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Abstract

Negative longitudinal piezoelectric response is a rare property, which has been found
mostly in inorganic materials. We use first-principles density functional theory sim-
ulations to predict such an unusual response in [NHyNH3]Co(HCOO)3 - a represen-
tative of a large family of hybrid organic-inorganic formate perovskites. A feature
that sets aside [NHaNH3]Co(HCOO)3 from inorganic compounds with negative lon-
gitudinal piezoelectric response is that this rare property coexists with both negative
and positive transverse piezoelectric response, which is highly desirable for tunable
applications. Atomistic analysis reveals that this unusual electromechanical coupling
originates from the high anisotropy of materials response to uniaxial stress. Such defor-
mation produces oxygen octahedral tilts in the framework, whose magnitude depends
strongly on the direction of the applied strain. For hard directions, the tilts make the

dominant contribution to the deformation-induced change in polarization, while for
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softer direction it is the tilts of the NHgNHQ cation that dominate the polarization
response. The latter occur as the complex hydrogen bond network responds to the oc-
tahedra tilts. As high anisotropy of mechanical properties is a common feature across
the formate perovskites we expect our findings to stimulate more discoveries of unusual

electromehcanical couplings in this family.
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Introduction

Piezoelectricity refers to the linear coupling between mechanical stress, X, and electric polar-
ization, P, (the direct piezoelectric effect) or between mechanical strain and applied electric
field (the converse piezoelectric effect). The typical value ranges from 1 pC/N in quartz
to 1000 pC/N for PZT.! Mathematically, in matrix form the relation is P; = d;; X, where
1 and j are cartesian components. The longitudinal coefficient d;; quantifies the change of
polarization in the direction of the applied stress and is of practical significance.? In ferro-
electrics, the longitudinal coefficient is typically referred to the response along the polar axis.
In addition, ds; coefficient is the most accessible from the experimental measurements.?
Inorganic perovskites with ABOj3 formula unit, such as solid solution Pb(Zr,Ti)Og, or
PZT, are among the best piezoelectric materials. Their longitudinal piezoelectric coefficient
is positive, i.e., the polarization increases along the direction of stretch and decreases along
the compressed direction. The typical mechanism is that the expansion along certain di-
rection increases ionic charge separation thus enhancing the polarization, and vice verse.
Negative longitudinal piezoelectricity (NLPE), on the other hand, is quite rare. Experi-
mentally only few materials have been demonstrated to possess NLPE: ferroelectric poly-

mer poly(vinylidene fluoride) and its co-polymers,*5 two-dimensional layered ferroelectric



CulnP,Sg,% some samples of hafnia.” A groundbreaking computational work predicted that
materials of hexagonal ABC family of inorganic ferroelectrics can exhibit NLPE with values
reaching -19 pC/N,® while the data-mining strategy revealed many more compounds with
NLPE among hypothetical and synthesized materials. It was stressed that the sign of the co-
efficient arises from the interplay between the two terms: clamped-ion term, which quantifies
the electronic response to strain, and internal strain contribution, which arises from the ionic
response. In the ABC ferroelectrics with NLPE, the negative clamped-ion term dominates
the total response, whereas the internal-strain contribution (positive for most compounds)
is not large enough to compensate for that.® Moreover, it was predicted that ferroelectrics
with NLPE coefficients show anomalous pressure-enhanced ferroelectricity.® Another first-
principles study predicted negative piezoelectric response in van der Waals layered bismuth
tellurohalides.? It was found that the structure within each triple layer of the materials is
only weakly affected by the external stress, while the changes in the charge distribution
under stress produce a substantial negative piezoelectric response. Therefore, NLPE in
both families of materials®® was predicted to originate from electronic effects. These trends
have been generalized in another first-principles study, which reported anomalous NLPE in
CulnP,Sg attributed to negative clamped-ion term uncompensated by the positive internal-
strain part.!? It was proposed that a negative clamped-ion term should be universal among
piezoelectric materials, which is attributed to the “lag of Wannier center” effect.

NLPE coexisting with exotic electric auxetic effect was predicted in ferroelectric or-
thorhombic Pca2; phase of HfO, from first-principles computations in a recent study.!!
The effect originates from the domination of the negative internal-strain contribution over
the positive clamped-ion contribution. NLPE in hafnia was later confirmed in a combined
computational-experimental study,” although experimentally it was found to be sample de-
pendent. It was also concluded that the internal strain contribution is responsible for the
sign of the longitudinal piezoelectric coefficient. NLPE was recently predicted in interlayer-

sliding ferroelectric Zrl,,*? while NLPE arising from the negative ionic contribution was also



predicted for ferromagnetic 1H-LaBr, monolayer.

Interestingly, majority of the aforementioned predictions and experimental demonstra-
tions involve inorganic compounds. A few exceptions are poly(vinylidene fluoride) and its

45 and an organic supramolecular ferroelectric BTAs (trialkylbenzene-1,3,5-

co-polymers,
tricarboxamides), in which, however, NLPE was attributed to defects.'* One open question
is whether hybrid organic-inorganic materials could exhibit NLPE. Among such materials
hybrid organic-inorganic perovskites could be likely candidates as not only they have al-

15717 and established their potential

ready demonstrated remarkable diversity of properties
for piezoelectric mechanical energy harvesting!® but also were predicted to exhibit enhance-
ment of polarization under pressure,'® which for inorganic materials was found to coexist
with NLPE.® If indeed such unusual property can be found in hybrid organic-inorganic per-
ovskites, would it originate from the mechanisms similar to the ones established for the
inorganic materials or could they exhibit a completely different one? Could the piezoelec-
tric response in such hybrid materials present other exotic trends? The goal of our study
is to provide an atomistic first-principles insight into the answers to these questions using
[INH2NH3]Co(HCOO); as one representative from a large family of formate perovskites. In
particular, we aim (i) to predict NLPE in this material; (ii) to report the rare coexistence
of positive and negative transverse piezoelectricity in the same material; (iii) to reveal the

atomistic origin of such unusual electro-mechanical response; and (iv) to predict pressure

enhanced piezoelectricity in this material.

Methodology

All the electronic structure calculations are performed using a plane wave based spin-
polarized density functional theory (DFT) as implemented in Vienna Ab-intio Simulation
package (VASP).202! The electron-ion interactions are described by projector augmented

wave (PAW) potential?® which includes the valence states of Co (3d® 4s'), O (2s* 2p%),



N (2s? 2p?) , C (2s* 2p* ) and H (1s'). The generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE) parameterization? is used for the exchange-correlation
part. The Hubbard U correction for Co-d states are introduced using the method proposed
by Dudarev et al.?* The value we employed were U.;;= 2.0 eV as proposed in previous
studies.?>?6 The van der Waals interactions are incorporated within the GGA using zero-
damping DFT-D3 method of Grimme et al.?” The choice of GGA+U+D3 has previously
been shown to provide close agreement with experimental structural parameters for the case
of [NH,;NH;3]Co(HCOO)3.2%3% A Monkhorst-Pack?! k-space mesh of 5 x 5 x 3 in recipro-
cal space is used for the Brillouin zone integration. The plane wave cutoff energy of 700
eV for basis set was used throughout the simulation. The cohesive energies are optimized
with respect to volume (or lattice parameter) and atomic positions using conjugate gradi-
ent algorithm until the residual forces and stress were less than 0.001 eV/A and 0.1 GPa,
respectively. The crystal polarization is evaluated by the Berry phase method developed
by King-Smith and Vanderbilt.3? Piezoelectric stress constants are calculated using density-

functional perturbation theory (DFPT)33 as implemented in the VASP package.

Results and Discussions

Experimentally [NHsNH;3]Co(HCOO)3 undergoes structural phase transition from nonpolar
Pnma to polar Pna2; phase around 343 K.3* The high temperature high symmetry phase
is associated with the dynamical disorder of the cation. Here we focus on low temperature
Pna2; phase and apply strain along either a, b or ¢ crystallographic direction. Relaxations of
lattice parameters are performed along the other two crystallographic directions and atomic
positions are relaxed in all three directions. Such relaxation results in uniaxial stress along
the constrained direction, while other components of the stress tensor o; are null. This
corresponds to condition of uniaxial stress. We investigated a range of applied strain from

-0.08 to 0.08 in steps of 0.02. The associated stress is taken as negative of the internal stress



value outputted by VASP. For each investigated value of strain we initialized simulations
with DFT+U-+D3 optimized ground state structure3®3® and then carried out structural re-
laxation in either G-type antiferromagnetic (AFM) or ferromagnetic (FM) configuration.
We also carried out additional calculations where the applied strain was sequentially de-
creased /increased in steps 0.02 from the zero value with each new simulation initialized by

the output of the previous one. Both initialization strategies resulted in very similar relaxed

structure.
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Figure 1: Relative energy as a function of uniaxial stress o; ((a)-(c)) for different magnetic
configurations.

Figure 1 reports the energy dependence on stress computed at zero Kelvin for both
AFM and FM configurations. We find that for all stresses in the given range the two
magnetic configurations are very close in energy with AFM being just slightly lower. AFM
configuration is therefore assigned as the magnetic ordering of the ground state.

Figure 2 presents the stress evolution of the volume and lattice parameters. In all cases we
find that compression along one direction results in expansion along the other two and vice-
versa for tension, as expected for a material with positive Poisson ratio.?® The evolution
of the lattice parameters with stress is smooth and suggests no stress induced structural
phase transition at low temperatures. The structure remains in Pna2; space group. In all
cases the volume of the structure decreases (increases) in response to compression (tension)

in agreement with previous findings.?® We find strong anisotropy in V(o;) dependencies.



Namely, for the oy stress the volume changes very little as compared with o1 and 3. Note
that oy is associated with [010] direction, which was previously found to exhibit negative
linear compressibility under isotropic pressure.?®2 The stress-strain dependencies are linear
in all cases and given in Figure S1 (a) of Supporting Information. Furthermore, there exists
anisotropy in the transverse deformations for the case of o; and o, stresses. For the case
of o3, however, the transverse deformations are comparable. This is consistent with high
anisotropy of Poisson ratio for deformations along [100] and [010] axes, predicted in Ref.?®
The evolution of Poisson ratios with strain along with its comparison with the zero strain

values is presented in Figure S3 of Supporting Information.
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Figure 2: Dependence of relative change in volume (a) and change in lattice parameters
(b)-(d) on uniaxial stress o;. Solid and empty points represent AFM and FM configurations,
however, they mostly overlap.

Next we compute polarization for each stressed structure and report it in Figure 3 (a)-(c).
Note, that we have previously verified the value of spontaneous polarization by constructing
polarization reversal path?®® so the values reported here do not suffer from the uncertainty due
to polarization quantum. As consistent with the space group Pna2; polarization is along [001]

direction and is 2.56 ©C/cm? in magnitude. Figure 3 (c) predicts that P(c3) exhibits negative
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slope, that is NLPE, which is, to the best of our knowledge, has not been reported for hybrid
organic-inorganic perovskites. Figure 3 (b) predicts positive transverse piezoelectricity for
09, which is consistent with the NLPE. This could be further understood by inspection of the
dependence of the polarization on the c-lattice parameter, which is displayed on top x-axis
in Figure 3. Indeed, in both cases of 0y and o3 stresses, the dependence of P(c) exhibits
negative slope [compare Figure 3 (b) and (c)]. Interestingly, the situation is different for
the other transverse response, shown in Figure 3(a), where we find that the slope P(c) is
positive resulting in negative transverse piezoelectricity when stressed along [100] axis. Thus,
our calculations predict that in [NHoNH;3]Co(HCOO)3 both positive and negative transverse
piezoelectricity coexists. We are not aware of other material that exhibit such an unusual
property.

To estimate the effective piezoelectric response in the entire strain/stress range inves-
tigated we compute the slopes of the linear fits for P(o;) dependencies. The slopes are
OP/0oy =-3.18, OP/0oy =3.0, and 0P/do3 =-2.12 pC/N and comparable to piezoelectric
response of inorganic materials.®

Another important aspect of electromechanical response is the response of polarization
to uniaxial strain. To find out if such response also exhibits the aforementioned unusual
features we repeated simulations but now without allowing lattice to relax in the directions
perpendicular to the applied strain. We obtained the dependencies P(n;) similar to the
ones reported in Figure 3(a)-(c) and provide them in Supporting Information (Figure S2)
along with associated stress-strain dependencies (Figure S1 (b)). These allow us to conclude
that the unusual features of the polarization response identified for uniaxial stress conditions
persists under the condition of uniaxial strain also. The slopes 0P/0n; under condition of
uniaxial strain estimate “effective” piezoelectric stress coefficients es;. They are P/0n, =
-4.35, OP/dny = 7.37, OP/0n3 =-8.92 nC/cm? and listed in Table 1.

To compare this effective response with the usual zero strain piezolectric stress coefficients

we computed the latter using DFPT and report the values in Table 1. Note, that DFPT is
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Figure 3: Dependence of polarization on uniaxial stress oy (a), o2 (b), and o3 (c) for different
magnetic configurations. Top x-axis on the graphs give c-lattice parameter. Solid lines are
the linear fit of the data. Black open (closed) symbols give contributions from the framework
(molecules) only. Dependence of the supercell dipole moment on uniaxial stress o7 (d), o9
(e), and o3 (f) for different magnetic configurations.



presently not implemented with D3 corrections so the corrections have been omitted in this
calculation. It was mentioned previously that vdW-corrected functionals are best suited for
structure optimization but not for calculating the electronic structure and phonons.3” Just
for comparison purposes we have also added the piezoelectric coefficients values computed
for the ground state obtained using GGA+U only, that is without D3 corrections. The values
are also listed in Table 1. The comparison of the data reveal that they all agree in the sign
of both longitudinal and transverse piezoelectric response. Note, that the values are not
expected to compare quantitatively, as DFTP constants are zero strain derivatives, while
our effective response gives the slope in a wide range of strains. The advantage of DFPT
calculations is that they allow to decompose the response into clamped-ion and relaxed-ion
part. In agreement with Ref® we find that the clamped-ion response is negative for ess.
Interestingly, the relaxed-ion contribution to the same coefficient is also negative in contrast

to the case of hexagonal ABC compounds.®

Table 1: Components of piezoelectric stress tensor e” (uC/cm?) calculated using DFTP
(top two panels of the Table) and the slopes 2 _n and 22 computed from the P(n;) or P(o;)
dependencies reported in Figure 3 and in Figure S2 of Supportlng Information.

€15 €24 €31 €32 €33
GGA+U+D3 computed ground state
clamped-ion 296 066 3.71 1.28 -3.56
relaxed-ion -10.75 544 -3.81 3.14 -1.60
total -7.79  6.10 -0.10 4.42 -5.16
GGA+U computed ground state
clamped-ion 2.63 025 353 095 -3.72
relaxed-ion -8.75 830 -6.18 3.69 -3.71
total -6.12 855 -2.65 4.64 -7.43
Uniaxial Stress (pC/N)
Volume change contribution %%bizo - - -0.64 -0.06 -0.31
Dipole moment change contribution Vaao |loi=0 - - =250 3.07 -1.94
o - - =318 3.00 -2.24
Uniaxial Strain (uC/cm?)
Volume change contribution —1"}—2 —F - - =259 -2.53 -2.49
Dipole moment change contribution VLW -0 - - -1.81 985 -6.50
opP - - 435 737 -8.92

O
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To investigate further into the origin of such unusual response we turn to the role of
volume change in stressed supercell. As hybrid perovskites are structurally soft, they may
exhibit relatively large changes in volume when mechanically stressed. Because the polar-
ization is defined as the dipole moment, p, per unit volume, P = p/V, the large volume
variations will have a strong imprint in the polarization, and consequently, piezoelectric
coefficients. Indeed, in Ref.'? it was found that the change of polarization under pressure
is mostly due to change in the volume, while the dipole moment remains almost constant.
Figure 3(d)-(f) shows dependence of the dipole moment on uniaxial stress, which is quali-
tatively similar to the polarization dependence on the strain, suggesting that the slopes of
P(0;) originate from the stress evolution of the dipole moment.

To quantify the effect of volume change we follow Ref.? and decompose both es; and

ds; into two terms, one originating from the change in volume, while the other from the

change in the dipole moment. The expressions are e3; = —Fy + Viog—i m=o0 and dz; =
1

Py oV 1 0
__to |0i:0+__p

Ve 9or o Be ls;—0 Where Py and V; are the spontaneous polarization and the supercell

volume, respectively, at zero strain/stress. The first term in both expressions provides nega-

tive contribution as the decrease/increase of volume condenses/dilutes polarization. Linear

fit of p(n;) under uniaxial strain gives Vlog—g ni—0= -1.81, 9.85, and -6.50 uC/cm? for ny, ng,

and 73, respectively, which are also summarized in Table 1. These values either dominate
over or are comparable to the spontaneous polarization contribution of -2.56 uC/cm? so
we conclude that the NLPE as well as the unusual transverse responses do not originate
primarily from the volume evolution under uniaxial strain. It is the change in the dipole
moment under strain that make the dominating contribution into the piezoelectric response
in case of 7o and 73 uniaxial strains (see Table 1). For the case of uniaxial stress the slopes
are listed in Table 1 and demonstrate that volume change makes insignificant contribution
to the piezoelectric strain response, which is dominated by the change in the dipole moment.

To further investigate into the origin of NLPE we decompose the polarization evolu-

tion under uniaxial stress into contributions from the Co(HCOO); framework and from the

11
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Figure 4: Crystal structure of [NHyNH;3]Co(HCOO)s in different planes showing different di-
hedral angles, 0;, formed by Co;-O1-O3-Cos (a)-(c). The stress evolution of different dihedral
angles change Ad; with respect to zero stress values (d)-(f). The change in the tilting angle
of [NHyNH;] molecule, Af, with respect to the zero stress value as a function of uniaxial
stress (g). Variation of N-H-O H-bond lengths as a function of uniaxial stress (h)-(j).

[NH2NHj3] molecule. Technically, we first keep the framework at its zero strain configurations
while allowing the [NHyNH3| molecule to evolve along the same trajectory as in the origi-
nal calculations reported in Figure 3. This allows to trace the contribution of the molecule

reorientation to the polarization. Next we keep the molecules at their zero strain configura-

12



tion, while allowing the framework to evolve as in the original calculations. This quantifies
the contribution of the framework to the polarization evolution. Firstly, we notice that the
framework makes very small contribution to the polarization evolution in case of o and o5
stresses. The situation is reversed, however, for the case of o3, where the framework contri-
bution dominates the polarization evolution under stress. This can be explained by the fact
the the [001] direction is the direction of HCOO™ ligand and one of the hardest directions
of the material ([110] is the other one).??9 Tt was previously found that along this direction
pressure is accommodated through CoOg octaherda tilts.?®? Consequently, such tilts bring
about significant change in the framework contribution to the polarization. In fact, it is the
contribution from the framework that is responsible for the NLPE in this material. For the
o1 and oy stresses it is the molecular contributions, which are responsible for the sign of
the piezoelectric response. The slopes for the molecular responses in these two cases have
different signs, which explains the difference in the sign of the transverse piezoelectric coeffi-
cients. In Figure 3 we report data for both FM and AFM magnetic configurations, however,
no significant differences in the values are found.

To further understand these trends we turn to the structural response of stressed super-
cells. Figure 4 gives CoOg octahedral and [NHyNH3] molecular tilts with respect to their
zero stress configurations. We quantify the CoOg octahedra tilts by the change in the Co;-
0;-02-Cosq polyhedral angles with respect to zero stress value [Figure 4(d)-(f)]. The angles
are shown schematically in Figure 4(a)-(c). The data reveal that the CoOg octahedra tilts
are largest in case of o3 uniaxial stress and significantly smaller in other two cases. This is
consistent with our observation in Figure 3(c) that framework contribution dominates the
polarization evolution when stressed in ¢ direction. Figure 4(g) reveals that the slope of
the molecular tilts is correlated with the the slope of the molecular contribution into P(o;)
dependencies (see Figure 3), which suggests that the latter originates from the molecular
tilts. Furthermore, the largest molecular tilts are found for o, stress followed by o; and

os ones, which correlates well with the strength of the molecular contribution to P(o;). To
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trace the origin of the molecular tilts we turn to the stress evolution of N-H-O H-bonding
network shown in Figure 4(h)-(j) as this network is primarily responsible for the molecular
orientation. Indeed, we find the largest distortion of the H-bond network for the case of
09 stress. This suggests that the distortion of the framework sets the molecular tilts into a

motion through the H-bond network.
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Figure 5: Dependence of polarization on hydrostatic pressure for FM and AFM configura-
tions.

In Ref.® it was noted that in inorganic hexagonal materials NLPE coexists with anoma-
lous pressure-enhanced ferroelectricity. To find out whether [NHyNH;3]Co(HCOO)3 can also
exhibit such coexistence we computed polarization response to hydrostatic pressure and re-
port it in Figure 5. Indeed, we find the enhancement of the polarization in the 0 to 2 GPa
pressure range. Outside of this range polarization decreases as a function of hyrdostatic
pressure. Our findings reveal that NLPE coexists with pressure-enhanced ferroelectricity in

hybrid organic-inorganic perovskite.
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Conclusions

In summary, we have used first-principles DF'T computations to predict the unusual NLPE in
hybrid organic-inorganic formate perovskites [NHoNH;3]Co(HCOO)s. Strikingly, this NLPE
coexists with both positive and negative transverse piezoelectric response, which is highly
desirable but so far elusive materials property. The origin of such exotic behavior is traced
to highly anisotropic response of the octaherda framework to the mechanical deformations.
Deformation along hard axes results in the oxygen octahedra tilts which make dominant
contribution to the polarization evolution under strain. Deformations along soft axes, on
the other hand, yield smaller distortions in the framework, which however are capable of
tilting [NHoNH3] molecules through the network of hyrdogen bonds. Such molecular tilts
are responsible for the change in polarization in this case and could either enhance or suppress
the polarization depending on their sense of rotation. The atomistic insight into the unique
electromechanical response of the large family of perovskite formates does not only advance
their fundamental understanding but could enable innovative design strategies for property

optimization.
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