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Pressure-induced phase transitions in silver halides
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A first-principles study of the relative stability of a few different structures, viz. AgCI, AgBr, and Agl, is
undertaken. Modern pseudopotentials, the local-density approximation, and a plane-wave basis are used. The
relative stability of the cubic zinc blende, rocksalt, and CsCl structures, as well as the wigtate,NiAs,
and cinnabar structures is investigated. Ground-state structural parameters are computed and compared with
experiment. The optimization of the cinnabar structure leads to a simple rhombohedral phase, which is found
to be the most stable among those considered in an intermediate range of pressures for AgCl and AgBr.
According to these results, AgCl and AgBr prefer a rhombohedral route from the rocksalt structure to the CsCl
structure instead of the usual discontinuous transition which is common in ionic compounds.
[S0163-182698)03309-9

I. INTRODUCTION CsCI structure and a tetragonal structure have both been
proposed:’

Silver halides are important because of their unique appli- In this paper, we employ the local-density approximation

cation to the photographic procesEhey are also very good (LDA) with a pseudopotential plane-wave basis method, to
solid electrolyte€ determine the total energies and cohesive energies as a func-

; : tion of volume, for AgCI, AgBr, and Agl in a few structures.

The silver atom possesses a .completely filletl shell, These are the three %ubic gtructures,gNaCI, zinc bl¢ABe,
followed by a lone 5 electron which can be transferred to and CsCl, the hexagonal NiAs structure, tetragofigsn
the halide atom. However, there is also hybridization of thestructure(f,or AgBr and Ag)), the hexagona] Wurtzite struc-
silver d states and the halidp states leading to a more tyre (for Agl only), and the cinnabar structure.
complicated electronic structure. In fact, on the Phiflijm- The present method has also been used successfully by
icity scale, silver halides lie close to the borderline dividing Kirchhof et al® to determine the equilibrium properties of
ionic and covalent compounds; AgCl and AgBr are on theAgCl. Chelikowsky* has calculated the ZB> NaCl transi-
ionic side and Agl is on the covalent side. tion pressure for Agl using pseudopotentials but with a

Experimentally it is found that the rocksalt structure is Gaussian basis. Gupta and Sifighave calculated the NaCl
preferred for AgCl and AgBr, under atmospheric conditidns. — CSCI using model potentials. We have previously em-

Both these compounds have been found by many authors gﬁyed }he tec.hndique_s offthis wofrk f gclm';\ptge th% Eglhn_
undergo a first-order transformation around 8-9 &Pa. am electronic density of states for AgCl, AgBr, an '

Slykhouse and Drickamer fou®C=8.7 GPa for AgC_I and Il. COMPUTATIONAL TECHNIQUES
P.=8.3 GPa for AgBr. It was first supposed that this was a ) o )
transition into the CsCl structufé This is the behavior ~ We use the local-density approximation of density-

functional theory:"1® with the exchange-correlation poten-
tial of Ceperley and Aldé? as parametrized by Perdew and
Zunger?® The core-valence interaction is described by a

h_e xagbonal structgf. Ilt Waﬁ corgect#?aga'F t;ns v;a_s :)heh pseudopotential and the wave functions are expanded in a
cinnabar structure Agl, on the other hand, is found in bot plane-wave basis set.

the zinc-blende(ZB) and wurtzite phases, associated with™ The distinction between core and valence electrons is not
covalent compounds,at atmospheric pressure and room gways sharp. Here, we include the silved dlectrons as
temperature. It has an interesting phase diagram, with strugalence electrons. This is of fundamental importance in order
tural changes occurring at relatively low pressures and temto accurately describe the hybridization between these states
peratures, which signal small energy differences. At lowand the halidep states. The d states of silver are quite
temperatures, the zinc-blende-Agl) and wurtzite 8-Agl) localized, requiring efficient pseudopotentials to keep the
phases change into an intermediate tetragonal phase, at Gize of the plane-wave expansion manageable. The size of
GPa, which changes into the rocksalt structure, at 0.4he effective Hamiltonian ranged from 1500 by 1500 for the
GPa’ ! At a pressure of 9—10 GPa, another transition hasCsCl high-pressure structure of AgCl, to 7000 by 7000 for
been reported>®! A value of 9.7 GPa was obtained by the wurtzite structure in Agl. Diagonalization of such large
Riggleman and Drickamé?. There is uncertainty in the lit- Hamiltonian matrices is conducted with an iterative
erature as to the exact nature of the high-pressure phase. Teehemé&! The pseudopotentials are generated using the

known for alkali halides(e.g., rocksalt itseJf which are
ionic. Later measuremeritsdicated a transformation into a
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TABLE I. The calculated equilibrium structural properties of silver halides, lattice conatacdhesive
energy, CE, bulk modulus,, and its pressure derivative are compared with experiment. NaCl stands for
rocksalt and W stands for wurtzite.

a (R) CE (eV) B, (GPa B

AgCl(NaC)) Theory 5.41 6.26 66.8 5.2
Experiment 5.5% 5.56 51.F (0 K) 5.94

AgBr(NacCl) Theory 5.64 5.90 60.3 51
Experiment 5.7% 517 419 (298 K) 8.5

Agl (ZB) Theory 6.36 5.78 40.4 5.2
Experiment 6.4% 4.7% 24 (298 K) 8.5

Agl (W) Theory 4.49,7.36 5.79 40.5 4.9
Experiment 4.59,7.50 4.7% 24° (298 K) 8.5

8Reference 4.
bReferences 36,38.
‘Reference 27.
dReference 35.
®Reference 37.
fReference 28.
9Reference 34.

Troullier and Martin? recipe and equal core radii,, fors,  The predicted bulk moduli are 30 to 70 % higher than ex-
p, andd angular momentum channels. The values ofire  periment, a large error when compared to what is expected
chosen to be 2.35, 1.65, 1.85, and 2(@%omic unity, for ~ from local-density calculations. But it has been found for
Ag, Cl, Br, and I, respectively. These semilocal potentialsAgCI that the bulk modulus changes from 46 GPa at room
were then converted to the Kleinman-Bylander fdp be  temperature to 51 GPa at low temperatures according to ul-
used in the plane-wave solid-state calculations. The metho#lasonic velocity measurements, the difference being due to
of Gonzeet al,2* with a locald channel for chlorine and the softening of thes;; elastic constant. This indicates a
bromine and a locas channel for silver and iodine, ensured large anharmonicity of the force constants of that phase and
that “ghost states” were absent. The convergence with re@ large influence of vibrations in the elastic coefficients. The
spect to basis set size is dominated by thevalence elec- discrepancy between the calculated and measured values
trons of silver. With an energy cutoff of 60 Ry the total Would be reduced if we corrected our results for zero-point
energy is within 0.05 eV/molecule of the values obtainedmotion and made our comparison with low-temperature in-
with much larger expansions. stead of room-temperature measurements of the bulk moduli
The Brillouin-zone integration is performed with the spe- of AgBr and Agl. The general trends in the silver halides are
cial k-point method withg,0,qs=444, in thenotation of ~ correctly predlc_teq by the calculations: larger lattice con-
Monkhorst and Pacf for the cubic structures, the NiAs Stant, smaller binding energy, and smaller bulk modulus for
structure, thgd-Sn structure, and also the wurtzite structure.the heavier halide compounds.
For the cinnabar structur@vith six atoms in the unit cell For B-Agl, we find equilibrium values of 1.64 far/a and
we have useqlqzqu 332 and for the particu|ar case when 0.38 foru, very close to t_he ideal valugﬁ% anq 3/8, and in
this structure reduces to rhombohedfehich can be de- Vvery good agreement with the experimental figures of 1.635

scribed with two atoms in the unit cgle useq;g,Qs and 0.375. Also, our value af/a does not change under_
=666. compression, which means that under pressure, the wurtzite

structure is compressed uniformly until the first discontinu-
IIl. ZERO-PRESSURE RESULTS ous change occurs. Lawa@’tzha_s n_oticed a correlation be-
tween the deviation of/a from its ideal value and the sta-
Equilibrium volumes for the cubic structures were calcu-bility of the wurtzite structure over the zinc-blende structure.
lated through a Murnaghhfit to E(V), for about seven He suggests that the wurtzite structure is preferred when this
volumes around the curve minimum. For the wurtzite struc-deviation is negative. Here we have found that the de-
ture of Agl, we have calculated, for each volume, the enerviation is close to zero and the wurtzite and ZB structures are
gies for 5X4 combinations ot/a andu. The values ot/a  very close to each other in energy. In fact, the calculated
andu which minimize the total energy at that volume and thedifference in energy between wurtzite and zinc blende for
total energy itself are then determined from a quadratic inAgl of 0.01 eV/molecule is smaller than our numerical ac-
terpolation of those points. Calculated structural parametersuracy and one should also bear in mind that this figure is
are compared in Table | with experiment. The lattice con-also small when compared to the typical accuracy of the
stants are 1 to 2.5% smaller than experiment and the bindingDA itself. The observation of both phases of Agl under
energies are 12 to 20% larger than the measured valueambient conditions confirms the smallness of their energy
These are the typical deviations of local-density calculationsdifferences®
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FIG. 1. AgCl: Calculated binding energy i®V/moleculg for FIG. 3. Agl: Calculated binding energy ifev/moleculé for

three different crystal structures — CsCl, NaCl and zinc blendeye gifferent crystal structures — CsCl, NaCl , ZB, Wurtzite and
(ZB) — as a function of volume in atomic units. Calculated points g g __ 4q a function of volume in atomic units. Filled circles are

are shown and the solid line is a Murnaghan fit to these points. 5\ jated points and the solid line is a Murnaghan fit to these
points.
IV. RELATIVE STRUCTURAL STABILITY
AND HIGH-PRESSURE PHASES are also shown in Figs. 1, 2, and 3.

. For AgCl and AgBr, the CsCl structure is clearly favored
Figures 1, 2, and 3 show the calculated energy versus hiah he oth h P
volume equation of staté&=E(V), for a few structures, for at high pressures over the other structures shown in Figs. 1
' . : and 2. For Agl, the CsCl structure is still favored up to pres-
AgCl, AgBr, and Agl. The Murnaghan form is assunféd. . . :
- . sures around 40 GR&ig. 3). As discussed later, the consid-
The serious candidate phases for the ground staem . . L ;

) . . eration of the cinnabar phase changes this simple picture.
pressurgof the silver halides are thgubic) rocksalt and ZB Our NaCl— CsCl transition pressure for AqCl matches the
structures. Théhexagonalwurtzite structure for Agl is also experimentally found transit?on ressure ?airl WEH0Y
shown(in Fig. 3. We find that the LDA agrees with what is iﬁl‘aerenl) But{his is not so for thg NaCh CsCIytransitioon
observed in standard atmospheric conditions. For AgCl anflfi:1 AGBr énd especially not so for the Nach CsCl transi-
AgBr, the rocksalt structure is favored, with the ZB structure ion gi]n Aql (Tatﬁe I )é;u ta and Singf§ have also calcu-
higher up by 0.08 and 0.1 eV/molecule, respectively. I:c"{ated thegse transitioln r[()assures with empirical potentials
Agl, the wurtzite structure, together with the ZB structure,WhiCh contain thesimpl pionic) Born-Ma erf(F))rm Iug three '
lie lowest in energy, with the rocksalt structure at O-@05 body (covalen} terms pV\)l/ith arameters \yvhich arepfit 10 a few
ev/molecule higher. So the LDA is predicting the ionic to ex )e/rimental numbe,rs Thgse authors agree with the experi-
covalent transition which is observed to occur for silver ha_mepntal fioures and diS;’i ree with caip initgi]o results How-p
lides as one proceeds down the halide column. ver thefqe is ex erimegtal evidence that the hi .h- ressure

As candidates for the high-pressure stable phases, aseglo nothavg the CsCl structure and our resgltspfor the
have investigated the cubic CsCl structure, the heXagOr]al:cl:1inn<31bar structure show that indeed this is probably the case
NiAs structure, the tetragong-Sn structure, and the cinna- P Y '

bar structure. Our LDA results for some of these structureThis suggests that the agreement of Gupta and Strrghy
' e fortuitous and that forces in the silver halides may require

more complicated modeling.
-4.1

' The B-Sn structure was calculated, at high pressures, for
43 <© CsCl ]
-45 | ONaCl . TABLE Il. Calculated transition pressurdd,, between pairs of
% a7} AgBr ozB ] different crystal structures — for AgCl, AgBr, and Agl. Experimen-
= ol $ AB-Sn 1 tally, for AgCl, a transition from the NaCl structure into an unde-
2™ termined structure has been measured at 8.7 GPa. Similarly, for
g 5T AgBr, a transition from the NaCl structure into an undetermined
2 3t phase has been seen at 8.3 GPa. For Agl, a low-pressure transition
2 sst into the NaCl structure has been measured at 0.4 GPa and another,
m 57l from the NaCl structure into an undetermined structure has been
' measured at 9.7 GR&ef. 6.
59 |
B CalculatedP, (GP3 CalculatedAV/V,
Volume (a.u.) AgCl (NaCl — CsC) 11 —0.0714
FIG. 2. AgBr: Calculated binding energy ieV/molecule for ~ AgBr (NaCl — CsC) 17 —0.0591
four different crystal structures — CsCl, NaCl, zinc blen@)  Agl (ZB — NaC) 0.6 —0.1967
and 8-Sn — as a function of volume in atomic units. Calculated Agl (NaCl — CsCl 49 —0.0277
points are shown and the solid line is a Murnaghan fit to thesengl (NaCl — 3-Sn) 46 —0.0208

points.
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AgBr and Agl. Thec/a ratio varied from 0.5 for smaller ]
volumes, to 1.0 for larger volumes. For AgBt, it is unfavored Cinnabar\ Structure I8
with respect to the CsCI structul€&ig. 2). For Agl, it ap-
pears more competitive, especially above 40 GPa, and we
obtain a NaCl— B-Sn transition pressure which is slightly
lower than our number for the NaGhk CsCl transition(Fig. 6/6

—

3 and Table Il. However, it is still much larger than the N 3/6
experimental 9.7 GPa, which meg#sSn is not a good can-

didate structure for the phase above the transition. ‘ 6

2/6

5/6

The NiAs structure is a layered structure, with two- |
dimensional close-packed layers which are stacked on top of ‘
each other, in the ordeAbAcAbAc. .. where the letters 4/6
designate the three hexagonal sifesB, and C and small -
letters are used to distinguish between the two atomic types. 12
The unit cell contains four layerg\bAc, which are repeated
periodically in thec direction. It has been found experimen-  FIG. 4. Projection of the hexagonal unit cell for the cinnabar
tally at high pressures in AIA%. For AgBr, and a volume of  structure onto a plane perpendicular to thexis. The lattice vec-
300 a.u., we have optimized both the internal parameter torsi; andl,, which lie in the plane of the figure, are shown. The
and the lattice parameterta. The optimal value ofi is 0.25,  angle between them is723. A third lattice vector|, exists per-
which makes thé\b (andAc) interlayer spacing the same as pendicular to the plane, along theaxis. A basis, with six atoms, is
thebA (andcA). We have kept this value af for all other  also shown. We have chosen it so that two atoms lie abgusvo
calculations. Silver atoms prefer th sites. The optimal |ie abovel; and two above a thirgauxiliary) vectori”, which is at
value ofc/a depends on the volume. It is found to lie be- 5 angle of 2r/3 with I; and i3, in the plane of the figure. The
tween 1.40 and 1.50, increasing with decreasing volume, fokeight of the six atoms is shown in units laf Three atoms, of the
pressures b(_EIOW approximately 30 GPa. The NiAs CUIVES algjght- kind, lie at a distanceul; (I;=|[;|) from the center and the
close to their homologous rocksalt ones, but always highegiher three, of the “dark” kind, at an independent distandeg.
up in energy, so that we can eliminate the NiAs structure 3R|otice the screw axis coincident with thhg axis.

a possible high-pressure phase for the silver halides. To
avoid cluttering Figs. 1, 2, and 3, we have not included inFinally, the third silver plane is rigidly displaced, also by
them our results for the NiAs structure. uly, in thel, direction. The fourth silver plane is displaced as

The cinnabar structure has been suggested by Schock atttk first, so that no more silver planes need to be considered.
Jamiesoh as an alternative possibility for the high-pressurein a similar way, three halide planar lattices are displaced
phase of AgCl and AgBr. It has been found in compoundsgiongl;, 7, andl, but by an independent distance which is
which are close to the ionic/covalent border likgnabar |, Such a construction leads naturally to a threefold screw
itself (HgS), under atmospheric conditiofisnd CdTe, under 4is coincident with thd, (usuallyc) axis. Notice that the
pressuré? It has also been predicted by first-principles cal-|nit cell is described by the two hexagonal lattice param-
culations for ZnS(Ref. 3) and ZnTe It is a hexagonal eters,|; andlg, and the internal coordinatesandv. For a
Structure, which can also be viewed in terms of ConsecutiVﬂxed V0|ume, there are three degrees of freedom. Each atom
close-packed planes. Figure 4 shows a projection of its unis sixfold coordinated by atoms of the other type, with three
cell, which contains six atoms, onto these planes. The latticgifferent distances in generéhree different pairs of neigh-
vectorsi; and [, (I;=1, with I;=]|[{|), lie within a same bors in the first coordination shgllThe space grou3,2,
plane and the angle between them is/3. The third lattice  is generated by the three screw rotati¢insluding the iden-
vector, rs (in generall;#1,), points perpendicular, along tity) and a rotation byr, besides lattice translations. There is

what is usually known as the axis. We also define an aux- N° Inversion symmetry. Whem=uv=2/3, however, the
structure becomes centrosymmetric. The silver and halide

iliary vector,|’, which lies within the ; |, plane, at an angle layers are now organized in the rocksalt sequence:
of 27/3 with both of these vectors. There are six planespncBaCbAcBaCh. ., but thecubic unit cell has been dis-
inside the unit cell, separated by a distahg/®, with alter-  torted in the[111] direction, with rhombohedral symmetry
nating atomic types. So each of the six atoms shown lies ifior trigona). Such a structure can be described more eco-
its own plane, at the height shown in unitslgf(Fig. 4. To  nomically with the three linearly independent lattice vectors,
improve on the understanding of the cinnabar structure,
imagine first that these atoms remain on their respective -~ \Ea Ea c
2727
V3 1 )

type. This is of course no longer the general cinnabar struc- =
ture. To (re)construct Fig. 4, from this starting point, con- 2
sider first that one planar close-packed lattice, say a silver _
plane, is rigidly displaced in thl direction, by a distance a;=(0,—a,c), 4.1

uly. The next silver plan€at a distancé;/3 abovg is then  where \/3a is the distance between nearest neighbors in the
displaced by the same amount, but along a new dire¢tion close-packed planes amdis the distance between planes of

plane, but are placed directly above each other, in the center =
of Fig. 4 (at the origin ofi; andl,), irrespective of atomic
- 73., Ea,c
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FIG. 5. Calculated binding energies plotted agaadst, for four FIG. 7. Calculated binding energies plotted agaioM, for

different volumesV of the rhombohedral cell, for AgCl. This is a three different volumed/ of the rhombohedral cell, for a Born-
special case of the cinnabar structure of Fig. 4 with2/3 andv ~ Mayer model of AgCl. The solid curves are a guide to the eye. The
=2/3. Forc/a= \/E’ we have the rocksalt structure and Wa behavior is Completely different from the Corresponding LDA
=1/\/2 we have the CsCl structure. The appearance of an instabilitfurves, showing that the ionic interatomic potential cannot describe
of the rocksalt structure for a volume of 240 a.u. with respect to sSubtle hybridizations occurring in the silver halides.

rhombohedral distortion is clearly seen. The solid curves are a

guide to the eye. have found it necessary, in these calculations, to use a finer

grid inside the Brillouin zone, fok-point summation, with

the same atomic type. With these conventians),/\3 and  g,q,q,=666. Forlarge volumes, the energy minimum, with
c=13/3 (cla=1/\/3l/l,). There are only two atoms in respect toc/a, is clearly located at/a= 2, which is the
the basis, with positions which are pinned by symmetry. Sqocksalt point. Similarly, for small volumes, a clear mini-
that for a given volume, only the/a ratio is left free. Atthe  mum is seen at/a=1/\2, which is the CsCl point. How-
special valuec/a= /2, the cubic rocksalt structure emerges ever, for intermediate volumes, one finds minima which sur-
and forc/a=1/y/2 we obtain the simple cubic CsCl arrange- prisingly lie at values ofc/a which are volume dependent
ment. and interpolate between the two extremes. Furthermore the

We have explored the three-dimensional cinnabar paranturves are very flat, indicating that one of the elastic con-
eter space at constant volume, in search of minima, for AgClstants is softening. Since the rocksalt and QsGbic points
AgBr, and Agl. For two volumes of AgCl and three volumes are particular cases of the general rhombohedral arrange-
of AgBr, our explorations were quite extensive and the spement, when the optimal value cfa lies between /2 and
cial rhombohedral pointy=2/3 andv =2/3, was found tobe 2 5 rhombohedral distortion of AgCl and AgBr is pre-
optimal for different values ofs/l,. For other volumes, we  ferred to either cubic phase. The rocksalt cube is continu-
checked only that the rhombohedral point was a relativeyysly compressed, along the11] direction, “down” to the
minimum.  This relative minimum condition was also CsCl point. Because our minima are very shallow, we have
checked for a few volumes of Agl. verified that they remain when the cutoff energy is increased

Given the above results, Figs. 5 and 6 show our LDAyp to 100 Ry. We have furthermore checked that such a
curves forE=E(V,c/a), asc/a is varied at constar¥, for  compression is stable with respect to a GeTe-like deforma-
rhombohedral AgCl and AgBr. For proper convergence, Wajon (see, for example, Ref. 33, and references thgrein

which breaks the rhombohedral inversion symmetry.

In order to gain some insight into this unusual behavior, it
38 [ o—lov-220au. | is helpful to consider the simple Born-Mayer model for the
40r ;’:gtggg au silver halides. In this model, a full silverselectron is trans-
= 42r AgBr T ferred onto the halide center, leaving behind a pointlike hole.
g 44 1 Electrostatic binding forces are then stabilized by a pseudo-
g 46| M——e\e\ hard-core exponential repL_1IS|ve termexp(—r/p)_. T_hls is
oas| h generally regarded as a fair representation of ionic crystals.
£ sof ] We fit the two parameters andp to the experimental values
= 52 Q\S\S( ] of the equilibrium lattice constant and the bulk modulus for
wal o6—o—o 000§ 66— AgCl. Within this model, we find that the optimal values for
sel EEHEa the internal parametens andv, for the cinnabar structure,
58 . A are also the values of 2/3, which, as stated above, degenerate

05 06 07 08 08 10 11 12 13 14 15 16 1.7 138 the cinnabar structure into the rhombohedral structure, of
cfa higher symmetry. This means that the silver halides behave

FIG. 6. Calculated binding energies plotted agaiost, for  ionically in avoiding the cinnabar structure. Figure 7 shows
three different volume¥ of the rhombohedral cell, for AgBr. The curves like those of Figs. 5 and 6, but which are calculated
solid curves are a guide to the eye. with the simple ionic model of Born and Mayer. We observe
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FIG. 8. AgCI: Calculated binding energy for the rocksalt and  FIG. 9. AgBr: Calculated binding energy for the rocksalt and
CsCI structures, in solid lines. We find that these structures ar€sCl structures, in solid lines. We find that these structures are
connected by an intermediate rhombohedral curve, as shown in tt@nnected by an intermediate rhombohedral curve, as shown in the
dashed line, instead of the usual common tangent. dashed line, instead of the usual first-order common tangent.

again the two extreme cases — NaCl and CsCl — but nothSP2 for AgBr. For Agl, we have determined the rhombohe-
ing in between. There are no intermediate minima in thisdral compression to begin at 40 GPa, a pressure at which the
model. We checked by performing first-principles calcula-€Nthalpy of this phase is almost the same asftn struc-
tions for NaCl that, in an ionic crystal like rocksalt itself, the turé- As this should not be relevant for the transition ob-
LDA description does not predict intermediate minima, andS€"ved around 9.7 GPa, we have not performed the compu-
thus the Born and Mayer model works better. The rhombolat'onal,ly expensive _calculatlons that would be_necessary to
hedral compression of the silver halides, must therefore bg€t€rmine an equation of state for Agl that included the
attributed to the hybridization between the halland sil-  ombohedral phase.

verd states, which results in a non-negligible covalent bond- !N light of our results, let us now examine possible sce-
ing narios for the behavior of the silver halides under pressure.

|'f we now recall Figs. 1 and 2, a rhombohedral Compres_Our calculations suggest that it is very likely that there is at

sion of AgCl and AgBr means that instead of a common
tangent joining the rocksalt phase to the CsCl phase, these
are connected by an intermediate curve at lower energy. This
is what is shown in Figs. 8 and 9. The rhombohedral struc-
ture is therefore the most favorable structure studied in an
intermediate range of pressures, for AQCl and AgBr.

Figure 10 shows the computed equation of state, in the
form V=V(P), from E=E(V), through the relationP=
—0dE/ oV, which defines the pressure. Figure 10 also contains
the low-pressure measurements of Vaidya and Kenifddy
P(V) (squares The low-pressure 0.4 GPa transition of Agl
from the zinc-blende to rocksalt structures is well described.
In the compression of AgCIl and AgBr, in the rocksalt phase,
our calculations predict a harder crystal, but as mentioned
before, there is significant softening of those crystals with
temperature, while our calculations should describe the low-
temperature regime. The dashed lines show the equation of
state that would be obtained if we had only considered the O 4 B 1216 20 24 26 32 36 40 44 48
usual ionic NaCl- CsCl transition. For AgBr and Agl, this Pressure (GPa)
is predicted to occur at pressures much higher than the ob-

servedP, (arrows in Fig. 10, for transitions from the NaCl with increasing pressure. The squares represent experimental results

structure |nto_a not yet well determined Str_UCture. For AgCI(Ref. 34. The dashed line represents the results of this work under
and AgBr, Fig. 10 also shows the continuous evolutiony,, supposition of a first-order transition into the CsCl phase. The
through the rhombohedral intermediate phase, in solid linessg|ig jines show the continuous rhombohedral compression of AgCl
These curves follow the rocksalt and CsCl phases, which argg agsr which we predict to be more favorable. For Agl, this is
special cases of the general rhombohedral structure, at oMot shown though we have calculated the onset of such a compres-
and high pressures, respectively. The onset of the rhombohgion to occur at 40 GPa. The arrows mark the experimentally ob-
dral compression is calculated at 5 GPa for AgCl and 7.5erved transition pressures. The first transition in Agl is from
GPa for AgBr, below the experimental transition pressureszincblende or wurtzite to rocksalexperimentallyP,=0.4 GPa

The transition is fully completed at 18 GPa for AgCl and 32and is correctly described by the calculations.

1.0 @
]

VIV

0.7 F

0.6

FIG. 10. Change of the relative volume of AgCI, AgBr, and Agl
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least one intermediate structure between the rocksalt phase V. CONCLUSION

and the CsCl phase in Agl. We were not able to find a good

candidate for that intermediate phase, but we can say that it We have shown that the LDA, pseudopotentials, and
is probably not one of those considered in this paper. Foplane waves, with the inclusion of the siléelectrons, give
AgCl and AgBr, we found an instability related to the soft- fajrly accurate structural parameters for the ground states of
ening of an elastic constant in the pressure ranges whereslver halides, giving also the right structural preferences, as
transition is seen to occur, but not on top of the experimentajy petter studied alkali halides and semiconductors. Our re-
value. From Fig. 5, we can tell that although there is nogjis for the transition between the zinc blende and rocksalt

discontinuous change in volume, from the low-pressure,pases for Agl is in fair agreement. We also find that transi-
rocksalt to the CsCl structure, the/a parameter could tions observed around -810 GPa, in the silver halides

change.qwte f_ast. We did not include in our Calcu""‘.t'onsshould not be from the rocksalt to the CsCI structure as pro-
zero-point motion or temperature effects. But the basic oc-

currence of an instability should be reliably predicted by ourfu()ridazyp?%li%lészyagih%tckk:zge?:n;[?egggcwg ﬁsr:(rju; in

calculations. It is possible that this instability is exactl i C i
b y y &?bmty of the rocksalt phase of AgCl and AgBr with respect

a discontinuous evolution from the rocksalt phase into arf® @ rombohedral structure, associated with a softening of

intermediate rhombohedral point because their sample8n€ of the elastic constants of the rocksalt phase at pressures

could not be compressed sufficiently slowly. Indeed, the realuSt below where the experimental transitions are observed.

guaranteed to proceed quasistaticmty examp|e hysteresis b|||ty For Agl, we did not |dent|fy a candidate structure into

is common. Schock and Jamiesbhave measured a hexago- Which the rocksalt phase transforms, but our calculations

nal phase on the high-pressure side of a transition. They hawggest that it is not CsCI.

conjectured it to be the cinnabar phase with values ahd

v similar to what is found in HgS itself, but do not mention

a calculation of x-ray line intensities corresponding to the ACKNOWLEDGMENTS
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