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We report the results of pseudopotential and full-potential linear augmented plane-wave

(FP-LAPW) calculations on high-pressure phases of copper chloride.

It is found that nonlocal

ionic pseudopotentials accurately describe the bonding in these strongly hybridized compounds over
a wide range of densities. Successive transitions from CuCl-II (zinc blende) to CuCl-IV (binary
analog of the metastable BC8 structure found in Si and Ge) and then to CuCl-V (rocksalt) are
predicted by both ab initio methods. Both these transitions have been observed in recent neutron
powder diffraction experiments. The structural properties and electronic energy band structure of
zinc blende and NaCl structure CuCl as determined by the pseudopotential and FP-LAPW methods
are compared and the band structure of CuCl-1V is reported.

I. INTRODUCTION

The copper halides (CuCl,CuBr,Cul) are the most
ionic of the zinc-blende structure (tetrahedral) semicon-
ductors. Their ionicity approaches 0.7 according to the
Phillips scale and this is close to the value at which the
zinc-blende structure becomes unstable with respect to
the more closely packed structures, wurtzite or rock-
salt, due to the electrostatic interactions. As a result
of this near structural instability, a large number of
pressure- or temperature-induced polymorphs are pos-
sible. The vibrational properties of copper halides also
show anomalies which have motivated intense theoretical
and experimental study. For example, these materials
exhibit extreme anharmonicity in addition to unexpect-
edly large negative thermal expansion and anomalies in
the first-order Raman spectrum.!™ In addition to the
structural behavior and unusual vibrational properties
of these materials,* the electronic properties have also
been of sustained interest for many years.> 8 The copper
halides are distinct from their III-V or II-VI counterparts
in that the copper 3d electrons hybridize strongly with
the halogen p states. This admixture of Cu 3d states and
halogen 2p levels is also the origin of the anomalously low
deformation potentials in the copper halides. This issue
has been discussed in detail elsewhere.”

The main point for the present discussion is that the
ten 3d electrons of copper cannot be treated as being part
of an inert core and the number of valence electrons per
formula unit becomes 18 rather than 8 as it is for the
other members of the tetrahedral semiconductor family.
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This situation has presented a serious computational
obstacle to the application of the pseudopotential method
in the study of the electronic properties or structural sta-
bility of these materials. Successful electronic structure
calculations on the ambient-pressure zinc-blende struc-
ture of CuCl have been reported using Korringa-Kohn-
Rostoker® (KKR) and linear muffin-tin orbital® (LMTO)
techniques. Relative structural stability of the zinc-
blende and rocksalt phases as well as high-pressure elas-
tic behavior of copper halides has been investigated by
Singh and Gupta® using a three-body potential model.
However, no structural stability calculations have been
performed on copper halides using ab initio methods, to
our knowledge.

The high-pressure structural, chemical and electrical
properties of the copper halides (copper chloride, in par-
ticular) have been the subject of extensive experimental
study.1®!! Under normal conditions, CuCl is found in
the zinc-blende structure (CuCl-II, space group F43m).
At elevated temperatures and ambient pressure it is re-
ported to exist in the wurtzite structure (CuCl-I) and at
even higher temperatures, in a structure related to that
adopted by (-Agl. High-pressure x-ray-diffraction mea-
surements were reported by Meisalo and Kalliomikil3
and these suggested that the structure of CuCIl-IV was
tetragonal although no atomic positions could be as-
signed.

More recently an extensive high-pressure powder neu-
tron study was carried out on the copper halides by Hull
and Keen!* up to pressures of 10 GPa at room temper-
ature. A transition from zinc blende to the octahedrally
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coordinated rocksalt structure was observed in both CuCl
and CuBr up to this pressure. Unlike III-V and group-IV
semiconductors which are observed to transform directly
from diamond or zinc-blende structures to six- or eight-
fold coordinated metallic modifications, the zinc blende
to rocksalt transition in CuCl and CuBr was observed to
proceed via intermediate tetrahedrally coordinated struc-
tures. One intermediate phase was identified in CuCl and
was denoted as CuCl-IV and two were observed in CuBr
(CuBr-IV and CuBrV). The structure of CuCIl-IV and
CuBr-1V was determined to be the binary analog of the
BC8 structure'”adopted by Si-III and Ge-IV when de-
pressurized from metallic phases.!? This is in contrast to
the structural solution for this phase reported in Ref. 13.
This binary version of the BC8 structure is simple cubic
with 16 atoms per unit cell and is denoted as SC16.1% The
pressure-induced polymorphism in the copper halides was
therefore found to be very different from that observed
in more covalent systems such as the III-V and group-IV
materials.

Earlier total energy calculations,!® however, predicted
that the SC16 modification is a stable high-pressure poly-
morph of several III-V semiconductors including GaAs,
AlAs, and InAs although the structure has never been
observed experimentally in these compounds. It was pro-
posed that the formation of this structure was inhibited
in the ITI-V materials because of geometric considerations
concerning the nature of the phase transitions. Specifi-
cally, it was suggested that pressure-induced transitions
between zinc blende and SC16 (two topologically distinct
covalent network structures) would encounter a substan-
tial kinetic barrier. It has very recently been reported
that the 8-Sn to Si-III (BC8 structure) transition pro-
ceeds via an intermediate phase characterized by odd-
membered rings. This would certainly be an unfavorable
transition route in compounds.!®

In view of the predicted stability of SC16-structure ITI-
V compounds and the experimental observation of SC16-
structure I-VII compounds, it now appears that the rela-
tive energetics of high-pressure phases in these two (most
and least jonic) compound semiconductor families may
not be nearly as dissimilar as they first appeared. It is
therefore of particular importance to make a thorough
computational study of the structural stability of high-
pressure phases in copper halides. This is the objective
of the present work in which we apply both pseudopo-
tential and all-electron methods to study the structural
and electronic properties of CuCl under high pressure.

This paper is organized as follows. In Sec. II we de-
scribe the essential structural information of CuCl-IV. In
Sec. III the computational details of the two ab initio to-
tal energy methods employed in this study are outlined.
We then present the results of our calculations with em-
phasis on structural and electronic properties of CuCl in
its ambient- and high-pressure forms as calculated using
the two methods.

II. STRUCTURAL DETAILS OF CuCI-IV

The structure of CuCl-IV has spacegroup Pa3 and rep-
resents the ordered binary analog of the BC8 structure
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FIG. 1. Three-dimensional illustration of the SC16 struc-
ture containing two unit cells. The Cu atoms are denoted as
the smaller spheres.

which is known as a dense metastable polymorph of both
silicon and germanium.!” The BCS8 structure is body-
centered cubic containing 16 atoms per conventional cell
and 8 atoms per primitive cell. The binary analog is sim-
ple cubic with a basis of 16 atoms and is generally referred
to as the SC16 structure. An illustration of the SC16
structure is shown in Fig. 1. This structure contains eight
CuCl formula units and is fully specified by a single unit
cell parameter and two free atomic positional parameters
(one for each species). We define these positional param-
eters as zc, and zc). Atom positions are then located
at the 8¢ sites of the Pa3 spacegroup. At a pressure
of 55.2 kbar these two positional parameters have been
determined by structural refinement of neutron powder
data to be zc, =0.6297(3) and zc; = 0.1527(3), with a
corresponding lattice parameter of 6.416 A.1% These val-
ues for the positional parameters give a Cu™-Cl~ contact
distance of 2.4 A which is similar to that found in the
zinc-blende phase. The variation of z¢, with pressure
is insignificant, being within quoted experimental errors,
whereas the value of z¢) appears to increase slightly to
0.1540(3) at a pressure of 92.4 kbar. This structure re-
duces to the body-centered Ia3 structure of Si-III and
Ge-IV in the special case for which the anion and cation
are identical and zcy — zc1 = 1/2.

III. COMPUTATIONAL TECHNIQUES

A. Pseudopotential plane-wave method

Nonlocal, norm-conserving ionic pseudopotentials for
Cu were generated according to the scheme described in
Refs. 18 and 19. The Cl pseudopotential was optimized
according to the scheme given by Rappe et al.l® The
separation method of Klienman and Bylander?° is used
in both cases to handle the nonlocal pseudopotential.

For chlorine, the electronic configuration was 35200
3p5:% for s and p potentials and 3s1-%° 3p375 3d%-2% for
the d potential. The cutoff radius was 0.9 A.

The electronic configuration used to generate the pseu-
dopotential for copper was 3d°-°° 45°-75 4p0-2° for all s, p,
and d potentials. Two Cu pseudopotentials were gener-
ated initially having core radii of 1.06 and 1.27 A, respec-
tively. The latter potential, being softer, allowed for a far
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smaller plane-wave energy cutoff. However, the Cu-Cl
contact distances in the zinc-blende and SC16 structures
were also very small (2.33 and 2.36 A, respectively). This
led to near core overlap if the Cu pseudopotential having
re = 1.27 A was used. We therefore consider the Cu pseu-
dopotential having 7. = 1.06 A to be more reliable. How-
ever, we used the softer pseudopotential to demonstrate
the insensitivity of the atomic positional parameters to
pressure. The tuning parameters for this potential as de-
fined in Refs. 18 and 19 were g¢.(s) = 0.8, ¢.(p) = 1.0,
and ¢.(d) = 1.175. A plot of this Cu pseudopotential
is shown in Fig. 2. Tests of this Cu pseudopotential
were performed for metallic copper using an 8 x 8 x 8
Monkhorst special k-point grid with a face-centered-cubic
unit cell containing four atoms. Calculations were per-
formed at plane-wave cutoff energies of 1000 and 650 eV.
The lattice constant of metallic copper was found to dif-
fer by less than 0.3% and the bulk modulus was found
to differ by 1.8%. The absolute energy was found to
be converged to 0.01 eV for the 1000 eV cutoff and to
0.1 eV for the 650 eV cutoff. In view of the compute-
intensive nature of calculations on the SC16 structure
of CuCl we have chosen to perform all pseudopotential
calculations with a 650-eV plane-wave cutoff. For SC16
CuCl, this value of the energy cutoff corresponds to ap-
proximately 10800 plane waves per band per k point.
Thus the determination of the ground state energy cor-
responds to a minimization problem in over 3 x 108 vari-
ables. Electronic degrees of freedom were relaxed using
a preconditioned conjugate-gradient algorithm.?! In the
SC16 calculations, the equilibrium atomic positions were
optimized at every volume. Sets of ten, four, and ten spe-
cial k points were used in the total energy calculations of
the zinc-blende, SC16, and NaCl structures, respectively.
The Perdew-Zunger?? parametrization of the Cepperley-
Alder?® exchange-correlation potential was used.
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FIG. 2. Optimized nonlocal Cu pseudopotential. The

core radius is 1.06 A.
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B. Full-potential linear augmented-plane-wave
method

The theory and implementation of the full-potential
linear augmented-plane-wave (FP-LAPW) method have
also been described fully elsewhere.?® Nevertheless, the
FP-LAPW code of Ref. 25 has been extended to treat
systems without inversion symmetry (and therefore com-
plex wave functions) such as the zinc-blende structure.?®
Our FP-LAPW calculations were performed using the
Vosko-Wilk-Nusair?4 form for the exchange and corre-
lation potential. Brillouin zone sampling for the zinc-
blende, SC16, and NaCl structures involved sets of 10, 4,
and 56 special k points. The core electrons are treated
full relativistically by solving the Dirac equation for the
spherical part of the potential. The valence electrons are
treated scalar relativistically.

The muffin-tin sphere radii were 1.06 A for both Cu
and Cl. Inside the muffin-tin spheres the wave functions,
charge densities, and potential are expanded in spherical
harmonics up to an angular momentum cutoff of Lyax =
12 for the wave functions and of Ly,ax = 6 for the charge
densities and potentials.

Relaxation of atom positions under Hellmann-
Feynman forces was not implemented in our FP-LAPW
calculations. We therefore optimized the two atomic po-
sitional parameters in the SC16 structure only at our
calculated equilibrium volume. These values varied from
the experimental ones only in the third decimal place for
Cu and the fourth decimal place for Cl. These were then
fixed for subsequent volumes. Given the insensitivity of
the positional parameters to pressure, we believe that ne-
glect of the relaxation does not give rise to appreciable
error, due to the small differences found from the pseu-
dopotential calculations.

IV. RESULTS AND DISCUSSION

A. Structural stability

In Fig. 3 is shown the total energy as a function of
unit cell volume for CuCl in the zinc-blende, SC16, and
NaCl structures as determined from the FP-LAPW cal-
culations. The results for these three different phases as
determined by the pseudopotential method are shown in
Fig. 4. We discuss first the results for the zinc-blende
and NaCl structures with a view to comparing the struc-
tural properties as calculated using the two methods. We
will discuss the electronic properties later in this section.

The equilibrium atomic volumes for the zinc-blende
phase as determined from the pseudopotential and the
FP-LAPW calculations are individually 4% and 8%
smaller than the experimental value of 19.947 A3/atom.
For the NaCl phase, the FP-LAPW method gives an
equilibrium volume approximately 2% smaller than the
experimental value of 14.967 A3 /atom, as would be ex-
pected from a local density approximation (LDA) calcu-
lation, whereas the pseudopotential calculation predicted
this value to be 6% larger than experiment. The calcu-
lated and experimental equilibrium lattice parameters,
bulk modulii, and transition pressures for all three phases
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FIG. 3. Total energy as a function of unit cell volume

for the zinc-blende, SC16, and NaCl structures of CuCl as
determined from full-potential linear augmented-plane-wave
calculations. All energies are relative to —28732 eV.

are given in Table I, with the experimental values taken
from the recently published results by Hull and Keen.!*

According to our FP-LAPW calculations, the zinc-
blende structure of CuCl first transforms to the SC16
structure at a pressure of 37 kbar, which remains sta-
ble until a pressure of 87 kbar is reached. At this point,
the NaCl-type structure becomes the most energetically
favorable. The transition pressures obtained from this
set of data are in good agreement with those collected
experimentally by Hull and Keen using neutron powder
diffraction techniques.'* They observed the zinc-blende
structure to transform to SC-16 at 55 kbar, which then
transformed to the NaCl-type structure at 106 kbar.

The pseudopotential calculations suggest that the zinc-
blende structure of CuCl will remain stable up to a pres-
sure of approximately 12 kbar at which point it becomes
unstable with respect to SC16. These calculations fur-
ther suggest that the stability of the SC16 structure of
CuCl will persist up to a pressure of 77 kbar where a
transition to NaCl is expected. These calculations were
repeated using the Cu pseudopotential having r. = 1.27
A. For this case we found that equilibrium volumes for
the zinc-blende and SC16 phases increased slightly but
that the energy differences between phases were substan-
tially underestimated relative to the calculation based on
re = 1.06 A.

TABLE 1.
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FIG. 4. Total energy as a function of unit cell volume

for the zinc-blende, SC-16, and NaCl structures of CuCl as
determined from pseudopotential calculations.

Thus we find that the structural properties and rel-
ative stability of these three phases of CuCl are fairly
well described by both pseudopotential and FP-LAPW
methods. However, both calculation methods lead to
transition pressures between zinc-blende and SC16 and
between SC16 and NaCl which are somewhat lower than
those found experimentally. It is possible that hysteresis
effects in the experiment could lead to an overestimate of
the transition pressure upon upstroke. No data are cur-
rently available on the transition pressure as measured
during decompression. It is unlikely that hysteresis ef-
fects will be as pronounced in highly ionic materials such
as the copper halides as they are in covalent network
solids such as InSb (Refs. 26, 27) and GaAs (Ref. 28) and
we do not believe that hysteresis effects can account en-
tirely for the discrepancy between the experimental and
calculated transition pressures.

It is also possible that local regions of SC16 form at
pressures lower than those at which long-range order of
this structure can be observed in diffraction measure-
ments. In fact Hull and Keen identified SC16 (CuCl-IV)
as a minority phase at a pressure of 49.8 kbar and it
may be that the zinc-blende structure of CuCl becomes

Calculated structural parameters for the zinc-blende, rocksalt, and SC16 phases

of CuCl as determined using the pseudopotential (pseudo.) and FP-LAPW (LAPW) methods.
Experimental results (Expt.) are also shown for comparison and are taken from the results given
in Ref. 14. The units for lattice constant, bulk modulus, and transition pressure are in angstroms,

Mbars, and kbars, respectively.

Description 1 aop By P;
] LAPW pseudo. Expt. | LAPW pseudo. Expt. | LAPW pseudo. Expt.
zinc-blende 5.273 5.343 5.424 0.756 0.619 0.650 - - -
SC-16 6.421 6.483 6.418 0.839 0.636 0.66 37 12 55
rocksalt 4.893 5.021 4.929 0.927 0.803 - 87 77 105
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unstable at pressures even lower than this. It would
be particularly interesting to investigate specifically the
pressure-induced short-range structural changes in CuCl
through techniques such as x-ray-absorption fine struc-
ture (EXAFS) but bond lengths in the SC16 and zinc-
blende structures are not easily distinguished.

We believe that the dominant cause of the smaller
transition pressure values is the strongly temperature-
dependent elastic properties of CuCl. Our ab nitio to-
tal energy calculations correspond to zero-temperature
conditions. Owur values for the zero-temperature tran-
sition pressures are consistent with the P-T phase di-
agrams published by Rapoport et al.,?® and references
therein, which suggests that the transition pressure be-
tween CuCl-II (zinc blende) and CuCl-IV decreases sub-
stantially with decreasing temperature. Very recent ex-
perimental studies on two-photon absorption in CuCl in-
dicate that the luminescence peak from CuCl-IV can be
observed at pressures at least as low as 40 kbar at a tem-
perature of 6 K,30 which is in close agreement with our
FP-LAPW calculations. In this work the high-pressure
phase was denoted as having a tetragonal crystal struc-
ture though it now appears that it was, in fact, the signal
from the SC16 structure which was being observed.

B. Electronic properties

Electronic band structures for the zinc-blende and
NaCl phases of CuCl using both pseudopotential and all-
electron methods are shown in Figs. 5(a) and 5(b), and
the band structure of CuCl-IV as calculated by the FP-
LAPW method is given in Fig. 6.

The two methods produce very similar band structures
for the zinc-blende and NaCl phases along the directions
studied. Both methods calculate the lowest-energy band
gaps to be direct in the zinc-blende phase and indirect
in the NaCl phase. CuCl-1V is also calculated to have a
direct band gap. All three phases are shown to be insu-
lating, with no evidence of band overlap in the Brillouin
zone directions studied. These results are in good agree-
ment with optical experiments carried out by Miiller et
al3! who predicted the same types of band gaps for the
three phases from the sharpness and definition of absorp-
tion edges, and electrical studies performed by Batlogg
et al3? showing no evidence of a metallic phase under
the effect of pressure up to 120 kbar. The calculated
lowest-energy band gaps for all three phases are given in
Table II, which also includes results by Ves et al.3® using
a self-consistent scalar-relativistic LMTO method.

The agreement between the pseudopotential and FP-
LAPW methods is shown by comparing the bandwidths.
In the zinc-blende phase, the pseudopotential method
gives band widths around 1% larger than the FP-LAPW
method, but the main difference is the position of the
lowest conduction band at the I' point, which accounts
for the inequivalent band gaps between the two methods.
It should be noted that the band structure calculations
were performed at the minimum energy lattice constant
as given by each of our two methods. As shown in Table
I, the equilibrium lattice constants differ by 0.07 A. The
resulting differences in the calculated band structures are
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The direct energy gaps calculated by pseudopotential and FP-LAPW methods for

the zinc-blende (ZB) and NaCl phases are shown, as is the direct energy gap for CuCl-IV(SC16)
calculated only by the FP-LAPW method. Results for zinc-blende and NaCl phases as calculated
by Ves et al. (Ref. 33) using a scalar-relativistic LMTO method are also given for comparison.

Structure Psuedopotential FP-LAPW method LMTO method
ZB direct gap (eV) 0.351 0.707 0.5
SC16 direct gap (eV) - 0.526 -
NaCl indirect gap (eV) 0.224 0.577 0.6

found to be consistent with the deformation potentials of
CuCl in this structure.3® A different situation is seen in
the NaCl phase, with the bandwidths varying by around
10% between the two structures. The FP-LAPW method
calculates larger valence-band widths than the pseudopo-
tential method, but a smaller conduction-band width.
Also, upon close inspection, the FP-LAPW method pre-
dicts the lowest-energy indirect band gap to be between
points L and X in the Brillouin zone, whereas the pseu-
dopotential has the indirect gap between the L and T
points. This was also the case for Ves et al.,3® where
they found their self-consistent local density calculations
predicting the L to X indirect transition. However, they
concluded that the actual transition would be from L to
I', as calculated by a non-self-consistent superposition of
atomic potentials, since the energy gap and correspond-
ing deformation potential were closer to experimental
values. Again, the difference in the equilibrium lattice
constants accounts (through the sign of the deformation
potentials) for the calculated differences in the band gap
of NaCl structure CuCl.

V. SUMMARY AND CONCLUSIONS

We have applied first principles total energy calcula-
tions in order to explore pressure-induced polymorphism

and the consequent changes in the electronic structure of
CuCl. Results from calculations employing nonlocal ionic
pseudopotentials were found to be comparable to those
obtained from the full-potential LAPW method. Both
calculation methods successfully account for the observed
pressure-induced phase transition sequence observed ex-
perimentally in this material. First principles calcula-
tions have now demonstrated that the SC16 structure
is a stable high-pressure polymorph of both III-V and I-
VII binary semiconductors though it appears that kinetic
factors preclude its formation in the III-V family. The
observed differences in structure adoption therefore ap-
pear to depend sensitively on the details of the transition
mechanisms.
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FIG. 1. Three-dimensional illustration of the SC16 struc-
ture containing two unit cells. The Cu atoms are denoted as
the smaller spheres.



