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Abstract

First-principles density functional theory computations are used to predict negative
linear compressibility in hybrid organic-inorganic perovskite [NHoNH3][Co(HCOO)s].
Negative compressibility is a rare exotic response of a material to pressure associated
with expansion along one or two lateral directions. Detailed structural analysis revealed
that [NHoNH;z][Co(HCOO)s] responds to pressure through tilting of its relatively rigid
units, CoOg polyhedra and (HCOO)~! ligand chain. The (HCOO)~! units form “wine-
rack” geometry which is well described with “strut-hinge” model. Within the model,
the struts are formed by the rigid units, while hinges are their relatively flexible in-
terconnects. Under pressure the hinge angle increases which leads to the expansion
along the direction subtended by the angle. Interestingly, at zero pressure the linear
compressibilities in [NHoNH3][Co(HCOO)3] are all positive. As pressure increases the
lowest linear compressibility value turns negative and increases in magnitude. Com-
parison with literature suggests that such a trend is likely to be common to this family

of materials. Mechanical properties of [NHoNH3][Co(HCOO)3] are highly anisotropic.

While most materials reduce volume and unit cell dimensions under isotropic pressure,
P, a special class of materials counter intuitively expands one or more unit cell dimensions
in the process of densification. In this unique mechanical effect, linear, L, compressibilities,
—%(%)T, or/and area, A, compressibilities, —%(%)T, become negative.!? Negative linear
compressibility (NLC), a remarkably rare phenomenon, has many potential applications in
high pressure conditions, e.g., development of artificial muscles, highly sensitive pressure
detectors, robust shock absorbing materials, ‘smart’ body armor, optical-telecommunication
devices functional at deep sea atmosphere, and amplification of piezoelectric response for
next generation sensors and actuators. '3

Cairns et al.? classified NLC materials in four distinct categories. In first two categories,
NLC arises due to ferroelastic instabilities and correlated polyhedral rotations, respectively,

which are often invoked in the description of other mechanical anomalies. Other two cat-

egories include materials having topological motifs that show predisposition towards NLC.



For example, third category consists of helical geometric motif which naturally occur in mus-
cles as mechanism of muscular responses is governed by generating and exploiting NLC.*

" and

The NLC phenomenon reported in metals (Se® and Te®), supramolecular polymers,
even in zeolite AIPO, single crystals® belongs to the helical motif category. Finally, forth
category consists of wine-rack and honeycomb geometric motifs where the NLC is driven by
the flexibility of the framework and extreme mechanical anisotropy. It is believed that such
motifs can be considered in terms of flexible hinges and strong and inflexible struts.®?

Only a handful of NLC materials have been discovered so far and many of them are
inorganic. 3 A few organic and/or hybrid organic-inorganic materials show NLC phenom-
ena and mostly belongs to the forth category of classification. For example, Fortes et
al. have demonstrated that small molecule organic systems can adopt both NLC behav-
ior and negative axial thermal expansion in the hydrogen-bonded “lattice fence” arrange-
ment in methanol monohydrate, (NH4)2Cy04.H,0, and 3-methyl-4-nitropyridine N-oxide. 1
The hinging-type lattice distortions under compression leading to NLC have been reported
for metal-organic framework materials [NH,]Zn(HCOO)3,'! [Ag(ethylenediamine)]NOjz,!?
MFM-133(M) (M=Zr,Hf),'3 Cu(4,4-bpy)a(H,0),]-SiF¢'* etc. A similar mechanism of NLC
was revealed in topologically different structures of organometallic complexes [Fe(dipyrido|[3,2-
a:2’3’-c]phenazine)(NCS),].pyridine !® and [(CgF5Au)s(u-1,4-diisocyanobenzene)]. ' Recently,
2D layered material Co(SCN)s(pyrazine)s has also been reported to exhibit NLC with a layer
sliding mechanism. "

In this study we use first-principles density functional theory (DFT) calculations i) to
predict that [NHyNH3|[Co(HCOO);3] can exhibit both positive and negative liner compress-
ibility tunable by the pressure; (ii) to reveal the atomistic origin of the effect; (iii) to predict
mechanical properties of this material.

All the electronic structure calculations are performed using a plane wave based Hubbard

(U) corrected spin-polarized density functional theory (DFT+ U) as implemented in Vienna

Ab-initio Simulation package (VASP).'®19 The electron-ion interactions are described by pro-



12° and the Hubbard U correction is introduced using

jector augmented wave (PAW) potentia
the method proposed by Dudarev et al.,?! in which the U parameter (reflecting the strength
of on-site Coulomb interaction) and J parameter (adjusting the strength of exchange interac-
tion) are combined into a single parameter U.sf = U-J to take care of the Coulomb repulsion
between the localized d-electrons of Co. We use U.sy= 2.0 eV as proposed in previous stud-
ies.???3 Generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
parameterization?? is used for the exchange-correlation functional. The van der Waals inter-
actions are incorporated within the GGA using zero-damping DFT-D3 method of Grimme
et al.?®> We have previously found this computational approach provides good agreement

for lattice parameters with experiment at zero pressure?S.

The most significant findings
are cross-checked using different exchange correlation functional, Hubbard corrected local
density approximation (LDA+ U) in Ceperley-Alder (CA) parameterization,?” and without
dispersion corrections to ensure that findings are independent of the computational approach.
A Monkhorst-Pack?® k-space mesh of 5 x 5 x 3 in reciprocal space is used for the Brillouin
zone integration and plane wave basis cutoff energy of 700 eV was used. The choices of
k-mesh and cutoff energy provided energy convergence within 0.02 meV /atom. Full struc-
tural optimization was carried using conjugate gradient algorithm until the residual forces
on ions were less than 0.002 eV/A while the energy difference between two successive ionic
optimization steps was less than 107° eV per supercell. Single crystal elastic constants are
calculated using finite difference method? as implemented in the VASP package and further
analyzed using EIAM software in order to compute linear compressibilities, Young’s moduli
and Poisson ratios.

Experimentally, [NHyNH3][Co(HCOO);3] has been reported to undergo a structural phase
transition from a nonpolar Pnma structure, with dynamical disorder in NHo,NH3* molecule,
to a polar Pna2; structure below 343 K,3! which was shown to be ferroelectric.?% To obtain
the ground state for this material we subject experimentally reported low temperature struc-

ture3! to full structural relaxation. The ground state has Pna2; space group with structural



parameters reported in Ref?

and G-type anti-ferromagnetic ordering of magnetic moments
1=2.69 pp on each Co** ion.?0 The calculated lattice parameters of 8.6, 7.7, 11.5 A are in
excellent agreement with experimental values of 8.7, 7.7, 11.5 A reported at 100 K.3!

Next, we apply hydrostatic pressure in the range of 0-6 GPa to the ground state and carry
out full structural relaxation in the presence of pressure. Such simulations model application
of hydrostatic pressure at low temperatures and were found to provide good agreement
with experiment for TMCM-MnCl; and TMCM-CdCl3 (TMCM = tri-methyl chloro-methyl
ammonium).3? We found no structural phase transitions in the given pressure range. Figure 1
reports pressure evolution of the supercell volume and lattice parameters. Fitting pressure-
volume dependence to Birch-Murnaghan equation of state yields bulk modulus By =27.9
GPa which is close to bulk moduli of 25.7-31.0 GPa measured for [C(NH,)3]-M-(HCOO);
(M=Cd,Co).333* Figure 1(b) reveals that in the given pressure range the structure expands
along the b-axis, that is the material exhibits NLC. We compute linear compressibilities
along crystallographic axes (K,, K3, K.) using the definition given in the introduction and
reported the values in Table 1. In the same Table we provide values from the literature
for materials in the same family. The comparison reveals (i) good agreement between our
predictions and experimental measurements and (ii) a general trend among the materials:
large anisotropy in compressibility along the three axes. In particular, they all exhibit high,
intermediate, and low values of compressibility, with up to an order of magnitude difference
between the values. The axis associated with the lowest value is likely to be prone to NLC.
It is indeed believed that NLC materials possess high elastic anisotropy.®

Although our predictions for K,, K, and K, are in agreement with experimental findings
from the literature (see Table 1 and Ref. Gao2020) it is important to test whether they are
independent of the computational methodology adopted here. For that purpose we repeated
some of the calculations using LDA exchange correlation functional with U.s¢ of 2.0 eV as
described in the methodology. In agreement with GGA+ U+D3 we found the LDA+ U ground

state to have G-AFM configuration. The LDA+ U underestimated experimental zero pressure
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Figure 1: Dependence of the supercell volume, V| (a) and lattice parameters (b) and (c)
on pressure, P. The solid lines give fit to Birch—-Murnaghan equation of state in (a) and to
linear dependence in (b) and (c).

lattice parameters by up to 4.5%. The bulk modulus computed by fitting volume-pressure
data by the third order Birch-Murnaghan equation of state yielded 31.2 GPa which is 12%
higher compared to our GGA+ U+D3 calculated value but still in line with experimental
values on other formate family member.333* Most importantly, the LDA+ U calculations
also predict NLC along b-axes with the value of K,=-1.9 TPa!, which demonstrates that

our predictions are independent of computational methodology adopted in the present study.

Table 1: Linear compressibility of the lattice parameters (K,, K;, K.), struts
(K,,,) and hinges (Kj,) in TPa™! of [NH,NH;|[Co(HCOO);] compared with experi-
mental values of other materials in the same family.

system Pressure K, K, K K,
range (GPa)

NHyNH;3-Co(HCOO); 0.00-6.00 216 -23 79 92 68 -152
C(NH,)3-Mn(HCOO)3;  0.00-1.123%  26.6 154 0.11 16.2 124 17.7
C(NH,)3-Co(HCOO);  0.00-1.19%%  20.7 12.5 096 11.4 10.1 13.2
C(NHy)3-Zn(HCOO)3  0.00-0.66% 183 3.6 8.4
C(NHy)3-Cu(HCOO)3  0.00-0.66% 28.7 4.0 11.9
NH4-Zn(HCOO); 0.00-1.00* 158 - -1.8

K, Ky

ab




Furthermore, we investigated whether NLC occurs for other types of magnetic ordering (A-,
and C-type antiferromagnetism and ferromagnetism) and found that the effect persists for
all orderings considered.

To elucidate the origin of NLC in this material we turn to the maps of Young’s moduli,
E, given in Fig. 2. The maps demonstrate high anisotropy in mechanical response of the
material with [001] being the hardest direction followed by [110] direction. Figure 3(a)
reveals that these are the directions of CoOg chains and formate ligands, respectively. It
also shows that the structure belongs to the wine-rack type? that is capable of exhibiting
negative compressibility via strut-hinge mechanism.?? In Fig. 3(a) the struts and hinges are
denoted with r,, and O, respectively. In such mechanism the hinge angle increase under
pressure could overtake strut deformation and give origin to NLC as depicted in Fig. 3(e).
The mechanism is believed to be activated when intrinsic rigidity of molecular moieties
overpowers intermolecular hinges.?? To test whether the model can explain our findings we
compute 7., and O as a function of pressure and plot them in Fig. 3(c). Indeed, we find
significant increase in the hinge angle. The strut length decreases under compression. We
used linear fit to the computational data to obtain linear compressibilities for the hinges

and struts, Ky and K, ,, respectively, which are reported in Table 1. The data reveal that

ab?
|Ky| = 1.7K,_, which confirms that the increase in the hinge angle is indeed the origin of
NLC in this material.

To ensure that these findings are the result of molecular blocks rigidity, we computed
their bond lengths and bond angles as a function of pressure. In the formate ligand, we found
almost no change in the C-O bond length or O-C-O bond angles which reflects the rigidity
of the ligand due to strong covalent bonding. In the CoOg unit we find up to 2.5% decrease
in the Co-O bond. We conclude that the individual units are indeed rigid under pressure.
Recall that it is along the directions of these units the structure exhibits strongest mechanical

response (see Fig. 2(a)). The alternative mechanism for pressure accommodation is tilting

of the units. The oxygen octahedra tilts can be quantified by the dihedral angles indicated
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Figure 2: The 2D plots of Young’s moduli (a), and Poisson ratios (b) at zero pressures; and
linear compressibilities at 0 GPa, 2 GPa, and 4 GPa pressures (c). In (b) the blue outer line
and green inner line show the maximum and minimum values, respectively. In (c) green line
show the maximum values and red line shows negative values.

in Fig. 3(b) and (d). Pressure evolution of these angles is given in Fig. 3(d) and reveals

that significant tilts (up to 26%) indeed take place to accommodate pressure. In particular,



the change in the tilt angle O;-Co;-Co2-O5 causes the change in the Co-O-C angle by 7°
which causes r to decrease while © increase at the same time. Thus, our structural analysis
supports the strut-hinge model originating from tilting of relatively rigid structural units
(formates, and oxygen octahedra).

Materials with NLC are also known to exhibit other anomalous properties such as anoma-
lous Poisson ratios. The map of Poisson ratios is given in Fig. 2(b) and reveals extreme
anisotropy in materials response to uniaxial deformation. For example, deformation along
[010] direction yields 0.19 and 0.77 as minimum and maximum values for Poisson ratio, re-
spectively. Similarly, deformation along [100] direction produces largely different minimum

and maximum values of the Poisson ratio.
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Figure 3: (a) Structure of [NHyNH;3][Co(HCOO);] shown in different planes to indicate
angles and distances (a)-(b). Color scheme: Co?**, blue; O, red; C, brown; H, gray. Depen-
dence of strut length and hinge angle (c¢) and diherdal angles (d) on pressure. Schematics of
the negative compressibility due to hinge-strut model (e).

Next we set to find out whether negative compressibility effect exhibits pressure depen-



Table 2: Single crystal elastic constants C;; (in GPa) and linear compressibilities
K (in TPa™!) along crystallographic axes computed at different pressures.

0 GPa 33.8 29.7 153 623 233 576 97 88 168 244 0.4 11.0
2GPa 34.0 33.1 19.7 685 30.7 623 89 11.3 157 265 -2.1 8.6
4 GPa 375 396 23.0 8.1 372 683 99 151 133 256 -3.7 7.8

dence. For that we compute linear compressibility at different pressures using the equation
K, = 2321 Siijj, where Sj;;; are the components of elastic compliance tensor computed at
different pressures, and ¢ and j denote principal axes. Technically, fully relaxed structures at
pressures 0, 2 and 4 GPa are used to compute elastics constants at those pressures which are
reported in Table 2. The constants are then used in EIAM software® to obtain K; reported
in the same Table and plotted in Fig 2(c). Surprisingly, the calculations predict that at
zero pressure the material does not exhibit NLC and that the effect onsets as the pressure
increases. At 2 GPa the material displays NLC of -2.1 TPa~! which further decreases to
-3.7 TPa~! at 4 GPa pressure. Thus, we find that pressure has stabilizing effect on the
NLC that is also evident from Fig 2(c). To look into this change of sign further we replot
the dependence of b lattice parameter on pressure in Fig. 1(c). Indeed we find that below
1 GPa the lattice parameter decreases as a function of pressure providing direct confirmation
of positive linear compressiblity in the limit of low pressures. Above 1 GPa the coefficient
changes sign. Similar behavior has been reported in Zn(HO3PC4HgPO3H)-2H,0 (ZAG-4)
metal-organic framework where both positive (in 0-2 GPa range) and negative (at higher
pressures) linear compressibility is observed along b-crystallographic direction.3¢ Small fluc-
tuations in the c-lattice parameters in Fig. 1 panel (c) are due to the chosen convergence
criteria. A few points in the graph have been recalculated using energy convergence criteria
of 1078 eV and 1077 eV, for two successive electronic self-consistent steps and ionic opti-
mization steps, respectively. The fluctuations went away, while the dependence remained

the same. Interestingly, the zero pressure coefficients are in excellent agreement with ex-

perimental data for C(NHjy)3-X(HCOO); (X = Mn, Co, Zn, Cu) reported in Table 1 which

10



suggests that these materials may also exhibit NLC under higher pressure.

In summary, we used first-principles DFT simulations to predict that hybrid organic in-
organic ferroelectric perovskite, [NHoNH;3][Co(HCOO)s], can exhibit both positive and neg-
ative linear comrpessibility under hydrostatic pressure. In the zero pressure limit all three
compressibility values (K,, K, and K.) are positive. The noteworthy feature is extremely
small value of compressibility along b crystallographic direction. As pressure increases this
value changes its sign into negative and continue to decrease as pressure increases. In other
words, pressure stabilizes NLC in this material. Comparison of our findings with exper-
imental results from the literature for similar materials reveal that they all exhibit large
anisotropy of K,, K, and K, with one of the values being exceptionally small. This observa-
tion suggest that our predictions may be applicable to a a wider range of materials. Detailed
structural investigation confirmed that the NLC in [NHoNH;][Co(HCOO)s] originates from
the tilting of relatively rigid molecular units (CoOg polyhedra and HCOO™! ligands) whose
“hinge” angle in the “wine-rack” geometry increases under pressure. Mechanical properties
are highly anisotropic. We believe that our study advances understanding of this versatile
class of materials and will promote further research in this area.

The work is supported by the National Science Foundation under the grant EPMD-
2029800.
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