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The bond-order potenti@BOP) for transition metals is a real-space semiempirical description of interactions
between the atoms, which is based on the tight-binding approximation arditthed model. This scheme
provides a direct bridge between the electronic level modeling and the atomistic modeling, where the electronic
degrees of freedom have been coarse grained into many-body interatomic potentials. In this paper we construct
BOP in which both the attractive and the repulsive contributions to the binding energy are environmentally
dependent due to both the nonorthogonality of the orbitals and the breathing of the screening charges. The
construction of the BOP is described and tested in detail. First, the energies of alternative crystal structures
(A15, fcc, hep, simple cubjcare calculated and compared with those evaluatethitio. The transferability of
the BOP to atomic configurations that deviate significantly from the bcc lattice is studied by computing the
energies along tetragonal, trigonal, and hexagonal transformation paths. Next, the phonon spectra are evaluated
for several symmetrical crystallographic directions and compared with available experiments. All these calcu-
lations highlight the importance of directional bonding and the investigation of phonons demonstrates that the
environmental dependence of the bond integrals is crucial for the phonons Mfittach not to be unphysi-
cally soft. Finally, the constructed BOP was applied in the modeling of the core structure and glide of the
1/2(111) screw dislocation. The calculated structure of the core agrees excellently with that found in the recent
ab initio calculations and the observed glide behavior not only agrees with avadbhlgtio data but is in
agreement with many experimental observations and explains the primary reason for the breakdown of the
Schmid law in bcc metals.
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I. INTRODUCTION that contain couple of hundred of atoms. Studies of large and
complex systems require approximations and simplifications
Many physical properties of crystalline materials, in par-when describing atomic interactions that may, however,
ticular their mechanical behavior, are controlled by crystalobliterate some important features of bonding. For this rea-
defects, such as point defects, dislocations, grain boundarieson, the most challenging aspect of materials modeling is the
and other interfaces. Frequently, the atomic structure of thesghoice of the description of atomic interactions that correctly
defects plays a critical role. For example, it is now acceptednd with sufficient accuracy reflects the physics of bonding
that dislocation core phenomena in materials with structures1 any specific case, while at the same time it is computa-
more complex than close-packed fcc often bring about unextionally treatable for large systems of particles.
pected deformation modes, strong and unusual dependenciesIn the last decade the most commonly used have been
of the flow stress on temperature, strain rate, and orientatiogentral-force  many-body potentidls,in particular the
of the crystal with respect to the loading ax@sr reviews embedded-atom methf! and Finnis-Sinclair poten-
see, e.g., Refs. 1}33The bce transition metals, including tials?*® These schemes are very good approximations for
iron at ambient and low temperatures, and their alloys wersimple and noble metals in which the bonding is almost
the first materials in which such effects have been recognizedearly free-electron-likéNFE).
and systematically studig@or reviews see Refs. 4}8The- However, in transition metals and intermetallic com-
oretical treatment of such complex phenomena and relategounds based on transition metals, which are materials that
structures of extended defects is very demanding and it is there  important in  both  structural and functional
atomic-level computer modeling that is the most promisingapplications:*~*8the bonding has a mixed NFE and covalent
approach in such research. character. Indeed, it has been established a long time ago that
The principal precursor of all atomic-level studies, in par-it is the filling of thed band that controls the cohesion and
ticular those involving systems composed of a large numbehence the particular ground-state structure which a transition
of atoms that do not form an ideal lattice, is a reliable de-metal take$®?° This bonding which is mediated by tr
scription of atomic interactions. The state-of-the-art first-electrons is covalent in character. In particular, such covalent
principles methods based on the density-functional theoryponding is shown to be strongest for bcc transition metals in
(DFT), which require only a few fundamental physical con- groups V and VI of the periodic table, i.e., in the transition
stants as input, provide such a description most reliablymetals with thed band about half filled. This aspect of bond-
However, these rigorous calculations are limited either tdng is even more important in transition-metal based interme-
ideal structures without any defects or to studies of periodidallic alloys, such as TiAl or MoSi where strong directional
arrays of very closely spaced defects, owing to the applicap-d bonds are formed between thé-valent transition met-
tion of periodic boundary conditions and feasible block sizesals andsp-valent element&!~2*
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Nonetheless, central-force potentials of the Finnis-Sinclaicenter bond integrals have to be environment deperfdetf.
type have been constructed for elemental bcc transitiohVhile a purely empirical treatment of this dependence is
metal$® and used, for example, in studies of dislocationpossible, it may lead to introduction of such a large number
cores’®?’ These calculations, together with earlier studiesof fitting parameters that the application of an environmen-
that employed pair potential$or reviews see Refs. 28 and tally dependent TB method becomes an overwhelming task,
7), detected a number of general features of dislocation coréd particular for multicomponent systems. _ _
and their response to applied stresses that can be expected inln this paper we avoid this problem by using analytic
all materials with the bec lattice. However, such simple mod-8xpression for the environmental dependence of the tight-
els of atomic interactions fail to identify subtle differences in Pinding bond integrals that we derived recefifiithese ex-
properties of specific materials. This has been demonstratdf€SSions were obtained by starting from a nonorthogonal
most tenaciously by receab initio calculations of the struc- ight-binding representz_ité% and using BOP methodology to
ture of the core of screw dislocations in molybdef@that ~ nvert the overlap.njatnfl.’ The resultant two-center bond
revealed a different type of the dislocation core than calculntégrals are explicitly dependent on the local environment
lations employing Finnis-Sinclair-type potentiaf@’As will ot only through the bond lengths or distance but also
be discussed in more detail in Sec. V of this paper, thighrough the bond angles via a so-calleq screening fL!nct|on.
discord is most likely a consequence of the neglect of th&/Ve will see that these analytic expressions may be fltte(_j to
directional character of covalent bonding in the latter case."eéProduce accurately the values of the screened bond inte-

Various approximate schemes that include noncentra?rals _that are .obt.alned_ numerically from the 0t|ght—b|_nd|ng
forces have been advanced in recent years. They range frofgéarized-muffin-tin-orbitalg TB-LMTO) theory? We will
empirical modified embedded-atom metfddo the ap- demonstrate that the inclusion of this screening function is
proach based on perturbation expansions employed in ttitical for _modellng bcc Mp because in thls_ case second-
framework of first-principles generalized pseudopotential"€@rest neighbors play an important role unlike the case of
theory?232 In this paper, we focus on the many-atom bond-close-packed Ti and TiAl which had been considered

. y : 7-39
order potential§BOP’s) that give an exact representation of prewqusly? _ , _
the bond energy within the chemically intuitive tight-binding  This paper is organized as follows. In Sec. I, we review
(TB) approximation to the quantum-mechanical electronich® theoretical background of BOP's and discuss specific
structuré®=**and retain thus the angular character of bondJmplementation of the analytic screened bond integrals into
ing. This method, using an orthogonal TB basis and twoin€ BOP scheme. Then in Sec. Ill we apply this approach in
center bond integrals has been implemented in the Oxforf® construction of screened bond-order potentials for bec
orderN (OXON) packagé® The BOP's provide a direct Mo. Testing of these potentials that comprises calculations of
bridge between the electronic level modeling, with its full structural energy differences, deformation paths trar_lsformmg
treatment of the electronic degrees of freedom, and the atdP€ Pcc lattice to other structures, vacancy formation ener-
mistic modeling, where the electronic degrees of freedon@i€S, and calculation of phonon spectra is presented in Sec.
have been coarse grained into many-body interatomic poterW- Results of these calculations are compared with available
tials. Apart from the quantum-mechanical character, anothd?F T-based calculations and/or experiments. In order to as-
significant advantage of BOP’s is that modeling of extendec€SS the importance of the screening, we also provide a com
defects, which requires a large number of atoms, can be peParison Wlt.h predictions of a bond-order potential without
formed in real space. This broadens the range of solvablif’® screening of the bond integralabeled as BOg). In
problems and avoids using periodic boundary conditions>6C: V We apply the constructed BOP in the study of the core
necessary ik space methods. Within this BOP scheme, theStructure and glide of screw dislocations in Mo. This in-
Hellmann-Feynman theorem can be used to evaluate forc&®!Ves investigation of the effect of applied shear stresses
on the atoms and the computational effort scales linearljg"d analysis of the results in terms pfsurface%gnld In-
with the number of atoms in the system, decreasing thug_ludes comparison with receab |n!t|o caIpuIanns?. ~*Pre-
dramatically the computational time. These potentials havdminary results have been published in Refs. 52 and 53.
now been developed for TiRefs. 37 and 38and Ti-Al Finally, Sec. VI summarizes the most important aspects of
alloys2® Their application led to an explanation of the pref- the BOP for bcc Mo and discusses their applicability in
erence for prism slip in titanium and gives a prediction oflarge-scale atomistic studies.
energies of stacking-fault-like defects and dislocation core
structures that agree with experimental measurementaland [l. BOND-ORDER POTENTIAL FORMALISM
initio calculations in TiAl. . . .

Despite the above-mentioned successes, the BOP’s stillot';?ll,:ic;\iwn?ﬂﬁ;ﬁg;ﬁ%ggf dbiisé%”pté%n ?;éheTbBon%-grzger
suffer from general uncertainty, common to all parametrizecfnodelzo,34,55 the bindin enerav of transition metals and
TB schemes: How to choose in the most confident and re”fheir ayllo s can be writtgn as 9y
able way the semiempirical bond integfdishat enter the y
method. In particular, i_t is of primary impo_rtance that the U=Upona+ Ueno+ Upair - 1)
dependence of these integrals on separation of atoms and
bond angles is transferable to varying environments. It ha¥),,,q is the attractive bond energyl.,, is the repulsive
been recognized recently that for the orthogonal TB model t@nvironmentally dependent contribution that originates from
be robust and transferable to different situations, the twothe strong core repulsion which the valersgeelectrons ex-
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perience in transition metals and their all6$s/ andU,,;; ~ ment. It was first captured by the empirical environment-

is the usual pairwise contribution arising from the overlapdependent tight-binding scherfre.
repulsion and electrostatic interaction between the afms. In this paper we represent this environment dependence of
Within the two-center, orthogonal TB model the bond energythe screenedi-bond integralsg through the analytic ex-

can be ConSid_ered as a sum of contributions from indiVidUabression derived from nonorthogona' 'ﬁBname'y
i—j bonds,UY,, 4 SO that

1 B B1=BARij)(1-8]), (4)
Ubona=5 2 Utona. 2)
s where r=0, @, or 8. The unscreened-bond integrals
where BRjj) are pairwise functions that are assumed to take a
generalized Goodwin-Skinner-Pettif®SP form % namely
Ugond:azﬁ 2Hi0jg®jgia- 3

Ro
BAR)= B R@(E

Ny RO Ne R Ne
<onnlz) (=) )
The prefactor 2 accounts for spin degeneracy ldpg, ; and 5
0, are the Hamiltonian and bond-order matrix elements,
respectively, which are associated with individual boids WhereRy is the equilibrium first-nearest-neighbor distance;
—j and corresponding atomic orbitadssand 8. The Hamil- N4, Ny, N, and R are fitting parameters. The screening
tonian matrix elementsi;, ;; are defined in terms of the functionsS!, which result from the screening of the-j d
usual two-center Slater-Koster bond integfdi§he bond- bond by thes-valence orbitals on the neighboring atokgs
order matrix elemen®,, ;5 is defined as one-half of the take the form
difference between the number of electrons in the bonding
state| +)=(1/y2)(Ji)+|jB)) compared to the antibonding i
_ . . i (Cl)T (IU’Z)T

state| - )= (1/V2)(lie)— | B)). Sl=—" —,

The bond integralsdo, dd7, andddé that enter the TB 1+0%(Rij) —2(u2) -
Hamiltonian are fitted to the values which are obtained from
first-principles TB-LMTO?*"°*° These are plotted for the whereO(R;;) is thed-d overlap integral between orbitals
first- and second-nearest neighbors in bcc Mo as the opetentered on atomisandj. ¢, is the interference contribution
circles in Fig. 1. The seven points in each neighboring shelthat results from the electrons hopping betweendher, or
correspond to a range of seven different values about thé valenced orbitals on atomi andj via the surrounding
experimental equilibrium volumeV, namely V,, (1 lattice, as illustrated schematically in Fig. 2. The dominant
+0.025\V,, (1+£0.05)V,, and (1=0.075V,. We see that contribution is the two-hopping path froim—k—j via an
there is a marked discontinuity between the distance depemnscreened bond integrals, and overlap integraDgq,, . A
dencies of the first and second shells for ttetr andddé  much smaller contribution results from three hops from
bond integrals, in particular. This phenomenon is the result-k—i—j. Higher terms are negligible. The diagrams in
of the screening of the bond integrals by the local environ¥ig. 2 can be summed up to give

(6
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metallic systems. This is achieved by adjusting self-
consistently the on-site atomic energy levels on all the Mo
sites.

The environmentally dependent tetdy,, represents the
repulsion due to the valensandp electrons being squeezed
into the ion core regions under the influence of the large
covalentd-bonding forces. It can be described by a screened
Yukawa-type potentiai’

i(d‘t) j(d‘l:) i(d‘l:) j(d‘:)
. . . . . . 1 B
FIG. 2. Schematic depiction of the dominant interactions in the U. == —exd -\ (R —2R 10
interference ¢}) , arising from hopping via the bond integr@avy ew 2 i,jE# Rij A= (R core) ], (10

line) and overlap integralstraight line.
whereR.,¢ is the core radius anlj;=(1/2)(\; + ;). The

B 1 screening exponen; is dependent on the local density and
(c)),=A, 2 [(1+ 570)/4]m{[,8d50(Rik)Ost(Rk]—) environment of atoms andj. Here we model the environ-
k1] A mental dependence through an embedded-atom-type expres-
+ Ogso(Rik) Bsdo( Rij) 19 i) 9 — Oijic) sion by writing
- Rit) Osao( Ri) O4(Ri) ) g2( 6 Lm
[ﬁds«r( |k) sda( kl) 7'( Ij)gr( ]Ik) )\i:)\0+ 2 CEXK—VRik) , (11)
+Or(Rij)OdSU(Rjk):Bsdo(Rkj)ng—( iji) 1}, (7) KA

where s, equals 1 forr=c but 0 for 7= or 5. A, equals ~ WhereX, (the unscreened value of the exponef, », and -

1 in our original papé¥ and in this studysee Sec. INlitis M are all adjustable parameters. These parameters are differ-
used as a fitting parameter. The-bond integralBys, takes ent for dlfferent chemical species and determined by fitting
the GSP form of Eq(5). We have assumed that the overlap the experimental values of the Cauchy pressites.
integrals fall off with distance in the same way as the corre- _The final contribution to the binding enerdyy,;, arises
sponding bond integrals, so that each overlap integral intrgfominally from the overlap repulsion and the electrostatic
duces a single new fitting parame@(R,)/ 3(Ry). As might interaction between the atoms. It can be expressed as

be expected the interference contributions are dependent on 1

the angular character of thet bond that is being screened T -

through the angular functions Upair 2 ;, V(Ri), (12

0,(6)=(1/4)(1+3 cos ), whereV(R;;) is a pair potential. For this pair potential we
employ here the same functional form as that used in Ref. 13
9..(0)=(y/3/2)sin 26, when constructing Finnis-Sinclair potentials, namely a sum
of cubic splines:
9s(0)=(1/3/4)(1—cos 20). (8)
The screening functio8! in Eq. (6) is further weakly renor- V(R;j) = Ek AdR—R;j)*H(R—R;)) (13
malized throm@h the presence of the two-hop second-moment
contribution (u,) ,= 5[ (u5) ,+ (4b).], where with H(x) the Heaviside step function. The node poiRis

andA, are used as fitting parameters. The functional form of
i 2 P 2 the pair potential assures thé(R;;), as well as its first and
(12),= OT(R”)+ATk;J- [(1+6:0)/2]0gs,(Rik) 97(Ojik)- second derivatives, are everywr{ere continuous and equal to
9) zero at the cutoff distand®;. The parameters in this poten-
tial are obtained by fitting those elastic constants that remain
The bond order and the bond energies in B).are ob-  after fixing the Cauchy pressures, the cohesive energy, and
tained from the OXON packag8.This real-space method equilibrium lattice parameters.
requires the introduction of a fictitious temperature in order
to dampen down the long-range Friedel oscillations in met-
als, thereby guaranteeing the validity of the Hellmann-
Feynman theorem when evaluating foré&&r more details
see also Ref. 37. We have found that sufficient accuracy is The fitting of parameters entering the BOP was done in
provided bykgT=0.3 eV if BOP theory retains contribu- the same way as in Ref. 39. An important aspect of this
tions up to the ninth moment in the local electronic densityfitting scheme is that the three parts of the energy in(Ep.
of states. The individual forces on all the atoms in our cal-are developed independently and sequentially. Rifgt,q IS
culations are converged to better than 0.01 eV/A. The bondeonstructed based solely @ initio data with no empirical
order matrix is evaluated under the assumption of localnput. NextU,,, is contrived to reproduce the Cauchy pres-
charge neutrality which is an excellent approximation forsureC,,—C,, and finally, the pair potential is fitted to repro-

Ill. FITTING BOND-ORDER POTENTIAL FOR
MOLYBDENUM
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TABLE |. Parameters for the screened bond integrals.

R: (A) B:(Ro)(eV) O+(Ro) Ny Np ne
ddo 1.873 —1.6200 0.0442 0.179 0.179 4.426
ddz 0.590 0.8900 —0.0352 0.0 1.0 1.0
dds 0.500 —0.1360 0.0253 0.0 1.0 1.0
sdo 0.850 -1.1547 0.1600 0.0 1.0 1.0

duce the lattice parameter, remaining elastic moduli and cogiven in Table | together withA,=A_=1 and A;=0.32.

hesive energy. The nearest-neighbor equilibrium spacing was takeiRgas
Upong IS the essential and most complex part of the BOP=2.7256 A.

in which the underlying electronic structure comes into play. Magnitudes of bond and overlap integrals decrease rap-

Since d-d bonding governs the cohesion of bcc transitionidly with increasing interatomic distance and in bcc struc-

metals, onlyd electrons have been included explicitly into tures only first- and second-nearest neighbor contributions

Uyong- The validity of this approximation has been tested byare significant. Hence, both the bond and overlap integrals

several authof83° and the principal justification is that the have been cut off between the second and third neighbors.

electronic densities of states in bcc transition metals calcuThe fact that these integrals are short ranged also assures that

lated in this approximation show the same dominant featureie model is not too intensive computationally. In order to

as those determined kb initio all-electron codes, in par- guarantee that the bond and overlap integrals decrease

ticular the characteristic bimodal shape and pseudogasmoothly to zero, the GSP function is employed R« R,

Within this orthogonal TBd-band model the bond part in- and is augmented with a polynomial of fifth order &g

volves only theddo, ddw, andddé two-center bond inte- <R<R,

grals with the angular dependence of the intersite Hamil-

tonian matrix elements taking the Slater and Kdtearm.  P(R)=Co+ (R=R[C;+(R—Ry[Co+(R—Ry[C5+(R

The distance dependence of the bond integrals needs to be _ _ _

represented by a continuous differentiable functional form RUICa+ (R=RyLCst (R=Ry) 1T (149

and for this purpose we have employed the generalized GSFhe distanceR;, at which this tail is attached to the GSP

function given by Eq(5). function, is chosen such that no unphysical “humps” occur
The first-principles TB-LMTO method, which utilizes a on theR dependence of the bond integrals. The coefficients

small basis of atom-centered, short-ranged orbitals, enabl€¥ the polynomial spline in Eq(14) are computed automati-

us to establish a direct link with the semiempirical, param-cally in the oxoN code so that the function and its first and

etrized tight-binding method¥. In order to determine the second derivatives are continuousRiR; and zero aiR

dependence of the screened bond integi@js,on the sepa- = Reut- The best choice oR; andR,; was found to be the
ration of atoms we evaluated them numerically for differentgS@me for all the bond and overlap integrals, specifically
volumes of the unit cell using thiab initio method (see 33 A and 4.3 A, respectively. _ _
circles in Fig. 2. We see that the bond integrals display a Re;ultlng analytical represgntaﬁuons of. the radial parts of
marked discontinuity between first- and second-nearediond integrals when screening is not included,)( are
neighbors and, as explained in Sec. II, this can be capture¥NOWn in Fig. 1 as dashed curves. It is seen from this figure
by including their screening arising from the nonorthogonal-that while this representation could be acceptabledidi
ity of the orbitals. This requires the introduction of a small integrals, it is not fodd= anddds integrals that display a
number of parameters that enter the screening function dénarked discontinuity between first- and second-nearest
fined by Eqs.(6)—(9). Specifically, these are the bond inte- neighbors. In contrast, the arjalyt|c screening_ function repro-
gral Bsg, (since the screening is assumed to be due to thduces very c!osely the bond |r!teg(als determl_ned by the TB-
svalence electrons on the atoms neighboring to the bond-MTO. This is demonstrated in Fig. 1 by solid curves that
and the overlap integrdD., together with thedd overlap  represent the screened bond integrgls) ( Obviously, since
integralsOqq4,, Wherer corresponds ter, 7, andd, respec- the environment of the first- and second-nearest neighbors is
tively. The overlap integrals have the same scaling deperot the same, the values of the screening function for the first
dencies as the corresponding unscreened bond integrals 8od second neighbors are also different. Consequently, the
that they are also represented by the generalized GSP fungcreened bond integrals are not continuous and display a
tion defined by Eq(5) with the same parameteng, n,, n., large discontinuity between the first- and second-nearest
andR, as for the nonscreened bond integrgls An addi- neighbors in the case afd7w andddé whereas the discon-
tional fitting parameteA, appears in both the interference tinuity of ddo is only small. This behavior can be traced
and second-moment contributions to the screening in Eqgglirectly to the angular dependence of the screening function.
(7) and(9). The bcc lattice has nearest-neighbor bond angs
The solid curves in Fig. 1 show the accuracy of the fit=cos }(1/y3) so that the angular termy,,=(1/4)(1
achieved by our analytic expression for the screened bond 3 cos @) [see Eq(8)] for the dominant third-moment con-
integrals. This fit was attained by setting the parameters asibution vanishes identically. This implies a small value of
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TABLE Il. Parameters for the environmental repulsive term of B@Rd BOP.

B Reore Ao C v Ruail Reut

(eVA) A) (A7 (A™m) (A7 m A) R)
BOP 118.3 0.8 2.0 110.0 2.0 2.0 3.30 4.40
BOR, 13.0 1.0 2.0 110.0 1.5 2.0 3.30 4.40

the screening function fatdo bond integrals at the second- pressures exhibited by many intermetallic compouiids.
nearest neighbor. On the other hadds andddé bonds are  However, even for materials with a positive Cauchy pres-
heavily screened at the second-nearest neighbors and bathbre, an exact fitting cannot usually be achieved without the
their magnitude and slope are reduced by a factor of 3. environment-dependent repulsive teff,;, cannot be used
The bond energy is dependent on the total numbed of to reproduce the Cauchy pressures since its contribution is
electrons. Molybdenum comprises six valence electrons thatlated to the contributions of the other parts of the cohesive
are distributed between the nearly free-electropdand and  energy via the equilibrium conditior’éf? and the bond part
the tight-bindingd band. The number of electrons is usu- alone does not lead automatically to the correct Cauchy pres-
ally noninteger due to hybridization and we usdg=4.2  sures. In the present cadd,,, was fitted to reproduc€,,
which is not too far from the value suggested by DFT-based- C,, which is the only Cauchy pressure in cubic structures.
calculations. However, it should be noted that the effect ofSince there are six adjustable parameters in the environmen-
sp-valent electrons is not ignored. Since nearly free electrontally dependent term and only one fitted quantity, these pa-
possess no angular character ghyevalence electrons are rameters are far from unique. The dependence of the Cauchy
implicitly included both in the environment-dependent repul-pressure on paramete@ v, m, and\y is complicated and
sion (reflecting their exclusion from the sizable ion core re-highly nonlinear. Values of these parameters were chosen
gions in transition metaJsaand in the pair potentidteflecting  such that the embedding exponential function in ELj)
the attractive contributions from thred hybridization. decreases to zero between the second and third neighbors in
We have calculated the bond energy using the real-spadbe bcc lattice and the resulting valueofwvas less than 10.
orderN BOP method. In order to assure a reliable descrip-The parameteR. corresponds approximately to the radius of
tion of local bonding in defective regions and, in general, inthe core electrons. By varying the remaining paraméter
less ordered environments, nine moments of the density ofthich controls the magnitude of the environmental contribu-
states are used in our calculations. This guarantees that albn, we were then able to fit exactly the Cauchy pressure. It
the important features of the density of states, in particulashould be noted that in structures with more than one Cauchy
the bimodal behavior and pseudogap, are correctly reprgpressuregle.g., noncubic compounygditting of the environ-
duced. As explained in Sec. Il, a fictitious temperature ismentally dependent term requires simultaneous variations of
introduced during the calculations to dampen the Friedel osseveral parameters and the procedure becomes more
cillations; similarly as in Ref. 37 it was chosen such thatinvolved?
kgT=0.3 eV. Similarly as in the case of the bond integrals, a smooth
The next step in the construction of BOP is fitting the polynomial cutoff tail was introduced in the environmentally
purely repulsive environmentally dependent tdur),, given  dependent term, namely for the embedding exponential func-
by Eqg. (10). As mentioned earlier, this term was originally tion in Eqg. (11). For Ry, <R<Ry, this function is aug-
introduced to remedy the problem of fitting negative Cauchymented by a polynomial of fifth order to ensure a smooth
decay to zero. The final values of all the parameters of the
environmental term are listed in Table II.
——op ] The pair potentia[Egs.(12) and (13)] is the last part of
--. BOP, the cohesive energy to be fitted in the sequential procedure
- and ensures that the required ground-state structure is in
equilibrium. It is principally repulsive but can also have an
attractive region, as alluded to above. The quantities used to
. fit the pair potential are fundamental properties of the
ground- state bcc structure, namely the cohesive energy, the
lattice parameter, and remaining elastic moduli; one elastic

Pair potential [eV]

TABLE Ill. Fundamental properties of the ground-state bcc
structure: lattice parameter(A), cohesive energy per atoteV)
------ = (from Ref. 63 and elastic moduli (18 Pa) (from Ref. 64.

a Ucon Cu Ci Cus

Interatomic distance [A]

3.1472 6.82 4.647 1.615 1.089

FIG. 3. Pair potential scaling for BOP and Bpi Mo.
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TABLE V. Parameters for the pair potentials for BQ&nd BOP.

BOP BOR
i Ai (eV) Ri (A) A (eV) Ri (A)
1 4.60 —0.078579421940 4.80 —0.319118706005
2 3.70 1.388283563938 4.60 0.507103162304
3 3.10 5.235057880439 3.60 0.979990469519
4 3.00 —5.990552025133 2.90 5.920419358904

modulus has been fixed by the Cauchy pressure via the en- The first requirement for the validity of the constructed
vironmental term. These empirical quantities are listed inpotentials is the stability of the ground-state bcc structure
Table 1. relative to alternative crystal structures. This has been tested
The chosen functional form of the pair potenfiib. (13)] by calculating energies of the A15, fcc, hep, and simple cu-
leads to the linear dependence of its contributions to theyjc (s¢ structures relaxed to their equilibrium densities.
above four quantities on coefficiemg . This is very conve-  These calculations were performed using both the screened
nignt for the fitting since a set of linear equations then deter(Bop) and unscreened (B@Ppotentials. The calculated en-
mines parameters,.. The usual procedure adopted whenggy differences between the alternative structures and the
fitting Uy, is to vary the node point®, until a smooth and g ilibrium bec structure are summarized in Table VI where
physically acceptable shape of the pair potential is attameqhey can also be compared with calculations made by the
The values of the no_de po_ian and coefficientsiy th_at DFT LMTO-ASA based methdd and an environment-
have been found using thls_procedgre.are. summarlzeq IHependen‘spdtight—binding scheme using space that was
Table IV and the resulting pair potential is displayed in F'g'applied to studies of defect3.These results show that not
3. nly is the bcc structure most stable but that BOP reproduces

In order to assess the importance of the screening of th@ . .
bond integrals, we have also constructed a bond-order poteWeII most structural energy diffierences found by DFT and Is

tial without the screening. In the following we designate it SUPror to BOp. However, the energy of the AL5 structure
BOP, and the corresponding values of the parameters entePredicted by BOP deviates froab initio results appreciably.
ing the generalized GSP function are summarized in Table \WVe believe that this is related to our neglect of the nonor-
The corresponding values ofB,(R,) are dds, thogonality screening function in the repulsive potential.
=-1.721 eV, ddm,=0.792 eV, andddd,=—0.096 eV. Since the potentials are intended for atomistic modeling
Both the environmental part of the repulsion and the paiof extended defects, they have to be applicable when the
potential are, of course, different in this case and the correatomic environment is considerably different from that in the
sponding parameters are summarized in Tables Il and IV; thigleal lattice. While this can never be fully tested, investigat-
conforming pair potential is shown in Fig. 3. ing the highly distorted structures encountered along certain
transformation paths can provide a meritorious assessment of
the potentials. Three such paths, tetragonal, trigonal, and
IV. TESTING OF CONSTRUCTED POTENTIALS hexagondP have been investigated. The energy was calcu-
In order to assess the reliability of constructed potentiald@€d as a function of parameters characterizing these paths
we performed a variety of calculations the results of whichUSing both BOP and BQPand compared with the %2‘3'090“5
can be compared either witth initio calculations or experi- calculations made by theb initio FLAPW me_thoo‘? '
ments. Such testing is important for further studies of ex- 1he& most common transformation path is the tetragonal
tended defects since the potentials were fitted to only a miniath, also known as the Bain pattbetween the bce and fec
mal number of empirical andb initio data for the ground- lattices. It is a deformation path along which the body-
state bcc structure and do not embody any impncitcentered_ tetragonaﬂbct) structure is stretched along the
information about other nonequilibrium configurations. Thel 001] axis and the high-symmetry bce and fec structures are
attributes that have been computed are the energies of some
alternate crystal structures, the variation of the energy with TABLE VI. Comparison of the energie®v/aton relative to
structural transformations that correspond to three distindbcc of four structures calculated using BOP, BOR DFT-based
deformation paths, formation energies of vacancies and fimethod, and an environment-dependent tight-bindiPTB)
nally, the phonon-dispersion curves for th£00], [110], method.
and[111] directions.

DFT BOP BOR EDTB
TABLE V. Parameters for GSP scaling function of BOP A15 81 457 228 173
fcc 460 478 427 520

R. (A R, (A Reut (A n n n
e (Y + cu () a b ¢ hcp 490 494 446 550
1.00 2.80 4.40 4.2 4.2 0.05 sc 768 767 1193 723
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FIG. 4. Energy per atom, relative to the energy of the bcc lattice, FIG. 5. Energy per atom, relative to the energy of the bcc lattice,
as a function oft/a for the tetragonal deformation path calculated as a function of the parametprfor the trigonal deformation path
by BOP, BOR, and FLAPW. calculated by BOP, BQf? and FLAPW.

obtained as special cases. The bct structure can be paramation of a homogeneous deformation that preserves the
etrized in terms of the/a ratio (wherea is the lattice pa- atomic volume, with shuffling of alternate close-packed

rameter in thg 100] and[010] directions anct in the[ 001] atomic planes in opposite directions. Starting with the bcc
direction, with c/a=1 corresponding to the bcc structure lattice, the part corresponding to the homogeneous deforma-
and c/a= /2 to the fcc structure. The volume per atom istion is described in the coordinate system withy, and z

constant for all structures along this path. Comparison of ougxes parallel tc§1T0], [001], and[110] directions, respec-

calculations withab initio results is shown in Fig. 4. tively, by the Lagrangian strain tensor of finite deformations:
The second transformation path we investigated is the
trigonal path, which is also a deformation path between the e11={[1+a;(1—p)]>—1}/2,
bcc and fcc lattices but passing through the sc structure.
Starting from the bcc lattice, the trigonal path concurs with ep={[1+ a;(1—p)]>—1}/2,
the homogeneous deformation corresponding to the exten-
sion along thg 111] axis while keeping the atomic volume e33= ([ Bo+ B1p+ Bop?] 2—1)/2, (16)
constant. In the coordinate system with they, andz axes h
parallel to[ 110], [112], and[ 111] directions it is described where
by the following Lagrangian strain tensor for large deforma- 1-2-1/15
tions: ay=———=——=~—0.2200,
J2—-1
e1=e=(p P-1)12,
1— 271/6
833:(p4/3_ 1)/2, a’2=mwo.2956,

£12= 8137 €23~ 0, 19 Bo=aiartaitart1l
0 &1&2 1 2 ’

where p is a parameter characterizing the deformation; it
varies from 1 for bcc, through 2 for sc to 4 for fcc lattices. B1=—2aiar— a1~ asy,

The magnitude of the vectors parallel [tihTO] and[ll?]
directions is proportional tp~ /3 while the magnitude of the B2=aias. (17
V‘;,‘;tors parallel to th¢111] directions is proportional to For this transformation, the magnitudes of the vectors paral-
p<"~. The calculated dependence of the energy per atom on — ;
the parameter is shown in Fig. 5. It should be noted that théf! t0 [110] are proportional to ¥ a4(1—p), vectors paral-
extrema forp=1, 2, and 4, corresponding to different cubic '€l 10 [001] 10 1+a5(1-p), and vectors parallel tp110]
structures, are dictated by the symmetry. However, the pre&'® determined such that the volume is conserved. However,
ence of auxiliary minima in the vicinity gb=4 is specific to together with this straining, alternate (110) planes are dis-
the material studied. placed for each value op in the directions=[110] by

The last investigated path is the hexagonal transformatiodo 2 “(p—1)/[2V3(y2—1)]. Thus, we interpolate lin-
path. This connects the bce and hep lattices and it differ§arly between the bcec and hep structures in the directions
qualitatively from the other two paths since it does not cor{110] and[001] and the shuffling is linearly coupled to the
respond to a homogeneous straining. Instead, it is a combimagnitude of straining in these directioms= 1 corresponds
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800 — - - - - | - total of 53 atoms. The atomic configuration was fully relaxed
700'_ o-0 FLAPW| | under the condition of constant volume. The vacancy forma-
i ~ sor, | - tion energy is defined as
600 — -
Uf:Utot[N]_N Ucons (18

AE [meV]

- whereU,; is the total energy of the simulated systexthe
1 number of atoms in the simulation cell with the vacancy, and
7] U.on the cohesive energy per atom in the bulk. The vacancy
| formation energies calculated using both BOP and Béxe
_ 3.5 eV and 2.3 eV, respectively. The formation energy ob-
. tained using the BOP compares very well wéh initio re-
] sults and experimental daf@om Refs. 69-72 and refer-
ences thereinthat lie in the range 2.9—-3.2 eV. The formation

5 energy predicted by BQHs rather low which again demon-

strates the importance of screening.

FIG. 6. Energy per atom, relative to the energy of the bcc lattice,  The final thorough test of the potentials is a comparison of
as a function of the parametgrfor the hexagonal deformation path cajculated phonon-dispersion curves with experimental data.
calculated by BOP, BQf? and FLAPW. The phonon spectra were computed for three high-symmetry

directions using the method of frozen phondh3he more
to the bcc lattice ang= 2 to the hcp lattice. The results of general evaluation of the phonon spectrum that requires de-
calculations for the hexagonal path are displayed in Fig. 6.termination of the dynamical matrix is rather complicated in

In general, both BOP and B@QReproduce theb initio  the BOP scheme since the computation of the second deriva-
data closely and are able to trace correctly even certain subttéaves of the bond part is not a trivial task. In principle, it is
features that originate from the directional character of bondpossible to obtain the dynamical matrix numerically but such
ing. An example is the occurrence of two energy minima incalculations require large supercells so that the long-range
the vicinity of the fcc structure along the trigonal path; for couplings, present in transition metals, are correctly ac-
the fcc structure the energy then reaches a local maximuntounted for. In frozen phonon calculations all conceivable
All these features of the trigonal deformation path are corcouplings between the atoms are accounted for exactly and
rectly reproduced by our potentials. We should emphasizéhus this calculation provides reliable phonon frequencies
here that in contrast to our model, the central-force potentialeven with small simulation blocks.

(e.g., Finnis-Sinclair many-body potentiglgive only one We performed the frozen phonon calculations for several
local minimum for the trigonal path, corresponding to the fccdisplacements in the range0.02a, for which we assume
structure>? that the harmonic approximation holds. The phonon frequen-

Another test that probes the applicability of potentials in acies were then computed by fitting the energy versus dis-
locally disordered environment is study of a vacancy. Thisplacement data by a polynomial of second order using the
crystal defect was modeled using periodic boundary conditeast-squares method. The results for both BOP and ,BOP
tions in all directions with the repeat cell of the siza 3 are presented in Fig. 7 together with experimental data from
X 3ax3a, wherea is the lattice parameter, containing a inelastic neutron-scattering measuremé&hiisr comparison.

v [THz]

L L L L L L L L L L L L L
0.2 0.4 0.6 0.8 1 0.8 0.6 0.4 0.2 0.1 0.2 0.3 0.4 0.5

[800] [EEE] 1£80]

FIG. 7. Phonon-dispersion curves for three high-symmetry directions. Dashed and full curves represent results calculatgdiby BOP
BOP, respectively; symbols show experimental d&af. 74.
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TABLE VII. Values of force constants for the firste;, and  sented in Table VII. Bothw; and 3, increase significantly
second-,3,, nearest neighbors, respectively, for Mo within both when screening is applied. For orthogonal unscreened,BOP

BOPR, and BOP(in N/m). the sum of these two terms is negative. This means that in
the approximation of first- and second-nearest neighbors the
BOR BOP phonon frequency is imaginary and the Nzboint phonon is
a 13.9 19.8 only stabilized by the terms corresponding to more distant
£, 158 84 neighbors in Eq(19). When nonorthogonal screening is ap-

plied, a1>|B,| and, therefore, already the first- and second-
nearest-neighbor interactions yield not only real value of the

Despite some minor quantitative discrepancies, the agre@honon frequency but also its much larger magnitude.

ment is satisfactory for thg100] and[111] directions and However, it should be noted that these changes are not
both potentials. However, the longitudinak) mode and solely due to the screened bond integrals that directly affect

transverse(T2) mode(polarization along001]) phonons at the bond part of the energy but result from both the bond and

the zone edge in theL 10] direction, predicted by unscreened rgpulsive parts of the_ potential. Nonetheless, since the rgpul—
BOR,, are much softer than experiments suggest. When usiVe part has been fitted only after the bond part contribu-
ing the nonorthogonal screened potentiBOP) the fre- tions have been fixed, it is, indeed, the more accurate de-

quency of the TN-phonon mode increases more than three__scription of bond integrals that is the primary reason for the

fold. Changes of the remaining two modes, while not somproved phonon behavior. This conclusion is further sup-

dramatic, also lead to dispersion curves that are closer to tHPrted by the fact that modifications of the repulsive terms in

experimental ones. the nonortho_gonal unscreened BQdkd not lead to any im-
The problem of too sofi-point phonons in Mo and W is  Provements in the phonon spectra.

common in semiempirical TB schemes. It is therefore desir-

able to ascertain the underlying physical reason for the large/. STRUCTURE AND GLIDE OF SCREW DISLOCATIONS

improvement when the screening of bond integrals has been IN-MOLYBDENUM

introduced. As mentioned earlier, in the case of BQifre

d iahbard ddds bond i | It has already been mentioned in the Introduction that
second-nearest-neig 7 an ond integrals are distinguishing features of the plastic behavior of bcc metals

not rgpresen_ted with suff|_C|ent precision _by simple S‘C"?llmgare controlled by the structure and properties of the disloca-
functions owing to the evident discontinuity between flrst-tion cores. As first suggested by Hirdétand now firmly

and second-nearest neighbors. This is critical for the Value@stablished by many experimental and theoretical stutbes
of the second-nearest neighbor force constants which th

; ) Seviews see Refs. 44 8dislocations controlling the charac-
strong_ly ”;f'“enc_e j[he phonon spectra. Indeed, it was Showﬂaristic features of the plastic properties of bcc metals are
by Foﬂgé that it is the fourth moment of the density of /2(111) screw dislocations. The most general reason is
states, i.e., the moment Wh'?h links the sec_ond-near_est neig rystallographicy111) is the direction of a threefold screw
b_ors, that affects the behavior of phonons in [tﬂ]_éO] direc- .axis in the bcc lattice and thus the structure of the dislocation
tion most profoundly. Hence, when the screening concept Iﬁarallel to this direction must possess such symmetry and is,

idntro%ucgc:] and Lhﬁ.dg andd('db“' bong integrals aref rﬁpro;] therefore, intrinsically nonplanéf.This further suggests that
uced with much higher precision, the accuracy of the phog o,y gisiocations will be more difficult to move than dislo-

non spectra Improves significantly. - . cations of other orientations. However, crystallography alone
In order to elucidate further the origin of this improve- .ot determine into which planes of {&.1) zone and
 what manner the core is spread in space and, even more
importantly, how such core responds to external loading. Ca-
bility to observe the atomic structure of the core directly is
very limited”® and a direct observation of the stress effects is
fiot even feasible. Consequently, investigation of this phe-
‘nomenon is an excellent topic for atomistic simulation and
we present such study using the constructed BOP.
Notwithstanding, this is not the first study of this type; a
large number of simulations of dislocations in bcc metals
_ onn o have been made using a broad variety of descriptions of
[110]T2:  4m"Mv*=8a;+8B;+ 16as+8ay+168,, atomic interactiongfor reviews see Refs. 7 and B0n these
(19 studies the core was always found to spread into thtéé}

wherea, and,, are interatomic force constants for different planes, specifically (a1), (011), and (1L0) for the
vibrational modes of thath neighbor. 1/111] dislocation[see Fig. ®)]. Still, two types of the

We have calculated numerically the first- and secondcore were uncovered that differ in invariance with respect to
nearest-neighbor force constaris and 8, which give the  another symmetry operation of the bcc lattice, {H91]
biggest contributions and thus are sufficient for explanatiordiad. In one case the core is spread asymmetrically into these
of the differences in the phonon behavior. Values of thes¢hree planes and is not invariant with respect to this symme-
force constants, calculated by both BO&hd BOP, are pre- try operation while in the other case it is invariant, spread

constants and their differences between the Bé@md BOP
schemes. The frequency of each phonon mode can be writt
as a linear combination of certain force constdnt§he co-
efficients in these linear combinations of force constants ar
functions of the particular direction and branch under con
sideration. The frequency of the T2-point phonon in the
bcec crystal, when interatomic interactions up to the fifth-
nearest neighbors are considered, is givefi as
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T d g ' ' A. vy surfaces

T
|

1500 RS — Bop It is always profitable to investigate firgtsurfaces for the
7 N BOP, planes into which the dislocation may be spreading before
y % —-™ | 1  any study of the dislocation core structdr&®° This theoret-
000 /e \ _ ical construct represents the energy of a “generalized” stack-
: ) s SO ing fault, formed by displacing the two parts of the crystal
J e e \ 1 relative to each other along a crystal plane, as a function of
wl [ AN i this displacement. When calculating thesurface, relaxation
Al ) perpendicular to the plane of the fault but not parallel to this
plane is carried out since the latter would eliminate the gen-
eralized stacking fault. Minima on such surface determine
T s s 1 possible metastable stacking faults that can participate in dis-
Displacement alon [1H1] location dissociation into partials which is the most impor-
FIG. 8. [111] cross sections of the surface for the plane in tant core effect. Indeed, this concept was originally intro-

molybdenum calculated using the Finnis-Sincléfs) type central-  duced when searching for possible stacking faults in bcc
force many-body potentialRef. 25, BOR,, BOP, and arab initio metals®® Moreover, it was shown by Duesbery and Vigk
DFT method® Displacement is normalized by the magnitude of thethat by analyzing they surfaces fo{110 planes it can be
1/2111] vector. predicted whether the core of the screw dislocation is degen-
erate or nondegenerate. This is demonstrated below.
symmetrically. In the former case two configurations related Using BOP they surfaces were calculated for bdth10
by the[101] diad exist and thus this core is called degener-2nd{112 planes. Their overall profiles are the same as those
ate and the latter one nondegenerate. Ir{ ttiel] projection, ~found in many previous calculatiorisee, e.g., Ref. §Gand
which is usually used when depicting the core, the formethey are not, t_hereforg, presented here. In both cases there are
structure appears as threefold and the latter as sixfold. Whiche ocal minima which would correspond to metastable
of the core structures is found depends on the description ¢itacking faults on these planes and, indeed, no splitting of
atomic interactions used in the calculations and thus materilislocations in bcc metals has ever been observed and it is
but both types have been found for nominally the same metdlenerally accepted that in these materials such fau_lts do not
when using different descriptions of atomic interactions.exist® The[111] cross section of theg surface for the (01)
Taking as example molybdenum, recent calculafidfeem-  plane is shown in Fig. 8. Besides the calculation employing
ploying many-body central-force potentials of the Finnis-the BOP we also present calculation made using §Qfre
Sinclair type?® as well as calculatiod®®' employing poten-  central-force many-body potentials of the Finnis-Sinclair
tials derived from generalized pseudopotential thébf§, type? and results of a recenmb initio DFT-based
showed the degenerate core. In contrast, the nondegenera:wculationf.36 An excellent agreement between tale initio
structure was found in some earlier tight-binding and BOP results is obvious while it is appreciably worse for
calculation&8 and the most recentb initio DFT-based BOPR, and poor for central-force many-body potentials.
calculations°84The latter give us again an opportunity to  As seen in Fig. 8, for displacements smaller than B,15
compare BOP andb initio calculations and thus further as- whereb is the magnitude of the 1J/211] vector, all four
sess the quality of BOP. cross sections of the surface are virtually identical. The
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FIG. 9. (a) Core structure of the 1f211] screw dislocation determined using BOP for molybdenum. The atomic arrangement is shown
in the projection perpendicular to the direction of the dislocation linELL]) and circles represent atoms within one period, without
distinguishing their positions in three successive (111) planes| Thy (screw component of the relative displacement of the neighboring
atoms produced by the dislocation is depicted as an arrow between them. The length of the arrows is proportional to the magnitude of these
components. The arrows, which indicate out-of-plane displacements, are always drawn along the line connecting neighboring atoms and their
length is normalized such that it is equal to the separation of these atoms in the projection when the magnitude of their relative displacement
is equal to]1/6 111]|. (b) [111] stereographic projection showing orientations of{all3} and{112} planes belonging to thel11] zone.
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reason is that this is the harmonic regime and both the BORvo cores can be approximately assessed as follows: The
and the central-force potential were fitted to the elastiadegenerate core will be favored ify8b/3)<6vy(b/6) and
moduli of molybdenum that are also well reproduced in thevice versa for the nondegenerate core. Based on the results
ab initio calculations. However, for larger displacements theshown in Fig. 8, 3/(b/3) equals 2133 mJ it for the Finnis-

y surfaces evaluateab initio and using the BOP attain ap- Sinclair type potentials and 3579 mJ ffor the BOP and
preciably higher values. For these displacements both they(b/6) equals 2508 mJnf and 3090 mJm?, for these
separations of atoms on each side of the corresponding getwo potentials, respectively. This implies that for molybde-
eralized stacking fault and the bond angles are very differentum the degenerate core should be favored when using the
from those in the ideal bcc lattice. When calculating the Finnis-Sinclair-type potentials and the nondegenerate core
surface only relaxation perpendicular to the plane of the faulfor the BOP. Indeed, this is what the computer modeling of
is allowed. This relaxation may alter significantly the sepa-the core structure shows. It is argued above that it is the
rations of atoms. In particular, it will eliminate any configu- angular dependence of the interatomic interactions, captured
ration in which the atoms would be at a distance appreciablyn the BOP scheme, that is responsible for higher values of
smaller than the spacing of the nearest neighbors when theiihe y surface than for central forces and consequently, the
repulsion would be very strong. However, this relaxation will nondegenerate core structure in molybdenum presumably re-
affect much less the bond angles. The dependence of thmuilts from the angular character of bonding. Simcelec-
energy on these angles is included most precisely in the BORons dominate cohesion in transitions metals, the directional
with a lower precision in BOR, while only the separation of character of bonding is generally important and thus the non-
atoms enters for the central-force potentials. Figure 8 clearlgegenerate cores are likely to be more common than the
shows that the agreement wietb initio calculations is the degenerate ones in these metals.

better the more accurately the dependence of the energy on

bond angles is described. Hence, it must be the angular de- C. Effect of externally applied stress

pendence of the interatomic interactions, best captured by
BOP, that is responsible for high values of thesurface at
large displacements.

The ultimate goal of studies of dislocations is understand-
ing their glide behavior under external loading. Detailed ato-
mistic studies of the effect of stress fields encountered in real
situations are in progress and will be published elsewhere.
B. Core structure Here we only present a study of the effect of the pure shear
F§tress acting in the direction of the Burgers vector with vari-
ous orientations of the maximum resolved shear stress plane

. X 2T Ef'f\/IRSSB. The goal is to investigate the dependence of the
calculations with central forcé€:*" Periodic boundary con- stress at which the dislocation starts to move on this orien-

ditions were imposed parallel to the dislocation line Wh'letation. A similar study, albeit limited to only three orienta-

perpendicular to the dislocation the block consisted of aions of the MRSSP. was recently made usingadninitio

active region in which all the atoms were fully relaxed an.dDFT-based methGd and this provides another opportunity

an inactive region where the atoms are permanently dISf'or comparison between BOP aadb initio calculations.
placed in accordance with the anisotropic elastic field of the The orientation of a MRSSP is defined by the angle

dislocation®’ The active, fully relaxed region contained 720 . : _ _ _
atoms and the inactive region 860 atoms; in the latter nd'hich this plane makes with the Q1) plane. Owing to the

relaxation is allowed but the atoms interact with those in the'yStal symmetry it is sufficient to_consider 30°< x <
active region. The result of this study is shown in Fige)9 +30°; for —30° the MRSSP is the (12) plane and for
using the usual differential displacement map, defined in the- 30° the (2L1) plane but note that orientations correspond-
captions of this figure; Fig. (®) shows orientations of all ing to positive and negative anglgsare not equivalent. In
{110 and {112 planes belonging to thgl11] zone. The the following, we always give the shear stress acting in the
core is obviously nondegenerate, spread symmetrically intp111] direction as the stress in the MRSSP, and its value
the threg{110} planes. This is in contrast with the degeneratewhen the dislocation starts to move is identified with the
core found in calculations using central-force potentials forcritical resolved shear stre§8RSS for the dislocation glide
molybdenum?*~238%ut in complete agreement with recent at 0 K. When applying the stress the elastic displacement
ab initio calculation$’ that employed flexible boundary con- field corresponding to this stress was evaluated using aniso-
ditions which couple self-consistently the long-range elastiaropic elasticity and superimposed on the dislocation dis-
strain field with the strain field near the core, eliminating anyplacement field for the atoms in both the active and inactive
possible influence of the block size on the calculated corgegions. The relaxation then proceeded as in the nonstressed
structure>! case. The calculation always started with the fully relaxed

Following Ref. 26, which of the two core structures is core structure and the applied stress was built up incremen-
found can be rationalized with the help of thesurface for tally and full relaxation carried out at every step until the
{101 planes. The degenerate core comprises three faults cadislocation started to move. This stress level was then iden-
responding to the displacemen8, whereb is the 1/2111] tified with the CRSS.

Burgers vector, on_(O_‘L), (170), and (01_; planes and the ~ Upon reaching the CRSS the dislocation moved along the
nondegenerate core six faults with the displacentéfiton  (101) plane for all angleg. The calculated dependence of
the same planes. Hence, the energy difference between thige CRSS ony is displayed in Fig. 10 where data froab

The computer modeling of the core structure using BO
was performed employing the same procedure as in earli

094115-12



BOND-ORDER POTENTIAL FOR MOLYBDENUM. . . PHYSICAL REVIEW B 69, 094115 (2004

0.04 T . . —— I . VI. DISCUSSION AND CONCLUSIONS

- N ]S';Fh%nid law| 2 In this paper we have developed, tested, and employed to
O BOP a study of the core structure and glide of screw dislocations,
the screened bond-order potentials for molybdenum. This
i o real-space description of interactions between the atoms,
.08 _ which is based on the parametrized tight-binding approxima-
o tion to the electronic structure, is capable of treating mixed
o _-77 metallic and covalent bonding common in transition metals
T o O -7 and their alloys. This is crucial for atomic-level modeling of
O O 0O OCO0O-O-""7" extended defects in these materials since the angular charac-
- A . ter of bonding may govern both their structures and proper-
BT | ties. This angular dependence results from the directional
A character ofd orbitals and enters the attractive bond energy
- 1 contribution in BOP. In contrast, the repulsive part of the
P I T R S Y energy has a central-force nature and relates to the metallic
T30 -20 -10 0 10 20 30 character of the bonding. The distinguishing feature of the
X egrees) constructed BOP is that both the bond energy and the repul-
FIG. 10. Dependence of the CRSS on the angle molybde-  SiVe contribution to the cohesive energy comprise environ-
num calculated using BORircles and by anab initio method ~ Mental dependencies. The importance of these dependencies
based on the DFTtriangles (Ref. 5. has been demonstrated in both testing and application of the
potentials and will be discussed further below.
I - . . In the present development the bond energy has been
initio calculation$' for y=0° andy = +30° are also Shown. &4 ated within the-band model, the justification of which
The agreement between BOP agti initio calculations is g giscussed in Sec. IIl, and thus ordyglo, ddw, anddds
excellent for y=0° but less satisfactory foy close to  pong integrals are needed. Following Slater and Kd&tere
+30°. A possible reason for the lesser agreementf80°  intersite Hamiltonian matrix elements can be separated into
is that in this case the shear stress is exactly the same in twadial and spherical parts characterizing the angular variation
different {101 planes, e.g., (A1) and (01}, and thus the of the bond orbitals. The scaling of the radial part has been
glide plane is not uniquely defined. This may affect in anrepresented analytically according to E§). However, an
ill-defined way the values of the CRSS calculated foradditional angular dependence arises owing to the environ-
x=*30°. For this reason our calculations were not mademental dependence of the bond integrals which is here de-
for these bordering angles but for angjesiiffering by about ~ Scribed as screening of tlied bonds bys-valence electrons
2° from +30°. However, most importantly, both BOP and associated with atoms nelghbor]ng a given bond. Th_e angular
ab initio calculations exhibit the same asymmetry in the ori-character of the orbitals forming the bond that is being

entation dependence of the CRSS, in particular higher CRSgcreened plays a I_<ey role in the ensuing environmental de-
for x>0, ie., antitwinning sense of shearing and IOWerpendence of bond integrals. The corresponding angularly de-
CRSS fo’r)(l<6 i.e., twinning sense of shearing pendent screening function, which has been derived analyti-

As seen from Fig. 10, the CRSS does not obey th cally within a nonorthogonal TB representation using the

. . . ond-order formalism’ contains only five adjustable param-
Schmid law according to which the dependence of the CRSgye.s rejated principally to the appropriate overlap integrals.

on x should have the form 1/cqs shown by the solid curve  cyigically, in contrast to previous schem&sthis screening

in this figure. It is larger for positive than for negative anglesgnction contains explicit angular dependence reflecting the

x, which is related to the so-called twinning-antitwinning gjrectional character of the, =, and 5 bond integrals that

asymmetry’ For negativey the nearesf112 plane, (112), are being screened.

is sheared in the twinning sense, i.e., such that a twin would The most remarkable ability of the analytic screening

be formed if such shears were made in successid2)1 function is its capacity to reproduce conspicuous discontinui-
. = . ties between the first- and second-nearest neighbors in bond

planes. For positivey the neares{112 plane, (21), is

. AT . _integrals found inab initio calculations(see Fig. 1L These
sheared in the antitwinning sense. In the bcc lattice there iS,ico pecause the environment of the first- and second-

of course, no crystallographic reason why shearing in 0ppPozearest neighbors is not the same and the screening function,
site directions alond 111], which is commensurate with qing to its angular dependence, reflects this difference cor-
changing the sign of the ang)g should be equivalent. The yectly. This clearly demonstrates that the environment-
reason is thaf111} planes are not mirror planes in this lat- dependent screening of the bond integrals enhances greatly
tice. However, symmetry arguments cannot predict whethegur ability to mimic in the BOP scheme the bond integrals
the CRSS will be larger for positive than for negatiyeor  found inab initio calculations and thus capture the environ-
vice versa. Both the BOP arab initio calculations predict mental effects in atomic-level calculations employing BOP.
the former, which is in good agreement with experimental Furthermore, another environmental dependence appears
observationé® in the repulsive, central-force part of the binding energy. As

0.035

CRSS/C,, on MRSSP
=3
<}
]
W
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explained in Sec. I, this part consists of pair and many-bodypotentials assure that the bcc structure is the most stable
contributions. The latter results from the repulsion of thewhen compared with alternative crystal structures. This has
valences and p electrons as they are squeezed into the iorbeen tested by calculating energies of several such structures
core regions under the influence of the large covalent bondA15, fcc, hcp, and simple cubicindeed, both the BQRand
ing forces® and is environmentally dependent. This part of BOP favor the bce structure by a large margin. Furthermore,
the repulsion is essential for correct reproduction of elastiOP reproduces the structural energy differences found by
moduli within the BOP scheme. Specifically, it allows for ab initio calculations closely and is obviously preferred over
exact fitting of the Cauchy pressure that is not affected by th&OR,.
pair contribution’® and would otherwise be determined by  The test of both validity and applicability of the con-
the bond energy onf/. This is of paramount importance for structed potentials is the modeling of the core structure and
materials with negative Cauchy pressures, such as iridiurglide of the 1/2111) screw dislocations, which is the dislo-
and many intermetallic compounds.g., TiAl and MoSj).  cation controlling the characteristic features of the plastic
However, as discussed in Sec. lll, without the environmendeformation of bcc metals. The helpful precursor of the study
tally dependent repulsion the Cauchy pressure could not bef dislocation cores is calculation of thesurfaces for planes
reproduced even in molybdenum although it is positive.  into which the core may be spreading. In the bcc lattice these
When testing the constructed potentials the effect ofare{110 and{112 planes. While the profiles of the sur-
screening is most dramatic for the casd’eN branch of the  faces calculated using BOP, B@Pand the central-force
phonon spectrum. In the case of BQtRe L and T2 phonons  Finnis-Sinclair-type potentials are not principally different,
are appreciably softer than experiments suggest. This is moshly the y surface calculated using the BOP is in absolute
pronounced close to thd point. Indeed, the analysis of the values very close to that calculatad initio.?® As explained
force constants, presented in Sec. IV, shows that for the Tih Sec. V, the reason is that in the BOP scheme the depen-
N-point phonon the frequency would be imaginary if only dence of the energy on bond angles is covered most pre-
interactions of the first and second neighbors were taken intgisely. This is, presumably, also the reason why the vacancy
account and it is real only owing to interactions of moreformation energy predicted by B@Rs appreciably lower
distant neighbors. However, in the case of BOP the samghan that found using BOP that is then in the range of ex-
analysis shows that the frequency of W2point phonon is  perimental values as well as formation energies calculaed
real even when only first- and second-neighbor interactiongitio.
are considered. As seen in Fig. 7, for BOP the frequency of The core structure of the X/211) screw dislocation cal-
the T2 N-phonon is more than three times higher than forculated using BOP agrees excellently with that found in the
BOPR, and, in general, the phonon-dispersion curves for theecentab initio calculations’® The core is nondegenerate and
I’-N branch are much closer to the experimental ones. Thg invariant with respect to the threefold screw symmetry of

environmental dependence of the bond integrals appears {fe[111] axis as well as with respect to th&01] diad. This
solve the problem of too soN-point phonons in Mo. This is  j5 in contrast with many previous studies that suggested a

very significant for atomistic modeling of extended crystaldegenerate structure not invariant with respect to[ (@]

defects. Low, or in the worst case imaginary, phonon fre-.” =" . . . .
. . ) N .diad; two configurations related by this symmetry operation
guencies may affect such simulations significantly and physi:

cally incorrectly if similar displacements occur within these then exist. As proposed in Ref. 26 and discussed in Sec. V,

. o R he type of the core structure and the magnitude of the
defects. The lattice may deform too easily in the directions of o .
soft phonons and this might induce unphysical relaxationiurface are related. Specifically, if@/3)>6y(b/6) for the

and even structural transformations. This danger is obviously:05 ¥ Surface, the nondegenerate core is favored and vice
much smaller in the case of BOP than for BOP ersa for the degenerate core. Hence, sincg 1€} y sur-

Another important test is investigation of transformationfaces. c_alculated by 'the BOP aall initio are virtually iden-
paths along which the structures that deviate very signifi—t'cal’. Itis not surprising th_at the same core structure has been
cantly from the bcc lattice are encountered. Three such path pta!ned_ n b.Oth calculatlo_ns. In contrast, m_the_ case Of. the
tetragonal, trigonal, and hexagonal, were investigated by Ca_mnls-SmcIalr—type po.tentlalls the "?‘bo"e criterion predicts
culating the energies of the structures met along these pat Ige degenerate configuration which has, indeed, been

: : : d?62780 For the y surface calculated using the BQP
using the constructed potentials and comparing the resul un — s
with those obtained in analogoas initio calculations. Both ¥(b/3) equals 2780 mJnt and 6y(b/6) 2665 mIm? so

BOPR, and BOP reproduce thab initio data well and thus that they differ only by 4%. In this case the above criterion is

this analysis does not reveal any critical impact of the screent—00 nebulous to qwf_erentlate bet_ween the two competing core
fructures. The limited calculations using the BGRggest

ing of the bond integrals. Nevertheless, these calculations o thi h fthe 112 dis SOl
highlight the importance of directional bonding in modelingt atin this case the core of the {121) screw dislocation is

structures that differ considerably from the ideal bec lattice degenerate but so narrowly spread into th@1(, (110),
The bond-order potentials are capable to capture subtle feand (01) planes that it is hardly distinguishable from the
tures, such as two energy minima in the vicinity of the fccnondegenerate one.

structure along the trigonal patkee Fig. 5, that apparently Finally, the modeling of the glide of the screw dislocation
result from the directional character of bonding as they arainder the effect of applied shear stresses parallel to the Bur-
not reproduced when using central-force potentfals. gers vector again shows a very good agreement with avail-

Clearly, an imperative requirement is that the constructedble ab initio calculations, both in absolute values of the
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shear stress at which the glide commen@@RSS and inthe librium properties as do many other descriptions of atomic
form of the dependence of the CRSS on the orientation of thateractions, but reflects accurately the very important feature
MRSSP. Specifically, the CRSS is higher for those orientaof mixed metallic and covalent bonding, the dependence of
tions for which the neares112} plane is sheared in the the cohesive energy on bond angles arising due to the par-
antitwinning sense than for orientations for which the nearestially filled d band. Furthermore, it is adequately transferable
{112 plane is sheared in the twinning sense. This is into structures that deviate very significantly from the ideal
agreement with many experimental observattofiand it is  lattice. Hence, the potential is likely to reveal correctly the
the primary reason for the breakdown of the Schmid lawstructure and properties of lattice defects, in particular those
This and other asymmetries of the dislocation motion that arahich are intimately related to the nature of bonding. More-
a consequence of the atomic structure of screw dislocationver, the potentials of the same type can be developed using
core may play a very important role in the macroscopic plasthe same approach for other bcc transition metals, as well as
tic behavior of bcc transition metals, including properties offor alloys and compounds based on them.
polycrystal$® These aspects of yielding need to be incorpo-
rated into the corresponding constitutive equations so that
the atomic-level understanding of dislocation behavior is
transferred to nanoscale and ultimately to macroscopic level. This research was supported by the U.S. Department of
This goal can only be achieved via reliable atomic-levelEnergy, BES Grant no. DE-PG02-98ER45702M., V.V.).
modeling of the motion of dislocations. The computations were supported in part by the Materials
Considering both the extensive testing and very succesd4odelling Laboratory, Department of Materials, Oxford Uni-
ful application, we can conclude that the bond-order potenversity, on the Hewlett Packard computers that were jointly
tial for molybdenum that includes screening of the bond in-funded by Hewlett Packard and Higher Education Funding
tegrals, developed in this study, is eminently suitable forCouncil of UK under the Joint Equipment Research Initiative
atomistic studies of crystal defects in transition metals. It noscheme. D.N.-M. and D.G.P. would also like to acknowledge
only guarantees the stability of the bcc structure for group \the Oxford University Supercomputing Centre for the use of
and VI transition metals and reproduces a number of equiits facilities.
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