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First-principles study of the mechanisms for the pressure-induced phase transitions
in zinc-blende CuBr and CuI

Yanming Ma,* John S. Tse, and Dennis D. Klug
Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada

~Received 12 September 2003; published 11 February 2004!

The lattice dynamics of zinc-blende~ZB! CuBr and CuI is studied as a function of pressure using density
functional linear-response theory. A pressure-induced soft transverse acoustic~TA! phonon mode is identified
for both compounds. Each compound shows a different pressure-induced phonon softening behavior. A TA
phonon branch softens along the@jj 0# direction in CuBr, resulting in a phase transition from a ZB phase
~CuBr-III! to a tetragonal phase~CuBr-IV!. A softening TA phonon mode at the zone boundaryL point in CuI
may induce a phase transition from a ZB phase~CuI-III ! to a rhombohedral phase~CuI-IV!, although the
phonon softening towards zero frequency in CuI is superseded by a first order phase transition occurring at
1.74 GPa. Possible phase transition paths are presented for both compounds.
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Copper halides~CuCl, CuBr, CuI! are the most ionic crys
tals with a zinc-blende~ZB! lattice structure. Their ionicities
approach the critical threshold at which the ZB structure
comes unstable with respect to the more closely packed N
or CsCl structure, due to the electrostatic interactions.1 As a
result of this near structural instability, a large number
pressure-induced polymorphs are possible. The available
perimental evidence2–5 suggests that all three copper halid
adopt a rocksalt structure at pressures in the region
;10 GPa. In addition, these copper halides undergo a n
ber of structural phase transitions under pressure before
taining the rocksalt structure. It is known that upon applic
tion of pressure, ZB CuCl~CuCl-II! first transforms to an
unknown intermediate phase CuCl-IIa, then goes to a cu
phase~CuCl-IV!; ZB CuBr ~CuBr-III! goes to a tetragona
phase ~CuBr-IV!; and ZB CuI ~CuI-III ! transforms to a
rhombohedral phase~CuI-IV!. The three copper halides crys
tallize in the same ZB phase with similar bonding behavi
at normal conditions. In this study, we examine why th
each transform from the ZB structure to different structu
under pressure.

Dynamic instabilities are often responsible for phase tr
sitions under pressure.6 Lattice dynamics plays an importan
role in understanding the different mechanisms of phase t
sitions in the same type of compounds. A detailed study
the phonon spectra with pressure in cesium halides rev
the different mechanisms of phase transitions in CsI, Cs
and CsCl.7 In our previous work,8 a mechanism driving the
phase transition from CuCl-II to CuCl-IV was revealed
theab initio calculation of the transverse acoustic~TA! pho-
non softening at the zone boundaryX point of the first Bril-
louin zone. Moreover, there are very large mean-square
brational amplitudes for Cu, Cl, Br, and I ions in the thr
copper halides,5 which are related to the lattice dynamics.
addition, the differences in the three compounds are the m
and ionic radii differences, which also determine the det
of the dynamics. To probe the difference in the mechanis
of the phase transitions in the three copper halides, fur
detailed ab initio calculations of the lattice dynamics fo
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CuBr and CuI are, therefore, motivated. This study contr
utes to the understanding of the mechanisms of press
induced phase transitions in copper halides.

The lattice dynamics for both compounds is investiga
using the pseudopotential plane-wave density-functio
linear-response method.9 The generalized gradient approx
mation ~GGA! of the exchange-correlation functional
employed.10 The Troullier-Martins11 norm-conserving
scheme is used to generate the pseudopotentials for Cu
and I, respectively. The kinetic energy cutoff,Ecutoff , was
chosen as 90 Ry for both CuBr and CuI, respectively,
ensure the convergence of the calculated phonon frequen
to within 0.02 THz. A 43434 k mesh in the first Brillion
zone was used in the phonon calculations. The theore
equilibrium lattice constants are determined by fitting t
total energies as a function of volume to the Murnagha12

equation of state. Table I shows the calculated values
equilibrium lattice parameters and bulk moduli, along w
another theoretical calculation13 and the experimental mea
sured results,5,14 which can be used to estimate both the a
curacy of our pseudopotentials and the GGA approximat
for the studied systems. It is known that the bulk modulus
copper halides decreases with increasing temperature.13 As a
reference, the bulk moduli for CuCl measured at 4.5 and

TABLE I. Calculated equilibrium lattice parameter (a0), bulk
modulus (B0), and the pressure derivative of bulk modulus (B08) for
the zinc-blende CuBr and CuI. Another theoretical calculation fr
Ref. 13 and experimental results from Refs. 5 and 14 are
shown for comparison in parentheses. The units fora0 andB0 are in
Å and Mbar, respectively.

a0 ~Å! B0 ~Mbar! B08

CuBr 5.70$5.70a%~5.63b! 0.48$0.37a 0.44c%~0.54b! 4.98 ~3.70b!

CuI 6.09$6.05a%~6.01b! 0.47$0.37a%~0.48b! 4.90 ~8.00b!

aExperimental data at room temperature taken from Ref. 5.
bTheoretical results taken from Ref. 13.
cExperimental data atT577 K taken from Ref. 14.
©2004 The American Physical Society02-1
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FIG. 1. The calculated phonon frequenci
~solid lines! and density of states~DOS! of zinc-
blende CuBr at zero temperature, along with t
experimental phonon dispersion data~symbols! at
T577 K ~Ref. 18!.

FIG. 2. The calculated phonon frequenci
~solid lines! and DOS of zinc-blende CuI at zer
temperature, together with the experimental ph
non dispersion data~symbols! at T5300 K ~Ref.
19!.

TABLE II. Calculated phonon frequencies for CuBr and CuI at high symmetry points of the Brillouin
zone. Values in parentheses are the results for anotherab initio calculation taken from Ref. 16. The experi-
mental data shown in curly brackets are taken from Refs. 15 and 19 for CuBr and CuI, respectively. The unit
for frequencies is THz.

K
points TA LA TO LO

CuBr
G 4.31 ~4.02!$4.05% 4.97 ~4.74!$5.07%
X 1.23 ~1.53!$1.17% 3.92 ~3.72!$3.78% 5.11 ~4.74!$4.83% 4.87 ~4.71!$4.62%
L 0.75 ~1.26!$0.96% 3.20 ~3.39!$3.18% 5.31 ~5.01!$5.16% 4.62 ~4.35!$4.50%

CuI
G 4.39 ~3.48!$3.78% 4.80 ~3.96!$4.80%
X 1.49 ~1.71!$1.38% 3.93 ~3.45!$3.63% 4.66 ~3.63!$4.29% 4.10 ~3.54!$4.67%
L 1.18 ~1.26!$1.08% 3.27 ~3.18!$3.00% 4.60 ~3.72!$4.65% 4.48 ~3.54!$3.99%
064102-2
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FIG. 3. Calculated phonon frequencies a
DOS of zinc-blende CuBr at different volumes.
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K are 0.65~Ref. 15! and 0.38 Mbar,5 respectively. The cal-
culated equilibrium lattice constants for both compounds
used to study the phonon dispersion curves at zero pres

For ZB CuCl, ourab initio calculation on phonon disper
sion successfully reproduced the experimental results at
pressure and at extremely low temperatureT54.2 K.8 Few
ab initio phonon calculations in CuBr and CuI are report
in the literature. Recently, Serranoet al.16 presented theirab
initio phonon results for CuBr and CuI atG, X, andL points
of the Brillouin zone. To compare with the inelastic neutr
experimental results,ab initio calculations for the phonon
dispersion curves in CuBr and CuI were still not availab
Figure 1 shows the comparison of ourab initio phonon dis-
persion curve at zero temperature with the experiment aT
577 K in ZB CuBr.15 The agreement between theory a
experimental data is satisfactory. Note also that the ca
lated phonon density of states~DOS! agrees well with that of
a shell-model calculation.17 The temperature has noticeab

TABLE III. The calculated elastic constants for ZB CuBr in GP
units. The available experimental data taken from Ref. 15 aT
5293 K are indicated in parentheses.

V0 0.984V0 0.946V0

C11 42.9 ~43.4! 47.8 51.9
C12 31.7 ~33.2! 43.8 53.1
C44 13.9 ~14.3! 13.2 11.6
Cs 5.6 ~5.1! 2.0 20.6
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negative frequency shift effects on the phonons in cop
halides.15,18The discrepancy between theory and experim
in optical modes mainly results from the temperatu
induced shift of phonon frequencies. It should be pointed
that our ab initio calculation successfully reproduces th
phonon line shape with a crossing feature near theX point.
Table II lists the comparison between ourab initio calcula-
tion and Serranoet al.’s work,16 together with the experi-
mental data for CuBr atG, X, andL points, respectively. The
current calculation shows a better agreement with the exp
mental results.

Figure 2 presents ourab initio phonon dispersion curve
and one-phonon DOS at zero temperature, along with
experimental data from Hennionet al.19 at T5300 K in ZB
CuI. The comparison of ourab initio calculation with Ser-
rano et al.’s16 work for CuI at G, X, and L points is also
listed in Table II. The agreement between this calculat
and experimental data is very good for transverse acou
phonon modes. However, for optical phonon modes,
agreement is not as satisfactory. Our theoretical phonon
persion clearly shows an anomalous crossing feature
tween the transverse optical~TO! branch and the longitudina
optical ~LO! branch near theX point, similar to the results of
CuBr at low temperature. The available experimental phon
dispersion in ZB CuI at room temperature, however, does
show a similar crossing behavior. To understand the disc
ancy resulting from the temperature difference between
theoretical calculation and experimental results, several
pects should be addressed. First, for CuBr, as a refere
2-3
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FIG. 4. A schematic representation for the possible transition path in CuBr from the ZB phase to the tetragonal phase.~a! A top view of
001 plane in a unit cell of the ZB phase. There are five Cu atoms in one plane shown as solid circle. Four Br atoms in adjacent lay
the diagonals are shown by the open circle. The atomic displacements of Br atoms are along@11̄0#, i.e., perpendicular to the@110# direction.
The arrows show the projection in the 001 plane of the displacements for Br atoms as indicated in~b!. A new tetragonal phase is forme
when Br atoms reach the face of the edge, as illustrated in~c!.
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system, the measured phonon dispersion curve by Pr
et al.20 does not show a crossing feature between TO and
phonon branches near theX point at room temperature, whil
the phonons measured by Hoshinoet al.15 do show a cross-
ing feature atT577 K. Second, the phonon frequency f
TO (X) is larger than that of LO (X) in anotherab initio
calculation,16 as shown in Table II, directly supporting th
crossing feature of phonon dispersion near theX point in our
ab initio calculation. Third, the interionic forces of CuBr an
CuI exhibit a complex behavior due to the mixture of cov
lent and ionic bonding. With increasing temperature, the s
nificant thermal-anharmonic effects may contribute to
changes of the line shape of phonon dispersion. Finally,
some metals, such as Hf, La, Ti, and Sc, this cross
anomaly is also seen at low temperature but vanishes at
temperatures,21 similar to our results. Therefore, the anom
lous crossing between TO and LO phonon branches is
main feature of the phonon dispersions of CuBr and C
at low temperature, as supported by ourab initio calculation,
while the absence of phonon band crossing apparently
06410
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scribes the behavior of phonon dispersion at high temp
ture.

The calculated phonon dispersion curves of CuBr and
one-phonon DOS at different volumes are shown in Fig.
With decreasing volume, the TO, LO, and longitudin
acoustic ~LA ! phonon modes shift to higher frequencie
while the whole TA phonon branch decreases in frequen
indicating a negative mode Gru¨neisen parameter,g j (q)
52] ln vj(q)/] lnV for modej , whereq is wave vector,v is
the frequency, andV is the volume. At a volume of 0.946V0 ,
the phonon frequencies of the TA modes along the@jj 0#
branch ~labeled by TA1! become imaginary, signaling
structural instability in the zinc-blende phase of copper b
mide. The estimated transition pressure from CuBr-III
CuBr-IV is ;3.0 GPa (V50.946V0) which is somewhat less
than the experimental transition pressure (;4.85 GPa) atT
5300 K.5 The origin of this difference may be attributed
the neglect of temperature effects, which are expected to
significant. The elastic constants of ZB CuBr with volum
are shown in Table III, as calculated from the slopes of
nd
FIG. 5. Calculated phonon frequencies a
DOS of zinc-blende CuI at different volumes.
2-4
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phonon dispersion curves atq→0.22 It is clear thatCs, the
tetragonal shear elastic constant, 1/2(C11-C12), manifested
in the long-wavelength part of the transverse branch al
@jj 0# with the polarization vector along@11̄0#,21,23 becomes
negative atV50.946V0 , and this contributes to the phono
softening behavior of CuBr. This tetragonal shear distorti
physically, modifies thec axis, but keepsa and b axes the
same, while conserving the volume.24 A consequence of the
instability of this shear modulus is a phase transition fr
cubic structure to a tetragonal structure. One possible tra
tion path is presented in Fig. 4. A top view along thec axis
of the three adjacent layers in ZB CuBr is shown in Fig. 4~a!.
As the Cs shear modulus becomes unstable with increas
pressure, lattice constantsa and b decrease simultaneousl
while the c axis length increases. The strain from the loc
distortion moves Br atoms out of the diagonal direction. T
atomic displacements of Br atoms are along@11̄0#, i.e., per-
pendicular to the@110# direction, as evidenced by the calc
lated eigenvectors~not shown! of the TA1 phonon branch
along@jj0#. The arrows show the projection in the 001 pla
of the displacements for Br atoms, as indicated in Fig. 4~b!.
A new tetragonal phase is formed when Br atoms reach
face of the edge, as illustrated in Fig. 4~c!. This physical
picture shows how ZB CuBr transforms to a tetragonal str
ture under pressure in Fig. 4. This behavior is similar to t
of the phase transition from a body centered cubic struc
to a metastable tetragonal structure in the metallic elem
Ti, Hf, and La.21

Figure 5 shows the variation of our theoretical phon

FIG. 6. Main figure: Calculated TA (L) frequencies in CuI as a
function of volume. The solid line through the calculated da
points represents fitted curves using aB spline. Inset:~a! The cal-
culated squared phonon frequencyv2 as a function of pressure; th
solid line through the data points is a linear fit.~b! The eigenvector
for TA phonon mode at theL point. Atom 1 is a Cu atom at~0 0 0!.
The other three Cu atoms are at~0 1/2 1/2!, ~1/2 1/2 0!, and~1/2 0
1/2!, respectively. Atom 2 is the I atom at~1/4 1/4 1/4!. The other
three I atoms are at (21/4– 1/4 1/4!, ~1/4–1/4–1/4!, and (21/4 1/4
21/4), respectively. The arrows show the directions of atomic d
placement. The direction from atom 1 to atom 2 is@111#.
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dispersion curves and one-phonon DOS with pressure for
copper iodide. With increasing pressure, the TA phon
mode frequency at the zone boundary decreases, while o
phonon modes shift to higher energy. AtV50.866V0 , the
phonons soften to negative frequencies at the zone boun
L ~0.5 0.5 0.5! point, indicating a possible structural insta
bility. Figure 6 shows the variation of the TA mode wit
volume. The estimated volume for phonon softening to z
frequency from Fig. 6 is;0.869V0 , corresponding to
;9.4 GPa. The squared phonon frequenciesv2 for the TA
branch at theL point with pressureP are also plotted, as
shown in inset~a! of Fig. 6. A near perfect linear relation
betweenv2 andP was obtained. Such a behavior is cons
tent with the Landau theory of pressure-induced soft mo
phase transitions.25 The calculated transition pressure, 9
GPa, is much higher than the experimental transition pr
sure, 1.74 GPa, at room temperature, even if one allows
the temperature effects. This big difference indicates that
phase transition from a ZB structure to a rhombohedral str
ture in CuI may not be induced independently by the phon
instability at the zone boundaryL point. This behavior of the
phonon softening to zero frequency is hidden by the fi
order transition to the rhombohedral phase. Although t
phase transition occurs at pressures far below those requ
to drive the TA modes to zero frequency, the ‘‘mod
softening’’ behavior may be related to the particular mec
nism that is responsible for the phase transition. The sc
matic representation of eigenvectors for the TA phonon m
at theL point is shown in inset~b! of Fig. 6. The Cu cation
and I anion move perpendicular to the@111# direction but in
opposite directions, i.e., the Cu cation and I anion motio
are polarized in the@1̄1̄1# or @11̄1# directions, while the wave
propagates along the@111# direction. Phonon softening usu
ally corresponds to the instability of a particular shear mo
lus. The ZB structure in CuI, therefore, tends to beco
unstable with respect to the atomic displacement perpend
lar to the@111# direction, which is responsible for the phono
softening at theL point, over all its domain of existence wit
no pretransitional effects occurring close to the first ord
transition. We remark that one possible physical drivi
mechanism for CuI from a ZB structure to a rhombohed
phase may be due to the instability of the shear behavior w
atomic displacements perpendicular to@111# direction.

In summary, the lattice dynamics of ZB CuBr and ZB C
is studied as a function of pressure using density functio
linear-response theory. A pressure-induced soft transv
acoustic ~TA! phonon mode is identified for both com
pounds. Each compound shows a different pressure-indu
phonon softening behavior. The TA phonon branch soft
along@jj 0# direction in CuBr, resulting in a phase transitio
from the ZB phase~CuBr-III! to a tetragonal phase~CuBr-
IV !. The mode softening behavior of the TA phonon at t
zone boundaryL point of the Brillouin zone in CuI may
induce a phase transition from the ZB phase~CuI-III ! to a
rhombohedral phase~CuI-IV!, although the phonon soften
ing to zero frequency in CuI is hidden during the phase tr
sition. Combining the current work with our previous stud
the TA phonon mode softens at the zone boundaryX point in

-

2-5



re

ha
u

l
the

Jil

H

hy

od

. B

n

ett.

pn.

io

wb,

ssa,

L.

.

://

YANMING MA, JOHN S. TSE, AND DENNIS D. KLUG PHYSICAL REVIEW B69, 064102 ~2004!
CuCl, initiating a phase transition from the ZB structu
~CuCl-II! to a cubic structure~CuCl-IV!.8 It is apparent, now,
that the mechanisms of the different pressure-induced p
transitions in the three compounds of copper halides res
from the three distinct phonon-softening behaviors.

*Permanent address: National Lab of Superhard Materials,
University, ChangChun 130012, People’s Republic of China.
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