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Calcite as polar biomineral with a tendency for glass formation
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Calcite, CaCOs, is a widely available biomaterial with remarkable properties. Its twin walls (TWs), formed
during growth or deformation, show intriguing properties including a strong polarization. While calcite has
no macroscopic dipole moment (by symmetry) the TWs show a big shift in the distance between Ca’** and
CO;? resulting in dipole moments (polarization) estimated at 0.22 C/m?. Such strong dipole moments have
a substantial influence on the diffusion of atoms inside twin boundaries. Furthermore, deformation will also
generate simple kinks inside the TWs. These kinks lead to local clusters of amorphized CaCOj. Stressed calcite,
in devices or in the natural environment, will be riddled with such kinks, which explains the tendency to
form locally amorphized materials. The structural particularities of calcite originate from a sequence of phase
transitions, thermal or by growth, from a cubic phase to a rhombohedral phase with R3m symmetry to the
R3c phase known at room temperature. Symmetry aspects of these transitions are discussed. The complexity of
the TW structure arises from both the odd-even effect at the twin boundary in the rhombohedral structure and
the coupling between two order parameters in the phase transitions of calcite. The coupling scheme is linear

quadratic and is discussed in detail.
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I. INTRODUCTION

As the most stable polymorph of calcium carbonate
(CaCO0s3), calcite plays a critical role in planetary formation
and function. It occurs widely in primitive solar system chon-
drites [1], including the parent body of the recently visited
asteroid Bennu [2], and is a recurrent phase of supracrustal
rocks on Mars [3]. On Earth it is the principal constituent
of sedimentary limestone, by far the largest repository of
atmospheric CO, over deep time [4,5]. For the past 500 mil-
lion years or so most of this production has been co-opted
by carbonate-biomineralizing organisms, tapping into both its
ready availability and its unique material properties.

Calcite is a relatively brittle, soft, trigonal mineral with
high birefringence, perfect cleavage, and a pronounced ten-
dency to form twins. Despite its familiarity to classical
mineralogists, geologists, and (paleo-)biologists, there has
been surprisingly little consideration of its atomic-scale struc-
ture, particularly at twin boundaries where Ca?* and the
COs2~ triangles are necessarily realigned to accommodate
the intersecting geometries. Its structural, mechanical, and
electrical properties are closely related to its two main phase
transitions [6,7]. The high-temperature phase is calculated to
be cubic with Fm3m symmetry [8]. Cooling calcite reduces
the symmetry first to R3m and finally to the R3¢ room temper-
ature structure. These transitions greatly modify the physical
and chemical properties of calcite by injecting strong micro-
and nanotwinning [9-11].
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Chemically, the twin planes are expected to show excep-
tionally high rates of diffusion and reactivity and they provide
key insights into the ordering and modification of the un-
derlying atomic-scale architecture [12,13]. Twin planes are
likely to be sites of enhanced CO; loss, potentially at levels
high enough to compete with bulk diffusion. First-principles
calculations suggest that preferential adsorption along twin
walls (TW5s) alter the mechanical stability of calcite [14]. High
chemical reactivity is also known to occur at the intersection
between twin boundaries and crystal surfaces [14]. Twinning
occurs commonly in natural “biocalcite,” where both growth
twins [15,16] and nanoscale deformation twins [17] have
been adopted for the toughening and/or hardening of biomin-
eralized structures well beyond the limits of mineralogical
“geocalcite” [4,5,18]. These TWs appear to play a key role
in modifying the properties of calcite for its roles in skeletons
[19] and other biological situations [17]. Different types of
twins (e, f, and r twins) crosscutting each other are often found
in the same grain [20]. Among these twins, the r-type 104 =
{1014},,., twin is considered to play an important role in the
deformation of calcite [21]. Significantly, our recent molec-
ular dynamics modeling identified a number of unexpected
features associated with the {104} TW, including an inher-
ently bilayer structure, kinks showing high structural disorder,
and an exceptionally strong dipole moment [22]. Ultimately,
we expect twin planes to emerge as a first-order control over
the biological transformation of amorphous calcium carbonate
(ACC) to calcite via the aggregation and collective integration
of the constituent nanoparticles [23-25].

The predominant role of twin boundaries relates to the
displacements of cations and anions inside the TWs that
lead to a rearrangement of charges. While the bulk is
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electrically neutral, twin boundaries exhibit strong internal
dipole moments that are known from previous studies of
other materials to be the basis for generating electronic de-
vices like transistors and photovoltaic devices, as well as for
local superconductivity and enhanced conductivity [26-34].
In this paper, we describe the temperature dependence of
the wall polarization and more generally, derive suitable
Landau potentials for the two phase transitions of calcite
[35]. We show that the main ingredient is the coupling
of the order parameters of the two phase transitions. This
coupling has unusual symmetry properties: it is linear in
one order parameter and quadratic in the other. This linear-
quadratic coupling was predicted theoretically [8,36-38]
and we quantify the coupling mechanism in this paper. We
then show that the coupling is also crucial to understanding the
structure of the active twin boundaries [39—41]. Here, the most
important parameter is the strong electrostatic polarization
of the twin boundaries, which was systematically observed
in twinned materials [42—44]. The strong electrostatic inter-
actions were already identified in calcite for the formation
of glassy and amorphous phases. It was also identified for
the role of water and/or protein molecules [45]. Yang et al.
[22] have shown that kink formations in the bulk lead to
glassy beads inside calcite near the kink position [46—48]. We
confirm and extend these observations. Our work was greatly
stimulated by recent electron microscopical observations by
Németh [49] and computer simulations by Bruno et al. [50].

II. METHODS

A. Molecular dynamics simulations

The phase transformation behavior and TW profiles were
studied by molecular dynamics (MD) simulations based on
an empirical potential of CaCOj3 generated by Raiteri et al.
[51]. The parameters were fitted against experimental ther-
modynamic and structural data [22]. Previous studies have
shown that this potential can provide a good description of the
{1014}, TW structure and the phase transitions of CaCOs
over a wide temperature range, from 20 to 2000 K [8,22]. It
is important to note that these simulations implicitly assume
CO; partial pressures sufficiently elevated to avoid the decom-
position of CaCOj3 even at temperatures exceeding calcite’s
decomposition temperature of approximately 1100 K at ambi-
ent pressure.

In this paper we focused on the TW polarity and linear-
quadratic order parameter coupling in calcite at different
temperatures. Therefore, we first built two different three-
dimensional models with two base ions or ion groups (Ca”*,
CO0;27) carrying opposite charges of +2 and —2, respectively.
Consequently, variations in partial atomic charges due to
structural changes or local atomic environments are neglected.
The first model contained two parallel TWs and had dimen-
sions of 32.2 x 36.3 x 4.0 nm> (384000 atoms). A pristine
sample with the same dimension and orientation was used as
a reference to study the order parameter coupling effects in
the bulk. Periodic boundary conditions were applied along the
x, y, and z; directions for both models there is thus no free
surface in our simulations.

Structural relaxations were calculated under a fixed num-
ber of particles, pressure, and temperature (NPT ensemble

[52]) for 0.5 ns with a time step of 1 fs. The temperature
and pressure were controlled by a Nosé-Hoover thermo- and
barostat [52-54]. The MD simulations were performed with
the LAMMPS code [55] and the atomic patterns are displayed
via the open visualization tool, OVITO [56,57].

B. Definition of order parameters

The high-temperature phase of CaCOj is cubic with Fm3m
symmetry [8]. Cooling calcite reduces the symmetry first to
R3m and finally to the R3¢ room temperature structure. The
thermodynamic analysis of these transitions [8] indicates that
in each case the order parameter has only one independent
component, thus it is effectively scalar. The Fm3m — R3m
transition is a ferroelastic phase transformation, involving a
structural change from a cubic to a rhombohedral lattice.
Beyond the alteration in lattice symmetry, the most significant
change in this transition is the transformation of the CO32~
ion symmetry from a spherical distribution to a planar (ring-
shaped) distribution. The R3m — R3c transition is primarily
driven by an orientational order-disorder transition of the
CO3% ions. Crucially, the orientational ordering of CO32~ in
the R3¢ phase results in a doubling of the unit-cell volume.

We define two order parameters in calcite to describe these
structural evolutions. The first describes the Fm3m-R3m tran-
sition and is denoted Qr, since the order parameter relates
to the " point within the Brillouin zone of the Fm3m space
group. This transition is necessarily stepwise, unless a sin-
gular point is encountered [58] due to a third-order term in
thermodyamic potential [59], and is proper ferroelastic. The
transition from the R3m phase to R3c is not ferroelastic and
is symmetry allowed to be continuous. The relevant order
parameter [8] relates to the T point of the R3m Brillouin zone
(or to the L point of the cubic Brillouin zone) and is here
denoted Qr.

As mentioned above, the most obvious characteristic of
the Fm3m-R3m transition is the symmetry of the distribu-
tion of the CO32~ molecules, which transforms from random
(spherical) to planar under cooling. The order parameter Qr
will thus be well represented as a quantity that describes the
out-of-plane tilting angle 6 of CO32~ groups. It is estimated
from

1 0;
QF=NZ<1—;N>, (1)

where 6; represents the tilt angle (in degrees) of the ith CO32~
group in the system under study, 6,, is the mean value of
the tilting angle of spherically distributed (i.e., randomly ori-
ented) CO3~ anions, the symbol (-) means a time average,
and N means the total number of CaCO3 groups in the system.
We can easily obtain the value of 6,y, which is equal to 57.3°
(1 radian), through polar coordinate integration (see Supple-
mental Material Note I [60]). In the Fm3m phase, where the
CO5°~ ions exhibit a spherical distribution, the value of Qr is
zero; in the R3m phase, where the CO32~ ions adopt a planar
distribution (all 6; are zero), Or takes a value of 1. The order
parameter Qr as defined in Eq. (1) is normally positive; in the
study of twinning, however, it is useful to see a sign change
across a twin boundary (see Figs. 10 and 11) so we leave Or
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FIG. 1. Hexagonal structural cell of CaCOs. The red, green, and
blue planes are equivalent lattice planes for calcite; they are {001}
lattice planes in a pseudocubic structural cell.

positive in one twin domain but attach a negative sign in an
adjacent twin domain.

Or describes the phase transition of the R3m-R3c. At low
temperatures in the R3¢ phase, the CO32~ groups are ordered
in layers with opposite orientations in adjacent (0001 ).,
layers (Supplemental Material Fig. S1 [60]). In the higher-
temperature R3m phase, this orientational ordering of CO32~
triangles is lost, for example, if the parallel and antiparallel
orientations occur at random. We thus estimate Qr, as in
our previous work [22], by the in-plane rotations of CO3>~
triangles:

Or{(—1)" cos (3¢)), @

where ¢; is the angle between the a axis of the crystal (hexago-
nal cell) and a randomly chosen carbon-oxygen (C-O) bond of
the ith CO3>~ ion. L enumerates the layers. In the R3m phase,
the CO3%~ groups exhibit a disordered arrangement, yielding
Ot = 0; in the R3¢ phase, the CO32~ groups adopt an ordered
configuration, resulting in Qr = 1. The value of Ot remains
invariant under different twin orientations; consequently, we
do not employ sign distinctions to differentiate between twin
variants for Or.

For the calculation of both order parameters, we have
adopted a combined temporal-spatial averaging approach to
ensure enhanced accuracy in our computations. For ergodic
systems, temporal averaging is equivalent to spatial averaging,
both being identical to ensemble averaging. The equivalence
of spatial and temporal averaging has been rigorously verified
in the Supplemental Material [60] (as shown in Supplemental
Material Fig. S2).

II1. RESULTS AND DISCUSSION
A. The structure of {1014},,,, twin walls

We focus on one particular TW, the r type, which is dom-
inant in calcite, although other TWs may also be important.
This twinning occurs across the {1014},., planes (Fig. 1),
which coincide with the main cleavage planes {001}, in

102211 OFPOFFOFPOFFO
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FIG. 2. Schematic structure of (a) the TW, here taken to be on
(0114),.,. The structure consists of two layers of CaCO3; molecules.
The views are along [2110],., so they are projections onto the
(210),,., plane. These layers are named “even” and “odd” in (b) and
(c). The TW is the superposition of the two types of layers. (d) Each
subwall is either TW® or TWE; their superposition leads to strong
structural strains in (a).

the equivalent pseudocubic setting [11]. Shown in Fig. 2 are
different projections of the calcite crystal structure, which is
taken to be twinned across (0114),,: the views in (a), (b), and
(c) are along [2110],x and therefore onto (2110),., planes,
and the view in (d) is along [2021],ex. The (2110);,, planes
constitute layers that are distinguished in (b) and (c) as odd
and even; the offset between these layers is a consequence
of the rhombohedral crystal structure. In addition, the CO3%~
groups in calcite in the low-temperature form (R3c phase)
are ordered in such a way that CO3>~ groups inside the
same (0001),., plane are parallel (i.e., have the same orienta-
tion), but are alternately antiparallel and parallel in subsequent
layers. As the TWs intersect these layers, it leads to rather
complex crystal structures of the boundaries. This means that
a TW cannot be one-atom-layer thin; the minimum thickness
is two layers with strain fields increasing this minimum thick-
ness (Fig. 2).

The crucial topological feature is that the TWs in cal-
cite cannot be thin, with minimum thickness two layers
(7 0.6 nm). This is fundamentally different from twin
boundaries in prototypical ferroelastics such as Pbs(PO4)>
[37,40,61], where the strain-induced wall thickness is ten unit
cells [39]. In CaTiOj3 the observed wall thickness is ~0.4 nm
[27], where the thickness as seen in TEM is ca. two octahedra
similar to the results of MD simulations [41]. Typically, the
thickness of a TW can be estimated by the strain changes on
both sides of the interface. The evolution of shear strain in the
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FIG. 3. (a) Shear strain near a TW. (b) Fitting the shear strain by
a classic tanh 2 profile. The inset figure in (b) shows the oscillations
of the shear strain caused by distortions near the TW [63].

TW can be fitted by a classic tanh 3. profile [62]. Figure 3(a)
shows the evolution of shear strain near a TW at 20 K. To
highlight the subtle differences in shear strain across different
atomic layers, we applied a nonlinear coloring scheme to the
strain. It shows that even at a distance of ~1.0 nm from the
TW, the shear strain still differs from that in the bulk (40.33
at 20 K). The fitted TW width w is 0.412 nm [Fig. 3(b)].

The relatively low values of our estimated TW thicknesses
are due to the fact that the tanh formula does not accurately
describe the behavior of twin boundaries, such as the oscilla-
tions in shear strain caused by distortions near the boundary
[inset in Fig. 3(b)]. Another important reason is that the shear
strain is calculated by using the positions of the Ca®* ions,
while the distortion of CO3%~ ions in TWs is also significant.

The strong structural distortions in TWs lead to shifts
between cations and anions (Fig. 4). This implies that the
twin boundaries display strong dipole moments [28,41,42].
Figure 4(a) illustrates the dipole structure within eight atomic

layers near the TW. Polar displacement is the displacement
of the positive Ca?* from the center of the six neighboring
negative CO32~ ions. The green arrows indicate this displace-
ment, which is caused by large lattice distortions near the TW.
On the left side of Fig. 4(a), the magnitude of the mismatch
between the positive and negative charge centers in different
atomic layers is shown.

The polarization near the TW is not limited to the eight
atomic layers adjacent to the wall. Figure 4(b) shows the
variation in the displacement of positive and negative charge
centers and polarization as a function of distance (in terms of
atomic layers) from the TW at different temperatures. The po-
larization is P = qu’ where ¢ is the ionic charge, s is the polar
displacement in each formula unit, and V is the volume of the
formula unit, taken to be one-sixth of the volume of the unit
cell (367.85 A?). The polar displacement spans approximately
20 atomic layers or 6 nm.

The great thickness of TWs in CaCOj3 is primarily due
to the odd-even effect inherent in its structure. Figures 4(c)
and 4(d) respectively illustrate the dipole moments in odd
and even layers. At the twin boundary the dipole moments in
the odd and even layers are similarly aligned. It can be seen,
however, that within each of these layers the dipole directions
reverse, more or less, between one twin variant and the other;
furthermore, these directions are reversed (aside from at the
boundary itself) between odd and even layers. The dipole
moments gradually decay to zero with increasing distance
from the TW. Another significant reason for the increased
thickness of the TW lies in the coupling between two distinct
order parameters in the structure (Qr and Qr), which will be
further discussed in the following sections.

As the temperature increases, the dipole moment near the
TW weakens due to thermal vibrations reducing the lattice
distortions near the interface. Figure 5 illustrates the tempera-
ture dependence of polarization density at TWs. We analyzed
the average polarization density over TW regions of varying
thickness. For example, Fig. 5 shows the average polarization
density of the two atomic layers closest to the TW center,
which reaches 0.2 C/m? at 20 K. When the TW region thick-
ens, the polarization density decreases (See Supplemental
Material Fig. S3 [60]). This reduction can be attributed to two
factors: first, the diminished lattice distortion with increasing
distance from the TW, leading to weaker polarization, and sec-
ond, the mutual cancellation of opposing dipoles in adjacent
layers.

Kinks are common within twin boundaries and are consid-
ered as “walls within walls” [64—66]. The presence of kinks
makes the movement of two-dimensional interfaces much
easier [65]. We have shown the atomic structure of a kink in-
side the {1014}, TW [22]. Significant distortions and glassy
regions are observed near kinks. This is very different from
kinks in other materials, where kinks are very localized and
interact with each other but do not form glass states.

The structural destabilization induced by kink forma-
tion suggests that an increased kink density may expand
the affected region, potentially transforming the entire twin
boundary into a glassy phase. As demonstrated in Fig. 6,
several closely spaced kinks [Fig. 6(a)] can cooperatively
generate an extended amorphous interface structure. Upon
structural relaxation at room temperature, internal stresses

106001-4



CALCITE AS POLAR BIOMINERAL WITH A TENDENCY ... PHYSICAL REVIEW MATERIALS 9, 106001 (2025)

(a) 9, ‘e ‘a s ‘e © R R P RW
— dOaOQQQOa.o aOQOoOQO” 9,
27.9 Q.‘Q‘ D.ﬁ.D'p QODOQO‘DOOOO
o776 'a‘ﬁ‘a‘donov @O‘OQQO@Q@QO
Sa13 O O¥10LOD O"t
%27‘0 MD
& 207 FONONONONO Y9N X0 X0 X
264 o'b.a‘o'o'o Q.C‘J.f DCDOO
21 ¢ s cooocmo',” ) GOOOOOoOUQo

-0,250,32((),A2)5 0.50 :2 \j 0 U ‘c]./ b' 0 .O “.'0 Q.I o

27100, (0221}

(b) Position (nm)
0. 518 20 22 24 26 28 30 32 34 36
—20k —300k
500K 800K
04 1200 K 1350 K ’ .
1500 K—— 1600 K ||
03+ 1700K .
<oz} {010 ® )
Bl il 005 2 @os:o@o;:owm
| 1 = FCRULL B L1
0.0 — ;__-_-_Nﬂd V‘v"f;.—l < 0.00 Q OOO OQ OQOQ OQ
01l 11 1-0.053, 0‘0 QOQOQOQDb
_0 2 1 L 1 I 1 1 - _0.10 o c e c o

60 70 80 90 100 110 120
Layer along y direction

FIG. 4. Dipole moments in TWs of CaCO;. (a) Lattice distortion near TWs induces displacement of positive and negative charge centers.
Green arrows indicate the displacements of Ca’* with respect to the center of charge of the six surrounding CO3%~ groups. (b) Displacement
or dipole density evolution as functions of distance from TWs at 20, 300, 500, 800, 1200, 1350, 1500, 1600, and 1700 K. (c) and (d) highlight
odd and even layers, respectively (atoms in blue), along with the associated Ca>* displacements.

arising from this high density of kinks induce severe lattice =~ Concurrently, the significant volume fraction of the amor-
distortion and subsequent amorphization [Figs. 6(b)-6(d)]. phous phase results in measurable volumetric expansion, as
This transformation occurs rapidly, completing within 1.5 ps. evident in Fig. 6(d). Following prolonged structural relaxation
(100 ps), a portion of the amorphous domains reverts to a
crystalline state, reducing the overall amorphous volume frac-
tion [Fig. 6(e)]. Nevertheless, persistent amorphous domains

0221 2layers remain localized at the TWs [Fig. 6(f)]. This mechanism pro-

& 020 vides insight into the natural behavior of stressed calcite in

E 0.18 | both engineered devices and geological environments where

o T o6 a high kink density can explain the material’s propensity for
P L

localized amorphization.
D014} Radial distribution function (RDF) analysis was employed

% 042l to confirm the presence of a kink-induced amorphous phase
o at the interface. Figure 7 presents the evolution of Ca-Ca,
_8. 0.10 - Ca-C, Ca-0O, C-C, C-Ca, and C-O RDFs within the amorphous
O oosl interfacial region (red curves) and the pristine crystalline bulk
(black curves). The bulk region exhibits characteristic features

0.06 - . . . . of a perfect crystal structure, manifested by multiple sharp,

0 400 800 1200 1600 well-defined peaks in the RDF profiles. Owing to the inher-

Temperature (K) ent symmetry of the crystal lattice, the Ca-Ca RDF in the

bulk is identical to the C-C RDEF, while the Ca-C and C-Ca

FIG. 5. Temperature evolution of dipole moments in TWs of ~ RDFs are also indistinguishable. These distinctive signatures
calcite. provide conclusive evidence of the crystalline state in the
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FIG. 6. Extended amorphous interface structure generated by three closely spaced kinks. (a) Original atomic arrangement of three closely
spaced kinks. (b)—(d) Rapid amorphization induced by internal stresses arising from high density of kinks. (e) Stable amorphous region after a
long structure relaxation. (f) Detailed structures of amorphous region in TWs.

bulk region. In stark contrast, the kink-induced amorphous Notably, these amorphous domains (ACC) exhibit strong
interface displays no sharp peaks. Instead, broad, featureless affinity for dopant accumulation and impurity segregation
humps dominate the RDF profiles—a hallmark characteristic [67,68]. There are a number of reasons for this: (1) The inher-
of amorphous structures. It is noteworthy that within the C-O ently disordered structure of ACC facilitates the incorporation
RDF of the amorphous region, the first coordination peak per- of dopants and impurities into its matrix [69]. (2) Incorporated
sists, signifying the preservation of covalent bonding between  impurities can impede the crystallization process (transfor-

carbon and oxygen atoms. mation of ACC to calcite), thereby enhancing the stability
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of the ACC phase [70]. (3) The large specific surface area
and high reactivity of ACC domains provide abundant sites
for the adsorption of dopants and impurities [69]. Further-
more, we quantified the polarization within the ACC domains
depicted in Fig. 6(e). The measured polarization intensity
reaches 1.09 C m~2, approximately fivefold greater than that
observed in conventional TWs. This significantly enhanced
polarization serves as compelling evidence for the heightened
dopant adsorption capacity of ACC regions. The observed
amorphization pathway, mediated by kink-density modula-
tion at twin boundaries, represents a previously unreported
material transformation mechanism in crystalline systems.
This discovery challenges the conventional understanding of
deformation-induced amorphization processes and suggests
new possibilities for interface engineering through defect den-
sity control.

B. Bulk coupling of order parameters

Structural instabilities are not independent but interact giv-
ing rise to several coupling phenomena [71]. The “faintness”
of coupling is determined by symmetry wherein the faintness
parameter is the exponent of the order parameter in the cou-
pling term in the Gibbs free energy of the phase transitions
[72]. The Gibbs free energy is now cast into a Landau poten-
tial with the following symmetry-allowed terms [8,35,72-74]:

1 er er 1 1
Gr= EC@SF [coth ( T ) —coth (—)]Q%—i-ng% +ZQi4~,
3

Ir

Gr = lA@T coth o) _ coth O 03 + lQ4 )
T2 T w )T 47T
where A, b, and C are normalized parameters in the Landau
potential. Tt and Tt refer to the transition temperatures for the
Fm3m-R3m and R3m-R3c transitions, respectively. ®f and
®§ are characteristic temperatures [73] for these two transi-
tions, respectively. The term in (3) of third degree drives the
transition Fm3m-R3m to be stepwise whereas all previously

considered transitions were continuous.

The total Gibbs free energy G is the sum of these two
expressions of Gr and Gt plus the term that describes the
interaction between the two order parameters. This “coupling
term” is symmetry constrained. The lowest-order symmetry-
allowed coupling term is [8]

Gcoupling = L(Q%“Q%‘) = %)"Q%QF )

Hence the faintness index is 1 for Qr and 2 for Qr and
the coupling is linear quadratic [75]. The stable solution is
determined by the equilibrium conditions

G 0G
— =0 and — =0. 6)
o0r 007

The resulting equations can be solved by a simple shift of
the order parameter Qr to OF.

b
Or =0r+ 3 N
which simplifies Eq. (6) to a simple third-order polynomial
2 (¢ = 32708 — 3aat =0, (®)

—
2
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o
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FIG. 8. Evolution of order parameters under heating induces
structural phase transformations in calcite. (a) Temperature evolution
of the two order parameters in calcite. The red curve represents the
in-plane order parameter Qr with a projected transition temperature
near 1550 K. The out-of-plane tilt described by Qr (blue curve)
is not yet saturated at this temperature but jumps here by approx-
imately 20%. The dot-dashed lines show the bare, i.e., uncoupled,
order parameters. (b) Order parameter vector space of the two order
parameters Qr and Q. The black circles show the results of MD
simulations [22] and the red line is the result of the Landau potential
described in this paper.

which contains no quadratic term in Qf. or Qt with renormal-
ized a* and c*.

The equations in G- and Gt are now used to calculate the
two order parameters. The relevant closed-form equations are
listed in Supplemental Material Note II [60].

Figure 8(a) shows the temperature evolution of the two
order parameters. All the circles result from MD simulations.
By fitting these MD data, we can obtain all the coefficients and
the coupling constant A in the above equations. The bold lines
show the equilibrium evolutions of the order parameters. The
dot-dashed lines show the two order parameters without cou-
pling. The stepwise transition in Qr is indicated by a dotted
line. The most obvious characteristic feature of the coupling is
the hump in the Qr curve near the transition temperature 7r.
This proves that the tilt (out-of-plane) movement of the CO32~
groups is far from saturated below the transition point of Qr.
When the in-plane ordering increases it also increases the
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FIG. 9. Typical orientations of CO32~ groups in two adjacent (0001),., atomic layers at (a) 300 K, (b) 1500 K, (c) 1600 K, and (d) 2000 K.

Red and blue represent the odd and even layers, respectively.

tilt ordering. For purposes of presentation, theoretical results
without coupling are referenced to the axis on the left, whereas
both theoretical with coupling and the MD results are shown
against the axis on the right. The coupling between the order
parameters above Tt can be neglected. The order parameter
vector space of the two order parameters Qr and Qr is shown
in Fig. 8(b).

Figure 9 shows typical orientations of two adjacent
(0001);,., CO32~ layers at temperatures of 300, 1500, 1600,
and 2000 K. At 300 and 1500 K, calcite exists in the R3¢
phase, where the orientation of CO3%~ is relatively strong.
Specifically, within each plane, the orientations of all trian-
gular units are nearly identical, as indicated in Figs. 9(a)
and 9(b). The out-of-plane tilting is rather weak. When the
structure transitions to the R3m phase, in-plane orientations
of the triangular units lose the parallel-antiparallel ordering
scheme of the room temperature phase, signaling the disap-
pearance of the order parameter Qr (Fig. 8). The out-of-plane
tilting is stronger than in the R3¢ phase, but the CO32~ entity
itself remains planar. As the temperature increases further, so
does the out-of-plane tilting. As the temperature rises further,
transitioning calcite to the cubic Fm3m phase, both order pa-
rameters vanish, corresponding to fully random in-plane and
out-of-plane orientations throughout the system [Fig. 9(d)].

MD simulations revealed critical temperatures for the R3¢
to R3m and R3m to Fm3m transitions are 1525 and 1900 K,
respectively [8], While the decomposition temperature of cal-
cite at ambient pressure is only ~1100 K. However, our MD
simulations systematically overestimate phase transition tem-
peratures compared to experimental data. For instance, while
the experimental R3¢ to R3m transition occurs near 1240 K

[76], our simulation yields a value of ~1525 K, representing
an overestimation of approximately 23%. Extrapolating this
error margin suggests the experimental transition temperature
for the subsequent R3m to Fm3m phase transition could be
reduced from 1900 K to approximately 1540 K. Critically, at
this lower extrapolated temperature, it may be feasible to sup-
press calcite decomposition by elevating CO, partial pressure,
thereby enabling experimental observation of this previously
unreported phase transition.

C. Coupling in twin walls

The same order parameter coupling as in the bulk is now
described for TWs [77]. Yang et al. already determined that
emerging properties exist in calcite because TWs are polar
while the bulk is not [22]. The idea that such properties ex-
ist is relatively new and has not been employed for calcite
[4,5,11,16,18,78]. “Exotic” interfaces were previously found
in WOj3 (superconducting walls [79]), BiFeO; and LiNbOj3
(conducting walls [80,81]), StrTiO3, and CaTiO3 (polar walls
[27,29,82,83]). The unusual coupling mechanism in calcite
TWs relates to the linear-quadratic coupling between the order
parameters, which seems extremely rare in other materials
[84,85]. In contrast, biquadratic coupling is always symmetry
allowed and very common [36,86,87], similarly local flexo-
electric coupling leading to so-called ripple states [88]. The
case of linear-quadratic coupling was first analyzed theoret-
ically as a new type of interaction by Salje and Carpenter
[75]. Pottker and Salje explored the consequences of such
coupling more widely for interfacial properties where one
order parameter forms a twin boundary and the second reacts
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FIG. 10. Wall profiles in linear-quadratic coupling at (a) 300 K, (b) 800 K, (c) 1200 K, (d) 1350 K, (e) 1500 K, and (d) 1600 K. For all
temperatures, Qr follows a tanh profile while Qr superimposes a cusp profile.

to these boundary conditions [88]. No concrete experimental
examples were found previously. We summarize the theoreti-
cal predictions as follows:

(1) If only one order parameter contributes to the wall
profile, the profiles follow the classic tanh function very well.

(2) If two order parameters contribute to the wall profile,
the solutions are kinks and breathers, where one order param-
eter changes sign and the other decreases from its equilibrium
value only within the domain wall.

(3) If the relative strength of the leading-order gradient
terms reaches a critical value, the interface is divided into two
separate transitions. The closer the order parameters pass the
point (0,0), the weaker the coupling.

Based on the theoretical topological solutions of two cou-
pling order parameters in TWs, we checked the twin wall
profile of calcite by MD simulations. The topological solu-
tions are calculated using the interaction parameters derived
by Yang et al. [22]. Figure 10 shows the evolution of the
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two order parameters, i.e., Or and Qr near {1014}hex TWs
at temperatures of 300, 800, 1200, 1350, 1500, and 1600 K.
The calcite is in R3c phase at temperatures below 1523 K,
and in R3m phase at 1600 K. There are no TWs in the Fm3m
phase.

For all temperatures we find that Qr follows an approx-
imately tanh profile while Qr superimposes a breatherlike
profile. The “breather” of Qr represents the influence range
of TWs, or in other words, the thickness of TWSs. It is evi-
dent that in the R3¢ phase, the TW thickness increases with
rising temperature. After transitioning to the R3m phase, the
coupling between Qr and Qr vanished entirely.

We describe the Qr profile as “breatherlike” because a
true breather exhibits a much broader minimum in its spatial
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(b) 800 K, (c) 1200 K, (d) 1350 K, (e) 1500 K, and (f) 1600 K.

distribution, whereas the minima observed in Figs. 10(a)—
10(e) are relatively sharp. For this reason, we designate such
sharp minima as “cusps.” The reason for the cusp minimum
in Or lies in the highly complex domain-wall configura-
tions in calcite, which are inherently linked to the odd-even
effect in TWSs. This phenomenon generates abrupt discontinu-
ities in orientational order parameters at the twin boundaries,
as the odd-even effect imposes competing constraints on the
in-plane rotations of CO32~ groups. The existing theoretical
frameworks fail to adequately describe the evolution of the
QOr profile because it deviates from a conventional breather
behavior. Figure 11 shows the order parameter vector space
for the TWs. Figure 11(f) confirms the absence of order pa-
rameter coupling in the R3m phase.
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Red and blue represent the odd and even layers, respectively.

Figures 12(a)—12(c) illustrate the orientational characteris-
tics of the CO52~ groups at the TW at 300, 1500, and 1600 K.
Compared with the orientations observed in the bulk (Fig. 9),
the CO32~ groups at the TW exhibit the following distinctive
features:

(1) Enhanced out-of-plane tilting. At the same tempera-
ture, the out-of-plane tilting is more pronounced at the TW
[Figs. 12(a)-12(c)], corresponding to a reduction in Qr at the
TW.

(2) Increased in-plane disorder. A direct comparison be-
tween Figs. 12 and 9 reveals significantly intensified in-plane
rotational dynamics of CO3?~ groups near the TW com-
pared to the bulk. While residual in-plane correlations persist
[Figs. 12(a) and 12(b)], the orientational mismatch between
neighboring triangular units becomes more pronounced at the
TW, leading to a marked decrease in Q.

(3) Nonzero Qr with spatial decay in R3c phase. Despite
the reduced Qr at the TW, it remains nonzero in the R3¢ phase,
indicating incomplete loss of in-plane correlations among
CO3%~ groups. Notably, the magnitudes of both in-plane ro-
tation and out-of-plane tilting progressively diminish with
increasing distance from the TW, highlighting the localized
nature of these orientational perturbations.

IV. CONCLUSIONS

Calcite is not only one of the most available biomateri-
als on Earth, it is also one of the oldest minerals. It was

found in samples of the asteroid (101955) Bennu returned
by the OSIRIS-Rex mission in 2024 [2]. In engineering
applications, calcite is already used as binder in the con-
struction of platforms for landing strips in the South China
sea and its mechanical use has been explored in much detail
by the Ortiz group at Massachusetts Institute of Technology
[17,19]. One of the key ingredients for its mechanical stability
is the fact that twinned calcite is hard; twinning arises because
stressed calcite reduces stress by the formation of TWs. We
have shown that these TWs, specifically the {104} TWs, have
a more complex crystal structure compared with TWs in other
materials such as perovskites [27,71,89]. The complexity of
the TWs in calcite stems from the offset of successive layers
inherent in its rhombohedral structure [as shown in Figs. 2(b)
and 2(c)] at ambient temperatures. Upon cooling, calcite un-
dergoes a progressive reduction of its symmetry from cubic
Fm3m to rhombohedral R3m to rhombohedral R3c. This sym-
metry reduction is due to two interacting phase transitions,
which we discussed in this paper. The dominant emerging
property of TWs is the polarization and it is expected that
this polarity is transmitted to the surface of calcite (steps). It
will then strongly interact with dopants and adsorbents such
as water, iron, and amino acids.

The interaction between the relevant order parameters is
linear quadratic in its energy term. This bulk interaction is mir-
rored by the TWs where energies of the type QTQ% generate
TWs that have a typical tanh profile in Qr while Ot follows a
cusp profile at the same locus. Polarity disappears in the cubic
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phase where twins are symmetry forbidden. The “exotic” wall
profiles also lead to another peculiar feature of TWs. When
TWs are subjected to even very weak stress, they form kinks
[90]. While kinks in most other materials are very localized
and interact with each other, kinks in calcite destabilize the
structure and form locally glassy structures. In cases with
high kink concentrations, entire twin walls can become local
phases with glass features that will attract dopants as impuri-
ties [21]. The extent of such glass formation of twin walls has
not been seen in other materials. It is possible that the locus of
such combined clustering is inside the twin boundaries [91],
which are ubiquitous in Precambrian fossils. This aspect will
be researched in the future.
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