Vol. 120 (2011)

ACTA PHYSICA POLONICA A

No. 6

TBI Calculations of the Elastic Properties and Structural

Phase Transformation in Novel Materials: Yttrium Nitride

S. SINGH®*, R. CHAUHAN® AND A. GOUR®
High Pressure Research Lab, Physics Dept., Barkatullah University, Bhopal-462001, India
bMittal Institute of Technology, Nabi Bagh, Bhopal-462038, India
¢Govt. Polytechnic College Physics Department, HARDA, Indore Road (M.P.), India

(Received July 1, 2009; in final form August 2, 2011)

We have carried out high pressure theoretical structural studies of yttrium nitride to examine the phase
transition phenomena from the NaCl structure to CsCl structure by using a three-body potential model. The
phase transition pressure (140 GPa) predicted by this approach is close to the phase transition pressure, predicted
by others (138 GPa). Yttrium nitride is a novel and less explored material. Under high pressure yttrium nitride
goes through a sudden collapse in volume showing the first order phase transition. To understand the effect of
pressure we studied bulk properties, elastic constants and their combination. The pressure volume equation of
state provides meaningful signatures of physical and chemical phenomena under high pressure. Moreover we have
successfully checked the stability criterion for this compound.

PACS: 64.70.K—, 62.20.de, 62.50.—p

1. Introduction

The transition metal compounds MX (M denotes a
transition metal element and X denotes one of the non-
-metallic elements C, N or O) have attracted attention
during last decade because of their high hardness, high
melting point, wear and corrosion resistance [1-9]. The
investigation of the behavior of transition metal com-
pounds under high pressure is very important because
of two reasons, namely the interests in an antiferromag-
netic Mott type insulator in solid state physics and their
roles in the interior of the earth [2]. The transition (T)
metal (M) nitrides (N) are valuable for several techno-
logical applications. Because of their great strength and
durability, their long established use is as protective coat-
ings [3]. However, they also have interesting optical, elec-
tronic, catalytic and magnetic properties [1, 2]. In the
electronic industry they are important as electric con-
tact, diffusion barriers, buffer layer etc. In the last few
years there has been an increased awareness in scandium,
yttrium and lanthanum nitrides due to phase transition
and their semiconducting properties [4-9]. The exchange
and correlation effects were treated using the generalized
gradient approximation (GGA) in case of yttrium nitride
(YN) by Stampfl et al. [§].

In contrast with traditional semiconductors the group
IIIB transition metal nitrides is interstitial alloys and
they could have a wide array of chemical compositions
[10-13]. These materials crystallize in the rock-salt struc-
ture and they can be either metal or semiconductors.
First principle calculations have been carried out by
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Mancera et al. [6] in YN. Mancera shows a B;—Bg struc-
tural phase transition pressure P; in YN at 138 GPa.
Although the P; predicated by Mancera is high, but it
is in consistency with other TMC’s which crystallize in
rock-salt structure. Band structure and cohesive proper-
ties of YN in the NaCl structure carried out by Haglund
et al. [14]. Tt is also reported, while studying YN hav-
ing NaCl-type structure, that their parent metal has its
ground state in hexagonal symmetry, that is why YN
system shows the hexagonal cubic phase transition [14].
They calculated their bulk properties and the Debye tem-
perature. Some other physicists also carried out study on
the electronic structure and physical properties of YN [§].
According to them this material is semimetal within the
local density approximation (LDA) [15]. Cohesive en-
ergy and band structure of 3d-transition metal carbides
and nitrides having NaCl-type structure using muffin tin
orbital method has been done by Haglund et al. [14].

They have also shown that YN is indirect semicon-
ductor with gaps of 1-2 eV. Therefore transition metal
nitrides represent a novel group of semiconductor mate-
rials [13].

YN is presently one of the most important materials for
hardness and corrosion resistant coating with non-toxic
and non-stick nature. Currently, the interest is also de-
veloping within the microelectronic industry for the use
of YN as an electrically conducting barrier. This com-
pound shows hardness with high melting points so study
of their resistance to pressure also becomes important. In
the present paper, efforts have been made to study phase
transition pressure and volume collapse using three-body
potential model. The three-body interactions have been
considered to arise from the charge transfer effects dur-
ing the overlapping of electron shells of the adjacent
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ions [16]. This three-body potential model (TBPM) has
been found to be successful in describing the phase transi-
tion, phonon dispersion, harmonic and anharmonic prop-
erties of ionic and semiconductor solids [16-24].

2. Theory and method

The application of pressure causes compression or de-
crease in volume leading to increased charge transfer due
to the deformation of the overlapping electron shells of
the adjacent ions in solids. These effects have been incor-
porated in the Gibbs free energy G as a function of pres-
sure (P) and three-body interactions (TBI) [17], which
are the most dominant among many-body contributions.
Three-body interactions are of great importance at high
pressure when the interionic separation decreases consid-
erably and coordination number increases. The Gibbs
free energies, at T'= 0 K and pressure (P), for the real
(B1) and hypothetical (Bs) phases are given by

GBi(r) = UB1(r) + PVg1, (1)
GBQ(T) = UBQ(T) + PV, (2)

where the first terms in the above equations represent the
lattice energies for the B; and By structures expressed as

UBi(r) = —amZe*(Z + 12f(r)) /7

605, expl(rs + 7 —1)/p)

+6b3 1 exp((2r1 — V2r)/p)

+6b0-— exp((2r— — V2r)/p), 3)
UBs(r') = —an Ze*(Z + 16 £ (1)) /1

808, exp((ry +7 —1)/p)

+ 30844 exp((2ry — 1.1547")p)

+3bB__ exp((2r— — 1.154r") /p) . (4)

Here, the first two terms are the long-range Coulomb
and TBI energies [16]. The remaining terms correspond
to the overlap repulsion represented by Hafemeister and
Flygare (HF) potential and extended up to the first (+—)
and second (++ and ——) neighbour ions, ay (af,) is
the Madelung constant for By = 1.7478 (By = 1.7629)
phase, 3;; (ij = +—) are the Pauling coefficients defined
as Bij = 14 Z;jn; + Z;n; with Z; (Z;) and n; (n;) as
the valence and the number of electrons of the i (j)-th
ion. Ze is the ionic charge with e as the electronic charge,
b (p) are the hardness (range) parameters, r (') is the
nearest neighbor separation of By (Bz) phase and f(r)
is three-body interaction parameter which may be con-
veniently expressed as f(r) = foexp(—r/p) [15, 16] with
fo as a constant. The r; and r_ are the ionic radii of
ions. The lattice energies given by Egs. (3) and (4) con-
tain only three model parameters (b, p and f(r)) whose
values have been determined from measured interionic
separation and cohesive energy after choosing an appro-
priate value of p [17]. To understand elastic properties
of these transition metal compounds we have calculated
second order elastic constants (SOEC), C11C12 and Cyy,
and their pressure derivatives at 0 K, since these elastic
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constants are functions of first and second order deriva-
tives of short range potential, so their calculation will
provide knowledge about the effect of short range forces
on these materials following Sharma et al. [18] and Singh
et al. [19] and Shanker et al. [20, 21]. The expressions for
SOECs are as follows:

Ch1 = (e2/4)r*[—5.112Z(Z + 12f(r)) + Ay
+ (A2 +B2)/2], ()
Cio = (e%/4r%)[0.226Z(Z + 12f(r)) — By
+ (A2 — 5B2)/4], (6)
Cus = (e%/4r1)[2.556 Z(Z + 12f(r)) + By
+ (A2 +3B2)/4)] (7)
with
Ay =8 /e)(b/p?) exp((ry +7— = 7)/p)lr=as (8)
By = (87%/e*)[(=b/pr) exp((r4 +7— = 7)/p)lr=a> (9)

Az = (16r°/e*)[(b/p*) (1.5 exp((2r4 —1)/p)

+0.25exp((2r— —7)/p)], = /3a » (10)
By = (162 /6)((~b/pr) (LT3 expl(2r+ —1)/p)
+0.25exp((2r— —7)/p)],— /34 - (11)

The expressions of pressure derivatives dS/dp, dBr/dp
and dCy4/dp are as follows:

dS/dp = —(202)71[23.6822(Z + 12f(r)) + C1
+13.9808Za9*f JOor?], (12)

dBr/dp = —(302)7[13.980Z(Z + 12f(r)) + Cy
—3A, + Cy — 3Ay — 167.7648Zad f | Or
+41.9420Za0* f Oor?], (13)

dCys/dp = —(2)"1[11.3892(Z + 12f(r)) + A;
—3B1 + (C2+ 245 — 10B,)/2

—44.6528Zad f /Or] (14)
with
2=-2330Z(Z +12f(r)) + A1 + Ay
+27.9612 + Zadf/Or,

C1 =A}/B;, Cy=A3/B,,

and
S = (011 - 012)/2 and BT = (011 + 2C12)/3.
Above expressions for elastic constant, pressure deriva-

tives of shear modulus, bulk modulus and tetragonal
modulus are given in Egs. (5)—(14) taken from [18-21].

3. Results and discussion

The input three model parameters namely range, hard-
ness and three-body interaction parameter are well illus-
trated in Table I. We have computed the different val-
ues of interionic separation r(B1) and /(Bg) at different
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pressures using the technique of minimization of Ggi(r)
and Gpa(r'), respectively. We have evaluated the val-
ues of Gpi(r) and Gpa(r') at different pressures and
the corresponding Gibbs free energy difference AG (=
Gg1(r)—Gpa(r")) have been plotted against pressure and
given in Fig. 1. The pressure at which AG approaches
zero corresponds to the phase transition pressure P;. The
value of P; is compared with available computed data in
Table II. It is clear from Fig. 1 that our approach has
predicted correctly the relative stability of competitive
crystal structure as the value of AU is positive at zero
pressure, it is a required criterion for the stability at par-
ent phase [24]. This figure shows that the values of the
phase transition pressure (P;) obtained from the present
model is closer to available predicted data by the first
principle calculation method [6].
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Fig. 1. Variation of Gibbs free energy differences AG

[kJ/mol] against [GPal for YN.

TABLE I

Input data and model parameters of YN.

Compound Input data Model parameter
r[A] | UlkJ/mol] | b[10721J] | p[A] f(r)
YN 2.4000 131.1000 05.1530 0.4000 —0.1412
TABLE 1II

Calculated transition pressures in GPa, associated volume collapses,
elastic constants and their combination in GPa.

Compound | Transition Transition pressure [GPa] | Volume collapses
present others present
YN B1 — B2 140 (138)* 10%
% Ref. [6].

In addition we have calculated the relative volume
[V(P)/V(0)] to obtain the equation of state for B
and By phases for YN associated with various compres-
sions and plotted them against pressures (P) to de-
pict the phase diagram in Fig. 2. The volume col-
lapse [AV(P;)/V(0)] accompanied by phase transition
has been obtained from this figure and the values of vol-
ume collapse —AV(F;)/V(0) in percentage, have been
presented in Table II. A look at Table II reveals that
density functional theory with full potential linearized
augmented plane wave (FP-LAPW) shows a B;—Bj tran-
sition at 138 GPa while our value (140 GPa) is near to
this value. It is also seen from Fig. 2 and Table II that
the relative volume compression for YN is 10%.

Our calculated value of the bulk modulus as shown
in Table III is 155 GPa and this value is compared to
available computed data and it is closer to results of
Mancera [6] calculated by first principle calculation than
other data by using FLAPW and FLAPW-generalized
gradient approximation (FLAPW-GGA) [8]. The study

of second order elastic constants and their combinations
are also important to know as they provide informa-
tion about the interatomic and elastic behavior of these
compounds. We have computed the second-order elas-
tic constants (SOEC’s) and their combinations, which
are shown in Table III. The quantities C's and Cyy are
the shear and tetragonal moduli of a cubic crystal. It is
necessary for lattice to satisfy Born criterion for mechan-
ically stable state. For this purpose, the elastic energy
density must be a positive definite quadratic function of
strain. In order to fulfill the above criterion the prin-
cipal minor (eigenvalues) of the elastic constant matrix
should all be positive. TBPM model confirmed that the
features of these compounds show the same trends as ear-
lier reported for pressure dependence of elastic stiffness
for PbTe and SnTe [23] possessing the NaCl structure
with B; and By phase transitions. Vukcevich [24] also
stated the high pressure stability criterion for ionic crys-
tal, the stable phase of a crystal is one in which the shear
elastic constant Cy4 is non-zero (for mechanical stability)
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Fig. 2. Variation of relative volume V(P)/V(0) with
pressure P [GPa|, present values of phase transition
pressures are shown by solid and others by arrow for YN.

TABLE III

The calculated values of second order elastic con-
stants (SOECs), their combinations and third order
elastic constants (TOECs) of YN.

ECs [GPa] YN Ref.
Br 155 present
157¢ others
204° FLAPW
163¢ FLAPW-GGA
Cs 890 present
Cu1 188 present
Ci2 175 present
Cys 253 present
CL 432 present
Cin —8.65 present
Ci12 —8.44 present
Cies —0.26 present
Cl1o3 9.21 present
Chaa 1.86 present
Cise 0.66 present

@ Ref. [6]; ® Ref. [8]; ¢ Ref. [8].

and which has the lowest potential energy among the me-
chanically stable lattices. Thus the stability of NaCl-type
structure in terms of elastic constants should satisfy the
following conditions

S:(CM—CU)/2>O, BTZ(C11+2C12)/3>0,
Cyqs > 0. (15)

In addition we have also calculated third order elastic
constants (TOECs), although they are of only academic
interest at present but they may be useful for experimen-
talists to work on present material. Due to lack of avail-
ability of experimental data on this material we could
not provide a good support to our result, but the trends
observed here are very similar to those observed by other
workers [25] with the same structure reporting B;—Bg
phase transition. Also it is found from Table III that our
calculated values of TOECs and Debye temperature are
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in good agreement with available data [3]. It is clear from
Fig. 3 that Cs = (Cy; — C12)/2 with pressure decreases
slightly but does not approach zero at phase transition
pressure and this fulfils one of the conditions given by
Eq. (15). It is clear from Table IV that the pressure
derivative of bulk modulus and Debye temperature are
in close range with other theoretical results where pres-
sure decreases slightly but cannot approach zero at phase
transition pressure. Musgrave and Pople [26] pointed out
that if either Cyq or Cs = (C11 —C12)/2 go to zero as the
pressure is enhanced, then the structure is unstable and
the crystal transforms by a spontaneous shear. The val-
ues of the dCs/dP and dC44/dP also increase with in-
creasing pressure. The value of dBr/dP is matching the
value reported by others. Here we hope that the present
calculation, which is mostly related with the basic un-
derstanding of the physics related with the interactions,
will stimulate further work in this area and increase the
interest of the scientific community in this material.

dC,/dp \ Present
Other's
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Fig. 3. Variation of pressure derivative of tetrago-
nal modulus dC4s/dP, dBr/dP shear modulus and
dCs/dP, with pressure for YN. The solid curve shows
the present values of YN up to phase transition pressure
(Py), respectively.
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Fig. 4. Shear moduli (C11 — C12)/2 are plotted against
pressure P [GPa] for YN.

The success achieved in the present investigation can
be ascribed to the inclusion of the charge transfer (or
three-body) effects which seems to be of great impor-
tance at high pressure when the inter-ionic potential
reduces considerably and the coordination number in-
creases. Here, it is noted that our calculated values of
phase transition pressure is in better agreement as com-
pared to available theoretical data.
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TABLE IV

Pressure derivatives of SOEC’s and Debye tempera-
ture (@p) of YN.

Properties YN References
Debye [K] 607 present
temperature 595° others
dCs/dP —8.42 present
dCasa/dP 30.84 present
dBr/dP 3.10 present
3.50¢ others
@ Ref. [3].

4. Conclusions

In summary, we have developed and applied three-
-body potential approach to investigate the structural,
elastic and stability conditions of YN. The results are
summarized as follows:

1.

The YN at ambient conditions crystallizes in
NaCl(B;) structure and under pressure shows a B,
to By phase transition. Our results with present
approach including TBI effect are showing good
matching with available results.

. Our model is able to predict the stability of the

phase B; correctly as the value of AG is positive
at zero pressure.

. During the phase transition from NaCl (B;) to

CsCl (B3) the volume discontinuity in pressure
volume phase diagram identifies the occurrence of
first-order phase transition.

. The stability criterion under pressure which is im-

portant tool for geologists to work is studied suc-
cessfully.

. We have also shown probably for the first time the

effect of high pressure on the pressure derivatives
of second-order elastic constants.

. We have calculated third order elastic constants

and the Debye temperature for the first time.

From the overall study we may conclude that the
present three-body potential approach is fairly adequate
for the prediction of high pressure B;—Bs phase tran-
sition, associated volume collapses, bulk modulus, sec-
ond order elastic constants, the Debye temperature,
third order elastic constants, pressure derivatives of shear
modulus dCg/dP, tetragonal modulus dCys/dP and
(C11 — C12)/2. Also the stability criterion in YN has
been checked successfully.
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