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Effect of twin grain boundary on material thermal expansion
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Based on first-principles phonon calculations within the framework of quasiharmonic approximation, we study
the effect of twin grain boundary (TGB) on the thermal expansion of insulating materials. We select diamond-
structure solids (C, Si, and Ge) and rutile (SnO2) as representatives of the covalent and ionic bonding materials
that are important systems commonly accompanied with TGB. We found distinct effects of TGB on thermal
expansion in two types of materials. For diamond-structure solids, the thermal expansion of (111)-oriented
twinning structure varies subtly from that of pristine material within the temperature range studied, which is
primarily induced by the modification of vibrational phonon mode by the TGB effect. Distinctly, the thermal
expansion of SnO2 twinnings increase substantially by comparison with the pristine case and depend strongly on
the twin orientation. The (101) twinning shows much larger thermal expansion than the (301) twinning. Further
analysis indicates the physical mechanism can be mainly attributed to the effect of rotational degree of freedom of
the SnO6 octahedron motif and the stress induced by TGB. Our work reveals the physical mechanism underlying
the distinct effect of TGB on thermal expansion caused by different chemical bonding, and meanwhile provides
an insightful understanding of the relationship between specific structural features and thermal expansion in
solid-phase materials.
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I. INTRODUCTION

Thermal expansion is the response of the volume of mat-
ter to temperature alterations. The vast majority of materials
show positive thermal expansion with increasing tempera-
ture, as the asymmetric shape of the interatomic potential
well (anharmonicity) leads to the increasing of bond dis-
tance, while few materials have anomalous negative thermal
expansion that shrink in volume with increasing temperature,
e.g., water near the freezing point [1–3]. Fine-tailoring ther-
mal expansion of materials is crucial to the performance and
accuracy of devices in engineering applications, especially
aerospace and precision instruments [4,5]. The common strat-
egy is to compose positive and negative thermal expansion
materials to achieve near-zero or even zero thermal expan-
sion [6–10]. The key is to discover the matching negative
thermal expansion materials. The current research on the
physical mechanism of negative thermal expansion mainly
focuses on the intrinsic properties of materials [3,11,12].
Changes in the electronic structure of some materials with
temperature, such as charge transfer (e.g., SrCu3 Fe4 O12

[12] and YbInCu4 [13]), ferroelectric phase transition (e.g.,
PbTiO3 [14], [PbTiO3]0.4-[BiFeO3]0.6 [15]), magnetic re-
ordering (e.g., Mn3 AN (A = Ni, Zn, Ga, Pd, and In) [16,17],
Zn0.85Mn0.15NMn3 [18]), cause the redistribution of charges,
resulting in a large negative thermal expansion. In addition,
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some structure geometry changes of the open-framework
structures with temperature (e.g., metal oxides, fluorides, and
cyanides), such as the rotation of rigid structural units and the
transverse vibration of bridging atoms, can also cause volume
shrinkage [19–26]. In fluoride ScF3, the rotation of the [ScF6]
rigid units around covertices reduces the void in structure,
causing a large negative expansion [27,28].

Defects are ubiquitous in materials and profoundly affect
their physical properties. Recently, the twin grain boundary
(TGB) gains more attention due to its significant influence
on material properties (e.g., hardness, thermal transmission)
[29–31]. As a typical surface defect, the TGB is widely
present in polycrystalline solids. As illustrated in Fig. 1(a).
the periodic arrangement of atoms is broken at the boundary
and the interface between two crystalline grains orients in
different directions. Electronic (e.g., charge distribution) and
structural (e.g., the shape of rigid units) modifications are
accommodated within the boundary area. It was observed that
the 60◦ twin boundary in the layered chalcogenide material
Bi2 Te3 can act as a free electron creator, originating from
the electronic structure modification at the boundary [32]. In
addition, it found that twin boundaries in SnO2 nanowires
significantly reduce the coefficient of thermal expansion since
twins compress the nearby hardened lattice [33]. The com-
press behavior results from a strong repulsion of the O-O bond
at the twin boundary because the distance of the O-O bond
at the boundary is shorter than that in the bulk. In addition,
the rigid units are distorted at TGBs and potentially affect
units’ vibrational behavior [34,35]. Thus, the TGB provides
a promising avenue to tune the thermal expansion properties
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FIG. 1. (a) Illustration of the twin grain boundary. The CTE
(α) dependent on temperature of (b) C/Si/Ge crystal/twinning, and
(c) SnO2 crystal, (101) twinning, and (301) twinning. The solid (dot-
ted or dashed) line marks the crystal (twinning) thermal expansion.

of materials, even extending to other types of defects. To the
best of our knowledge, there are few relevant studies, and the
physical mechanism is not clear yet.

Here, we have studied the typical covalent bonding dia-
mond (C; Si; Ge) twinning with the (111) TGB as well as the
ionic bonding rutile (SnO2, which usually acts as the electron
transport layer of perovskite solar cells [36,37]) twinning with
the (101) TGB and (301) TGB. Our goal is to illustrate the
relationship between TGBs and thermal expansion. We find
a slight relative change in thermal expansion for diamond
structures introducing the (111) TGB compared to the cor-
responding crystal, primarily due to the modification of the
vibrational phonon mode at the (111) TGB. The coefficient
of thermal expansion (CTE) of both SnO2 (101) twinning and
(301) twinning is larger than that of crystal; especially (101)
twinning, which is attributed to the reduction in the freedom
degree of rotation of the SnO6 octahedron and the distortion
of octahedron at the TGB. As the rotational degree of freedom
of the SnO6 octahedron decreases, the thermal expansion in-
creases. Meanwhile, for the SnO2, twinning will decrease the
bulk modulus of materials, which also has partially positive
contribution to thermal expansion, e.g., 28%@(101) twinning.
Moreover, because the atomic distance between oxygen atoms
at the (101) TGB is shorter than that on both sides of the TGB
in (101) twinning, the stress effect is induced.

II. COMPUTATIONAL METHODS

The density functional theory (DFT) calculations were
performed with the projector augmented wave method [38]
as implemented in the Vienna ab initio Simulation Pack-
age (VASP) [39–41]. The generalized gradient approximation

of Perdew, Burke, and Ernzerhof [42] was adopted for the
exchange-correlation functional. The kinetic energy cutoff of
the plane-wave basis set was set to 520 eV, which ensures
the energy converged to less than 1 meV/atom. The k-point
meshes with grid spacing of 2π × 0.03 Å−1 were used for
electronic Brillouin zone integration. We modeled the dia-
mond (C, Si, and Ge) twinning with the (111) TGB and
rutile (SnO2) twinning with the (101) and (301) TGB by
using our in-house developed codes [JAMIP (Jilin Artificial-
intelligence aided Materials-design Integrated Package)] [43].
The structure optimizations were done with a tolerance on
residual forces of 10−4 eV/Å. All of the relaxed twin-
ning structures are well consistent with the previous reports
[30,33–35,44,45].

The harmonic phonons were calculated by using the real-
space supercell approach as implemented in the PHONOPY

code [46]. The thermodynamics properties were calculated by
the quasiharmonic approximation (QHA). In the QHA, the to-
tal Helmholtz free energy F can be approximately represented
as [47]

F (V, T ) = E0(V ) + Fph(V, T ) (1)

and

Fph(V, T ) = −kBT ln
∏
q,v

e−(1/2)h̄ωq,v/kBT

1 − e−h̄ωq,v/kBT
, (2)

where E0 is the total static energy of the system at 0 K and Fph

is the Helmholtz free energy of lattice vibrations, depending
on the phonon angular frequency ωq,v and temperature T . kB,
h̄, and V are the Boltzmann constant, reduced Planck constant,
and volume, respectively. By fitting the energy versus volume
curve based on the equation of state (e.g., Vinet [48], Birch
[49], etc.), minimizing the Helmholtz free energy with respect
to cell volume as a function of temperature can easily obtain
the equilibrium volumes at different temperatures. Therefore,
the volumetric thermal expansion coefficient αV at T is written
as [50]

αV (T ) = V (T ) − V0

V0T
, (3)

where V0 is the equilibrium volume at 0 K. Within the frame-
work of QHA, the αV (T ) is also directly related to some
thermodynamic properties through Grüneisen’s relationship
[1]

αV (T ) = CV (T )γ̄ (T )

BV
(4)

and

CV (T ) =
∑
q,v

Cq,v, (5)

Cq,v = kB

(
h̄ωq,v

kBT

)2 eh̄ωq,v/kBT

[eh̄ωq,v/kBT − 1]2
, (6)

γ̄ (T ) = 1

CV (T )

∑
q,v

γq,vCq,v, (7)

where CV is the sum of the phonon mode heat capacity Cq,v , γ̄
is the averaged Grüneisen parameter, B is the bulk modulus, V
is the volume, and T is the temperature. The mode Grüneisen
parameters are obtained by taking the logarithmic derivatives
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of phonon frequencies with respect to volume change (i.e.,
through expanding/compressing the lattice with the strain
δε = ±1%. A phonon momenta q mesh of 20 × 20 × 20 is
used in the calculations of thermal properties to ensure that
the thermal expansion αV converges at the 1 × 10−7/K level.

III. RESULTS AND DISCUSSION

We adopted the crystallographic structure information
obtained by experiments to build the twinning structures
[30,33–35,44,51]. The diamond (C, Si, and Ge) twinning
structures with the (111) TGB were built as shown in
Supplemental Material Fig. S1, of which the angle of TGB
is around 142◦ [52]. The atoms near the interfaces maintained
the 4-coordination as the bulk material, satisfying the eight-
electron counting rule. Similarly, we adopted the (101) TGB
@114◦ and (301) TGB@54.5◦ to model the rutile (SnO2)
twinning structures (Fig. S2) [52]. The coordination environ-
ment of Sn and O is also similar to that of its corresponding
bulk phase. But, we noted that the connections of SnO6 oc-
tahedra have some changes at the twin interfaces. We will
discuss its effect on the thermal expansion properties later.

The temperature-dependent CTE of diamond (C, Si, and
Ge) and rutile (SnO2) were calculated as shown in Figs. 1(b)
and 1(c), respectively. We found that compared with single
crystal materials, twinning will cause the changes in the CTE
of materials from increasing (e.g., C) to decreasing (e.g., Si
and Ge) with the increase of atomic number. The introduction
of twins in C and Si hardly changes the CTE of materials in the
entire temperature range studied (<500 K) while the CTE of
Ge by twinning is significantly weakened above room temper-
ature. In agreement with previous reports [53–55], we noted
that both crystals and twins of silicon have weak negative ther-
mal expansion at about 100 K. Conversely, the SnO2 twinning
both with (101) TGB and with (301) TGB we constructed
show a tendency to increase thermal expansion, especially for
the former. The presence of (101) TGB significantly increases
the CTE of SnO2 over almost the entire temperature range
studied. It implies that the elimination of some specific twin
boundary types, such as (101) TGB@SnO2, may significantly
improve the thermal failure issue of perovskite solar cells
due to the large mismatch of thermal expansion properties
between different functional layers.

The physical factors that may affect the CTE [see Eq. (4)]
include heat capacity CV , bulk modulus B, volume V , and
the averaged Grüneisen parameters γ̄ , as shown in Sec. II of
the Supplemental Material [52]. By comparing the available
experimental thermal expansion data of the bulk materials, we
found that our calculated thermal expansion coefficients show
excellent agreement with the data of diamond C [Fig. S3(a)].
For Si, Ge, and SnO2, our calculations exhibit slight overesti-
mation (about 20%, 35%, and 21% at 300 K for Si, Ge, and
SnO2, respectively), compared with experimental data. Such
slight underestimation caused by the QHA method would not
affect our study of the effect of twin grain boundaries on
the thermal expansion, taking into account systematic error
cancellation between bulk and twin structures. We found that
the twins and crystal have the same volumetric heat capacity
CV /V and bulk modulus B, except for the B@SnO2 sys-
tem (Fig. S5). Here, SnO2 twins have a smaller B, implying

31.69 Thz 31.94 Thz

3.38 Thz 3.94 Thz

1.77 Thz 1.99 Thz

L (0 0.5 0.5)(d)(a)

(c)

(b)

(e)

C twinning

Si twinning

Ge twinning

FIG. 2. (a)–(c) Cumulative Grüneisen parameters at different
frequencies at 300 K. (d) The vibrational modes of some spe-
cific phonons at L (0, 0.5, 0.5) point around twin boundaries. (e)
Schematic diagram of the vibrational modes. The tree modes in
the red dashed box present the vibrational modes corresponding to
positive thermal expansion; the two modes in the blue dashed box
contribute to the negative thermal expansion.

their bulk moduli also have a positive contribution to ther-
mal expansion. However, the reduction in bulk modulus only
contributes about 28%@300 K according to the comparison
of Fig. S5(d). It is not enough to explain that the thermal
expansion of SnO2 twins increases over 71%. Therefore it
must be the γ̄ that plays a central role in modulating thermal
expansion properties in our studied systems.

It is well known that thermal expansion of materials is de-
rived from the anhamonicity of lattice vibration. According to
Eqs. (4)–(7), the more phonons having negative Grüneisen pa-
rameters (γ ), the lower the CET of materials. When phonons
with negative γ dominate (γ̄ < 0), the material exhibits
negative thermal expansion. In other words, materials with
negative averaged Grüneisen parameters (γ̄ ) have negative
thermal expansion. The phonon dispersions (0 K) and pro-
jected phonon densities of state of the diamond (C, Si, and
Ge) crystal and twinning are given in Fig. S6 [52]. The
mode-Grüneisen parameters are indicated on the dispersions.
For C, no negative γ are observed in its crystals and twins.
In contrast, for silicon and germanium, the introduction of
twin boundaries leads to more phonons with negative γ in
the low-frequency range (e.g., 5 THz@Si and 2.5 THz@Ge).
Because of the strong bond energy of the C-C bond
(346 kJ/mol), the bond at the TGB of C twinning remains
unsoftened with increasing temperature. On the contrary,
the weaker Si-Si bond (222 kJ/mol) and Ge-Ge bond (188
kJ/mol) are more sensitive to the twinning boundary and tend
to soften as the temperature rises [56–58]. Interestingly, we
found that for C, Si, and Ge, the calculated phonon densities
of state of the crystals and twins are very similar [Figs. S6(c),
(f), and (i)], suggesting that the twin boundary mainly affects
the anharmonicity of material rather than the harmonic term.

We calculated the cumulative γ as a function of fre-
quency at room temperature [Figs. 2(a)–2(c)]. The results
show that the calculated cumulative γ (ω) of twins and
crystals are similar in most frequency ranges, except for some
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specific frequency regions. For C twins with (111) TGB,
the slight increase in CTE with respect to crystals is mainly
from the contribution of some high-frequency (∼31–35 THz)
phonons, which have a larger γ (marked by the red dashed
circle). Conversely, for Si and Ge twins, the low-frequency
(∼3.3–4.2 THz@Si and ∼1.7–2.2 THz@Ge) phonons with
more negative γ are the main reason for the decrease in
thermal expansion. Unlike silicon, we noticed that Ge (111)
twins have slightly increased positive cumulative γ (ω) in the
high-frequency range (∼7.7–7.8 THz), partially offsetting the
former’s contribution to the reduction of thermal expansion.
In additon, we projected the atomic vibration modes at the L
(0, 0.5, 0.5) point, where the variation in γ between twins and
crystals is more pronounced (Fig. S9) [52]. For C twinning,
the atoms near the TGB vibrate oppositely along the bonding
direction [marked by the red dashed box in the upper panel
in Fig. 2(d)], and it can be regarded as normal phonon modes
that contribute to positive thermal expansion. For Si/Ge twins,
the atomic vibrations near the boundaries exhibit the shearlike
modes [designated by the blue dashed box in the middle and
lower panels in Fig. 2(d)], which is analogous to the tension
effect in the negative thermal expansion materials [1,59,60].
Furthermore, we found that for these covalently bonded di-
amond (C, Si, and Ge) structures, the atomic vibrations can
be divided into two categories with a total of five modes
[Fig. 2(e)]. The first three modes contribute positive thermal
expansion, including relatively large stretching vibration of
bonds; the latter two contribute negative thermal expansion,
having large bond shearing motion accompanied by small
codirectional vibrations along the bonding direction. It should
be emphasized that although the first mode contains a small
shear component, the contribution of these modes to thermal
expansion is very weak and can be ignored.

The C twins have a different lattice dynamics behavior than
the Si and Ge twins. The main reason is that for diamond C,
the introduction of twin boundaries does not significantly alter
the chemical bonding around the boundaries due to the strong
C-C bonds, which is consistent with the experimental finding
that twinned diamond has a higher hardness than natural crys-
talline diamond [30]. In diamond C twins, the low-frequency
phonons only exhibit vibrational behavior similar to those in
bulk without shearing vibrational modes [53,54]. Conversely,
high-frequency phonons with stretching vibration character-
istics have high vibrational energy comparable to the bond
energy of the C-C bond and become sensitive to the bonding
environment since the strong C-C bond suppresses the trans-
verse vibration of atoms. For Si and Ge twinning, the bond
strength of the Si-Si and Ge-Ge bonds decreases rapidly com-
pared to the C-C bond, as mentioned before [56–58]. These
low-frequency shear phonons become sensitive to changes in
covalent bonding. It results in these low-frequency phonons
with more negative γ .

Figure 3(a) shows the calculated phonon dispersion of the
SnO2 crystal. We found that some low-frequency phonons
have negative γ . For instance, we selected the first optical
phonon at the S (−0.5, 0.5, 0) point with large negative
γ , and its vibration mode corresponds to the rotation of
corner-sharing SnO6 octahedra (blue circles), resulting in the
reduction of the interstitial space between the octahedrons
[Fig. 3(b)]. The vibration characteristics of this mode are

S (-0.5 0.5 0)
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FIG. 3. (a) Calculated phonon dispersion of the SnO2 crystal.
(b) The low-frequency (2.16 THz) negative vibrational mode at S
(−0.5, 0.5, 0) point. Two insets on the bottom and right illustrate the
connection and vibration patterns of polyhedrons. The corresponding
mean distance between oxygen atoms d̄O-O in the polyhedrons of
(c) the crystal, (d) (101) twinning, and (e) (301) twinning. The lower
panel in (d): the charge distribution profile, i.e., the averaged Bader
charge results along the direction perpendicular to the twining plane
of the (101) TGB.

generally associated with negative thermal expansion in metal
oxides and fluorides [19–23]. As portrayed in Fig. 3(c), the
SnO2 crystal is composed of SnO6 octahedra that are con-
nected by two covertices and two coedges (solid green lines).
Due to the existence of the twin boundaries, the rotational
freedom degree between octahedra is limited, and the bonding
network of material is strengthened. Especially in the (101)
twinning, no negative γ are observed [Fig. S7(b)] [52]. We
found that the configurations of polyhedra at the boundary of
SnO2 twins are complex and strongly depend on the type of
TGB. At the (101) TGB, the SnO6 octahedron can be approx-
imated as a pentahedron, forming four coedges (no covertex)
with the adjacent octahedrons [Fig. 3(d)]. However, in (301)
twins, there are two types of octahedrons [Fig. 3(e)]: one is
at the TGB and consists of three covertices and two coedges;
another is away from the TGB and contains one covertex and
three coedges.

Several physical mechanisms have been proposed to ex-
plain the abnormal negative thermal expansion in materials,
such as rigid unit modes [61,62], tension effect [1,59,60],
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TABLE I. Averaged covertices and coedges per octahedron in
SnO2 crystal and twins. The numbers in brackets represent the num-
ber of atomic bilayers between the two parallel twin boundaries in
the structure.

Covertices Coedges CTE (ppm/K) at 300 K

Crystal 2 2 14.94
(301)[2] 1.83 2.35 15.99
(301)[1] 1.67 2.67 16.20
(101)[3] 1.50 2.50 23.49
(101)[2] 1.33 2.67 25.60

electronic phase transition [11,12], ferroelectric (magnetic
ordering) phase transition [14–18,63,64], etc. To our best
knowledge, descriptors that can efficiently predict the thermal
expansion properties are still rarely reported [65,66]. Inter-
estingly, we found that the number of covertices is a good
descriptor for the rotational freedom degree of polyhedrons,
which can be used to predict the thermal expansion properties
in SnO2 materials, while possibly extending to other similar
systems. As shown in Fig. S10, the SnO2 (101) and (301)
twinnings have different lattice parameters, i.e., have different
numbers of atomic bilayer between the twin boundaries. For a
fair comparison, we counted all the covertices and coedges in
the structure and then averaged the numbers of covertices and
coedges per octahedron as listed in Table I. The results show
an inverse relationship between the number of covertices and
the CTE of material, i.e., the CTE increases with the decrease
of the number of covertices.

The introduction of TGB in the material leads to the re-
distribution of charges, especially at the boundaries. Here, we
choose the mean spacing of anions (d̄O-O) in the polyhedrons
to evaluate the intensity of charge distribution as shown in
Figs. 3(c)–3(e). For SnO2 (101) twinning, the d̄O-O at the TGB
(2.77 Å) is shorter than those away from the boundaries (2.98
Å) and in the crystal (2.95 Å). However, for (301) twinning,
the d̄O-O at the TGB (2.98 Å) is comparable to its vicinity
(2.95 Å) and in the crystal (2.95 Å). The Bader charge analysis
[67–70] is performed to quantify the charge redistribution of
the (101) twinning, as shown in the lower panel of Fig. 3(d).
The results indicate that oxygen anions in the area of TGBs
(shade areas) own more averaged charges than those away
from boundaries. This is consistent with the substantially
shortened d̄O-O of (101) TGB, which indicates that oxygen
anions at (101) TGB have strong stretching capacity. We noted
that a similar phenomenon was recently reported experimen-
tally in the SnO2 twin nanowires by Zhu et al. [33].

The projected phonon densities of state of two twins and
the crystal are given in Figs. 4(a)–4(c). In the SnO2 crystal,
the low-frequency peak of oxygen atoms [orange dashed box
in Fig. 4(a)] are mainly from the phonons (∼6.5 THz) at the
R point, and they have negative γ values. The vibrational
modes are mainly shear motion between neighboring O atoms
[Fig. 4(d)], which cause the distortion of the octahedra and
shrinkage of the volume. It is similar to the situation in the
above Si/Ge twins. However, twinning leads to a blueshift in
the vibrational frequencies of the oxygen atoms and hinders
the shear motions in tin dioxides, resulting in the reduction
[e.g., (301) twin] or even disappearance [e.g., (101) twin] of

S (-0.5 0.5 0)

R (-0.5 0.5 0.5)

R (-0.5 0.5 0.5)

22.83 Thz

23.02 Thz

6.50 Thz

(a) (d)

(e)

(b)

(c)

FIG. 4. Projected phonon densities of state of (a) crystal,
(b) (101) twinning, and (c) (301) twinning. (d) The vibrational mode
at the low-frequency peak (6.5 Thz) in the crystal. (e) The vibrational
mode at the high-frequency peak (∼23 T hz) in the (101) twinning.

phonons with negative γ . For instance, in (101) twinning,
the vibration mode corresponding to the highest peak [green
dashed box in Fig. 4(b)] contains a prominent stretching com-
ponent [Fig. 4(e)], similar to the second mode in Fig. 2(e).
It implies the presence of stress effect at the (101) TGB,
encouraging positive thermal expansion with temperature.

Furthermore, we investigated the change of thermal ex-
pansion with the twin grain boundary density [71] based on
a series of twin grain boundaries with different intervals, as
shown in Fig. S12 [52]. We found that for the covalent solids
(C, Si, and Ge), the thermal expansion coefficients show a
small change with grain boundary density (within 5 × 10−6/K
per density unit 1/Å). For the ionic solid SnO2, the (301)
twinning shows slightly increased thermal expansion with
decreasing grain boundary density (<2 × 10−6/K per 1/Å),
and the (101) twinning exhibits visibly increased thermal
expansion with decreasing density (8 × 10−5/K per 1/Å).
The more sensitive variation of thermal expansion with grain
boundary density in SnO2 (101) twinning is ascribed to the
wider effective region of the grain boundaries spreading [as
indirectly reflected by the larger internal strain, i.e., the shorter
mean spacing of O anions shown in Fig. 3(d)].

As known, the anharmonicity of materials changes the
atomic vibrational potential well and affects thermal expan-
sion as temperature rises [72–74]. The anharmonic effect
can be reasonably described by the temperature-dependent
effective potential method (TDEP) [75,76] that reconstructs
second- and third-order interatomic force constants at finite
temperatures by extracting the molecular dynamics simulation
data. We attempted to adopt the TDEP method to evaluate
the effect of anharmonicity on the thermal expansion of the
twinning grain boundaries in this work. However, we found
that while the TDEP method can reasonably describe bulk
phase materials, it fails at dealing with the twinning grain
boundaries, even for the simplest C/Si/Ge twinning (with
24 atoms unit cell). With the strenuous efforts we devoted
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we still could not obtain the converged and stable phonon
spectra without negative phonon frequencies for these twin-
nings, which implies that the TDEP method is not good at
dealing with the systems having misbonded motifs or defects
with quite low symmetry. The main underlying reason is that
since the irreducible coefficients of the force constants are
determined by solving a set of linear equations consisting of
the atomic displacements and their induced forces, the number
of irreducible coefficients to be solved depends on the sym-
metry of the structure. Meanwhile, because of the remarkably
increased degrees of freedom for the atomic displacements in
the low-symmetry twinning structures, the expensively time-
consuming molecular dynamics with much more simulation
steps is required to explore the more complex potential en-
ergy surface, as compared to the bulk phase case. Statistically
averaging these complex potential energy surfaces to a simple
potential (consisting of second- and third-order force constant
terms) also poses a serious challenge, which results in an
inaccurate and not reliable description of lattice dynamics and
phonon properties.

We have adopted an alternative method [77] to qualita-
tively evaluate the anharmonic effect of the complex twinning
structures involved in the current work through the average
Grüneisen parameter γ̄ at finite temperature T , as shown in
Sec. VII of the Supplemental Material [52]. Since the thermal
expansion is directly related to γ̄ in terms of the Grüneisen
relationship, we can evaluate to some extent the effect of
anharmonicity on thermal expansion through investigating
how the anharmonicity affects γ̄ . Two representative cases
with covalent and ionic bondings [i.e., Si (111) and SnO2

(101) twinning] were chosen for such calculations, as shown
in Fig. S13. The results on corresponding bulk materials are
shown for comparison. We found that for the covalent Si, the
anharmonicity shows more influence on the twinning struc-
ture than on the bulk. Both the QHA and the anharmonicity
cases demonstrate the same tendency in modulating γ̄ . The
slightly decreasing thermal expansion from the bulk to twin-
ning structure, which is captured by the QHA calculation
[Fig. 1(b)], show consistency with the fact observed experi-
mentally that the thermal expansion of polycrystalline silicon
is slightly lower than that of monocrystal [78]. Turning to
the ionic SnO2, the results indicate that the anharmonicity
demonstrates comparable weak effect on γ̄ for the bulk to
twinning structures at room temperature and above. This is in
accordance with the experimental observation in SnO2 single
crystal that the anharmonic interactions among the phonons
produce temperature-dependent phonon frequencies through
mainly a pure-volume contribution which results from thermal
expansion, whereas the pure-temperature contribution which
results from cubic and quartic anharmonicities plays a mi-
nor role [79]. From the above analysis, we can reasonably
speculate that the main conclusions reached by our QHA
calculations will hold when the anharmonicity effect is fully
included in future studies.

IV. CONCLUSION

To summarize, we investigated theoretically how the TGB
affects thermal expansion in insulating solid materials by
using first-principles calculations. For the covalent bonding

materials represented by diamond-structure solids, we found
the thermal expansion of the twinning structure shows a subtle
change compared with that of pristine material, except that
for Ge the twinning structure exhibits increasingly reduced
thermal expansion with temperature. The atomic vibrational
modes associated with the (111)-oriented TGB determine
predominantly the change of the thermal expansion. In the
case of C twinning, the high-frequency mode with opposite-
direction atomic vibration in the C-C bond is enhanced, which
slightly increases thermal expansion. For Si/Ge twinning, the
low-frequency vibrational mode perpendicular to the bond
direction becomes prevailing at the TGB. This mode restricts
thermal expansion, analogous to the tension effect of the neg-
ative thermal expansion materials. In Ge the high-frequency
mode with opposite-direction atomic vibration in the Ge-Ge
bond shows reduced frequency, which further inhibits its ther-
mal expansion. For the ionic bonding materials represented by
rutile SnO2, the thermal expansion of the twinning structure
increases substantially by comparison with the pristine case
and shows strong dependence on the twin orientation. The
bulk modulus of twins is reduced compared to crystals, which
contributes partly to their larger thermal expansion. The (101)
twinning shows much larger thermal expansion than the (301)
twinning. The different dependence of thermal expansion on
the twin orientation is attributed to the reduced degree of
freedom of SnO6 octahedron rotation and the distortion of
the SnO6 octahedron in proximity to TGB. As the degree of
freedom of SnO6 octahedron rotation decreases, the thermal
expansion shows an increasing behavior. For the (101) twin-
ning, the stress effect causing distortion of the SnO6 octahe-
dron further facilitates the enhancement of thermal expansion.

It was reported by Zhu et al. that the SnO2 nanowires
containing the (101) TGB exhibit significantly reduced, even
near-zero thermal expansion above room temperature by com-
parison with the bulk phase [33]. By analyzing the x-ray pair
distribution function results, they claimed that with increasing
temperature, (i) the longer Sn-O bonds in the nanowires with
TGB remain almost constant, distinct from the bulk phase
where the longer Sn-O bonds increase linearly; (ii) the O-Sn-
O angles in the nanowires with TGB increase, compensating
for the slight expansion caused by the shorter Sn-O bonds
upon heating. In the Raman spectra study, it was observed
that as the temperature rises the relevant phonon modes of
nanowires show the feature of phonon stiffness, compared
to the bulk ones. They performed the first-principles DFT
calculation where the atoms within three layers of the Sn-O
octahedra connection framework across the TGB are relaxed
by local total energy minimization, and the other atoms are
fixed. They found that for the optimized structure the O-O dis-
tance across the TGB reduces to 2.035 Å, much shorter than
the 3.186 Å of the bulk phase. They proposed that the com-
pressed oxygen sublattice causes the strong internal stress,
which hardens the phonon modes, thus resulting in the weak-
ening of thermal expansion. In our study, we simulated the
TGB oriented along both the (101) and the (301) directions,
which both exhibit enhanced thermal expansion compared
with the bulk phase (Fig. 1). For the (101)-oriented TGB,
our results indicate a remarkably enhanced thermal expansion
that increases further with temperature. In our calculations,
we fully relaxed all the atoms forming the TGB in the
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periodic structure. For the (101)-oriented TGB case, the O-O
distances across the TGB are 2.406 and 2.393 Å. Although
the values are shorter than that of the bulk phase, they are
much longer than the calculated value by Zhu et al. [33]. This
indicates the existing moderate internal stress across the TGB.
From Figs. 3(c)–3(e), it can be seen that the stress across the
TGBs does cause substantial distortion of the local structure.
However, in our calculations, these effects do not lead to the
reduction of thermal expansion. The implication is that the
phonon modes hardening, which is expected to be caused by
the internal stress and its resulting distorted local structure,
does not occur in our study. We speculate that a few factors
may need to be considered to account for the discrepancy
between our calculations and the experiments: The first one
is the density of TGBs, which has a significant effect on the
relaxation of the internal stress across the TGB, as well as
the phonon modes and thermal expansion. Our calculations
are carried out at the high-density condition because of the
limitation of computational cost. We found a tendency of
reduction of the thermal expansion by decreasing the TGB
density (e.g., by slightly increasing the distance among TGBs
in the periodic structure). The second one is the anharmonic

effect, which may become conspicuous as the temperature
rises [80–83]. However, as we analyzed before, the effect of
the anharmonic effect on SnO2 is mainly from pure-volume
contribution [79], which can be captured by the QHA method.
Finally, the twinning structure may have a complex texture
in the actual materials [34,44], which exhibits complex stress
distribution and local structure distortion. As the final remark,
the specific structural features such as the average atomic
volume [66] and the connection profile among polyhedron
motifs discussed here, have shown a regulatory effect on the
thermal expansion. The internal relationship between these
specific structural features and thermal expansion deserves
future studies from both experimental and theoretical efforts.
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