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Stability of Alkali Metal Halide Polymorphs as a Function of Pressure
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Abstract: We investigated the regions
of thermodynamic stability of possible
modifications of the alkali metal ha-
lides as a function of pressure and type
of alkali metal and halogen. Both Har-
tree—Fock and density functional calcu-
lations (for six different functionals)
were performed. The results are in
good agreement with experiment, and
the trends in the computed quantities

parameters as a function of the ab ini-
tio method are similar to those found
in ecarlier studies of the alkali metal
sulfides. We predict that in most of
these systems the so-called 5-5 modifi-
cation should be metastable at stan-
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dard pressure and be thermodynami-
cally stable at slightly negative pres-
sures. The sizes of the pressure ranges
over which the various modifications
are stable showed characteristic trends
as a function of the type of the constit-
uent elements, thus generalizing the
traditional pressure-homologue rule
for transition pressures and stable
phases in ionic solids.

such as transition pressures and lattice

Introduction

In recent years, experiments at very high pressures exceed-
ing 10 GPa have become more common,™? thus leading to
an enormous increase in the number of new high-pressure
phases discovered in various chemical systems. However, in
spite of highly improved experimental techniques, the mea-
surement of the structures of these compounds in situ are
still far from trivial, and in many instances the only reliable
information obtained is the cell constants of the modifica-
tion under investigation. Thus, it would be very helpful for
the identification of newly generated phases if one could
supplement the experimental results by theoretical investi-
gations on the same system. However, not just the high-
pressure region has received increased attention. Even more
fascinating is the observation that new experimental tech-
niques, such as the growth of crystalline compounds in an
amorphous matrix of the same atomic composition, which
had been deposited at very low temperatures (liquid-nitro-
gen or liquid-helium temperatures) by using atom beams,
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lead to metastable compounds that would be thermodynam-
ically stable at negative pressures.

This poses a new challenge to the theoretician, as one can
no longer expect that all relevant structure candidates at high
positive and negative pressures also show local minima of the
potential energy, that is, of the enthalpy at zero pressure. In-
stead, it is necessary to study the enthalpy surface at many dif-
ferent pressures to determine as many candidates as possible
for such extreme conditions. The procedure is completely
analogous to structure prediction for solids at low (zero) pres-
sure by the determination of local minima of the potential
energy of the system.” ! In earlier works,">**) we have shown
for several binary nitrides, sulfides, and oxides how one can
identify such structures and predict their transition pressures.

Clearly, it would be of interest to know to what extent
these landscapes differ within a family of chemically related
systems. There exists the well-known pressure homologue
rule,l'” according to which the pressure-induced transitions
between two modifications within a family of compounds
take place at decreasing pressure for increasing size of
cation for a fixed choice of anion. Two questions should be
addressed: First, can we formulate an analogous rule for
families of compounds whereby the cation is kept fixed in-
stead of the anion? Second, what happens in the opposite
region of the pressure line, that is, at what effective negative
pressure do we find a new compound with lower coordina-
tion numbers, and does this transition pressure also obey
some analogous pressure-homologue rule? Up to now, our
investigations point to the fact that one should view the tra-
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ditional pressure-homologue rule as “one half” of a more
general rule, according to which the size of pressure regions
in which a modification is stable changes as a function of
cation size in families of compounds."” Notably, the choice
of ab initio method (Hartree—Fock approximation, density
functional) had a strong influence on the absolute values of
the transition pressures between the various modifications.
Nevertheless, if one considers the results of a given family
of compounds for only one ab initio method, the generalized
pressure-homologue rule is approximately fulfilled.

In this work, we investigate the possible modifications of
the alkali metal halides as a function of pressure, as there
exists a large number of experimental observations and the-
oretical calculations,' which can be employed to validate the
computations presented herein. Since the early studies by
Madelung,””! Ewald,"™ and Born and Huang," alkali metal
halides have been the subject of a large number of theoretical
investigations. The simple Born-type semiempirical formula
for the interatomic potential energy (a Coulomb or “Made-
lung” long-range term and a short-range repulsive term) used
in the early studies was supplemented in the 1960s by
dipole,® quadrupole,®! and/or breathing-shell™ terms. In
the 1970s, a more fundamental approach, still partly empirical
and based on electron—gas theory,” ! was applied systemati-
cally to the alkali metal halides and other compounds. The
earliest quantum-mechanical work by Léwdin®! involved nu-
merous approximations in the theory. In the 1980s and espe-
cially in the 1990s, the implementation of reasonably reliable
fully ab initio schemes allowed the nonempirical evaluation
of the structural properties of ionic systems with reference to
both the density functional (DFT)* "l and Hartree—Fock***?
(HF) Hamiltonians. Many of these pioneering ab initio calcu-
lations were plagued by problems of numerical accuracy,
basis-set limitations, or simply the reliability of computer pro-
grams. In the late 1990s, considerable progress was made in
the direction of standardization, generalization, and improve-
ment of the numerical accuracy of the algorithms of many
computational schemes. During this time, systematic investi-
gations were performed,* which show the limits and merits
of the adopted Hamiltonians, schemes of the solutions of the
Schrodinger equation and choices of basis sets.

Common to all the investigations mentioned above is that
only two possible AB structure types (B1 (NaCl) and B2
(CsCl)) were investigated.” Furthermore, there is a lack of
systematic comparison of different Hamiltonians, especially
with different correlation-exchange combinations. Thus, in
this work, we extend these earlier investigations in three di-
rections: 1) we consider the whole pressure range from mod-
erate negative pressures to high positive pressures, 2) we
perform global optimizations on the energy/enthalpy land-
scapes of all 20 alkali metal halides to identify additional
potential structure candidates, and 3) for a small group of
the most important modifications at moderate negative and

! Typically, energy-related properties such as cell geometry, atomic frac-
tional coordinates, transition pressures, or elastic properties were com-
puted in these studies.

? In most of cases only the B1 (NaCl) structure was considered.
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positive pressures we calculate the transition pressures by
using seven different ab initio methods (Hartree-Fock and
six density functionals).

Methods

General Approach and Modeling of the Empirical Energy
Landscape

Our general approach to the determination of structure can-
didates is given in detail elsewhere.”! Here we just summa-
rize the procedure: The structure candidates that should be
capable of existence, at least at low temperatures, corre-
spond to local minima of the enthalpy hypersurface (H=
E,w+pV) of the chemical system under investigation. Find-
ing these candidates requires the use of a global optimiza-
tion method as well as local optimization procedures, be-
cause we permit free variation of atom positions, cell param-
eters, ionic charges, and composition during the exploration
of the global landscape. To determine the most important
local minima of the energy/enthalpy landscapes of the sys-
tems under investigation, many thousands of global optimi-
zation runs have to be performed. As global optimization
methods, in general, involve many millions of energy evalua-
tions for atomic configurations, one cannot perform the
energy calculation with ab initio methods or elaborate but
computationally intensive empirical potentials for a study of
this size. Therefore, we modeled the systems as spherical
ions that interact by a simple empirical two-body interaction
potential, V,(r;), consisting of a Coulomb and a Lennard-
Jones term that depend only on the atom-atom distance r;;,
to allow fast calculations of the energy, E, =X, ;V,(r;), of a
given configuration [Eq. (1)]:

Viry) = @GXP(—W@') T &y K%) - <%> 6} (1)

i ij ij

The parameters that make up the empirical potential are
the sum of the ionic radii multiplied by a scaling factor r,
0;j="(Tion(8) +Fion(j)), the standard Lennard-Jones parame-
ters ¢;, and the convergence parameter u. To compute the
electrostatic energy during the global optimization stage, an
Ewald summation is often employed, as proposed by de Le-
euw et al.,™! instead of the convergence parameter x. How-
ever, at this stage, we are mostly interested in calculational
speed and in the possible structures, and not so much in
their precise energies. The actual energies of the structures
will be computed later by employing ab initio methods
during local optimization. Similarly, we varied the values of
rs~1 and ¢; (=0.3-0.5) between optimization runs to judge
the robustness of the structure candidates.”® The ionic radii
employed during the optimization were: r;,,(Li*)=0.78, r,,
(Na™)=0.98, rio,(K*)=1.33, r,on(Rb")=1.49, r;,,(Cs*)=1.65,
Fion(F7)=1.33, rion(C17) =1.81, rien(Br7)=1.96, and r,,,(I")=
220 A.

As we are interested in crystalline compounds, we intro-
duced periodic boundary conditions and employed up to
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four formula units of the respective compounds per simula-
tion cell. While our general moveclass (=set of allowed ex-
ploration moves) also involves changes of composition and
charges, in this work, we kept the composition (M/X=1:1)
and the charges (Gcajon =11, Ganion=—1) fixed.

Global and Local Optimization Procedures

The global optimizations were performed by employing the
stochastic simulated annealing algorithm,F”*! which is based
on random walks on the energy landscapes. Each step from
configuration x; to a neighbor x;,; was accepted according
to the Metropolis criterion,”” with a temperature schedule
T,=Ty" (y=0.995). Each run consisted of 1000 tempera-
ture changes with 800 steps per temperature. The moveclass
consisted of atom movement, atom exchange, and random
variations of the cell parameters while the ionic charges
were kept fixed. For each pressure, 90 simulated annealing
runs were performed.

The calculations were repeated for a number of pressures
(p=0, —16, —160, 0.16, 1.6, 16, 160, 1600 GPa). The reason
for this choice of pressures is that, owing to the functional
form of the core-repulsion potential (Vocr'?), we expect
the changes in the landscape between subsequent “high”
values of pressure to occur at considerably larger absolute-
pressure differences than at “low” pressure values. Owing to
the rather widely spaced set of pressure values, calculation
of the transition pressure is not possible at this stage, but we
can expect to gain a good overview of the structure candi-
dates as a function of pressure. The possible phase transi-
tions between these candidates will then be determined at
the ab initio stage of the procedure.

As the structure candidates were found by using a simple
empirical potential as a cost function, we are faced with two
problems. First, the structure candidates will not usually ex-
hibit any obvious symmetries (they are given in space group
P1, due to the unrestricted optimization procedure), and it is
often difficult to decide just by visual inspection whether two
configurations correspond to the same structure. To deal with
this issue, we used the algorithms SFND,*! RGS™! and
CMPZ,™ as implemented in the program KPLOT,™ to iden-
tify the symmetries and the space groups of the optimal con-
figurations, followed by an idealization of the structure ac-
cording to the space group and an elimination of duplicate
structures. Furthermore, because we had to use empirical pa-
rameters for the ionic radii and Lennard—Jones interaction
strengths, the nearest-neighbor distances among the atoms
are not necessarily in agreement with those one would ob-
serve in experiment. Both the size of the unit cell and the rel-
ative atom positions might differ somewhat from the experi-
mental values, thus making a comparison between predicted
and subsequently synthesized compounds difficult.

Thus, when we rank the candidates by energy by employ-
ing the ab initio program CRYSTAL2003,*! we need to per-
form a local optimization of the cell parameters and atom
positions. To deal with the problem in an efficient way, we
developed the heuristic algorithm HARTREE,"* ! which
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performs the local optimization in an automated manner.
For each distinct structure candidate, after symmetry iden-
tification and idealization, we refined the structure by vary-
ing the cell parameters and the atom positions until a mini-
mum in the energy was found. During these optimizations,
we usually restricted the variation of these parameters such
that the space-group symmetry that had been determined
during the idealization stage was preserved. To gain an esti-
mate of the validity of the ab initio calculations, we per-
formed both Hartree-Fock and DFT (six different function-
als: B3LYP, BECKE-LYP, BECKE-PWGGA, LDA-LYP,
LDA-PWGGA, LDA-VBH) calculations for all structures
and systems.

Besides the optimized cell parameters, these calculations
yield the bulk modulus B, by fitting the calculated data

.[46]

points to the Murnaghan equation [Eq. (2)]:

VB,

Bt

—C 2)

in which the four fit parameters B, and B, are the bulk
modulus and its derivative, V|, is the equilibrium volume,
and C is the adjustment of the zero of the energy scale. By
calculating the enthalpies H;=E(V)+pV =E(V)—(JE/IOV)V
for the various structure candidates i, one can determine the
transition pressures between different modifications i and j
by setting the enthalpies to be equal (H,-:Hj).3

Basis-Set Optimization

The choice of a basis set is a crucial step of the calculation,
as we have to balance two conflicting issues, accuracy and
computational cost,* while taking the minimum basis-set re-
quirements into account.’

To determine which combination of basis sets is optimal,
a number of basis sets were tested for the present alkali
metal halide calculations. Some of the basis sets were all-
electron basis sets!””! (AEBS)® or Hay and Wadt (HW) effec-
tive-core-pseudopotential (ECP) basis sets (PPBS),’V and
some were “Stuttgart/Cologne-type” pseudopotential basis

w

It follows from H;=H; that the transition pressure p. is given as the
negative slope of the common tangent of E(V) and E(V).

As our study required the comparison of energies for very different
crystal configurations and structures, rather high accuracy was necessa-
ry. The self-consistent-field (SCF) convergence criterion is that the
change in the total energy between two iterations amounted to less
than 10~® hartree.

One commonly chosen solution to this problem (especially for heavy
atoms such as Rb and Cs) is to attempt to summarize the effects of the
core electrons in an effective averaged pseudopotential, which decreas-
es the number of coefficients in the wavefunction (that still needs to be
optimized, of course). Notably, pseudopotentials do not yield the true
energy, and thus a direct comparison with energies based on all-elec-
tron-basis-set (AEBS) calculations is not possible—only energy differ-
ences are meaningful in such a case.

Li (6-11G), Na (8-511G*), K (86-511G*), F (7-311G), Cl (86-311G).
Br: [HAYWSC]-31, small-core pseudopotential; I: [HAYWLC]-31
large-core pseudopotential.
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Table 1. Summary of basis-set optimizations for the AX system (A =Li, Na, K, Rb, Cs; X=F, Cl, Br, I).1"

System  Element  Basis Ref.  Shell Shell Exponent System Element Basis Ref.  Shell ~Shell Exponent
set no. type set no. type
LiF Li 6-11G [471 2 sp 0.5147 KBr K 865-11Gd [47] 4 sp 0.3949
2 sp 2.0376 4 sp 0.2170
F 7-311G [471 2 sp 0.4379 4 d 0.3774
2 sp 0.1709 Br HAYWLC-31 [47] 4 sp 0.0989
LiCl Li 6-11G [471 2 sp 0.5315 KI K 865-11Gd [47] 4 sp 0.3963
2 sp 0.2088 4 sp 0.2169
Cl 86-311G [47] 3 sp 0.3117 4 d 0.4750
3 sp 0.1172 I HAYWLC-31 [47] 5 sp 0.0885
LiBr Li 6-11G [471 2 sp 0.5280 RbF Rb ECP25MWB [48] 5 p 0.3273
2 sp 0.1745 5 p 0.1329
Br HAYWLC-31 [47] 4 sp 0.0999 5 d 0.3592
Lil Li 6-11G [471 2 sp 0.5258 F 7-311G [471 2 sp 0.4363
2 sp 0.1585 2 sp 0.1483
I HAYWLC-31 [47] 5 sp 0.0885 RbCl Rb ECP25MWB [48] 5 p 0.3262
NaF Na 85-11G* [471 3 sp 0.5452 5 p 0.1340
3 sp 0.2176 5 d 0.2967
3 * 0.6792 Cl 86-311G [471 3 sp 0.3154
F 7-311G [471 2 sp 0.4303 3 sp 0.1156
2 sp 0.1533 RbBr Rb ECP25MWB [48] 5 p 0.3248
NaCl Na 85-11G* [471 3 sp 0.5353 5 p 0.1328
3 sp 0.1803 5 d 0.3032
3 * 0.3501 Br HAYWLC-31 [47] 4 sp 0.0975
Cl 86-311G [471 3 sp 0.3144 RbI Rb ECP25MWB [48] 5 p 0.3255
3 sp 0.1217 5 p 0.1347
NaBr Na 85-11G* [471 3 sp 0.5390 5 d 0.3147
3 sp 0.2021 I HAYWLC-31 [47] 5 sp 0.0880
3 * 0.2675 CsF Cs ECP46MWB [48] 6 p 0.2823
Br HAYWLC-31 [47] 4 sp 0.1006 6 p 0.1124
Nal Na 85-11G* [471 3 sp 0.5397 6 d 0.2678
3 sp 0.2097 F 7-311G [471 2 sp 0.4378
3 d 0.2301 2 sp 0.1469
I HAYWLC-31 [47] 5 sp 0.0889 CsCl Cs ECP46MWB [48] 6 p 0.2817
KF K 865-11Gd [471 4 sp 0.3902 6 p 0.1158
4 sp 0.2207 6 d 0.2467
4 d 0.5656 Cl 86-311G [47] 3 sp 0.3168
F 7-311G [47] 2 sp 0.4325 3 sp 0.1139
2 sp 0.1476 CsBr Cs ECP46MWB [48] 6 p 0.2814
KCl K 865-11Gd [47] 4 sp 0.3941 6 p 0.1161
4 sp 0.2212 6 d 0.2527
4 d 0.4218 Br HAYWLC-31 [47] 4 sp 0.0966
Cl 86-311G [47] 3 sp 0.3170 Csl Cs ECP46MWB [48] 6 p 0.2810
3 sp 0.1178 6 p 0.1162
6 d 0.2538
I HAYWLC-31 [47] 5 sp 0.0873

[a] The outermost-shell exponents were optimized. According to standard terminology and notation connected with Gaussian basis sets, an asterisk is
added to the basis-set symbol to indicate the presence of polarization functions. In the table, polarization functions are represented as d orbitals. Only
the hydrogen atom has p orbitals as polarization functions; all other elements have d orbitals.

sets® (PPBS),® as in the case of Rb (ECP28MWB) and Cs
(ECP46MWB). The outermost shell exponents were opti-
mized through energy minimization of the crystal energy for
all of the system explored. The reoptimized basis sets are
given in Table 1.

3

According to library keywords of pseudopotentials of the Stuttgart/Co-
logne group,®®! these are of the form ECPrnXY; n is the number of core
electrons that are replaced by the pseudopotential, X denotes the refer-
ence system used for generating the pseudopotential (X=M: neutral
atom), and Y stands for the theoretical level of the reference data (Y=
WB: quasi-relativistic).
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Results
Results of the Global Search

Apart from structures with space group P1 or P1, about 270
different structure types were observed to constitute local
minima on the various enthalpy landscapes. Of these, 35
candidate structures could be identified with experimentally
known structure types by using the automated structure
comparison script FILTER,’ which employs the CMPZ!* al-

° The full heuristic algorithm!! contains the following steps: idealization
(LOAD script), sorting (FILTER script), and preliminary ranking of
the structure candidates found by global optimization, followed by a
local optimization (HARTREE script).

Chem. Asian J. 2008, 3, 561 -572



Alkali Metal Halide Polymorphs

gorithm. Lists of the new structure types for all 20 alkali
metal halides are given in the Supporting Information (see
Tables 1.8, 1.17, 1.26, 1.35, 1.44, 1.53, 1.62, 1.71, 1.80, 1.89,
1.98, 1.107, 1.116, 1.125, 1.134, 1.143, 1.152, 1.161, 1.170,
1.179 there).!" An overview of the different structure candi-
dates found in the 20 alkali metal halide systems as a func-
tion of pressure is given in Figure 1. For each pressure range
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mizations are represented by a symbol. The number of
times a given type was detected is indicated by the number
inside the symbol. Furthermore, the number of additional
structure types (with space groups other than P1 or PI) that
were found at this pressure is also given in Figure 1.
Notably, the rock-salt, CsCl, and NiAs structure type
were found for all of the alkali metal halides. Figure 1 shows
that for each pressure, between
one and three quarters of the

I optimization runs resulted in
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Figure 1. Distribution of the structure candidates (belonging to structure types already known) for different
pressures. Only results for positive pressures are shown. The roman numerals I-VI indicate the pressures 0,
0.16, 1.6, 16, 160, and 1600 GPa, respectively. Structures with space groups P1 and PI are not listed. About
235 additional different structure types were observed to constitute minima on various enthalpy landscapes
(not counting structures with space group P1 or P1). In the rows indicated by an asterisk, the number of addi-

tional structure types for the given pressure and alkali metal halide is given.

and alkali metal halide, those among the 35 known structure
types mentioned above that were observed during the opti-

10 Notably, these structures are named according to the chemical system
in which they were first registered. As the systems were investigated
starting with the lithium halides and ending with the cesium halides,
the names are heavily weighted towards the first group of halides.
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observed during the still-limited
number of global optimization
runs. The fact that many
minima were only found once
per system and pressure clearly
shows that we have not yet
reached the saturation level of
the global optimization procedure, that is, a statistically
stable distribution of occurrence of local minima during the
stochastic optimization. For our purposes, this is not a criti-
cal problem. In fact, it would not be an effective use of com-
putational resources to actually reach saturation, as our goal
is to identify as many different structure candidates in a
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family of chemical systems as possible for the least computa-
tional effort.

As structures are typically present as local minima not
only on one but on most of these landscapes, it has therefore
proven to be very useful to supplement the set of structure
candidates found during the global optimization by addition-
al candidates observed in related chemical systems before
starting the local optimizations. We then tested whether
these additional structures also constitute local minima on
the empirical energy landscape, or if they represent struc-
tures that are energetically low stable local minima at the
ab initio level. Thus, we added several well-known candi-
dates that had been found on the enthalpy landscapes of the
various AB systems for the local optimization step at the
ab initio level. In particular, we included a few of the most
prominent low-density AB structure types (wurtzite, spha-
lerite, B-BeO, 5-5*1) that had been observed in an earlier
investigation of the landscape of NaCI®® with a different an-
nealing schedule, during a global exploration of the land-
scape of LiF at the ab initio level,”™ and during a study of
the alkaline earth oxides" with the threshold algorithm.P!
In the present study, the optimizations at negative pressures
did not result in finding many periodic low-density structure
candidates that exhibit a low enthalpy; thus, we did not in-
clude the statistics for negative pressures in the overview in

Z.P Canéarevié, J. C. Schon, and M. Jansen

Figure 1. Generally, it has already been found in other
chemical systems that the landscapes for effective negative
pressures are relatively difficult to explore with standard
global optimization methods, because at negative pressures
well-ordered, low-density crystalline structures always com-
pete with a plethora of slab-, rod-, or clusterlike structures
that often exhibit very low enthalpies.¥

Overview of Results of Local Optimizations

In earlier work,"™ we compared several ab initio techniques
with regard to their performance. On the basis of these re-
sults, we decided to apply the same scheme to the local re-
finement optimizations of the alkali metal halides, that is,
the calculations ranged from Hartree-Fock (HF) over
hybrid B3LYP and semilocal gradient-dependent functionals
(BECKE-LYP and BECKE-PWGGA) to local functionals
(LDA-VBH). Furthermore, we employed two rather uncom-
mon combinations of gradient-dependent and local function-
als (LDA-LYP and LDA-PWGGA).

Table 2 gives an overview of the lattice parameters a and
the bulk modulus B, at zero pressure and zero temperature
for the rock-salt modifications of all 20 alkali metal halides
calculated by using the seven ab initio methods. The analo-
gous results for the other modifications are given in the Sup-

Table 2. Calculated and experimental lattice parameters and bulk moduli for the rock-salt B1 structure type in the AX system (A =Li, Na, K, Rb, Cs;

X=F, Cl, Br, I).
Method F Cl Br I
a[A] B,[GPa] a[A] B,[GPa] a[A] B, [GPa] a[A] B, [GPa]
Li HF 4.01464 70.453 5.29590 27.122 5.74382 20.087  6.32938 14.121
DFT-B3LYP  4.04415 67.714 5.23086 28.941 5.64171 22726  6.16553 16.698
BECKE- 4.10114 61.658 5.28546 26.894 5.68906 21397 621137 15.702
LYP
BECKE- 4.10104 58.976 5.24657 27.169 5.64572 21721 6.12510 17.108
PWGGA
LDA-LYP  3.84711 97.176 4.93813 43.787 5.33009 34.758  5.79716 27.281
LDA- 3.82782 97.346 4.87538 45.676 5.25887 36.856  5.69517 30.563
PWGGA
LDA-VBH  3.91167 85.378 5.02455 38.161 5.41435 30387  5.88048 24.030
Theory 3.85-4.05 70.5-99.6  5.03-5.28 30.0-40.8 5.44-5.73 21.4- 5.93-6.32 15.4-
31.0 22.0
Ref. [52, 30, 34, 53] [52,30,  [52,30,34,53] [52,30,  [30,53] [30,53] [30, 53] [30, 53]
34, 53] 34, 53]
Experiment  4.03-4.05 64.9-76.9 5.13-5.17 31.8-36.9 5.49-5.51 25.7- 6.00-6.06 188
30.1
Ref. [54-60] [61] [62, 63, 57, 64] [61] [62, 63, 57] [61] [62, 63, 57] [61]
Na HF 4.63227 48.992 5.78789 21.779 6.20947 16.115  6.76566 11.539
DFT-B3LYP  4.66002 46.603 5.72246 23.065 6.10157 18243  6.60387 13.657
BECKE- 4.72599 42.179 5.78178 21.260 6.15438 17207  6.65727 12.752
LYP
BECKE- 4.74896 38.075 5.77512 20.102 6.14340 16.393  6.60844 12.980
PWGGA
LDA-LYP  4.41805 70.772 5.36590 37.276 5.74208 30.128  6.18537 23.844
LDA- 4.41127 67.814 5.31926 37.849 5.68796 30705 6.10200 25.534
PWGGA
LDA-VBH  4.50153 58.807 547121 31.102 5.84487 25418  6.28788 20.205
Theory 4.76-5.03 423-69.6 5.52-5.75 22.8-32.3  6.10-6.23 18.6— 6.58-6.65 12.3-
235 14.9
Ref. [52, 30, 34, 53] [52,30,  [52,30,34,53] [52,30,  [30,53] [30,53]  [30, 53] [30, 53]
34, 53] 34, 53]
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Table 2. (Continued)

Method F Cl Br 1

a[A] B,[GPa] a[A] B,[GPa] a[A] B, [GPa] a[A] B, [GPa]
Experiment  4.61-4.78 36.9 5.45-5.64 28.6 5.96-6.00 20.8 6.47-6.48 18.7
Ref. [65, 55, 66, 67, 57, [61] [70, 55, 57,71, 72, 73, 74, [61] [62, 56, 57, 64, [61] [62,57,77,78, [61]

68, 59, 69] 75, 76, 59, 69] 72, 68, 69] 79, 69]

K HF 5.44898 28.938 6.55424 14.562 6.97708 10.807 7.51817 8.068
DFT-B3LYP  5.43000 29.214 6.45557 15.503 6.83181 12.054 7.33180 9.036
BECKE- 5.49566 26.449 6.52271 14.297 6.89192 11.254 7.39857 8.351
LYP
BECKE- 5.49333 24.225 6.50440 13.076 6.87623 10.225 7.34426 7.945
PWGGA
LDA-LYP 5.09640 50.649 6.10070 28.671 6.35593 23.097 6.78625 17.933
LDA- 5.05851 55.479 5.93919 29.607 6.27273 24.061 6.67498 19.598
PWGGA
LDA-VBH  5.19299 43.401 6.12320 23.338 6.47389 18.795 6.90658 14.660
Theory 5.40-5.44 30.0-45.0 5.92-6.26 15.1-24.0 6.57-6.59 11.8- 7.01-7.03 9.0-13.8

17.0
Ref. [52, 30, 34, 53] [52, 30, [52, 30, 34, 53] [52, 30, [30, 53] [30,53]  [30, 53] [30, 53]
34, 53] 34, 53]
Experiment  5.34-5.37 30.1 6.27-6.30 23.8 6.58-6.64 17.4 7.05-7.10 159
Ref. [55, 80, 57] [61] [81, 55, 56, 57, 73, 82] [61] [83, 62, 56, 57, [61] [55, 83,57,82] [61]
82]

Rb HF 5.82390 23.692 6.91095 12.356 7.33603 9.474 7.85308 7.263
DFT-B3LYP 5.79642 24.397 6.80442 13.611 7.18075 10.740 7.66250 8.256
BECKE- 5.86822 23.801 6.87029 12.691 7.23943 10.059 7.72620 7.693
LYP
BECKE- 5.85527 21.565 6.84550 11.676 7.21618 9.214 7.67288 7.202
PWGGA
LDA-LYP 5.43700 49.986 6.34902 25.237 6.68831 20.382 7.10327 16.357
LDA- 5.37745 52.290 6.26508 26.046 6.59284 21.211 6.79660 17.648
PWGGA
LDA-VBH  5.53921 37.555 6.46283 20.782 6.80835 16.821 7.22775 13.568
Theory 5.73-6.32 23.4-38.0 6.57-6.79 13.0-22.0 6.88-7.53 10.5- 7.31-7.95 7.4-12.2

15.1
Ref. [30, 53] [30, 53] [30, 53] [30, 53] [30, 53] [30,53]  [30, 53] [30, 53]
Experiment  5.65-6.64 6.58 6.59-6.94 18.6 7.32-7.36 13.9 12.9
Ref. [84] [61] [62, 85, 56, 86, 82, 87] [61] [88, 62, 56, 82] [61] [89, 62, 86, 82] [61]

Cs HF 6.24891 18.796 7.34131 10.232 7.76084 7.968 8.26923 6.239
DFT-B3LYP 6.18650 20.015 7.20366 11.421 7.57880 9.138 8.05160 7.137
BECKE- 6.26121 19.225 7.27006 10.582 7.63875 8.536 8.11725 6.632
LYP
BECKE- 6.19030 22.641 721117 10.108 7.58141 8.073 8.03063 6.370
PWGGA
LDA-LYP 5.74763 49.885 6.68854 22.371 7.03331 18.286 7.44034 14.848
LDA- 5.64846 54.933 6.57096 24.256 6.90359 19.873 7.27991 16.620
PWGGA
LDA-VBH  5.85124 40.557 6.80443 18.490 7.15307 15.172 7.56344 12.369
Theory 6.02-6.12 23.1 - - - - - -
[Ref] [30] [30] _ _ — - - —
Experiment  6.03 - 6.92-7.10 - 7.26 - 7.63 -

Ref. [62] [61] [90, 91] - [91, 82] - [91] -

porting Information. As one would expect from general con-
siderations, the Hartree—Fock calculations produced larger
equilibrium volumes and higher transition pressures than
the DFT ones, with the experimental values lying some-
where in between. Furthermore, the results of the LDA-
type functionals systematically lie below those of the
BECKE-type ones, whereas gradient corrections (GGA) do
not appear to make much of a difference.
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Figure 2 shows which modification was predicted by the
various ab initio methods to be thermodynamically stable at
standard pressure. No procedure achieves a perfect score;
the “best” actually appears to be LDA-VBH and not a
mixed functional such as B3LYP, which usually yields quite
reasonable quantitative agreement with experiment: Har-
tree-Fock and Becke-type functionals prefer the wurtzite
type for the lithium halogenides instead of the rock-salt type
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Supporting Information. With-

Experiment Legend

Li Na K Rb Cs B NecEY) Rb Cs out going into much detail, we
| ] csci@) F E--- note the overall similarity of
[ B sehalerite (83) ||l EE the sequence of modifications
|| B wurtzite (B4) Br of a given system as a function
Bl vias 88) : of pressure for all seven
DFT-B3LYP DFT-BECKE-LYP DFT-BECKE-PWGGA ab initio methods. Some modifi-

Li Na K Rb Cs Li Na K Rb Cs Li

Na K _Rb. Gs cations appear only for very
small pressure ranges as barely
stable phases, and are some-
times even missing, depending
on the ab initio method; howev-

DFT-LDA-LYP DFT-LDA-PWGGA
Li Na K Rb Cs Li Na K Rb Cs

Li

DFT-LDA-VBH

er, the E(V) curves clearly indi-
Na K Rb Cs

cate that these phases have

CI= o |l (F:, ==- nearly the same enthalpy in

Br Br Br -
I I . I

these pressure ranges as the
- supposedly thermodynamically

stable phase.

Figure 2. Overview of the seven ab initio techniques (Hartree—Fock plus six different DFT approximations) for Moreover, there appear to be
the 20 alkali metal halides. For each alkali metal halide, the modification that is calculated to be thermody- gome systematic shifts of the

namically stable at standard pressure and zero temperature is indicated. Experiment refers to standard pres-

sure and temperature.

and the rock-salt type instead of the CsCl type for CsCl,
CsBr, and Csl, whereas LDA-LYP and LDA-PWGGA
assign the CsCl type to most of the rubidium and potassium
halogenides instead of the experimentally observed rock-salt

type.

Stability Regions as a Function of Pressure

Figures 3-7 show the stability regions as a function of pres-
sure in the form of one-dimensional phase diagrams for the
20 alkali metal halide systems investigated for intermediary
positive and negative pressures in the general range of —10
to +10 GPa. The corresponding E(V) curves and the crys-
tallographic data of the optimized structures are given in the

DFree  m
; BECKE-LYP
Lil BECKE-PWGGA &
LDA-LYP v
LDA-PWGGA
1 LDA-VBH .
=————-=
i = \Wurtzite
LiBr - NiAs
| w55

== Sphalerite
CsCl

== Rock salt

Chemical System

-10.5 9 -1.5 & -4.5 -3 -15 0 15 3 45 5

P GPa

Figure 3. Low-temperature modifications of lithium halides, LiX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the LiX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the LiX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals.

transition pressures with the
calculation method: usually, cal-
culations with Hartree-Fock
and Becke-type functionals result in the highest transition
pressures (BECKE-LYP slightly ahead of the other three
methods with BECKE-PWGGA trailing a bit behind),
whereas LDA-VBH, LDA-PWGGA, and LDA-LYP, in this
order, usually produce transition pressures several GPa
lower than those computed with Hartree-Fock, with LDA-
LYP being the most extreme case. This agrees to a large
degree with the observations of the dependence of transition
pressures on the ab initio method for the alkali metal sul-
fides.'¥ Similarly, the pressure range over which intermedi-
ary phases are stable—such as those exhibiting the wurtzite
or 5-5 structure type that lie between the -BeO and the
rock-salt phase, or the rock-salt phase located between the

HF

Nal

== [-BeO

= \Nurtzite

== NiAs

mm 5-5

= Sphalerite
CsClI

== Rock salt

CsClat 283 GPa

z
}7)
2

NaCl

Chemical System

CsClal 286 GPa

NaF

CsClat 17.1GPa
CsClat 20.5 GPa

75 6 4‘5 AI3 4'5 ‘D 1‘5 3 4‘5 5
P/ GPa

Figure 4. Low-temperature modifications of sodium halides, NaX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the NaX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the NaX systems). Only the
modifications with the lowest enthalpy are depicted for both the Har-
tree-Fock (HF) and the six different correlation-exchange functionals.
For details, see Figure 3.
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Figure 5. Low-temperature modifications of potassium halides, KX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the KX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the KX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals. For de-
tails see Figure 3.

i
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Figure 6. Low-temperature modifications of rubidium halides, RbX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the RbX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the RbX systems). Only the
modifications with the lowest enthalpy are depicted for both the Har-
tree-Fock (HF) and the six different correlation-exchange functionals.
For details see Figure 3.

particular low-density modification stable at slightly nega-
tive presssures (3-BeO, wurtzite, or 5-5 structure type) and
the CsCl type—is largest for the Hartree—-Fock and Becke-
type functionals and strongly decreases in size over LDA-
VBH and LDA-PWGGA to LDA-LYP. Besides these inter-
esting but not unexpected trends, this comparison suggests
that the accuracy of the calculated transition pressures is
limited to several GPa.

Taking the general limitations of the accuracy of the
ab initio calculations into account, we found satisfactory
agreement between observed and calculated phases as a
function of pressure. We recall from Figure?2 that the
method that yields the best overall agreement with experi-
ment at standard pressure (without special adjustments of

Chem. Asian J. 2008, 3, 561 -572
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Figure 7. Low-temperature modifications of cesium halides, CsX, as a
function of pressure (X=F, Cl, Br, I). The corresponding E(V) curves for
the CsX systems are given in the Supporting Information. As discussed,
for example, in reference [15], for a given pressure several possible modi-
fications usually exist that are only separated by a very small amount of
enthalpy (compare the E(V) curves for the CsX systems). Only the modi-
fications with the lowest enthalpy are depicted for both the Hartree—
Fock (HF) and the six different correlation-exchange functionals. For de-
tails see Figure 3.

the basis set, etc., to fit experiments) for the alkali metal
halides appears to be DFT with functional LDA-VBH.

Table 3 shows the calculated transition pressures for the
B1—B2 transition for all the alkali metal halides computed
at the Hartree-Fock and LDA-VBH levels, together with
the experimental data. We can again see the trend that Har-
tree—Fock calculations show a higher transition pressure
than LDA-based ones. On the other hand, it appears as if
the pressure-homologue rules are not always obeyed. How-
ever, when the size of the pressure range of the intermedi-
ary phases is considered as a function of anion size for a
fixed cation, this size decreases with increasing anion radius
and is essentially independent of the ab initio method em-
ployed. Similarly, for a given anion, the size of the range of
the intermediary phases decreases with increasing cation
radius. Thus, we would suggest that the pressure—homologue
rule may be only part of a larger rule, which states that in
homologue families of binary (ionic) compounds, the pres-
sure range over which intermediary structure types are
stable modifications decreases with increasing cation or
anion size for a fixed anion or cation, respectively.

Discussion

As mentioned in the previous section, we observed the
usual systematic over- and underestimation of various physi-
cal quantities such as lattice parameters, transition pressures,
and bulk moduli, which are typical of the various ab initio
methods. For the alkali metal halides, the effects can be par-
ticularly large in the case of Hartree—Fock calculations:
With regard to the lattice parameters, the errors increased
systematically with increasing size of the cation and anion.
The reason for this difference is the much higher relative
importance of dispersion and polarization for larger atoms.
Generally, the E(V) curves of the alkali metal halides are
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Table 3. Transition pressures (GPa) for the B1—B2 transition in the
alkali metal halides.

Method F Cl Br 1
Li LDA-VBH .. A A A
HF A A A A
Experiment /.1 .on ARy .o
Theory 25201061 79- 941100] 1120000
185[1047106]
Na LDA-VBH +17.1 +283 +70 A
HF +32.0 +30.0 A A
Experiment 27— 28— B1-CrB B1—-CrB
29[92. 101,102] 30[92, 100-102] (HP)[‘)Z,‘J:L 102] (HP) [92,93,102]
Theory 12.1- 21.2- 15.9- 15.5-
32.6[103.105,106] 38.3[1037106] 19.1[103,1061 21.1[10,{]06]
K LDA-VBH +28 +1.0 +1.5 +1.5
HF +7.3 +4.6 +4.3 +4.3
Experiment 1'74.0[‘J9. 101] 1'97[‘)9. 101] 1.81 [99,101] 1.79[99, 101]
Theory 5.611%! 2.0- 1.6 2711001
4-5[10471('6]
Rb LDA-VBH +03 +0.2 +0.1 -0.1
HF +6.2 +2.7 +2.0 +1.7
Experiment 0'973.5[99.101] 0'49[99.1011 0.45[99. 101] 0.40199. 101]
Theory —0.81%6 0.1- 0.0-2.50105:106 ) gl106]
0.2[104.11)6]
Cs LDA-VBH +3.7 —0.5 -0.5 -0.8
HF +8.2 +1.5 +1.2 +1.0
Experiment (2.0)®1°1 /. A .
Theory _4.9l106] _1.806  _q glos] —0.911%%l

[a] Computed by DFT with the LDA-VBH functional and the Hartree—
Fock approximation, together with the experimental data and some theo-
retical results. Only transition pressures below 100 GPa are listed for the
present calculations. In the case of NaBr and Nal, the actual transition
goes from the B1 type to a distorted-B1 structure and the TII (CrB-HP/
GeS) structure type (B16) in the range 33-40 and 27-32 GPa, respective-
ly.”>3] CsCl, CsBr, and CslI exhibit tetragonal, and subsequently perhaps
orthorhombic, distortions from the B2 structure under high pressure
(probably around 65, 53, and 35 GPa, respectively).”**! The theoretical
data include ab initio level calculations and calculations with refined em-
pirical potentials. The symbol ./. indicates that up to 100 GPa, no B1—-B2
transition was found in experiment or the theoretical calculations in this
work. The value in brackets indicates that the experimental transition
pressure is only a rough estimate.

very flat and the bulk moduli are relatively small, because
the bulk modulus is evaluated from the second derivative of
the energy at the calculated equilibrium geometry (at the
minimum). Here, when small ions and larger electrostatic
forces are involved, as in the case of the oxides,™ sul-
fides,*> and nitrides,® the calculated bulk moduli are
closer to the experimental values than for the alkali metal
halides. The systematic comparison of experiment with den-
sity-functional-based calculations is not quite as straightfor-
ward owing to the large number of different functionals em-
ployed. Nevertheless, one finds again systematic trends that
agree with those typically observed, especially for the func-
tionals based on the local density approximation. Naturally,
the cation—anion nearest-neighbor distances in the extended
solid are longer (by 15-25%) than those found in calcula-
tions and experiment for the monomers MX in the gas
phase.[lm'mg]
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In general, our calculations fit quite well with computa-
tions of the alkali metal halides found in the literature
(Table 2). Furthermore, the systematic trends in the values
of the physical parameters as a function of the ab initio
method are essentially the same as those we found for the
alkali metal sulfides, for which we also compared a large
number of ab initio methods.!

As discussed in the previous section, analysis of the one-
dimensional pressure—phase diagrams suggests that the
focus should actually be less on the sequence of transition
pressures and more on the size of the stability ranges of the
individual modifications as a function of cation/anion size.
This agrees well with our observations for the alkali metal
sulfides!™™ and oxides,™™! and for the alkaline earth oxides,'¥
for which the size of the stability range of intermediary
modifications also decreased with increasing cation size for
fixed anions within a family of compounds. In this context,
one should stress the fact that there are usually many differ-
ent modifications that are in close competition for thermo-
dynamic stability at a given pressure; for example, the E(V)
curves indicate that the NiAs type should be a good candi-
date at high pressures for the lithium halides. Furthermore,
one often finds slightly distorted variants of the thermody-
namically stable modification that might be stable within
some limited range of pressures before a transition to a sub-
stantially different structure type occurs—examples are the
high-pressure phases of the cesium halides found in experi-
ment, or the orthorhombically distorted Ni,In structure
found in the calculation of high-pressure modifications of
the alkali metal sulfides."” Clearly, these distortions can be
explored to a certain degree with ab initio calculations.
However, when performing structure prediction in not-yet-
explored systems, one usually hesitates to focus on these
minor variations on a theme because the energy differences
between the distorted and undistorted structures are often
smaller than the estimated errors of the ab initio energy cal-
culations themselves. In this context, we did not include
ab initio calculations of the high-pressure phases of NaBr
and Nal, and similarly those of CsCl, CsBr, and Csl, in this
study, as a comparison of their transitions with the B1-B2
transitions present in the other alkali metal halides would
not have been useful within the context of this investigation.

Finally, we found that in most alkali metal halides, the
first metastable phase that becomes thermodynamically
stable at negative pressures is the so-called 5-5 structure
consisting of trigonal bipyramids of A anions about B cat-
ions, which can be visualized as an ionic structural analogue
to the hexagonal boron nitride structure. This structure was
first discovered over a decade ago by using global explora-
tions on the energy landscape of the NaCl system; more
recently, it was found on the landscapes of the alkaline
earth oxides!"! and observed as a transition state in simula-
tions of the wurtzite-to-rocksalt transition in ZnO."M" Ex-
perimentally, this structure type was subsequently observed

"' In this work, the 5-5 structure type was called the “hexagonal MgO”
type.
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to represent the binary aristotype of the ternary compound
Li,SeOs,"% in which Li and Se atoms occupy the cationic
positions and O atoms the anionic positions in the 5-5 struc-
ture. Clearly, this structure type is a viable one from both
experimental and theoretical points of view. It should defi-
nitely be possible to synthesize one of the alkali halides in
this modification, perhaps by steering the reaction through
an appropriate choice of substrate during a deposition from
the gas phase, as was recently suggested for the deposition
of NaBr on an LiNbO; substrate.'"

Conclusions

We have investigated the enthalpy landscapes of the 20
binary alkali metal halide systems by using global optimiza-
tion techniques to identify possible modifications of the
alkali metal halides as a function of pressure and type of
alkali metal and halogen. Both Hartree-Fock and density
functional calculations (for six different functionals) were
performed to refine the candidate structures and to compute
the pressure ranges over which these modifications are ther-
modynamically stable. The results are in good agreement
with experiment, and we predict that in most of these sys-
tems the so-called 5-5 modification should be metastable at
standard pressure and be thermodynamically stable at slight-
ly negative pressures. The sizes of the pressure ranges over
which the various modifications are stable show characteris-
tic trends as a function of the type of constituent element,
thus generalizing the traditional pressure-homologue rule
for transition pressures and stable phases in ionic solids. Fur-
thermore, the trends in the computed quantities such as
transition pressures and lattice parameters as a function of
the ab initio method are similar to those found in earlier
theoretical studies of the alkali metal sulfides.
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