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The physical properties including structural, electronic, vibrational and thermodynamic properties of Zr;_ Hf,Co (x
is the concentration of constituent element Hf, and changes from O to 1) are investigated in terms of the ABINIT program.
The results reveal that all of Zr|_,HfCo have similar physical properties. When Hf concentration x gradually increases
from 0.0 to 1.0, the lattice constant decreases from 3.217 A to 3.195 A very slowly. The calculated density of states (DOS)
indicates that the metallic nature is enhanced and the electrical conductivity turns better with the increase of Hf. Moreover,
as Hf concentration increases from O to 1, the Fermi energy gradually increases from —6.96 eV to —6.21 eV, and the
electronic density of states at the Fermi level (N(Ey)) decreases from 2.795 electrons/eV f.u. down to 2.594 electrons/eV
f.u., both of which imply the decrease of chemical stability. The calculated vibrational properties show that the increase

of Hf concentration from 0 to 1 causes the maximum vibrational frequency to decrease gradually from about 223 cm

-1

to 186 cm™!, which suggests a lower dispersion gradient and lower phonon group velocities for these modes. Finally, the
phonon related thermodynamic properties are obtained and discussed.
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1. Introduction

The intermetallic compound ZrCo has received consid-
erable attention because it is a probable candidate material
for the storage and delivery of hydrogen isotopes in the in-
ternational thermonuclear experimental reactor team (ITER).
Compared with uranium conventionally serving as a getter
in ITER, ZrCo has some inherent advantages, e.g., no ra-
dioactivity, less pyrophoricity, easier to operate. Moreover,
ZrCo has excellent hydriding/dehydriding properties, such
as the extremely low equilibrium absorption pressure (down
to 1072 Pa at room temperature for tritium recovery), and
the not too high dehydrogenation temperature (approximately
400 °C when dissociation hydrogen pressure reaches 1 atm,
1 atm=1.01325x 10 Pa).[!~7] Therefore, ZrCo has been se-
lected and used to store and transport hydrogen isotopes by
ITER. 3]

Many experimental researches on the Zr;_,M,Co system
in which Zr atom is partially substituted for by other kind of
atom M, such as Ti and Hf, confirm that some kind of ele-
ment substitution can inhibit the disproportionation reaction,
which is easily induced in the course of the hydrogen recov-
ery/delivery processes of ZrCo thereby making ZrCo lose its

DOI: 10.1088/1674-1056/27/4/047802

ability to store hydrogen isotopes.>10-15]

However, to the best of our knowledge, no theoreti-
cal ab-initio study on the Zr;_,M,Co system has been re-
ported except the ZrCo and HfCo. Li et al.!'® investigated
the vibrational and thermodynamic properties of ZrCo by
density functional perturbation theory (DFPT). Chattaraj et
al 17-18] reported the structural, electronic, vibrational, ther-
modynamic and elastic properties of ZrCo by using a first prin-
ciples approach within the Vienna ab initio simulation package
(VASP). In addition, Chattaraj et al.!"°! measured the enthalpy
increments of ZrysCog s in a temperature range of 642 K—
1497 K, then the thermodynamic functions of Zry 5Coq 5 in a
temperature range of 298.15 K-1500 K were obtained through
the measuring enthalpy increments. Recently, Lu ef al.l**] in-
vestigated structural, elastic, and electronic properties of CoZr
under high pressure by first-principles study, and confirmed
that CoZr is mechanically stable at various pressures and the
structural stability decreases under high pressure.

Here, we aim at studying the structural, electronic, dy-
namic, and thermodynamic properties of Zr_HfCo (x is the
concentration of constituent element Hf, and changes from O
to 1 in steps of Ax = 0.1, the x has the same meaning in this

paper, unless otherwise stated) by first-principles study.
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The rest of this paper is arranged as follows. In Section 2,
we give a detailed description of the computational method.
In Section 3, the acquired results and their interpretation are
given. Finally, a brief summary is given in Section 4.

2. Computational details

All the calculations in this work are performed through
the density functional theory (DFT) and DFPT in the
plane-wave pseudopotential approach by using the ABINIT
code.?!l The generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof (PBE)!*?! is adopted for exchange—
correlation energy, and the electronic pseudo-potentials are
used for atoms Zr—4s24p64d25s2, Co—3sz3p63d74s2, and Hf-
5525p®5d%6s2, respectively. According to our convergence
test, an 8 x 8 x 8 Monkhorst-pack k-point mesh in the Brillouin
zone for one unit cell is used, and the energy cut-off is set
with 30 Hartree (1 Hartree =4.3597x 10~ J) to determine the
number of plane waves in expansion which guarantees the to-
tal energy errors within 10~'0 Hartree in all our calculations.
After structural optimization, the detailed vibrational proper-
ties including the phonon dispersion curves, phonon density of
states, and phonon frequencies at zone-center are obtained by
the DFPT. Thereafter, thermodynamic properties such as in-
ternal energy E, entropy S, and specific heat Cy are predicted
within the harmonic approximation, then Gibbs free energy G
is computed through the obtained internal energy E and en-
tropy S.

The virtual crystal approximation (VCA)!?! imple-
mented in the ABINIT program is used to simulate the disor-
dered alloy Zr;_,Hf,Co. Two main approaches exist for treat-
ing the disordered alloy within first principles methods: the
supercell (SC) method and the VCA method. The SC method

can give more correct results but the calculation time becomes

rapidly too large compared with the VCA method.”*! In con-
trast to this, the VCA method has the advantages of simplic-
ity and computational efficiency because the VCA allows the
crystal to remain the primitive periodicity but contains some
fictitious “virtual” atoms whose potential is the average of po-
tentials of the atoms in the parent compounds.**2%! So, the
VCA method is an alternative and a promising approach to
treating the disordered alloys and has successfully predicted
the physical properties, including structural, electronic, piezo-
electric, elastic, magnetic, metal, and dynamic properties of
many disordered alloy systems. 242327321

Therefore, we believe that the VCA method is a reliable
method of predicting the electronic, vibrational, and thermo-
dynamic properties of the ternary Zr;_,HfCo alloy. In the
Zr;_ Hf,Co system, the virtual pseudo-potential of a virtual
atom is obtained by the linear combination of elemental ionic
pseudo-potentials of ZrCo and HfCo within first-principles
VCA scheme, that is to say, Vyca = (1 —x)Vzico + xVHicos
where x is the Hf substitute fraction.

3. Results and discussion
3.1. Structural properties

Experiments!!>33-34] have confirmed that solid solution
Zr; _Hf,Co (x =0.1, 0.2, 0.25, 0.3, 0.5, 0.75) are rather sta-
ble and that crystal structures of Zr; _Hf,Co are identical with
those of alloys ZrCo and HfCo. That is to say, Zr;_,Hf,Co
(x=0.1,0.2,0.25,0.3, 0.5, 0.75) are of CsCl type simple cu-
bic structure with space group of Pm3m (No. 221).133 There-
fore, we believe that all of Zr;_,Hf,Co (x = 0.1 ~ 0.9) have
the same crystal structures as ZrCo and HfCo. In the subse-
quent calculation, we work starting from the above structure

properties.

Table 1. Optimized and experimental lattice constants of Zr;_,Hf,Co, x represents the concentration of constituent element Hf.

x 0.0 0.1 0.2 0.3 0.5 0.6 0.7 0.8 0.9 1.0
This wok 3.227 3.225 3.224 3.222 3.219 3.216 3212 3.208 3.204 3.200 3.195
Other cal. 3.203* 3.181°
Expt. 3.201¢ 3.196¢ 3.1734 3.166¢
Ref. [16], "Ref. [17], °Ref. [36], 9Ref. [34]
The equilibrium lattice parameter is computed from  Zr;_,Hf,Co.

the structural optimization, using the Broyden—Fletcher—
Goldfarb—Shanno minimization.[*”=*% The results of opti-
mization for Zr;_,Hf,Co along with other theoretical and ex-
perimental results are listed in Table 1. It can be seen that
our calculated lattice constants for Zr;_,Hf,Co are very close
to other theoretical!'%!” and experimental results,3*3¢! which

ensures the accuracy and the reliability of our further study of

From Table 1, we can see that the lattice constant gradu-
ally decreases from 3.227 A to 3.195 A with the increase of the
Hf substitute rate, but change is quite small. A slight change
of lattice constant is logical for the reason that atom Hf and
atom Zr have similar valence electronic configurations and al-
most the same atom radius. The decrease of lattice constant

means that the crystal plane spacing of ZrCo is bigger than

047802-2



Chin. Phys. B Vol. 27, No. 4 (2018) 047802

that of HfCo, which is in agreement with experimental results

reported by Peng et al.!1”!

3.2. Electronic properties

In order to understand the effect of Hf-doping on the elec-
tronic behavior of Zr;_,Hf,Co, we calculate the density of
states (DOS) of Zr;_Hf,Co around the Fermi level, some of
them are shown in Fig. 1. The calculated results reveal that
Zr_,Hf,Co have similar DOSs for different Hf substitute ra-
tios, which implies that all of Zr;_,Hf,Co exhibit similar elec-
tronic properties. The reason for this phenomenon is that el-
ement Hf and element Zr belong to the same family, atom Hf
and atom Zr have similar valence electronic configurations.
Further analysis shows that above the Fermi level, with the
increase of Hf concentration from O to 1, the energy range
expands and the peak value (around 4 eV) of DOS decreases
from 6.085 electrons/eV f.u. to 4.235 electrons/eV f.u. That is
to say, the DOS shifts towards the high energy and the Fermi
surface moves down with Hf content increasing. All these phe-
nomena show that the nature of metal is strengthened with in-
creasing Hf content. Consequently, it can be predicted that as
the Hf concentration gradually increases, the conductivity is

getting better.[2%-32]
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Fermi energy and the electron density of states at the
Fermi level N(Ey) can describe the stability of the compound
and the strength of electron interaction. The Fermi energy and
the electronic density of states at the Fermi level N(Ey) are
given in Fig. 2. Figure 2(a) shows that the higher the concen-
tration of Hf, the higher the Fermi energy is, which induces the
lower chemical stability of the compound and lattice contrac-
tion. Moreover, one can see from Fig. 2(b) that the N(Ef) de-
creases with the increase of Hf content, which implies that or-
bital hybridization between Zr|_,Hf, and Co in the region near
the Fermi level and the electronic interaction of the atomic or-

bital weaken. This phenomenon also indicates that the chemi-

cal stability decreases as the Hf content increases.!!7-2]
- Ei
210} —EZ0
— x=0.
% r=0.4
> 8 r=0.5
o x=0.6
S 6 x=0.8
B —ax=1.0
8]
3 4
2
~ 2
wn
A —8 —4 0 4 8
Energy/eV

Fig. 1. (color online) Plots of DOS versus energy for Zr;_,Hf,Co with
x=0.0,0.2,04,0.5,0.6, 0.8, and 1.0.
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Fig. 2. (color online) (a) Hf concentration dependence of Fermi energy. (b) Hf concentration dependence of TDOS at Fermi level N(E).

3.3. Vibrational properties

Herein, the detailed vibrational properties of Zr; _,Hf,.Co
are obtained by the DFPT. The calculated phonon dispersion
curves (along the principal symmetry direction of the Brillouin
zone X - M - I - R— X — I' — M) and the correspond-
ing total phonon density of states for Zr;_Hf,Co (x = 0.0,
0.5, 1.0) are plotted in Fig. 3. Evidently, an increase in the Hf
content leads to the phonon frequency decreasing. Since the
primitive cell of Zr|_,HfCo contains two atoms, the corre-
sponding numbers of vibrational modes are six, of which three
are acoustic modes and the remaining modes are optical ones.
According to the standard group-theoretical analysis, we can
obtain the following irreducible representation at the I" point:

Tacoustic = 3Tlu(IR); E)ptical = 3Tlu(IR)a

where the IR represents infrared active modes, subscript u de-
notes the antisymmetric mode with respect to the center of
inversion, and T, is the three-fold degenerate mode. The cal-
culated phonon frequencies at the I" point are listed in Table
2. As the Hf concentration gradually increases from 0.0 to 1.0,
the calculated phonon frequencies of the optical modes at the
I” point gradually decrease from 184.28 cm™! to 173.18 cm™!,
which is due to the mass effect. Unfortunately, we are not
aware of any experimental reports on the vibrational proper-
ties of Zr_,Hf;Co, but our results of ZrCo are in agreement

with the other theoretical results. 8]
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Fig. 3. (color online) Calculated phonon dispersion curves and the phonon densities of states for (a) ZrCo, (b) Zry sHf( 5Co, and (c) HfCo.
from O to 1 leads to the highest frequency mode gradually de-
] S — . .
gf —*=01 _-peakll peak I\’j creasing from about 223 cm~! down to about 186 cm ™!, which
g: = 042/\/\’\/\__/_,\ implies a lower dispersion gradient and then lower phonon
9k v : T group velocities for these modes.[*!! The reason for this phe-
22— =U. M . . . . .
» 9F : nomenon is that the atomic weight of the Hf atom is 1.96 times
8 5 —z=05 ‘/\/\ larger than that of the Zr atom, which leads to the increase of
E of — = M the reduced mass, therefore the vibrational frequency will de-
g: a M crease with the content of Hf increasing.
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Fig. 4. (color online) Plots of PHDOS versus frequency of Zr;_Hf,Co.

Figure 4 gives the calculated phonon density of states
(PHDOS) for Zr;_Hf,Co (x = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8, and
1.0). Two main peaks appear in Fig. 4, peak I significantly
moves towards a low wave number with the increase of Hf

concentration. Additionally, the increase of Hf concentration

the fact that vibrational frequency relates to the reduced mass
of Zr;_,Hf,Co and interaction between Zr;_,Hf, and Co.
Specifically, the stronger interaction between Zr| _,Hf, and Co
will result in the higher vibrational frequency of Zr;_Hf.Co
and the larger reduced mass will bring about the lower vibra-
tional frequency. For Zr;_Hf,Co, the influence of interaction
between Zr|_,Hf, and Co on vibrational frequency may be

more important than the reduced mass.

Table 2. Calculated optical mode T, at the I" point of Zr;_HfCo, (x represents the concentration of constituent element Hf).

x 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
This wok 184.28 182.09 180.38 178.92 177.89 177.01 176.48 175.64 174.73 173.87 173.18
Other cal.? 177.27
a Ref. [18]

3.4. Thermodynamic properties

Knowledge of the thermodynamic properties is essential
for studying crystal stability and chemical reactivity, but there
are no publications focusing on thermodynamic properties of
Zr;_HfCo except the ZrCo. As is well known, the first-
principles for phonon calculations are limited to 7 = 0 K yet
the detailed thermodynamic properties including internal en-
ergy E, entropy S, constant-volume specific heat Cy per unit
cell of the crystals could be derived by phonons.*?!

In order to ensure the accuracies of thermodynamic prop-
erties for Zr; _ Hf.Co with the VCA method, here we perform

an ordered SC calculation of ZrgsHfy5Co. The thermody-

namic properties for Zrg sHfy 5Co are obtained by the VCA
and the SC methods and listed in Table 3. The ZrCo supercell
is built with the 2 x 1 x 2 of a unit cell, there are two of Zr
positions substituted for by elements Hf as shown in Fig. 5.
The supercell contains two Zr, two Hf and four Co atoms, and
its constituent can be reduced to the formula Zry sHfy 5Co. As
can be seen from Table 3, the calculated thermodynamic re-
sults obtained with the two methods are almost equal and the
maximum error is less than 0.3%. Hence, we believe that the
VCA method is a reliable method for predicting the thermo-
dynamic properties of the ternary Zr;_,Hf,Co alloy.
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Fig. 5. (color online) Crystal structure of Zry sHfy 5Co.

Table 3. Calculated results of the internal energy E (K-J/mol), entropy S
(J/mol-K), and constant-volume specific heat Cy (J/mol-K) per unit cell
for Zr;_,Hf,Co at different values of temperature 7 (K), obtained with
the VCA method and SC method.

E/(K-J/mol) S/(J/mol-K) Cy/(J/mol-K)
VCA SC VCA SC VCA SC
0 4751 4755 0 0 0 0

100 6.502  6.508 27.521  27.552 36.869 36.912
200 10.778 10.780 56.799  56.801 46.044 46.066
300 15.517 15.521 75941  75.988 48.121 48.130
400 20.370 20.372 89.903  89.952 48.882 48.891
500 25.276 25.278 100.854 100.912 49.240 49.243
600 30.209 30.11 109.850  109.921 49.436 49.438
700  35.159 35.160 117.481 117.523 49.555 49.557
800 40.118 40.120 124.103  124.156 49.633  49.634
900 45.083 45.084 129.952  129.968 49.686 49.688
1000 50.054 50.051 135.189 135.213 49.724  49.726

Gibbs free energy G is another important thermodynamic
quantity. In the hydriding/dehydriding reaction the change of
G can be used to determine the direction of the reaction. As

—x=0 .
50F — £ =0.1 (2)
x=0.2
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e 40r__ x=0.4
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| —2x=0.9
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is well known, the G can be obtained from the following for-
mula:
G=H-TS,

where T and § are the temperature and entropy, respectively.
H is the enthalpy, which can be expressed as

H=E+PV,

o)
G=E-TS+PV

for solid and liquid phase, the value of PV at atmospheric pres-
sure is very small compared with that of Gibbs free energy G,
so PV can be ignored. Then, the G can be expressed as

G=E-TS.

The calculated values of E, S, Cy, and G at temperatures from
0 K to 1000 K are illustrated in Figs. 6(a)-6(d), respectively
(the corresponding data for E, S, Cy, and G are provided in the
supplementary materials from Table S1 to Table S4).

From Fig. 6, one can see that the differences among these
thermodynamic quantities for Zr;_,Hf,Co are very small,
whereas the further analysis reveals that the increase of Hf
content can cause the thermodynamic quantities to have some
changes. In detail, as the Hf content increases, the calculated
value of the internal energy E and Gibbs free energy G de-
crease, while the entropy S and constant-volume specific heat
Cv increase in the selected temperature ranges.

140 (b)
120
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2 100} o1
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= 60 —2=05
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20
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Fig. 6. (color online) Thermodynamic properties for Zr;_,Hf;Co: (a) internal energy E, (b) entropy S, (c) specific heat Cy, and (d) Gibbs free

energy G.
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Furthermore, in order to compare our calculated re-
sults with other reported theoretical results''®!°! and experi-
mental ' data for ZrCo, the calculated values of E, S, and
Cv at selected temperatures ranging from 0 K to 1000 K for
ZrCo are listed in Table 4. At a constant pressure, the change
of enthalpy can be expressed as AH = AE + PAV, where PAV
is very small compared with AE in the solid phase, as a result
in our work AH = AE. As can be seen from Table 4, our re-
sults are somewhat less than the experimental data reported by
Chattaraj et al., and the deviation increases with temperature
increasing. The following reasons may cause the discrepancy:
(1) in our calculation, the electronic contribution to the entropy
S is neglected, and only the vibration entropy is considered; 43!
(i) our thermodynamic calculations are based on the harmonic

approximation which has been successfully used to calculate

the thermodynamic functions in most cases, 161843461 and the
anharmonicity is ignored, whereas the effect of anharmonicity
on thermodynamic function may be important and increased

[43] (iii) the enthalpy increments

with temperature increasing;
in a temperature range from 642 K-1497 K are measured by
using a high temperature inverse drop calorimeter and the fol-
lowing thermodynamic functions are derived from the mea-
sured enthalpy increments at 0.1 MPa,!'”! but our calculations
are based on an ideal single crystal under the 0 Pa. In compar-
ison with the theoretical results, our calculated results of ther-
modynamic function are reasonably consistent with the results
obtained from the PWSCF package and VASP code by Li et
al.l'% and Chattaraj et al.!'”) respectively. Accordingly, our
predicted thermodynamic properties for Zr_Hf,Co are reli-
able.

Table 4. Calculated and experimental data of E (K-J/mol), S (J/mol-K), H — Hp9g (kJ/mol), Cy (kJ/mol) per unit cell of ZrCo.

T/IK E/(K-J/mol) H — H 393 15)(kJ/mol) S/(J/mol.K) Cy/(kJ/mol)
This work  Other cal.? This work  Expt.’ This work Other cal. Expt. This work  Other cal.
aRef.  PRef.  PRef. 4Ref. bRef.
0 5.1 0 0 0 0
50 5.3 715 10.5 17.1 16.1
100 6.7 259 315 355 355
150 8.7 419 472 42.5 42.7
200 10.9 54.5 59.2 455 45.6
250 132 64.9 68.9 47.0 47.1
298.15 15.5 0 0 73.2 76.7 80.4 47.8 479
300 15.6 15.6 0.1 0.1 73.5 74.4 80.8 47.8 48.0
400 20.4 204 49 53 87.4 88.4 95.6 48.7 48.9
500 253 25.3 9.8 10.7 98.3 99.3 107.8 49.1 49.3
600 30.2 30.3 14.7 16.4 107.3 108.3 118 494 49.5
700 352 35.2 19.7 222 114.9 115.9 126.4 49.5 49.6
800 40.1 40.2 24.6 28.1 121.6 122.6 135 49.6 49.7
900 45.1 45.1 29.6 342 127.4 128.4 142.2 49.7 49.7
1000 50.1 50.1 34.6 40.5 132.7 133.7 148.6 49.7 49.8

aRef. [16], PRef. [19].

4. Conclusions

In summary, we investigate the structural, electronic, vi-
brational, and thermodynamic properties of Zr;_,Hf,Co (x is
the concentration of constituent element Hf, and changes from
0 to 1) using a first principles approach and the VCA method.

In our work, the equilibrium structures of Zr;_,Hf,Co are
investigated and reveal that as the Hf concentration x grad-
ually increases from 0.0 to 1.0, the lattice constant reduces
from 3.217 A to 3.195 A very slowly. In general, the ob-
tained electronic structures of Zr;_,Hf,Co exhibit similar be-
haviors, but further analysis indicates that the metallic nature
is enhanced and the electrical conductivity turns better with
the increase of Hf content. Moreover, as Hf concentration
increases from O to 1, the Fermi energy gradually increases
from —6.96 eV to —6.21 eV, and the N(Er) decreases from

2.795 electrons/eV f.u. to 2.594 electrons/eV f.u., both of
which imply the decrease of chemical stability.

The dynamic properties with different Hf content in
Zr1_Hf,Co compound are studied within DFPT, and the re-
sults show that the increase of Hf content makes the optical
modes softened, the acoustical modes essentially unchanged,
and the PHDOS significantly moves towards a low wave num-
ber generally. The maximum vibrational frequency decreases
gradually from about 223 cm™! to 186 cm~!, which im-
plies that there appear the lower scattering gradient and lower
phonon group velocity with the decrease of the highest vibra-
tional frequency. Finally, the complete thermodynamic data
including internal energy E, constant-volume specific heat Cy,
entropy S, and Gibbs free energy G are obtained and analyzed.

The results demonstrate that there are small differences in the
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thermodynamic property with the increase of the Hf content, = modynamic quantities will provide useful information about
and further analysis suggests that as the Hf content increases,  tritium storage and transport.

the calculated values of the internal energy E and Gibbs free

energy G decrease, while the entropy S and constant-volume Appendix A: Supplementary material

specific heat Cy increase in the selected temperature ranges. The data for parameters E, S, C, and G are listed in the

We expect some of our calculated results, such as ther- following Tables S1-S4.

Table S1. The calculated result of internal energy E (K-J/mol) per unit cell for Zr;_,Hf,Co at different temperature 7 (K), x represents the
concentration of constituent element Hf.

X

a
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0 5.063 4.979 4.908 4.847 4.796 4.751 4.708 4.670 4.634 4.604 4.573
100 6.720 6.659 6.609 6.566 6.531 6.502 6.475 6.452 6.431 6.413 6.396

200 10.904 10.868 10.839 10.814 10.794 10.778 10.762 10.749 10.737 10.729 10.718
300 15.593 15.568 15.568 15.548 15.531 15.517 15.506 15.495 15.486 15.478 15.472
400 20.427 20.417 20.408 20.393 20.380 20.370 20.361 20.353 20.346 20.340 20.335
500 25.322 25.323 25.307 25.295 25.284 25.276 25.269 25.263 25.257 25.252 25.248
600 30.248 30.259 30.236 30.225 30.217 30.209 30.204 30.198 30.194 30.190 30.186
700 35.192 35.211 35.181 35.172 35.165 35.159 35.154 35.149 35.145 35.142 35.139
800 40.147 40.173 40.137 40.130 40.123 40.118 40.113 40.109 40.106 40.103 40.100
900 45.109 45.142 45.101 45.094 45.088 45.083 45.080 45.076 45.073 45.070 45.068
1000 50.077 50.116 50.069 50.063 50.058 50.054 50.050 50.047 50.044 50.042 50.040

Table S2. The calculated result of entropy S (J/mol.K) per unit cell for Zr;_,HfCo at different temperature 7 (K), x represents the concentration of
constituent element Hf.

T X

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0 0 0 0 0 0 0 0 0 0 0 0
100 25.931 26.307 26.633 26.948 27.220 27.521 27.830 28.121 28.419 28.677 28.945
200 54.541 55.101 55.581 56.026 56.407 56.799 57.194 57.559 57.927 58.242 58.568
300 73.519 74.125 74.643 75.121 75.527 75.941 76.356 76.738 77.122 77.450 77.788
400 87.421 88.044 88.576 89.066 89.482 89.903 90.326 90.715 91.104 91.437 91.780
500 98.342 98.974 99.513 100.008 100.429 100.854 101.280 101.672 102.064 102.399 102.744
600 107.323 107.959 108.501 109.000 109.423 109.850 110.279 110.672 111.065 111.402 111.748
700 114.943 115.582 116.127 116.627 117.052 117.481 117.910 118.304 118.699 119.036 119.383
800 121.559 122.200 122.747 123.248 123.674 124.103 124.533 124.928 125.323 125.661 126.008
900 127.404 128.046 128.594 129.096 129.522 129.952 130.383 130.78 131.174 131.511 131.859
1000 132.638 133.281 133.829 134.332 134.759 135.189 135.620 136.016 136.412 136.750 137.098

Table S3. The calculated result of constant-volume specific heat Cy (J/mol-K) per unit cell for Zr;_,Hf,Co at different temperature 7 (K), x
represents the concentration of constituent element Hf.

T X

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0 0 0 0 0 0 0 0 0 0 0 0
100 35.479 35.852 36.168 36.441 36.671 36.869 37.057 37.222 37.378 37.507 37.638
200 45.481 45.639 45.770 45.879 45.969 46.044 46.114 46.173 46.228 46.273 46.317
300 47.845 47.923 47.988 48.041 48.085 48.121 48.154 48.183 48.209 48.230 48.251
400 48.721 48.767 48.804 48.835 48.861 48.882 48.901 48.917 48.932 48.945 48.957
500 49.136 49.165 49.190 49.210 49.226 49.240 49.252 49.263 49.273 49.281 49.289
600 49.363 49.384 49.401 49.415 49.427 49.436 49.445 49.452 49.459 49.465 49.470
700 49.501 49.517 49.529 49.540 49.548 49.555 49.562 49.567 49.572 49.576 49.580
800 49.591 49.603 49.613 49.621 49.627 49.633 49.638 49.642 49.646 49.649 49.652
900 49.653 49.662 49.670 49.676 49.682 49.686 49.690 49.693 49.696 49.699 49.701
1000 49.697 49.705 49.711 49.716 49.720 49.724 49.727 49.730 49.732 49.734 49.736
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Table S4. The calculated result of Gibbs free energy G (K-J/mol) per unit cell for Zr;_,Hf,Co at different temperature 7 (K), x represents the

concentration of constituent element Hf.

X

T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0 5.063 4.979 4.908 4.847 4.796 4.751 4.708 4.670 4.634 4.604 4.573
100 4.127 4.029 3.945 3.871 3.809 3.750 3.692 3.640 3.589 3.546 3.501
200 -0.004 -0.152 -0.277 -0.391 -0.487 -0.582 -0.676 -0.762 —0.848 -0.921 -0.995
300 -6.463 -6.670 -6.845 -7.005 -7.141 -7.277 -7.412 -7.535 —7.658 -7.763 -7.871
400 —14.541 -14.809 —-15.038 —15.246 —15.423 -15.600 -15.777 -15.940 -16.101 -16.240 -16.382
500 -23.849 -24.180 —24.462 -24.720 -24.938 -25.158 -25.377 -25.579 -25.780 -25.951 -26.128
600 -34.145 -34.540 -34.876 -35.183 -35.444 -35.706 -35.969 -36.209 -36.449 -36.654 -36.866
700 -45.268 -45.727 -46.117 -46.474 -46.778 —47.083 —47.388 —47.668 —47.947 -48.186 —48.432
800 -57.101 -57.623 -58.068 -58.475 -58.821 -59.169 -59.517 -59.837 -60.156 -60.428 -60.709
900 -69.554 -70.141 -70.640 -71.098 -71.487 -71.878 -72.269 -72.628 -72.986 -73.292 -73.608
1000 -82.561 -83.212 -83.766 -84.274 -84.705 -85.139 -85.574 -85.972 -86.370 -86.710 -87.060
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