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a b s t r a c t

High pressure structural stability studies were carried out on YGa2 (AlB2 type structure at NTP, space
group P6/mmm) up to a pressure of �35 GPa using both laboratory based rotating anode and
synchrotron X-ray sources. An isostructural transition with reduced c/a ratio, was observed at �6 GPa
and above �17.5 GPa, the compound transformed to orthorhombic structure. Bulk modulus B0 for the
parent and high pressure phases were estimated using Birch–Murnaghan and modified Birch–
Murnaghan equation of state. Electronic structure calculations based on projector augmented wave
method confirms the experimentally observed two high pressure structural transitions. The calculations
also reveal that the ‘Ga’ networks remains as two dimensional in the high pressure isostructural phase,
whereas the orthorhombic phase involves three dimensional networks of ‘Ga’ atoms interconnected by
strong covalent bonds.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Rare-earth intermetallic compounds exhibit diversified structural
behavior upon the application of hydrostatic pressure [1,2]. For
instance, rare-earth digallides undergo structural phase transitions
from ambient AlB2 type structure to orthorhombic (LaGa2), AlB2 to
AlB2 with reduced c/a ratio (CeGa2, HoGa2 and GdGa2) [3–6]. These
structural transitions involve the rearrangements of ‘Ga’ atom net-
works or with the conservation of ‘Ga’ networks, but with drastic
decrease in the c/a ratio. In Table 1 the high pressure structures,
transition pressures and bulk modulus of different rare-earth
digallides REGa2 (RE¼La, Ce, Gd, Ho, Tm, Yb) are shown [7–9].
Yttrium (Z¼39), a 4d transition metal is often considered as the
one belonging to lanthanide series due to several similar physical
properties. Yatsenko et al. have studied the phase diagram of Y–Ga
system through differential thermal analysis and X-ray diffraction
and found that Yttrium digallide YGa2 crystallizes in the AlB2 type
structure [10].

In the lanthanide series, the structure sequence: hcp-Sm-
type-dhcp-fcc-dist. fcc is observed as function of increasing

pressure [11–14]. In La, pressure has the effect of increasing the
energy of electrons in the s-band relative to the d-band, which
initiates the s-d transfer and the number of d electrons per atom
in the conduction band tends toward 3. A similar electron transfer
phenomena has been observed in the non 4f element ‘Y’ due to the
increased 4d band occupancy under high pressure [15,16,7].
Similar structural behavior can be expected in their intermetallic
compounds also. In fact, the structural sequence: Cubic (C type)-
Monoclinic (B type)-Hexagonal (A type) observed in the lantha-
nide sesquioxides (Ln2O3) as a function of increasing pressure (or
decreasing atomic number of the lanthanide element) [17,18].
These considerations encouraged us to investigate the structural
modifications of YGa2 upon the application of pressure. In addition
electronic structure calculations based on density functional
theory have been carried out to understand the experimentally
observed results.

2. Experimental details

YGa2 was prepared by arc-melting stoichiometric quantities of Y
(99.99%) and Ga (99.9%) in helium atmosphere. The arc melted
sample was annealed and the powdered sample was characterized
by X-ray diffraction (XRD) using a Guinier diffractometer having an

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jssc

Journal of Solid State Chemistry

http://dx.doi.org/10.1016/j.jssc.2015.01.030
0022-4596/& 2015 Elsevier Inc. All rights reserved.

n Corresponding author.
E-mail address: sekarm@igcar.gov.in (M. Sekar).

Journal of Solid State Chemistry 226 (2015) 11–16



overall resolution of Δd/dE0.0001. The sample was found to be of
good quality, single phase, AlB2 type (Sp. Group: P6/mmm) hexagonal
structure with lattice parameters a¼4.19270.001 Å and
c¼4.09070.090 Å. Our XRD data on YGa2 has been accepted as
standard PDF file: PDF No: 53-543, ICDD (2002) [19].

High pressure X-ray diffraction (HPXRD) studies on YGa2 were
performed in a Mao-Bell type DAC using angle dispersive X-ray
diffraction beamline (BL-12) at INDUS-2 (λ¼0.729 Ǻ) up to a
pressure of �10 GPa. The experiments were also carried out with
a laboratory based rotating anode X-ray generator (Rigaku-
ULTRAX18) with Mo target (λ¼0.7107 Ǻ) in conjunction with an
image plate based mar345dtb up to a pressure of �35 GPa. The
two dimensional X-ray patterns were integrated by using the
program FIT2D [20]. Stainless steel (SS) gaskets were preindented
to a thickness of �70 mm and a hole of diameter 200 mm was
drilled at the centre of the compressed area for mounting the
sample. A mixture of methanol, ethanol and water (MEW) in the
volume ratio 16:3:1 was used as pressure transmitting medium.
Both the equation of state of Ag and Ruby fluorescence techniques
were used to estimate the sample pressure.

2.1. Computational details

First-principles electronic structure calculations were per-
formed within the framework of density functional theory (DFT)
by means of the projector augmented wave (PAW) method as
implemented in Vienna Ab-initio Simulations Package [21]. The
exchange-correlation potential of Perdew–Burke–Ernzerhof (PBE)
for electron–electron interactions is used [22]. To confirm the
convergence of the calculations for Brillouin-zone sampling, we
have investigated the dependences of the total energy on the
cutoff energy and the k-point set mesh according to the Mon-
khorst–Pack grid scheme [23]. It was found that for the cut-off
energy of 800 eV and k-point set of 12�12�8 the change in total
energy is minimum, so we have chosen these for the computation.
The self-consistent convergence of the total energy is 1�10�8 eV/
atom and the maximum force on the atom is 10�4 eV/Å.

3. Results and discussion

The HPXRD patterns for YGa2 at various pressures are depicted
in Fig. 1 up to a pressure of �7 GPa using beamline (BL-12) at
INDUS-2 synchrotron and in Fig. 2 up to �35 GPa using ULTRAX-
18 kW X-ray source. The structure is stable up to a pressure of
�6 GPa and all the lines are indexable to the ambient structure.
Above �6 GPa, several new peaks start appearing and are

indicated by arrows in Fig. 1. The (1 1 1) peak of Ag was used for
pressure calibration in series of experiments summarized in Fig. 1
and ruby fluorescence technique in the series summarized in
Fig. 2. A stainless steel (SS) gasket peak was observed at 2θ¼201
overlapping with the (0 0 2) sample peak. The new peaks
appeared next to the 100% intensity (1 0 1) peak at 2θ¼161, before
the (1 1 0) peak at 2θ¼191 and next to (0 0 1) peak at 2θ¼121. The
structural analysis of the high pressure data on YGa2 was done on
trial and error method and various structures were tried. High
pressure pattern at �8 GPa with new peaks at 2θ values 11.41,
15.97, 19.39 and 22.58 was considered for analysis. The new phase
could be indexed to another AlB2 type hexagonal crystal structure
with lattice parameters: a¼4.218 Å, c¼3.573 Å, with smaller c/a
ratio of 0.84 and good figure of merit. Though it is a mixed phase
of both parent and high pressure structures, the new high pressure
peaks (0 0 1), (1 0 1), (1 1 0) and (1 1 1) could clearly be indexed
up to a pressure of �17.5 GPa. Thus, contrary to the behavior
shown by LaGa2, YGa2 transforms to another AlB2 type hexagonal
structure with lower c/a ratio. In our earlier experiment on CeGa2
also, similar type of transition from AlB2 to another AlB2 type with
reduced c/a ratio at �16 GPa has been observed [4]. Fig. 3 shows
the variation of lattice parameters a and c up to �17.5 GPa
(experiment) and �18 GPa (computed) for both parent and high
pressure hexagonal phases. It is seen that the lattice parameters a
and c decreases in both experiment and calculated and around at

Table 1
Lanthanide digallides, their high pressure structures, transition pressures and bulk
modulus. It may be noted that the c/a ratio for the hexagonal AlB2 type structure at
STP have values ranging from 0.95 to 1.27, whereas that for the high pressure AlB2
type structure, the values range from 0.59 to 0.88.

Compound STP
structure

High pressure
structure

Transition
pressure (GPa)

Bulk
modulus
(GPa)

LaGa2 AlB2(hex.) Orthorhombic 12 166 [7]
CeGa2 AlB2(hex.) AlB2(hex.) 16 72 [4]
GdGa2 AlB2(hex.) AlB2(hex.) 7.7 73,70 [6]
HoGa2 AlB2(hex.) AlB2(hex.) 4 99,103 [5]
TmGa2 KHg2(ortho.) AlB2(hex.) 21 95 [8]
YbGa2 CaIn2(hex.) UHg2(ortho) 22 20 [5,9]
YGa2 AlB2(hex.) AlB2(hex.) 6 76,112 (this

work expt.)
Ortho 20 119 (this work

expt.)
Fig. 1. HPXRD patterns of YGa2 up to �7 GPa using INDUS-2 synchrotron source
with Ag as an internal pressure calibrant (λ¼0.729 Å). Appearance of new
diffraction peaks are indicated by arrows in the 6.2 GPa pattern. The stick plot is
the PDF data for YGa2, and g is the gasket peak.

Fig. 2. HPXRD patterns of YGa2 up to 35 GPa obtained with a RAXRG (λ¼0.7107 Å).
Ruby fluorescence was used to estimate the pressure. The stick plot is the PDF data
for YGa2.
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�8 GPa, a increases to a higher value and decreases systematically
with respect to pressure up to a �18 GPa. Whereas, c jumps to a
lower value and decreases with increasing pressure. Fig. 4 shows
the c/a ratio of the parent and high pressure hexagonal phases as a
function of pressure, and a sudden drop in the ratio at �6 GPa is
seen. Fig. 5 shows the observed and calculated high pressure XRD
patterns of the AlB2 phase at �8 GPa.

Fig. 6(a) shows the variation of the volume per formula unit for
parent and high pressure hexagonal phases. Fig. 6(b) is the P–V
data for the parent and HP phases fitted to Birch–Murnaghan and
modified Birch–Murnaghan (with subscript P) EOS. The bulk
modulus and its derivative for parent and the HP phases are:
B0¼76.3271 GPa, B00 ¼3, and BP¼11276.8 GPa, respectively. The
diffraction peaks (1 0 0), (1 0 1), (2 0 0), and (1 0 2) of the high
pressure phase could be identified clearly up to �17.5 GPa.

Beyond the pressure of �17.5 GPa, (1 0 1) and (1 1 0) diffrac-
tion peaks broadened out significantly and were indexed to
orthorhombic structure. Fig. 7 is the variation of the lattice
parameters a, b, c of the high pressure orthorhombic phase from
20 to around 35 GPa (40 GPa computed). Fig. 8 is the P–V data of
the orthorhombic phase fitted to modified Birch–Murnaghan
equation of state. The bulk modulus values are BP¼119 GPa
(experimental) BP¼125 GPa (Computed). Table 3 lists all the lattice
parameters and volume of every pressure point.

Electronic structure calculations have been carried out to study
the structural phase stability of YGa2. As a first step we have
optimized the ground state AlB2 type structure of YGa2 and the
corresponding lattice parameters along with experimental data

Fig. 3. Variation of lattice parameters a and c of the parent hexagonal phase of
YGa2 with respect to pressure up to �17.5 GPa. The computed lattice parameters
are also indicated up to 18 GPa.

Fig. 4. c/a Ratio of parent and high pressure phase up to �17.5 GPa, along with
computed c/a ratio.

Fig. 5. Observed and calculated patterns of AlB2 structure at �8 GPa.

Fig. 6. (a) Shows the variation of the volume per formula unit for parent and high
pressure hexagonal phases along with computed values. (b) The P–V data for the
parent hexagonal phase of YGa2 up to 6 GPa and new hexagonal phase up to
�17.5 GPa. Solid line is the Birch–Murnaghan equation of state fit.
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are tabulated in Table 2. The optimized crystal structure of YGa2 is
shown in Fig. 9(a). The computed lattice parameters are in good
accord with experiments with an overestimation of 0.7% to the
experimental volume, which is a common feature of GGA based
computation for solids. In order to study the structural stability of
YGa2 under pressure, we have applied the pressure in an interval
of 2 GPa at each time and allowed the system to relax with respect
to cell parameters. At the pressure of 8 GPa, there is a sudden

decrease of c/a ratio from its initial value 0.97 to 0.82, agreeing
with the experimental observations. In Fig. 4, we have shown the
calculated variation of c/a along with the experimental data. This
sudden decrease in the c/a ratio confirms that the ambient AlB2
structure is not stable and undergoes a structural phase transfor-
mation to another AlB2 structure. Earlier, this kind of structural
phase transition with pronounced decrease of c/a ratio was also
observed in the same AlB2 type compounds HoGa2 [5] and GdGa2
[6]. The calculated transition pressure of 8 GPa is in good agree-
ment with the experimental value of 6.2 GPa. In Fig. 8, we have
shown the calculated P–V data along with experiment and found
that the transition is associated with a volume collapse of 4.6%
which is in good accord with experiment. The variation of lattice
parameters as a function of pressure is shown in Fig. 3 and they
follow similar trend as observed in experiment. Clearly the
compression of lattice parameters of YGa2 is found to be aniso-
tropic in nature. The theoretical bulk modulus and its derivative
for parent and the HP phases from Birch–Murnaghan EOS fit
results in values of: B0¼70.53 GPa, B00 ¼3.2 and B0¼111.57
1.2 GPa, B00 ¼4.7, respectively.

In order to find the high pressure structural transformation we
have computed the enthalpies of both AlB2 and Imma structures
and are shown in Fig. 10. At 16 GPa, we could see a structural
phase transition and the calculated transition pressure is in good
agreement with that of experimental value �17 GPa. Thus, it is
indicative that the structural modifications of YGa2 under high
pressure are quite different from that of similar compounds HoGa2
[5], GdGa2 [6], and CeGa2 [4] which undergo only AlB2 to AlB2
transition below the pressure of 20 GPa.

The bonding characteristics are useful to understand the struc-
tural modifications of YGa2 at elevated pressures. We have calculated
the charge density distribution in YGa2 by using plane wave
pseudopotential method. The calculated charge density of YGa2
within the (0 0 1) plane is shown in Fig. 11. From Fig. 11(a), it is
evident that Ga–Ga bond has strong covalent nature in ambient AlB2
phase which thus causes short distances between ‘Ga’ atoms and it
is given by d1(Ga–Ga)¼2.444 Å. In the high pressure AlB2 phase, the

Fig. 7. “a” and “c” for High pressure orthorhombic phase up to 35 GPa (experi-
mental) and 40 GPa (computed).

Fig. 8. The P–V data for the orthorhombic phase phase of YGa2 up to up to 35 GPa
(experimental) and 40 GPa (computed).

Table 2
Theoretically obtained structural data of ground state and high-pressure phases of
YGa2. Values in parentheses are from experiment. The present experimental values
correspond to the Imma structure at 35 GPa.

Pressure
(GPa)

Structure
type

Space
group, z

Lattice
parameter (Å)

Volume
(Å3)

Volume/z
(Å3)

0 AlB2 P6/mmm, 1 a¼4.233 63.6 63.6
(a¼4.190) (62.26) (62.26)
c¼4.098
(c¼4.094)

8 AlB2 P6/mmm, 1 a¼4.284 56.2 56.2
(55.07) (55.07)(a¼4.218)

c¼3.537
(c¼3.573)

16 KHg2 Imma, 4 a¼6.64 211.3 52.8
b¼4.10
c¼7.76

Fig. 9. The optimized crystal structures of YGa2. (a) Ambient AlB2 phase (P6/mmm),
where d1 indicates distance between the ‘Ga’ atoms and d2 indicates distance
between the ‘Ga’ layers. (b) High pressure AlB2 phase. (c) Orthorhombic phase
(Imma).

M. Sekar et al. / Journal of Solid State Chemistry 226 (2015) 11–1614



covalent bond between Ga–Ga is preserved but with considerable
increase in the d1 value (¼2.473 Å) and it is shown in Fig. 11(b). This
eventually results in the elongation of lattice parameter ‘a’ resulting

in low c/a ratio for the high pressure phase and it retains AlB2
structure with two dimensional layers of ‘Ga’ atoms because of the
similar bonding characteristics. In Fig. 11(c) we have shown the
charge density distribution in the high pressure orthorhombic
modification of YGa2. Unlike the AlB2 structure, it can be clearly
seen that ‘Ga’ atoms form a three dimensional network with
increased number of covalent bonds within the unit cell. The
distance between the three Ga–Ga bonds d1, d2, and d3 are given
by 2.4 Å, 2.423 Å, 2.493 Å, respectively. The increase in the number
of bonds confirms the structural transition at high pressure.

4. Conclusions

HPXRD studies have been carried out on YGa2 up to a pressure of
�35 GPa. An iso structural transition with smaller c/a ratio was
initiated at �6 GPa and another transition to orthorhombic phase
was initiated at �17.5 GPa. The orthorhombic structure was stable
up to �35 GPa. The bulk modulus was estimated using the Birch–
Murnaghan EOS and its modified form for the high-pressure phase.
The electronic structure calculations confirm the experimental
findings on structural phase transitions of YGa2 at high pressures.

Table 3
ABC.

Hexagonal (Phase I and II)computed

P (GPa) a (Å) c (Å) c/a V (Å3)

0.0 4.233 (4.19)Exp 4.098 (4.094)Exp 0.9681 (0.977)Exp 63.61 (62.26)Exp

2.0 4.208 4.037 0.9594 61.90
4.0 4.186 3.979 0.9503 60.39
6.0 4.170 3.918 0.9397 59.00
8.0 4.284 3.537 0.8256 56.23

10.0 4.265 3.505 0.8216 55.22
12.0 4.248 3.474 0.8179 54.29
14.0 4.231 3.446 0.8144 53.42
16.0 4.2156 3.419 0.8111 52.62
18 4.2016 3.3954 0.8081 51.91
Hexagonal (Phase I and II)experiment

P (GPa) a (Å) c (Å) c/a V (Å3)

0.0 4.19 4.094 0.977 62.26
0.4 4.182 4.089 0.977 61.95
1.40 4.177 4.05 0.969 61.21
4.4 4.135 3.982 0.962 58.99
6.32 4.130 3.92 0.949 57.91
8 4.218 3.573 0.847 55.07

10.5 4.215 3.5 0.830 54.20
12.4 4.212 3.488 0.828 53.60
14.5 4.199 3.463 0.824 52.90
17.5 4.18 3.41 0.815 51.65
Orthorhombic (Phase III)computed

P (GPa) a (Å) b (Å) c (Å) V (Å3) V (f.u)

20 6.576 4.081 7.657 205.49 51.37
24 6.513 4.069 7.558 200.27 50.07
28 6.485 4.142 7.238 194.43 48.61
32 6.419 4.126 7.188 190.39 47.60
36 6.358 4.106 7.148 186.63 46.66
40 6.304 4.087 7.115 183.28 45.82
Orthorhombic (Phase III)experiment

P (GPa) a (Å) b (Å) c (Å) V (Å3) V (f.u)

20 6.54 3.92 7.600 194.84 48.71
22 6.463 3.921 7.488 189.794 47.45
24 6.46 3.86 7.483 186.77 46.69
28 6.42 3.840 7.490 185.17 46.29
31 6.40 3.834 7.36 181.03 45.25
35 6.32 3.80 7.40 178.2 44.55

Fig. 10. The calculated change in enthalpy as a function of pressure for YGa2.
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The calculated transition pressures of 8 GPa and 16 GPa correspond-
ing to AlB2 and orthorhombic transitions are in good agreement
with experiment. The calculations also reveal that the ‘Ga’ networks
remains as two dimensional in the high pressure isostructural phase,
whereas the orthorhombic phase involves three dimensional net-
works of ‘Ga’ atoms interconnected by strong covalent bonds.
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