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Using the particle swarm optimization algorithm on crystal structure prediction, we first predicted that
YAg alloy undergoes a first-order phase transition from CsCl phase to Fd-3m phase at about 25 GPa with a
volume collapse of 7.47%. An abrupt change of the electrical resistance was discovered accompanying the
phase transformation. Our results showed that external pressure has different effects on the ductility and
anisotropy of the two phases. External pressure can improve the ductility of CsCl phase, while it has a
negligible effect on that of Fd-3m phase. As pressure increases, the elastic anisotropy of CsCl phase
increases rapidly, while that of Fd-3m phase remains unchanged. The structural stability, electronic
structure, and thermodynamic properties of the two phases under pressure were also investigated

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth intermetallic compounds have received great atten-
tion due to their unique mechanical and physical properties, such
as high strength and stiffness, low specific weight corrosion resis-
tance, and hot strength superior to ordinary metals [1,2], However,
their poor fracture toughness and brittleness at room temperature
restrict their applications [3]. In recent years, a new large family
rare earth intermetallics (e.g. YAg, YCu, CeAg, HoCu, NdAg) has been
discovered at room temperature [3,4]. Those compounds are known
to crystallize in a cubic lattice of CsCl-type structure (B2) with the
space group Pm-3m (22 1). In particular, they have remarkably high
ductility, low unstable stacking fault energies, and an unusual rela-
tionship between the Poisson ratio and the elastic anisotropy.
Among the discovered intermetallic compounds, YAg alloy is found
to be the most ductile rare-earth intermetallic compound, in some
cases exceeding 20% ductility in tension [5]. Many theoretical and
experimental works [6-13] have been done to understand the
mechanism of high ductility for YAg at room temperature, such as
elasticity, phase stability, dislocation mechanisms, thermodynamic
properties, electronic structure and density of states. To get better
understanding of the ductility of YAg, temperature dependent
properties such as thermal expansion, heat capacity and thermoe-
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lasticity have also been investigated [14]. Up to now, the properties
of YAg alloy with B2-type structure under ambient pressure have
been systematically studied and clear, but those under high pres-
sure have not been investigated. It is well known that pressure
could effectively alter their electronic bonding states to modify
the physical properties or induce the formation of new structure,
thus pressure provides a perfect tool to change the electronic and
structural properties of materials in a controlled manner. Therefore,
it is desirable to explore the high-pressure phases of YAg alloy and
the mechanical properties might be fundamentally revised.

The main purpose of this work is to help in designing and
understanding the high-pressure behavior of YAg alloy. Using the
particle swarm optimization algorithm, we first explore the high-
pressure phases of YAg alloy, then study the pressure influences
on the properties of YAg alloy. The structural stability, electronic
structure, and thermodynamic properties of YAg alloy under
pressure are investigated systematically in this paper.

2. Computational methods

The crystal structure prediction is based on a global minimiza-
tion of enthalpy surfaces merging ab initio total energy calculations
as implemented in the Crystal structure analysis by Particle Swarm
Optimization (CALYPSO) code in the pressure range 0-100 GPa
[15,16], which has been successfully applied to predict high pres-
sure structures [17-19]. The structural relaxations used projector
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augmented wave (PAW) method [20] as implemented in the Vien-
na ab initio simulation package (VASP) [21]. Ag-4d, 5s and Y-4s, 4p,
4d, 5s electrons as valence band are adopted. The exchange-corre-
lation energy was treated within the generalized gradient
approximation (GGA), using the functional of Perdew et al. [22].
The cutoff energy of 600 eV and Monkhorst-Pack k-point spacing
of 27 x 0.03 A~' were chosen to ensure that enthalpy calculations
are well converged to better than 1 meV/atom. The phonon calcu-
lations were calculated with a supercell approach as implemented
in the PHONOPY program [23]. Convergence check gave the use of
a 2 x 2 x 2 supercell with a total of 128 atoms and 4 x 4 x 4 k-
meshes for the Fd-3m structure. In this work, stress-strain method
was used to evaluate the elastic constants of YAg [24].

3. Results and discussion

We first calculated the structural properties of CsCl phase at
0 GPa. The calculated structural parameters, elastic stiffness con-
stants, bulk modulus B, shear modulus G and the ratio of G/B are
listed in Table 1. The calculated values are in good agreement with
the experimental values and previous theoretical results [5,25,26],
indicating that our calculations are valid and believable.

To explore the high-pressure phases of YAg alloy, variable-cell
simulations with 1-8 formula units (f.u.) in the unit cell were per-
formed at 0, 10, 50 and 100 GPa, respectively. The ambient-pres-
sure phase of CsCl structure was correctly predicted at zero
pressure. At higher pressures, our structural prediction revealed
an energetically favorable cubic structure with space group Fd-
3m (No. 227) containing 4 f.u./unit cell, the conventional cell of
which is shown in Fig. 1. In order to determine the structural
phase-transition sequence of YAg alloy, the enthalpy curves of
the Fd-3m structure and the competitive structures of B, alloy
[27] with respect to the CsCl structure as a function of pressure
is shown in Fig. 1. Although the competitive structures of B, phase
in AI-RE (RE = rare earth elements) alloys are energetically lower
than B2 structure at 0 GPa, it is found that the CsCl structure is
the most stable for YAg alloy. The structural transition pressure
from CsCl to Fd-3m phase is predicted at 25 GPa. The Fd-3m phase
at 25 GPa has the optimized lattice parameter: a=6.031A and
Wyckoff position sites of Y 48f (0.5, 0.0, 0.0), Ag 32e (0.25, 0.25,
0.25). The P-V relation of CsCl and Fd-3m for YAg is also plotted
in Fig. 1. It can be seen that there is about 7.47% volume collapse
accompanying the structural transition, indicating that Fd-3m
structure is more compressible than the CsCl structure and the
occurrence of first order phase transition.

To further check the dynamical stability of Fd-3m phase, the
phonon dispersion curves and partial phonon density of states
(DOS) at 25 GPa are shown in Fig. 2. As seen from the phonon dis-
persion curves, no negative frequency have been found, implying
the Fd-3m phase is dynamically stable. In Fig. 2, we also plot the
partial phonon DOS with i=(Y, Ag), respectively. The peaks at
whole frequencies region are composed of states of Y atom and
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Fig. 1. The enthalpy difference between Fd-3m and CsCl structure versus pressure.
The inset is the pressure versus volume for YAg alloy.
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Fig. 2. Calculated phonon dispersion curves and vibrational DOS (black solid line)
for Fd-3m structure of YAg at 25 GPa, along with partial DOS from Y (red dotted
line) and Ag (green dashed line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Ag atom. At high frequencies (about above 6.3 THz), the phonon
DOSs mainly come from the Y atoms. At middle frequencies (about
2.85-6.35 THz), the contribution from Y is lower than that of Ag.
However, at low frequency (about below 2.9 THz), the contribution
from Y is higher than that of Ag again. Unfortunately, there are no
experimental data and theoretical results on the lattice dynamics
of this compound at high pressure in literature for comparison
with the present ones.

To study the electrical characteristics of the YAg at high pres-
sure, the partial and total DOS for CsCl and Fd-3m structures at
25 GPa are shown in Fig. 3a and b, respectively. It is found that
the metallic character in both the structures is mainly due to the

The calculated parameters a (A), elastic constants (GPa), bulk modulus B (GPa), shear modulus G (GPa) and the ratio of G/B for CsCl phase compared with previous theoretical

results at zero pressure.

a Cn Cia Casq B G G/B
CsCl (this work) 3.651 93.8 489 344 63.9 29.0 0.454
Previous work 3.64% 97.15° 49.7° 32.049° 65.52° 28.41° 0.435°
3.64" 98.3" 53.5" 33.6" 68.4° 28.26°
Experiment 3.61° 102.4¢ 54,0 37.2¢ 70.5¢ 28.9¢ 0.412¢
2 Ref. [12].
b Ref. [25].
< Ref. [5].

94 Ref. [26].
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Fig. 3. The partial (a) and total (b) density of states for CsCl phase and Fd-3m phase at 25 GPa, and electronic charge density difference contour plots on different planes: (c)

CsCl phase (d) Fd-3m phase.

contribution from Y-d states to the DOS at Fermi level. Moreover,
Fd-3m structure has lower total DOS at the Er than that of CsCl
structure at 25 PGa, indicating that the Fd-3m structure is a stable
phase. The DOS at Eg for the Fd-3m structure is smaller by almost
62% compared to that of CsCl phase. This substantial decrease in
the total DOS at the Er during the phase transition would imply
much larger electrical resistance; therefore we believe that there
is an abrupt change in the electrical resistance accompanying the
CsCl-to-Fd-3m phase transformation. In order to gain more insight
into the bonding nature of YAg at 25 GPa, we also investigate the
electron charge density maps, which are defined as the electron
density difference between the isolated atoms and their bonding
states, directly reflect their bonding nature. The electron charge
density difference distributions of two structures of YAg at
25 GPa on the different plane are shown in Fig. 3. The contour lines
are plotted from —0.2452 to 0.08236 eV/A3. The dark lines corre-
spond to higher density region, and the gray lines correspond to
lower density region. From Fig. 3(c) and (d), it is found that there
are ionic Y-Ag bonds, covalent Ag-Ag bonds and metallic Y-Y
bonds in both structures. However, the charge accumulation along
Y-Ag bond is smaller than that along the Ag-Ag bond. According to
analysis of densities of states (DOS) and the electronic charge den-
sity difference, Fd-3m structure has the strongest structure sta-
bility because of the strong covalent bonds combined
action.Using the pressure dependence of elastic constants, one
can judge the mechanical stability of a crystal structure under high
pressure. Pressure dependence of all elastic constants of CsCl and

Fd-3m phases are shown in Fig.4. There are 3 independent elastic
constants (Cqq, Cq2, and Cy4) for the cubic structure. The criteria
for mechanical stability [28] are presented as Cj; > 0,Cy >
0,C11 > |C12],Cq1 + 2Cy2 > 0. It is found that CsCl phase is mechan-
ical stable until pressure 52 GPa. After that, C;; is smaller than C;,,

500
7] ——
I ﬁ" cscl =
- —®— Cg2 S u n
25 3000 g iy
ooQ /l/
o2 200} —t
— /
b7 /l ___ u—"
Ko 100 ./  p—n
w ="

600 1 1 1 1 1 1
(2]
& — -
S 500 e
B - —"— Cyy Fd-3m -
2= a00f _—
e & —=— Cy3 = o
S8 300F g, _/./'
% 200f ./-/_,- s
o 1 /'é'/
w 00 - I/l

0 1 1 1 1 1 1
0 20 40 60 80 100

Pressure (GPa)

Fig. 4. Calculated elastic constants of Cyy, Cy,, and Cy4 for YAg with pressure in CsCl
and Fd-3m structures.
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suggesting the elastic instability at pressure above 52 GPa. More-
over, the new predicted Fd-3m phase meets the mechanical stable
conditions in the whole pressure range studied.

Once the single-crystal elastic constants Cj are obtained, one
can estimate many other important macroscopic mechanical para-
meters. For example, the isotropic aggregate bulk modulus B and
shear modulus G can be obtained from elastic constants using
the Voigte ReusseHill (VRH) approach according to the following
formula [29-32]:

By = Bg = (C11 +2C12)/3 (1)
Gy = (Cy1 — Ci12+3Cua)/5 (2)
GR = 5(C11 — Clz)C44)/4[C44 + 3(C]] - Clz)] (3)

B=(Bv+Br)/2, G=(Gy+Gg)/2 (4)

Moreover, Debye temperature @p at low temperatures is pro-
portional to the sound velocity and also related to the elastic con-
stant through bulk and shear moduli [32]:

7& 3 3nNApV
D=V anm "

()

where h is Planck’s constant, kg is Boltzmann’'s constant, n is the
number of atoms per formula unit, M is the molecular weight, N,
is Avogadro’s number, p is the density and vy, is the average sound
velocity. In fact, v, can be obtained from the longitudinal wave
velocities v; and transverse wave velocities v

31 2

T =ty i=1B+4/3G)/p]" vi=(G/p)"” (6)
m 1 N

The calculated bulk and shear moduli, Debye temperatures and
G/B ratio under pressure for both phases are shown in Fig. 5. It can
be seen that the pressure has important influences on the bulk
modulus, shear modulus as well as Debye temperature. The bulk
modulus of YAg in both phases increase linearly in the similar
slope when the pressure is enhanced, where the shear modulus
exhibit different behavior. The variation of shear modulus in Fd-
3m phase increases linearly with increasing pressure, whereas that
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Fig. 5. Pressure dependence of bulk modulus B, shear modulus G, Debye
temperature @p and G/B ratio of YAg.

of CsCl phase is initially increasing firstly and then decreasing. The
variation of Debye temperature has the same tendency with shear
modulus, revealing that the shear modulus play a dominated role
on Debye temperature according to the formula (5) and (6).

Since CsCl phase at room conditions is found to be the most
ductile rare-earth intermetallic compound, we further to investi-
gate the pressure effect on the ductile behavior. In fact, the ratio
of shear modulus to bulk modulus (G/B) has been proposed by
Pugh [33] to roughly estimate brittle or ductile behavior of materi-
als. A lower G/B ratio denotes better ductility, and the critical value
which separates ductility from brittleness is about 0.57. As can be
seen from Fig. 5, G/B ratio are all smaller than 0.57 for both struc-
tures, which means that both phases behave in a ductile manner in
the whole pressure range studied. However, G/B ratio of CsCl phase
decreases with pressure, indicating the degree of ductility of CsCl
phase increases under pressure. Interestingly, the G/B ratio of Fd-
3m phase remains nearly unchanged with increasing pressure.
Therefore pressure has a negligible effect on the ductility of Fd-
3m phase.

We further to examine the pressure effects on the anisotropy of
the two phases. A concept of percentage elastic anisotropy which is
a measure of elastic anisotropy possessed by the crystal is pro-
posed by Chung and Buessem [34]. The percentage anisotropy in
compressibility and shear are given by

_Bv—BR _Gv—GR

= = 7
B By + By’ ¢ Gy + Gy ()

where B and G are the bulk and shear modulus, and the subscripts V
and R represent the Voigt and Reuss approximation. It is well
known that, if all of the indexes in Egs. (1) and (2) are zero, the
structure is isotropic. The larger deviations from zero imply the
higher anisotropic mechanical properties. Fig. 6 shows the pressure
dependence of results. For both structures, we can see that the ani-
sotropy factor Ag is zero on the whole pressure range we investigat-
ed, indicating a complete elastic isotropy in compressibility.
However, the anisotropy factor Ag of both phases is larger than zero
and exhibits different behavior under pressure. Specially, the aniso-
tropy factor Ag of CsCl increases rapidly with pressure, while that of
Fd-3m phase remains constant above 25 GPa.

The universal anisotropic index (AY) is a better indicator than
other indices and can be written as: [35]

U GV BV

A _SG—R+B—R—6>O (8)
The larger the value of AV is, the stronger the anisotropy of the com-
pound. It can be easily seen that with increasing pressure, AV of Fd-
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Fig. 6. Pressure dependence of percent anisotropy A and Ag and the universal
anisotropic index A (inset) for YAg alloy.
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Fig. 7. The surface constructions and planar projections of bulk modulus (a) and Young's modulus (b) for CsCl phase at 0 GPa. The surface constructions and planar

projections of bulk modulus (c) and Young's modulus (d) for Fd3 m phase at 25 GPa.

3m phase remains constant, while that of CsCl phase increases
rapidly. Therefore, we can conclude that the anisotropy in CsCl
phase increases with pressure, while that of Fd-3m phase remains
nearly unchanged.

As we know, the elastic anisotropy of a crystal can be character-
ized by many different ways. As another valid method to describe
the elastic anisotropic constructions of the directional depen-
dences of reciprocals of bulk modulus and Young’s modulus are
practically useful. We have built a curved surface of a three dimen-
sional (3D) to state the elastic anisotropy of crystal structure on
crystallographic directions. For cubic system [36],

1
B S11+ 251 )

%: Sit— 2(51] . Szﬁ) (BE+ BE + £E) (10)
where Sj; is the usual elastic compliance constant, which is obtained
from the inverse of the matrix of the elastic constants. Iy, I, and I3
are the direction cosines. The bulk modulus and Young’s moduli
of YAg in CsCl phase at 0 GPa and Fd-3m phase at 25 GPa are shown
in Fig. 7. For an isotropic system, the 3D directional dependence
would exhibit a spherical shape, while the deviation degree from
the spherical shape reflects the content of anisotropy. From Fig. 7
we can see that the 3D figures of the bulk modulus for CsCl phase
at 0 GPa and Fd-3m phase at 25 GPa have almost no deviation in
shape from the sphere, which indicates that the bulk modulus show
a smaller anisotropy. However, we obviously find that YAg com-
pounds show a strong anisotropic character in Young’s modulus,
especially for Fd-3m structure. The projections on the (010),
(100), and (001) planes show more details about the anisotropic

properties of Young’s modulus as shown in Fig. 7. It can be seen that
Young’s modulus of Fd-3m phase has a stronger directional depen-
dence on these planes. The planar contours in these three planes are
similar, which implies the analogous anisotropy for Young's
modulus.

4. Conclusions

In conclusion, a pressure-induced first-order phase transition of
YAg alloy has been predicted by using a particle swarm optimiza-
tion algorithm in crystal structural prediction. The structural phase
transition was predicted at 25 GPa, and the high-pressure phase is
identified to be Fd-3m structure. A Volume collapse and an abrupt
change of the electrical resistance were found accompanying phase
transformation. Furthermore, both phases behave in ductility
under pressure. Interestingly, it is found that pressure can improve
ductility of CsCl phase, while it has a negligible effect on the duc-
tility of Fd-3m phase. As pressure increases, the elastic anisotropy
in CsCl phase increases rapidly with pressure, while that of Fd-3m
remain unchanged. Furthermore, both phases exhibit a complete
elastic isotropy in compressibility. With pressure increasing, the
anisotropy in shear for CsCl phase increases, while it is nearly
unchanged for Fd-3m phase. The weak anisotropic character in
bulk modulus and strong anisotropic character in Young’s modulus
were also found in both phases. The structural stability, electronic
structure and elastic modulus as well as Debye temperature of two
phases under pressure were also discussed in details in this paper.
In fact, there are 120 B2 alloys reported, the phase transition occurs
in YAg alloy may occur in other B2 alloys. We suggest that further
detailed experimental exploration of this phase transition may be
rather rewarding.
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