PHYSICAL REVIEW B 92, 134112 (2015)

Soft modes and anharmonicity in H;[Co(CN)¢]: Raman spectroscopy
and first-principles calculations
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In situ high-pressure Raman spectroscopy and ab initio calculations are carried out to investigate the phase
stability and the thermal expansion behavior of H;[Co(CN)4]. Raman studies at high pressures in a diamond anvil
cell identify soft phonons and phase instability at 2.3 GPa. Evidence of pressure-induced amorphization is found at
11 GPa. The phonon frequencies and eigenvectors obtained from ab initio calculation are used to complement the
observed phonon spectra and for assignment of Raman modes. The computed eigenvector displacement patterns
indicate that the soft modes correspond to the CN-librational vibrations (E, mode) of the Co-CN-H-NC-Co
linkages and their Griineisen parameters are found to be negative, in agreement with our measured values. The
thermal expansion coefficient (15.6 x 107® K~') calculated using our computed mode Griineisen parameters is
found to be in good agreement with the reported value (20 x 10~® K~!). Temperature-dependent phonon spectra
down to 77 K are used to obtain the anharmonicities of different modes.
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I. INTRODUCTION

Study of the thermal expansion behavior of flexible
framework structure materials has attracted considerable
interest following the report of a large negative thermal
expansion (NTE) in cubic Zr(WQOy), [1] over a large tem-
perature range and a colossal anisotropic thermal expansion
in Ag3;[Co(CN)¢](AgCCN) [2]. To understand the unusual
NTE behavior, extensive investigations have been carried
out on such systems employing various techniques, such as
Raman spectroscopy [3—10], far-infrared (IR) transmission
spectroscopy [10], inelastic neutron scattering [11-14], x-ray
[2] and neutron diffraction [15], reverse Monte Carlo modeling
[16,17], and lattice dynamics simulation [2,10,18,19]. It is
widely accepted that the central feature of NTE behavior in
these systems often lies in their unique flexible crystal structure
and unusual phonon dynamics. Understanding of fundamental
physics behind NTE behavior is important in designing and
developing composite material to have controlled thermal
expansion as needed.

The AgCCN is trigonal [2] at ambient conditions with
space group P31m, consisting of alternate layers of Ag* and
[Co(CN)¢]*~ ions stacked parallel to the crystallographic ¢
axis. These layers are connected with the almost flexible Co-
CN-Ag-NC-Co linear linkages along the (101) direction and
form a set of three identical interpenetrating, distorted cubic
networks [2]. To preserve the structural integrity of this flexible
linkage, it is geometrically necessary that any expansion in the
trigonal basal plane [a(b) axes] be accompanied by a decrease
in an orthogonal ¢ axis of comparable magnitude. Such
changes with temperature result in positive thermal expansion
(PTE) in one direction (a; = 132 x 107% K~!) coupled with
NTE in the perpendicular direction (ce = —130 x 107% K1)
in the temperature range 16 to 500 K, its decomposition
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temperature; however, the net volume thermal expansion is
positive (ory = 45 x 107 K1), Such a colossal coefficient
of thermal expansion (CTE), which is an order of magnitude
greater than that observed in other crystalline materials, is
argued to be due to weak Ag* . ... Ag" metallic interaction [2].
Calculations using density functional theory (DFT) suggest
that the flexing of this structure requires a small energy
contribution by the Ag-related phonon modes. In addition, the
extremely shallow energy surface suggests that the observed
colossal thermal expansion is achieved only by its small value
of the bulk modulus, along with a normal value of the thermal
Griineisen constant [2,20]. Besides a large CTE, it possesses
large anisotropic negative linear compression (NLC) with
pressure that manifests as an g-axis contraction coupled with
NLC along the ¢ axis [15]. Neutron diffraction results show
that the ambient trigonal phase is stable until a phase transition
to a monoclinic phase (C2/m) at 0.19 GPa, and it is observed
that the second phase exhibits less NTE and NLC compared
to its ambient phase [15]. No phase transition is observed until
500 K, which is the decomposition temperature. Earlier Raman
scattering investigations on AgCCN, as a function of pressure
at constant temperature and as a function of temperature
at constant pressure, have been used to identify the optical
phonons responsible for NTE, and it has been shown that
the Co-CN bending mode occurring at 335cm™' contributes
significantly to the NTE [8]. Mode Griineisen parameters of all
modes in both phases are reported for possible correlation with
thermodynamical properties [8]. High-pressure (HP) Raman
spectroscopic investigation on trigonal KMn[Ag(CN);]; has
revealed the contribution of different phonons to its thermal
expansion and examined its phase stability [18]. Unlike
AgCCN, K-ion inclusion at the interstitial site is found to
stiffen the lattice and change the lattice dynamics, resulting in
a lower NTE coefficient [18]. Softening of low-energy optic
modes related to Ag translation and transverse acoustic modes
are concluded to be responsible for the pressure-induced
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FIG. 1. (Color online) Trigonal crystal structure of H3[Co(CN),], space group P31m, (a) showing the unit cell and (b) as looking down

along the [001] crystallographic axis. The atoms are labeled.

amorphization (PIA) and lattice mode softening are often
observed [3-10].

H3[Co(CN)¢] crystallizes in the trigonal phase, isostructural
to AgCCN, with the flexible linear linkages consisting of
H* in place of the Ag™ cation (Fig. 1). However, it has
an unusual symmetric arrangement of the hydrogen atom in
the Co-C-N-H-N-C-Co linkages and very short N...H...N
separation [16]. It exhibits anisotropic thermal expansion, with
o, =—2.4x107° K~ and o, = 14.8 x 107% K~! and an
overall PTE coefficient in the temperature range 4 to 300 K
and the magnitude of o, = 20 x 1079 K~ ! at 300 K, which
is moderate compared to that observed in AgCCN [16]. In
addition, thermal evolution of the x-ray diffraction (XRD)
analysis shows no evidence for any phase transition in the
previously mentioned temperature range. However, there is
no experimental report on the role of different phonons in its
thermal expansion. Since phonon modes and their Griineisen
parameters are directly responsible for thermal expansion in
a material, it becomes straightforward to find their relation.
Contrary to the general observation that one finds an increase
in NTE with an increase volume in isostructural compounds
[21], deuteration of H3[Co(CN)4], which leads to a higher
volume, resulted in a lower NTE [16] (unit cell volume

for H3[Co(CN)4] of ~204.2 A3, deuterated H3[Co(CN)¢] of

~205.2 A’ [16], and AgCCN of ~304.7 A’ [2]). Thus, it would
be of interest to investigate the compound under pressure in
relation to its thermal expansion behavior. Furthermore, an
investigation on the HP stability of the trigonal phase and its
comparison with that of AgCCN exhibiting a colossal CTE
could give insight about their differences in the CTE.
Thermal expansion in a solid is known to arise due to its
inherent anharmonicity involved in lattice vibration. Because
of this anharmonicity, phonon frequencies change under
variable temperature [22]. The changes in the phonon mode
frequencies with temperature involve contribution from both
the pure volume (implicit) and the pure temperature (explicit)
effects. Therefore, by investigating the Raman spectra as a
function of temperature and pressure separately, the change
of phonon mode frequencies with temperature on a material
can be decoupled: a quasiharmonic (implicit) contribution
solely due to change in lattice volume and a true anharmonic
(explicit) contribution due to phonon-phonon interactions [23].
Furthermore, for NTE materials, soft modes are often found to
have a larger magnitude of true anharmonicity than of its total
anharmonicity. In general, calculation of thermal expansion

is carried out under quasiharmonic approximation (QHA),
which is valid and expected to give good results only when
phonon-phonon interactions are negligible. In ZrW,0g [6],
the quasiharmonic contribution is dominant; hence, thermal
expansion calculated under QHA reported good matching
with the experimental value [4]. Therefore, it is imperative to
investigate the anharmonic behavior of phonon modes to gain
an idea about the role of different phonons in determining NTE.

In the present paper, in situ HP Raman spectroscopic studies
are carried out on H3[Co(CN)¢] to investigate its structural
stability at HP and to obtain the contribution of the various
phonon modes to the thermal expansion using experiments.
From HP Raman spectra measurements, soft phonons are
identified. Behaviors of phonons at low temperatures down
to 77 K are also investigated to estimate the anharmonicity
of phonons. To complement the experimental results, phonon
dispersion curve, eigenvectors, and Griineisen parameters are
computed by employing ab initio DFT calculations using the
Vienna Ab initio Simulation Package (VASP) and Phonopy.
The phonon eigenvectors are used for the assignment of the
phonon modes. The thermal expansion of the titular compound
is calculated using Griineisen parameters of all phonons and
compared with the reported value.

II. EXPERIMENTAL DETAILS

The H3[Co(CN)g] sample was prepared from K3[Co(CN)g]
by a cation exchange process similar to a procedure described
earlier [24]. The ion exchange column of about 25 cm was
prepared by using acidic resin and was fully protonated by
using excess HCl. The column was repeatedly washed with
deionized water to remove any unbounded H* or CI~ in the
column. Aqueous solution of K3[Co(CN)g](1.5 mMol) was
passed through this column, and the eluted liquid was collected
from the midregion of the column. The eluted solution was
allowed to slowly evaporate at ambient temperature. In a
period of three weeks, colorless needle-shaped crystals were
obtained. The phase purity of the crystals was confirmed
by powder XRD analysis. The diffraction pattern could be
indexed to the trigonal crystal system with space group
P31m, lattice parameters a = 6.4306 A and ¢ = 5.7006 A,

and a volume of the unit cell equal to 204.15 A3, which are
consistent with the earlier report [25]. Raman measurements
were carried out on unoriented single crystal pieces loaded
into a 150-um hole of a stainless-steel gasket (preindented
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TABLE 1. Irreducible representations of different sites in the P31m unit cell of trigonal H3[Co(CN),].

Atom Site Irreducible representation

Co 13(D3d) A2u + Eu

H 3g(c2h) Alu + Eu + 2AZu + 2Eu

C 6k(Cy) 2413 +2E, +2A5 +2E, + Ay + 2E, +2A1, + 2E,
N 6k(Cy) 241 +2E; +2A5 +2E, + Ay + 2E, +2A,, + 2E,

to a 70-pm thickness) of a diamond anvil cell (DAC; model
B-05, Diacell Products, Leicester, U.K.). The Raman spectra
were recorded in the backscattering geometry using both a
transmitting and a nontransmitting medium. A mixture of
4:1 methanol-ethanol was used as the pressure transmitting
medium. Ruby fluorescence was used for the estimation of
pressure. About 25 mW of power at the 532-nm line from
a diode-pumped solid-state laser was used to excite the
sample. Scattered light from the sample was analyzed using
a homebuilt 0.9-m single monochromator, coupled with an
edge filter and detected with a cooled charge-coupled device
(Andor Technology). Low-temperature Raman measurements
from 293 down to 77 K were carried out using the Linkam
(THMS 600) stage. The spectra were fitted to Lorentzian line
shapes with a suitable background using the Jandel PeakFit
program to yield a good fit, and the central mode frequency, full
width at half maximum, and integrated intensity were obtained.

Ab initio first-principles calculations were carried out using
VASP [26-28], the Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation for exchange and correlation [29],
and the projector- augmented wave (PAW) pseudopotentials.
A plane-wave basis set with a cutoff energy of 450 eV was
used. The calculations were performed using a 7 x 7 x 7
Monkhorst-Pack grid, along with a shift of the k grid to include
the I" point. The lattice parameters and the positions of all 16
atoms of the trigonal primitive unit cell of H3[Co(CN)¢] [23]
were relaxed one after the other in three cycles for determining
the ground state atomic configuration. In each cycle, first
the lattice parameters were relaxed, followed by the atom
positions, which were relaxed simultaneously. A 2 x 2 x 2
supercell was constructed from the relaxed configuration, and
the atom positions were again relaxed before carrying out the
phonon calculations. The final total energy and force conver-
gences were better than 10~ eV and 10~*eV/ A, respectively.
The zone-center phonon frequencies were calculated using
the VASP implementation of density functional perturbation
theory. The phonon spectrum over the entire Brillouin zone,
the mode Griineisen parameters, thermal expansion, and heat
capacity were computed within the QHA using the Phonopy
program [30]. Visual representations of different phonon
modes were obtained using the V_Sim Visualization package
[31]. The elastic constant and compliance matrices were also
calculated using density functional perturbation theory for
the equilibrium structure, using the relaxed unit cell and a
9 x 9 x 9 Monkhorst-Pack grid with no shift.

III. RESULTS AND DISCUSSION

The compound H3[Co(CN)g] stabilizes in a trigonal struc-
ture with space group P31m (point group Ds;), with only
one formula unit per primitive cell. This results in 16 atoms

in the primitive cell and consequently a total of 48 degrees
of freedom, with three acoustic phonons. The irreducible
representations corresponding to each site can be obtained
using the Halford-Hornig site-group analysis [32] and are
given in Table I. The irreducible representation for optical
phononsis Ty = 4A g + 6E, +2A2, + 9E, + 6As, + 34y,
and for acoustic phonons is I"ycoustic = A2u + Ey. Thus, there
are 10 Raman active modes (4A, and 6 E,), 15 IR active modes
(6A,, and 9E;, excluding the acoustic phonons) and 5 optically
inactive or silent modes (2A,; + 3A1,) expected. Because
of the centrosymmetric nature of the crystal, the Raman
and IR active phonons for the trigonal phase are mutually
exclusive. Figure 2 shows the normalized Raman spectrum
of H3[Co(CN)g] at several hydrostatic pressures, including
ambient pressure. The spectral intensity is normalized with

@ 11aGPa| [®) 11 GPa
ww
8.9 Awﬂj//ﬁig
PR N U
@ 6.7 _Nwﬁf/ﬂﬁiz
b= PN NI e
C
> A
-EM
@©
B‘Mﬂ
B
5 23| w\ 23
<

==
-
W
RN
w

| 10"

SR,
L

400 600 2100 2400

Raman Shift (cm'1)

FIG. 2. (Color online) Normalized Raman spectra of
H3[Co(CN)] at various pressures: (a) 100—650cm™' and (b)
2000—2400 cm~!. The spectral intensity is normalized with respect
to the intensity of the A;, mode at 210cm~!. The arrow indicates
soft modes at 140 and 348cm™!, which have negative pressure
dependence. New modes appearing at 2.3 GPa are labeled using
asterisks. Solid curves are the Lorentzian least-square fits to ambient
data.
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FIG. 3. (Color online) Phonon dispersion curves and phonon
DOS obtained from first-principles density functional simulations
using VASP for the trigonal primitive unit cell with 16 atoms.

The zone-center phonon frequencies exhibit good matching with
experimental Raman modes.

respect to the intensity of the Aj, mode at 210cm™". At
ambient conditions, a total number of eight Raman modes are
observed, similar to the number reported earlier [24]. There are
no Raman active phonon modes in the spectral range between
800 and 2000 cm~'. The observed modes are less than those
predicted, which may be due to either accidental degeneracy
of phonon frequencies or insufficient intensities arising from
the small polarizability of a few modes. The most intense
modes in the spectrum are seen at 175, 2185, and 2208 cm~ !,
In the absence of the polarized Raman measurements on an
oriented single crystal, the observed modes are assigned based
on the calculated eigenvectors obtained from computation. The
computed phonon dispersion over the entire Brillouin zone,
and the total and atom decomposed phonon density of states
(DOS) are shown in Fig. 3. The partial phonon DOS of each
atom is calculated after accounting for all degrees of freedom
for each atom type. One can see that in the low-frequency range
(<600 cm™"), the contribution comes from predominantly CN-
librational modes, while the C=N internal modes contribute
to the DOS corresponding to the phonon frequencies greater
than 2000 cm~'. Hydrogen-related phonon DOS contributions
can be seen ~1200cm~! and in the broad dispersion band
between 500 and 1500 cm™~". Since the H atom in H [Co(CN)e]
is relatively smaller in size as compared to Ag in a similar
system, like AgCCN, its vibrational movements can be quite
complex and the contributions from many such modes can
result in the broad dispersion observed in the phonon band. As
can be seen from phonon DOS for each atom, cobalt has the
least contribution to the phonon DOS. Cobalt, being a heavy
atom, contributes in the lower frequency range of the phonon
spectrum. Mixing of the optical and acoustic modes is apparent
in the whole Brillouin zone in the low-frequency region. This
is similar to the mixing observed in AgCCN [10] but contrary
to that in Zn(CN), [7]. The calculated elastic constants and
the compliance matrix elements of H3[Co(CN)g] are listed
in Table II. For the trigonal crystal system, we obtained five
unique elastic constants: Cj1(=Cy,), C33, C44(=Css and Ceg),
C12, and C3(=C33). All other elements of the elastic constant
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TABLE II. Elastic constants and compliances of H;[Co(CN)g]
calculated using density functional perturbation theory for the
equilibrium volume.

Matrix element 11 33 44 12 13

Elastic constant, C (GPa) 79.961 143.756 66.879 28.902 71.733
Compliance, S (GPa™!) 0.023  0.020 0.015 0.004 0.013

matrix are zero. The compliance matrix S is calculated
as the inverse of the elastic constant matrix (C~'). Linear
compressibilities of H3[Co(CN)g] in the ambient trigonal
phase have been computed using the elastic constants in
Table II. The compressibilities in the basal plane and along
its trigonal direction are given by the simple transformations
[10]: x1 = (C33 — C13)/(C11C33 — 2C}, + C1C33) and x| =
(Ci1 4+ C12 — 2C13)/(C11C33 — 2C} + C12Cx3). The calcu-
lated values are x; = 13.4 x 1073 GPa~! and x|, = —6.46 x
1073 GPa™'.

Observed Raman mode frequencies, which are close to
the calculated zone-center phonon frequencies, are assigned
to the corresponding symmetry species. Table III lists the
observed mode frequencies, along with the calculated values
and their assignments. Close matching of ~4% between the
experimental and the computed values is found for all modes.
However, the mismatch between the experimental and the
calculated Griineisen parameters could be partly related to
the difference [10] between the experimental volume and the
relaxed volume obtained by DFT. Although DFT accurately
predicts bulk physical quantities like the thermal expansion
coefficient and specific heat, microscopic parameters like
Griineisen parameters obtained from an experiment are often
not reproduced accurately using DFT [7,10,18]. Figure 4
shows the displacement vectors for the different Raman modes.
The E, mode at 137 cm™' [Fig. 4(a)] and 335 cm ™! [Fig. 4(b)]
involves librational (or local transverse) vibration of CN
ions about the Co-C-N-H-N-C-Co linear linkages joining
Co...Co ions, consistent with the prediction of Keen et al.
[16] but contrary to the assignments by Haser et al. [24]. The
Griineisen parameters of these modes are negative (Table III).
This will be discussed later. However, the internal modes E,
at 2245cm™! [Fig. 4(c)] and Aj, at 2280cm™! [Fig. 4(d)]
exhibit symmetric stretching vibration of C=N along the rigid
linkage, consistent with the assignment by Haser ef al. [24].
Similar kinds of stretching vibrations are observed in other
flexible systems, like AgCCN [10], KMn[Ag(CN),]; [18], and
Zn(CN), [7].

Upon increase in pressure, intensities of the modes char-
acteristic of the trigonal phase reduce, while Raman bands
at 137, 155, 557, 578, 2148, 2187, and 2206 cm~' probably
corresponds to a new phase whose intensities grow with a
subsequent pressure run. At 2.3 GPa, the pairs of bands,
viz., one pair at 137 and 155 cm~! and another at 557 and
578 cm™!, are considered to be arising from the splitting of
the librational modes at 140 and 507 cm~', respectively. In
addition, at 2.3 GPa, a triplet at 2148, 2187, and 2206 cm~!
is found to be arising from the splitting of the mode at
2185cm™! of the trigonal phase. The E, mode at 140 and
348 cm~! (Fig. 2, arrow) is seen to soften, whereas others

134112-4



SOFT MODES AND ANHARMONICITY IN H3;[Co(CN) ...

PHYSICAL REVIEW B 92, 134112 (2015)

TABLE III. Observed Raman modes frequencies (labeled R) and Griineisen parameters (y;) of H3[Co(CN)]. Simulated mode frequencies
and their assignments were obtained from the VASP computed eigenvectors using the Phonopy program.

Experimental values® DFT
w(cm™") Y w(em™) Vi Symmetry Mode description
110 (IR) 119 —4.1 Ay Co-C-N-H-N-C-Co translation
140 (R) —1.31 137 -39 E, CN libration
175 (R) 2.01 173 —0.25 E, CN libration
210 (R) 1.48 216 —0.41 Ajg CN libration
348 (R) —1.85 335 —1.08 E, CN libration
400 (IR) 422 4.2 Aoy CN libration
482 (R) 0.11 476 1.15 E, CN libration
507 (R) 8.02 482 10.11 A CN libration
560 (IR) 616 2.6 E, CN libration
1100 (IR) 1159 -0.7 E, N-H bending
1160 (IR) 1181 -0.5 Aoy N-H stretching
2145 (IR) 2206 0.2 Aoy Asymmetric stretching of C-N+N-H
2180 (IR) 2209 0.2 E, Asymmetric stretching of C-N+N-H
2185 (R) 0.53 2243 0.23 E, Symmetric stretching of CN
2208 (R) 0.52 2280 0.24 Ajg Symmetric stretching of CN

2Observed IR frequencies from Ref. [25].

exhibit normal hardening up to 11 GPa, the highest pressure
in the present paper. Beyond 2.3 GPa, softening of these
modes is relatively less. Experiments were also carried out
with no pressure-transmitting medium. Raman features similar
to those observed in the hydrostatic case are noticed in the
nonhydrostatic case, which indicates that the HP behavior of
the sample is the same under hydrostatic and nonhydrostatic
conditions. Softening of the mode is known to cause lattice
instabilities [22] and consequently drive phase transitions
[33,34]. The preceding findings clearly suggest a structural

FIG. 4. (Color online) Atomic displacements of (a) 137 cm™' and
(b) 335 cm™! modes showing transverse vibration of CN. The modes
at (c) 2243 cm™! and (d) 2280 cm™! correspond to C=N symmetric
stretching vibrations. Arrows are proportional to the amplitude of the
atomic motion. Balls in magenta are Co, those in black are C, those
in blue are N, and those in pink indicate H atoms.

transformation at 2.3 GPa from a trigonal (PI) to a (PII)
phase. Since splitting of modes causes an increase in the
number of modes in PII, this phase is expected to be of lower
lattice symmetry than is PIL. It can be noticed (Fig. 2) that the
relative intensity of the Raman band at 175cm™! is almost
constant in the ambient phase and shows marked decrease
with pressure in PII. However, the relative intensity of the
Raman band at 348 cm™! shows subtle increase in the ambient
phase and gradually decreases in the PII phase. At 11 GPa,
these Raman bands vanish. This reduction of intensities in the
HP phase points toward development of positional disorder
at HP [5]. An increase or decrease in the intensity of any
mode is determined by the corresponding changes in the
derivative of the polarizability () with respect to the normal
coordinate (0 x/0q). Further discussion on mode intensity in
PII is presented later. The pressure dependence of the mode
frequencies is shown in Fig. 5. A clear change in the slope of
a few modes is noticed at 2.3 GPa, which further corroborates
the phase transition. Two modes, at 140 and 348 cm~! in PI,
show negative slope in the w vs P curve and are called the soft
mode, while other modes exhibit normal hardening behavior.
Mode softening implies a negative Griineisen parameter y;
and is a key factor for contributing to NTE, while hard modes
contribute to PTE. These Griineisen parameters are key inputs
for determining thermal properties such as specific heat and
lattice thermal expansion. Table III lists the experimental mode
frequencies w; and the corresponding Griineisen parameters of
PI, using the formula y; = % % [22], where B, is the bulk
modulus obtained using simulation, which is discussed later.
The Griineisen parameter, being a dimensionless quantity,
can only be compared for different modes. The Griineisen
parameter of several librational modes is nearly three times
that of the stretching modes, suggesting that the CN-librational
modes become easily compressed and deformed under the
application of pressure, while a low value of this param-
eter for the 2185 and 2208 cm™! stretching modes implies
that stretching vibrations are less sensitive to pressure. As
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FIG. 5. (Color online) Pressure dependencies of Raman modes.
Straight lines through the data are linear square fits to the filled data.
The vertical line indicates the identified possible transition pressure.
Filled and open symbols are from experimental runs with and without
transmitting medium, respectively.

mentioned earlier, CN-librational modes at 140 and 348 cm™!

are contributing negatively to thermal expansion, reminiscent
of a flexible system like Zn(CN), [7], while all other modes
are significantly contributing to PTE. Pressure dependence of
mode frequencies (open symbols in Fig. 5) corresponding to
the no-pressure medium have mode behaviors similar to those
observed in the hydrostatic case (filled symbols in Fig. 5).
In PII, the soft modes of PI continue to exhibit softening,
suggesting instability of this structure as well. As pointed
out earlier, isostructural AgCCN is reported to undergo a
similar phase transition from a trigonal to a lower symmetry
monoclinic phase (C2/m) at comparatively lower pressure,
i.e., 0.19 GPa [15]. It is known that C2/m is the subgroup
of the P31m space group and the phase transition from
the P31m trigonal phase to the C2/m monoclinic phase is
related by condensation of the E; mode [10]. In our present
experimental result, the condensation of the E, mode (soft
mode) in PI indicates the possibility of its transition to the HP
C2/m monoclinic phase. The other possibility for PII could
be P31m (the other subgroup of P31m), which is related to
the condensation of IR active A, and E, modes of the parent
P31m phase. In the absence of IR experimental results under
HP, we cannot comment on this phase. Thus, the present paper
will motivate detailed HP diffraction and IR spectroscopic
studies to resolve the issue.

One can see from the spectra (Fig. 2) that several low-
frequency modes and the internal modes corresponding to
C=N stretching vibration broaden above 5 GPa. Growth of the

PHYSICAL REVIEW B 92, 134112 (2015)
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FIG. 6. Raman spectra of H;[Co(CN),] (a) at ambient conditions
and (b) and (c) at different regions of the sample recovered from
11 GPa. The position (in reciprocal centimeters) marked in (b) is
identified in comparison to the parent PI phase.

positional disorder with pressure often causes broadening of
modes and is expected due to inhomogeneous broadening [5]
caused by a distribution of bond lengths and bond angles about
a mean value, in contrast to them being unique, as in a perfect
crystalline phase. In addition, intensities of all modes gradually
decrease and subsequently disappear at 11 GPa, probably due
to a lack of long-range order or periodicity. These results
indicate a possible PIA at 11 GPa. Using Raman spectroscopic
investigation, PIA in several flexible NTE materials [6,8,18]
is reported on or below 13 GPa. Raman spectra were also
recorded from a few spots after completely releasing the
pressure (Fig. 6). Unlike in the isostructural AgCCN [8], the
broad Raman band at 406cm~! and the other at 618cm™!,
corresponding to poorly crystallized oxides of cobalt [35],
along with a few low-frequency bands at 175 and 210cm ™",
corresponding to partially recovered phases (PI and PII) of the
titular compound, are noticed, while the bands of amorphous
carbon nitride are not seen in the high-frequency region. This
suggests that probably H3[Co(CN),] is partially decomposed
and is irreversible in the pressure reducing cycle.

Figure 7(a) shows the temperature dependence of Raman
spectra of H3Co(CN)g over the entire range of phonon
frequencies. Frequencies of all modes except the £, mode at
348 cm™! monotonically soften as a function of temperature.
Neither disappearance of existing modes nor emergence of
any extra modes is noticed in the Raman spectrum down
to 77 K, the lowest temperature reached in the present
paper. Furthermore, monotonous changes in mode frequencies
indicating the absence of any phase transition agree well
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FIG. 7. (Color online) (a) Raman spectra of H;[Co(CN)4] at
different temperatures 100—650 cm™" and 2000—2400 cm™', and (b)
the temperature dependence of Raman modes. Only the E, mode
at 348 cm™! exhibits hardening. Straight lines through the data are
linear square fits to the data.

with temperature-dependent XRD results [16]. Temperature
dependence of the mode frequencies is shown in Fig. 7(b).
The dw;/dT of the various phonon modes is obtained by
linear fits to w; vs T; these slopes essentially represent the
total anharmonicities of the modes. We can separate the true
anharmonic and the quasiharmonic parts using the well-known
formula [22]

1 da),-
wj dT

1 da),-
= — — — Vi
P wj dT v i

where the first term on the right-hand side is the true
anharmonic (explicit) contribution and the second is the
quasiharmonic (implicit) term. Thus, using the thermal ex-
pansion coefficient & = 20 x 107° K~! and our present mode
Griineisen parameters y;, we have separated the quasiharmonic
and the true anharmonic contribution to the total anharmonicity
of eight observed modes (Table IV). We notice from this table
that the magnitude of total anharmonicity is large for some CN
librational modes, indicating a large contribution to the thermal
expansion. In particular, the low-energy modes, viz., 140, 210,
and 507 cm~', have large anharmonicities. The modes at 140
and 348 cm ™! have a negative Griineisen parameter, suggesting
their role in NTE. The high-frequency C=N stretching modes
are not strongly anharmonic. Quasiharmonicity and true anhar-
monicity for C=N stretching modes contribute almost equally
to the total anharmonicity. A comparatively higher magnitude
of true anharmonicity of the CN-librational mode, compared
to that of the C=N stretching vibration, agrees well with the
high-frequency C=N stretching internal modes being stiffer
compared to the low-frequency librational modes. We have
also calculated the quasiharmonic and the true anharmonic
contribution for AgCCN using the previously reported HP and
temperature-dependent Raman spectroscopic data [8], given
in Table V. The magnitude of total anharmonicity of most
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TABLE IV. Total anharmonicity, quasiharmonic (implicit) con-
tribution, and true anharmonic (explicit) contribution of different
phonons in H3[Co(CN)4]. The numbers in parentheses are standard
errors to the least significant digit.

Hy[Co(CN)g]

Mode Total True
frequencies anharmonic Quasiharmonic anharmonic
(cm™!) (105 K™H ay; (1075 K1 (105 K™H
140 —7.4(8) —2.6(1) —10.0(9)
175 —2.1(9) 4.0(4) 2(1)
210 —6.6(9) 2.9(1) —4(1)
348 1.2(6) —3.7(1) —2.5(7)
482 —2.0(4) 0.2(0) —1.8(4)
507 —23.3(0) 16.0(1) —7.3(1)
2185 —1.8(0) 1.0(3) —0.8(3)
2208 —2.1(8) 1.0(1) —-1.1(9)

modes of H3Co(CN)g is comparable to those of AgCCN [8]
and is almost an order of magnitude less than that of zirconium
tungstate [6]. However, a fair comparison of their magnitude
indicates that the anharmonicity of these soft modes is found
to be larger than that observed in AgCCN [8]. In the case
of H3Co(CN)g, the true anharmonicity of C=N stretching
vibrations is found to be ~2.5 times less than that obtained
for stretching modes in AgCCN. Table IV also shows that
the modes at 175, 348, and 507cm™! have a predominant
quasiharmonic contribution. However, the modes at 140, 210,
and 482cm~! have a large true anharmonic contribution.
As mentioned earlier, other phonon vibrations, possibly of
a highly anharmonic nature, can be explored with other
spectroscopic techniques like IR, since those are not identified
by the Raman spectroscopy because of the centrosymmetric
nature of the crystal.

Using first-principles calculations, the phonon spectrum
was computed at equilibrium volume (¢ = 6.3169 Aandc =

5.7025 A, with unit cell volume V, = 197.0647 A") obtained
after lattice relaxation. The equilibrium volume was varied
+10% under hydrostatic compression and expansion, and the

TABLE V. Total anharmonicity, quasiharmonic (implicit) con-
tribution, and true anharmonic (explicit) contribution of different
phonons in AgCCN.

AgCCN*

Mode Total True
frequencies anharmonic  Quasiharmonic anharmonic
(cm™) yi (1075 K™Y ap(107°KH (105K
87 0.75 —11.5 +3.38 —-8.12
139 0.94 —6.47 +4.23 —2.24
165 0.43 —545 +1.94 —3.51
335 —0.09 —0.09 —0.41 —0.5
474 0.05 —0.42 +0.23 —0.19
521 0.31 —6.53 +1.4 —5.13
2184 0.02 —2.34 +0.09 -2.25
2204 0.03 —2.59 +0.14 —245

4Data from Ref. [8].
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total energies of these configurations was used to calculate the
bulk modulus B, and its derivative B(') by fitting the volume
vs total energy data to the third-order Birch-Murnaghan
equation of state. We find B, = 138 GPaand B, = 3.78. From
the volume dependence of the various zone-center optical
phonons, the mode Griineisen parameters y; for all 30 optical
modes were obtained using the expression y; = — % %.
The calculated y;’s for most of the modes are found to match
quite well with the experimental values. Table III shows a
comparison of the calculated and experimental y; for eight
observed Raman modes. To calculate the thermal expansion
coefficient ¢, one needs to evaluate the total specific heat Cy
and average Griineisen parameter y,,. Using Einstein’s specific
heat relation, C; = R[xizexp(xi)] /lexp(x; — D]?, where R is
the gas constant and x; = hw;/kgT is the dimensionless
phonon energy (with kg as the Boltzmann constant and T
as the temperature), the total specific heat Cy was obtained
by summing over the C; for various modes (i = 1to30). The
thermal expansion coefficient is obtained using the expression,
@ = (YarCv)/(BVB,), where yuy = (2 piCiy)/Cy, with p;
as the number of phonons or branches of frequency wj
at the Brillouin zone center, V,, as the molar volume, and
B, as the bulk modulus. The molar volume is determined
to be 1.2 x 107*m>/mole, and the calculated value (DFT)
of @ = 15.6x 107® K~! is in good agreement with the
reported value. The contribution to the total o only from
the Raman active phonons (our experiment) is obtained as
QRraman = 1.2 x 107® K~!, which is about 6% of the total
experimentally reported o at 300 K [16]. Thus, significant
contribution to total @ by other modes (IR and silent) is
evident. Using DFT, we have also obtained the volume thermal
expansion coefficient vs temperature behavior, as shown in
Fig. 8. The PTE behavior is similar to the recently reported
trend using XRD experimental results [16]. Appreciably,
it turns out that the calculated o (15.6 x 10~® K~') using
Griineisen parameters y; for all modes is in good agreement
(~80%) with oy (experimental) [16] at 300 K, suggesting
thermal expansion properties like Zn(CN) [2,7] and AgCCN
[10] are well described by generalized gradient approximation
calculations within the QHA. However, our DFT predicts a

4L i

L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300
Temperature (K)

FIG. 8. Thermal expansion behavior of H3[Co(CN)] calculated
at the relaxed lattice parameters.
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negative volume expansion at low temperature (<120 K),
while the experimentally observed volumetric thermal expan-
sion coefficient ay is reported to be positive in the 4-300 K
range [16]. This difference between the reported experimental
data and our calculations could be because the experiments
have been carried out on powder samples, whereas our
computation is on an ideal crystal. Furthermore, in the reported
experimental results [16], the atomistic configurations have
been extracted from the diffraction data using the reverse
Monte Carlo method; subsequently, these configurations were
used to calculate various thermal expansion coefficients. We
believe the methodologies adopted in the reported experiment
and our computation can explain the differences observed in
the two cases. The small discrepancy between experimental
and calculated values in AgCCN is partly attributed to QHA
[10]. We can see from the phonon dispersion plots and the
partial phonon DOS plotted for different volumes used in
the QHA (not shown in the paper) that under HPs (volume
contraction), the phonon modes corresponding to the CN
librations are the major contributors to phase instability and
can lead to the observed structural phase transition. However,
under volume expansion (which can correspond to the change
in temperature), the phonon modes corresponding to H and
its bonding atoms tend to become unstable. Thus, vibrations
involving the H atom are primarily responsible for the observed
nonlinearity in the thermal expansion coefficient.

As discussed, the flexible Co-C-N-H-N-C-Co linkages do
not exhibit any thermal expansion along the (101) direction
due to the resultant effect of orientation of the bonds along the
linkages [20] and the negative thermal contribution of local
transverse CN vibration (CN librational), neutralizing any ex-
pansion. This implies that any thermal expansion in basal plane
lattice parameter a(b) results into a concomitant reduction in
the ¢ axis. Therefore, from this picture of geometric flexibility,
the effect of the coupling between lattice parameters a and
¢ on thermal expansion is understandable. In the context of
a colossal thermal expansion, the compressibility (reciprocal
of the bulk modulus Bj) of the flexible crystals often gives
rise to the existence of either a moderate or a colossal thermal
expansion because the Griineisen parameter of the phonon
modes, representing their respective mode anharmonicity,
appeared to have a normal value [2,20], as found in our
present H3[Co(CN),] system. Since Griineisen parameters are
found to be normal, their thermal expansion is solely related
to their compressibility, viz., the smaller the compressibility,
the larger the CTE, and vice versa. A recent DFT calculation
[20] indicates a relatively shallow energy surface vs lattice
parameter in AgCCN than what is observed in H3[Co(CN)],
suggesting a smaller value of compressibility of H3[Co(CN)].
In our present calculation, we obtain By = 138 GPa, which
is larger than ~7—10 GPa as found in AgCCN [15,20]. The
lower value of By in AgCCN is argued to be associated with the
weak Ag" ... Ag" metalophilic interaction [2,19] and hence
the colossal thermal expansion. However, in the absence of
any metalophilic interaction, unlike AgCCN, H;3[Co(CN)]
possesses less compressibility, leading to exhibition of a
moderate thermal expansion. The present Raman investigation
at HP and lattice dynamics calculations provide insight into
the relative role of different phonon modes in contributing to
thermal expansion in H3[Co(CN)g].
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IV. CONCLUSION

To conclude, we have identified the optical phonon modes
responsible for NTE phenomena in H3;[Co(CN)g] using Raman
spectroscopy as a function of pressure and first-principles
calculations. Griineisen parameters y; for all phonon modes are
obtained from our calculations. Mode assignments have been
carried out using the computed frequencies and eigenvectors.
A few phonon modes in H3[Co(CN)g] are soft, and their
contributions to NTE arises from CN-librational modes of
the Co-C-N-H-N-C-Co linkages. The calculated values of the
thermal expansion coefficient o using Griineisen parameters
are in good agreement with the reported experimental value.
Upon increase in pressure, instability in the ambient trigonal

PHYSICAL REVIEW B 92, 134112 (2015)

phase is found at 2.3 GPa. The HP phase exhibits PIA at
11 GPa. Anharmonicity of several phonon modes and their
contribution to the thermal expansion has been illustrated.
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