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Density functional theory methods with the B3LYP hybrid functional and the basis of a linear combination of

localized atomic orbitals of the CRYSTAL17 program code were used to study the pressure dependences of the

structural and optical properties of double carbonates Na2Ca2(CO3)3, K2Ca2(CO3)3. The parameters of the Birch-

Murnaghan equation of state and linear compressibility moduli are determined. The coefficients of generation of

the second harmonic, which characterize the nonlinear optical properties of these materials, are determined, and the

frequencies and intensities of normal long-wavelength oscillations are calculated, from which the spectra of infrared

absorption and Raman scattering of light are plotted by Gaussian expansion. The LO-TO splittings were estimated

and the reflection spectra were plotted. It is shown that in the lattice region the spectra differ in the number and

intensities of modes, while in the region of intramolecular vibrations of CO2−
3 atoms for both compounds they have

a qualitatively similar form. For lattice and intramolecular vibrations, with increasing pressure, the rates of increase

in wave numbers differ for each type of vibration. For oscillations of the ν4, ν1, ν3 types, the Grüneisen mode

parameter is usually equal to 0.2−0.4. For out-of-plane deformations ν2, it is negative in Na2Ca2(CO3)3 and close

to zero in K2Ca2(CO3)3 .
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Introduction

K2CO3-CaCO3 and Na2CO3-CaCO3 systems feature

prominently both in materials science (as sources of new

nonlinear optical materials [1]) and in the Earth science (as
subsystems that model phase relations in the fluxing compo-

nent of mantle rocks responsible for the generation of deep-

seated magmas [2,3]). Specifically, shortite Na2Ca2(CO3)3,
which is transparent in the ultraviolet region, has been

synthesized by the high-temperature solid-state method

in [1] and exhibited a moderate second harmonic generation

(SHG) response that was three times more intense than

the reference one of KH2PO4 (KDP) [4]. In view of

this, its electronic structure and optical properties have

been analyzed in [1] via density functional theory (DFT)
calculations. Shortite is also geologically significant, since its

is found in melt inclusions hosted in deep mantle mineral

associations and in carbonatite and kimberlite rocks [5,6].

Carbonates are useful in the context of understanding

of the surface composition of planetary bodies and serve

as important ecological markers. Certain data suggest

that various types of carbonate minerals (e.g., shortite and

nyerereite [7,8]) are present on the surface of Mars, Ceres,

Enceladus, and Europa.

Rare mineral shortite has been found [9] among

groundmass minerals in kimberlites in a number of

localities across the globe. It may form as a result

of several subsolidus reactions in multicomponent

systems such as kimberlites in the course of

breakdown of hexagonal phase (Na,K)2Ca(CO3, SO4)2
into Na2Ca2(CO3)3 and K3Na(SO4)2. Under

a pressure of ∼ 1 at, shortite forms in reaction

Na2Ca(CO3)2 · 2H2O+CaCO3 =Na2Ca2(CO3)3+2H2O

above 328±2K [10]. Na2Ca2(CO3)3 has been identified

in [11,12] as orthorhombic with space group Amm2 and a

structure consisting of individual NaCO3 and Ca2Na(CO3)2
layers. Two sodium atoms (Na1 and Na2), one calcium

atom (at disordered trigonal prismatic, sevenfold, and

ninefold sites, respectively), and two different carbonate

ions C1O3 and C2O3 are found in the lattice cell.

Experiments on phase relations in the K2CO3-CaCO3-

MgCO3 system have been carried out in [13] at 3GPa and

1023−1373K, and K2Ca2(CO3)3 remaining stable within

the entire temperature interval was obtained. The results

of synthesis of double K-Ca carbonates under atmospheric

pressure in closed graphite capsules have been reported

in [14]. Mixtures of K2CO3 and CaCO3 were used

as starting materials, and compound K2Ca2(CO3)3 was

synthesized in two ways: by solid-state synthesis at 873K

within 72 h and by cooling the melt from 1103 to 923K

within 30min. The enthalpy of formation of double

carbonate K2Ca2(CO3)3 has been determined by drop

solution calorimetry in [15], and its thermal decomposition

has been examined in [16]. Its hexagonal structure belongs

to symmetry group R3 [17]. Two crystallographically

different carbonate ions in it are located in columns around
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the three-fold axis along which single cations Ca1 and K1

are positioned, and the remaining three Ca2 and K2 are

located in general positions between the carbonate columns.

Carbonate ions are inclined relative to the (001) plane and

do not form a layered structure.

The study of A2Ca2(CO3)3 (A: Na, K) at high temper-

atures and pressures bears a relation to the behavior of

alkali–carbonate systems in the upper mantle. Shortite has

been examined in [18] by single-crystal synchrotron X-ray

diffraction and Raman scattering spectroscopy under high

pressures and after laser heating in order to gain an insight

into the processes of carbon retention in the interior of the

Earth. A spectroscopic study of natural shortite compressed

up to 8GPa in a diamond anvil cell has been carried

out in [19]. It was found that as the pressure increases,

almost all bands exhibit a positive shift with a rate of

1−4 cm−1/GPa for lattice modes and 3.6 and 3.9 cm−1/GPa

for CO3 stretching modes. X-ray data have been used in [20]
to demonstrate that the symmetry of shortite remains stable

under pressures up to 10GPa. Diffraction data indicate that

the volume decreases by 12% relative to its value under

normal pressure. They also reveal that axis c is two times

more compressible than axes a and b. This compression

anisotropy is likely related to the orientation of relatively

rigid carbonate groups: one third of them is oriented similar

to plane ab.

Raman scattering (RS) and infrared (IR) absorption

spectra are often used alongside with X-ray diffraction data

to study the crystal structure of carbonate minerals. These

spectra provide an opportunity to identify minerals, includ-

ing those located on the surface of planetary bodies [7]. IR
spectra of shortite within the range from 1660 to 1330 cm−1

are governed by vibrational mode ν3 (CO2−
3 ); features

within the 909–800 cm−1 range are attributed to modes ν2;

and two bands at 731 and 696 cm−1 are produced by

mode ν4. According to the data from [19], valence

mode ν1 is split in RS spectra into two bands at 1071−1072

and 1090−1091 cm−1, which correspond to two separate

carbonate regions present in the structure. Four bands

in the 696−731 cm−1 region belong to split deformation

mode ν4. RS and IR spectra of shortite under normal

conditions have been studied in [21], and the corresponding

measurements at high temperatures and pressures (up to

623K and 5GPa) and under a pressure of 3GPa have been

performed in [22] and [2], respectively. Intense bands at

1078 and 1076 cm−1 and bands in the lattice region have

been identified in [14] in RS spectra of K2Ca2(CO3)3. The
authors have proposed to use these spectra as reference

ones to identify microinclusions in mantle phenocrysts and

xenoliths from kimberlites and other alkaline rocks.

Experimental data on the structural, thermodynamic, and

dynamic properties of shortite are supplemented by the

results of DFT calculations with local (LDA) and gradient

(PBE) functionals that have been performed in [23]. No

theoretical data on K2Ca2(CO3)3 are currently available,

and no experiments into the influence of pressure on its

structure have been carried out. In view of this, the present

study was aimed at calculating the crystal structure and

nonlinear optical and vibrational spectra of Na2Ca2(CO3)3
and K2Ca2(CO3)3 both under pressureless conditions and

under pressures up to 7GPa by ab initio DFT methods with

a hybrid functional and a basis of localized orbitals. The

obtained data should serve as a reference for identification

and prediction of the properties of these carbonates in real-

life environments.

Calculation method

Ab initio studies of the pressure dependences of struc-

tural and optical properties of carbonates were performed

using the Hartree–Fock (HF) and density functional theory

methods implemented in the CRYSTAL17 code [24]. The

B3LYP hybrid functional, which is a combination of 20%

HF exchange, the Becke exchange functional [25], and the

LYP correlation functional [26], was used. Basis functions

in the form of a linear combination of localized Gaussian

atomic orbitals were chosen. All-electron basis sets for

carbon, oxygen [27], sodium, and potassium [28] atoms

were used. The thresholds controlling the accuracy of the

Coulomb and exchange series were set to 8, 8, 8, 8, 16 [29].
The reciprocal space was sampled with a Monkhorst–
Pack grid [30] with 302 k-points in the irreducible part of

the Brillouin zone. The accuracy of the self-consistency

procedure was no worse than 10−9 a. u. (1 a. u. is equal to

27.21 eV).
The frequencies of harmonic vibrations of lattice atoms

were calculated using the procedure detailed in [31,32].
The authors of these studies have discussed the problem

of numerical accuracy of the calculation of vibrational

frequencies of crystalline compounds from the Hessian

matrix:

Wαi,β j (Ŵ) =
Hαi,β j

√

MαMβ

,

where W is the second derivative of energy that is calculated

numerically from analytical gradients, Mα and Mβ are

atomic masses, and Greek and Latin indices correspond

to atoms and Cartesian coordinates, respectively. Frequen-

cies νn at point G (k = 0, the center of the first Brillouin

zone) were determined by diagonalizing matrix W , and

oscillator strengths f n were calculated for each n-mode with

the use of the Born vector

Zn,i = 6α,i tn,α j Z
∗

α,i j
1√
Mα

(tn,α j is the element of eigenvectors of matrix W ) as

f n,i j =
1

4πε0

4π

V
Zn,i Zn, j

ν2
n

.

The IR absorption intensity was calculated using Born

effective charge tensor Zα,i j)∗ , which characterizes the

electronic configuration change upon displacement of an

atom and serves as its dynamic characteristic. The choice
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of parameters governing the truncation of Coulomb and

exchange series in HF, the quality of the grid used for

numerical integration of the exchange-correlation potential

in DFT, the convergence criteria, and the effects associated

with the application of basis increasing in size were dis-

cussed. It was concluded that the error of these parameters

does not exceed 2−4 cm−1 in relatively computationally

inexpensive calculations. The results obtained with four

different Hamiltonians (HF, DFT in its local (LDA) and

nonlocal gradient corrected (PBE) approximations, and

hybrid B3LYP), were also analyzed. It was demonstrated

that B3LYP performs far better than LDA and PBE, which

in turn provide better results than HF, as the mean absolute

difference from experimental frequencies is 6, 18, 21, and

44 cm−1, respectively. The intensity of the Stokes line of

the phonon mode is proportional to components αii of the

polarizability tensor, and the relative intensities of peaks in

RS spectra were calculated analytically using the procedure

that is an extension of the analytical calculation of IR

intensity [33].
The coupled perturbed Hartree–Fock (CPHF) method

allows one to calculate linear and nonlinear optical prop-

erties of solid-state systems under periodic boundary con-

ditions [34,35]. Correlation effects have been incorporated

into the CPHF extension for the density functional theory

(CPHF/KS) in B3LYP hybrid functionals in [36,37]. The

dielectric susceptibility (polarizability) is the coefficient of

linear relation between dielectric polarization P and electric

field E :

P = ε0(χ
(1)E + χ(2)E2 + χ(3)E3 + · · · ,

where χ(2) and χ(3) are nonlinear second- and third-order

susceptibilities that are calculated using the CPHF/KS pro-

cedure as in [38,39], where the tensors of static polarizability

αtu =
∂2Etot

∂Et∂Eu

∣

∣

∣

0

and the first hyperpolarizability

βtuv =
∂3Etot

∂Et∂Eu∂Ev

∣

∣

∣

0

are calculated as the corresponding field derivatives of

total energy Etot . The corresponding first and second

susceptibilities are then determined in the following way:

χ
(1)
tu = αtu

4π

V
, χ

(2)
tuv = βtuv

2π

V
.

They have been calculated for crystalline urea in [39] with

different basis sets and functionals: SVWN (local density
approximation), PBE (generalized gradient approximation),
PBE0 and B3LYP (hybrid), and Hartree–Fock. It turned

out that the B3LYP hybrid functional in combination with a

basis containing a containing a double set of polarization

functions is remarkably successful in reproducing static

linear and nonlinear optical properties, such as the dielectric

constant, refraction and birefringence indices, and the first

and second susceptibilities. The second-order susceptibility

term leads to second-harmonic generation d2ω
i jk = χ

(2)
i jk/2

(a. u.), and the third-order susceptibility term χ
(3)
i jkl is in

charge of third-harmonic generation in induced RS [40].
The key quantity for IR spectra calculation is complex

dielectric constant tensor ε(ν), which is calculated for each

non-equivalent polarization direction based on the classical

Drude–Lorentz model:

ε(ν) = ε∝,i j + 6n
f n,iiν

2
n

ν2
n − ν2 − iνγn

,

where ii denotes the polarization direction; ε(∞) is the

static dielectric constant tensor at λ → ∞; and νn, f n , and

γn are the frequency, the oscillator strength, and the decay

coefficient for the nth vibrational mode, respectively. The

maxima of the real part of ε(ν) correspond to transverse

modes (TO), while the maxima of the imaginary part of

1/ε(ν) correspond to the frequencies of longitudinal optical

(LO) modes. Reflectance R(ν) [41] is calculated using the

dielectric constant tensor.

The dependence of frequencies on pressure P (GPa) is

characterized by Grüneisen mode parameter γi [42]:

γi = (B0/νi)(∂νi/∂P),

where νi is the wave number of the ith vibrational mode

(cm−1), V is the corresponding lattice cell volume (Å3),
and B0 (GPa) is the isothermal bulk compression modulus

that is derived from the equation of state in the third-order

Birch–Murnaghan form [43]:

P(V ) =
3B0

2
(x−7 − x−5)

(

1 +
3

4
(B1 − 4)(x−2 − 1)

)

,

x = (V/V0)
1/3,

and B1 = (∂B/∂P)T is the first pressure derivative of the

modulus at x = 1. Derivative dνi/dP of mode i with

respect to pressure P is derived numerically from the

quadratic interpolation of ν(P).

Crystal structure under pressure

A complete optimization of lattice constants and coordi-

nates of atom positions was performed in order to determine

the parameters of crystal structure of carbonates. Known

literature data for Na2Ca2(CO3)3 (in what follows, it is

referred to as Na-Ca) [11], K2Ca2(CO3)3 (K-Ca) were

used as the initial ones [17]. Structural data determined

in ab initio calculations are presented in Table 1. These

theoretical data agree closely with the experimental ones:

the mean-square deviations from [11] for lattice constants

and all non-equivalent interatomic distances in Na-Ca do

not exceed 1.58%; the corresponding deviations from

parameters determined based on X-ray diffraction data are

1.14% [1] and 1.22% [5]. In K-Ca, the deviation from [17]
is 1.74%.
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Figure 1. Crystal structure of Na2Ca2(CO3)3 (left) and K2Ca2(CO3)3 (right).

Table 1. Lattice constants a, b, and c (Å); volume V (Å
3
) of a lattice cell; and mean distances between carbon C and oxygen O atoms

(Å) calculated with B3LYP hybrid functionals and measured experimentally (Exp [Ref])

Method a, Å b, Å c, Å V , Å3 C1-O(3) C2-O(3)

Na2Ca2(CO3)3

Exp [1] 4.9720(9) 11.068(3) 7.1271(14) 392.20(15) 1.2861 1.2978

Exp [5] 4.9571(3) 11.0514(6) 7.1242(4) 390.28(4) 1.2842 1.2985

B3LYP 4.9838 11.1076 7.2195 399.658 1.2869 1.3014

K2Ca2(CO3)3

Exp [17] 13.010 13.010 8.615 1262.817 1.2746 1.2824

B3LYP 13.2148 13.2148 8.6837 1313.286 1.2892 1.2891

Table 2. Parameters V0, B0, and B1 of the third-order Birch–Murnaghan equation of state and linear compression moduli Ba , Bb, and Bc

along axes a, b, and c and for C-O bond lengths (all in GPa)

Crystal V0, Å3 B0, GPa B1 Ba Bb Bc BC1-3O BC2-3O

Na2Ca2(CO3)3 399.55 64.02 4.08 274.0 235.5 133.4 1226 1186

K2Ca2(CO3)3 1312.98 48.94 4.38 115.5 115.5 140.0 1146 1349

The crystal structures of Na-Ca and K-Ca with non-

equivalent atoms indicated are shown in Fig. 1. The length

of C1-O1 and C1-2O2 bonds in two C1O3carbonate ions

in the Na-Ca structure is 1.2776 and 1.2916 Å, respectively.

The other C2O3 ion has 1.2778 Å (C2-O4) and 1.3132 Å
(C2-2O3). Each sodium atom Na1 is surrounded by eight

oxygen atoms: two O1 (2.4844 Å), four O2 (2.5244 Å), and
two O3 (2.6511 Å). Thus, the mean distance in the Na1O8

polyhedron is 2.5461 Å (2.5293 Å in [5]). The other non-

equivalent Na2 atom has six oxygen atoms (4O2 (2.3144 Å),

2O4 (2.4257 Å)) in the nearest-neighbor environment with

the mean distance in Na2O6 being 2.3515 Å (2.3397 Å
in [5]). Each calcium atom is surrounded by nine oxygen

atoms with the shortest Ca-O3 distance being 2.4256 Å and

a mean Ca-O3 distance of 2.5299 Å (2.5061 Å in [5]). The

chemical bond between cation and anion ions is markedly

ionic, and the calculated Mulliken charges of sodium

and calcium are +0.94 |e| (e is the electron charge) and

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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+1.72 |e|; the corresponding charges of anions are −1.776

and −1.782 |e|. The bond within CO2−
3 carbonate ions is

covalent, which is evidenced by the electron charge present

at the C-O bond line. Its overlap populations are 0.375 and

0.366 e.

Potassium atom K1 in the K-Ca structure is surrounded

by six oxygen atoms (3O5, 3O2) at a mean distance

of 2.7556 Å. Each of the three other equivalent atoms

(K2) is surrounded by six oxygen atoms (2O4, 2O2, O6,
O1) at a mean distance of 2.8072 Å. Calcium atoms also

have two non-equivalent positions in this compound: Ca1

with nine surrounding oxygen atoms (3O6, 3O2, 3O3)
with a mean distance of 2.5122 Å and three Ca2, each

of them surrounded by seven oxygen atoms at 2.4582 Å.

Six carbonate groups are present: three C1O3 (O4, O5,

O6) with a mean C1-O distance of 1.2892 Å and three

C2O3 (O1, O2, O3) with a distance of 1.2891 Å. The

corresponding charges are −1.753 and −1.749 |e|—.

Uniform compression within the 0−7GPa range was

performed in order to examine the influence of pressure P
on the structure. The structure was optimized at each

pressure level with lattice cell volume V kept constant. The

obtained V (P) dependences were used to determine the

parameters of the third-order Birch–Murnaghan equation

of state, while the dependences of lattice constants a(P),
b(P), and c(P) and interatomic metal–oxygen RM-O(P) and
carbon–oxygen RC-O(P) distances were used to find linear

compression moduli B i = −x∂P/∂x (x : a, b, c,RM-O,RC-O).
The parameters of the equation of state and linear com-

pressibility moduli obtained this way are listed in Table 2.

The calculated and experimental [5] V0 and B0 values

agree fairly closely. As the pressure rises, the lattice

constants and interatomic distances decrease almost linearly

in such a way that moduli Ba(Bb) in carbonate Na-

Ca are nearly two times greater than Bc . In contrast,

Bc > Ba in K-Ca, indicating that the compressibility along

axis c is lower than the one along a. This anisotropy

of compressibility along axes translates into different com-

pressibilities of bonds. In double carbonate Na-Ca, the

distances in Na1O8 polyhedra decrease at a rate of

−0.015 Å/GPa, while the corresponding rate is somewhat

lower in Na2O6 (−0.014 Å/GPa) and even less significant in

CaO9 (−0.013 Å/GPa). It follows from Table 2 that bonds

C-O are virtually incompressible. The crystallographic non-

equivalence of atoms also manifests itself under pressure.

For example, the length of the shortest Na1-2O1 bond

decreases at a rate of −0.025 Å/GPa (99.7 GPa), while

the rate of reduction of the Na1-4O2 bond length is just

−0.009 Å/GPa (280.5 GPa). This is attributable to the fact

that the modulus for the C1-2O2 and C1-O1 bond lengths

in carbonate ion C1O3 is 1047 and 1875GPa, respectively.

In contrast, the length of the shortest Ca-O3 bond in CaO9

polyhedra decreases at a lower rate (193.7 GPa) than the

length of Ca-O4 (146.3 GPa), since the moduli for C2-O3

and C2-2O4 are 885.3 and 1436.8 GPa, respectively. These

features should manifest themselves in vibrational spectra.

The compressibility of carbonate K-Ca is higher than the

one of Na-Ca, since the potassium cation has a greater ionic

radius than sodium. This is true both for the crystal in

general and for its polyhedra. The bond compressibility

moduli for K1O6 and K2O6 are 129.4 and 100.3 GPa.

The same is true for calcium: Ca1O9 — 166.0 GPa,

Ca2O7 — 212.1 GPa. The shortest C1-O4 bond and the

longest C2-O1 bond have the highest compressibility in

carbonate groups (869 and 774.6 GPa, respectively). Thus,

the distances in polyhedra between cations with a greater

ionic radius (Ca→K→Na) and oxygen atoms decrease at

the highest rates under pressure in double carbonates, while

the distances in carbonate ions remain almost unchanged.

Nonlinear optical properties

Ultraviolet (UV, wavelength λ < 400 nm) and deep ul-

traviolet (DUV, wavelength λ < 200 nm) lasers have a

very high energy of individual photons, which makes

them widely applicable in semiconductor photolithography,

laser microprocessing, photochemical synthesis, medical

and scientific device industry, and optoelectronic devices.

However, it is not always possible to extract the wavelengths

needed for these applications from a laser source itself.

Therefore, second-harmonic generation (SHG) of nonlinear

optical (NLO) materials is an important alternative way to

produce the required wavelengths [44]. The design of new

DUV and UV NLO materials with fine SHG characteristics

and a short phase-matching cutoff wavelength is regarded at

present as an important and challenging task [45].
Current and prospective NLO materials designed for

practical applications should satisfy the following require-

ments with regard to their crystal structure: (i) have

noncentrosymmetric (NCS) space groups of symmetry;

(ii) contain anions in π-delocalized systems; and (iii)
contain cations of transition metals sensitive to second-order

Jahn–Teller distortions, stereochemically active cations with

unshared electron pairs, or cations of transition metals with

filled d10 shells and polar displacements [44]. As for their

optical properties, the requirements are as follows [46]:
(i) a short absorption edge or large energy bandgap

(Eg); (ii) large SHG coefficients (di j), which should be

greater than those of a standard sample, such as KH2PO4

(KDP, d36 ≈ 0.39 pm/V); and (iii) moderate birefringence

(1n = 0.07− 0.1), since it helps harmonic and fundamental

radiation propagate at the same speed, facilitating phase-

matching.

The studied crystals satisfy the above conditions. Their

symmetry groups are NCS, and they belong to a wide

class of carbonate NLO materials [46,47] with group CO2−
3

being a fine microstructural unit, since it features a planar

triangular structure with π-conjugate molecular orbitals

that produce a substantial second-order susceptibility. The

bandgap of Na-Ca and K-Ca is 7.52 and 7.37 eV. The

second-order susceptibility in Na-Ca calculated using the

CPHF/KS method has nonzero components χ
(2)
xxz = 0.867,

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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χ
(2)
yyz = 0.267, and χ

(2)
z z z = −1.068 a. u. This allows one to

define the SHG coefficients in the Voigt notation in common

units of measure: d2ω
15 = 0.845 pm/V, d2ω

24 = 0.276 pm/V,

and d2ω
33 = −1.038 pm/V. Birefringence index 1n is 0.0299,

which is below the optimum value. The values of the

corresponding macroscopic SHF coefficients have been

derived in [48] with the use of the CNDO program from

a geometric superposition of second-order susceptibilities of

anion groups: 0.938, 0.088, −0.549 pm/V.

Since the symmetry of K-Ca is lower than the one of

Na-Ca, a large number of components of the second-order

susceptibility tensor are nonzero. Thus, the SHG coef-

ficients here are d2ω
11 = −0.209 pm/V, d2ω

16 = 0.724 pm/V,

d2ω
15 = −0.086 pm/V, and d2ω

33 = 0.246 pm/V. The birefrin-

gence index (0.0135) is even lower than in Na-Ca. Taken

together with low SHG coefficients, this suggests that

carbonate K-Ca should not be regarded as a promising NLO

material.

Pressure affects the NLO properties of materials. As the

pressure rises to 2GPa, the SHG coefficients in carbonate

Na-Ca decrease in absolute value at rates ∂d2ω
iα /∂P, which

are equal to −0.01, −0.006, and 0.830 pm/(V·GPa) for d2ω
15 ,

d2ω
24 , and d2ω

33 , respectively. Their mean value decreases from

0.455 to 0.442 pm/V. In contrast, the birefringence index

increases to 0.0311. Index 1n does also increase to 0.014

in carbonate K-Ca. In this crystal, the SHG coefficients

increase (in the order indicated above) to −0.158, 0.736

and −0.119, 0.297 pm/V, yielding a mean value of 0.205.

This implies that pressure may be used to adjust the NLO

properties of materials.

One should bear in mind that measurements of SHG

coefficients are performed using the Maker interference

method or the phase matching method, while the Kurtz–
Perry technique [49] is used in experiments with powders.

Individual d2ω
iα elements are often hard to measure in

practice, since they get mixed. In addition, the coefficients

have different signs in different measurement sets. This is

the reason why complex studies combining measurements

with ab initio calculations are needed.

Vibrational spectra

A lattice cell of orthorhombic carbonate Na-Ca contains

16 atoms; therefore, a total of 48 vibrational modes (three
acoustical and 45 optical) should be present. The corre-

sponding expansion of the full vibrational representation in

irreducible ones takes the form

Ŵvib =14A1(IR, RS) + 7A2(RS) + 14B1(IR, RS)+

+10B2(IR, RS).

IR denotes the activity in infrared spectra with polarization

A1 — E‖z, B1 — E‖y, B2 — E‖x, while RS is the activity of

Raman scattering with nonzero tensor components A1(αxx ,

αyy , αz z ), A2(αxy ), B1(αyz ), B2(αxz ). The expansion of the

vibrational representation in irreducible ones for hexagonal

carbonate K-Ca with 32 atoms is written as

Ŵvib = 31A(IR, RS) + 31E(IR, RS).

The polarization is fairly obvious here: A — E‖z, E —
E‖xy, A(αxx = αyy , αz z ), E(αxx = αyy , αxy , αxz = αyz ).
Carbonate spectra are distinct in that their vibrational

modes are divided into lattice (0−400 cm−1) and in-

tramolecular ones of four types: deformations in the

anion plane (ν4, 650−720 cm−1), out-of-plane deforma-

tions (ν2, 840−910 cm−1), symmetric stretching (ν1,
1000−1100 cm−1), and asymmetric stretching vibrations

(ν3, 1350−1600 cm−1) [50,51]. A total of 18 in-

tramolecular vibrations distributed over symmetries as

7A1 + 2A2 + 6B1 + 3B2 should be observed in Na-Ca; vi-

brations ν4, ν3 in IR have symmetry 2A1 + 2B1 + B2, while

ν2 and ν1 have A1 + B1 + B2. In RS spectra, a vibration of

the A2 symmetry is added for ν4, ν3.

Figure 2 presents the IR absorption and RS spectra

for carbonate Na-Ca obtained by Gaussian broadening of

normal long-wave vibrations at point G. The wave numbers

of normal long-wave vibrations are listed in Table 3. For

clarity, the spectra are divided into three wave number

regions with similar vibration intensities. The intensity

of mode ν3 of symmetry B1 with a wave number of

1495.7 cm−1 and a value of 2827 km/mol was taken as

100% in IR. The mode of symmetry B2 with a wave number

of 1432.3 cm−1 has a similar intensity value (2688 km/mol).
Vibration polarizations are color-coded. Green, purple, blue,

and red colors correspond to symmetries A1, A2, B1, and

B2, respectively. The maximum (100%) intensity in the

RS spectrum has the mode of symmetry A1 with a wave

number of 1095.4 cm−1. The intensity of the mode of the

same symmetry and a wave number of 1078.5 cm−1 is lower

(39%).
Three vibrations of symmetries A1, B2, and B1 with wave

numbers of 193.8 cm−1, 225.7 cm−1 , and 284.8 cm−1 are

dominant in the IR lattice region for carbonate Na-Ca. The

relative amplitudes of displacements of non-equivalent atoms

in a lattice cell, which are shown in Fig. 3, were used

to determine the nature of individual vibrational modes.

Specifically, z -displacements of atoms Na1, Na2, C2, O3

and yz displacements of the other atoms contribute to the

vibration of symmetry A1; notably, Na and C2O3 move

toward each other. The contributions of sodium atoms,

Ca, and C1O3 to the overall vibration amplitude are 25,

19, and 50%, respectively. In the case of symmetry B2,

sodium, calcium, and CO3 vibrate along axis x in counter

directions. The contributions of their amplitudes for Na2,

Ca, C1O3, and C2O3 are 8, 13, 63, and 15%, respectively.

The pattern of vibrations for symmetry B1 is similar to A1,

but the direction changes to axis y. The contribution of Na2

here increases to 23%, calcium provides 18%, C1O3 gives

10%, and C2O3 is dominant with 49%. Two intense (10
and 7%) modes with symmetries B2, A1 and wave numbers

of 263.3 and 274.8 cm−1 may be distinguished in the RS

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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Figure 2. IR absorption (top) and Raman scattering (bottom) spectra of Na2Ca2(CO3)3 .

spectrum of the lattice region. In the former case, the

contributions of atoms are 9 and 85% for Na2 and O2;

therefore, this vibration represents rotations of carbonate

groups C1O3. The second vibration, where the contribution

of C1O3 is 95%, corresponds to rocking of carbonate groups

in direction z. The mode of symmetry A2 with a wave

number of 202.3 cm−1 has a considerable intensity. Such

vibrations are produced by x -displacements of atoms Ca,

C1, O1, and O4. Atoms O2 may move in all three directions

for all symmetries.

A significantly higher number of vibrations are present

in the IR lattice region of carbonate K-Ca (Fig. 4). The

most intense ones for symmetry A (E) are the modes

with wave numbers of 184.7 and 246.8 cm−1 (215.1 and

266.7 cm−1). The polarization vectors of one-fold modes

are formed by z -displacements (and, for two-fold modes,

xy -displacements) of atoms K1, Ca1 and xyz -displacements

of the remaining ones. The first mode of symmetry A is

produced by displacements of K1 (8%), Ca2 (18%), and
C1O3 (72%), while atoms Ca1, Ca2 (25% each) and C1O3

(49%) contribute to the second one. The lower vibration

of symmetry E is formed by displacements of calcium

atoms and C1O3 (61%). Vibrations of symmetry E with

wave numbers of 173.3, 238.5 cm−1 have high intensity

in RS spectra. The displacements of atoms O1, O2, O3

produce the dominant (90 and 87%) contribution to their

polarization vectors, while calcium atoms play a minor role.

Intramolecular region ν4 in Na-Ca is formed by five low-

intensity vibrations, prominent among which are the modes

with wave numbers of 690.7, 718.2, and 731.7 cm−1. The

first two are produced almost exclusively by C1O3 ions,

while the last one is produced by C2O3. In carbonate K-Ca,

there are eight corresponding vibrations with a maximum

at a wave number of 703.7 cm−1. The maximum of

region ν2 in the first carbonate and in the second one

corresponds to 867.8 cm−1 (symmetry A1, 100% C1O3)
and 878.8, 886.4 cm−1 (symmetry E). Vibrations type ν1

are active in both IR and RS. In the former case, their

intensity is low; in the latter case, they have the maximum

intensity. In carbonate K-Ca, the intensity of the mode of

symmetry A with a wave number of 1082.0 cm−1 was taken

as 100%. Interval 1ν1 in this carbonate is just 1.6 cm−1 in

magnitude, while the same interval in Na-Ca is 16.9 cm−1.

Vibration type ν3 of symmetry E with a wave number

of 1436.7 cm−1 is the most intense (6802 km/mol, taken

as 100%) in IR K-Ca. This is a vibration with a wave

number of 1403.8 cm−1 for light polarization along axis z.

The displacements of anion C1O3 atoms produce a 34, 100,

and 100% contribution to the most intense vibrations with

wave numbers of 1495.7, 1477.8, and 1432.3 cm−1 in Na-

Ca, respectively.

The calculated RS spectra are in a satisfactory agree-

ment with the experimental spectra measured in ambient

conditions for Na2Ca(CO3)3 in [5,19,21,22]. In the lattice

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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Table 3. Wave numbers νi (cm
−1) and Grüneisen mode parameters γi (in brackets) for normal long-wave vibrations of double carbonates

A2Ca2(CO3)3

νi (γi) Na2Ca2(CO3)3 νi (γi) K2Ca2(CO3)3

A1(IR, RS) A2(RS) B1(IR, RS) B2(IR, RS) A(IR, RS) E(IR, RS)

144.6(2.47) 102.7(3.10) 140.8(0.32) 128.4(2.07) 101.6(1.92) 91.9(1.88), 122.8(1.73)

156.7(2.07) 148.5(3.11) 177.9(1.92) 159.0(0.73) 164.3(1.84) 137.5(2.14), 145.8(1.82)

185.6(1.08) 178.9(0.57) 188.3(2.06) 169.9(1.42) 184.7(1.75) 162.9(2.14), 173.3(1.90)

193.8(3.08) 202.3(1.55) 198.4(3.03) 174.2(1.20) 193.7(1.60) 186.7(1.76), 198.0(1.78)

205.4(1.39) 265.3(1.07) 241.2(2.22) 209.8(0.89) 202.8(1.61) 215.1(1.74), 226.8(1.27)

240.6(2.73) 250.0(2.11) 225.7(2.14) 230.5(1.60) 238.5(1.34), 248.9(1.57)

274.8(1.12) 284.8(2.19) 263.3(1.53) 281.0(1.22) 266.7(1.20), 271.7(1.17)

308.9(0.39) 291.5(1.29) 288.4(1.30)

695.1(0.26) 715.0(0.15) 690.7(0.28) 718.3(0.17) 706.0(0.18) 695.4(0.20), 703.7(0.21)

709.2(0.31) 731.7(0.39) 713.1(0.10) 708.1(0.10), 712.2(0.14)

867.8(−0.01) 875.3(0.03) 848.8(−0.02) 885.1(0.04) 878.8(0.01), 886.4(0.06)

1078.5(0.31) 1094.2(0.29) 1080.9(0.18) 1080.4(0.18),

1095.4(0.27) 1082.0(0.18) 1081.8(0.18)

1403.9(0.27) 1416.4(0.32) 1495.7(0.18) 1432.3(033) 1403.8(0.15) 1397.3(0.21)

1477.8(0.23) 1527.9(0.24) 1447.2(0.25) 1436.7(0.25)

1474.9(0.23) 1461.8(0.19)

1491.9(0.19) 1491.6(0.17)

region, features at wave numbers of 133, 140, 171, 199, and

269 cm−1 [5] or 132, 139, 171, 203, and 262 cm−1 [19] have
been identified. Intense modes of symmetry B2 (128.4, 174,
264.3 cm−1), B1 (140.8 cm−1), A1 (144.6, 198.4 cm−1), and
A2 (202.3, 265.3 cm−1) correspond to them in Table 3. The

theoretical values of modes of symmetry A1 and B1 for

intramolecular vibrations ν1 are 4−6 cm−1 above the exper-

imental interval of 1069−1072 cm−1 and 1089−1091 cm−1.

The same difference is found for modes ν3, which have

been examined experimentally in [52]. The ν3 frequencies

have been measured in IR absorption spectra in [21]: 1387,
1403 1436, 1466, and 1535 cm−1. The values of 694, 710,

718, and 730 cm−1, which agree with the data from [7,52],
have been determined for ν4 in [21]. The wave numbers

listed in the table are in a satisfactory agreement with these

results, validating the theoretical model.

The RS spectra of K2Ca2(CO3)3 at 773K have been

measured in [14]. An intense peak at 167 cm−1, moderate-

intensity peaks at 101 and 221 cm−1, a shoulder at

234 cm−1, and a weak peak at 125 cm−1 have been identi-

fied in the lattice region. The wave numbers determined

with the intensity taken into account (see Table 3) are

higher than the experimental ones. This may be attributed

to temperature effects, since the temperature in calculations

was set to 0K by default. The values of 705, 711 cm−1 and

1076, 1078 cm−1 have been established for intramolecular

vibrations ν4 and ν1 in [14]. The spectral maxima in Fig. 2

are very close to these wave numbers. The same is true

for the low-intensity region of asymmetric stretching vibra-

tions ν3 (CO2−
3 ) within the 1402−1487 cm−1 interval [14]

(and the calculated 1397.3−1491.9 cm−1 range).
The calculated electron components of static dielectric

constant tensor εel
i j are εxx = 2.264, εyy = 2.257, and

εz z = 2.175 in carbonate Na-Ca and εxx = εyy = 2.234 and

εz z = 2.275 in K-Ca. The ionic component of the dielectric

constant is determined by estimating phonon modes

εi j = εel
i j +

4π

V
6n

Zn,i Zn, j

ν2
n

,

where summation is carried out over phonon modes and

Zn,i is the effective Born vector that is defined via the

Born dynamic charge tensor. The combined components

of the dielectric constant tensor for both carbonates are

8.027, 5.910, 7.230 and 7.635, 6.941, respectively. When

the coherent displacement of crystal nuclei is factored in,

an additional contribution, which depends on the dynamic

dielectric constant tensor and the effective Born charge

tensor and induces LO-TO splitting, emerges. Figure 5

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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Figure 4. IR absorption (top) and RS (bottom) spectra of K2Ca2(CO3)3 .

presents the polarized real parts of the complex reflectance

of carbonates. The maxima and minima of spectra

correspond to TO and LO frequencies, and the width of

each band characterizes LO-TO splitting 1ν . The wave

numbers of the majority of LO vibrational modes are higher

than those of TO modes. Specifically, the values of 1ν for

the most intense lattice vibrations of symmetry in carbonate

Na-Ca are 146.8, 134.3, and 89.2 cm−1. The wave numbers

of LO modes for intramolecular vibrations of symmetry A1

are ν2 = 875.7 cm−1 and ν3 = 1424.6, 1530.6 cm−1. The

wave numbers of modes ν3 for symmetry B2 and B1

are even higher (1537.0 and 1601.7 cm−1). At the same

time, splitting 1ν is negative for certain lattice modes.

For example, the values of 1ν for the low-intensity LO

mode with wave numbers of 232.1 (A1), 255.3 (B2),

and 304.1 (B1) are −7.6, −6.7, and −4.2 cm−1. The

magnitude of splitting for modes ν4, ν1 is on the order

of 1 cm−1.

The most intense LO modes of symmetry A in carbonate

K-Ca are 346.9 cm−1 (1ν = 57.7 cm−1) and 1524.7 cm−1

(119.0 cm−1), while the corresponding modes for symme-

try E are 346.0 (54.7), 880.4 (2.5), 890.4 (2.8), 1402.6 (3.6),

and 1526.8 (89.5) cm−1. This compound is distinguished by

negative splittings corresponding to asymmetric stretching

vibrations type ν3.

Effect of pressure on vibrational spectra

The shortening of interatomic distances under pressure

is accompanied by an increase in frequencies of vibrational

modes. Therefore, the energy of zero-point vibrations

E0 = 6N
i=1

hνi

2

increases with pressure P . In Na-Ca, this may be

characterized by quadratic dependence

E0(kJ/mol) = 145.39 + 1.33P − 0.03P2,

while K-Ca has

E0(kJ/mol) = 286.61 + 2.77P − 0.07P2.

Figure 6 presents the dependences of wave numbers of

lattice vibrations of carbonate Na-Ca on pressure P and

the IR absorption spectrum calculated at 6GPa. Other

double carbonates have similar dependences [53]. The

ν(P) dependence for the most intense lattice vibration of

symmetry A1 is near-linear in nature. Derivative dν/dP
indicates the rate at which the wave number increases with

pressure. In the present case, it is equal to 9.32 cm−1/GPa.

Multiplying it by bulk modulus B0 from Table 2 and

dividing by ν0 = 193.8 cm−1, one determines the value of
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the Grüneisen mode parameter: 3.08. The values of γi for

all wave numbers are listed in Table 3. Second derivative

d2ν/dP2 characterizes the degree of nonlinearity, and it is

equal to −0.63 cm−1/GPa2 for this mode. This is a fairly

high value; for example, the first and second derivatives for

the mode of symmetry B2 are 7.53 cm−1/GPa (γ = 2.14)
and −0.14 cm−1/GPa2, respectively.

The dependence of vibrational frequencies for shortite

on pressure has been examined in [5,19]. The pres-

sure derivatives for five lattice modes assume the values

of 0.8(1), 1.4(1), 1.8(1), 1.8(1), and 3.4(3) cm−1/GPa

in [19] and 0.71(2), 1.23(5), 1.88(8), 3.48(5), and

5.04(1) cm−1/GPa in [5]. The discrepancies are attributable,

among other factors, to the composition of natural minerals:

Na1.9Ca2.1(CO3)3 [5], Na1.94Ca2.02Sr0.01K0.01(CO3)3 [19].
An ideal stoichiometric formula was used for calculations. It

follows from Table 3 that the theoretical and experimental

values are in a satisfactory agreement. Derivative dν/dP

for ν4 (CO2−
3 ) 696 cm−1 was found to be equal to

2.59(3) cm−1/GPa in [5] (2.5(2) in [19]). The derivative

for the mode of symmetry A1 with a wave number of

695.2 cm−1 active in the RS spectrum (4% intensity) is

2.77 cm−1/GPa, while the corresponding value for the

mode with 709.2 cm−1 (3%) is 3.41 cm−1/GPa (1.63(6) [5],
2.4(3) [19]). The discrepancies are more significant here.

An overestimated value of the derivative (4.46 cm−1/GPa;

3.17(9) [5], 3.4(2) [19]) was also obtained for the mode

of symmetry B1 with ν = 731.7 cm−1. The pattern is

the same for mode ν1 with wave numbers of 1078.5

and 1095.4 cm−1: the determined values of the derivative

are 5.22 and 4.62 cm−1/GPa (3.50(5), 4.12(4) [5]; 4.5(3),
5.2(3) [19]).

The pressure dependence for ν2 (CO2−
3 ) differs fun-

damentally from those of other intramolecular modes.

For example, the mode of symmetry A1 with a wave

number of 867.8 cm−1 remains almost unchanged when

Optics and Spectroscopy, 2023, Vol. 131, No. 9
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the pressure rises; in fact, it decreases slightly at a rate

of −0.15 cm−1/GPa, while the mode of symmetry B2

with a wave number of 848.8 cm−1 decreases at a rate of

−0.28 cm−1/GPa. Mode ν2 behaves in a similar fashion in

other carbonates [52].
The RS spectra of K-Ca have been examined in [2,54]

under a pressure of 3GPa and at a high temperature of

1273K. The authors of [54] have identified the following

vibrations in the lattice region: 64, 97, 164, 220 cm−1;

for ν4: 692, 703, 709 cm−1; for ν1: 1075, 1090 cm−1;

and low-intensity vibrations for ν3: 1400, 1466, 1484,

1515 cm−1. One may use the data from Table 3 and the

following formula to obtain calculated values corresponding

to this pressure:

ν(P) ≈ ν0 +
∂ν

∂P
P.

The results of direct calculations at 3GPa in each region

agree fairly well with the experimental data given above:

52.4, 100.1, 170.7, 219 cm−1; 703.8, 712.4, 718.3 cm−1;

1091.6, 1093.3 cm−1; 1414.7, 1467.5, 1494.2, 1506.5 cm−1.

Temperature effects should be taken into account when one

compares these data sets. Parameters γi for lattice modes

fall within the interval of 1−2, while the parameters for

intramolecular modes are an order of magnitude lower. The

wave numbers of vibrations type ν2 increase with pressure

at a rate of just 0.1 cm−1/GPa (for symmetry A) and 0.4,

0.8 cm−1/GPa (for symmetry E).
The established dependences may be used to solve

an inverse problem: determine pressure P when wave

number ν is known. Specifically, the corresponding formula

for the lattice mode of symmetry A1, which is the most

intense in Na-Ca, is

P(GPa) = 105.06 − 1.165ν + 0.003ν2,

where ν is expressed in cm−1. For example, P = 2.06GPa

is found for ν = 212 cm−1 (rigorous calculations yield a

value of 2.0 GPa). A linear pressure dependence is obtained

for mode ν1 with a wave number of 1078.5 cm−1 :

P(GPa) = −249.9 + 2.232ν.

A similar formula from [19] is written as

P(GPa) = −207.59 + 0.1902ν(cm−1)

with an accuracy of 0.2 GPa. The corresponding linear

dependence for vibration ν3 of symmetry B1 , which is

the most intense in IR, is

P(GPa) = −387.9 + 0.259ν,

where the error of the pressure value determined for a

certain calculated wave number is no worse than 0.2 GPa.

The formula for a similar vibration of symmetry E in K-Ca

is

P(GPa) = −242.4 + 0.169ν.

The vibration of symmetry A, which is the most intense in

RS spectra, has

P(GPa) = −286.6 + 0.265ν.

Conclusion

Three vibrations of different polarizations with wave

numbers of 193.8, 225.7 and 284.8 cm−1 are the most

intense in the lattice region of IR absorption spectra of

carbonate Na-Ca, while the modes with wave numbers of

184.7, 246.8 cm−1 and 215.05, 266.7 cm−1 are the most

intense for z and xy polarizations, respectively, in carbonate

K-Ca. The modes of symmetry B2, A1 with wave numbers

of 263.3 and 274.8 cm−1 stand out in the RS spectrum of

Na-Ca, and the modes of symmetry E with wave numbers

of 173.3, 238.5 cm−1 are prominent in the K-Ca spectrum.

These vibrations correspond to the rotational motion of

carbonate ions. The spectra of these two compounds in the

region of intramolecular CO2−
3 vibrations are qualitatively

similar. The band formed by the type ν3 mode of

symmetry B1 with a wave number of ∼ 1496 cm−1 (Na-
Ca) and 1437 cm−1 (K-Ca) is dominant in IR. Mode ν1

of symmetry A1 with a wave number of ∼ 1095 and 1082

cm−1 has the highest intensity in RS. Higher wave numbers

in Na-Ca correspond to shorter interatomic distances in this

carbonate.

Different types of lattice and intramolecular vibrations

have different rates of growth of wave numbers with

pressure. The typical Grüneisen mode parameter for

intramolecular vibrations type ν4 (in-plane deformations),
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ν1 (symmetric in-plane stretching), and ν3 (asymmetric in-

plane stretching) is 0.2−0.4. The parameters for out-of-plane

deformations ν2 are negative in Na-Ca and positive (near-
zero) in K-Ca. The established linear relations between

wave numbers and pressure may be used to estimate

pressures based on known wave number values (and vice

versa).
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