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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Laves-phase are among the most abundant groups of alloys with chemical formula AB;, known for their high-
temperature strength and potential application in hydrogen storage. The Laves-phase generally acts as a strengthening
agent, which enhances the strength and durability of alloys at extreme conditions. Consequently, the properties of Laves-
phase alloys at extreme conditions attract wide attention. In this study, we investigated the high-pressure phase diagram
of Laves-phase alloy HfZn,, and discovered a phase transition from C15 (space group Fd3m) phase to C14 (space group
P63/mmc) phase at a pressure above 20 GPa. Based on ab initio simulations, the mechanical, chemical bonding and super-
conducting properties of high-pressure phase HfZn, were predicted. The ratio of bulk modulus to shear modulus (B/G),
a key indicator of mechanical properties in alloys, increases from 1.86 to 4.09 within the pressure range of 50-250 GPa,
indicating excellent ductility of the C14 phase of HfZn; under high pressure. Additionally, Zn gains approximately 0.43
electron from Hf at 10 GPa, and the superconducting critical temperature of HfZn; is estimated to be around 0.55 K at
50 GPa. Given that both C14 and C15 phases are common structures in Laves-phase alloys, elucidating the high-pressure
behaviors of C14 and C15 phases of HfZn; will enhance the fundamental understanding of properties and potential appli-

cations at extreme conditions of Laves-phase alloys.

Keywords: Laves-phase alloy, high pressure, phase transition, density function theory
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1. Introduction

Laves-phase intermetallic compounds, formed by main
group metallic elements and transition metals, exhibit a va-
riety of crystal structures, including the cubic C15 (MgCuy)
structure, hexagonal C14 (MgZn,) structure, or dihexagonal
C36 (MgNi») structure. These compounds have recently gar-
nered renewed interest within the technological and scien-
tific communities due to their intriguing properties and poten-
tial applications.!!?! For instance, Laves-phase ZrX, (X =V,
Cr, Mn, Fe, Co, Ni) and C14-type ZrMny;H3 compounds are
promising candidate materials for hydrogen storage.[*! The
cubic Laves compound ZrZn; was studied both experimentally
and theoretically, with superconducting critical temperature
T. =~ 1 K.[*] Moreover, the elastic constants of some Laves-
phase compounds have been studied by a number of theoreti-
cal investigations. For example, the elastic properties of C15
Laves-phases HfV,, ZrV,, and Hf,Zr|_, V, exhibit an anoma-
lous temperature dependence.’! Similarly, the cubic Laves-
phase materials Hf5VgoNb;s, TaV,, TaV,H(D),, and ZrCr;
also show anomalous elastic properties.[®! Due to the potential
application of Laves-phase alloys at extreme conditions, the
mechanical properties of Laves-phase alloys at pressure attract
wide interest.
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Up to now, the C15 Laves-phase structure of HfZn;
has widely attracted both experimental and theoretical
attention.!”-8] The elastic and thermodynamic properties of
HfZn, were studied, and the results demonstrate good agree-
ment with experimental data.l’! The optical properties of
HfZn, were investigated, which show that it is a good coat-
ing material with high reflectivity up to 16 eV in the visible-
ultraviolet region.!! In 2017, the superconductivity of HfZn,
was reported with superconducting critical temperature 7. ~
0.05 K. A recent work reported the structural, elastic, elec-
tronic, vibrational and thermodynamic properties of C15
HfZn, up to 100 GPa.['%1 However, the information on phase
transitions, electronic properties, chemical bonding, dynami-
cal properties and superconductivity of HfZn; under pressure
is absent. Therefore, great attention is needed to explore the
high-pressure structures and properties of HfZn;. Such stud-
ies would not only enhance our fundamental understanding of
this material but also potentially unlock new applications in
extreme environments.

In this work, we discovered a new C14 Laves-phase
HfZn, with the space group P63/mmc in the pressure range
20-275 GPa. We investigated the mechanical, chemical bond-
ing and superconducting properties of the new high-pressure
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phase of HfZn; based on ab initio simulations. According to
the Pugh criterion, the C14 Laves-phase HfZn, was identified
with high ductility. Zn gains electrons from Hf in the C14
Laves-phase HfZn, crystal. And HfZn, was predicted to be
a superconductor with a critical temperature of about 0.55 K
under pressures. Our results provide a theoretical perspective
for understanding the properties of HfZn; under extreme con-
ditions.

2. Computational methods

The crystal structure prediction for HfZn, was performed
at the pressure range of 0-300 GPa with 1-4 formula units,
through the CALYPSO and USPEX codes.!!!"'?! Such meth-
ods have been manifested by successfully employed in high-
pressure phases of various systems.[!3] The structural relax-
ations and electronic structure calculations were carried out
by using the first-principles method through the Vienna ab ini-
tio simulation package (VASP) codes.!!4161 PBE (Perdew—
Burke—Ernzerhof)!!”! in generalized gradient approximation
(GGA) was used as the exchange—correlation functional. The
5d%6s? for Hf and 3d'%4s? for Zn were considered as va-
lence electrons, respectively. To obtain an accurate result,
the energy cutoff was set to 600 eV, and the Brillouin-zone
sampling mesh for the Monkhorst-Pack k-point was used
27 x 0.025 AL
dynamically stable structures was calculated to confirm the

The phonon dispersion of the thermo-

dynamic stability by using a supercell approach as imple-
mented in the Phonopy code.!'® The electron—phonon cou-
pling (EPC) calculations were implemented by using the
Quantum ESPRESSO!'”! package with a 90 Ry kinetic energy
cutoff and a 360 Ry charge density cutoff. For Fd3m phase, a
16 x 16 x 16 k-point grid was used for Brillouin zone integra-
tion in electronic calculations and EPC matrix elements were
calculated in a 4 x 4 x 4 g-point grid. For P63/mmc phase, a
12 x 12 x 8 k-point grid was used for Brillouin zone integra-
tion in electronic calculations and EPC matrix elements were
calculated in a 3 x 3 X 2 g-point grid.

3. Results and discussion

3.1. Thermodynamic, dynamic and mechanical stability of
predicted structures

The crystal structures were predicted to exhibit the Fd3m,
P63/mmc, and P2;/m space groups within the pressure range
of 0-300 GPa. Figure 1(a) illustrates the calculated enthalpies
of the predicted structures relative to the enthalpy of Fd3m
phase as a function of pressure. The Fd3m phase has the low-
est enthalpy among all other candidates from 0 to 20 GPa,
indicating it is the thermodynamic ground state. Upon com-
pression, a hexagonal structure becomes more thermodynam-
ically favored up to 275 GPa. Beyond this pressure, it de-

composes to the elements Hf and Zn. The crystal structures
of Fd3m and P63/mmc phases are depicted in Figs. 2(a) and
2(b), respectively. At ambient pressure, we obtain the cu-
bic C15 structure with space group Fd3m, which is in good
agreement with previous studies.!”®! Interestingly, we observe
a hexagonal structure with P63/mmc space group at 100 GPa,
in which the occupations of Hf and Zn are the same as that
in C14 phase of MgZn;. Hf atoms occupy 4f and Zn atoms
occupy 2a and 64, indicating this structure belongs to the fam-
ily of C14 Laves-phase. Detail parameters of the structures
are shown in the supporting information. The calculated equa-
tions of state (EOS) for the Fd3m and P63/mmc are shown in
Fig. 1(b). The volume change is discontinuous with 0.59% at
Fd3m-to-P63/mmc transition point, which suggests the transi-
tion is the first-order nature.
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Fig. 1. (a) Calculated enthalpies of the predicted structures of HfZn, rel-
ative to enthalpy of Fd3m phase as a function of pressure. (b) Equation
of state curves of HfZn, with Fd3m and P63/mmc space symmetry.

Fig. 2. The crystal structures of (a) Fd3m and (b) P63/mmc phases of HfZn,.

Then the phonon band structure along highly symmetri-
cal directions within the Brillouin zone and projected phonon
density of states (PHDOS) for two phases of HfZn, were
calculated to investigate the dynamical stability, which is an
important condition for judging the stability of the structure.
The dynamic properties of Fd3m at 10 GPa and P6s/mmc at
200 GPa were studied, as shown in Fig. 3. The absence of
imaginary frequency throughout the Brillouin zone confirms
the dynamical stability of both phases. Additionally, because
hafnium is much heavier than zinc, the vibrational frequency
of Hf atom is obviously lower than that of Zn atom. Therefore,
the low-frequency bands primarily originate from the heavier
Hf atoms, while lighter Zn atoms dominate higher-frequency
modes.

Mechanical stability is another important criterion for as-
sessing the stability of crystal structures. To investigate the
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mechanical properties of the C15 and P63/mmc phases, we
calculated their elastic constants, as presented in Table 1. In
addition, for mechanically stable crystals, the independent
elastic constants C;; must satisfy the Born-Huang stability
criteria.[?"! In the cubic phase, there are three independent
components (C11, Ca4, and Cj7), and the mechanical stability
criteria are defined by the following equations:

C11 >0, ey
Cy4 >0, 2)
Ci1 > |Ciof, (3)
Ci1+2C12 > 0. “)

In the hexagonal phase, there are five independent components
(C11, C33, Ca4, Ci3, and C;3). The criteria for mechanical sta-
bility are given by the three equations:

Cyq >0, ()
Ci1 > |Ci2|, (6)
(C11 +2C12) C33 > 2C13°. )

It is obvious that the elastic constants of Fd3m and P63/mmc
satisfy the above conditions, indicating that they are mechani-
cally stable.

(a) (b)
6 /
s K
£ a1
>
g %f T
% 2 >§
R
WL ¢ X WK 0 3 46
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(c) 20 (d)
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- D= =S
£ sk =
“A HK ¢ MLH o0 2 4
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Fig. 3. (a) Phonon band structure and (b) projected phonon density of
states of HfZny with F'd3m space group. (c) Phonon band structure and
(d) projected phonon density of states of HfZn, with P63/mmc space

group.

Table 1. Elastic constants for the structure of Fd3m at 10 GPa and
P63/mmc at 200 GPa.

Ci C2 Cyy Ci3 Cs3
Fd3m 1109.34 418.48 364.31
P63/mmc  9622.88 4122.11 1319.47 4818.49 4768.00

3.2. Elastic properties

Previous studies have extensively investigated the elastic
properties of the cubic C15 phase of HfZn,. In this work, we
mainly focused on the C14 Laves-phase. Figure 4 shows the
elastic constants, bulk modulus (By, Br, B), shear modulus
(Gv, Gr, G), Young’s modulus E, the Pugh criterion (B/G)
and Poisson’s ratio as functions of pressure. These physi-
cal quantities are obtained by the following equations for the

hexagonal phase:[?!]

1
|Bv| = §[Z(C11+C12)+4C13 +Cs3), ®)
1
Gy = %[M-i- 12C44 + 12Ces), ©
C2
Br = e (10)
5C2Ca4C,
Gp = 442 66 ’ an
2[3ByC44Cs6 + C*(Cas + Ce6)]
M = Cy1 4 Ci2 +2C33 — 4C3, (12)
C? = (C11 +C12)C33 — 2C13°. (13)
In terms of the Voigt-Reuss—Hill approximations, >?!
1
My=-———— M=B,G. 14
H = (M 4 M) (14)
Young’s modulus E and Poisson’s ratio v are given by the fol-
lowing equations: (23!
9BG
=— 15
3B+G’ (1)
3B—2G
== 16
"T2B3B106) (16)

It is observed that the elastic constants Cy1, Ci2, Ci3, C33 and
Cés increase with applied pressure. In contrast, C44 initially in-
creases in the pressure range of 50-150 GPa, but subsequently
decreases in the range of 150-250 GPa (Fig. 4(a)). These vari-
ations in the elastic constants result in corresponding changes
in the moduli, as depicted in Figs. 4(b) and 4(c). It is known
that if the Pugh criterion (B/G) value is larger than 1.75, the
material behaves in a ductile manner, otherwise, it behaves in
a brittle manner. The B/G values increase from 1.86 to 4.09
over the pressure range of 50-250 GPa (Fig. 4(d)), which in-
dicates that the C14 Laves-phase of HfZn; has good ductility.
Poisson’s ratio is another way to evaluate the mechanical re-
sponse of materials to external stress. The high and low values
of Poisson’s ratio correspond to good ductility and brittleness,
respectively. As shown in Fig. 4(d), the Poisson’s ratio values
range from 0.27 to 0.39, consistent with the B/G ratios.
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Fig. 4. (a) Elastic constants, (b) bulk modulus (By, Br) and shear modulus
(Gy, GRr), (c) Young’s modulus E, bulk modulus B and shear modulus G,
(d) the Pugh criterion (B/G) and Poisson’s ratio as functions of pressure.

3.3. Electronic properties and chemical bonding

The electronic properties of HfZn, under high pressure
are further explored. Figure 5 presents the electronic band
structures along the high-symmetry directions in the Brillouin
zone and partial densities of states (PDOS) for Fd3m and
P63/mmc phases at different pressures. The overlap between
the conduction and the valence bands for the two structures
suggests that the above phases are metallic (Figs. 5(a) and
5(c)). The PDOS around the Fermi level is dominated by the
Zn-p and Hf-d orbitals for all structures with almost no Hf-s
component as shown in Figs. 5(b) and 5(d).

Analyzing the types of chemical bonds for the stable
structures is also an important aspect. The electronic local-
ization function (ELF)?* has become a successful method to
characterize the localized distribution of electrons and bond-
ing nature in materials. Typically, ELF values greater than 0.5
indicate localized electrons, corresponding to covalent bonds,
while ELF values less than 0.5 suggest delocalized electrons,
indicative of ionic bonds. The value 0 refers to very low charge
density. From the calculated ELF of Fd3m and P63/mmc
phases (Fig. 6), it is evident that the Hf—Zn bond exhibits ionic
character. Then, Bader charge analysis was used to measure
the amount of charge transfer from Fd3m phase to P63/mmc
phase at different pressures. It can be observed that each Zn
gains about 0.43 electron and 0.40 electron is transferred from
Hf for Fd3m and P6s/mmc structure, at 10 GPa and 200 GPa,
respectively.
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Fig. 5. (a) Electronic band structures and (b) partial densities of states
(DOS) of Fd3m phase of HfZn; at 10 GPa. (c) Electronic band structures
and (d) partial densities of states (DOS) of P63/mmc phase of HfZn, at
200 GPa.

(a) % mle—mR
o 0 0 o

9,0
a\ /.\ _/t

© 0 0 o

(b) S < < <

& o o ©
° o

oo 00

& o o > °

Fig. 6. The ELF of HfZn, with space groups (a) Fd3m at 10 GPa and
(b) P63/mmc at 200 GPa.

3.4. Superconductivity

To observe the superconductive properties of the Fd3m
and P63/mmc phases for HfZn, under high pressure, the
electron-phonon coupling (EPC) calculations were performed,
and the results are shown in Table 2. As the low-pressure
phase, HfZn, with space group Fd3m exhibits the highest
superconducting critical temperature of 3.89 K at 10 GPa,
due to a large electron—phonon coupling parameter A around
0.74. Although pressure generally enhances logarithmic av-
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erage phonon frequency o, which is directly proportional
to superconductive critical temperature, pressure significantly
suppressed electron—phonon coupling parameter A of Fd3m
phase of HfZn, as shown in Table 1. This suppression orig-
inates from a sharp decrease in Fermi surface DOS (N(Eg))
from 39.04 eV to 33.81 eV and weakened Hf-d/Zn-p hy-
bridization. Consequently, HfZn, with space group Fd3m at
20 GPa exhibits a superconducting critical temperature of only
0.30 K with A collapsing to 0.35 and @, rising to 176.86 K.
After the transition from Fd3m phase to P63/mmc phase, the
superconducting critical temperature of HfZn, increases to
0.55 K at 50 GPa. This phase transition reconstructs the Fermi
surface, stabilizing A near 0.37 despite decreasing N(Ep) at-
tributed to Brillouin zone folding that reaggregates Hf-d states
near N(Eg) and sustains strong d—p hybridization. Unlike
Fd3m phase, the superconducting critical temperature of the
P63/mmc phase is not sensitive to pressure below 150 GPa,
they are 0.65 K and 0.41 K at 100 GPa and 150 GPa, respec-
tively. These fluctuations arise from competition between in-
creasing @jog from 203.46 K to 256.76 K and declining N (Er)
from 63.91 eV to 48.45 eV. The increase in @,; dominates
at 100 GPa, resulting in T, = 0.65 K, while N(EF) loss pre-
vails at 150 GPa, lowering T to 0.41 K. The electron—phonon
coupling parameter A is almost unchanged in the pressure
range 50-150 GPa. As the pressure is further increased to
200 GPa, the electron—phonon coupling parameter A suddenly
drops to 0.25, triggered by severe Hf-d orbital delocalization
(N(Ep) = 29.08 eV) that suppresses the electron—phonon ma-
trix elements. As a result, the superconducting critical tem-
perature of P63/mmc phase decreases to 0.02 K despite @0
reaching 292.66 K.

Table 2. The calculated electron—phonon coupling parameters (1), the
logarithmic average phonon frequency @i, electronic density of states
at the Fermi level N(Ep) (states/spin/Ry/unit cell), and superconducting
critical temperatures T, of the Fd3m and P63/mmc phases for HfZn, at
different pressures.

Structures Pressure (GPa) A @y (K) N(Ep) T. (K)

Fd3m 10 0.74 9797 39.04 3.89
20 035 176.86 33.81 0.30

P63/mmc 50 0.37 203.46 6391 0.55
100 0.37 231.62 59.11 0.65

150 0.35 256.76 4845 0.41

200 0.25 292.66 29.08 0.02

4. Summary

The study conducted a comprehensive study on the high-
pressure phase diagram of HfZn, using crystal structure pre-
diction based on density functional theory. Our findings re-
vealed a high-pressure C14 phase of HfZn; with the space
group P63/mmc. The C15 to C14 phase transition of HfZn,
emerges at 20 GPa, and when pressure further increases to
275 GPa, HfZn; tends to decompose into Hf and Zn. Then
we investigated the properties of high-pressure C14 phase of
HfZn;, including its mechanical, chemical bonding and super-

conductive properties. We first clarify the mechanical prop-
erties of C14 phase HfZn; under pressure. The ratio of bulk
modulus and shear modulus (B/G) increases from 1.86 to 4.09
in the pressure range of 50-250 GPa, which indicates that the
C14 phase of HfZn, exhibits excellent ductility under high
pressure. Moreover, Zn gains about 0.43 electron from Hf at
10 GPa, and pressure facilitates electron transfer from Hf to
Zn. The superconducting critical temperature of C14 HfZn; is
about 0.55 K in a pressure range of 50-150 GPa. The pressure-
induced superconductivity of C15 and C14 HfZn, will en-
hance the fundamental understanding of high-pressure prop-
erties of Laves-phase alloys. Elucidating the high-pressure
behaviors of the C14 and C15 phases of HfZn, will trigger
further applications of Laves-phase alloys under extreme con-

ditions.
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