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A transferable orthogonal tight-binding model is developed for molybdenum, with special emphasis on
applications in molecular-dynamics studies. The elements of the Hamiltonian matrix and the repulsive potential
are allowed to depend on the environment in order to account for the effects of the neglected three-center
matrix elements, for the neglected nonorthogonality effects and for the variation of the finite set of basis
orbitals in different configurations as well. To check the accuracy of the model, the structural energy differ-
ences, the elastic constants, the phonon spectrum along high-symmetry lines in the Brillouin zone, the forma-
tion and migration energy of a vacancy, the formation energy of an octahedral interstitial atom, surface
energies, and relaxations, as well as reconstructions(b0@ surface, are calculated and compared vaith
initio data and experimental resulf$0163-18208)05503-9

[. INTRODUCTION like the electronic band structure, the density of statasd
the bond order, which are extremely useful for an interpre-
In materials science it is often indispensable to study veryation of the bonding properties. The interest in TB methods
large systems with a complicated structure. In spite of thénas increased recently because of the development dj O(
enormous progress of the very accurate self-consisibnt (or linear scaling algorithms(see, for instance, Ref. 1@or
initio calculations based on the density-functional theory incalculating the total energy and forces with a computational
local-density approximatiohthe application of this method effort which scales linearly with the numb#t of atoms in
to problems in materials science is still limited because ofthe system(whereas most of the conventional self-consistent
the enormous computational burden. On the other hand, atdvand structure methods scale lik&). All of these algo-
mistic simulations based on classical interatomic potentialsithms rely on the truncation of quantum correlations in real
often cannot give a reliable account for the quantum-space, making the TB description a natural framework for
mechanical aspects of bonding. Therefore, it is often atsuch algorithms. The dramatic increds¢ least 10 timesin
tempted to establish approaches which are computationalihe size of the system that is accessible by amN)OTB
less demanding than the density-functional calculations bumolecular-dynamics scheme opens up new classes of prob-
which are able to describe approximately the quantumlems that can now be investigated. Furthermore, it alldWws
mechanical aspects. Examples are the effective-mediurfor a systematic many-body expansion of the bond order in
theory and the related embedded-atom methdte density- terms of the moments of the density of states, where the
dependent effective pair potentials derived from pseudopolowest-order (i.e., second-order approximation is math-
tential perturbation theory for simple metalnd for transi-  ematically identical to the Finnis-Sinclair potenttal.
tion metals> and the variety of empirical and semiempirical  The success of the TB methods depends on whether an
tight-binding(TB) methods(see, for instance, Refs. 6):8n  appropriate parametrization of the TB Hamiltonian can be
the latter class of methods, a Hamiltonian matrix for local-found which allows for an accurate fit to the experimental or
ized atomlike orbitals is used, and the matrix elements ar¢gheoretical input data for selected configurations and which
not evaluated exactly, but represented in an approximate arid transferable to other configurations to be investigated. The
parametrized analytical form, the parameters being detemriginal domain of TB methods was the description of
mined by fitting to an appropriate set of experimental orstrongly covalent solids with special emphasis on Si and C
theoretical data. These TB methods are particularly suited tésee, for instance, Refs. 13915 he application to metals is
incorporate covalency effects and to determine not only totaprobably more demanding: In simple metals thend p
energies and forces, but also the relevant electronic featuredectrons are delocalized and a TB approach does not appear
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to be the most natural approach, and in transition metals , 13 g2 ZZy
there is a coexistence of delocalizedand p electrons and X{exd P = Vid P} + > R—R.| D
more localizedd electrons. Nevertheless, it turned bthat @marFa TG

many gross features of transition metals may be correctlHere Z, andZ,, are the charges of ionic cores at sifes
described by TB models which involve only tdeelectrons. andR,.. p" is the input valence charge density, i.e., an
A simple orthogonatl-band model for the energy and forces appropriateAnsatzfor the real charge density, ané, [ p™]

in Mo was suggested by Paxtéh.To account for more and e, p™] are the functionalsof the exchange-correlation
subtle effects, howeves, p, andd states have to be con- potential and the exchange-correlation energy per electron.
sidered. Mehl and Papaconstantopotiateveloped a two- The eigenvalueg’" are to be obtained from the solution of
center nonorthogonal TB method with intra-atomic Hamil-the Kohn-Sham equatiohs

tonian matrix elements which depend on the local
environment and with the parameters fittecatinitio band-

structure and total energy data, and they applied this general

scheme to 29 of the alkaline earth metals, transition metals ] ) ] ) )
(including Mo), and noble metals. Varma and weBede- fpr the smgle-partlcle eigenfunctions (r), with the effec-
veloped an excellent nonorthogorsap-d model for the cal-  five potential

culation of phonon frequencies in Mo, which, however, is . in in

tailored for 2 determin;tion of the dynamical matefar in- Ver(1)=V(r)+Vulp"(r) ]+ Vyd p™(n)], 3
stance, some contributions to the dynamical matrix are fittedvhereV andVy denote the Coulomb potential of the ionic
to the phonon spectrumand cannot be used directly for a cores and the Hartree potential. Theare the occupation
total energy and force calculation. One of the objectives ohumbers.

the present paper is to consider just one transition metal, The TB model may be derived from E() by inserting a
namely, Mo, and to develop a TB model for this metal whichsuperposition of atomic charge densitigg|r —R,|),

is as accurate as possible to explore how far we can go with

a TB description of this metal. In our model, special empha- i

sis will be given to the dependence of the matrix elements p'n(r)zg Pallr=Ral), )

and the pair potential on the environment, very much in the .

sense of the method developed by Tamaql!® for C. The  for the input charge density", i.e., by neglecting the bond-
second objective of the present paper is to develop thi§harge density, which is justified for strongly localized
model in such a way that it is suitable for molecular- States. Truncating the many-body expansion of the nonlinear
dynamics simulations. The general scheme of Mehl andunctionalse,]p"] andV, ] p"] after the pair-potential term
Papaconstantopoulds involves interactions to neighbors and omitting terms which do not depend on the structure, the
within a sphere of radius 16.5 a.u. Depending on the structotal energy may be writtéftin the form

ture and the lattice constant, this sphere includes from 80 to
300 neighboring atoms, which constitutes a very large com- ETB=2 fe D B(Maa), (5)
putational effort for molecular-dynamics simulations. We i

will confine ourselves to interactions up to typically at mOStwith pair potentialsg(r , ) which depend only on the in-

third-nearest-neighbor interactions, teratomic distance , ,,=|R,—R,/| and with eigenvalues
In Sec. Il we describe the theoretical basis for our TB ] aa’ [Pla el 9

model, whose parameters are determined by fitting to an apH determined via Eq(2) with an effective potential con-

propriate set of data which are obtained mainly framini-  Stucted from the TB charge densi).
tio electron theory. In Sec. Il we discuss the results of our Eduation(S) is the basis for most TB band modéfdenl

model for the cohesive properties, the properties of vacancie%rd Fk’)ap?consltougoui_'ar?ave shown that a B mo_dlel can
and interstitials, for phonons as well as energies, relaxation&/S0 b€ formulated without resort to a pair-potential ferm

and reconstructions of surfaces, and a concluding discussiof'® @PProximations involved ar¢i) the lack of self-
is given in Sec. IV consistency(ii) the neglect of the bond-charge density in the

Ansatzfor p™", and(iii) the neglect of many-body contribu-
tions frome,. andV,..

It should be noted that the theory may be reformulated by
regrouping various terms in the total energy to obtain the
A. TB band model so-called TB bond modd(see, for instance, Ref.) &hich
g allows for an approximate account of self-consistency in the
total energy calculation via the physically motivated con-

embedded-atom mode the Harris-Foulkes functiona;2° straint that in most metallic systems the atoms are nearly
which allows a reliable estimate of the total energy withoutcharge neutral. In the TB band model which we use, there is

performing a self-consistent density-functional band-N© €xplicit account for self-consistency effects.
structure calculation,

,}_LZ

_ﬁA—"Veﬁ(r)](Pi(r):ei(Pi(r) @

a,a’ #a

Il. CALCULATIONAL METHOD

The starting point for the systematic derivation of T
models (and for the effective-medium theory and the

B. Orthogonal two-center TB approximation
. . The Kohn-Sham equatiof2) may be solved by expand-
eZ In(r) In(r/) ) R e .
E=Z £ eout_ = f p p d3r d3r’+f pN(r) ing ¢;(r) into a set of atomiclike orbitalsap) attached at
IR 2 lr—r’| the atomsa (p is an index characterizing the orbitgls
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ei(N=le)=2, Ciplap), 6 Ver(1) =2 Veft.alIr = Ra), ®)
yielding the set of equations yielding
i i h?

2, HorpapCup= €2 Surp.apClp (7 Harprap=(a'P'|= 5= A+ 2 Venwlap).  (9)
with the Hamiltonian matrixH . op=(a'p’|H|ap), the In the following we distinguish between three types of
overlap matrixS,  .,=(a’p’[ep), and the Hamiltonian natrix elements.

H=—(A%/2m)A+Vg(r). Instead of calculating the Hamil- (1) Three-center term&# o’ # a”. Because of the im-

tonian and overlap matrix for some explicitly given basis sefplicitly assumed small spatial extension of the basis orbitals,
|ap), we perform a semiempirical approach by making ap-these terms are neglected in a two-center approximation.
propriate analyticaRnsazewith open parameters which are  (2) Interatomic two-center matrix elements’p’|Ves o
fitted to an appropriate set of data mainly fraah initio  +V |ap). If the orbital indexp stands for angular and
calculations. We thereby adopt the following approxima-magnetic quantum numbers, these interatomic two-center
tions. matrix elements may be represerfted linear combinations

(@ Use of a minimal basis set, i.e., instead of workingof Slater-Koster elementy),.,, (only matrix elements be-
with a complete set of basis functions, we consider a minitween orbitals with the same magnetic quantum number sur-
mal basis set of atom-centered localized orbitals with justive), the coefficients being determined exclusively by the
one orbital for each angular and magnetic quantum numbegyrientation of the atom paie,«’ in the crystal. For an el-
For different atomic configurations the degree of completeementary metal there are ten independent Slater-Koster ele-
ness of this minimal basis set is also different, which affectsnents when including, p, andd states. In the traditional
the transferability of the TB model. This problem may be two-center approximation, the Slater-Koster elemants,,
cured in part by the use of environment-dependent Hamildepend only on the distance between the dkesandR,,. .

tonian matrix elementgsee below. . . In the present model, we extend this to include a dependence
(b) Orthogonal TB method, i.e., we deal with a diagonal gn, the environment of the atomsand «'.

overlap matrix. This may be conceived in two alternative  (3) |ntra-atomic matrix elementa=a’. For an elemen-
ways. First, we can argue that we deal implicitly with or- tary metal there are three intraatomic matrix elemeats
thogonalized, i.e., lwdin-transformed atomiclike orbitafs. €,, and ;) whose environment dependence is taken
Then the overlap matrix is indeed diagonal. The disadvan|~npto account by eq= €0+ 3 A€l par),  €s=€q+ €y

@ aa”ly S-

tage of this concept is that kadin orbitals are often notvery | 5 A o war) @nd an analogous equation fey. Here
a" S- aa .

well localized so that we come in conflict with the TB ap- yne quantities with superscript 0 denote the parts independent
proximation for the Hamiltonian matrix; see poif@. Con- of the environment and thele are the environment-

fining ourselves nevertheless to a small number of neargenendent contributions. In the present model, all matrix el-
neighbor matrix elements then would deteriorate the

transferability of the TB model to different configurations. ements withp#p’ are neglected.
Second, we can argue that we deal implicitly with nonor-
thogonal basis functions. Harrisbhas shown that the ne-
glect of the nondiagonal overlap matrix elements may be According to Sec. Il B, we must find an appropriate pa-
repaired by a shift of the interatomic matrix elements and byrametrization for ten Slater-Koster elements:,,, respec-
a shift of the average single-particle energi'. When tively, the intraatomic terms and the pair potenr ).
fitting the Hamiltonian matrix elements to af initio band  We thereby assume ths;,,, A¢/, and¢(r,,’) are envi-
structure, the shift of the interatomic matrix elements is auronment dependent. The environment dependendespbe-
tomatically accounted for. The shift of the averag& may ~ comes obvious from Sec. Il B. Concerning the Slater-Koster
be approximately absorb&ihto the pair-potential term and elements, the following situation appears: If we try to fit
then is again included when fitting tab initio data. The independently nearest-neighbor and next-nearest-neighbor
disadvantage of this concept is that the physical meaning dblater-Koster elementé! andV? as a function of the lattice
the pair-potential term is more and more obscured. The apsonstanta of the bcc crystal to amb initio band structure
proximations involved in an orthogonal method may be cor{Sec. Il D), we obtain a gap betweewt' and V> especially
rected in part by the use of environment-dependent Hamilfor the V4, elements which cannot be described by a param-
tonian matrix elementésee below. etrization for which the Slater-Koster elements depend ex-
(c) TB approximation for the Hamiltonian matrix ele- clusively and smoothly on the distance. There are at least
ments. Because of the implicit use of localized atomicliketwo reasons for this gap: First, when we fit to @mn initio
basis orbitals, we sefl ,pr ,p=0 for r,, > In the  band structure, we formally arrive at environment-dependent
present paper we choose the cutoff radius in such a way thawo-center elements, although these do not depend explicitly
for the bce ground state matrix elements up to at most thirden the environmentsee Sec. Il B because we have ne-
nearest neighbors are included. glected three-center matrix elements. Second, we have ar-
(d) Two-center approximation. Using th&nsatz(4) for  gued in Sec. Il B that the use of an orthogonal method may
the density and neglecting the nonlinearit\gf,, the effec- be conceived as working implicitly with adin orbitals
tive potential may be written in the form which may be obtained by a kalin transformation of origi-

C. Parametrization of the Hamiltonian matrix
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a) then o+ 1o o)If oo 1S 1, €, @NdS,,» may be larger
o’ i (depending on the paramete@s, C4, and Cg) and there
RN oo may be an appreciable screening of the exponential in Eq.
~~ (10). It will become apparent from Fig. 4 that the above-
r "% o’ discussed gap between the first- and second-nearest-neighbor
- Slater-Koster elements is naturally obtained by the use of the
-7 screening procedure. It should be noted that an environment-
- r . dependent parametrization was also suggested by other au-
thors. Mehl and Papaconstantopotloas well as Mercer
and Chod? used environment-dependent intraatomic matrix
elements. Andriot® introduced a dependence of the matrix
elements on the local coordination numbers. Setral?*
did not use environment-dependent matrix elements, but they
introduced an environment-dependent correction term for the
oo’ whole band-structure part of E¢5) based on suitably de-
fined local coordination nhumbers as well as a corresponding
correction term for the pair-potential part.

All interactions in our model are truncated at a cutoff
radius of 8.9 a.u. Depending on the structure and the lattice
constant, this means that in all our investigated systems up to
typically third-nearest-neighbor interactions are included so
that the computational effort for molecular-dynamics simu-
lations remains moderate. Because of the screening of the
hgwteratomic matrix elements, these are automatically rather
short ranged so that we do not need an explicit cutoff func-
tion to shorten the interaction range.

FIG. 1. Arrangement of atoms used in the text to illuminate the
effects of the screening function.

nally nonorthogonal atomiclike orbitals. However, the two-
center Hamiltonian matrix elements of thewdin orbitals
then depend on the structural configuration, although t
original two-center Hamiltonian matrix elements do not. In
the following we therefore will allow for a dependence of the
Hamiltonian matrix elements on the environment. We
thereby hope that this will also help to cure part of the prob-
lems arising from the use of an incomplete minimal basis set
[point (a) of Sec. Il B]. Concerning the pair potential, a con-  We first reduced the actual number of parameters used for
tribution to the environment dependence may arise from théhe fits by imposing for the preexponential factors the uni-
neglect of the many-body terms ef. andV,. (Sec. 1B,  Versal ratio8 Vg, :Vp4,= —v3:1 and Vg, Vadr :Vads=
and another contribution may arise from that part of the paif —6):4:(—1) for all interaction shells, saving altogether 15
potential which accounts for the neglect of the nondiagonaparameters. Furthermore, we realized from the fits ¥hat,
overlap matrix element&Sec. Il B. is small and can be neglected without a noticeable change of
In the following we adopt the same functional form for the results, saving 5 more parametéstually V. is not
the distance dependence of;.,,, A¢, and ¢(r,,), Smaller than part of thed-matrix elements which we keep,
namely, but the occupied bands are mainlydfcharacter and there-
fore the neglect o¥/ . does not matter mughWe thus end
f(raa’)=Cy1 exXp(—Car 40r) (1= S4ar); (100 up with altogether 53 parameters, which are yet to be deter-

i.e., the primary distance dependence is given by the eXpdpined. This large number of fit parameters contributes a big

nential and the environment dependence is modeled by tHePMPutational problem, because the fit function certainly ex-
screening function introduced by Taegal,® hibits a large number of local minima and it is nearly impos-

sible to find numerically the absolute minimum. Starting

D. Determination of the parameters

S, =tanh Z,., (11  from different initial values of the parameters will most
probably yield fit parameters corresponding to different
Fae? T arar| 5 minima. Concerning this problem, we agree with the state-
gaa'zcszﬂ expg —Cq ... (12 ment given in the paper of Coheet al?® “Great care is

needed to test the resulting model for reasonable behavior
There are 5 parametefS; (with C,---C5s>0) for the 14  outside the range of the fit.” This care may be taken in
functionsV),/, (10), A€ (3), and¢ (1), and the 3 parameters different ways. First, we can exclude all those models which
€, so that, altogether, the model would contain 73 paramyield unreasonable results for such configurations outside the
eters. range of the fit and try to find another model related to an-
The meaning of the screening function for the value ofother minimum of the fit function which yields reasonable
f(r o) is discussed for the two atomic arrangements showmesults. Second, we can include additional configurations in
in Fig. 1. Figure 18) represents a situation where the atomthe fit which are close to the configurations to be investi-
a" is far from the line connecting the atorasaandea’. Inthis  gated, hoping that then our fitting procedure yields automati-
situation we have a large value af (,»+r /)T 4 » @and  cally a more adequate minimum of the fit function. We will
hence¢,, andS,, are small so that there is nearly no proceed on the second line.
screening of the exponential in EQ.0). In contrast, ifa” is In a first attempt we proceeded along the line of Tang
on the midpoint of the line connectinganda’ [Fig. 1(b)], et all® for C: i.e., we determined the parameters by a fit to



57 ENVIRONMENT-DEPENDENT TIGHT-BINDING MODE . .. 1465

—0.38 T T y 0.5
—0.40 |
—042 | 0.0 |
= =
£ 044 &
m &3]
—0.46 + -0.5
—0.48 |
-1.0
-0.50 . - s r . H® N*T1*pPpF% H
80.0 100.0 120.0 140.0
3. .
Vo [20] FIG. 3. TB band structurédots of bcc Mo atay=5.8 a.u. in
comparison with theab initio LMTO-ASA band structure(solid
FIG. 2. Total energy vs volume for sc, bcc, fcc, and hcp Mo andlines)p o

for Mo in the A15 structure. The dashed and solid lines represent
the TB andab initio LMTO-ASA data, respectively. than just a minimal set of fit configurations the self-
consistency effects which are neglected explicitly in the

ab initio data for the band structure along lines of high sym-present model are taken into account implicitly: If we man-

metry in the Brillouin zone and the total energy for Mo in aged to correctly describe all conceivable fit configurations,

various crystal structurec, bcc, fcg and for a variety of the model would implicitly include the self-consistency ef-

lattice parameters around the respective equilibrium latticéects. To be specific, we have included the following infor-

parametergwe omitted the structures with low coordination mations.

numbers, i.e., linear chain and graphite or diamond structure, (i) The experimental phonon frequencies at the points

which are important for covalent materials, but not for tran-N,H,P of the phonon Brillouin zone. We used the experi-

sition metal. All the ab initio calculations are performed mental data because ttab initio data depaff'?® from the

using the linear-muffin-tin-orbital method in atomic-sphereexperimental results.

approximatioR® (LMTO-ASA). It should be emphasized that (i) The experimentally obtained elastic constant.

we fit simultaneousiyto data from band structure and total (i) The vacancy formation energy obtaifedy the

energy. Alternatively, we could first fit the matrix elements mixed-basis pseudopotentiiBPP) method®-33for an un-

to the band structure and then the pair potential to the totalelaxed supercell with 16 sites and one vacancy.

energy. This, however, would restrict the variational degree (iv) The unrelaxed100) surface energy obtainé&tby the

for the fit, and it would be somehow inconsistent because th1BPP method.

neglect of the off-diagonal elements of the overlap matrix (v) Information on the surface relaxation. It was observed

affects both the band structure and the pair poterfiak  experimentall§® that the topmost surface layer of molybde-

Sec. Il B. num exhibits an inward relaxation of about 10%. It would be
It turned out that the so-obtained TB model yields unsatextremely time consuming if we obtained for each set of 53

isfactory results, for instance, for the vacancy formation enparameters the actual surface relaxation of the tight-binding

ergy, for some phonon dispersion branches, for the elastimodel defined by these parameters and then included the

constantC,4, and for the energies and relaxations of sur-deviation of the calculated and the experimentally observed

faces. We therefore included additional data in the databaselaxation into the database for the fitting procedure. Instead,

for the fitting procedure. Our hope is that by including morewe calculated the total energy for a system for which nine

TABLE I. Values of the 53 independent parameters of our TB model.

Cy [Ry] C,[au] Cs C, Cs
Vsor —1.96039 0.49567 0.91879 0.32609 3.29680
Vope 0.15126 0.00335 1.72287 0.57285 4.40026
Vide —4.28813 0.75383 1.22539 2.06345 1.88137
Vspe 0.21139 0.10603 0.14827 0.00823 9.43875
Vsdo —0.58079 0.43117 20.40798 0.51628 12.40635
Vide —4.20194 0.79336 19.34963 0.50985 12.35016
Aegy 3.04032 0.79552 56.12257 1.25854 4.33453
Aepg 1.94008 0.69334 19.41967 0.92420 3.53797
Aegy —0.05986 0.62099 14.80478 0.62766 3.73126
& 350.43775 1.73214 14.07585 0.86263 3.14150

€0 4=0.03738Ry, € 4=0.26068 Ry, e5=0.08304 Ry
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FIG. 4. Dependences of the independent Slater-Koster eledgnts of the intra-atomic parametess, and of the pair potentiab, on
the interatomic distancd.

(100 layers and a vacuum space corresponding to three layndependent Slater-Koster parameters and of the intra-atomic

ers are repeated periodically, with the topmost layer relaxegarameters and op are shown in Fig. 4. Please note the

inwards by 20%, i.e., twice the experimental value. Implyingdiscontinuity in the interaction parameters, for instance, be-

a parabolic dependence of the total energy on the degree @feen the first- and second-nearest neighbors, which in our

inward relaxation of the topmost layer with a minimum at model is a natural consequence of the screening explained in

10% relaxation, the energy of this system should be the samgec. I C and Fig. 1.

as the one of a corresponding unrelaxed system; i.e., we Because the distance dependences of the Hamiltonian ma-

include this energy difference in the database for the fittingrix elements and the pair potential are given in analytical

procedure. form, the forces on the atom can be readily calculated via
To asses the quality of the fits, Fig. 2 shows the fitted tota|:7= -V_E™({R,}) (using the Hellmann-Feynman

energy curves for sc, bce, and fcc Mo and Fig. 3 exhibits theheoreni® for the band-structure parand used for the static

fitted curves to the band structure in bcc Mo. Please note thaglaxation of atoms or for molecular-dynamics studies.

for changes in the binding properties due to deviations from

the ideal structuréphonons, defects, ejcmainly the ener-

gies close to the Fermi energy are relevant. In addition, Fig. . RESULTS

2 includes data for Mo in hcp and A15 structure, which were

not used for the fit. It becomes obvious that the TB results In this section we will briefly report on some results of

agree well with theab initio results for the hcp structure, but our TB calculations in order to demonstrate the capability

not for the A15 structure, which indicates limitations of the and the limitations of the model. A more extensive discus-

transferability of our model. sion concerning the TB molecular-dynamics simulations for
The final values of the 53 parameters defining our modephonons at zero and finite temperature or of the surface re-

are given in Table I, and the distance dependences of thlaxations and reconstructions will be given elsewhere.
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TABLE Il. Results of the TB model for the equilibrium lattice constat the elastic constantS,,,
Ci2, andCy,, the vacancy formation energﬁ/{,, and the formation energﬁzlf of an octahedral interstitial
atom in a relaxed supercell containing 16 sites, in comparison with resultsafodnitio MBPP calculations
and experimental data.

dp Cu Cp Cus E{/ E|f
[a.u] [Mbar] [Mbar] [Mbar] [eV] [eV]

B 5.912 4.1x¢0.10 1.82-0.10 1.24-0.04 3.11 10.40
MBPP 5.928 2.90+0.13 9.54
Experiment 5.94% 450 1.738 1.25 2.9

aReference 29.

bReference 40.

‘Reference 37.

dReference 38.

®Reference 39.

A. Bulk properties calculations(see, for instance, Ref. 43In the dynamical-

matrix approach anharmonicities are accounted for as in Ref.
42. In the frozen-phonon calculations we fitted for the high-

symmetry points in the Brillouin zone the energy versus dis-

placement data by a polynomiak as%+ bé*+ ¢ 5° and cal-

Table 1l represents the TB results for bcc Mo for the
equilibrium lattice constant,, the elastic constantC,,,
C.,, andC,,, the vacancy formation energi{, for a re-

laxed supercell with 54 sites, and the formation endgfyfor é:ulated the phonon frequency from the coefficiemt

an octanedral interstitial atom in a relaxed supercell with 1 Alternatively and for intermediate points on high-symmetry
regular lattice sites, in comparison with experimental results.

and with results from the MBPP approach. The quantiigs ines, we performed the frozen-phonon calculation for one

and C,, were included in the fit, and therefore the com ari-Single but small displacemer@=0.01a, for which we as-
44 . : Par s imed that the harmonic approximation holds. The validity
son simply tests for the quality of the fit. In contrast, the

. of this assumption was confirmed by test calculations with an
results forC,;, andC,,, for EY, in the relaxed supercell, and P y

; = i even smaller displacement ét=0.001a, and by the good
for E; are predictions of the TB model, which agree rather,greement of the so-obtained frequencies with those from the

well with the data from experimentsCq;,Cy,,E\) and/or  polynomial fit at high-symmetry points. The calculations are
the MBPP calculationE\,,E|). For E\, the agreement with converged with respect to the numbeikggoints used for the
experiments and the MBPP method is excellent. It thel’ebﬁamp"ng of the electronic Brillouin zone, except for tHe
should be noted that the agreement with the MBPP methogoint (for the problems involved in the calculation of the

for the unrelaxed SUperCG”S is worse: In the TB m0d8|point phonon in Mo, see, for instance, Ref_)ZBrom F|g 6
(MBPP calculation the energy gain due to the relaxation jt hecomes obvious that there are small discrepancies be-
(structural relaxation of the atoms around the vacancy anﬂNeen the results from the dynamicaj_matrix approach and
volume relaxation of the supercell after introduction of athe frozen-phonon approach, because of the following
vacancy is 0.5 eV(0.16 eV). For the interstitial atom on the reasorf? In the frozen-phonon calculations all conceivable
octahedral site, there are very short interatomic distances.
Therefore, this configuration is different from any configura-
tion used for the fit, and the good agreement between the TE
result and the MBPP result is astonishing. To reduce the
computational effort(for the MBPP method we used a 30 k
small supercell for comparison. To obtain realistic values for
E{ for comparison with experiments, much larger supercells
had to be considered. Again, the agreement between the TL, 60 r
and MBPP results is much worse for the unrelaxed intersti-¥
tial configuration(where the interatomic distances are eveng
smalled, for which the TB value foiE! is nearly twice the
MBPP value, although the relaxational displacements of the
atoms obtained by the methods are rather similar.

Figure 5 exhibits the total energy as function of the dis-
placement of an atom alongd11) into a nearest-neighbor
vacancy in an unrelaxed supercell with 16 sites. A double-
peak structure of the total energy similar to the one obtainec
by Tsaiet al*! for Fe via pair-potential calculations is found
both in the TB model and in the MBPP study. FIG. 5. Increase of the total energy per supercell as function of

Figure 6 exhibits the TB results for the phonon frequen-the displacement of an atom aloffjl1) into a nearest-neighbor
cies at zero temperature as obtained by a dynamical-matrixacancy in bcc Mo(unrelaxed supercell with 16 sitesOpen
approach(see, for instance, Ref. #and by frozen-phonon circles, TB; solid dotsab initio MBPP.
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10.0 TABLE lIl. Relaxation of thep(1x1) (100 surface.Ad,, is
the relative change of the interlayer distarige percent between
the first and second layers compared to the interlayer distance in the

80t bulk. ng represents the number of atomic planes in the supercell.

60 | . o ° MBPP? B

g ng=7 ng=7 ng=9 ng=11
> ol l/ Ady, ~10.7 —8.7 ~11.0 ~11.9
Adys +2.7 +3.0 +4.3 +5.1

. Adg, +0.3 -15 -27 -34

201 Adgs +0.3 +1.2
Ad56 - 06

0.0

r ° H P A r * N ®Reference 34.

FIG. 6. TB results for the phonon branches of bcc Mo along

high-symmetry lines. Solid lines: dynamical-matrix method. DotsC@ molecular dynamics study fof=10K for a box
(longitudinal modek and triangles(transversal modgs frozen- ~ containing 54 atoms and determined the phonon frequencies

phonon calculation. from the Fourier transform of the velocity correlation func-
tion. The results agreed very well with those obtained from

couplings between the atoms are accounted for exactlyffozen-phonon calculations for a supercell with 54 atoms
whereas in the supercell calculations of the dynamical matrixvhen using the same numberlopoints for the sampling of

the long-range couplings are affected by finite-size effectsthe electronic Brillouin zone. In a future publication we will
Whereas in Na and K, for instance, it is sufficient to take intoreport on our TB molecular-dynamics study of phonons at
account couplings up to the third-nearest-neighbor $héll, elevated temperatures which were performed to see whether
Mo couplings up to a much larger range have to bethe present model is able to reproduce the shifts of the pho-
considereff* to obtain an accurate phonon spectrum. The sunon frequencies with temperature obsefVeby inelastic
percell containing 250 atoms which we used in our calculaneutron scattering.

tions of the dynamical matrix obviously is not large enough.

In Fig. 7 we therefore compare the more reI_iabIe data from B. Surface properties

frozen-phonon calculations with the experimental results _ . . . .
obtained* by inelastic neutron scattering at 296 K. In spite A\S mentioned in Sec. 11 D, we included information on

of some quantitative discrepancies, the qualitative agreemefi€ (100 surface properties in the database for the fitting
is satisfactory: The most important phonon anomalies in Moprocedure. Thereby the results for the bulk are only slightly

i.e., the low frequency of thel point phonon, the lowering affected, whereas the inclusion is really essential for the

of the T, mode when approaching thé point along theS treatment of the surface: When we did not include these

line, and the crossing of the longitudinal and the transversaﬂiata for the fit_ting pr_ocedure, we arrived(d0g) and(110
phonon branches along tifeline, are correctly reproduced surface energies which were about 25% too small, and at an
by the TB model ' inward relaxation of the topmostl00 layer which was

As mentioned in the Introduction, it was our concern totW|ce the relaxation found irab initio calculations and in

develop a transferable TB model for applications in molecu_experiments. When including tH&00 surface energy in the

lar dynamics. To demonstrate the feasibility of such calculaf't' we obtained good resultsee below for the surface en-

tions based on our TB model, we performed a microcanoni-ergies .Of bOth thé100 and(110 surfapes.
P We investigated th@(1X 1) relaxation of thg100 sur-

10.0 face, i.e., the inward or outward relaxation of the planes near
an unreconstructe¢ll00 surface, for supercells containing
slabs withNg=7, 9, and 11 planes and a vacuum space cor-
responding to 3 layers separating the slébable Ill). The
results for the relaxations were rather well converged with
respect to the number &fpoints: Doubling the number of
k points in the irreducible part of the Brillouin zone changed
the results by less than 5%. For the two outermost layers our
results agree quite well with those obtained by a MBPP
calculatiort for Ng=7, and with the experimental values for
the relaxation of the topmost layer obtained by low-energy
electron-diffraction(LEED) experiments, which yield an in-
ward relaxation of (9.52)% (Ref. 35 or 11.5%(Ref. 46.
T x Concerning the surface reconstruction, we found that the
(100 surface is stable with respect to displacements accord-
FIG. 7. Comparison of the phonon frequencies in bcc Mo froming to aM;-surface phonon mode, but unstable with respect
the TB method(frozen-phonon calculation, solid lineand from  to an Ms-surface phonon mode, in agreement with MBPP
inelastic neutron scatteringRef. 44 at T=296 K (dots. calculations’* A comparison between the TB and MBPP re-

80 r
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40

20t
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TABLE IV. Relaxation and ¢2Xv2)45° reconstruction of the TABLE V. Surface energiesin eV per surface atojnfor an
(100 surface.Ad;, has the same meaning as in Table Ill. The unrelaxed, relaxed, and/Z xXv2)45°-reconstructed100) plane.
quantities§; denote the displacements percent of the net con-

stant for the reconstruction, 8.361 a.af the atoms in théth plane p(1x1) p(1x1) (V2Xv2)45°
parallel to the surface along the surfa@dd) direction.Ng repre-  ng Unrelaxed Relaxed Relaxed
sents the number of atomic planes in the supercell.
7 MBPP 2.18 2.07 2.056
MBPP B 7 B 2.198 2.110 2.069
ng=7 ng=7 ng="9 ng=11 9 B 2.193 2.086 2.070
11 B 2.181 2.056 2.052
Ady, ~79 ~6.6 ~6.9 -78
Ad,g +1.2 +1.4 +2.1 +25 *Reference 34.
Ads, +0.3 -11 1.4 2.1
Adys -0.1 +0.6 hand, the large number of fit parameters constitutes a serious
Adss —-0.3 mathematical problem because of the large number of local
o1 4.8 5.5 5.2 4.8 minima of the fit function. Therefore, the model has to be
52 0.4 1.9 17 16 tested carefully for configurations outside the range of the fit.
93 —-0.1 0.6 0.4 0.4 The transferability of the model has been tested for such
2 ~0.0 0.5 0.3 0.2 configurations which were not explicitly included in the fit
3 0.2 ~0.0 (cohesive energies for special structures, phonon spectrum,
J6 ~0.0 energy of formation and migration of a vacancy, formation

energy of an interstitial atom, surface relaxations and surface
reconstructions, surface energieln most cases the quanti-
sults for the relaxation and reconstruction data of the resulitative agreement between the TB results and the data from
ing (V2Xv2)45° surface is given in Table IV. Future calcu- ab initio calculations and/or experiments was satisfactory or
lations with larger supercells are required in order to find outeven very good. Nevertheless, there are a few cases for
whether the model is also able to yield the experimentallywhich the agreement is not yet really satisfactory. For in-
observed (72Xxv2)45° reconstruction(see, for instance, stance, the TB result for the cohesive energy of Mo in the
Ref. 47. The surface energies for ti€00) surface are given A15 structure deviates much more from thb initio data
in Table V. The results agree very well with the MBPP datathan the results for the other crystal structures. Another ex-
of Wanget al** For the surface energy of an unrelaxed andample is the tendency of our model to overestimate the ef-
nonreconstructed110) surface, our TB model withs=7  fects of structural relaxation: For the vacancy and espe-
yields a value of 1.38 eV per surface atom. Including relax-ially for the interstitial atom, our relaxation energies are
ation of the topmost layer, a full-potentia-LMTO mych larger than the correspondial initio data, and with-
calculatiof® with ny=7 obtained a value of 1.34 eV per qut explicitly including in the fitting procedure some infor-
surface atom. _ _mation on the relaxation near the surface the TB model
Finally, we have calculated the local density of electronicy, 4 arrive at a far too strong surface relaxation. We think

Sﬁfr?’c'g)lrl'tr?eealrayeeé?ane?;ézfez?n;:(riz.— Inaagrce;r(':nelgétﬁm? fu”t‘hat the explicit neglect of self-consistency effects might be
b all Iz ug P wav u . responsible for the problems of the model to describe the
found that for the surface layer the Fermi energy is located in ; . :

. . relaxation effects correctly as long as no information at all on
a sharp peak of the electronic density of states, whereas Itrr]1e relaxation properties for the considered configuration is
the bulk it is located in a pseudogap. . . Prop 9

included in the fitting procedure.
IV. DISCUSSION Altogether, we think that in spite of the good overall

transferability of the developed TB model, still great care is

We have developed a highly transferable orthogonal tWO_needed when applylng the modpl to other S|tuat|ons:. For
center TB model for Mo with special emphasis on the appli—m"’_lny probliems in materials Sclence, t'he TB model is re-
cability in molecular-dynamics studies. The key ingredientsdtired to circumvent the tough restrictions for the system
are as follows. sizes imposed when working witkb initio methods. To as-

(i) The matrix elements and the pair potential depend or?U'® the transferability of our TB model to new situatioqs,
the environment in order to account implicitly for the effects W& then suggest to test the model first for small system sizes
of the neglected three-center matrix elements, for the nono@galnstab initio calcula'u.ons. If the transferability is con-
thogonality effects, and for the variation of the finite set of fifmed, then the model is extremely useful for considering
basis orbitals in different configurations as well. Altogether,tN€ sometimes very large system sizes required in materials
the model contains 53 fit parameters. science.

(ii) The large number of fit parameters makes the model
flexible enough for a fit to many experimental data and/or
data fromab initio calculations for various strongly differing ACKNOWLEDGMENT
atomic configurations. The hope is that thereby self-
consistency effects which are not explicitly accounted for in  One of the authoréH.H.) acknowledges financial support
the model are implicitly taken into account. On the otherfrom the Deutscher Akademischer Austauschdienst.

8Reference 34.
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