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Negative linear compressibility and phonon softening in Mg(103), under pressure
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We investigate pressure-induced changes in the structure, lattice dynamics, mechanical properties, and bond-
ing of the strongly anisotropic, monoclinic P2; phase of Mg(I10;), via the density functional theory with a global
hybrid density functional approximation. Infrared and Raman spectra are simulated, which highlight a peculiar
pressure-induced phonon softening of certain bands assigned to I-O stretching modes. As pressure increases, a
redistribution of the electron density around the iodine atoms is observed leading to the elongation and weakening
of the three I-O interactions within [IO;] structural units, with a corresponding pressure-induced expansion of
the a and c lattice vectors, which translates into a negative linear compressibility of the material in the ac plane.
This is accompanied by the shortening and strengthening of the interaction of iodine atoms with their three
second-neighboring oxygen atoms, with a corresponding compression of the b lattice vector along which they
are mainly oriented. Quasiharmonic lattice dynamical calculations reveal a negative thermal expansion in the
ac plane. The strength of various interatomic interactions, as well as their evolution with pressure, is assessed
in terms of local mode adiabatic force constants obtained through a new periodic implementation of the local
vibrational mode theory. We complement and corroborate the analysis with a topological description of the
electron density through the quantum theory of atoms in molecules.
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I. INTRODUCTION

In recent years, metal iodates have been attracting attention
because of their peculiar structural and electronic proper-
ties [1-5]. The growing interest in new generation materials
for nonlinear optics (NLO) and second-harmonic generation
(SHG) [6-15,15,16] has led to the synthesis and charac-
terization of metal iodates based on new cations, including
alkali metals, alkaline earth metals [11,17-19], transition
and post-transition metals [8,19], and lanthanides [10,20,21].
Many of these properties are a direct consequence of the
noncentrosymmetric structure of the majority of these sys-
tems [5,12,22]. Moreover, the [IO3]‘1 units, usually arranged
in a trigonal pyramid, possess a lone electron pair (LEP)
located on the iodine atoms, leading to an asymmetric oxy-
gen environment for both the iodine and the metal cation,
further enhancing these properties through enhanced polar-
ization [1,3,23]. The manipulation of the direction of such
polarization becomes key to favoring the SHG response of
the material. As an example, the introduction of iodate units
within the borate framework [24] or the tetraiodatoiodate unit
in KIOj3 [25] have yielded an enhanced SHG response. An-
other viable way to tune and improve iodate properties is the
use of pressure; the presence of the LEP on the iodine atom, in
fact, favors the formation of so-called halogen bonds [26-29],
which play a key role in stabilizing the iodate structure. These
electrostatic interactions are particularly sensitive to pressure,
which becomes an effective medium to tune the SHG response
and NLO properties [4]. Pressure tuning has indeed allowed us
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to better understand the role of the iodine LEP in the chemical
bonding of these materials [3,4,16,23,30,31].

In 2022, Liang et al. [23] synthesized crystals of Mg(I103),
and studied their behavior under pressure by collecting x-ray
diffraction (XRD) patterns, as well as Raman and infrared (IR)
spectra up to ~20 GPa. The results indicate that the structure
of Mg(I03), changes significantly under compression and
that the system eventually undergoes a phase transition from
the monoclinic P2; space group to the trigonal P3 space
group between 7.5 and 9.7 GPa. While bond lengths typically
decrease upon compression—with an associated increase in
the bond strength—vibrational spectroscopic evidence sug-
gested otherwise, with certain peaks in the IR and Raman
spectra assigned to I[-O stretching modes being redshifted
upon compression, thus suggesting bond softening rather than
strengthening. At ambient pressure, the structure of Mg(I103),
is characterized by 103 trigonal pyramidal units, where each
iodine atom participates in three strong interactions with
three first-neighboring (fn) oxygen atoms (with bond lengths
I-Op ~ 1.9 A) and, through its LEP, in three weaker interac-
tions with three second-neighboring (sn) oxygen atoms (with
bond lengths I-Oy, ~ 2.7 A). Each oxygen atom in the 103
unit acts as a linker to the Mg counterions, producing a dis-
torted MgOg octahedron, which results in an anisotropic and
compressible environment that is largely sensitive to external
stimuli [3,22,23]. The crystal structure of Mg(IO3), in its
monoclinic phase with P2; space group is reported in Fig. 1.

While the exact evolution with pressure of the individual
atomic positions could not be experimentally refined [23],
the above-mentioned spectroscopic evidence suggests that the
I-Og, bonds get elongated as pressure increases, reflecting the
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FIG. 1. (a), (b) Crystal structure of Mg(IO3), in its monoclinic
phase with P2, space group; distorted MgO, octahedra are high-
lighted in brown and trigonal pyramidal IO; units in violet. (c)
Schematic representation of the chemical bonding pattern around
an iodine atom, with three strong interactions with first-neighboring
oxygen atoms, and three weak interactions (marked by dashed
magenta lines) with second-neighboring oxygen atoms. (d) Green
arrows schematically represent the effect of pressure on the bond
length of the different I-O interactions.

weakening of the corresponding chemical interaction upon
compression, likely accompanied by the strengthening of the
1-Oy, interactions.

In this study, we investigate the evolution with pressure
of the structure, lattice dynamics, mechanical response, and
bonding in Mg(IO3), with density functional theory (DFT)
simulations, through the use of a global hybrid density func-
tional approximation. From the computed fourth-rank elastic
tensor, a negative linear compressibility (NLC) of the material
in the ac plane is predicted. Materials with a NLC usu-
ally exhibit a variety of anomalous effects, such as negative
thermal expansion, a negative Poisson’s ratio, phonon soften-
ing upon compression, and phase transitions, and they have
been attracting attention for many technological applications
[32-37].

Simulated IR and Raman spectra fully capture the ob-
served pressure-induced phonon-softening of I-Oy, stretching
bands. We quantify the evolution with pressure of the strength
of I-Of, and I-Og, interactions with the local vibrational
mode theory (LVMT) [38,39], with our new periodic imple-
mentation in the CRYSTAL electronic structure program [40].
The LVMT represents an effective way to decompose com-
plex normal modes in vibrational spectroscopy of molecules
[38,39,41] and materials [28,42,43] into simpler, localized
modes associated with specific bonds or internal coordinates.
This decomposition provides a quantitative measure of bond
strength (the local mode adiabatic force constant), and offers
a simple way to analyze vibrational spectra in terms of local
structural units. We complement the LVMT analysis with a

topological description of the electron density through the
quantum theory of atoms in molecules (QTAIM) [44,45].

II. FORMAL AND COMPUTATIONAL ASPECTS

A. Linear compressibility

The elastic response of a material can be described in
terms of a fourth-rank elastic stiffness tensor C, with elements
Ciji (with i, j, k, | = x, y, z)—i.e., elastic constants—defined
as second energy derivatives with respect to pairs of lattice
deformations [46]:

c 1 3’E
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where 7 is the lattice strain tensor and V is the equilibrium
volume. We compute the elastic constants in Eq. (1) as nu-
merical derivatives of analytical forces [47-51]. A variety
of mechanical elastic properties of a crystal can be evalu-
ated from C, including the Young modulus E (i.e., the strain
response of a solid to a uniaxial stress, in the direction of
the stress), the linear compressibility B (i.e., the linear strain
under the application of an external hydrostatic stress), the
shear modulus G (i.e., the strain response to a shear stress),
and Poisson’s ratio v (i.e., the strain response in the directions
orthogonal to a uniaxial stress) [52].

The value of the linear compressibility 8 of a crystal can
be computed along any direction in space (identified by a
Cartesian vector v or, equivalently, in terms of two angles ¥
and ¢ in spherical coordinates) as [53]

B, @) = Sijuvivy, 2)

where Einstein’s notation is used according to which indices
that are repeated are meant to be summed over, and where S; ji;
are the elements of the inverse of the elastic tensor S = C~!.

B. Local modes in periodic systems

We describe the harmonic lattice dynamics of a periodic
crystal within a direct-space, frozen-phonon approach, where
second-order interatomic force constants are computed by
displacing atoms in the reference lattice cell and by evaluating
analytically the forces acting on all atoms within a supercell
(SC) [54]:

’E
’% - oudou® )
1 J eq
where 0 labels the reference lattice cell, g identifies any di-
rect space lattice vector within the SC, and i, j =1,...,3N
are combined atomic and Cartesian indices that identify all
possible Cartesian displacements u of the N atoms per cell.
The Cartesian coordinates of all atoms in the reference cell in
a given displaced configuration are represented by the vector
x = x% 4 u’, where x°4 are the equilibrium atomic positions.

A set of dynamical matrices W* is computed for a set
of points within the first Brillouin zone—each labeled by a
wave vector k—via a Fourier transform of the mass-weighted
interatomic force-constants of Eq. (3):
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where M is the 3N x 3N diagonal mass matrix, where the
mass of each atom is repeated three times. Harmonic phonon
frequencies and normal modes are obtained by diagonaliza-
tion of the dynamical matrices of Eq. (4).

In this study, we are interested only in those lattice vi-
brations at the center of the first Brillouin zone (i.e., k = 0
or I' point) that are directly probed by infrared and Raman
spectroscopies. Thus, we compute harmonic phonons at I'
from

C'WI'c = AT, (3)

where AT is the 3N x 3N eigenvalue matrix, and C is the
adimensional 3N x 3N eigenvector matrix, which contains
the transformation coefficients from mass-weighted Cartesian
to normal coordinates:

Q=Y Cyu"/M; u;, (6)

where Q,, labels a normal coordinate, with © =1, ..., 3N.
For three-dimensional (3D) periodic systems, the first three
normal coordinates at I" correspond to rigid translations along
the three Cartesian directions. In the following, it proves
convenient to introduce the mass-weighted form of the eigen-
vector matrix C: L = M~2C, which is usually renormalized
as follows:

1
(LiL):
where My, is the 3N x 3N diagonal matrix of normal mode

reduced masses. The L matrix introduced in Eq. (7) satisfies
the following relation:

L, (7

==

L L=M

L'H'L = K, (8)

i.e., it contains, arranged columnwise, the eigenvectors of the
reference cell Hessian matrix H?, with eigenvalues in units of
force constants arranged in the diagonal matrix K.

LVMT [38,39], originally introduced by Konkoli and Cre-
mer [55-59], is developed in terms of a set of internal
coordinates g, with n =1, ..., Nip, (bond lengths, bond an-
gles, dihedrals, puckering coordinates, etc.) where each g,
represents a distinct local vibration. The transformation ma-
trix between Cartesian and internal coordinates is achieved via
the Wilson B matrix, with elements [60,61]

By = 20, ©)

al/l,‘

The internal coordinates of the periodic system are defined
via the redundant internal valence (RIV) approach [62-64]
as implemented in the CRYSTAL electronic structure package
[40,65] (i.e., Niye > 3N), instead of the well-known Z-matrix
molecular approach, which poses several challenges when
dealing with periodic systems [64,65]. The elements of Wil-
son’s matrix in Eq. (9) are evaluated numerically through a
two-sided finite-difference approach. The L. and B transforma-
tion matrices can be combined to form a new transformation
matrix between normal and internal coordinates:

D = BL, (10)

where the D matrix has size Ny, x 3N and where it proves
convenient to identify its nth row vector as d,,.

Within LVMT, a local vibrational mode vector a, can be
derived for each internal coordinate ¢, [38,39]:

K-'dl
- d,K-'df’

with an associated local force constant k;, which can be
used as an intrinsic indicator of bond, bending, and torsional
strength [38,66]:

k% =a'Ka, = (d,K'd))"". (12)

an

a,

The mass mj, associated with the local mode is obtained as

a 1
m, = m (13)

and the vibration frequency wj, of the local mode as

“ ! ki 14)
w, =— | —.
" 2me\l mo
Additionally, the LVMT offers a framework to analyze
delocalized normal modes in terms of local internal coordi-
nates through the so-called characterization of normal modes
(CNM) procedure [38,67-69]. Such a tool allows us to de-
compose a given normal mode, as described by its associated
eigenvector 1, (i.e., the uth column of the L matrix), in terms
of internal coordinate contributions. The contribution S,,, of
internal coordinate g, to normal mode Q,, is obtained as
at| H |1,)?
S = <0”| L) Y (15)
(s HO ) 1, HO 1L,)

where a; = La,,. The expression in Eq. (15) can be simplified
in terms of previously defined quantities to (we report the
demonstration in the ESI)

= —D'Zm il (16)

npu — .
Ky

The contributions from the N, internal coordinates to the uth
normal mode are finally normalized and collected in the =
matrix with elements

__ Sm
= S
We have implemented the LVMT outlined above in a devel-

opmental version of the CRYSTAL electronic structure package
[40].

[1]

a7

np

C. Thermal expansion

We compute the thermal expansion of the system through
the quasiharmonic approximation (QHA) [70], where the
Helmbholtz free energy is obtained as

. 1
FWAY Ty = ENV) + 5 Z fiw; (V)

oo (V)

+hksT Y [In(1—e @ )], (18)

where E¢ is the static 0 K electronic internal energy of the
crystal, the second term on the right-hand side (rhs) of Eq. (18)
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is the zero-point energy, and w; are harmonic phonon frequen-
cies. In the CRYSTAL package, harmonic phonon frequencies
are computed at a few expanded/compressed volumes and
individually fitted to quadratic polynomial functions [71-76].
The equilibrium volume at a given temperature, V(7'), can
be obtained by minimizing the free energy in Eq. (18) with
respect to the volume V, keeping T fixed. The volumetric
thermal expansion coefficient is obtained as

1 [V
ay(T) = m<ﬁ),{ (19)

Analogous linear thermal expansion coefficients can be de-
fined for individual lattice parameters [73,77,78].

D. Computational Details

All calculations reported in this work are performed with a
developmental version of the CRYSTAL23 electronic structure
package [40]. A global hybrid density functional approxima-
tion is used, namely PBEQ [79], as dispersion-corrected with
Grimme’s -D3 method [80], and as coupled with a triple-
zeta basis set, POB-TZVP-rev2 [81]. The convergence in
the self-consistent-field process is considered reached when
the difference in energy between two consecutive cycles is
below 10~ Hartree. The truncation of the infinite Coulomb
and exchange integral series is defined through the use of
five different parameters, which are set here to 9 9 9 9 27
(see the TOLINTEG keyword in the Manual [82]). Numerical
integration of the exchange-correlation potential is carried out
using a pruned grid consisting of 300 radial point and 1454
angular ones. Reciprocal space is sampled over a 6 X 6 X 6
Monkhorst-Pack grid within the first Brillouin zone, which
corresponds to 80 symmetry independent k-points. The struc-
ture of Mg(IO3), has been optimized at 11 values of pressure
in the range 0-10 GPa within the P2; space group via a
hydrostatic constraint to the stress tensor [50,83]. Harmonic
phonon frequencies (as well as IR and Raman spectra) and
elastic stiffness constants are computed at each optimized
structure. A topological analysis of the electron density is
performed with the QTAIM as implemented in the TOPOND
module [45,84-86].

III. RESULTS AND DISCUSSION

A. Structure and compressibility

To reliably describe the evolution with pressure of chem-
ical bonding in Mg(IO3),, we need to make sure to get a
good description of its structural features. As recalled in the
Introduction, Liang et al. [23] have performed XRD at differ-
ent pressures, and they were able to determine the evolution
with pressure of the lattice parameters of the monoclinic
P2, phase (i.e., the length of the three lattice vectors a, b,
¢, the value of the 8 angle between a and ¢, and thus the
volume V). Atomic positions within the cell could not be
refined as a function of pressure. We report these experi-
mental data in Fig. 2 as full circles. While the inspection of
the evolution of the volume with pressure is not particularly
telling—showing a regular overall compression—the analysis
of individual lattice parameters is as follows: the structure is
regularly compressed along the b lattice parameter as pressure

increases, see Fig. 2(d), while it expands in the ac plane, only
slightly so below 1 GPa of pressure and more pronouncedly
so above 1 GPa, see Fig. 2(c). The structural parameters ob-
tained from our simulations are reported as solid lines in the
same plots. Apart from a slight overall underestimation of the
volume (to be expected, as the experiments were performed at
room temperature while thermal expansion is not accounted
for in our simulations), all trends upon compression are well
reproduced. This is particularly remarkable for the a and ¢
lattice parameters, which are key in the description of the
observed phonon softening. Indeed, inspection of Figs. 1(a)
and 1(b) shows how the three strong I-Og, bonds within 103
units are mainly oriented in the ac crystallographic plane. The
expansion of the lattice upon compression in the ac plane is
intrinsically linked to the elongation of the I-Og, bonds. Let
us note in passing that previous simulations were not able to
describe this subtle structural feature (dotted lines in Fig. 2)
[23] probably because of missing dispersive, van der Waals,
interactions, as documented in Fig. S1 of the Supplemental
Material (SM) [87]. At the same time, inspection of Fig. 1(b)
shows schematically how the LEPs of iodine atoms are mainly
oriented along the b crystallographic axis, as are the I-Oy, in-
teractions to which they contribute. These weaker interactions
are easily compressed, which results in the contraction of the
b axis shown in Fig. 2(d). We report the evolution of the g
lattice angle in Fig. 2(e), which is also well reproduced by the
present simulations. Let us note that it regularly converges to
the value of 120° as the monoclinic P2, to trigonal P3 phase
transition approaches.

We report the evolution with pressure of individual I-O
bond lengths in Fig. 2(f). While a direct comparison with
the experiment is not possible, as atomic positions under
compression could not be refined from XRD, we expect these
reported trends to be reliable based on the remarkable agree-
ment on all lattice parameters discussed above. The three
weak I-Og, interactions (magenta solid lines at the top) de-
crease with pressure with a trend that closely follows the
one previously discussed on the b crystallographic axis. The
three strong I-Oy, interactions (violet solid lines at the bottom)
instead elongate with pressure with a quasilinear trend. In
Sec. III B, we will show how this elongation is reflected in
phonon softening and redshifting of specific bands in the IR
and Raman spectra of the material. In Fig. 2(g), we report the
evolution with pressure of the six Mg-O bond lengths within
the MgO, octahedral distorted units: at low pressure the dis-
tortion is more pronounced, with the six bond lengths being
distinct, while it decreases with pressure when approaching
the phase transition, with two pairs of equivalent bonds being
formed.

Let us inspect more closely the low pressure region, where
experimental data show a discontinuity in the slope of the a,
b, and B lattice parameters at about 1.5 GPa. Although not
as pronounced as in the experimental data, our simulations do
capture a subtle change in the slope of these lattice parameters
at about 2 GPa. Interestingly, a phase transition in that pres-
sure range has been suggested to occur in two isostructural
materials: Co(I03), at about 3 GPa [88], and Zn(IO3), at
about 2.5-3.4 GPa [31]. In both cases, an isostructural phase
transition was suggested (i.e., a transition between two phases
belonging to the same space group of symmetry, P2; — P2;)

024107-4



NEGATIVE LINEAR COMPRESSIBILITY AND PHONON ...

PHYSICAL REVIEW B 113, 024107 (2026)

%)

V/Z (A

5.2
60 5.0

4.8

0 2 4 6 8 10 =
Pressure (GPa) o 44

0GPa 2 GPa 4.2

3.8 (d)

120.0

119.8 ?

3 1196
2 119.4
(e)

(b) - 119.2

B (deg)

0 p) 4

0939 0224 029 037 030 007 0% 002

Pressure (GPa)

<
=
o
=
[0}
-
©
c
o
o
2.10]
o Il 209
Mg-O
\\ \
: . 2.081
= ?
£ 2.07] ?
2 T~
2 2.061 g ~
©
C
8 205 < §§
2.04{ \\
I~
(9)
2.03- \f\\
6 5 10 S T B S S

Pressure (GPa)

FIG. 2. Evolution with pressure of the structure and mechanical response of Mg(IO;),. Results from present calculations (solid lines) are
compared with experimental data (full circles) and previous simulations (dotted lines) from Ref. [23]. (a) Volume (per formula unit); (b) 3D
plots of the linear compressibility 8 (in GPa™!); (c) lattice vectors a (blue) and ¢ (green); (d) lattice vector b; (e) lattice angle 8; (f) bond lengths
of I-Oy, and I-O, interactions; (g) bond length of Mg-O interactions in the distorted MgO, octahedral unit. In all panels, vertical dashed lines
at 7.5 and 9.7 GPa mark the experimental transition pressure range from the monoclinic P2, to the trigonal P3 phase. Dashed vertical lines at
1.5 GPa mark the hypothetical P2; — P2, phase transition and are labeled with a “?”.

primarily based on the observed discontinuity (i.e., change in
slope) of various structural parameters on pressure. In par-
ticular, we note that our simulated trends are qualitatively
very similar to those previously reported for Co(I03), [88].
Thus, although it is difficult to draw definitive conclusions,
our simulated data would be consistent with an isostructural
P2, — P2, phase transition occurring at about 1.5-2 GPa in
Mg(103)s.

We analyze the evolution with pressure of the mechanical
response of Mg(103); in Fig. 2(b), where we report 3D plots
of the linear compressibility 8 defined in Eq. (2) at four
pressures (0, 2, 4, and 6 GPa). At zero pressure, the system
is clearly characterized by a strong anisotropy in the elastic
response with a large positive linear compressibility along
the b crystallographic axis and a small and negative linear
compressibility in the ac crystallographic plane. As pressure
increases, two effects are observed: (i) a decrease in |8| along
the b axis; and (ii) an increase in | 8| in the ac plane (i.e., more
negative linear compressibility values).

Many materials exhibiting negative linear compressibil-
ity are also characterized by a negative thermal expansion
[32-37]. In Fig. 3, we investigate the thermal expansion of
Mg(103),, as obtained from a quasiharmonic treatment de-
scribed in Sec. II C, where harmonic phonon frequencies were
computed at four volumes from a —2% compression to a

Thermal Expansion Coefficient (K1)

0 50 100 150 200 250 300
Temperature (K)

FIG. 3. Thermal expansion coefficients of Mg(I10;), computed
within the quasiharmonic approximation.
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FIG. 4. Phonon softening in Mg(IO3),. (a) Simulated Raman spectrum at zero pressure and experimental spectrum at 0.2 GPa from
Ref. [23]; (b) simulated IR spectrum at zero pressure and experimental spectrum at 0.7 GPa from Ref. [23]; (c),(d) evolution with pressure of
the I-O stretching region of the Raman spectrum from theory (this study) and experiments from Ref. [23]; (e) evolution with pressure of the
computed IR spectrum; (f) decomposition of the symmetric stretching mode of 105 units (i.e., the most intense feature in the Raman spectrum)
in terms of internal, localized coordinates at 0 and 7 GPa. Vertical red lines are only to guide the eye.

+4% expansion. As expected based on the structural analysis
discussed above, the thermal expansion of this system is found
to be strongly anisotropic. In particular, Mg(IO3), exhibits a
large positive thermal expansion along the b lattice parameter
(red solid line in the figure) and a smaller and negative thermal
expansion in the ac plane (blue and green solid lines in the
figure for o, and o, linear thermal expansion coefficients,
respectively). The overall volumetric thermal expansion co-
efficient of the system, ay, is positive, with a value of about
5x 107> K~ at 300 K.

B. Infrared and Raman spectra

We now analyze how the pressure-induced structural
changes discussed above are reflected on IR and Raman vibra-
tional spectra of Mg(I03),. The interatomic force constants in
Eq. (3) are in general very sensitive to subtle features of the
potential energy surface (PES) and thus to subtle changes in
the interatomic interactions. We have computed IR and Raman
spectra of Mg(IO3), as a function of pressure following a
computational strategy outlined in Ref. [89]. Let us note that,
within the symmetry constraints of the P2 space group, none
of the harmonic phonon frequencies at the I point become
imaginary up to 10 GPa of pressure. We report our simulated
spectra at zero pressure in Figs. 4(a) and 4(b), where they
are compared with experimental spectra from Ref. [23] at the
lowest available pressure (0.7 GPa for the IR spectrum and
0.2 GPa for the Raman spectrum). The agreement with the
experiment is satisfactory. The following can be observed:
(i) main peak positions in the Raman spectrum are predicted
with good accuracy in the whole 0—1000 cm ™! range; (ii) the
experimental IR spectrum was recorded only up to 700 cm™!

and thus lacks the main peaks associated with I-O stretching
motions, which we report in the simulated spectrum; (iii) the
simulated IR spectrum in the 200—500 cm ™' range is slightly
redshifted relative to the experimental one, which is consistent
with the experiment being performed at 0.7 GPa (see below
for a detailed description of the pressure evolution of the spec-
tra). Let us analyze the Raman spectrum more closely. Two
main regions can be identified in the spectrum, one located
between 200 and 500 cm ™!, associated with bending modes
within the iodate 103 unit, and the other located between 600
and 800 cm™!, associated with I-O stretching motions char-
acterized by the most intense features. The most prominent
feature in the first spectral region is found at ~340 cm™!
and corresponds to the scissoring of the iodate unit, with
smaller peaks at ~380 and 420 cm™'. As pressure is applied
to the system, all peaks in this region are blueshifted. The
I-O stretching region exhibits the most intense feature at
781 cm~!, which can be assigned to the symmetric stretching
motion within the IO3 unit, with lower intensity features at
~705, 730, 740, and a shoulder peak at ~690 cm™!, which
can all be assigned to distinct asymmetric stretching motions.
This region follows a more uncommon behavior upon com-
pression, as highlighted in Figs. 4(c) and 4(d). Indeed, as
pressure increases, all peaks in this region get redshifted, sug-
gesting the weakening of the corresponding I-Oy, interactions.
Our simulations predict a softening rate with pressure that
closely matches the experiment. We visually inspect the nor-
mal modes of selected spectral features in the O—-I-O bending
and I-O stretching region in Fig. S2 of the SM. In stretch-
ing vibrations, the atoms are displaced along the I-Oy, axes,
which are mainly oriented in the ac crystallographic plane,
which is expanding upon compression, thus yielding a redshift
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TABLE I. Quantitative characterization of I-O interactions in Mg(I03), as a function of pressure from the LVMT and the QTAIM.
Adiabatic local force constant k% (mdyn/A), distance of bond CP from oxygen and iodine atoms (A)—the relative position of the CP along the
I-O path is given within parentheses (%), electron density at the bond CP p (a.u.), Laplacian of the electron density at the bond CP V?p (a.u.),
“bond degree” index H/p (a.u.), ratio between the potential energy density V and the kinetic energy density G at the bond CP, |V |/G.

Bond Pressure k? depo depy P VZp H/p V|/G
0 4.245 0.909 (48.90) 0.950 (51.10) 0.173 0.376 -0.592 1.521
2 4.099 0.912 (48.95) 0.951 (51.05) 0.172 0.368 -0.590 1.524
1-O¢, 4 3.934 0.915 (48.98) 0.953 (51.02) 0.170 0.360 -0.586 1.526
6 3.748 0.918 (48.99) 0.956 (51.01) 0.168 0.350 -0.582 1.528
8 3.611 0.922 (49.04) 0.958 (50.96) 0.166 0.343 -0.578 1.529
10 3471 0.924 (49.04) 0.960 (50.96) 0.165 0.337 -0.576 1.530
0 0.492 1.221 (45.54) 1.460 (54.46) 0.032 0.094 -0.027 1.036
2 0.604 1.192 (45.85) 1.408 (54.15) 0.038 0.105 -0.066 1.088
1-Oq, 4 0.680 1.169 (46.17) 1.363 (53.83) 0.043 0.113 -0.102 1.135
6 0.760 1.150 (46.41) 1.328 (53.59) 0.048 0.120 -0.133 1.177
8 0.825 1.137 (46.62) 1.302 (53.38) 0.052 0.125 -0.157 1.209
10 0.876 1.126 (46.78) 1.281 (53.22) 0.056 0.129 -0.177 1.235

in the 700—800 cm™! region. In bending vibrations, instead,
the atoms are displaced mainly along the b crystallographic
axis, which is compressing upon pressure, thus consistently
yielding a blueshift in the 200—500 cm~! region. The LVMT
outlined in Sec. II B allows us to decompose normal modes
of vibration in terms of internal, localized coordinates; see
Eq. (15). Figure 4(f) reports such a decomposition at two pres-
sures (0 and 7 GPa) for the vibration mode responsible for the
most intense feature in the Raman spectrum of Mg(103),, that
is, the symmetric stretching of the 105 units. Contributions
from I-Og, and Mg—O bond lengths are reported in violet and
blue, respectively (other contributions smaller than 1% are
grouped in gray). As pressure increases and I-Oy, bonds elon-
gate and weaken, this symmetric stretching vibration becomes
less localized just on the 103 unit. We analyze the THz region
of the Raman spectrum in Fig. S3 of the SM and in the as-
sociated discussion, where the effect of temperature and laser
frequency are explicitly analyzed [90,91]. The overall picture
emerging from the analysis of the Raman spectra is confirmed
by the evolution with pressure of the IR spectrum. We report
simulated IR spectra as a function of pressure in Fig. 4(e).
Peaks in the 200—500 cm~! bending region are consistently
blueshifted by pressure. In terms of the shape of the spectral
profile, the most notable change is represented by the rise in
intensity of the peaks below 300 cm™', particularly so for the
feature at 264 cm ™! at zero pressure, which corresponds to a
rocking motion in the iodate unit. The I-O stretching region is
instead redshifted by pressure, which is again consistent with
what is observed in the Raman spectrum and on the structural
parameters.

C. 1I-0O bond strength

We shall now complement the qualitative picture outlined
above with two distinct quantitative approaches to assess
the strength of the I-O interactions in Mg(IO3), and their
evolution with pressure: the LVMT described in Sec. IIB,
as extended to periodic systems in this study, and the well-
known QTAIM. These two theories allow us to estimate the
strength of certain chemical interactions in two very distinct

ways: through the dynamics of vibrational motions and in-
teratomic force constants, and through the topology of the
static electron density, respectively. Results from both ap-
proaches are summarized in Table I for one I-Og, and one
[-Oy, interaction. The key bond strength indicator from the
LVMT is represented by the adiabatic local force constant
k* given in Eq. (12), specific to the internal coordinate that
corresponds to the length of the target bond. This quantity
is reported in the table at six different pressures in the range
0-10 GPa. The local force constant of the short I-Oy, interac-
tion decreases with pressure, describing the weakening of the
interaction upon compression. Passing from 0 to 10 GPa, the
force constant decreases from 4.245 to 3.471 mdyn/x& (i.e.,
a decrease of 18%). Conversely, the force constant of the
long I-Oy, interaction increases with pressure, describing the
strengthening of this interaction upon compression. Passing
from O to 10 GPa, the force constant increases from 0.492
to 0.876 mdyn/A (i.e., an increase of 78%). These trends are
confirmed by the QTAIM, which also allows for one further
important clarification. In their seminal study, Liang et al. [23]
suggested the formation of new I-O bonds upon compression.
A thorough topological analysis of the electron density of
the system shows that the I-O, chemical bonds are already
present at zero pressure. Within the QTAIM, the existence of a
chemical bond is determined by the presence of an associated
bond critical point (CP) of the electron density. The type of
chemical interaction is classified based on the local value at
the CP of a few indicators: the electron density p, the Lapla-
cian of the electron density V2 p, various energy densities, and
combinations thereof. Bond CPs are found along each [-Oy,
and I-Oy, interaction, with parameters reported in Table I.
Both interactions are of mixed ionic-covalent character, with
a positive Laplacian of the density V2p > 0, a negative total
energy density H < 0, and the ratio between the potential
and kinetic energy density between 1 and 2, 1 < |V|/G < 2.
As pressure increases, the bond CP of the I-Oy, interaction
moves toward the iodine atom, the density at the bond CP
decreases, as does the “bond degree” index H/p. Conversely,
the electron density at the bond CP of the I-Oy, interaction
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increases upon compression along with the absolute value of
the “bond degree” index.

IV. CONCLUSIONS

We have investigated the evolution under pressure of sev-
eral properties (structure, elasticity, lattice dynamics, infrared
and Raman spectra, bonding) of the monoclinic P2; phase of
Mg(103), with density functional theory (DFT) simulations
by use of a global hybrid density functional approximation.

As pressure increases, three [-O interactions within [103]
structural units weaken and elongate, which results in (i) the
phonon softening of certain bands assigned to I-O stretching
modes (observed in infrared and Raman spectra); (ii) the ex-
pansion of the a and c lattice vectors, which translates into a
negative linear compressibility (NLC) in the ac plane. This is
accompanied by the shortening and strengthening of the in-
teraction of iodine atoms with their three second-neighboring
oxygen atoms, with a corresponding compression of the b
lattice vector along which they are mainly oriented.

The strength of various interatomic interactions, as well
as their evolution with pressure, is assessed in terms of lo-

cal mode adiabatic force constants obtained through a new
periodic implementation of the local vibrational mode theory
(LVMT).
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