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Abstract - 
  
High pressure effects on transition metal compounds have been explored using a suitable potential model. A theoretical study of high pressure phase transition and elastic behaviour in transition metal compounds using a three body interaction (TBI) potential caused by the electron shell deformation of the overlapping ion is carried out. Being a very hard material transition metal compounds show a phase transition at very high pressure ~485GPa.We applied the TBPM to study this transition in Titanium compounds. TiC, TiN show phase transition from the relatively open NaCl structure into the more dense CsCl atomic arrangement. The phase transition pressure predicted from our model is closer to the phase transition pressure, predicted by Ahuja et, al [Phys.Rev.B.53,3072,1996]
 
Under high pressure TiO and TiN undergo phase transition from B1 (rocksalt) to B2 (CsCl) structure associated with a sudden collapse in volume showing first order phase transition. Application of pressure on materials, thus provides thermodynamic states from condensed matter region to extreme high density screened coulomb limit. The pressure volume temperature relationship (PVT) termed the equation of state (EOS) is an important output of high pressure experiment providing meaningful signatures of physical and chemical phenomena under high pressure. 
Key Words:-   Phase transition,  volume collapse, transition metal compounds.

Introduction:

 
The high-pressure studies on various materials are significantly important both from basic and applied point of view. The transition metal compounds play an important role in solid-state technology as they have many-fold scientific, industrial and technological applications (Ahuja and Eriksson (1996); Li Takamichi and Toshimori (2004); Tong and Jeung (2003); Yongfan and Junqian(2002)). We have studied the behaviour of TiC and TiN under high pressure. Here in the present investigation we have studied the phase transition in transition metal compounds. The transition metals are the group of the metals in the middle section of the periodic table. They are divided into three groups the first row transition metals, the second row transition metals and the third row transition metals. They are the metals, which make the transition to using the d-orbitals for their bonding. Hence they are sometimes called the d-block elements. 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 recently attracted much attention because of there high hardness, high melting point, wear and corrosion resistance (Ahuja and Eriksson (1996); Li Takamichi and Toshimori (2004); Tong and Jeung (2003); Yongfan and Junqian (2002)).  They were shown to have the largest cohesive energy, and replacement of carbon by nitrogen or titanium by vanadium decreased by cohesive energy Yongfan and Junqian (2002). TiO is regarded as a potential replacement of tungsten carbides for a cutting tool material and TiN is presently one of the most important material for hardness and corrosion resistant coating with non toxic and non-stick nature. Presently interest is also developing within the microelectronic industry for the use of TiN as, an electrically conducting barrier. On the other side alloying with TiN improved mechanical properties such as hardness, ductility and phase stability, Jhi and Ihm (1997). Titanium compounds undergo B1-B2 transition at very high pressure. 

 
A first order phase transition is characterized by the discontinuity in volume which is given by the first order derivative of Gibbs free energy. As the temperature, pressure, or any other variable like an electric or a magnetic field acting on a system is varied, the free energy of the system changes smoothly and continuously. Whenever such variations of free energy are associated with changes in structural details of the phase (atomic or electronic configurations), a phase transformation or phase transition is said to occur. Also the phase is the homogenous part of the system characterized by the thermodynamic properties like volume pressure, temperature and energy. 

 
An isolated phase is stable only when its energy is minimum for the specified thermodynamic conditions. If the phase is present in a local minimum of free energy instead of in a unique minimum and is separated from still lower minima (under the same thermodynamic conditions) by energy barriers, the state of the system becomes metastable and the system moves into a stable or equilibrium state, characterized by the lowest possible free energy. In the present paper efforts have been made to study phase transition pressure and volume collapse at phase transition pressure of these compounds using three body potential model.  The three body interactions have been considered to arise from the charge transfer effects during the overlapping of electron shells of the adjacent ions ,Singh(1982). These effects have been incorporated in the Gibbs free energy (G=U+PV-TS) as a function of pressure (P) and three-body interaction (TBI). The values of the interionic separation has been calculated by minimizing the Gibbs free energies for real and hypothetical phases at different values of pressures. Phase transition pressure has been computed at the pressure where Gibbs free energy difference becomes zero. The plot of (G against pressure gives the phase transition pressure (Pt) at the pressure at which (G approaches zero.
 
The present work on transition metal compounds will provide adequate and realistic information about the nature and existence of the various types of interionic interactions, like the long-range coulomb and three body interaction and the overlap repulsion operative between the first and second neighbour ions in the ionic crystals of the Sodium Chloride (rock salt) structure. This three body potential (TBP) model has been found to be quite successful in describing the phonon transition, phonon dispersion, harmonic and an harmonic properties of ionic & semiconductor solids. 

 
A pleasing feature of the present theoretical work is that using minimum number of parameters, we will calculate many properties to unveil the behaviour of matter under high pressure. These properties include behaviour of matter under high pressure, phase transition pressure, second order elastic constants, behaviour of second order elastic constants under high pressure, volume collapses. 

 
In this potential, only three-model parameters (b, ( and f (r)) are involved. The hardness parameter (b) and three body parameter f (r) have been calculated from the knowledge of cohesive energy and its first derivative after choosing an appropriate value of (.

 
The special derivation of TBI parameter is obtained by expressing it as an exponential function such that f (r) = f0 exp (-r/(). 

Theory & Method: 

 
Application of pressure on crystal leads to an increased charge transfer (or three-body interaction effect) [6] due to the deformation of the overlapping electron shells of the adjacent ions. The stability of a particular lattice structure is achieved at the minimum value of the Gibbs free energy (G=U+PV-TS). Here U is the     internal energy which at 00K is equivalent to lattice energy, S is the vibrational entropy at absolute temperature   T. The application of pressure causes compression or decrease in volume leading to the increased charge transfer (or many body interactions) effects due to the deformation of the overlapping electron shells of the adjacent ions in solids. These effects have been incorporated in the Gibbs free energy G as a function of pressure (P) and three body interactions (TBI), which are the most dominant among many body contribution. Three body interactions are of great importance at high pressure when the interionic separation reduces considerably and coordination number increases, Singh(1982); Singh and Singh(1989); Singh(2002). The Gibbs free energy, at T = 00K and pressure (P), for the real (B1) and hypothetical (B​2) phases is given by 
 
GB1 (r) = UB1 (r) + PVB1 (=2.0 r3) ………………………. (1) 

  
GB2 (r) = UB2 (r) + PVB2 (=1.54 r3) ………………………. (2) 

 
Where the first term in the above equations represent the lattice energies for the B1 and B2 structures expressed as 

 
UB1 (r)     = 
-(M Z e2 (Z + 12f(r)/r) + 6b(+ - exp((r+ + r- - r’)/() 

 


+ 6b(+ - exp((2r+ - (2 r)/() + 6b(- - exp((2r- - (2 r)/()) -- (3)  

 
UB2 (r’)     = 
-(M Z e2 (Z + 16f(r)/r’+8b(+ - exp((r+ + r- - r’)/() 

 


+ 3b(+ - exp((2r+ - (2 r)() + 3b(- - exp((2r- - (2 r’)/()) -- (4) 

 
Here, the first two terms are the long range Coulomb and TBI energies [6]. The remaining terms correspond to the overlap repulsion represented by Hafemeister and Flygare (HF) potential and extended upto the first (+ -) and second (+ + and - -) neighbour ions, (M  ((’M) is the Madelung constant for B1   ( B2    )  phase, (ij (ij = + -) are the Pauling coefficients. Ze is the ionic charge with e as the electronic charge b (() are the hardness

(range)parameters, r+(r- )   the ionic radii of + (-) ions taken from, Tong and Jeung (2003), r(r’) is the nearest neighbour separation of B1 (B2) phase and they may be conveniently expressed as f (r) = f0 exp (-r/(), Singh and Singh (1989) with f0 as a constant. The lattice energies given by eqs (3) and (4) contain only three model parameters (b, ( and f (r)). The input data and model parameters thus obtained have been presented and used to compute the results presented and discussed below.   

III. Results and Discussion :

 Hardness is one of the most important issue in the study of the titanium compounds Hardness involves the plastic deformation of materials which in turn depends critically on the motion of   dislocations. Fully quantum – mechanical calculation of such properties are extremely difficult even with the state of the art computational schemes and facilities as suggested by Ahuja et.al.(1996). 


For the material under consideration it seems that we have now reached a point where theory is close to replace experiments. This is especially so for the lattice constant. In view of the experimental difficulties to create very high pressure of range ~5.0 M bar in laboratories and to determine the bulk modulus. One could perhaps also argue that presently the theoretical values are equally reliable as the experimentally determined values. As regards the elastic constants, theory seems again capable to produce data, which are almost of experimental quality. In this respect theoretical calculations can be of great help in establishing the limiting idealized behaviour in the search for improving materials properties and they can be proved guide for experimentalists. In the present case of super hard NaCl type transition metal compound materials, our calculations demonstrate that structural studies can usefully complement experimental work in this area and perhaps in certain cases even provide such results which fulfill the gap of unavailability of measured data. 

  
We have computed the different values of interionic separation r(B1) and r’ (B2) at different pressures using the technique of minimization of GB1 (r) and GB2 (r’) respectively. The values of r and r’ and corresponding values of cohesive energy differences (U ( = UB1(r) – UB2 (r’) ) have been used in eq. (1) and (2). We have evaluated the values of GB1 (r) and GB2 (r’) at different pressures and the corresponding Gibbs free energy difference (G (= GB1(r) – GB2 (r’) )have been plotted against pressure. The plot of  (G against P gives the phase transition pressure (Pt) at the pressure at which (G approaches zero. We have plotted (G against pressure (P) for TiO and TiN. From table 2 phase transition pressures of  TiO and TiN have been predicted at ~0.80M bar and  ~3.75 M bar. It is also seen from fig.1(a) and 2(a) that our model has correctly predicted the relative stability of competitive structure as the value of (U ((G) is positive at P=0 (which is a required criterion as stated in Singh and Singh (2001) for the stability of real phase at P = 0). 



These values of Pt for TiO and TiN  are reported in table II and compared with other theoretical results [table 2]. We have calculated the relative volumes V(P)/V(O) and plotted them against pressures (P) to obtain the equation of state for B1 and B2 phases as depicted in fig.1(b) for TiO. We have compared these equations of state with their others. The values of volume collapses -(V(Pt)/V(O), have been presented in table 2.


the plot of compression curve (V(P)/V(0) Vs P) shows associated volume collapse (V(P)/V(0)) at Pt . The dashed line shows the extended hypothetical volume before and after phase transition. The calculated phase transition pressure for TiO and TiN are 1.00 Mbar and 3.10.                                      

    It is also seen from fig.1(a),(b) and 2(a),(b) that our model has correctly predicted the relative stability of competitive structure as the value (U((G at P=0) is positive (which is a required criterion  for the stability of real phase at P=0).

We have also calculated Second order elastic constants (SOECs) C11, C12, C44 and their combination CL = (C11 + C12 + 2C44)/2 and CS = (C11+ 2C12)/3. The formulations for second order elastic constants have been taken from Singh and Gupta (1991). The calculated value of (SOECs) are shown in fig.3 and table-2 and they are compared with others work and experimental work. It is clear from fig.3 that our values are matching better with experimental than other theoretical value except in the case of C44  of  NiO where difference is noticeable. So in general, our calculated results for the elastic constants are showing very good agreement with the other theoretical and experimental data Ahuja et.al.(1996).

 From the overall study we may conclude that the present three body potential approach is fairly adequate for the prediction of high pressure B1-B2 phase transition, associated volume collapses, bulk modulus and second order elastic constants. Also the stability criterion in TiO and TiN has been checked.
Caption of Figures :
   Fig.1 (a)-Variation of Gibbs free energy differences (G(KG/mol)  against  pressure  

             (Mbar) for TiN.  

   Fig.1 (b)- Variation of relative volume V(P)/V(0) with pressure P(Mbar) , present values

              for TiN are given by dash line.    

    Fig.2 (a)-Variation of Gibbs free energy differences (G(KG/mol)  against  pressure 

             (Mbar) for TiO. 

   Fig.2 (b)- Variation of relative volume V(P)/V(0)  with pressure P(Mbar), present values

             for TiO are given by dash line.
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 Table-1

	
	TiO
	TiN

	b
	1.711628005
	5.673289729

	(
	0.33
	0.39

	f(r)
	-0.214004059
	-0.056112327


Ref 1 and  CRC Handbook of Physics and Chemistry, Ed. West, R.C.( CRC Boca Raton.Fla1981)

Table –2

Phase Transition pressure,volume collapse,bulk modulus,second order elastic constants, shear modulus and stiffness constant.

	
	TiO
	TiN
	Ref.

	Pt (M bar)
	1.00
	3.10
	Present 

	
	.80
	3.75
	Other 

	V(Pt)/Vo 
	.9
	.8
	Present 

	BT (Mbar)
	3.479
	3.2
	Present 

	
	2.7
	3.2/3.9
	Exp. 

	C11 (Mbar) 
	9.42
	7.14
	Present 

	
	6.93
	7.35
	Others (LDA) 

	
	-
	6.10
	Others (GGA) 

	C12 (Mbar)
	.509
	1.23
	Present 

	
	0.73 
	.93
	Others1 (LDA)

	
	-
	1.00
	Others 2 (GGA)

	C44 (Mbar) 
	1.76
	1.98
	Present 

	
	1.3
	2.5
	Others1 (LDA)

	
	-
	1.68
	Others1 (GGA) 

	CL 
	6.7245
	6.165
	Present 

	Cs 
	3.83
	2.955
	Present 


a : Ref. Ahuja et.al. 

III. 
Results & Discussion : 

 
We have computed the different values of interionic separation r(B1) and r’ (B2) at different pressure using the techniques of minimization of G B1 (r) and GB2 (r’) respectively. The values of r and r’ and corresponding values of cohesive energy differences (U ( = UB1(r) – UB2 (r’) have been used in eq (1) and (2). We have evaluated the values of GB1 (r) and GB2 (r’) at different pressures and the corresponding Gibbs free energy differences. (G (= GB1(r) – GB2 (r’) have been plotted against pressure. The plot of  (G against P gives the phase transition pressure (Pt) at the pressure at which (G approaches zero. We have plotted (G against pressure (P) for TiO and TiN. If we compare phase transition pressure of  TiO (=1.00 Mbar) and TiN (=3.10 Mbar). TiN shows phase transition at higher pressure. 

 
From table 2 phase transition pressures of TiO and TiN have been predicted at 1.00Mbar and 3.10 Mbar it is also seen from table 1 that our model has correctly predicted the relative stability of competitive structure as the value of (U ((G) at P=0 is positive (which is a required criterion [5] for the stability of real phase at P = 0). Finally we may concludes that the present three body potential approach is fairly adequate for the prediction of high pressure phase transition, volume collapses, bulk modulus and second order elastic constants. 



These values of Pt for TiO and TiN are reported in table II and compared with measured data and other theoretical results [table 2]. We have calculated the relative volumes V(P)/V(O) and plotted them against pressures (P) to obtain the equation of state for B1 and B2 phases as depicted in fig1(a),1(b) and 2(a),2(b) for  TiO and TiN respectively. We have compared these equations of state with their corresponding measured data. The values of VB1, VB2 and those of the volume collapses -(V(Pt)/V(O), have been presented in table II and compared with their available data and other theoretical results.


It is seen from table II that our calculated values of inter atomic separations (ro) are in good agreement (a few percent) with experimental data reported in it within parenthesis. The values of the phase transition pressures (Pt) obtained by us for TiO and TiN have shown generally better agreement with their experimental data  those reported by others. 
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