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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Jinyu Liu(刘金禹)1, Ailing Liu(刘爱玲)1, Yujia Wang(王雨佳)1, Lili Gao(高丽丽)1,

Xiangyi Luo(罗香怡)2,†, and Miao Zhang(张淼)1,‡

1Department of Physics, School of Sciences, Beihua University, Jilin 132013, China
2College of Physics and Electronic Information, Baicheng Normal University, Baicheng 137000, China

(Received 2 January 2025; revised manuscript received 28 January 2025; accepted manuscript online 5 February 2025)

As an extreme physical condition, high pressure serves as a potent means to substantially modify the interatomic
distances and bonding patterns within condensed matter, thereby enabling the macroscopic manipulation of material prop-
erties. We employed the CALYPSO method to predict the stable structures of RbB2C4 across the pressure range from
0 GPa to 100 GPa and investigated its physical properties through first-principles calculations. Specially, we found four
novel structures, namely, P63/mcm-, Amm2-, P1-, and I4/mmm-RbB2C4. Under pressure conditions, electronic structure
calculations reveal that all of them exhibit metallic characteristics. The calculation results of formation enthalpy show that
the P63/mcm structure can be synthesized within the pressure range of 0–40 GPa. Specially, the Amm2, P1, and I4/mmm
structures can be synthesized above 4 GPa, 6 GPa, 10 GPa, respectively. Moreover, the estimated Vickers hardness value
of I4/mmm-RbB2C4 compound is 47 GPa, suggesting that it is a superhard material. Interestingly, this study uncovers the
continuous transformation of the crystal structure of RbB2C4 from a layered configuration to folded and tubular forms, ul-
timately attaining a stabilized cage-like structure under the pressure span of 0–100 GPa. The application of pressure offers
a formidable impetus for the advancement and innovation in condensed matter physics, facilitating the exploration of novel
states and functions of matter.

Keywords: first-principles calculation, high pressure, RbB2C4 compounds, crystal structure prediction
PACS: 62.50.–p, 74.62.BF, 63.20.dk
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1. Introduction
The discovery of new materials is of great significance for

the progress of industry. The synthesis of new materials can
be accomplished either by precisely regulating the key param-
eters involved in the process or by adjusting the external fac-
tors that have an impact on the materials.[1–5] Pressure is one
of the fundamental thermodynamic variables, which can allow
precisely tuning of the interatomic distance and alter the bond-
ing patterns of materials, leading to phase transformations into
high-pressure structures with unusual chemical and physical
properties.[6–18]

In recent years, advances in experimental and theoretical
techniques have fostered remarkable breakthroughs in high-
pressure science, as exemplified by the discovery of high-
pressure superconductors, metal-to-semiconductor transitions,
superfluids, etc.[19–22] It is noteworthy that Zhu et al. em-
ployed the CALYPSO (Crystal structure AnaLYsis by Particle
Swarm Optimization) method to make predictions and subse-
quently succeeded in synthesizing the SrB3C3 compound un-
der a pressure of approximately 50 GPa.[23] Further calcula-
tions show that SrB3C3 is a superconductor with a supercon-
ducting critical temperature of about 40 K.[24–27] In addition,
the physical properties of various boron–carbon compounds

doped with different elements have been investigated under
high pressure, such as SrB2C4, BaB2C4, Na2B4C8, Li2B4C8

and so on.[28–31] Since Sr and Rb are located in the same pe-
riod of the periodic table, they exhibit similar chemical and
physical properties. This prompted us to systematically ex-
plore the crystal structure characteristics of RbB2C4 in the
pressure range of 0–100 GPa.

In this work, we used the CALYPSO method to predict
the crystal structure of RbB2C4 in the pressure range of 0–
100 GPa, and studied its physical properties by first-principles
calculations. We found that the crystal structure of RbB2C4

has undergone a continuous evolution process from layered to
folded, then to tubular, and finally is stabilized into a clathrate
structure in the pressure range of 0–100 GPa. Under pres-
sure condition, electronic structure calculations reveal that all
of them exhibit metallic characteristics. Moreover, the esti-
mated Vickers hardness value of I4/mmm-RbB2C4 compound
is 47 GPa, suggesting that it is a superhard material. The intro-
duction of pressure provides a powerful driving force for the
development and innovation of condensed matter physics, fa-
cilitating the exploration of novel states and functions of mat-
ter.
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2. Computational methods
We explored the crystal structures of RbB2C4 under

pressure by using the software package CALYPSO, which
can predict crystal structures that are energetically sta-
ble or metastable under the given pressure condition and
chemical composition.[32–36] First-principles electronic struc-
ture calculations were based on density functional theory
(DFT) and performed using the Vienna ab initio simulation
package (VASP).[37,38] The Perdew–Burke–Ernzerhof (PBE)
parametrization of the generalized gradient approximation
(GGA) was used.[39,40] We used projector augmented wave
(PAW) potentials in which the valence electrons for the Rb,
B, and C atoms were represented as 4s24p65s1, 2s22p1, and
2s22p2, respectively.[41] For the lowest energy structure, we
used 800 eV energy truncation and high-density Monkhorst–
Pack k point grid for more detailed calculations.[42] This is
done to ensure that the total energy can reach a convergence
accuracy of about 1 meV/atom during the structural optimiza-
tion process. The dynamic stability of the predicted structure
is determined by the phonon dispersion curves using the su-
percell method implemented in PHONOPY program.[43] The
Vickers hardness values are estimated by using the micro-
scopic hardness model.[44–47]

3. Results and discussion
We predict the crystal structure of RbB2C4 compound in

the pressure range of 0–100 GPa, and propose four new struc-
tures, namely, P63/mcm-, Amm2-, P1-, and I4/mmm-RbB2C4.
The pressure–composition phase diagram of the RbB2C4 com-
pounds is shown in Fig. 1(a), which expresses the pressure
interval for the existence of different phases. Within the pres-
sure range from 0 GPa to 15 GPa, the P63/mcm phase exhibits
the lowest energy and thus predominates. Once the pressure
exceeds 15 GPa, the Amm2 phase becomes more thermody-
namically stable. As the pressure further increases to 40 GPa,
a transformation into a novel triclinic P1 phase takes place.
Eventually, when the pressure attains 72 GPa, the I4/mmm
phase emerges as the most energetically favorable and sta-
ble configuration. The structures are shown in Figs. 1(b)–
1(e). The P63/mcm-RbB2C4 at ambient pressure has a layered
hexagonal structure, separated by a B–C honeycomb layer and
interstitial Rb atoms. The bond length between boron and car-
bon is 1.552 Å, and the bond length between carbon and car-
bon is 1.455 Å. In the Amm2-RbB2C4 structure, boron and
carbon atoms form a complex network structure, which con-
sists of folded six-membered ring and three-membered ring.
These boron–carbon network structures are separated by the
Rb atomic layer. The boron–carbon bond of the P1-RbB2C4

is tubular and the rubidium atom is located at the centre of
the tube. The I4/mmm-RbB2C4 has a sodalite-like clathrate
structure, which is composed of six square surfaces and eight

hexagonal surfaces, in which rubidium atoms occupy the cen-
tral position of the clathrate structure. In the pressure range of
0–100 GPa, the crystal structure of RbB2C4 has undergone a
continuous evolution process from layer to fold, and is finally
stabilized to clathrate. Our study has found the evolution of
crystal structure under pressure, which provides a theoretical
basis for the stability and phase transition of crystal structure
under normal pressure and high pressure.

Furthermore, we calculated the formation enthalpies of
the RbB2C4 compounds with respect to pressure via two pos-
sible synthetic pathways. The formation enthalpy for RbB2C4

is defined as

∆H = H(RbB2C4)−H(Rb)− 4
3

H(h-BC3)−
2
3

H(B), (1)

∆H = H(RbB2C4)−H(Rb)− 4
3

H(g-BC3)−
2
3

H(B). (2)

For the Rb atom, we used the enthalpy from bcc →
f cc → I41/amd → Cmca structure transitions, with the
phase transitions occurring at 8 GPa, 15 GPa and 41 GPa,
respectively.[48] For the B atom, we used the enthalpy
from R3̄m → Pnnm(γ-B) → Cmca(α-Ga) structure transi-
tions, with the phase transitions occurring at 18 GPa and
91 GPa, respectively.[49] For BC3, we used h-BC3 in the
calculation.[50,51] As shown in Fig. 2(a), when h-BC3 serves
as the precursor, the calculated results indicate that the Amm2,
P1, and I4/mmm structures can be synthesized at pressures
above 4 GPa, 6 GPa and 10 GPa, respectively. As shown in
Fig. 2(b), when g-BC3 is utilized as the precursor, the calcu-
lation results revealed that the synthesis of these three struc-
tures necessitates pressures above 8 GPa, 10 GPa and 16 GPa,
respectively. Therefore, it can be concluded that the employ-
ment of h-BC3 as a precursor entails a lower synthesis pressure
compared to that of g-BC3.

We calculated phonon dispersion curves for P63/mcm at
0 GPa and 10 GPa, for Amm2 at 0 GPa and 40 GPa, for P1 at
0 GPa and 70 GPa, and for I4/mmm at 0 GPa and 100 GPa, as
shown in Fig. 3. At both 0 GPa and 10 GPa, the P63/mcm
structure displays imaginary frequencies specifically within
the regions from Γ to A, K to Γ , and Γ to M in the Bril-
louin zone. In these particular regions of reciprocal space, the
dynamic stability of the Rb atomic layer is unstable. From
the phonon spectrum of the Amm2 phase, it can be observed
that an imaginary frequency exists within the Brillouin zone
at 0 GPa, indicating that the structure is dynamically unsta-
ble at ambient pressure. Nevertheless, when the pressure is
increased to 40 GPa, no imaginary frequency is observed in
the phonon spectrum, which indicates that the dynamic prop-
erties of the Amm2 phase are stable under this pressure. Under
ambient pressure and corresponding high-pressure conditions,
the P1 and I4/mmm phases have no imaginary frequencies in
the entire Brillouin zone, which indicates that these phases are
dynamically stable within the pressure range studied.
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Fig. 1. (a) Phase diagram of the RbB2C4 compounds under high pressures. Crystal structures of (b) P63/mcm-, (c) Amm2-, (d) P1-, (e) I4/mmm-RbB2C4.
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Fig. 2. The formation enthalpies of the P63/mcm, Amm2, P1 and I4/mmm structures along two different paths.
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Fig. 3. Calculated phonon dispersion curves for (a) P63/mcm at 0 GPa, (b) Amm2 at 0 GPa, (c) P1 at 0 GPa, (d) I4/mmm at 0 GPa, (e) P63/mcm
at 10 GPa, (f) Amm2 at 40 GPa, (g) P1 at 70 GPa, (h) I4/mmm at 100 GPa.

We next explored the electronic properties of the pre-

dicted RbB2C4 compounds via electronic band structures and

densities of electronic states (DOSs). We studied the elec-

tronic properties of these compounds by calculating the band

structure and the density of states. As shown in Fig. 4, it

can be clearly seen from the energy band diagram that it
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passes through the vicinity of the Fermi surface, indicating that
the electronic properties of these compounds exhibit metallic
characteristics. It can be observed that there is a significant
consistency between the band structures and DOS. In addi-
tion, the major contribution of metallicity comes from the B-p
state and the C-p state.

We investigated the mechanical properties of the RbB2C4

compounds. The elastic constants of stable orthorhom-
bic compounds need to satisfy C11 > 0, C11C22 > C2

12,
(C11C22C33 + 2C12C13C23 −C11C2

23 −C22C2
13 −C33C2

12) > 0,
C44 > 0, C55 > 0 and C66 > 0; the elastic constant of sta-
ble tetragonal compounds need to satisfy C11 > 0, C33 > 0,
C44 > 0, C66 > 0, (C11 −C12) > 0, (C11 +C33 − 2C13) > 0

and [2(C11 +C12) +C33 + 4C13] > 0. We further calculated
the elastic constants, bulk modulus, shear modulus, Poisson’s
ratio and hardness values, as shown in Table 1. The results
calculated according to the mechanical stability standard show
that only the Amm2 and I4/mmm phases are mechanically sta-
ble under ambient pressure. The shear modulus, bulk mod-
uli, and Vickers hardness were computed by using the HChen

v

and HTian
v models for hardness.[44–47] According to the calcu-

lation results in Table 1, the HChen
v values of Amm2-RbB2C4

and I4/mmm-RbB2C4 are 29 GPa and 47 GPa, respectively,
indicating that the Amm2 structure is a hard material, and the
I4/mmm structure is a superhard material.
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Fig. 4. Electronic band structures and density of states of (a) and (e) P63/mcm at 10 GPa, (b) and (f) Amm2 at 40 GPa, (e) and (g) P1 at 70 GPa,
(d) and (h) I4/mmm at 100 GPa.

Table 1. Calculated elastic constants Ci j , bulk modulus B, shear modulus G, and Vickers hardness Hv (all in units of GPa) of RbB2C4 at 0 GPa.

Space group C11 C22 C33 C44 C55 C66 C12 C13 B G G/B HChen
v HTian

v

Diamond 1046 564 128 434 519 0.84 93 94
c-BN 776 445 171 373 381 0.98 63 63
Amm2 698 293 523 112 186 96 31 44 186 158 0.85 29 27

I4/mmm 547 575 480 224 224 234 74 66 226 231 1.02 47 45

4. Conclusion

In summary, we have extensively explored the RbB2C4

within the pressure range of 0–100 GPa using CALYPSO
method and proposed four new structures of P63/mcm-,
Amm2-, P1-, and I4/mmm-RbB2C4. We found that the crystal
structure of RbB2C4 gradually evolved from layered to folded,
then to tubular, and finally to clathrate structure in the pres-
sure range of 0–100 GPa. The calculation results of forma-
tion enthalpy show that the P63/mcm structure can be syn-
thesized in the range of 0–40 GPa; Amm2, P1, and I4/mmm
structures can be synthesized above 4 GPa, 6 GPa, 10 GPa,
respectively. The electronic band structures and densities of
electronic states suggest that these compounds exhibit metal-
lic characteristics. The calculation results of Vickers hardness

show that the I4/mmm clathrate structure exhibits superhard
characteristics. This research uncovers the transformation pro-
cess of the crystal structure of the RbB2C4 compound with the
increase of pressure. Such a discovery injects novel theoretical
perspectives into the domain of high-pressure-induced crys-
tal structure phase transitions, thereby enriching the existing
knowledge reservoir and potentially inspiring further investi-
gations and advancements in this area of study.

Acknowledgments
Project supported by the Jilin Provincial Science

and Technology Development Joint Fund Project (Grant
No. YDZJ202201ZYTS581). This work is also sup-
ported by the Scientific and Technological Research

046201-4



Chin. Phys. B 34, 046201 (2025)

Project of Jilin Provincial Education Department (Grant
No. JJKH20240077KJ).

References
[1] Holzapfel W B 1996 Reports on Progress in Physics 59 29
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