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Funding information in the crystal lattice, this may afford formation of a number
of stable stoichiometric phases without inversion symmetry.
In the present work, we demonstrated that semiconducting
yttrium and lantanium oxyhydrides with the composition
Ln,H,O (Ln=Y, La) have an attractive potential for the de-
sign of novel lead-free ferro- and piezoelectric systems. By
means of advanced DFT-based computational simulations
we predicted that several polar monoclinic and orthorhom-
bic phases of Ln,H,O may exhibit exceptional ferro- and
piezoelectric properties as well as electromechanical cou-
pling characteristics that are especially suitable for the piezo-
electric devices working in a shear mode. Structure-dependent
theoretical evaluations of the relevant physical responses
demonstrated estimates of ferro- and piezoelectric charac-
teristics that are comparable with the specifications of ad-
vanced ferroelectric solid solutions. Thus, our prediction of
lead-free piezoelectric systems forms a solid and technolog-
ically reliable basis for the future development of effective
and non-hazardous materials.
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1 | INTRODUCTION

Ferro- and piezoelectric systems relating to the commercially successful group of functional materials are widely used in
numerous technological and scientific applications. The higher level of environmental and medical standards demands
the design and development of modern materials with a composition that contains no chemical agents capable of
causing any harm to plants, living objects, or natural resources. In this context, the potential of lead-free mixed-anion
compounds which exhibit relevant structural/chemical modifications might be attractive for the development of various
advanced applications in condensed matter physics, solid-state chemistry, mechano-, piezo- and optoelectronics, and
nonlinear optics. If the anionic subsystem is formed by the interplay of hydrogen and oxygen ions, these materials belong
to a class of mixed-anion systems called oxyhydrides [1, 2, 3, 4]. Research work on how oxygen and hydrogen anions are
sharing the common chemical space in a hydride lattice has been started in the 1990s, when for the first time the bulk
titanium and zirconium oxyhydrides Ti/ZerOy of the different compositions were synthesized and investigated[5, 6].
The central issue of how oxygen as an oxidant triggers a number of functional transformations in transition-metal

hydrides became a center of attention of several investigations (a short review can be found in [7]).

Bulk yttrium and lanthanum oxyhydrides are the main object of the present work. The successful synthesis of
stable phases of the Y-H-0O systems [8, 9, 10] as well as of several rare-earth oxyhydrides [11] raised a principal issue
concerning the key factors that govern the formation routes and give rise to structural features of these materials. So
far, most of previous studies were limited to experimental research on the synthesis methods and characterizations,
and therefore, leaved unexplored the detail description of anionic configurations. To understand the chemistry of
partial oxydation processes at the microscopic level, to predict the possible crystallization pathways in terms of the
O/H ratio, and to characterize the effect of varying oxygen content on the phase stability and structural properties
we performed theoretical work on compositional and structural modeling of the yttrium-hydrogen system mixed with
oxygen [12, 13, 14]. Comparison of structural modifications of yttrium oxyhydrides showed that a greater affinity of
elemental yttrium for oxygen provides chemical diversity of the predicted phases via the flexible linkage of hydrogen
and oxygen anionic sublattices, while the cation sublattice composed solely of Y3* ions forms the rigid crystalline
framework. Modeling the amount of the incorporated oxygen, we developed the ternary phase diagram of yttrium
oxyhydrides for a wide range of the O/H stoichiometry. In the context of material design, we revealed and explained the
ability of metal-hydrogen-oxygen system to straightforwardly crystallize in a ground state whose nature depends on
the oxygen content. Also, within the compositional contour, we described the stability limits which involved a number of
various composition-dependent crystalline architectures. The key result we obtained in our studies is that the most
of condensed phases of different stoichiometries presented in the phase diagram can be mainly grouped into two
homologous series, Y, . aH Opand Y, o0 sH O, We showed that the attractive point of these materials is a
set of composition-structure-property relationships which may be encoded in structural transformations: that is, the
flexibility of layered anion configurations ensures the possibility of several options for stabilization of an oxyhydride
architecture. In view of the experimental situation, this implies that material functions may be governed by structural
relationships in the system. Important aspect here is that the dynamic stability of a lattice geometry is kept by the
proper distribution of anions within the rigid metal (cation) sublattice. The induced difference of local charge density
patterns may cause cationic and anionic displacements that can break inversion symmetry of the crystal lattice.
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type family was already considered in our previous work [13]. It is worth noting that especially important in the context

The possibility of crystal structures with polar phases for the second n = 1, m = 4 member of the Y(2n+m)
of loss of a symmetry center is a perfect stoichiometry because owing to soft chemistry of anion exchanges the lattice
stability of the bulk oxyhydride system is governed by macroscopic charge redistribution which strongly depends on how

the oxygen and hydrogen subsystems share valence charge density. This provides the structural/topological variability



of the bulk versions of the 2:4:1 stoichiometry which due to the emergence of polar distortions in the crystal lattice
may give rise to a wide functionality of dielectric behaviour in response to external mechanical stress or electric field.
Thus, the main purpose of the present theoretical work is (i) to systematically investigate the piezo- and ferroelectric
properties of Ln,H,O (Ln =Y, La) crystalline systems, (i) to understand how the interplay of anionic degrees of freedom
may control functionality of the material via its structural non-centrosymmetricity, and (iii) to propose a new generation

of stable polar phases of lead-free oxyhydride compounds with enhanced dielectric properties.

2 | RESULTS AND DISCUSSION

2.1 | LayeredoxyhydrideslLn,H,O(Ln=Y,La)

In Ref. [13], we determined the composition range and limits of the general stability for solid phases in which the Y-H-O
system may be condensed. As a key result, we suggested the composition-structure phase diagram which embraced
anumber of energetically and structurally stable phases and compounds. Based on our previous study, we chose the
ternary composition with stoichiometric oxygen content O/H = 1/4 because it may crystallize to lattice geometries
described by non-centrosymmetric space groups. To test the isostructural tendency with respect to La cation and to
examine the substitution effect we performed DFT-based simulations of lanthanum based oxyhydrides by considering

the full Y-site isomorphous substitution in non-centrosymmetric modifications of the bulk Y,H,O. The optimized
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FIGURE 1 Comparison of energetics (per atom) of different crystalline phases of Table 1. Zero point corresponds
to the most stable structure.

geometries along with the validation of relative thermodynamic stability are presented in Table 1 in terms of comparison
of equilibrium lattice parameters and energetics for isostructural yttrium and lanthanum based oxyhydrides. We also
added new phases to this table. Note that no imaginary frequencies that might emerge in the I point have been found in
all the systems. In addition, we represented graphically benchmark evaluations of energetics in Figure 1. Each point

here is specified by its distance from the reference point which corresponds to the most stable structure.

As seen from Table 1, the Pmm2 polar phase is the most energetically favorable among all the modifications of
yttrium oxyhydrides we predicted for the Y,H,O composition; all of them, in addition to structural stability, demonstrate
thermodynamic one with respect to decomposition scenarios. However, the combination with La cation in the given
phase indicates small thermodynamic instability with respect to the possible decomposition into more simple oxyhydride
LaHO and binary oxide La,O,. More details on crystallographic data and structural stability are provided in Tables
S1-S11 and S12 of Supporting Information (Sl). Discussion on crystallographic properties of the crystalline phases
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TABLE 1 Comparison of equilibrium parameters of crystal structure and energetics for Ln,H,O (Ln =Y, La)
compounds. Structural data for the Pm, Pmn2; and R3m lattice geometries of Y,H,0 (marked with asterisk) were
calculated in Ref. [13]. The energetics is represented in terms of three different decomposition schemes (AH, AE7, and
AE,). The last column reflects relative differences of the Madelung contribution (AW),) into the lattice energy.

Chem. Space Phase Z Lattice constants (A) V  Density AH AE; AE, AWy,

formula symm. type (fu) a b c (A3)  (g/em3) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

Y2H4O* Pm mono- 1 3.677 3.724 5409 74.00 4.44 -847.4 -589 -259 +36
(6) clinic B=92.35°

La,H,O 3.934 4.021 5.821 92.06 5.37 -799.2 +5.2 +21.9 +33

B=91.22°

Y,H,O Pm mono- 2 6.439 3.669 6.599 148.02 4.44 -8729 844 -51.3 +7
(6) clinic B=108.30°

Y,H,O Pmm2 ortho- 2 3.628 7.648 5.396 149.72 4.39 -875.6 -87.1 -54.1 0
(25) rhombic

La,H,O 3.958 8.067 5.831 186.18 5.31 -816.3 -11.8 +4.8 +11

Y,H,O Pmc2 ortho- 2 3.726 3.674 10.808 14795 4.44 -847.3 -58.8 -25.7 +36
(26) rhombic

La,H,O 4.022 3.936 11.637 184.22 5.37 -802.2 +2.3 +18.9 +33

Y2H4O* Pmn2, ortho- 2 3.606 6.453 6.519 151.69 4.33 -841.2 -52.7 -19.7 +16
(312) rhombic

La,H,O 3.923 6.949 6.905 188.24 5.25 -781.1 +23.3 +40.0 +24

Y2H4O* R3m  tri- 3 3.676 3.676 18.542 21699 4.54 -870.1 -81.7 —-48.6 +2
(160) gonal

La,H,O 3.983 3.983 19.778 271.68 5.46 -819.8 -154 +1.2 0

The quantity AH denotes the enthalpy difference which corresponds to the energetics of decomposition reaction
into Ln, %Hz, and %02. The quantities AE; and AE; indicate the calculated formation energy which corresponds
to the energetics of reaction on decomposition into (i) most stable oxide (Ln,0,) and trihydride (LnH,), or (ii) the
half-and-half mixture of LnHO and LnH, respectively. The estimates of the Madelung contribution AW, -6528 and
—6045 kJ/mol, have been taken as the reference points for the Pmm2 structure of Y,H,0 and the R3m structure of

La,H,O, respectively.

of Ln,H,O (Ln =Y, La) can be found in Section 4. Here, we note several distinctive structural features. In Figure 2a
we depict the triangular layered structure described by R3m space group. The lattice geometry is that of the llla
polytypic form of Znin, S, system [15, 16]. The structure may be referred to a trigonally distorted close-packed atomic
arrangement in which all the O atoms and half of the Ln atoms occupy tetrahedral holes, while the other half of Ln
atoms prefer octahedral holes. In the crystal class mm2 we identified three different orthorhombically-distorted

lattice geometries with symmetry isomorphic to polar point group C,, (Table 1). The most important factor of their



(d) Pmm?2 orthorhombic structure

. (f) Pm (Z = 2) monoclinic structure
(e) Pm(Z = 1) monoclinic structure

FIGURE 2 Aperspective view of the layered topology of ternary Ln,H,O (Ln =Y, La) oxyhydride systems (Table 1)
in terms of the polyhedral representations. Ln, O and H atoms are drawn in dark green, red and pink, respectively.

architecture is layered topology of the crystal lattice. The structures are characterized by the asymmetric coupling of
atomic displacements which in turn forms three-dimensional non-centrosymmetric patterns with a sublattice polar
ordering. The latter gives rise to such macroscopic effects as spontaneous electric polarization and piezoelectricity.
The equilibrium structures of these orthorhombic systems are illustrated in Figure 2. In particular, Figure 2b shows
the Pmn2; polar structure composed of double layers of anion-centred corner-sharing OLn, tetrahedra along with a
condensed set of LnH, polyhedra. The ordering is realized via alternation of the layers along the b axis. The Pmc2;

structure indicated in Figure 2c represents the other modification of layered geometry: the layers being stacked along
the c axis are separated by condensed tetrahedral-type LnH;O units joined with infinite hydrogen chains. By sharing
common corner hydrogen atom the LnH;O units are linked into infinite isolated chains extended along the a axis.
The third possibility for crystallization of Ln,H,O is given by the polar orthorhombic system with the space group
Pmm?2 (Figure 2d). This modification represents a framework of edge-sharing polyhedra which is formed by the layers
composed of negatively charged 2(LnH20) “Lland positively charged 2(LnH2)+1 polyhedral combinations. The effect
of monoclinic distortion of an orthogonal Ln,H,O system lowers the lattice symmetry towards space group Pm. In
Figures 2e and 2f we compare both monoclinic phases with Z = 1 and Z = 2, respectively. Importantly, these structures
differ not only by the number of formula units per the unit cell, but also by the change of the architecture of Y-O and
Y-H linkages in passing to Z = 2. That is, a certain loss of simplicity associated with the characteristic alternation of the
yttrium-oxygen and yttrium-hydrogen slices changes the simple monoclinic structure with Z = 1 to more complicated
form of the layered architecture which stacks additional atomic planes but retains a common topology of the crystal
ordering with the Pm symmetry.

Description of elastic and aggregate properties evaluated by means of the elasticity theory (bulk, Young'’s and
shear moduli, Poisson’s ratio) as well as estimates of Griinaisen parameter, Debay’s temperature, and Vickers hardness
are summarized in Table 2. A result of the full cation substitution Y—Lain the Y,H,O composition shows that phases
of lanthanum oxyhydride are softer and have lower hardness (Hy) than their unsubstituted counterparts. The other

important observation from Table 1 is that thermodynamic stability of La,H,O crystallization is much reduced as



TABLE 2 Macroscopic elastic and aggregate properties evaluated
for Ln,H,O crystal phases.

Chem. Structure B E G G/B v Yy ©p Hy

Y,H,O Pm(Z=2) 89.2 1539 63.5 0.71 0.21 1.88 567 12.2/11.8
Pmm?2 93.5 137.4 548 0.59 0.25 2.60 530 8.1/8.5
Pmc2; 79.6 130.8 53.3 0.67 0.23 2.08 520 9.8/9.8

Y2H4O") Pm(Z=1) 787 1273 51.7 0.66 0.23 2.15 513 9.3/9.3
Pmn2, 91.1 136.1 544 0.60 0.25 2.52 529 8.3/8.7
R3m 96.1 151.7 61.3 0.64 0.24 2.26 557 10.1/10.2

La,H,O Pm(Z=1) 72.0 101.7 40.2 0.56 0.26 2.81 384 5.8/6.5

Pmm?2 76.3 113.9 455 0.60 0.25 2.52 408 7.2/7.6
Pmc2; 71.5 102.5 40.6 0.57 0.26 2.74 385 6.0/6.7
Pmn2, 629 93.7 374 059 0.25 2.54 371 6.1/6.6
R3m 82.6 114.1 449 0.54 0.27 294 405 6.1/6.8

Bulk (B), Young'’s (E), shear (G) moduli, and Vickers hardness (Hy) are given in
GPa, Debye temperature (©p) - in K; v and y denote the estimates of Poisson’s
ratio and Grlinaisen parameter, respectively.

a) For comparison we quoted the characteristics obtained in [13].

compared to Y,H,O. This implies that partial combination of Y and La site occupations may provide the ground state
that becomes energetically less favourable with respect to possible chemical decomposition. Moreover, one can expect
that the most structures of the bulk La,H, O (with the only exception of R3m phase) may be available as metastable
crystalline phases.

2.2 | Ferroelectric order in polar phases of Ln,H,O

To evaluate ferroelectric properties we performed accurate calculations of nonzero components of macroscopic
dielectric tensor and macroscopic electric polarization. Table 3 summarizes possible polar orderings in terms of the
trigonal, orthorhombic, and monoclinic symmetries along with the indication of relevant prototype phases relating to
a reference high-symmetry structure. For these prototypes (given below in Table 7 of Section 4) we prescribed the
corresponding distortion mode (the primary symmetry mode accompanied the structural transformation) along which
the high-symmetry structure is distorted in order to stabilize the crystal lattice in the ferroelectric (or pyroelectric)
phase. The details of calculations are listed in Table S13 of SI. In particular, on can see that in the case of strong
ferroelectric the ionic and electronic contributions to the electric polarization P; have equal signs, and the electronic
contribution substantially outweighs the ionic one.

Comparison with the data gathered in Ref. [20] indicates that the most of polar phases of Table 3 exhibit a sponta-
neous polarization that falls into the the range typical for generic ferroelectric materials. Moreover, factors of acentric

configuration belonging to both monoclinic modifications are almost ideal for establishing the long-range ferroelectric



TABLE 3 Dielectric characteristics evaluated for polar phases of Ln,H,O. In the
last column, the nature of the ground state is specified either as ferroelectric (F) or as
pyroelectric (P).

Phase Comp. Eg(eV) e P, (uC/ecm?) Reversible Prototype Distortion

c a Y/N phase mode F/P

Pm Y,H,0 1.8 252 37 818 Y P-4m2 r F
(z=1) La,H,0 22 292 33 32 Y F
Pm Y,H,O 24 198 54 752 Y P2i/m r;? F
Pmm2 Y,H,O 28 251 41 - Y Cme2y Y,eq®  F
La,H,0 26 290 37 - Y F

Pmc2;  Y,H,O 1.8 267 74 - Y Amm?2 Yy F
La,H,O 21 246 66 - Y F

Pmn2; Y,H,O 2.8 15.8 73.0 - Y Pmmn Ty F
La,H,0 27 176 40 - Y F

R3m  Y,H,O 19 289 168 - N R-3m ry? P
La,H,0 24 255 141 - N P

The dielectric gap £, was modeled in [17] by using HSEQ6 hybrid functional scheme [18, 19].
Relative dielectric constant e represents the direct average over crystal axes. Components of
the electric polarization P, are given for the polar directions c and a.

) The change to polar structure is associated with a reconstructive phase transformation.

b The transitional path proceeds via the intermediate phase Pca2; as follows: Cmc2;—Pca2;

with index 2 and Pca2;—Pmm?2 with index 4.

order. In particular, in-plane components of the macroscopic polarization reach values that are very close to those
exhibiting such canonical systems as PbTiO4, BaTiO4 and LiINbO,. The other fascinating record of Table 3 are the cases
of the P2;/mto Pm and R-3m to R3m symmetry-breaking distortions that proceed in the scheme of reconstructive
transition but do not change the crystal system. Obviously, the reason why both configurations undergoes the further
symmetry-lowering is that atoms accommodated on the mirror plains remain stereochemically active in nonpolar phase.
Note also that although the symmetry of the R3m trigonal structure permits the ferroelectric ordering, the numerical
estimates which indicated the amplitude of the polarization vector at zero temperature about 16.8 4 C/cm? showed that
no reversible crystal polarization occurs along the admissible direction - polar c-axis. Therefore, one should consider
the R3m phase as having pyroelectric nature.

2.3 | Piezoelectric properties and structural features

By simulating the electric responses to deformation we evaluated the strain-induced piezopotential and analyzed
the bulk piezoelectric activity of Ln,H,O. The main piezoelectric characteristics we obtained in our calculations are
summarized in Table 4 for all the predicted polar phases. One can emphasize that regardless of the fact that oxyhydride
compounds in the condensed form are considerably dense (Table 2), the interplay of electric and elastic responses
in polar anisotropic medium may be greatly effective to the piezoelectric sensitivity. The key result which follows

from the comparison with data of Table S14 of Sl is that the most of the bulk oxyhydride structures exhibit enhanced



TABLE 4 Summary of piezoelectric and elastic responses presented in terms of piezoelectric stress
ejj and strain d;; tensors along with elastic constants C;;.

Struct.

Pm(Z

Pmm?2

Pmc2,

Pmn2,

Pmm?2

Pmc2,

Pmn2,

R3m

Comp.
Y,H,O
La,H,O
Y,H,0

Y,H,0
La,H,0
Y,H,0

Y,H,0
La,H,O
Y,H,0

Y,H,0
La,H,0
Y,H,0
La,H,0
Y,H,0
La,H,0

Y,H,0
La,H,0
Y,H,0
La,H,0
Y,H,0
La,H,0

Y,H,0
La,H,0

Y,H,0
La,H,O

Cn Ci2 Gz Cis Cp Cxpn Cpi Ci3 Cis Cu  Cu Css  Ces
128.4 41.0 405 -36.8 1973 634 3.4 168.1 —-8.1 746 -12.2 540 406
111.2 245 508 -29.8 168.5 62.6 3.8 1322 -03 629 -39 40.7 28.2
176.8 57.9 364 0.7 2063 384 -17.0 1654 -7.1 626 -11.8 53.7 68.6

en €12 €13 €1s €24 €26 €31 €32 €33 €35

251 0.04 055 0.87 148 1.42 -0.01 0.27 0.52 0.55
3.20 022 047 1.63 1.18 0.62 -0.35 0.24 0.26 0.18
093 0.07 054 037 028 0.12 069 0.60 1.21 0.29

diy  diz diz  dis  du  d dy dn  di3 dis | dis/dn dis/d3s
33.25 -74 -0.05 39.6 268 430 27 -04 32 126]| 1.19 12.38
60.2 -2.6 -18.1 842 203 248 -46 0.8 33 1.02| 140 25.5

50 -1.0 266 676 49 258 19 165 679 6.72| 1.35 0.995

Ch Ci2 Ci3 Cxn Cp G Cu Css Ces
205.3 445 68.4 1373 558 1769 419 67.2 53.0
169.8 25.7 61.8 114.6 523 1356 46.2 61.1 348
197.0 437 64.0 104.7 351 166.2 540 748 38.7
168.2 27.2 624 922 505 131.2 40.1 629 28.2
185.8 55.6 38.6 2050 433 161.1 503 29.3 70.0
143.4 51.2 23.5 1389 224 1039 31.1 23.2 450

els e e ep €3 dis  du  dy dp di3 | dis/d3s
093 095 0.04 036 0.17 13.8 227 -0.5 26 0.3 46
0.53 -0.80 -0.08 —-0.01 —0.38 8.7 -174 06 1.5 -3.7 -2.35
1.66 1.14 026 0.33 0.57 222 21.0 -0.1 22 3.0 7.4
1.12 0.68 0.22 -0.19 0.27 17.7 17.0 0.8 -4.1 33 5.36
092 0.65 0.02 042 0.84 314 129 -14 14 5.2 6.04
096 0.86 0.28 1.10 1.49 411 277 =27 6.7 13.5 3.04

Ch Ci2 Ciz Ci4 C3 Cus  Ces
206.3 73.3 333 -22.5 181.3 56.0 66.5
164.8 59.8 32.7 -21.6 165.0 39.5 525

els exn ey €33 dis  die dn dy  di |dis/ds
-0.72 -0.43 -0.50 -1.70 -11.7 20 -10 -0.7 -9.2| 1.27
-0.43 0.22 -0.12 -1.44 -17.0 -11.2 56 0.8 -9.0| 1.89

Symmetry-allowed nonzero components of e;;, d;;, and C;; are givenin C/m?2, pC/N, and GPa, respectively.



piezoelectricity associated with the shear mode. As seen from Table 4, there exist both in-plane and out-of-plane
piezoelectric responses with the ratio (displayed in terms of dy5/d33 and dy5/d;1) differing by an order of magnitude.
This indicates the large shear-mode piezoelectric effect [21, 22, 23]. Since variations of the piezoelectric anisotropy can
be attributed to wide flexibility of the multilayer-structured architectures of Ln,H,O (Table 1 and Tables S1-S11 of
Sl), a core feature of the geometry of strain or displacive distortions is that the powerful increase of the piezoelectric
effect is associated with the large enhancement of shear components d;5 and dy4 of the piezoelectric strain tensor. Our
estimates of dy5 and dy4 which are comparable with those exhibiting by advanced piezoelectric systems [24, 25, 26, 27]
show that greatly enhanced piezoelectric responses governed by the low-symmetry Pm monoclinic phase of Ln,H,O
utilize two intrinsic structural factors: the regular shear (d;5) and in-plane axial strain (d;1). On the other hand, no
visible enhancement of the longitudinal and radial contributions to piezoelectric properties has been observed in our
calculations. In the context of ds3 and d3 coefficients, our results demonstrate no essential difference as compared with
the typical values of d33 and d31, 11.7 and —5.5 pC/N, respectively, known for ZnO-type semiconductor [28, 29]. Note
that materials demonstrating a high level of piezoelectric anisotropy are of special interest to the design of such devices

as actuators and transducers [23] as well as to the development of applications for the energy harvesting [21, 30].

Before we consider the features of electromechanical coupling we should emphasize the importance of correlation
between acentric character of the lattice geometry and valence charge distribution for piezo-activity of the oxyhydride
system. The modeling and design of PZT-type (lead zirconate titanate) systems provide a good example of how the
direct coupling of mechanical and charge degrees of freedom may be further enhanced by compositional tailoring of
macroscopic polarity of the ferroelectric medium[23, 27, 31]. Thisis typically achieved via the site engineering by driving
the interplay between local lowering of symmetry caused by distortions of microstructure and local redistribution of
internal electric charges in a multi-component relaxor-perovskite-based solid solution. For comparison, the controlling
mechanism of a high piezoelectric activity in the Ln,H,O crystalline system is entirely different, in the sense that
the site engineering deals with the factors stipulated by the multianion character of the chemical composition. Our
first-principles analysis showed that the electric strength generated by the volatile distribution of internal electric field
patterns governs the sensitivity of the piezoelectric effect. This is caused by the original force geometry within the anion
subsystem in which both directional and non-directional charge distortions are subjected to short-range interactions.
This effect is a direct consequence of the specific functionality of the oxyhydride crystal lattice - an electronic hardness
which being determined by a spatial distribution of anion positions is responsible for the balance between long-range
and short-range forces [12, 13]. Due to the dynamic nature of such balance [32], provided by the tough interplay of
electron and lattice contributions, even small deformations of asymmetric configuration may substantially strengthen
charge fluctuations that in turn will induce strong internal electric fields, making thus the system more sensitive to a
response effect. This implies that by governing the electronic hardness dependence on the structure features one can
gain control over the effective conversion of the piezoelectric energy. We highlighted this important fact in Table 5
where we characterized electro- and acousto-mechanical properties for the Ln,H, O piezo-active phases that may be
appropriate for the use in ultrasonic and energy-harvesting applications (which are mainly based on the utilization
of the piezoelectric shear mode) [21, 23, 30, 33, 31, 34, 35]. In particular, comparison performed in terms of shear
oscillations (dys, k15, g15) showed that these phases exhibit electromechanical couplings similar to electromechanical
shear constants of PZT-type materials. Moreover, in the context of a piezoactuator device it is worthwhile to note
that the Young’s moduli listed in Table 2 exhibit values that along with the ability of the internal force/displacement
generation may serve as a sound indicator of the possibility to reach a high actuator stiffness. Table 6 illustrates how
lowering space symmetry to monoclinic one extends the strength of electromechanical connections. For instance,
one can see that both monoclinic Ln,H,O systems exhibit in-plane axial (di1, k11, g11) piezoelectric coefficients well

comparable with the longitudinal constant ds3 of the advanced piezoceramics [26, 36].
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TABLE 5 Coupling between electric and mechanical fields in the Ln,H, O phases with high piezoelectric response.

Phase e dis  Sss ks ‘ d31 S k3 ‘ €33 di3  S3z k33 I 815 831 £33 ‘ dis-g15 ds1-g31 d33-833
Y,H,0

Pm(Z=1) 20.45 39.6 23.71 60% |2.7 11.02 6% |20.61 3.2 7.07 9% |218.8 14.8 17.5 ‘ 8670 40 60
Pm(Z=2) 17.59 6.76 19.26 12% |19 6.42 6% |20.88 6.79 6.50 20% | 43.4 10.3 36.7 ‘ 290 20 250
Pmm?2 21.46 13.8 1488 26% (0.5 573 2% [13.62 03 7.10 1% | 727 41 25 ‘ 1000 2 1
Pmc2, 37.46 22.2 13.36 33%|0.1 6.14 0.3%|19.87 30 7.10 8% | 67.0 0.6 17.1 ‘ 1490 1 50
Pmn2, 1715 31.4 3415 44% |14 6.02 5% |12.74 52 6.77 19%|2069 12.4 46.1 ‘ 6500 20 240
R3m 31.26 11.7 20.67 15%|0.7 6.22 2% |24.09 9.2 577 26%| 423 33 432 ‘ 490 2 400
La,H,0

Pm(Z=1) 3526 84.2 32.26 84% |4.6 14.28 9% |21.74 33 11.15 7% |269.8 239 17.2 ‘ 22720 110 60
Pmm?2 29.64 8.7 16.35 13%|0.6 7.06 2% |16.65 3.7 1037 9% | 33.2 4.1 25.1 ‘ 290 2 90
Pmc2, 30.76 17.7 1590 27%|0.8 7.23 2% |21.48 33 1117 7% | 650 42 174 ‘ 1150 3 60
Pmn2, 18.46 41.1 43.03 49%|2.7 8.18 8% |16.28 13.5 10.16 35%|251.6 18.7 93.7 ‘ 10340 50 1270
R3m 26.43 17.0 32.60 19%|0.8 8.50 2% |23.76 9.0 6.43 24%| 72.7 3.8 428 ‘ 1240 3 390

Comparison of electro- and acousto-mechanical properties utilizes the components of the macroscopic dielectric ¢;; (relative
permittivity), piezoelectric strain dj; (piezo modulus, pC/N), and elastic compliance S;; (TPa™") tensors taken in polarization direc-
tions. The energy harvesting performance is characterized in terms of electromechanical coupling coefficients k;;, piezoelectric
voltage constants g;; (10-*x[Vm/N]), and transduction coefficients dj;-g;; (107 x[m?/N]).

TABLE 6 Effect of monoclinic distortion on electromechanical
characteristics.

Phase din ki €x  dx  Ses ks g1 g dign dwg2
Y,H,0

Pm(Z=1) 33.25 74% 34.58 43.0 2593 48% 183.7 140.5 6108 6042
La,H,0

Pm(Z=1) 60.2 90% 30.67 24.8 3577 25% 1929 914 11613 2267

Itis further interesting to highlight that for all polar phases the shear piezoelectric coefficient d;5 is much larger than
the longitudinal d33 and transverse d37 ones (Table 5). This fact correlates well with the inequality relation d31 <d33 <<d;5s
known for perovskite-type ferroelectric crystals [37]. Character of movements of the oxygen octahedron which only
rotates with ease in the perovskite structure as compared with stretch or squeeze deformations is usually applied to
the explanation of such difference [31]. In the case of the Ln,H,O oxyhydride, two key factors give the understanding
why the system exhibits much better piezoelectric properties in the shear mode than in the longitudinal or transverse
ones. The first factor stems from the layered structure in which the 2:4:1 chemical composition crystallizes. Polar phases
of different symmetries (Table 1) can be considered as stable configurations of highly-oriented structural motifs. The
corresponding analysis of the relevant vibrational and elastic degrees of freedom indicated that lattice changes are
mainly caused by the coupling of atomic displacements between the layers while the intralayer movements proceed
relatively easier. This feature of layer topology stipulates the role of the other factor - the flexibility of rotations of
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anionic polyhedra. As an illustration of the interrelation between the elastic anisotropy and piezoelectric modes (based
on the polarization-related electrostriction) we presented in SI Supplementary figures S1 and S2 which for the crystal
phase with Pm (Z=1) space symmetry visualize spatial dependencies of the linear compressibility in terms of the shapes
of representation surfaces.

3 | CONCLUSION

In this work, we presented a general theoretical perspective of compositionally-simple promising candidates for develop-
ment of a lead-free ferroelectric and piezoelectric materials based on the Ln,H,O (Ln =Y, La) oxyhydride composition.
A number of structural distortions subjected to the different interatomic distances in oxygen-hydrogen configurations
around Ln3* cation environment have been considered for possible crystallization pathways of the Ln,H,O compound.
Lattice models of polar phases with appropriate monoclinic, orthorhombic and trigonal crystallographic orientations
have been investigated. On the base of first-principles simulations we found clear indications that the lattice stabilization
of polar orderings has the electronic nature and is caused by the interplay of anionic charge distributions in the cationic
framework. The requirement of the exact 2:4:1 stoichiometry is essential to reach macroscopic stability via establishing
the relative balance between long-range and short-range interactions. Results of modeling of the structure-property
relationships showed that the oxyhydride polar phases have unexplored and competitive potential for the design of
lead-free piezoelectric materials. We investigated the dielectric properties, macroscopic electric polarization, piezoelec-
tric responses, and variation of the electromechanical properties. We found that the high piezoelectric performance of
several ferroelectric phases of the bulk Ln,H, O is characterized by the piezoelectric-shear-mode strength to elastic
properties ratio and by the energy transduction capabilities. This offers a number of attractive advantages for the
application of oxyhydrides in the development of piezo-electronics and energy harvesting lead-free devices.

4 | THEORETICAL SECTION: CRYSTAL PHASES, METHODOLOGY

4.1 | R3mtrigonal architecture

Equilibrium cell parameters and unit-cell volume for the R3m acentric ordering are given in Table 1. A primitive cell
is formed by 7 atoms; each atom occupies a 3a site with point symmetry described by two-dimensional group 3m
(C3y). The layers pattern comprises a stacking sequence H(4) H(3) H(1) Ln(2) H(2) O(1) Ln(1) in which atoms differs
by variable z coordinate. The sequence repeats oneself three times in the unit cell. The number of hydrogen layers,
Ny = 12, determines the length of the lattice constant ¢ as Ny x1.545 A for Y,H,O and Ny x1.648 A for La,H,0,
respectively. Figure 3 illustrates the difference of the distribution of Ln®* ions over two interpenetrating triangular-
type sublattices. As indicated in Table 1, both systems, Y,H,0 and La,H,O, are thermodynamically stable under
the simulated conditions. The evaluation of vibrational properties we have performed on the base of the optimized
geometries showed that the R3m crystal geometry is structurally/dynamically stable with respect to atomic/sublattice
displacements and mechanical shears. The initial (parent) high-symmetry phase of the bulk Ln,H,O can be evaluated
via the addition of such extra symmetry element as inversion. The prototype lattice can therefore be conceived as having
a similar higher-symmetry R-3m layered motive in which both metal atoms along with all the hydrogen atoms become
pairwise-combined into 6¢ orbits that in turn are conjugated to a center of inversion at the origin (0, 0, 0.5) determined
by the oxygen 35 orbit. Table 7a shows the crystallographic data calculated for the structure of the bulk Y,H,O that

belongs to the centric space group R-3m. The unit cell is illustrated in Figure 4a. No dynamical instability was found



FIGURE 3 Mutual arrangement of two metallic sublattices in the R3m crystal structure of Ln,H,O. O and H atoms
are drawn in red and pink, respectively; Ln atoms shown in violet and turquoise demonstrate the difference of the
sublattices. The point symmetry of the Ln3* 3asites corresponds to two-dimensional trigonal group Cs,.

TABLE 7 Crystallographic description of high-symmetry prototype structures in terms of the Bravais lattice for
different phases of Y,H,O.

Atom Site Symm. x vy z
Atom Site Symm. x y z
Atom Site Symm. x y z Y(1) 2a mm2 0 0 0.1262
Y(1) 2a mm2 0.25 0.25 0.6542
Y(1) 6¢c 3m 0 0 0.2456 Y(2) 2b mm2 0.5 0 0.4035
Y(2) 2a mm2 0.25 0.25 0.1184
0o(1) 3b -3m 0 0 0.5 o(1) 26 mm2 0.5 0 0
0(1) 2b mm2 0.25 0.75 0.1041
H(1) 6c 3m 0 0 0.3636 H(1) 2a mm2 0 0 0.5461
H(1) 4e m.. 0.25 0.5731 0.7904
H(2) 6¢c 3m 0 0 0.0759 H(2) 2b mm2 0.5 0 0.2213
H(2) 4e m.. 0.25 0.0133 0.3959
(a) The R-3m symmetry. Lattice H(@3)  4d m.. 0 0.2360 0.3100

(b) The Pmmn symmetry. Lattice

parameters: 3.562 and 18.733 A, y = 120°.
parameters: 3.494, 5.354 and 7.488 A

(c) The Amm2 symmetry. Lattice
parameters: 3.628,4.179 and 10.940 A

Atom Site Symm. x y z

Y(1) 4a m.. 0 0.5236 0.1423 Atom Site Symm.  x y z

Y(2) 4a m.. 0 0.0339 0.1342 . Y(1) 2e m 0.4810 0.25 0.2359
Atom Site Symm. x y z

Y(3) 8b 1 0.2511 0.2799 0.3767 Y(2) 2e m 0.0498 0.25 0.7677
Y(1) 2 2mm. 0 0.5 0.2440

O(1) 4a m.. 0 0.2658 0.2538 Oo(1) 2e m 0.6874 0.25 0.0274
0(1) 16 -4m2 0.5 0.5 0

0O(2) 4a m.. 0 0.2134 0.7573 H(1) 2e m 0.3090 0.25 0.6519
H(1) 1d -4m2 O 0 0.5

H(1) 4a m.. 0 0.4165 0.4509 H(2) 2e m 0.9219 0.25 0.4146
H2) 1a -4m2 0 O 0

H(2) 4a m.. 0 0.2702 0 H(3) 2e m 0.6464 0.25 0.6057
H(3) 2g 2mm. 0 0.5 0.6476

H(3) 8b 1 0.1676 0.0327 0.4688 . H(4) 2e m 0.1167 0.25 0.1421

— 1 02600 0.0227 02582 (e) The P-4m2 (115) symmetry. Lattice :

. : : parameters: 3.662 and 5.399 A. (f) The P2, /m symmetry. Lattice .
H(4) 8b 1 0.2662 0.1906 0.0810 parameters: 6.622,3.447 and 6.641 A,
(d) The Cmc2; symmetry. Lattice B=m211°

parameters: 7.435,7.483 and 10.853 A.

both in the ferroelastic and ferroelectric channels for this modification. Therefore, a possible relationship between
these phases in the context of the driving force for the R-3m — R3m evolution can be related to a reconstructive
transformation. Since this transformation is accompanied by expansion of the rhombohedral unit cell, such volume

change (AV = 11 A3) indicates the first-order character of the structural phase transition.



4.2 | Polarorthorhombic phases of Ln,H,O
421 | Pmn2; architecture

The distinctive feature of Pmn2; structural organization (subjected to point group C,,) is that all atoms occupy the sites
distributed on mirror planes. This may allow us to represent the lattice skeleton as an ordered superstructure that is
derived from the the ideal wurtz-stannite structure [38] by eliminating 46 positions of the pristine unit cell. The search
for a prototype phase for the given structure was performed by analyzing the respective displacive transformations
obtained by using isomorphism conditions of group-supergroup relations. Our calculations allowed us to attribute

!

- o

(c) Amm?2 orthorhombic structure

$6r3

2@~ ¢

(f) P21/m monoclinic structure

(d) Cmc2; orthorhombic structure (e) P-4m2 tetragonal structure

FIGURE 4 lllustrations of the unit cell predicted for the high-symmetry prototype structures of Y,H,O.

the high-symmetry (paraelectric) phase to the centrosymmetric space group Pmmn. The crystal unit cell is described
in Table 7b and displayed in Figure 4b. Structure instability associated with critical displacements of oxygen and
hydrogen sublattices can be related to the displacive mechanism of zone-centered soft modes. The strong purely
imaginary amplitude of lowest-lying By, optical vibrational branch gives rise to lowering the orthorhombic symmetry
Pmmn— Pmn2, accompanied by the loss of inversion center. In the low-symmetry polar phase Pmn2; the spontaneous

electrical polarization plays the role of the macroscopic order parameter for the displacive phase transformation.

4.2.2 | Pmc2; architecture

The next our prediction indicated in Figure 2c relates to crystallization of Ln,H, O into the bulk polar phase associated
with the space group Pmc2;. In this lattice geometry, the packing configuration comprises alternating layers of corner-
shared LnH,O, clusters in which the metal cation is located in a distorted decahedral coordination. The ordering
is characterized by equal combination of independent eightfold and fourfold Ln coordinations; the former may be
decomposed into six-hydrogen-connected nodes and two-oxygen-connected nodes, respectively. From the comparison
of hydrogen-oxygen accommodation around Ln positions with the structural characterization of layered perovskites
follows that the Pmc2; lattice can be associated with a distorted form of pseudo-perovskite superstructure. This
feature of the perovskite architecture allowed us to easily construct a parent prototype of the Pmc2; structure. By

modeling lattice configurations via isomorphisms of the group-supergroup correspondence we attributed the proper
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high-symmetry phase to the non-centrosymmetric polar space group Amm2. Table 7c and Figure 4c characterize this
base-centered orthorhombic structure. In contrast with the previous case of Pmn2; symmetry, the nature of structural
instability underlying the Amm2— Pmc2; ferrodistortive transformation turns out to be more complex. Analysis of
vibrational and elastic degrees of freedom showed that this symmetry lowering is controlled by the interplay of atomic
displacements, polyhedral rotations and spontaneous strains. That is, the overall distortion of the high-symmetry Amm?2
structure is energetically favorable due two competing factors. First, there occur polar displacements of the ions from
their high-symmetric positions within the YH, O, polyhedra; the instability is associated with the critical behaviour of
the IR active B, soft vibrational modes. Secondly, there occurs a ferroelastic change caused by the e4 strain contribution
to symmetry spontaneous breaking; the instability is associated with the anomalous softness of the elastic constant Cyg.

4.2.3 | Pmm?2 architecture

The key feature of geometry with the Pmm2 space symmetry is that the mirror planes determine the order of atomic
distributions (i.e., all atomic positions occupied in the unit cell have the same C,, point symmetry). The other interesting
feature is that no atoms are let into the filling of the 4/ positions. Due to this fact the system cannot crystallize in
high-symmetry hexagonal lattice with P6mm space group and, therefore, reaches the regime of stabilization in the
lower-symmetry orthorhombic lattice. The crystal structure of Ln,H, O can be considered as a more complex (modified)
variant of the dyscrasite (Ag,;Sb) geometry[39]. The modification is connected with the occupation of new oxygen and
hydrogen positions which become partially non-uniformly distributed over symmetry-allowed crystallographic sites.
Note that such acentric scheme of atomic accommodations is particularly relevant for the ferroelectricity because the
macroscopic charge asymmetry is directly induced through the anionic framework. The high-symmetry prototype of
the Pmm?2 phase also is formed within the limits of the orthorhombic geometry: it represents the structure belonged to
the Cmc2; symmetry group (Table 7d and Figure 4d). The Cmc2;— P mm2 phase transformation occurs by displacive
instability which takes place in the basal layers and is accompanied by the transverse shifts of hydrogen atoms; the
phase transition can be associated with the condensation of A, and B; zone-centered soft vibrational modes.

4.3 | Layered phases of Ln,H,O with monoclinic distortion
4.3.1 | Pm-type polar architecture with Z =1

This low-symmetry lattice geometry can be attributed to a large distortion of the prototype tetragonal structure
determined by the P-4m2 space group. Data on atomic distribution and site symmetry are summarized in Table 7e, the
tetragonal unit cell is illustrated in Figure 4e. The ordering in the P-4m2 crystal system of Y,H, O can be characterized
as being nearly similar to that described by the structure type of ternary intermetallic Zr,CuSb, [40]. Testing of zone-
centered harmonic vibrations showed that such P-4m?2 lattice geometry is dynamically unstable; the instability takes
place at the center of the Brillouin zone and is driven by the imaginary value of lowest E optical mode.

4.3.2 | The effect of stacking: Pm-type polar architecture with Z = 2

The addition of structural complexity is accompanied by the appearance of almost double scaling of the lattice parameter
a (because of the linkage of admixed layers which doubles the unit cell), and the enlarging of 8 up to 16 degrees from
the initial monoclinic angle (Figure 2f). The crystallographic information on the resulting crystal structure are given in

Table S2 of SI. A possible high-symmetry modification of this structure can be represented by centrosymmetric mono-
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clinic system with the P21 /m symmetry (Table 7f). lllustration of the crystal structure is shown in Figure 4f. Particularly
relevant for the mechanism of symmetry lowering in the P2, /m layered geometry are atomic accommodations that are
realized through the mirror planes (Cs point symmetry). In such a case, since analysis indicated dynamical stability of
the lattice degrees of freedom, the macroscopic charge ordering induced by the structural changes of the P2, /m—Pm
phase transformation proceeds in a scheme of the reconstructive transition, instead of the displacive mechanism of
lattice instability.

4.4 | Off-centering effects of the layered environment

Crystallization of the Ln,H,O oxyhydride into lattices of m and mm2 classes (Table 1) can be classified under two
groups, according the origin of their ferroelectric properties. The first group comprises the Pm (Z=1), Pmm2 and Pmn2;

polar phases. The layered structure of materials with Pm and Pmn2; symmetries offers a simpler interpretation - it
can be characterized by the combination of positively ((LnH)*2) and negatively ((LnH;0O,)~ 2) charged building blocks.
Both blocks are key elements of charged layers. To form the bulk structure the layers are stacked in the alternating
off-centering order under which the positive layer becomes shifted from the central position and located slightly
closer to one of the negative layers. The other structure attribute is that (LnH)*? building blocks form linear chains
extended in one direction. In the Pmm?2 structure, the ordering is modified by addition of the building block (LnH)*? to
the negatively charged block (LnH;0,)~ 4. their interaction provides formation of two atomic layers (LnH,0)"~ 1 7o
satisfy the electroneutrality condition, in the remaining part of the (LnH)*2 blocks, each block acquires one electron and,
accordingly, gives rise to generation of two positively charged layers (LnHz)”. Results of lattice relaxations showed that
the average off-centering of the basic layers in the z-direction can be characterized by the value 0.15 A for Y,H,Oand
0.19 A for La,H,O. The one exception relates to the Pm monoclinic phase (with Z=1) of Y,H,O where the anomalous
displacement of 0.34 A was evaluated. On the other hand, this feature is not characteristic for the same structure of
La,H,O. Note also that both these facts are well consistent with the large value of spontaneous polarization predicted
for Y,H,O (Table 3). The layred structures with Pm (Z=2), Pmc2; and Pmn2; symmetries belong to the other group.
All of them can be described in terms of LnH; and LnHO building blocks those combinations form alternating layers
stacked along the principal z-axis. Characteristic feature is that a macroscopic configuration of Ln—O bonds arranges in

such an order as to be also oriented along one direction.

4.5 | Modeling, computational details, and post-processing analysis

Guide on compositional and structural modeling of ternary yttrium oxyhydrides has been presented in our previous
studies [13, 14]. Electron structure calculations were performed within the numerical framework of density functional
theory (DFT) by using Vienna ab initio simulation package (VASP) [41]. The Perdew-Burke-Ernzerhof (PBE) GGA
exchange-correlation functional[43] was employed to determine the Kohn-Sham one-electron eigenstates and energies.
The potential projector augmented-wave method[44, 45] (PAW) employed the PAW-PBE pseudo-potentials with the
plane-wave basis sets of 4524p%5s24d', 2s22p*, and 1s' valence electron configurations for Y, O, and H elements,
respectively. By taking plane-wave energy cutoffs of 700 eV and 8 x 8 x 8 '-centered k-mesh for the reciprocal-space
integration over the Brillouin zone we obtained the well-converged results of periodic calculations with the degree
of accuracy below 1 meV/(unit cell). The equilibrium lattice structures were fully optimized with respect to unit cell
constants and internal atom positions. For yttrium containing systems the simulations have been conducted with the
PBE-GGA functional, while to account for strong on-site correlations in La,H,O we used the Dudarev scheme [46] of

GGA + U implementation. According to Ref. [47], the Uess parameter of 5.5 eV takes into account the Hubbard correction
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associated with the atomic 4f shell of the lanthanum ion. Analysis of the elastic properties was performed on the base
of the ELATE online tool [48, 49]. Aggregate properties of the crystal phases of Table 1 have been evaluated in the Hill
approximation [50]. The Gruneisen parameter (y) and the Debye temperature (©) have been calculated according
to semi-empirical approaches of Refs. [51] and [52], respectively. Estimates of the Vickers hardness Hy have been
obtained from the model relations of Refs. [53, 54]. The dielectric and piezoelectric properties have been simulated by
using numerical procedures of density functional perturbation theory[55]. The theory-group analysis was performed by
means of the program tools[56] hosted by Bilbao Crystallographic Server[58, 59]. The ISOTROPY software suite[62, 63],
and the VESTA program[64] have been used for characterization of the crystal structures. The formation energy (the
heat of formation at T = 0 K) was estimated as the difference between the total energy per formula unit and the
sum of the energies of constituent elements. The spontaneous electric polarization was evaluated by using the Berry
phase method [65] as implemented in VASP. Based on relaxed lattice geometries, ionic and electronic contributions
to total macroscopic polarization were calculated in terms of differences of the corresponding dipole moments for
symmetry-allowed directions with respect to distorted and undistorted structures. Determination of the polarization
character (ferroelectric or pyroelectric order) was made through the comparison of total energy calculations with
respect to a reversion of the total polarization.

SUPPORTING INFORMATION

Data details on material properties are presented in Supporting Information.
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