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Negative linear compressibility and unusual dynamic behavior of NaB;
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First-principles calculations reveal that sodium boride (NaB3) undergoes a phase transition from a tetragonal
P4 /mbm phase to an orthorhombic Pbam phase at ~16 GPa, accompanied by a counterintuitive lattice expansion
along the crystallographic a axis. This unusual compression behavior is identified as negative linear compress-
ibility (NLC), which is dominantly attributed to the symmetry breaking of the boron framework. Meanwhile,
the P4/mbm and Pbam phases form superionic conductors after undergoing a peculiar swap state at high
temperature. Specifically, under “warm” conditions the Na cation pairs exhibit a rare local exchange (rotation)
behavior, which may be originated from the asymmetric energy barriers of different diffusion paths. The study
of the NaB; compound sheds light on a material with a combination of NLC and ion transportation at extreme

conditions.
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I. INTRODUCTION

High pressure (HP) and high temperature (HT) can signifi-
cantly alter both the crystal structure and electronic properties
of a material without creating any external impurities, leading
to a tremendous amount of discovery of new compounds
and unusual properties. For instance, most matter contracts
in all directions under hydrostatic pressure, whereas very few
materials expand along one direction coupled to the volume
reduction due to its anisotropy, which is defined as negative
linear compressibility (NLC) [1-3]. Several NLC materials
were previously reported in dense inorganic oxides and flu-
orides, as well as a few complex organics [4—11]. On the basis
of this anomalous mechanical property, the NLC materials
have important applications in the design of pressure sensors,
actuators, artificial muscles, and optical fibers with high shock
resistance [2,12-16].

Another example relates to superionic compounds, also
denoted as fast ion conductors or solid electrolytes, whose
structures usually contain rigid frameworks with open chan-
nels along which ions can migrate [17-19]. Superionic
materials featured by a liquidlike conductivity within the
fixed crystalline frameworks have long attracted enormous
attention for batteries, fuel cells, thermoelectrics, and other
energy applications, e.g., LijoGeP,S),, LiAISO, and Cu,Se
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[20-22]. Furthermore, a few common materials such as ice
and ammonia exhibit a superionic state at HPHT conditions,
which even improves our knowledge of the middle ice layers
of Neptune and Uranus [17,18].

In this paper, we surprisingly found sodium boride (NaB3)
had a temperature-induced swap state beside superionicity
and NLC simultaneously, providing a representative exam-
ple to better understand the relationship between structures
and properties. Especially for Na-B compounds, only a
few compounds are precisely determined with regard to
their compositions and structures [23-25]. The previously
predicted phase of 72,2,2,-Na,;B3; with an unprecedented
open-framework boron sublattice is helpful to resolve the de-
bate on the ground-state structure of sodium borides, whereas
the Imma-Na,;Bs, structure was a topological nodal line
semimetal with a potentially superior electronic transport
property [26].

II. METHOD

Structure searches were performed utilizing the ab ini-
tio evolutionary algorithm USPEX [27,28] for NaB; with
up to six formula units (f.u.) per supercell under various
pressures. The structure relaxations and electronic proper-
ties were carried out using density functional theory (DFT)
within the Perdew-Burke-Ernzerhof (PBE) parametrization
of the generalized gradient approximation (GGA) exchange-
correlation functional [29] as implemented in the VASP code
[30]. The 2522p%3s' and 2s22p' electrons were treated as
valences for Na and B, respectively. A plane-wave basis set

©2021 American Physical Society
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FIG. 1. (a) The enthalpy difference of NaB; compounds as a
function of pressure with respect to the P4/mbm phase. The inset
shows the pressure-volume relations. (b) The variation of the angle
w as a function of pressure. The inset shows the angle w between the
orientation of the centered B¢ octahedral and [100] direction. (c)—(e)
Schematic views of the structural evolutions of the NaBj; system
during compression. The rotation direction of the B¢ octahedral is
labeled by magenta arrows as increasing pressure. Purple and green
balls represent the Na and B atoms, respectively.

with an energy cutoff of 850 eV and uniform I'-centered
k-point grids with a resolution of 27 x 0.02 A~ were used.
The structures were fully optimized until the maximum en-
ergy and force were less than 1073 eV and 0.001 eV/A,
respectively. Band structures were also calculated by using the
Heyd-Scuseria-Ernzerhof (HSE06) functional [31]. Ab initio
molecular dynamics (AIMD) simulations [32] were carried
out using a 2 x 2 x 3 supercell for the P4/mbm and Pbam
phases, and a 2 x 2 x 2 supercell for the I4m2 phase. A
Nosé-Hoover thermostat was adopted to perform the NVT
simulations with a temperature range of 500-4500 K lasting
for 10 ps with a time step of 1 fs. The statistical information
of each atomic trajectory was extracted from the last 5 ps.
To confirm the system’s stability, some trajectory calculations
were extended to 40 ps. The phonon dispersion curve of
P4 /mbm NaBj3 was performed using the finite displacement
method (2 x 2 x 2 supercell) with the PHONOPY code [33]. In
addition, the energy barrier was calculated by the climbing-
image nudged elastic band (CI-NEB) method [34].

III. RESULTS AND DISCUSSION

The phase diagram and physical properties of NaB; com-
pounds are systematically investigated. Since the enthalpy of
formation of P4/mbm-NaB; is negative (Fig. S1) referring
to the enthalpies of the bce-Na and «-boron structure or any
isochemical mixture of Na-B compounds [35], first-principles
calculations reveal that the P4/mbm-NaB; system is stable
above ~0.4 GPa and may be quenchable to ambient pres-
sure because there are no imaginary phonon frequencies in
the whole Brillouin zone (Fig. S2) [35]. The enthalpy-pressure
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FIG. 2. (a) The lattice parameters of various NaB; phases as a
function of pressure. (b) The compressibility of the principal axes
for the Pbam phase as a function of pressure. (c) The structural
projection of the Pbam phase along the [001] direction, where the
letters of A, O, and B are the centers of the B¢ octahedra. The coordi-
nates of A, O, and B are (1,0, 1/2), (1/2,1/2,1/2),and (1, 1, 1/2),
respectively. (d) Evolution of compressibility for the distance r (O-A
or O-B), sin(0/2) and cos(8/2) within the pressure range of 15.8—
26.3 GPa.

curves show that NaB3; undergoes a reversible phase transition
from a tetragonal P4/mbm phase to an orthorhombic Pbam
phase at ~16 GPa. The Pbam symmetry is the subgroup of
P4 /mbm symmetry with an index of two, and the fourfold
rotation symmetry is broken (mainly attributed to the rotation
of the By octahedron) as pressure is increased. Moreover,
no chemical bonds break during the phase transition, lead-
ing to the gradual variation of volume and the reversible
phase transition. Then Pbam-NaB3 undergoes an irreversible
phase transition to another tetragonal /4m2 phase at ~26 GPa
[Fig. 1(a)]. The phase transition from a P4/mbm to Pbam
structure is accompanied by a negligible volume change, in-
dicative of the second-order phase transition, while there is a
7.87% volume collapse for the phase transition from the Pbam
to I14m?2 structure, characteristic of a first-order phase transi-
tion [the inset of Fig. 1(a)]. These results are different from
the reported phase transition from P4/mbm to Cmmm-NaB3
[36,37], and the Cmmm structure is higher in enthalpy than
the proposed phases at the studied pressure range.

The crystal structures of the P4/mbm and Pbam phases
are plotted in Figs. 1(c) and 1(d). They are composed of
interstitial Na atoms and different boron frameworks, that is, a
Bg-octahedral network for the P4/mbm and Pbam structures,
whereas the dominant Bg-dodecahedral network for the 4m2
phase [Fig. 1(e)]. As shown in Fig. 1(b), the angle (w) be-
tween the orientation of the centered B¢ octahedra (marked
by the magenta dotted line) and the [100] direction is em-
ployed to explore the underlying mechanism for the reversible
phase transition. Clearly, the angle @ in the P4/mbm phase
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FIG. 3. (a)~(c) The MSDs from AIMD simulations for the Na and B atoms in the P4/mbm phase at ambient pressure and different
temperatures. (d)—(f) The projection of atomic trajectories along the [001] direction in the P4/mbm phase from the last 5 ps run representing
the solid phase (500 K), the swap phase (1500 K), and the superionic phase (3000 K). (g)—(i) The probability of the presence of Na atoms at

500, 1500, and 3000 K.

is linearly increased as a function of pressure owing to the
counterclockwise rotation of the centered B¢ octahedron. In
contrast, it abruptly decreases in a parabolic shape from 15.8
to 26.3 GPa because of the opposite rotation behavior of
the B¢ octahedron in the Pbam phase. As further increasing
pressure above 26 GPa, the B¢ octahedra are destroyed and
transform into distorted Bg dodecahedra and interstitial B
atoms, resulting in the formation of the I4m2 phase. The
lattice parameters of NaBj3 under selected pressures are listed
in Table S1 [35]. Moreover, band structure calculations show
that all predicted NaB3; compounds are semiconductors. Most
strikingly, the DFT band gap of the Pbam structure is in-
creased as a function of pressure and different from other
NaBj; phases (Fig. S3) [35], which is partially originated from
the NLC effect.

Unexpectedly, the phase transition from the P4/mbm
to Pbam phase is quite different from those second-order
phase transitions [38-41], because it is accompanied by

the emergence of an anomalous lattice expansion along the
crystallographic a axis (belonging to the proper ferroelastic
transitions [5]) whereas normal lattice contractions along the b
and ¢ axes within a pressure range of ~16-26 GPa [Fig. 2(a)].
The compressibility of a material is generally defined as the
relative change rate of dimensions with respect to pressure
at a constant temperature, K; = —(1/i)(3i/dp)r, where i can
be assigned as the volume (V'), area (A), and linear (/) com-
pressibility, respectively [2]. The compressibility coefficients
of the principal axes for the Pbam phase (equivalent to crystal-
lographic axes in an orthorhombic structure), computed by the
PASCal program in the pressure range from 15.8 to 26.3 GPa
[42], are K, = —6.65 TPa~', K, = 12.10 TPa~', and K, =
1.94 TPa~!, respectively. The variation of the compressibility
as a function of pressure is plotted in Fig. 2(b). It shows NLC
along the a axis while there is a positive line compressibility
(PLC) along the b and ¢ axes. The mechanism of NLC can be
rationalized by its special geometrical configuration.
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For Pbam-NaBsj, the distance r and angle 6 with re-
spect to the three nearest centers of the neighboring Bg
octahedra are illustrated in Fig. 2(c). The lattice constants
a and b have a relationship with r and 6 as follows: a =
2rcos(0/2), b=2rsin(0/2); K, = —(1/a)(da/dp) = K, +
Keoso/2), Kp = —(1/b)(0b/dp) = K, + Ksin/2)- It is evident
that the values of r and 6 (0 < 90°) decrease as pressure
increases from 15.8 to 26.3 GPa (Fig. S4) [35], resulting in
a positive K, a positive King/2), and a negative Kcosg/2). As
shown in Fig. 2(d), since K, is much smaller than K, ,2) and
Kcos62), the compressibility along the a axis (b axis) is domi-
nantly determined by Kcos/2) (Ksing/2)) in the Pbam phase.
Compared with the compression behavior of the P4/mbm
phase, the pressure-induced opposite rotation of B¢ octahedra
in the Pbam phase significantly enhances the change rate of
0 above 16 GPa, which guarantees a small K, and a large Ky
value, leading to NLC accordingly.

To further examine the thermodynamic stability of the
P4 /mbm phase, we performed AIMD simulations at ambient
pressure and the temperature range of 500-4500 K by ana-
lyzing a combination of mean square displacements (MSDs)
and atomic trajectories. At 500 K, the oscillations of Na and
B atoms with respect to their equilibrium positions indicate
that the P4/mbm structure is stable, hence it maintains a solid
phase without any migrations [Figs. 3(a) and 3(d)]. At 1500 K,
the MSDs of Na atoms demonstrate a steplike increase in
several picoseconds, indicating a special displacement during
this stage [Fig. 3(b)]. Upon a more detailed study of the atomic
trajectories, the local exchange among Na atoms is observed
and designated as an intermediate state, as shown in Fig. 3(e)
and the Supplemental Material [35]. The Na cation pairs com-
posed of the nearest-neighboring Na atoms rotate ~90° nearly
parallel to the (110) or (110) plane, and then rotate to the
initial positions or exchanged positions. This isolated rotation
behavior is similar to that of molecular crystals, such as the
low-temperature phase of H, in hexagonal-close-packed (hcp)
form [43]. However, unlike H, molecules, there is a strong
electrostatic repulsion between Na cations instead of cova-
lent bonds. Therefore, the intermediate state of NaB3; may be
termed as a “swap” phase, which will be further discussed in
the later section. At 3000 K, the Na atoms vibrate strongly and
migrate freely within a fixed open-framework boron structure,
resulting in persistently ascendant MSDs with a diffusion con-
stant of approximately 0.69 x 10~% m?s~!. All these indicate
the P4/mbm phase turns into a superionic conductor [Figs.
3(c) and 3(f)]. When temperature is increased beyond 3500 K,
the P4/mbm phase melts.

Figures 3(g)-3(i) plot the probability density maps of Na
atoms [44], showing the diffusive feature of Na atoms in
the P4/mbm phase. The coordinates were first built, with the
center 1. = [p;(0) + p;(0)]/2 = p;(¢)-p(¢) defined as the
midpoint of the Na-Na vector, where i, j are the atomic num-
bers of the nearest-neighboring Na atoms, and u,(¢) represents
the position vector of the ith atom at the moment of r. We
defined a parameter of # as the nearest Na-Na vector and the
coordinate n = p}(r) - §) of a given atom i. The other coordi-
nate p is defined as p = /|| (DII* — n* = [|pi(t) — nill. At
500 K, the P4/mbm phase retains the solid state [Fig. 3(g)].
When temperature further increases to 1500 K, the diffusive
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FIG. 4. (a), (b) Potential Na diffusion paths, where local ex-
changes for the Na pairs (path I) and interpaired Na atoms (path II).
The color balls represent the exchanged Na atoms. (c) Calculated
energy barriers of the P4/mbm phase with different Na diffusion
paths. The insets show the structural illustrations of the saddle point
at path I and path II.

trajectories of the Na atoms involving the rotation behavior of
Na pairs can be characterized by a diamond shape with two di-
agonal lines of ~2.43 A (the distance of Na pairs in the initial
position) and ~2.39 A (the distance of Na pairs rotating ~90°
relative to its initial positions) [Fig. 3(h)]. All Na pairs have
a similar distance of approximately 2.14-2.43 A with fixed
mass centers, implying a swap state. To reveal the likely mech-
anism of this particular state, the potential migration paths of
Na atoms are studied by the CI-NEB method, where the initial
and final states are identical but with different diffusion paths
[Figs. 4(a) and 4(b)]. The results show the energy barrier of
the swap state (0.39 eV /atom) is lower than that of interpaired
Na atoms (0.99 eV /atom) [Fig. 4(c)], indicating that the asym-
metric energy barrier may be dominantly responsible for the
origin of the swap state. As temperature reaches 3000 K, Na
atoms diffuse freely within the fixed boron frameworks, en-
tering a superionic state [Fig. 3(i)]. According to the multiple
transition states discussed above, we expanded the pressure
range up to 60 GPa to explore the phase diagram of NaBj.
The systematical AIMD simulations at HPHT show that
the Pbam phase also exhibits a solid-swap-superionic-fluid
phase transition similar to the P4/mbm phase (Fig. S5) [35],
while the 74m2 phase transforms directly from solid to fluid
above 4000 K (Figs. S6 and 5) [35].
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FIG. 5. The phase diagram of the NaBj system. The symbols of
blue triangles, green squares, yellow circles, and jacinth diamonds
represent solid, swap, superionic, and fluid states, respectively. The
data points marked by color symbols in red, cyan, and yellow shaded
areas relate to P4/mbm, Pbam, and I4m2 phases, respectively.

IV. CONCLUSION

In summary, the phase diagram and compression behavior
of NaB; have been systematically studied from first prin-
ciples. Under high pressure, a solid-solid phase transition
originating from the symmetry breaking of the boron frame-
work results in a striking NLC effect. At high temperature,
a phase transition sequence of a solid-swap-superionic-fluid
state is identified by the AIMD simulations. Interestingly,
different from the normal solid-superionic phase transition,
the particular swap state attributed to the local diffusion of
Na pairs may give a deeper insight into the understanding of
ion transportation.
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