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First-principles study of the mechanisms for the pressure-induced phase transitions
in zinc-blende CuBr and Cul
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The lattice dynamics of zinc-blend@B) CuBr and Cul is studied as a function of pressure using density
functional linear-response theory. A pressure-induced soft transverse a¢@éstishonon mode is identified
for both compounds. Each compound shows a different pressure-induced phonon softening behavior. A TA
phonon branch softens along th& 0] direction in CuBr, resulting in a phase transition from a ZB phase
(CuBr-Ill) to a tetragonal phad€uBr-1V). A softening TA phonon mode at the zone boundargoint in Cul
may induce a phase transition from a ZB ph&Sel-Ill) to a rhombohedral phas€ul-1V), although the
phonon softening towards zero frequency in Cul is superseded by a first order phase transition occurring at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 halide$CuCl, CuBr, Cu) are the most ionic crys- CuBr and Cul are, therefore, motivated. This study contrib-
tals with a zinc-blend€ZB) lattice structure. Their ionicities utes to the understanding of the mechanisms of pressure-
approach the critical threshold at which the ZB structure beinduced phase transitions in copper halides.
comes unstable with respect to the more closely packed NaCl The lattice dynamics for both compounds is investigated
or CsCl structure, due to the electrostatic interactioAs.a  Using the pseudopotential plane-wave density-functional
result of this near structural instability, a large number oflinear-response methddThe generalized gradient approxi-
pressure-induced polymorphs are possible. The available exaation (GGA) of the exchange-correlation functional is
perimental evidenée® suggests that all three copper halidesemployed'® The  Troullier-Martins'  norm-conserving
adopt a rocksalt structure at pressures in the region ofcheme is used to generate the pseudopotentials for Cu, Br,
~10 GPa. In addition, these copper halides undergo a nunnd |, respectively. The kinetic energy cutoB, Was
ber of structural phase transitions under pressure before aghosen as 90 Ry for both CuBr and Cul, respectively, to
taining the rocksalt structure. It is known that upon applica-ensure the convergence of the calculated phonon frequencies
tion of pressure, ZB CuC{CuCl-Il) first transforms to an to within 0.02 THz. A 4<4X4 k mesh in the first Brillion
unknown intermediate phase CuCl-lla, then goes to a cubigone was used in the phonon calculations. The theoretical
phase(CuCl-1V); ZB CuBr (CuBr-lll) goes to a tetragonal equilibrium lattice constants are determined by fitting the
phase (CuBr-1V); and ZB Cul (Cul-lll) transforms to a total energies as a function of volume to the Murnadﬁan
rhombohedral phag€ul-1V). The three copper halides crys- €quation of state. Table | shows the calculated values for
tallize in the same ZB phase with similar bonding behaviorsequilibrium lattice parameters and bulk moduli, along with
at normal conditions. In this study, we examine why theyanother theoretical calculatibhand the experimental mea-
each transform from the ZB structure to different structuressured results;** which can be used to estimate both the ac-
under pressure. curacy of our pseudopotentials and the GGA approximation

Dynamic instabilities are often responsible for phase tranfor the studied systems. It is known that the bulk modulus in
sitions under pressufeLattice dynamics plays an important copper halides decreases with increasing temperétére a
role in understanding the different mechanisms of phase trarieference, the bulk moduli for CuCl measured at 4.5 and 300
sitions in the same type of compounds. A detailed study of
the phonon spectra with pressure in cesium halides reveals TABLE I. Calculated equilibrium lattice parameteay), bulk
the different mechanisms of phase transitions in Csl, CsBrnodulus B,), and the pressure derivative of bulk modulig) for
and CsCl In our previous work a mechanism driving the the zinc-blende CuBr and Cul. Another theoretical calculation from
phase transition from CuCl-ll to CuClI-IV was revealed by Ref. 13 and experimental results from Refs. 5 and 14 are also
the ab initio calculation of the transverse acousfié) pho- shown for compariso_n in parentheses. The unitafoandB, are in
non softening at the zone boundatypoint of the first Bril- A and Mbar, respectively.
louin zone. Moreover, there are very large mean-square Vi .
brational amplitudes for Cu, Cl, Br, and | ions in the three 3 (A) By (Mbar) Bo
copper halideg,which are related to the lattice dynamics. In cygr 5.7¢5.70%(5.69) 0.480.37 0.44}(0.54) 4.98(3.70)
addition, the differences in the three compounds are the masg,;; 6.096.054(6.01°)  0.470.37(0.48)  4.90(8.00)
and ionic radii differences, which also determine the details
of the dynamics. To probe the difference in the mechanism&xperimental data at room temperature taken from Ref. 5.
of the phase transitions in the three copper halides, furthéiTheoretical results taken from Ref. 13.
detailed ab initio calculations of the lattice dynamics for “Experimental data af=77 K taken from Ref. 14.
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= 37 (solid lineg and density of statedOS) of zinc-
3 blende CuBr at zero temperature, along with the
experimental phonon dispersion dégmbols at
2 T=77 K (Ref. 18.
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TABLE II. Calculated phonon frequencies for CuBr and Cul at high symmetry points of the Brillouin
zone. Values in parentheses are the results for anatharitio calculation taken from Ref. 16. The experi-
mental data shown in curly brackets are taken from Refs. 15 and 19 for CuBr and Cul, respectively. The unit
for frequencies is THz.

K
points TA LA TO LO
CuBr
r 4.31(4.02{4.08 4,97 (4.74{5.07%
X 1.23(1.53{1.1% 3.92(3.72{3.78 5.11(4.74{4.83 4.87(4.70){4.62
L 0.75(1.26/{0.96 3.20(3.39{3.18 5.31(5.00{5.16 4.62(4.39{4.50
Cul
r 4.39(3.48{3.78 4.80(3.96{4.80
X 1.49(1.7){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

FIG. 2. The calculated phonon frequencies
(solid lineg and DOS of zinc-blende Cul at zero
temperature, together with the experimental pho-
non dispersion datésymbolg at T=300 K (Ref.
19).
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0 FIG. 3. Calculated phonon frequencies and
DOS of zinc-blende CuBr at different volumes.

DOS

K are 0.65(Ref. 15 and 0.38 Mbar, respectively. The cal- negative frequency shift effects on the phonons in copper

culated equilibrium lattice constants for both compounds aréalides'®>*® The discrepancy between theory and experiment

used to study the phonon dispersion curves at zero pressuiie. optical modes mainly results from the temperature-
For ZB CuCl, ourab initio calculation on phonon disper- induced shift of phonon frequencies. It should be pointed out

sion successfully reproduced the experimental results at zek@at our ab initio calculation successfully reproduces the

pressure and at extremely low temperatlire4.2 K.°* Few  phonon line shape with a crossing feature nearXheoint.

ab initio phonon calculations in CuBr and Cul are reportedTgple || lists the comparison between aals initio calcula-

in the literature. Recently, Serraeo al'® presented theiab oy and Serranat al’s work 16 together with the experi-

initio phonon results for CuBr and Cul Bt X, andL points  enta| data for CuBr &, X, andL points, respectively. The

of the Brillouin zone. To compare with the inelastic neutron ., ot calculation shows a better agreement with the experi-
experimental resultsab initio calculations for the phonon mental results

dispersion curves in CuBr and Cul were still not available. Figure 2 presents ouab initio phonon dispersion curve

Figure 1 shows the comparison of aaly initio phonon dis- and one-phonon DOS at zero temperature, along with the
ersion curve at zero temperature with the experimerit at o . ! .
persion curve a: z perature wi xper experimental data from Hennicet al® at T=300 K in ZB

=77 K in ZB CuBr!® The agreement between theory and _ Fo ; ¢ ougb initio calculati th S
experimental data is satisfactory. Note also that the calcu- Ul tel ,c?grmarlks?n OC OILthInI;O cagtlj_a lon tWI' ler-
lated phonon density of statd30S) agrees well with that of ranoeta.s ~ work for Lul atl, A, an poInts 1S aiso

a shell-model calculatio. The temperature has noticeable listed in Tfable Il. The z_igreement between this calculatlor)
and experimental data is very good for transverse acoustic

phonon modes. However, for optical phonon modes, the
agreement is not as satisfactory. Our theoretical phonon dis-
persion clearly shows an anomalous crossing feature be-
tween the transverse optiddlO) branch and the longitudinal
optical (LO) branch near th& point, similar to the results of

TABLE Ill. The calculated elastic constants for ZB CuBr in GPa
units. The available experimental data taken from Ref. 19 at
=293 K are indicated in parentheses.

Vo 0-98%0 0-948/ CuBr at low temperature. The available experimental phonon
Cn 42.9(43.9 47.8 51.9 dispersion in ZB Cul at room temperature, however, does not
Ci, 31.7(33.2 43.8 53.1 show a similar crossing behavior. To understand the discrep-
Cu 13.9(14.3 13.2 11.6 ancy resulting from the temperature difference between the
Cs 5.6(5.1) 2.0 -06 theoretical calculation and experimental results, several as-

pects should be addressed. First, for CuBr, as a reference
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FIG. 4. A schematic representation for the possible transition path in CuBr from the ZB phase to the tetragoné&)phase 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 layers along
the diagonals are shown by the open circle. The atomic displacements of Br atoms arfd #gnice., perpendicular to thel10] direction.
The arrows show the projection in the 001 plane of the displacements for Br atoms as indicdtedhinew tetragonal phase is formed
when Br atoms reach the face of the edge, as illustratéd)in

system, the measured phonon dispersion curve by Prevatribes the behavior of phonon dispersion at high tempera-
et al?° does not show a crossing feature between TO and LQure.

phonon branches near tifepoint at room temperature, while The calculated phonon dispersion curves of CuBr and the
the phonons measured by Hoshisioal 1> do show a cross-  one-phonon DOS at different volumes are shown in Fig. 3.
ing feature atT=77 K. Second, the phonon frequency for With decreasing volume, the TO, LO, and longitudinal
TO (X) is larger than that of LOX) in anotherab initio  acoustic(LA) phonon modes shift to higher frequencies,
calculationt® as shown in Table Il, directly supporting the while the whole TA phonon branch decreases in frequency,
crossing feature of phonon dispersion nearXhaoint in our  indicating a negative mode Qmaisen parametery;(q)

ab initio calculation. Third, the interionic forces of CuBr and = —dIn w;(g)/dInV for modej, whereq is wave vectorw is

Cul exhibit a complex behavior due to the mixture of cova-the frequency, an¥l is the volume. At a volume of 0.944,

lent and ionic bonding. With increasing temperature, the sigthe phonon frequencies of the TA modes along [k&0]
nificant thermal-anharmonic effects may contribute to thebranch (labeled by TA)l become imaginary, signaling a
changes of the line shape of phonon dispersion. Finally, fostructural instability in the zinc-blende phase of copper bro-
some metals, such as Hf, La, Ti, and Sc, this crossingnide. The estimated transition pressure from CuBr-IIl to
anomaly is also seen at low temperature but vanishes at higbuBr-1V is ~3.0 GPa = 0.946/,) which is somewhat less
temperature$! similar to our results. Therefore, the anoma-than the experimental transition pressure4(85 GPa) afl

lous crossing between TO and LO phonon branches is the: 300 K.° The origin of this difference may be attributed to
main feature of the phonon dispersions of CuBr and Culthe neglect of temperature effects, which are expected to be
at low temperature, as supported by abrinitio calculation,  significant. The elastic constants of ZB CuBr with volume
while the absence of phonon band crossing apparently dexre shown in Table lll, as calculated from the slopes of the

© (THz)

0 FIG. 5. Calculated phonon frequencies and
DOS of zinc-blende Cul at different volumes.
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15 dispersion curves and one-phonon DOS with pressure for ZB
copper iodide. With increasing pressure, the TA phonon
mode frequency at the zone boundary decreases, while other
phonon modes shift to higher energy. Xt=0.866/, the
phonons soften to negative frequencies at the zone boundary
L (0.5 0.5 0.5 point, indicating a possible structural insta-
bility. Figure 6 shows the variation of the TA mode with

. volume. The estimated volume for phonon softening to zero
8 0.6 1o frequency from Fig. 6 is~0.869/y, corresponding to
~9.4 GPa. The squared phonon frequencigsfor the TA
branch at thel point with pressureP are also plotted, as
shown in inset(a) of Fig. 6. A near perfect linear relation
betweenw? and P was obtained. Such a behavior is consis-

(THz)
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8 10
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el . ... . S tent with the Landau theory of pressure-induced soft mode
= = = — phase transition& The calculated transition pressure, 9.4

0 2 4 6 8 10 12 14 GPa, is much higher than the experimental transition pres-

(V-V IV, (%) sure, 1.74 GPa, at room temperature, even if one allows for

o o the temperature effects. This big difference indicates that the

FIG. 6. Main figure: Calculated TAL() frequencies in Cul as @ phase transition from a ZB structure to a rhombohedral struc-

fur_lctlon of volume_. The solid line through the calculated data e in cul may not be induced independently by the phonon
points represents fitted curves usin@apline. Inset(a) The cal- instability at the zone boundaty point. This behavior of the

culated squared phonon frequens as a function of pressure; the phonon softening to zero frequency'/ is hidden by the first

solid line through the data points is a linear €lt) The eigenvector s -
for TA phonon mode at the point. Atom 1 is a Cu atom a0 0 0. Order transition to the rhombohedral phase. Although this

The other three Cu atoms are(@t1/2 1/2, (1/2 1/2 0, and(1/2 0 Phase transition occurs at pressures far below those required
1/2), respectively. Atom 2 is the | atom &t/4 1/4 1/4. The other to drive the TA modes to zero frequency, the “mode-
three | atoms are at{1/4—1/4 1/3, (1/4-1/4-1/4, and (—1/4 1/4  softening” behavior may be related to the particular mecha-
—1/4), respectively. The arrows show the directions of atomic disnism that is responsible for the phase transition. The sche-
placement. The direction from atom 1 to atom 2141]. matic representation of eigenvectors for the TA phonon mode
at theL point is shown in insetb) of Fig. 6. The Cu cation
phonon dispersion curves gt-0. It is clear thatCs, the  and | anion move perpendicular to tfEL1] direction but in
tetragonal shear elastic constant, O2fC,,), manifested opposite directions, i.e., the Cu cation and | anion motions
in the long-wavelength part of the transverse branch alongre polarized in thg111] or [111] directions, while the wave
[££0] with the polarization vector alondl10],>?3becomes propagates along thd 11] direction. Phonon softening usu-
negative atv=0.946/,, and this contributes to the phonon ally corresponds to the instability of a particular shear modu-
softening behavior of CuBr. This tetragonal shear distortionJus. The ZB structure in Cul, therefore, tends to become
physically, modifies the axis, but keeps andb axes the unstable with respect to the atomic displacement perpendicu-
same, while conserving the volurffeA consequence of the lar to the[111] direction, which is responsible for the phonon
instability of this shear modulus is a phase transition fromsoftening at thé. point, over all its domain of existence with
cubic structure to a tetragonal structure. One possible transio pretransitional effects occurring close to the first order
tion path is presented in Fig. 4. A top view along thexis  transition. We remark that one possible physical driving
of the three adjacent layers in ZB CuBr is shown in Figd4 mechanism for Cul from a ZB structure to a rhombohedral
As the C, shear modulus becomes unstable with increasingghase may be due to the instability of the shear behavior with
pressure, lattice constandsandb decrease simultaneously, atomic displacements perpendicularf1d1] direction.
while thec axis length increases. The strain from the local In summary, the lattice dynamics of ZB CuBr and ZB Cul
distortion moves Br atoms out of the diagonal direction. Theis studied as a function of pressure using density functional
atomic displacements of Br atoms are algad0], i.e., per- linear-response theory. A pressure-induced soft transverse
pendicular to th¢110] direction, as evidenced by the calcu- acoustic (TA) phonon mode is identified for both com-
lated eigenvectorgnot shown of the TA1 phonon branch pounds. Each compound shows a different pressure-induced
along[ ££0]. The arrows show the projection in the 001 planephonon softening behavior. The TA phonon branch softens
of the displacements for Br atoms, as indicated in Fip).4 along[&£0] direction in CuBr, resulting in a phase transition
A new tetragonal phase is formed when Br atoms reach théfom the ZB phas€CuBr-Il) to a tetragonal phasguBr-
face of the edge, as illustrated in Fig(ch This physical V). The mode softening behavior of the TA phonon at the
picture shows how ZB CuBr transforms to a tetragonal struczone boundarnL point of the Brillouin zone in Cul may
ture under pressure in Fig. 4. This behavior is similar to thainduce a phase transition from the ZB phd€ail-lll) to a
of the phase transition from a body centered cubic structurehombohedral phaséCul-1V), although the phonon soften-
to a metastable tetragonal structure in the metallic elemenigg to zero frequency in Cul is hidden during the phase tran-
Ti, Hf, and La?! sition. Combining the current work with our previous study,
Figure 5 shows the variation of our theoretical phononthe TA phonon mode softens at the zone boundappint in
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