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The phonons and elastic constants of rocksalt AgCl and AgBr under pressure are extensively studied by
using the pseudopotential plane-wave method within density functional theory. A pressure-induced soft trans-
verse acoustic (TA) phonon mode is identified for both compounds. Interestingly, each compound shows a
different phonon softening behavior. A TA phonon branch softens to zero pressure at 6.5 GPa along [£00]
direction in AgCl, resulting in the phase transition from the rocksalt structure to the monoclinic structure. A
softening TA phonon mode at the zone boundary X point in AgBr is predicted and the deduced transition
pressure of ~9.8 GPa is found to be 24% larger than the experimental measurement of ~7.9 GPa. The
predicted larger transition pressure indicated that the TA softening phonon mode at the zone boundary X point
in AgBr may not independently induce the phase transition. Moreover, a pressure-induced softening of shear
modulus in Cyy is also verified for both compounds. However, it is suggested that the phonon instability,

instead of Cy4 instability, dominates the pressure-induced structural phase transition.
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The structural behavior of binary AB compounds under
hydrostatic pressure has been a popular topic in condensed
matter research over the past decade. The most covalent AB
compounds are the III-V and II-VI semiconductors which, at
ambient conditions, generally adopt the tetrahedrally coordi-
nated zinc blende (ZB) or wurtzite structure. By analogy
with the behavior of elemental Si and Ge under compression,
many of these phases were originally thought to adopt a
diatomic version of the tetragonal B-Sn structure at high
pressure.> However, the recent advent of angle-dispersive
x-ray diffraction techniques through the diamond anvil
cells** has surprisingly revealed that the previous assign-
ments of the 8-Sn structure to compound semiconductors are
incorrect.’ At the other extreme, the highly ionic Na, K, and
Rb halides adopt the rocksalt structure at ambient conditions
and, under pressure, the majority of these compounds un-
dergo first-order structural phase transitions from sixfold to
the eightfold coordinated CsCl structure.

In contrast to the general picture given above, the high-
pressure structural behavior of compounds whose bonding
character is intermediate between ionic and covalent is often
rather complex.” This is the case for the silver halides, which
can be considered as I-VII compounds lying at the ionic end
of the sequence IV—III-V—I-VII. Silver halides are of
great physical interest in normal and high pressure investiga-
tions, since they act as photographic materials, solid electro-
lytes, and as liquid semiconductors.® Under ambient condi-
tions, AgF, AgCl, and AgBr crystallize in the rocksalt
structure characteristic of ionic bonding, while Agl exists as
two-phase mixture of the cubic ZB polymorph and its hex-
agonal wurtzite counterpart. The Ag atom possesses a com-
pletely filled 44'° shell and a single 5s electron which is
transferred to the halide atom. Thus, the structural behaviors
of AgCl and AgBr under pressure are different from that of
alkali halides because the 4d electrons of the Ag atom hy-
bridize with the halide p state.
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PACS number(s): 62.50.+p, 63.20.Dj, 64.70.Kb

There are many theoretical and experimental investiga-
tions related to phase transition of AgCl and AgBr under
pressure.”'* In the very earlier experiments before 1960,
both compounds have been found to undergo a first-order
transformation around 8 -9 GPa and it was suggested to be a
transformation to the CsCl structure.”!'? This is the behavior
known for alkali halides which are ionic. In 1969, Schock et
al.’s experiments'' suggested that this first-order transforma-
tion might go to a hexagonal phase with a cinnabar
structure.'> However, very recently, using angle-dispersive
x-ray diffraction measurements, Hull e al.” accurately dem-
onstrated that the rocksalt-structured AgCl and AgBr un-
dergo the first phase transition to a monoclinic structure with
KOH-type arrangement at 6.6 GPa and 7.9 GPa, respec-
tively. On the theoretical side, Gupta et al.'®> employed a
three-body-potential approach to describe the phase transi-
tions and equation of states (EOS) for AgCl and AgBr. How-
ever, they suggested that the rocksalt structure will transform
directly to the CsClI structure based on the structural similari-
ties between the alkali halides and the silver halides. While
Nunes et al.'* later suggested that AgCl and AgBr might
prefer a rhombohedral phase induced from the rocksalt struc-
ture with pressure. Up to now, to the best of our knowledge,
the physically driven mechanism of the pressure-induced
structural phase transition from the rocksalt structure to the
monoclinic structure for AgCl and AgBr remains unclear.
Dynamic instabilities are often responsible for phase transi-
tions under pressure.'>!® Lattice dynamics therefore plays an
important role in understanding the mechanisms of phase
transitions. In our previous works,!”!® the different mecha-
nisms driving the phase transitions in copper halides from
ZB CuClI-II to cubic CuCl-1V, from ZB CuBr-III to a tetrag-
onal phase CuBr-1V, and from ZB Cul-III to a rhombohedral
phase Cul-IV are clearly revealed by the accurate ab initio
determination of the transverse acoustic (TA) phonon soften-

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.74.054102

LI et al

TABLE 1. Calculated equilibrium lattice parameter (ag), bulk
modulus (By), and the pressure derivative of bulk modulus (B’ ) for
AgCl and AgBr, respectively. Previous theoretical calculations from
Ref. 14 and experimental results from Ref. 26-30 are also shown
for comparison. The units for a, and B, are in A and Mbars,
respectively.

ag (R) B, (Mbar) B,

AgCl

This work 5.67 0.41 4.97

Ref. 14 5.41 0.67 5.98

Exp. 5.55% 0.51° 5.20°
AgBr

This work 5.90 0.38 4.90

Ref. 14 5.64 0.60 5.10

Exp. 5.75% 0.41¢ 8.50°

4Reference 26.
PReference 27.
‘Reference 28.
dReference 29.
“Reference 30.

ing at the zone boundary X and L for CuCl and Cul, respec-
tively, and along the [££0] direction for CuBr in the first
Brillouin zone (BZ). Consequently, in this work, ab initio
investigations of lattice dynamics are, thus, carried out to
probe the nature of pressure-induced phase transformation in
rocksalt AgCl and AgBr.

The lattice dynamics for both compounds are investigated
using the pseudopotential plane-wave density-functional
linear-response method.!® The generalized gradient approxi-
mation (GGA) of the exchange-correlation functional is
used.?’ The Troullier-Martins?! norm-conserving scheme is
used to generate the tight pseudopotentials for Ag, Cl, and Br
with electronic configurations of 4d'%5s!, 3s?3p°, and
45%4p>, respectively. Smaller core radii are chosen as
2.42 au. for s and d orbtials for Ag, 1.59 a.u. for s and p
orbitals for Cl, 1.77 and 2.09 a.u. for s and p orbitals for Br,
respectively, to guarantee the nonexistence of core overlap-
ping under highest pressure in this study. The convergence
tests gave the kinetic energy cutoffs of 110 Ry and 120 Ry
for AgCl and AgBr, respectively, with a 8X8X8§
Monkhorst-Pack (MP) grid for the electronic BZ integration.
A 4X4X4 g mesh in the first BZ is used in the interpolation
of the phonon calculations. The elastic constant tensors were
calculated as a function of pressure using the stress-strain
relations for AgCl and AgBr as implemented in the Materials
Toolkit2.1.222* Elastic constants were obtained from evalua-
tions of the stress tensor generated by small strains using the
density-functional plane wave technique as implemented in
the VASP code.?* The GGA projector augmented wave
(PAW) potentials>® were used with 8 X8X8 or 12X 12
X 12 Monkhorst-Pack k-point meshes.

The theoretical equilibrium lattice constants and EOS in
rocksalt AgCl and AgBr are determined by fitting the total
energies as a function of volume to the Murnahan EOS. The
calculated equilibrium lattice parameters and bulk modulus,
together with another pseudopotential plane-wave theoretical

PHYSICAL REVIEW B 74, 054102 (2006)

1.00

(a)

0.95 N

0.90+ =

VIV o

0.85+

1‘00 1 1 1 1

0.95

© 0.904 .

V/V

0.85+

0.80 r T T
0 2 4 6 8 10

Pressure (GPa)

FIG. 1. Comparison of the calculated equation of states (solid
line) for AgCl (a) and AgBr (b) with the experimental data (solid
square symbols) from Ref. 7.

calculation within local density approximation (LDA) and
the experimental data are listed in Table I. It is found that the
current theoretical lattice constant and bulk modulus are in
good agreement with experimental data within 3%, thus, it
strongly supports the choice of pseudopotentials and the
GGA approximation for the current study. It is worth noting
that the current theoretical lattice constants are larger than
those of experimental results, while it is smaller in Ref. 14.
They are the typical deviation of GGA and LDA calcula-
tions, respectively. The calculated EOS of AgCl and AgBr in
rocksalt structure are compared with the experimental data’
as shown in Fig. 1. The agreement between theoretical re-
sults and the experimental data is also satisfactory, lending
another strong support in the validity of the current theoret-
ical model.

Figure 2 shows the comparison of our ab initio phonon
dispersion curves and one-phonon density of states (DOS)
for AgCl at the experimental lattice constant of 5.55 A with
the experimental neutron inelastic scattering data at zero
pressure.’! It is clear that the present ab initio calculations
accurately predict the phonon frequencies at zero pressure. In
particular, the shoulder in the longitudinal optical (LO)
([€£0]) branch near the K point, the low-lying transverse
optical (TO) branch along the direction of [£££], and the
minimum in the LO branch along the direction of [£00] are
correctly reproduced in theory. With the addition of the
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FIG. 2. The calculated phonon frequencies (solid lines) and vi-
brational DOS of AgCl at ambient pressure, along with the experi-
mental phonon dispersion data (symbols) at 7=78 K (Ref. 31).

nonanalytic term to the dynamical matrix, the longitudinal
optic branch and the transverse optic branch split from each
other at the I" point, and this is also shown. The calculated
phonon dispersions at the experimental lattice constant of
5.75 A and one-phonon density of DOS for AgBr, along with
the experimental phonon data®? are presented in Fig. 3. The
calculated phonon disperson agrees well with experiments,
except for the somewhat larger discrepancy in the TO pho-
non branch. For the L point, it has been previously found that
the TO and TA branches exchange their eigenvectors.’ In
this case, the heavier Ag* ion oscillates with the higher fre-
quency while the lighter Br~ oscillates with the lower fre-
quency, with a ratio of 0.80 in the Br™ to the Ag* frequency.
This behavior clearly shows that there are different forces
involved in these two modes. A determination of the relative
intensities of TA to TO at L point by inelastic neutron scat-
tering directly proved the exchange of eigenvectors, as was
concluded from exciton recombination luminescence and
resonant Raman scattering from excitons in AgBr** which
couple to phonons. Note that the present calculations cor-
rectly reveal this change of eigenvectors.
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L 4
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FIG. 3. The calculated phonon frequencies (solid lines) and vi-

brational DOS of AgBr at ambient pressure, together with the ex-

perimental phonon dispersion data (symbols) at 7=85 K (Ref. 32).
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FIG. 4. Calculated phonon frequencies and vibrational DOS of
AgCl at different volumes.

The calculated phonon dispersion curves of AgCl and the
one-phonon DOS at different volumes are shown in Fig. 4.
One observes that with decreasing volume, the TO, LO, and
longitudinal acoustic (LA) phonon modes shift to higher fre-
quencies, while the TA phonon branch along the [ £00] direc-
tion decreases in frequency, indicating a negative mode Grii-
neisen parameter, ¥;(¢)=-dIn v,(¢)/dIn V for mode j, where
q is wave vector, v is frequency, and V is volume. At a
volume of 0.910V,, (V,, experimental equilibrium volume),
the phonon frequencies of the TA modes along the [£00]
direction decrease to be imaginary, signaling a structural in-
stability in the rocksalt phase. Figure 5 shows the variation
of the frequency of the TA (g) mode for the most negative
¢(0.6 0.0 0.0) point in Fig. 4(c) with pressure. The estimated
transition pressure is ~6.5 GPa (V=0.915V,) from Fig. 5
which is in excellent agreement with the experimental tran-
sition pressure of ~6.6 GPa,’ thus signifying the phase tran-
sition from the rocksalt structure to the monoclinic structure.
The squared phonon frequencies 1? for the TA branch at the
(0.6 0.0 0.0) point with pressure P are also plotted as
shown in the inset (a) of Fig. 5. A near perfect linear relation
between 17 and P is obtained. Such behavior is consistent
with the Landau theory of pressure-induced soft mode phase
transitions.** The schematic representation of eigenvectors
for the TA phonon mode at the ¢(0.6 0.0 0.0) point is shown
in the inset (b) of Fig. 5. The arrows represent the directions
of the atomic vibrations for the Ag cation and its six nearest
neighboring Cl anions, respectively. Inspection of the pho-
non eigenvectors shows that this mode involves alternate
shuffles of (100) planes in the direction along the direction of
[001]. Phonon softening usually corresponds to the instabil-
ity of a particular atomic movement. The rocksalt structure
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FIG. 5. (Color online) Main figure: Calculated TA phonon fre-
quencies at the g (0.6 0.0 0.0) point of BZ in AgCl as a function of
volume. Solid line through the calculated data points represents
fitted curves using a B spline. Inset: (a) the calculated squared pho-
non frequency »* as a function of pressure. Solid line through the
data points is a linear fit; (b) the eigenvector for TA soft phonon
mode at the ¢ (0.6 0.0 0.0) point. The displacements are all in the
(100) plane. The Ag cations and the Cl anions all move along the
[001] direction. The arrows show the directions of atomic
displacements.

o
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AgCl, therefore, tends to become unstable with respect to the
atomic displacement corresponding to the soft mode. The
atomic movements along the directions of the eigenvectors
in the (100) planes is closely related to the phase transition
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FIG. 6. Calculated phonon dispersion curves and vibrational
DOS of AgBr at different volumes.
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from the rocksalt structure to the monoclinic structure. Ozo-
lin$ et al."” found a soft TA mode at the X(1.0 0.0 0.0) point
for rocksalt GaP under pressure using the first-principles
LDA linear response approach. Their predicted soft mode
also involves shuffles of (100) planes along the [001] direc-
tion, similar to our current findings in AgCl. They proposed
that the phonon softenings are dominated by the competition
between the attractive electrostatic Madelung energy and the
repulsive short-range energy acting between the nearest
neighbors. The shear-type corresponding to the softening
mode TA(X), can lower the repulsive energy [contributing to
vr4(X) <0] and raises the Madelung energy [contributing to
vra(X)>0]."5 Since the repulsive energy changes much
faster than the Madelung energy upon decreasing R, it leads
to yr4(X) <0, which for sufficient compression, causes an
instability 7,,(X)<0.'> Due to the similarity in the atomic
vibrations corresponding to the soft modes in these two cal-
culations, the predicted soft mode with wave vector of (0.6
0.0 0.0) in AgCl might be also attributed to the same com-
petition mechanism adopted by GaP.

Figure 6 shows the calculated phonon dispersion curves
and one-phonon DOS for AgBr at several volumes. It is in-
terestingly noted that with increasing pressure the TA phonon
frequency at the zone boundary X (0.0 0.0 1.0) point de-
creases, while other phonon modes shift to higher energy. At
V=0.881V, (V,, experimental equilibrium volume), the TA
phonons at the X point soften to imaginary frequencies, in-
dicating a structural instability. Figure 7 shows the variation
of the frequency of the TA(X) mode with volume. The
squared phonon frequencies »* for the TA branch at the X
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FIG. 7. (Color online) Main figure: Calculated TA phonon fre-
quencies at the X (1.0 0.0 0.0) point of BZ in AgBr as a function of
volume. Solid line through the calculated data points represents
fitted curves using a B spline. Inset: (a) the calculated squared pho-
non frequency 1? as a function of pressure. Solid line through the
data points is a linear fit. (b) the eigenvector for TA soft phonon
mode at the X (1.0 0.0 0.0) point. The Ag atom is located at (0 0 0).
The other four Br atoms sit at (1/2 0 0), (-=1/2 0 0), (0 1/2 0), and
(0 —1/2 0), respectively. The eigenvectors of the Ag cation and Br
anion are antiparallel in the primitive cell and the eigenvector of the
Ag cation forms an angle 14.1° with respect to the [001] direction.
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TABLE II. Calculated elastic constants of C;q, C;s, C, and Cyy
with GPa unit for AgCl and AgBr at ambient pressure. For AgCl,
the available experimental data are taken from Ref. 35. For AgBr,
experimental data are taken from Ref. 37.

Cn Ci Cyy C,

AgCl Expt. 59.6 36.2 6.21 11.7
This work 61.4 44.8 6.14 8.18

Expt. 63.1 34.1 7.65 14.5

AgBr This work 73.8 424 7.71 15.7
Ref. 37 64.1 352 8.40 14.5

point with pressure P are also plotted as shown in the inset
(a) of Fig. 7. A near perfect linear relation between > and P
is also obtained. The estimated transition pressure is
~9.8 GPa (V=0.874V,), which is 24% larger than the ex-
perimental transition pressure of ~7.9 GPa. This somewhat
large difference indicates that the phase transition from the
rocksalt structure to the monoclinic structure may not be
induced independently by the phonon instability at the zone
boundary X point. This behavior of the phonon softening to
zero frequency is hidden by the first order phase transition to
the monoclinic phase. Although this phase transition occurs
at pressures below those required to drive the TA modes to
zero frequency, the “mode-softening” behavior may be re-
lated to the particular mechanism. The schematic representa-
tion of eigenvectors for the TA soft phonon mode at the X
point is shown in the top view of the (001) plane of rocksalt
structure in the inset (b) of Fig. 7. The eigenvectors of the Ag
cation and Br anion are antiparallel in the primitive cell and
the displacement of the Ag cation forms an angle 14.1° with
respect to the direction [100]. We remark that one possible
physically driving mechanism for AgBr from the rocksalt
structure to the monoclinic structure may be partly related to
a shear instability with atomic displacements forming angle
14.1° with respect to the [100] direction.

Table II lists the calculated elastic constants for rocksalt
AgCl and AgBr with the experimental data®>*¢ and previ-
ously theoretical results®’ in AgBr at ambient pressure. It is
clear that there is an excellent agreement in C4y for both
compounds and in C,;=1/2(C;,—C),) for AgBr between the
calculated results and the experimental measurements. How-
ever, there are noticeably larger discrepancies in Cy; and Cy,
for AgBr and in C; for AgCl. The larger discrepancy might
be mainly attributed to the differences in the equilibrium
lattice constants between theory and experiment. Neverthe-
less, the accurate determination of the Cy4 by theory at am-
bient pressure for both compounds lends a strong support for
examination of its high pressure behavior. The variations of
the elastic constants with pressure for rocksalt AgCl and
AgBr are shown in Figs. 8 and 9, respectively. One observes
that Cy;, Ci,, and C, show linearly increasing trends with
pressure for both compounds, while C,, shows a linear soft-
ening trend. It is interesting to note that the extrapolation of
C, to small negative pressures of —2.0 and —2.9 GPa, corre-
sponding to larger lattice constants of 5.669 and 5.965 A for
AgCl and AgBr, respectively, will induce C; instabilities for
both compounds. The theoretical elastic constants with pres-

PHYSICAL REVIEW B 74, 054102 (2006)

150
= C11
A
glOO-
2
o)
g C
;":’ 12
o
)
S so-/
2 C
[ S
=
=

N C44
O e e . — =X

o\ -

0 1 2 3 4 5
Pressure (GPa)

FIG. 8. Calculated elastic constants (solid symbols) of Cy;, C»,
C,, and Cyy for AgCl with pressure in rocksalt structure. The solid
lines are the linear fits to the calculated results.

sure for AgBr from Ref. 37 are also plotted in Fig. 9 for
comparison. It is found that the calculated elastic constants
with pressure are in quantitive agreement with those from
Ref. 37 except for the apparent deviation from the linear
trend around 2.8 GPa for C;; and C;, in their calculations.
Specifically, at higher pressure, the two theoretical calcula-
tions for C, and Cy, agree well each other, while the current
results for C;; and C, are smaller. It is worth noting that
although C,, softens with pressure for both compounds, it
still remains positive under pressures at which the phonons
soften to zero frequency for AgCl (6.5 GPa) and AgBr
(9.8 GPa). It should be also pointed out that for both com-
pounds, the phonon instabilities occur at points away from
the center of the Brillouin zone and appear before the mate-
rials become unstable according to elastic stability criteria.
Therefore, it is concluded that the pressure-induced structural

160 = =

Elastic constants (GPa)

Pressure (GPa)

FIG. 9. Calculated elastic constants (solid symbols) of Cy;, C»,
C,, and Cyy for AgBr with pressure in rocksalt structure. The solid
lines are the linear fits to the calculated results. The open symbols
are taken from a previous calculation in AgBr from Ref. 37. The
dashed lines are the linear fits to their theoretical results.
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phase transition for both compounds is not induced by the
Cyy4 instabilities which are related to the long-wavelength
part of the transverse branch near the center of the first BZ.

In conclusion, the phonon dispersion curves for AgCI and
AgBr are calculated at different volumes using density func-
tional linear-response theory. For AgCl, TA phonon instabili-
ties along the [ £00] direction of the first BZ induce the phase
transition from the rocksalt phase to the monoclinic phase.
While for AgBr, the phase transition may be partly attributed
to the softening behavior of the TA phonon at the zone
boundary X point. Further analysis performed on the elastic

PHYSICAL REVIEW B 74, 054102 (2006)

constants under pressure suggested that the shear instabilities
in Cy4 have no direct relation to the structural phase transi-
tion for both compounds.
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