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A B S T R A C T

Materials with negative thermal expansion are beneficial as they can be appropriately tuned to be compatible
for device engineering. Here, we report our first-principles investigation on Hg2X2 and HgX2 (X= Cl, I),
which exhibits negative thermal expansion behaviour along c-direction. The first-principles studies reveal an
anisotropic thermal expansion behaviour in the investigated compounds over a broad range of temperature.
The computed coefficients along the c-axis are found to be negative for Hg2Cl2 and HgCl2. Hg2I2 exhibits
negative thermal expansion behaviour up to 100 K, while HgI2 exhibits positive thermal expansion, whose
values are qualitatively in good accord with the experimentally reported ones. The Grüneisen parameters along
with elastic compliance matrix are used to calculate the thermal expansion coefficients of these materials. A
detailed study of vibrational spectra was also done to get a better understanding of thermal expansion.
1. Introduction

The aberrant behaviour of materials when it contracts instead of
expanding with the rise in temperature is defined as negative thermal
expansion. Anharmonic lattice vibrations are the root cause of thermal
expansion. Therefore, the vibrational frequency analysis of lattice vi-
brations and their volume dependence is necessary. Usually, phonon
modes which strongly soften with pressure drive the negative thermal
expansion [1,2]. There are numerous applications of these compounds
and the most important one is tuning the expansion of a material
to the desired value. For example, the thermal expansion of filling
material should match the thermal expansion of teeth in dentistry.
Similarly in different electronic devices the thermal expansion of each
component should be tuned according to other components and the
flow of electricity, to get maximum efficiency. Negative thermal ex-
pansion in solids has wide range of applications depending upon the
range of temperature, like making high precision temperature devices,
heat sinks, space crafts and satellites which gets exposed to a wide
range of temperatures [3]. Hence, composites using negative thermal
expansion materials to achieve zero thermal expansion have significant
applications in different industrial sectors.

The detection of negative thermal expansion in ZrW2O8 over a
broad range of temperature attracted the scientific community to ex-
plore more in this direction [4–10]. Similarly, other compounds like
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HfW2O8, ZrV2O7 and HfV2O7 also show large isotropic negative ther-
mal expansion due to phonon softening [11,12]. Several ceramic and
hybrid negative thermal expansion materials were also studied where
the role of pressure-induced softening and transverse vibration of bridg-
ing atoms was taken into consideration [13]. Lattice dynamics and
inelastic neutron scattering studies are vital tools for exploring negative
thermal expansion. Using these techniques, alkaline earth fluorohalides
MFX (M = Ba, Sr, Pb; X = Cl, Br, I) and aluminosilicate garnets
M3Al2Si3O12(M = Ca, Mg, Mn and Fe) were also explored [2] and were
found to have major application in different fields like, X-ray image
storage, several device applications including storage devices, lasers,
microwave optical elements and other industrial sectors. Similarly,
mercury-based halides Hg2X2, HgX2 (Cl, Br, I) were also explored
for their various physical properties. Barta et al. reported the initial
phase transition for Hg2Cl2 [14] in 1976, which was further examined
experimentally using Brillouin scattering with an insight of explor-
ing elastic properties for Hg2Cl2 [15]. The presence of very high
anisotropic thermal conductivity and phonon scattering in Hg2Cl2 was
studied in 1990 [16]. Roginkii et al. studied the Raman spectra and
further pressure-dependent studies on Hg2Cl2 showed another phase
transition at pressures greater than 9 GPa [17]. Anomalous X-ray trans-
mission was also used to study the phase transition in Hg2Cl2 by Boiko
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Table 1
Optimized parameters of Hg2X2, HgX2 (where, X = Cl, Br and I) along with experimental parameters.

Compounds Experimental parametersa GGA+vdw GGA LDA

a(Å) b(Å) c(Å) V(Å3) a(Å) b(Å) c(Å) V(Å3) a(Å) b(Å) c(Å) V(Å3) a(Å) b(Å) c(Å) V(Å3)

Hg2Cl2 4.47 – 10.88 217.83 4.54 – 11.01 226.79 4.75 – 11.09 250.16 4.28 – 10.94 200.32
Hg2Br2 4.66 – 11.33 241.75 4.72 – 11.29 251.52 4.94 – 11.35 277.23 4.46 – 11.15 221.38
Hg2I2 4.94 – 11.63 282.45 5.02 – 11.75 295.23 5.24 – 11.82 324.37 4.69 – 11.62 256.23
HgCl2 12.76 5.97 4.33 330.09 12.79 6.07 4.2 348.64 13.85 6.76 4.27 399.54 13.29 5.76 3.89 298.02
HgBr2 4.62 6.80 12.44 391.20 3.93 7.28 13.28 399.13 5.03 7.01 13.64 481.03 4.17 6.77 11.97 337.90
HgI2 4.37 – 12.42 237.30 4.27 – 12.67 247.53 4.51 – 14.05 286.32 4.35 – 11.84 224.11

aRef [19–22].
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et al. [18]. The presence of negative thermal expansion was reported
for Hg2X2 (Cl, Br, I) recently [19]. The linear structure along with
presence of phase transitions induced by pressure and temperature in
these mercurous halides made us curious to explore more about it. This
work uses quasiharmonic approximations within the density functional
theory to investigate negative thermal expansion by studying phonons,
elastic properties, and dynamics of atoms in solids. The computational
details are given in Section 2, analysis of results and discussion are
given in Sections 3 and 4 concludes the paper with a brief summary.

2. Computational details

The phonon calculations were performed using density functional
theory implemented in Vienna Ab-initio Simulation Package (VASP)
[23–25]. We have used GGA [26] and LDA [27] exchange correlation
functional. The van der Waals interaction is also considered within
DFT-D3 framework. The phonon calculation is performed on a ge-
ometrically optimized structure. The total energy minimization and
geometry optimization were performed with a tolerance of 10−8 eV
and 10−2 eV/Å respectively. The Monkhorst–Pack scheme [28] has
been used to generate the special k-mesh in the Irreducible Brillouin
Zone (IBZ). The Brillouin zone integration has been done using the
tetrahedron method [29]. A planewave cut-off 900 eV has been used.
The finite difference approach implemented in VASP were used for the
elastic tensor calculations. The phonon calculations were performed
using Phonopy [30]. For Hg2X2, a supercell of 4 × 4 × 2 is used for
phonon calculations, whereas for HgCl2 2 × 3 × 4, for HgBr2 4 × 3 × 2
and for HgI2 5 × 5 × 2 supercells were used.

The thermal expansion calculations have been performed within
quasi-harmonic approximation using Eqs. (1)–(2). The Grüneisen pa-
rameters have been calculated by applying a strain along 𝑖th direction
as described by Eq. (3). The Grüneisen parameters along with elastic
compliance matrix values are used to calculate the linear thermal
expansion coefficients. The equations for calculating thermal expansion
coefficients (𝛼) along ‘a’ and ‘c’ directions for a tetragonal system
are [31]:

𝛼𝑎 =
∑

𝑞,𝑗
(C𝑉 (q,j,T)/V)[(S11 + S12)𝛤𝑎 + S13𝛤𝑐 ]

𝛼𝑐 =
∑

𝑞,𝑗
(C𝑉 (q,j,T)/V)[2S13𝛤𝑎 + S33𝛤𝑐 ]

(1)

Similarly for orthorhombic system the equations are [32]:

𝛼𝑎 =
∑

𝑞,𝑗
(C𝑉 (q,j,T)/V)[S11𝛤𝑎 + S12𝛤𝑏 + S13𝛤𝑐]

𝛼𝑏 =
∑

𝑞,𝑗
(C𝑉 (q,j,T)/V)[S21𝛤𝑎 + S22𝛤𝑏 + S23𝛤𝑐]

𝛼𝑐 =
∑

𝑞,𝑗
(C𝑉 (q,j,T)/V)[S31𝛤𝑎 + S32𝛤𝑏 + S33𝛤𝑐]

(2)

The mode Grüneisen parameter of phonon energy E𝑞,𝑗 is given
as [32],

𝛤𝑙(𝐸𝑞,𝑗 ) = −(
𝜕𝑙𝑛𝐸𝑞,𝑗

𝜕𝑙𝑛𝑙
); 𝑙, 𝑙′ = 𝑎, 𝑏, 𝑐; 𝑙′ ≠ 𝑙 (3)

Here, 𝛤 represent the Grüneisen parameter components along dif-
ferent directions, S represents the components of elastic compliance
2

p

Table 2
Mode assignment of Hg2Cl2.

No Type Modes Frequency (cm−1) Experimental (cm−1)a

1 Raman E𝑔 34.9 40
2 IR E𝑢 57.07 67
3 Raman E𝑔 122.3 137
4 Raman A1𝑔 151.62 167
5 IR A2𝑢 224.99 254
6 Raman A1𝑔 265.8 275

aRef [17].

matrix tensor, V is the unitcell volume and C𝑉 (q, j, T) is the specific
heat contribution from the phonon of energy E𝑞𝑗 that is energy of
𝑗th phonon mode at point q in Brillouin zone. Using the above equa-
tions, we have calculated the coefficients of thermal expansion for the
investigated compounds.

3. Results and discussions

3.1. Mechanical and dynamical properties

The compounds Hg2X2 (X = Cl, Br, I) crystallize in tetragonal phase
with space group I4/mmm (139), whereas in HgX2 (X = Cl, Br, I),
HgCl2 and HgBr2 both crystallize in orthorhombic phase with space
roup Pnma(62) and Cmc21(36) respectively, while HgI2 crystallize in
etragonal phase with space group P42/nmc(137). The optimization
as done using generalized gradient approximation (GGA) with and
ithout the inclusion of van der Waals interaction (DFT-D3 method of
rimme). Table 1 shows that the optimized parameters obtained using
GA+vdw are in good agreement with the experimentally reported
alues [19–22]. In Fig. 2 we have shown the calculated phonon disper-
ions for Hg2X2 and HgX2 along several high-symmetry directions. The
omputed dispersion shows the presence of very low energy acoustic
nd optical modes in all these compounds, which indicates that the
nvestigated compounds are strongly anharmonic systems. Though the
armonic approximation does not work for the strongly anharmonic
ystems, it can give the sign of the strong anharmonicity of the ma-
erials to some extent, such as imaginary phonon frequencies. Due
o the limitations of calculations these strong anharmonicity could
ot be captured well. This anharmonicity usually arises due to large
attice vibration amplitude which could induce the negative thermal
xpansion [33]. We have also computed the atomic contribution of
ifferent element to total phonon density of states (Fig. 3). At low
nergy states up to 10 meV, Hg-atoms are contributing most to phonon
pectra. Above 10 meV, both halides and mercury atoms contribute to
he entire range of phonon spectrum. At high energy phonon spectrum,
he contribution of halide atoms is decreasing with mass number of X
n Hg2X2 series. This is an expected behaviour due to renormalization
f phonon frequencies due to masses of X (Cl, Br, I) atoms. Further, the
aximum range of phonon spectra is found to decrease as we go from

he lighter(Cl) to heavier atom(I). A similar trend is observed in HgX2
eries at low energy states, whereas at high energies, the halide atoms
re dominating. We have explored the irreducible representations of
honon modes to get more details, and also compared our theoretical
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Fig. 1. Crystal structure of (a) Hg2Cl2 (b) HgCl2 (c) HgBr2 (d) HgI2.
Table 3
Elastic constants of HgX2, (X:Cl,Br,I).

Compound/Elastic constants HgCl2 HgI2 HgI2(exp)a

C11 (GPa) 23.116 30.670 33.03
C12 (GPa) 3.646 4.409 5.59
C13 (GPa) 10.284 10.843 11.68
C22 (GPa) 16.731 30.670 33.03
C23 (GPa) 8.666 10.843 11.68
C33 (GPa) 13.4 15.679 16.34
C44 (GPa) 7.714 6.426 7.23
C55 (GPa) 5.981 6.426 7.23
C66 (GPa) 0.907 1.844 2.31
Bulk Modulus (GPa) 10.828 14.004 –
Young’s modulus (GPa) 10.021 13.988 –
Shear Modulus (GPa) 3.723 5.245 –
Poisson’s ratio (𝜈) 0.346 0.334 –

aRef [35].

Table 4
Elastic properties of Hg2X2, (X: Cl,I).

Compound/Elastic properties Hg2Cl2 Hg2Cl2 [exp]a Hg2I2
C11 (GPa) 17.518 18.75 10.3
C12 (GPa) 17.783 17.10 11.14
C13 (GPa) 14.558 15.64 7.69
C33 (GPa) 88.075 80.10 97.75
C44 (GPa) −55.611 8.55 4.006
C66 (GPa) 16.319 12.85 11.794

aRef [15].

Table 5
Elastic compliance values of Hg2X2, HgX2, (X:Cl,I).

Compound/Elastic properties Hg2Cl2 Hg2I2 HgCl2 HgI2
S11 (GPa−1) −1.87 −0.57 0.0694 0.044
S12 (GPa−1) 1.90 0.62 0.0268 0.006
S13 (GPa−1) −0.005 −0.004 −0.0654 −0.0344
S22 (GPa−1) −1.87 −0.57 0.0949 0.044
S23 (GPa−1) −0.005 −0.004 −0.076 −0.0344
S33 (GPa−1) 0.0131 0.011 0.1738 0.1114

results with the previously available experimental Raman or Infrared
data which are given in Table 2, Supplementary material Table 1-
5. All the investigated compounds are very soft in nature and the
phonon dispersion curves can change drastically with volume. The
volume difference with GGA exchange correlation functional without
considering van der Waals effect is around 14% for Hg2Cl2 [Table 1].
This system is dynamically stable using GGA parameters as all the
phonon mode frequencies are positive, (Supplementary Figure: (A)) and
it agrees well with the recently reported results by R. Li et al. [34].
Since, we observe a 14% volume change with GGA functional which is
not admissible for consistency with experiments, we have included van
der Waals effect for further study.
3

To study the effect of size of halide ions in thermal expansion, we
have taken X: Cl and I, for further investigation. Elastic constant as well
as elastic compliance have been calculated (Tables 3–5). The elastic
compliance matrix is calculated by taking the inverse of elastic constant
matrix i.e., S = C−1 [36,37]. We got six and nine non-equivalent elastic
constants for tetragonal systems (Hg2Cl2, Hg2I2, HgI2) and orthorhom-
bic system (HgCl2) which are given in Tables 3, 4. The compounds
HgCl2 and HgI2 satisfy the Born stability criteria and are mechanically
stable at zero temperature. From Table 3, it is found that the elastic
constant C44 is negative for Hg2Cl2 and also the experimental value of
C44 for Hg2Cl2 is very low in comparison to other elastic constants.
We find that all other elastic constants, except for C44 are in good
agreement with the experimentally reported ones [15]. The investi-
gated compounds Hg2Cl2 and Hg2I2 have linear structure similar to
MCN (M: Cu, Ag, Au) where the bonding nature was discussed through
the difference in elastic constants C11 and C33[38]. The linear structure
provides more flexibility which favours bending motion in the direction
perpendicular to the linear chain (in the ab-plane). The large difference
seen in the C11 and C33 of Hg2Cl2 and Hg2I2 (Table 4) indicates the
difference in the nature of bonding along c-direction and ab-plane. The
large value of C33 among all the three Hg2X2 compounds infers that the
linear bonding of X–Hg–Hg–X along c-direction is strongest in Hg2I2 in
comparison to other compounds. The large value of C33 along with the
difference in ionic radii between halides and mercury atom indicates
that Hg2I2 does not expand easily along c-direction and gets distorted
with the application of temperature in comparison to other compounds
in that series.

3.2. Thermal expansion in Hg2X2, (X = Cl,I)

From the phonon spectra of Hg2Cl2, we found that one of the lower
acoustic phonon modes become unstable. This might indicate the pres-
ence of another lower symmetry phase at 0 K, which is consistent with
earlier reported structural phase transition at 186 K from tetragonal to
orthorhombic phase [17]. The crystal structure of Hg2X2 is shown in
Fig. 1(a). The bending of Cl–Hg–Hg–Cl bond chain with the increase of
temperature, leads to change in the volume of unit cell, which further
results in phase transition [18]. The phonon dispersion curve for Hg2Cl2
is shown in Fig. 2. Softening of phonon mode in the 𝛤 -X direction is
observed in this compound. At low temperature the acoustic and low
energy optical modes dominate as they get excited easily. The I4/mmm
space group for Hg2Cl2 has one formula unit (4 atoms) in primitive
cell. This would result in 12 phonon modes. The group-theoretical
decomposition of phonons at the zone centre is given as:

𝛤 = 2𝐸𝑢 + 2𝐴2𝑢 + 2𝐸𝑔 + 2𝐴1𝑔

Here E𝑢 and E𝑔 are doubly degenerate modes and rest are singly
degenerate modes. From the above-mentioned modes, 1E𝑢 and 1 A2𝑢
modes are acoustic modes and the other 1E𝑢, 1 A2𝑢 are infra-red active
modes. E and A are Raman active phonon modes. The measured
𝑔 1𝑔
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Fig. 2. Phonon dispersion curves calculated at optimized lattice constants.
Fig. 3. Partial phonon density of states of compounds and its constituent atoms.
positive frequencies matches well with the experimentally measured
values [17]. Mode representations are shown in Fig. 6.

From the vibrational frequencies tabulated in Table 2, the E𝑔 modes
with frequency 34.9 cm−1, represent the rocking of the linear molecule
as a whole. The E𝑔 modes with frequency 122.3 cm−1 corresponds to
zigzag bending vibrations. The last 3 modes are dominated by Hg–Hg
and Hg–Cl stretching vibrations. The anharmonic vibrations in ab-plane
may enhance the distortion in the plane, which could lead to the reduc-
tion in the c-lattice parameter with temperature. Basically, the high
amplitude transverse vibrations of atoms result in bending of linear
structure, which contribute to both positive thermal expansion in the
ab-plane and negative thermal expansion along c-direction [39]. The
negative phonon mode, phonon softening and reported phase transition
4

indicate the possibility for the negative thermal expansion in Hg2Cl2.
Similarly, Hg2I2 also undergoes a phase transition from body-centred
tetragonal to an orthorhombic structure at 9 Kbar pressure at 300 K
and reported to have negative thermal expansion below 100 K which
is also confirmed by our calculations [40]. Further, we are interested
to see the effect of change in ionic radii on the thermal expansion
calculations. The detailed calculations for thermal expansion are done
only for Hg2Cl2 and Hg2I2 (Figs. 4, 5). The calculated anisotropic
mode Grüneisen parameters 𝛤𝑎 and 𝛤𝑐 (Fig. 4(a)) averaged over all
the phonons in the entire Brillouin zone as a function of phonon
energy shows that the magnitude of negative 𝛤𝑐 for Hg2Cl2 is larger in
comparison to that in Hg I . The calculated Grüneisen parameters and
2 2
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Fig. 4. (a) Calculated Grüneisen parameters of various atoms as a function of phonon energy for Hg2X2 series. (b) Calculated linear and volume thermal expansion coefficients as
a function of temperature.

Fig. 5. (a) The contribution to anisotropic linear thermal expansion coefficients at 300 K, from phonon modes of energy E averaged over Brillouin zone. (b) The contribution of
phonons of energy E to the mean-squared amplitude of various atoms for Hg2X2 series at 300 K.
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Fig. 6. Hg2Cl2 mode representations.
Table 6
Negative thermal expansion values of Hg2X2, HgX2 (where, X = Cl, I).

Negative thermal expansion values Hg2Cl2 Hg2I2 HgCl2 HgI2

𝛼𝑎(×10−6) K−1 Experimental 68.60a 59.80a – 12.00b

Calculated 100.60 45.65 645.00 1.80

𝛼𝑏(×10−6) K−1 Experimental – – – –
Calculated – – 179.10 –

𝛼𝑐 (×10−6) K−1 Experimental −4.40a −4.20a – 25.00b

Calculated −36.60 1.04 −452.50 19.40

aRef [19].
bRef [41].
the elastic compliance values (Table 5) are used to calculate anisotropic
coefficients of thermal expansion.

In Hg2Cl2 negative thermal expansion is seen in the c-direction. The
experimentally reported values [19] of average thermal expansion co-
efficients from high temperature X-ray diffraction measurements in the
temperature range from 300 K to 450 K are 𝛼𝑎 = 68.6 × 10−6 K−1 and 𝛼𝑐
= −4.4 × 10−6 K−1. Our calculated thermal expansion coefficients along
a- and c- directions averaged within 300 K to 450 K are 100.6 × 10−6

K−1 and −36.7 × 10−6 K−1 respectively. For Hg2I2 experimentally
negative thermal expansion is observed along c-direction with 𝛼𝑐 =
−4.2 × 10−6 K−1 [19], but we find that our calculations show negative
thermal expansion behaviour along 𝑐-axis only below 100 K. At higher
temperatures (100 K to 500 K) our calculations show positive thermal
expansion coefficient (𝛼𝑐 = 1.04 × 10−6 K−1). The calculated average
value of 𝛼𝑎 (45.68 × 10−6 K−1) agrees with the experimental value of
59.8 × 10−6 K−1[19] (Table 6). The discrepancy between calculated
6

and measured expansion behaviour could be attributed to a strong
anharmonic transverse phonon, which could not be well captured in
the quasiharmonic approximation. Hence, the agreement between the
computed and experimental values of thermal expansion coefficient
in both the compounds should be considered good, as calculations
show that these compounds are very soft. Our calculations are use-
ful to understand thermal expansion behaviour in these compounds
qualitatively.

We further computed the contribution of phonons with energy E, to
the thermal expansion coefficients at 300 K and are shown in Fig. 5(a).
In both the compounds, phonons of energy about 2 meV contribute
maximum to both positive expansion in ab-plane and negative ther-
mal expansion along 𝑐-axis. These modes are mostly dominated by
transverse dynamics of Hg-X chain in Hg2Cl2. In Hg2Cl2 we find that
phonons of energy up to 15 meV contribute to the thermal expansion
behaviour, while in Hg I the energy of phonons which contribute
2 2
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Fig. 7. (a) Calculated Grüneisen parameters of various atoms as a function of phonon energy for HgX2 series. (b) Calculated linear and volume thermal expansion coefficients as
a function of temperature.

Fig. 8. (a) The contribution to anisotropic linear thermal expansion coefficients at 300 K, from phonon modes of energy E averaged over Brillouin zone. (b) The contribution of
phonons of energy E to the mean-squared amplitude of various atoms for HgX2 series at 300 K.
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significantly to thermal expansion are below 10 meV. The calculated
partial phonon density of states shows (Fig. 3) that due to the heavier
mass the iodine dynamics contribution occurs at lower energies in
comparison to that of chlorine. These higher energy modes which
contribute significantly to thermal expansion mainly have contribu-
tions from X (Cl, I) atoms. The contribution of phonons to thermal
expansion can also be understood from mean-squared displacements
(u2) dependence on phonon energy. In Fig. 5(b), we have shown the
u2 as a function of phonon energy, E averaged over Brillouin zone at
300 K. The low-energy modes below 2 meV, show large contribution
to the mean-squared displacement. These low-energy modes involve
vibrations of both Hg and X (Cl, I) elements. While higher energy
vibration has dominant contribution from X (Cl, I) elements. These
low-energy modes below 2 meV possess long-wave transverse dynamic
character along (001) (Fig. 2), creates the larger transverse displace-
ment in Hg-X chains, results in negative thermal expansion along 𝑐-axis.
Supplementary Figure:(B) gives the plots for specific heats for Hg2Cl2
and Hg2I2. The specific heat first increases with temperature and even-
tually becomes constant for all the compounds. At high temperatures
the value of C𝑃 is larger than the value of C𝑉 due to the large value
of thermal expansion coefficients (C𝑃 – C𝑉 = 𝛼2𝑉 BVT, ‘B’ is isothermal
ulk modulus and ‘V’ and ‘T’ are the volume and the temperature).

.3. Thermal expansion in HgX2, (X:Cl,I)

Similar to Hg2X2, few other mercury-based halides (HgX2; X = Cl, I)
re also studied and they also host the possibility of negative thermal
xpansion in them, which is discussed here in detail. The crystal
tructure of HgX2 compounds are shown in Fig. 1(b–d). The phonon
ispersion curve for HgCl2 is shown in Fig. 2. The group-theoretical
ecomposition of phonons at the zone-centre is given as:

= 3B2𝑢 + 6B3𝑢 + 6B1𝑢 + 3A𝑢 + 6A𝑔 + 3B3𝑔 + 6B2𝑔 + 3B1𝑔

Here, 1B2𝑢, 1B3𝑢 and 1B1𝑢 are acoustic modes and the rest are optic
odes. Among the optic modes, 2B2𝑢,5B3𝑢,5B1𝑢 are infra-red active,
A𝑔 , 3B1𝑔 , 6B2𝑔 and 3B3𝑔 are Raman active and 3A𝑢 are silent modes.
he detailed mode assignment along with experimental comparison is
iven is supplementary material Table 5. The phonon dispersion curve
f this compound shows negative phonon frequencies along the Y-𝛤
irection which is caused by the vibration of low energy B2𝑢 infra-red
ctive phonon mode. For HgI2 phonon dispersion is shown in Fig. 2.
he group-theoretical decomposition of phonons at the zone-centre is
iven as:

= 3𝐸𝑢 + 2A2𝑢 + 3𝐸𝑔 + 2B1𝑔 + B2𝑢 + A1𝑔

Here, 1E𝑢 and 1 A2𝑢 are acoustic, 2E𝑢, 1A2𝑢 are infra-red active,
E𝑔 , 2B1𝑔 , A1𝑔 are Raman active and B2𝑢 mode is inactive. There is
softening of acoustic E𝑢 mode in phonon dispersion curve along 𝛤 -
direction as shown in Fig. 2. The phonon dispersion curve and the

lastic constants show the dynamical and mechanical stability of the
ompound.

The calculated thermal expansion behaviour for HgCl2 and HgI2 are
hown in Figs. 7, 8. It may be noted that experimental data [41] is only
vailable for HgI2. From Fig. 7 we can infer that, low energy phonon
odes below 2 meV in HgI2 contribute towards the slight negative
𝑎 value, while phonons of same energy also contribute towards the
ositive 𝛤𝑐 values. The elastic compliance values (Table 5) along with
he 𝛤𝑎 and 𝛤𝑐 values give us the thermal expansion behaviour as shown
n Fig. 7. The linear thermal expansion coefficients as a function of
honon energy at 300 K is shown in Fig. 8(a). It may be noted that low
nergy modes below 4 meV contribute to negative values to 𝛼𝑎, while
he positive contribution from high energy modes results in overall
ositive values. The calculated phonon spectra show (Fig. 4) that at
hese low energy modes Hg atoms has slightly more contributions
n comparison to I atoms. The structure of HgCl2 is orthorhombic.
he calculated anisotropic Grüneisen parameter values for HgCl have
8

2

arge positive values. The calculated anisotropic thermal expansion
alues at 300 K are 𝛼𝑎 = 645.0 × 10−6 K−1, 𝛼𝑏 = 179.1 × 10−6

−1, 𝛼𝑐 = −452.5 × 10−6 K−1 (Table 6). The calculated bulk modulus
alues (Table 3) for HgCl2 and HgI2 are found to 10.8 GPa and
4.0 GPa, respectively. As the investigated compounds have very low
ulk modulus, so the pressure dependence of modes may not have
een accurately calculated, which leads to overestimation of calculated
egative thermal expansion behaviour and results in high values of
hermal expansion coefficients. It may be noted that all the anisotropic
rüneisen parameters have positive values in HgCl2. However, the
egative value of S31 (=S13) along with the large positive value of 𝛤𝑎,

result in negative 𝛼𝑐 . The linear thermal expansion coefficient values for
HgCl2 are found to be 10 times larger in comparison to HgI2. This may
be due to the fact that, HgCl2 is softer in comparison to that of HgI2. The
calculated contribution to linear thermal expansion coefficients from
phonon of energy E at 300 K (Fig. 8(a)) shows that modes below 6
meV contribute mainly to linear thermal expansion coefficients. It can
be seen that at these energies, Hg atoms (Fig. 3) has more contribution
in comparison to Cl atoms. In both HgCl2 and HgI2 compounds, the
phonon contribution to mean-squared displacement, shows dominant
contribution from modes below 6 meV. Further, we found that Hg
have larger contribution than X (Cl, I) unlike the case of Hg2X2. Here
also these low energy modes mainly show the transverse vibration of
HgX4 polyhedral units. Specific heat curves of the compounds (Sup-
plementary Figure: (C)) in HgX2 series have lower values as compared
to compounds of Hg2X2 series but a similar trend is observed in both
series.

The crystal symmetry changes when we go down in the halogen
group from Cl to I in HgX2, along with different oxidation states of Hg
(+2 in HgX2 and +1 in Hg2X2), so the trend of the negative thermal
expansion cannot be compared. From the other series of compounds
HgX2, HgCl2 shows maximum thermal expansion followed by HgI2.
But these compounds are not explored so far experimentally and await
further verification.

4. Conclusion

In summary, a strong negative thermal expansion is observed in
Hg2Cl2 (−36.7 × 10−6 K−1 along c-axis), HgCl2 (−452.5 × 10−6 K−1

along c-axis) at room temperature. Positive thermal expansion is found
along a and b axis resulting in overall positive volume thermal ex-
pansion. Hg2I2 is experimentally reported to have negative thermal
expansion till 100 K which agrees well with our calculations. Other
thermodynamic properties such as phonon density of states, vibrational
properties and specific heats have been studies as well. We have also
discussed the relation between elastic constants and thermal expansion,
implying that even positive Grüneisen parameters can also results in
negative thermal expansion. These axis-dependent negative thermal
expansion properties have a diverse application in electronic and opti-
cal devices, space, and thermo-mechanical engineering industries. The
other compounds in the series are also open for further exploration in
this direction.
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