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six closer Ag1-Cl2 distances are replaced by seven of co
parable length in the range 2.5–3.0 Å, with the next-nea
anions significantly further away~;4.3 Å!.

VI. CONCLUSIONS

The high-pressure structural behavior of AgCl, AgBr, a
AgI has been determined by high-pressure angle-disper
x-ray diffraction measurements top;13– 16 GPa. Though
the pressure range is too limited to observe the comp
transformation sequence, the transition from the sixfold
ordinated rocksalt structure to the eightfold-coordina
CsCl arrangement appears to be similar in all three co
pounds. This occurs via two rocksalt-related intermedi
phases, with the monoclinic KOH and orthorhombic T
structures. If we consider only the unit-cell dimensions,
trends in the structural behavior appear broadly consis
with the continuous displacive rhombohedral model p
posed by Buerger57 and subsequently predicted byab initio
electronic structure calculations12 and used to interpre
energy-dispersive x-ray diffraction studies.39 However, the
accurate characterization of the ionic positions in this w
show that the structural evolution under pressure is con
erably more complex than predicted by such idealized m
els, principally as a means of accommodating sho
Ag1-Ag1 distances at the expense of longer distances
tween nearest-neighbor halide anions.

It is interesting to note, however, that the structural
quence rocksalt→KOH→TlI→CsCl is not particularly un-
usual. The variousMOH andMOD compounds~whereM
5K, Na, Rb, and Cs! adopt rocksaltlike phases at elevat
temperatures with freely rotating OH2 and, on decreasing
temperature and/or increasing pressure, the OH2 motion be-
comes hindered and the compounds adopt KOH and TlI-t
configurations.60–65 It would be interesting to know whethe
these MOH and MOD compounds undergo a TlI→CsCl
transition at higher pressures, of the type observed in
itself atp50.5 GPa~Ref. 66!. In these systems it is general
V

-
st

ve

te
-

d
-

e

e
nt
-

k
d-
-
r

e-

-

e
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believed that the preference for the KOH and TlI-type str
tures is a means of achieving a more efficient packing
rangement with nonspherical ions, the deformation of
electron cloud being caused by the OH2 in KOH and the 6s2

electron lone pair of Tl1 in TlI. Presumably, the adoption o
these structures in AgCl, AgBr, and AgI is a manifestation
the significant covalent character, with the direct transit
between the high-symmetry cubic rocksalt and CsCl str
tures favored in predominantly ionic compounds which p
sess isotropic bonds, such as the alkali halides.

Finally, in assessing the success of theoretical mode
predictab initio the high-pressure behavior of such syste
it is clearly necessary to discount those papers which ass
that the first pressure-induced transition is to the CsCl-t
structure.67 The findings presented in this work do not su
port the recent theoretical findings of Nuneset al.,12 which
favor a continuous transformation in AgCl and AgBr via
cinnabarlike phase. In the case of AgI, the prediction of
unspecified intermediate phase is borne out in this work
it would be interesting to see the results of testing the KO
and TlI-type structures with this method. Clearly, the low
symmetry and greater number of degrees of freedom~unit-
cell constants and positional parameters! would make such
calculations time consuming. Nevertheless, it is hoped
the high-quality structural information presented in this p
per will motivate further theoretical studies of the effects
hydrostatic pressure on compounds of this type.
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59J. M. Léger, J. Haines, C. Danneels, and L. S. de Oliveira,

Phys.: Condens. Matter10, 4201~1998!.
60H. Jacobs, J. Kockelkorn, and T. Tacke, Z. Anorg. Allg. Che

531, 119 ~1985!.
61B. Mach, H. Jacobs, and W. Scha¨fer, Z. Anorg. Allg. Chem.553,

187 ~1987!.
62H. Jacobs, B. Mach, H. D. Lutz, and J. Henning, Z. Anorg. Al

Chem.544, 28 ~1987!.
63H. Jacobs, B. Mach, B. Harbrecht, H. D. Lutz, and J. Henning

Anorg. Allg. Chem.544, 55 ~1987!.
64J. W. Otto and W. B. Holzapfel, J. Phys.: Condens. Matter7,

5461 ~1995!.
65J. S. Loveday, W. G. Marshall, R. J. Nelmes, S. Klotz, G. Ham

and J. M. Besson, J. Phys.: Condens. Matter8, L597 ~1996!.
66G. A. Samara, L. C. Walters, and D. A. Northrop, J. Phys. Che

Solids11, 92 ~1967!.
67D. C. Gupta and R. K. Singh, Phys. Rev. B43, 11 185~1991!.


