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The first-principles calculations based on density functional theory are used to obtain structural, mechanical, and elec-
tronic properties of Zr-Te compounds. The optimized structural parameters are consistent with the available experimental
data. The calculated mechanical properties and formation energy show that the Zr-Te compounds are all mechanically and
thermodynamically stable. The bulk modulus B, shear modulus G, Young’s modulus E, Debye temperature @p , and sound
velocity vy, are listed, which are positively correlated with the increasing of atomic fraction of Zr. The behaviors of density
of states of Zr—Te compounds are obtained. Furthermore, the electronic properties are discussed to clarify the bonding
characteristics of compounds. The electronic characteristics demonstrate that the Zr—Te systems with different phases are

both covalent and metallic.
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1. Introduction

Zr-based bulk amorphous alloys play a significant role
in the history of alloys,[!! and have aroused the wide interest
in glass-forming ability to become bulk metallic glasses.>™!
The first synthesized metallic glasses were reported in 1960,16!
which contained zirconium. Zirconium is non-toxic and Zr-
based alloys show good biocompatible ability, so that they
can be used as biomedical materials.l”! Besides, Zr-based
alloys possess wide applications in battery cathodes,®! so-

(101 and transistors.I!!) Recently,

lar cells,®! nuclear industry,
many researchers have investigated Zr—Te compounds in or-
der to develop their advanced applications in superconduc-
tors, thermoelectric materials, spintronics/quantum comput-

[11-16] thus showing their huge po-

ing, flexible electronics,
tential applications in the electronic industry. Superconduc-
tivity of ZrTe; was found under pressure by measuring the
resistivity of single crystal, and no structural phase transi-
tion was observed.!'?! The ZrTes was predicted to be a good
thermoelectric material due to its large Seebeck coefficient
and good electric conductivity.!!3] Temperature-dependent re-
sistivity and magneto-transport characterizations of polycrys-
talline ZrTes_s have been reported,[!*! indicating that it is a

p-type semiconductor. In addition, the structural, elastic, elec-

DOI: 10.1088/1674-1056/ab8da7

tronic, and transport properties of semimetal ZrTe have been

15161 1t can be seen that different compositions

investigated. !
of Zr and Te result in different physical properties and vari-
ous applications. However, it is quite lacking in thorough and
systematic investigations of Zr-Te compounds.

In order to offer a comparative study between Zr—Te com-
pounds, the fundamental properties of ZrTe, ZrTes, ZrTes,
Zr,Te, Zr3Te, ZrsTey, and ZrsTeg!! 2] are investigated by us-
ing the first-principles calculations, which include structural,
elastic, mechanical, and electronic properties.

2. Computational methods

All calculations were performed with CASTEP code!?°!
based on the density functional theory (DFT). The lo-
cal density approximation (LDA) with the Ceperley—Alder—
Perdew—Zunger (CA-PZ) functional >’ was employed as the
exchange-correlation functional due to the fact that the LDA
can better describe the electronic characteristics of metals.
Using plane-wave expansions, the wave functions of Kohn—
Sham!?®! were expanded. The Monkhorst—Pack k-points were
used to optimize the structures for the sampling of Brillouin
zone, including 3 x 7 x4, 8 x8x8,4x6x3,7x7Tx2,1x
Tx2,2x2x4,2x2x7,and 2 x 2 x 4 for orthorhombic ZrTe,
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hexagonal ZrTe, monoclinic ZrTes, orthorhombic ZrTes, or-
thorhombic Zr,Te, tetragonal Zr3Te, tetragonal ZrsTes, and
trigonal ZrsTeg, respectively. A total energy convergence of
5.0 x 107 eV/atom was set during the structural optimization.

3. Results and discussion
3.1. Structural optimization

The crystal structures of Zr—Te compounds are shown in
Fig. 1. The ZrTe crystallizes into orthorhombic (Pnma) and
hexagonal (P-6m2) structures. ZrTes, ZrTes, Zr,Te, Zr3Te,
ZrsTey, and ZrsTeg belong to monoclinic, orthorhombic, or-
thorhombic, tetragonal, tetragonal, and trigonal structures, re-
spectively. Their correspongding space groups are P2;/m,

Cmcm, Pnma, I-4, I4/m, and P-3m1, respectively. The opti-
mized lattice parameters of Zr—Te compounds along with pure
bulk Te and Zr are listed in Table 1. The corresponding ex-
perimental values!!7-232%3% are also shown. It can be seen
that the calculated data are consistent with previous results.
The relationship between density and Zr content is shown in
Fig. 2. It can be seen that the density increases with Zr content
increasing until ZrTe phase appears, then it fluctuates with Te
content decreasing. Due to the density of pure Zr being similar
to that of Te, the relatively large density means closer arrange-
ment and may exhibit better mechanical properties. Hence,
according to the calculated density, we deduce that ZrTe (P-
6m?2) phase has better mechanical properties and ZtTes phase
has poorer mechanical properties.

(h)

Fig. 1. Crystal structures (Zr in blue, Te in orange) of (a) orthorhombic ZrTe, (b) hexagonal ZrTe, (c) monoclinic ZrTes, (d) orthorhombic ZrTes, (e)
orthorhombic Zr; Te, (f) tetragonal Zr3Te, (g) tetragonal ZrsTey, and (h) trigonal ZrsTeg.

Table 1. Calculated lattice parameters of Zr-Te compounds along with experimental data.[17-2%-2-30]
Space group Lattice parameters References
a b c B

Te P3,21 4.2484 5.9102
4.4593 5.9282 [29]

Zr P63 /mmc 3.1525 5.1054
3.232 5.147 [30]

ZiTe Pnma 7.2857 3.7240 6.8847
7.3915 3.7723 6.9434 [17]

Zr'Te P-6m2 3.7183 3.8267
3.7706 3.8605 [18]

ZrTes P2y /m 5.7535 3.8859 9.9858 97.621

5.8948 3.9264 10.104 97.93 [19]
5.8939 3.9259 10.100 97.82 [20]

Z1Tes Cmem 3.9438 14.3136 13.4847
3.9797 14.470 13.676 [21]

ZryTe Pnma 19.7098 3.7806 10.5637
19.950 3.8236 10.6563 [22]

Zr3Te I-4 11.1899 5.5689
11.327 5.6264 [23]

ZrsTey 14/m 10.6674 3.7826
10.7673 3.8407 [24]

ZrsTeq P-3ml 11.5639 6.9906
11.7279 7.0698 [25]
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Fig. 2. Plots of density versus Zr content.

3.2. Formation energy

In order to evaluate thermodynamic stability, the forma-
tion energy values are calculated for these considered cases.
The negative formation energy indicates that the reaction is an
exothermic reaction and the final compound is thermodynamic
stability. The computed equation of formation energy (AH) is
given as follows:

ZrTey,
ES 7)CEZI~ 7yETe'
sol 3
AH — total solid solid , (1)
x+y
where E ZtxTey EZ . and EX. | refer to the total energy value
total > Esolid> solid gy

of Zr,Te, compounds, Zr and Te in the solid states, respec-
tively. Table 2 shows the calculated formation energy values
of Zr-Te compounds. From our calculations, the Zr—Te com-
pounds are found to be thermodynamically stable due to their
formation energy values are all negative.

Table 2. Calculated formation energy values of Zr-Te compounds.

Zr, Tey AH/(eV/atom)
Zr'Te (Pnma) —0.954
ZrTe (P-6m2) —1.017
ZrTes —0.727
ZrTes —0.494
ZryTe —-0.737
Zr3Te —0.570
ZrsTey —0.928
ZrsTeq —0.978
& 04 ZrTes
E ® ZrsTe
% —0.6} g
5 /
% _o.sk ZrTe; | ZroTe
=1 rthorhombi
4% Zr;‘e ® Zr;Te,
g _1.0k ZrsTeg .\./
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Fig. 3. Plot of formation energy versus Zr content.

As shown in Fig. 3, the relationship between formation
energy and Zr content indicates that the formation energy first
decreases to a minimum value of —1.017 eV/atom of hexago-
nal ZrTe at 50% Zr content, then rises with Zr content increas-
ing.

3.3. Mechanical stability and properties

The elastic constants of Zr—Te compounds are calculated
to estimate their mechanical stability by the stress—strain cal-
culations in their optimized crystal structures. The lattice en-
ergy for expanding elastic strain and the elastic constants are
given as follows: 3]

1 6
E=Ey+3% Y Cijeigj+--, Q)

i,j=1

1 [ J’E
Ci=— | =—— 3
= (ae,-aej>7 )

where E, Ey, Vo, €, and i/j represent the total energy with
tiny deformation, total energy at equilibrium state, equilibrium
volume, elastic strain, and tensor index, respectively. The cal-
culated independent elastic constants of Zr—Te compounds are
shown in Table 3. It is well known that the crystal is con-
sidered to be mechanically stable when the quadratic form
from elastic constants’ matrix is always positive.!3?! Hence,
the Born stability criteria for hexagonal, tetragonal, trigonal,
orthorhombic, and monoclinic structures are shown as fol-
lows:
for hexagonal phase,

C]] > 0, C]] — |C12| >0,

C33(C11+C12) —2C >0, Cay > 0; )
for tetragonal phase,

Ci1 >0, Ci1—|Cp2|>0,

C33(C11 +C12) —2C% >0, Cyq >0,
Co6(C11 — C12) —2Cig > 0; 5)

for trigonal phase,

Ci1 >0, Cii—|[Ci2| >0,
Cus >0, C33(Cyy+Cra) —2CH >0,
C14Ce6 — Ciy > 0; (6)

for orthorhombic phase,

C11 >07 C11C22—C%2>0,
C11C0C33 +2C12C13C03 — C11C35 — CpnChy — C33CH, > 0,
C44>0, Cs5>0, Cg>0; @)

monoclinic phase

Ci1 >0, C, <CpiCy,

076201-3
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C11C2C33 4+ 2C12C13Ca3 —C11C%3 —C22C%3 —C33C122 >0, In Table 3, the calculated elastic constants C;; of Zr—
Ci>0, CiuCss— Cz%s >0, Te compounds show that all structures are mechanically sta-

. 5 ble. The elastic constants show the deformation-resistance
Ci2C36 — (33C66C12 +2C66C12C13Co3 of materials in different lattice directions, which are defined
—2C12C13C6C36 — 2C12C16C23C36 + 2C33C12C16Co6 by stress/strain. From our calculated results, it can be seen

n C%3 C%6 — CCes C%3 —2C13C16Ca3Cog +2CC13C16Cas that the biggest deformation-resistant value of 214.67 GPa ap-

" o 5 5 pears in P-6m2 ZrTe, showing high hardness along z axis. The
+Ci6Cr3 — C22C33C 6 — C11Co6Ca3 +2C1C23C26C36

ZrTes has a weak deformation-resistant due to lower elastic
—C11C33C%6 — C11C22C§6 4 C11CC33Ce6 > 0. (®) constants, so it is the softest material in Zr—Te compounds.

Table 3. Calculated elastic constants of Zr-Te compounds.

Cn Ciz Ci3 Ciy Cis  Cie C2 Gz Cys C33 Css Cug (&1 Css Coo
ZrTe (Pnma)  140.19  78.17  103.00 14296 61.43 159.90 81.83 81.83  99.60
ZrTe (P-6m2) 153.39  66.47 90.65 214.67 118.62 43.36
ZrTes 130.06  24.66 28.61 18.09 88.35 1440 366 57.14 0.16 2459 —-0.53 11.17 2092
ZrTes 86.02 3.29 22.06 31.03 6.21 81.13 3.98 34.65 7.48
ZryTe 199.10  88.42 76.84 169.19 92.77 200.08 75.57 57.62 81.19
Zr3Te 168.29 103.65 76.83 194.58 41.50 49.23
ZrsTey 107.14  48.23 40.30 9.56 113.52 50.51 38.03
ZrsTeg 115.70  36.53 51.92 —-0.84 100.15 71.31 39.59

As is well known, the elastic constants are associated with the single crystal and the elastic modulus is linked with the
polycrystal.l33_35] Then, we introduce three methods to calculate elastic modulus, i.e., the Voigt, Reuss, and Hill methods, 3336
which are related to the upper, lower, and average bounds of elastic constants, respectively.

Tetragonal, orthorhombic, and monoclinic phases are

_Cu+Cn+Gs +2(Ci2+Ci13+C3)

By 9 ) )
_ Ci1 +C»+C33 — (Cr2 +C134C23) +3(Ca4 4 Cs5 + Ceg)
Gy = ; (10)
15
Br = ! an
R S+ S0 +534+2(S12+S13+523)
15
Gr — . (12)
R 4(S11 S0 +533) —4(S12+ 13+ 523) + 3(Sas + Ss5+ Se6)
\
Trigonal and hexagonal phases are velocity (v,,), longitudinal sound velocity (v;), transverse
2(C11 +C12) +C33+4C13 sound velocity (1), Debye temperature (@p), and Vickers
By = 9 , (I3) " hardness (Hy) are obtained as follows: [34-37]
2C11 —C12+C33 —2C13 + 6Cy4 + 3C6 9BG
Gy = , (14 E=— 1
v 15 (19 3B+G’ (19)
1 3B—-2G
87 2(S11 +512) + 533 + 4813 " T 2(3B+G)’ 20)
15 —-1/3
Gr = . (16 1/2 1
R 8511 +4S533 —8S12 — 4523 + 6844 + 3566 (16) Vim = {3 (‘}3+v3 ) 2n
t 1
Sij r(.epresents elastic compliances which can be obtained by 3B+ 4G\ /2
elastic constants. v = 3 , (22)
Then, bulk modulus B and shear modulus G are calculated f)/ 5
by the Voigt-Reuss-Hill (VRH) method 3! yy = (G> ’ (23)
P
By +Br
Bvri = = (17) b\
= — Vy, = — V,
Gy + Gr ky \ 4nM " ky \ 47V, "
Gvrn = ——— (18) G\ 1137
_ 0.708
The Young’s modulus (E), Poisson’s ratio (v), average sound H, =092 (B) G ’ 25)
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where h, kv, No, M, p, n, and V, are Planck’s constant, Boltz-
mann’s constant, Avogadro’s number, molecular weight, den-
sity, number of atoms per unit cell, and unit volume, respec-
tively.

Table 4 shows basic mechanical parameters of com-
pounds, covering the bulk modulus B, shear modulus G,
Young’s modulus E, Poisson’s ratio v, Debye temperature
®p, sound velocity v,,, and Vickers hardness H,. The
bulk modulus can be positive in a certain condition (chang-
ing pressure/volume). The bulk modulus shows the abil-
ity of materials to maintain crystal structure and to resist
deformation under hydrostatic pressure. The calculated re-
sults of bulk modulus are in the following order: ZrTes
(25.38 GPa) < ZrTe; (41.99 GPa) < ZrsTe4 (65.04 GPa) <
Zrs5Teg (68.03 GPa) < orthorhombic ZrTe (102.42 GPa) <
hexagonal ZrTe (110.23 GPa) < Zr3;Te (116.19 GPa) < Zr,Te
(119.93 GPa). The ZrTes with bulk modulus 25.38 GPa is pre-
dicted to be the softest compound, and the hardest one is Zr, Te
(119.93 GPa). The shear modulus can be obtained by shear
stress/shear strain. The shear modulus is a critical parame-
ter to quantify the deformability of axis, that is, the big shear
modulus of materials presents a good resistance to shaping the
change. The shear modulus values in Zr—Te systems follow
an order of ZrTes (15.16 GPa) < ZrTes (21.52 GPa) < ZrsTey
(39.43 GPa) < Zr3Te (43.81 GPa) < ZrsTeg (45.41 GPa) < or-
thorhombic ZrTe (51.75 GPa) < Zr, Te (61.60 GPa) < hexago-
nal ZrTe (66.59 GPa). The Young’s modulus is defined by nor-

mal stress/normal strain, which is a popular way to show the
normal mechanical properties. The biggest value can be found
in ZrTe (P-6m2) to be 166.29 GPa. So ZrTe (P-6m2) is a good
compound to resist normal deformation, comparing with the
ZtTes with a least Young’s modulus of 37.93 GPa. The veloc-
ity v,, is obtained through changing the pressure and volume,
which shows the speed of changing of resisting deformation
of materials. The velocity is in a range from 1713.71 (m/s) to
3216.04 (m/s) for all compounds. Debye temperature displays
the thermal conductivity of crystalline solid.!*®! In Table 4,
it can be seen that the high Debye temperature is associated
with high modulus. Moreover, Debye temperature describes
the vibrational information and thermodynamic information.
Debye temperatures for all compounds range from 151.65 K
to 337.09 K. Vickers hardness can be used to investigate the
wear resistance of material, and the calculated Vickers hard-
ness values for Zr—Te compounds are in a range from 3.51 GPa
to 10.14 GPa. It can be noticed that ZrTe with P-6m2 space
group is the hardest, and ZrTes is the softest in these com-
pounds. Moreover, in order to judge the ductility or brittleness
of a material, the G/B ratio is introduced.3°! The critical value
for distinguishing ductile and brittle materials is 0.57 and a low
G/B value is linked with the ductility. According to the calcu-
lated results in Table 4, ZrTe with Pnma space group, ZrTes,
Zr,Te and Zr3 Te show ductile behaviors, and the others exhibit
brittle behaviors.

Table 4. Calculated values of bulk modulus B (in unit GPa), shear modulus G (in unit GPa), Young’s modulus E (in unit GPa), Poisson’s ratio v,
sound velocity v,, (in units m/s), Debye temperature @p (K), Vickers hardness H, (GPa) and G/B ratio of Zr-Te compounds.

Phase BVRH GVRH E Vv Vi @D Hv G/B
Zi'Te (Pnma) 102.42 51.75 132.87 0.28 2874.79 299.38 6.92 0.51
ZrTe (P-6m2) 110.23 66.59 166.29 0.25 3216.04 337.09 10.14 0.60

ZrTes 41.99 21.52 55.00 0.28 1937.33 190.68 3.78 0.51

ZiTes 25.38 15.16 37.93 0.25 1713.71 151.65 3.51 0.60

Zr,Te 119.93 61.60 157.78 0.28 3167.83 333.93 7.98 0.51

Zr3Te 116.19 43.81 116.76 0.33 2732.18 287.82 441 0.38

ZrsTey 65.04 39.43 98.40 0.25 2595.84 265.18 7.02 0.61

ZrsTeg 68.03 45.41 111.44 0.23 2775.50 280.60 8.66 0.68

In Fig. 4, the bulk modulus B, shear modulus G, Young’s
modulus E, Debye temperature ®p, and sound velocity v,
change dependently with the increase of atomic fraction Zr. It
is necessary to discuss Pearson correlations*”! as shown in Ta-
ble 5. The correlation coefficient represents the positive rela-
tionship among variable quantities, and the significant level in-

40411 The great

dicates the reliability of correlation coefficient.!
value (R = 0.998) indicates that the strongest positive rela-
tionship occurs between Young’s modulus and shear modulus.
The minimum value (R = 0.895) with sig = 0.001 indicates
that it shows a positive relationship between sound velocity
and bulk modulus. According to Pearson correlations, it can

be seen that the bulk modulus B, shear modulus G, Young’s

modulus E, and Debye temperature @p are dependent on the
quantity of Zr element.

1201180 70 = 350 3600
—&— DVRH

100l 150 60F —==Gvmi 3300
ol =—o 300 1 3000

8041120 Vm 250 2700
40f -25

604190 2400
30

wlleo | 200 2100
20} / 1800

204L30 10 L150 L1500

10 20 30 40 50 60 70 &0
Atomic fraction Zr/%
Fig. 4. Plots of bulk modulus B (GPa), shear modulus G (GPa), Young’s
modulus E (GPa), Debye temperature ®@p (K), and sound velocity v, (m/s)
of Zr-Te compounds versus atomic fraction Zr.
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Table 5. Pearson correlation (Corr) and significant level (sig) of calculated
bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa),
Debye temperature ®@p (K), and sound velocity v, (m/s) for Zr-Te com-
pounds.

Bvrn  GvrH E 6p Vi
Corr o 1 0.895 0921 0.929 0910
sig M 0001 <0001 <0001 < 0.001
Corr 1 0.998 0.983 0.989
. Gvru
Sig ~ <000l <0.001 <0.001
Corr o 1 0.988 0.990
Sig - <0.001  <0.001
Corr 1 0.998
. 6p
Sig - < 0.001

3.4. Electronic properties

In order to show the electronic properties of Zr—Te com-
pounds, the total densities of states (TDOSs) of Zr-Te com-
pounds are shown in Fig. 5. The Fermi level is set to be 0 eV.
At the Fermi level, the non-zero values occur in TDOS, indi-
cating that Zr—Te compounds show metallic characters. Fur-
ther research shows that the ZrTes is semimetallic due to its
very small band gap of 0.002 eV. In order to accurately obtain
the band gap of ZrTes, the HSEO6 functional is used here. The
calculated band gap is 0.006 eV, which is shown in Fig. 6. Al-
though Chen et al. found that polycrystalline ZrTes_g5 was a
p-type semiconductor, whether the ZrTes is a semiconductor
or a semimetal is still an open question.!'*] Metallic character
of compound with covalent bonds relates to the pseudogap in
the DOS. The pseudogap is set by the two peaks on either hand
(one below and the other above) near Fermi level (Ef). The
pseudogap occurs at Fermi level of compound, which shows
that the electron clouds are shared and the covalent behav-
iors appear. The stronger covalent bond is associated with the
deeper splitting shape of pseudogap.>*3¢! In Fig. 5, the re-
markable pseudogaps are observed in ZrTe, ZrTes, and ZrTes,
indicating these cases behaves in a covalent manner. By con-
trast, Zr,Te, Zr3Te, ZrsTe4, and ZrsTeg have obvious metallic
characteristics. In addition, the DOSs of Zr-Te compounds are
divided into four parts, which are identical as shown Fig. 5. It

can be noticed that the more similar the shapes of curves, the
more alike their bulk moduli are.

The charge densities of Zr—Te compounds are calculated
to further analyze the electronic states. In Fig. 7, the charge
densities between Zr and Te are illustrated. It can be seen that
all the Zr-Te compounds have covalent characteristics due to
the sharing of electron clouds. The formed “head to head”
o bond between atom Zr and atom Te can be observed in all
compounds, which can also be found between Te and Te in
ZrTes (110).
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Fig. 5. Plots of TDOS versus energy of ZrTe compounds.
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Fig. 7. Calculated charge densities of Zr—Te compounds: (a) ZrTe (Pnma) (010), (b) ZrTe (P-6m2) (111), (c) ZrTes (010), (d) ZrTes (110), (e) Zr3Te (010),

(f) Zr,Te (010), (g) ZrsTeg (111), and (h) ZrsTeq (111).
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4. Conclusions

The first-principles calculations are carried out to inves-
tigate the geometrical structures, phase stability, mechanical
properties and electronic structures of Zr—Te compounds. The
negative formation energy values reveal that these compounds
are thermodynamically stable. These compounds are also me-
chanically stable according to the mechanical stability crite-
ria. The mechanical properties of Zr—Te compounds are cal-
culated and discussed. The ZrTes has the lowest bulk modu-
lus of 25.38 GPa, and Zr,Te has the largest bulk modulus of
119.93 GPa. For shear modulus and Young’s modulus, the
biggest values both appear in ZrTe (P-6m2) phase, and the
least values both appear in ZtTes phase. Correspondingly, the
ZrTe (P-6m2) phase shows a maximum sound velocity, De-
bye temperature, and Vickers hardness, and the ZtTes phase
presents the smallest value, which is due to the bonding force
between atoms. The ZrTe possesses Pnma space group, and
ZrTes, Zr,Te, and Zr3Te belong to ductile compounds accord-
ing to the analysis of G/B, and the others belong to brittle
compounds. Moreover, the bulk modulus B, shear modulus
G, Young’s modulus E, Debye temperature @p, and sound ve-
locity v, are positive correlation with the increase of fraction
Zr. The calculated electronic properties show that Zr-Te com-
pounds have metallic characters except ZrTes. Whether ZrTes
is a metal or a semimetal needs further studying. The charge
densities of Zr-Te compounds indicate the forming of ¢ bond
between atom Zr and atom Te.
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