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φiα �A�"� i E�o"p α $�� b @

ψ(n) =
N
∑

iα

C
(n)
iα φiα (1)

XAO�$ Kohn-Sham F �"} Hψ(n) = ε(n)ψ(n) /A�"��� 1 Q"� ��/ φiα $A�����A�"�"?�Y3} (2)
IA� �LO�?A@

N
∑

j

Hiα,jβC
(n)
jβ = ε(n)

∑

jβ

Siα,jβC
(n)
jβ (2)

(Hiα,jβ =

∫

φ∗iαĤφjβdV ) (3)

(Siα,jβ =

∫

φ∗iαφjβdV ) (4)
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Veff =
∑

k

Veff,k(r − rk) (5)

YA8"?"E�="Q"Ë�ÌL+�»ÃÍ�9"(��"ª��AÖ���EA}�YA8 ?A@
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∫

φ∗iα

(

− h̄2
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∇ +

∑

k

Veff,k

)

φjβdV (6)
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∑

j

Hiα,jβC
(n)
jβ = ε(n)C

(n)
iα (Hiα,jβ =

∫

φ∗iαĤφjβdV ) (7)
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(Cn)∗Cn = δnm (8)

|Cn|2 = 1 (9)

|Cn >< Cn| = I (10)
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C
(n)
iα C

(n)∗
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ρiα,jβHjβ,iα(= 2Tr[ρH ]) (11)
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? ` ��»	�"Ð��� �E�© �"µ ��3"� |�/A©�� (N̂e = 2Tr[ρ]) �LQ"±"© � µ ���"(7>ÃÑ ;��A; 3 /A©�� b ?"X�Y I�� �3O��
��?A@
NAP"Q���3 ��? ` �A} (12) ="�76LO�?A@

ρ(r) = 2

z
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n=1

|ψn(r)|2 (12)
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δEband

δr
=

∑

iα,jβ
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ρiα,jβ

∂Hjβ,iα

∂r
+ ρjβ,iα

∂Hiα,jβ

∂r

)

= −2Tr

[

ρ
∂H
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� ��»M< ��(A¦"!"($#²-"."=��²Q"¨"m�$�% &�Y � ` /�'�( �LP .")�* ; � EA}"="�´� b ?²@ Ò ¾"�"� Y"�-�"Q´Ë�ÌL+
»ÃÍ�9"("E"&�'�(")"*A+�+"m�$ 2 ¢�EA�"��E	��/"Z"?"&A'�(")"*�+�/ � W����AQ"Ö���EA}�$ � ?A@

Hiα,jβ =
∑

J

hαβJ(rij)GαβJ (k, l,m) (14)

J � �"� y � (Angular momentum) =�> ? (0 , σ Q 1 , π Q 2 , δ)@ GαβJ(k, l,m) � � ` '�( µ =�>"?�@ � ` '�( µ
� Slater-Koster[1] E�-�.�EA� 1 /A�76LO����%?A@"� 1 /	��sL¢��"E�/�0�$�� b @
hαβJ(r) � TB

.�)$* ; � Y21�3AO |�4"E�¥"¦ + I�5�6 6LO�����?A@ ©�7 H�EAP��AQ spxσ, spyσ, spzσ �"q�r h EAM%/
�-� � ` µ $ �"�"?

� 1: Energy integrals for crystal in terms of two-center integrals (l =
rijx

rij
,m =

rijy

rij
, n =

rijz

rij
)

Es,s hssσ

Es,x lhspσ

Ex,x l2hppσ + (1 − l2)hppπ

Ex,y lmhppσ − lmhppπ

Ex,z lnhppσ − lnhppπ

Es,xy

√
3lmhsdσ

Es,x2
−y2

1
2

√
3(l2 −m2)hsdσ

Es,3z2
−r2 [n2 − 1

2 (l2 +m2)]hsdσ

Ex,xy .....
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Es 0 0 0 hssσ hspσl hspσm hspσn

Ep 0 0 −hspσl hppσl
2 + hppπ(1 − l2) (hppσ − hppπ)lm (hppσ − hppπ)ln

Ep 0 −hspσm (hppσ − hppπ)lm hppσm
2 + hppπ(1 −m2) (hppσ − hppπ)mn

Ep −hspσn (hppσ − hppπ)ln (hppσ − hppπ)mn hppσn
2 + hppπ(1 − n2)

Es 0 0 0

sym. Ep 0 0

Ep 0

Ep
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TB ���´F"�´}�$²Ä�s³P��´/"�²Q on-site À´Á´+�Â (
Ò ¾ �"ÑÈ( a À"Á´+�Â ) Y³�"�È·A�´ª"¸´¹ I Ø"¸´=�>´?A@ 8 ��3²Q

)���9"(´EA¯"D s Y p E on-site À"Á"+�Â Es, Ep YLQ s Y p o"p�E 4 ¢�EAB"D hαβJ(ssσ, spσ, ppσ, ppπ) $���@��²8�s-�
�"8��A8��"@

Chadi �AQ�)���9"("E����"°"£"¤ a TB ¥ ¦"+�$ 5�6 �-����? [2][3] @ Es=-5.20eV, Ep=1.20 eV, hssσ(r0)=-1.94 eV,

hspσ(r0)=1.75 eV, hppσ(r0)=3.05 eV, hppπ(r0)=-1.08 eV, r0=2.36 Å@

hssσ = hssσ(r0)r
2
0/r

2, hspσ = hspσ(r0)r
2
0/r

2

hppσ = hppσ(r0)r
2
0/r

2, hppπ = hppπ(r0)r
2
0/r

2

%�&�'�(�E µ $� ��";7�A(�#"z�|�Y@1��"@"R"Æ���� Wolfsberg-Helmholz EA} (Φrep ' A[h(R)]2) ���8@�A"=�W"?A@
NAP"Q Goodwin[4] �A6AQ���8"?�� � |�/A©�� b ? TB ¥"¦"+�$ 5�6 �-���%? (GSP ¥"¦"+ )@
�"(7>Ã¨"m
YLR"Æ����AÖ���EA}%E"Z�~A8AM"=�@�A763O�����?A@

hJ(r0/r) = hJ(1)(r0/r)
n exp [n (−(r/rc)

nc + (r0/rc)
nc)] (16)

Φ(r0/r) = Φ(1)(r0/r)
m exp [m (−(r/rc)

nc + (r0/rc)
nc)] (17)

X�X = Es=-13.08 eV, Ep=-4.785 eV, hssσ(1)=-1.82 eV, hspσ(1)=1.96 eV, hpsσ(1)=-hspσ(1), hppσ(1)=3.06 eV,

hppπ(d0)=-0.87 eV, n=2, m=4.54, rc=3.67Å, nc=6.48, Φ(1)=3.4581 @
N,PnQ Wang �,E #�+n;{7{���
	n¹ [5] Q")5� 9n( [6] E TB &,'{(n)C* +{$ 5$6 � �=�%?,@´X,O �,En&�'{(n)C* +{�,Ï Ð
» Ñ{º
% & I 1 ��n= B����{/ '$( �,8	�{Z%~,/
���56 O Pn@´N,PnQ X,O �,E &,'{( )* + E 7n: # )� I Colombo[7]

/"Z�!������;6LO�����?A@

3 ��� ���
�"À Á"+�Â�;���QnÀ"Á"+%Â�<�(;>ÃM + / Z"?AÀ Á"+%Â 4 YLQn�"���%EAR Æ"À Á"+�Â�;�E	���%�LQ J�� � ��E�À"Á +�ÂA;
$����"P�6"E /"8"?A@

Etot = Eband + Erep − Eatom (Eatom = Natom
iα εiα) (18)

4 �! !"8C!#8I-J�$&%�')(-K!*)+�,.-)�! )/!01+�,32)4-I8J!5!61$7%�,38)9:-);8H!5!61*7<)=!>�?&#!2)4!@1* ?-C)#�A&B�C7D)4�E H!F)-�G3H1I7>-H<!=!>�?7J!2!K!91'
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4 ��� �����	��
	����������
TB � =%��QnË
Ì3+�»ÎÍ%9"( �	3�� m���/
'�(����Q � Ñ%(AB D%8�Õ83���E�� y I�� �-� ¯ D��������8�
�AN%~[@=3��
/A¢������´+�º�9´(")� »L$�� ¶"b ?AF´��Y"� �"Q�����3���Ú����! �YLQ Hubbard U YLQ ab-initioTB � I >"? " ®#"
O�?%$�$ @

4.1 &('()(*,+.-(/10 (LCN)

*"Ç�E�3!���AQÈ6%Y²E%2�,´S"T�Y43#"��A8���Z�~A/²Q�º�5A+�ÌLÀ"Á"+ÈÂ I%6!7 6LO�? I Q�'"��8!9 I >"?²¯"D�8ÈÕA�
3"��� � I 3 a �-�"Q�3"�´|�E%:�;!< I 
 rA?A@�X"E"ZÈ~A/%8!9�E"N�"È1L=��AQ�3���E"ÚAH I%= P"OÈ8��"@´ %X²="Q�>? ��»LE	3���$"Ú�H�/ =.@ Q"} (19)

I�+ , b ? Z�~A/A  O"¡"O�E��"�"o"p%E on-site À"Á"+%Â"E%A (εp − εs) $A¾�@�/�6
�"P%N"N�Q on-site À"Á +�Â $ ∆εi B �") º�»	64�%? (εiα = ε0iα + ∆εi)@n¢�N%1��AQ 3"�"|%$�C�D °�/ 6�7 b ?�@FE�G"B
D�H"=�Z�sA6 @ ���LO�?%I"�"=�> ?A@

∑

α

[2ρiα,iα −Natom
iα ] = 0 (19)

N�"�1AE%J�K�$%L��"?AP��"/AQ%X"E%M�N���*"�"��/�"AP�!����"+�º�9 (")� �»L/A��~LØ"¸ I >"?A@
XAO�/"Z�1PO LCN $%Q��LP�R � À"Á"+%Â"�A} (20) Y�8"?A@

ULCN
prom =

∑

iα

[2ρiα,iα −Natom
iα ]ε0iα (20)

X"E%N�S��
��/"�A£"Ô"°�/"�%J�K��A8��"@

4.2 Hubbard U
T w"B"D�8%ÕL=�3���E%�"y I%� �-��YAW"�AQ LCN �A®�� 8��"@ Hubbard U =��

Hu =
1

2

∑

i

(Qi − Zi)
2 (21)

$�1�EAB"D À"Á"+�Â"/"/%U��"?�@"Ë�ÌL+�»ÃÍ�9"(A× =����"\�E%I�$�Y�8"?A@
Hubbard U =��%O"Ë�ÌL+�»ÃÍ�9"("E on-site À"Á"+�Â"/A¾"¢ÈE µ (} 22) $%U��"?A@ Qi

I 3 a �A8ÈsA8"?"NA="Q��
+�º�9"(")� »L/AÄ�sLØ"¸ I >"? [4][8] @

δEi = U × (Qi − Zi) (22)

Zi ��� ���%E	3�� ( )���9 ( � 4)[9] Q Qi ���"� i ×%E�3�� 5 Q U � Hubbard E U = 1 V 20[eV] E · / >�1[QB #�� U

/�'�(��A8��
Y-�."AO�����?A@
LCN � U E���$A«��%W�/%�-�"Q Qi = Zi /"8"?"Z�~A/��LP�I"�"=�>"?A@

5QI =
∑

kα
|ck

iα
|2fk

5
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TB ���	��»����� %EA© � a�I Ø ¸�8AP��AQ�W�W"8�1���E
	�� " 100 2"� `�I � ` B YLU����LO%?�$ I
 �8�"@ TB �
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�
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6 �������������
6.1 ����� �"! #"$�%'&
c subroutine bondlength: compute bond-length distribution function

c subroutine correlate : compute particle-particle correlation function and

c radial distributon function

c subroutine crystal : assigne tight-binding and repulsive potential parameters

c subroutine dosenergy : compute total electronic density of states

c subroutine feynman : compute Hellmann-Feynman forces

c subroutine htb : compute and diagonalizes the tight-binding matrix;

c compute band-structure energy

c subroutine init_pos : assigne initial positions

c subroutine init_vel : assigne initial velocities

c subroutine md : molecular-dynamics loop

c subroutine meandisp : compute the atomic mean square displacement

c subroutine nearangle : compute bond-angle distribution function and

c atomic coordination number

c subroutine repuls : compute repulsive energy and forces

c subroutine temper : compute temperature

6.2 ����� �"! # MD

c****************************************************************************

subroutine md(itype)

c****************************************************************************

c RELEASE TBMD.2.0

c Last revision: November 21, 1996

c****************************************************************************

c Contact author: Luciano Colombo

c e-mail: colombo@mi.infn.it

c****************************************************************************

c

c Subroutine MD updates atomic positions, velocities and accelerations

c according to the velocity Verlet algorithm.

c

c Variables (see also main program for futher information)

c

c - x/y/z(i) : position of the i-th atom

c - vx/y/z(i) : velocity of the i-th atom

c - ax/y/z(i) : acceleration of the i-th atom

c - ax/y/zold(i) : acceleration of the i-th atom at the previous step

c - xx/yy/zz(i,J) : relative position of the j atom to the i atom

c - rr2(i,j) : squared relative distance of j-th to i-th atom

c - frepx/y/z(i) : repulsive force for the i-th atom

c (reduced units : eV/A= 1.602177e-4 dyne)

c - fhfx/y/z(i) : Hellmann-Feynman force for the i-th atom

c (reduced units : eV/A= 1.602177e-4 dyne)

6



c - ftotx/y/z(i) : total force for the i-th atom

c (reduced units : eV/A= 1.602177e-4 dyne)

c

c***************************************************************************

c

c Include files

c

include ’param.inc’

include ’pos.inc’

include ’vel.inc’

include ’acc.inc’

include ’dist.inc’

include ’latt.inc’

include ’tb.inc’

include ’frep.inc’

include ’fhf.inc’

include ’ftot.inc’

include ’erg.inc’

include ’eigen.inc’

include ’func.inc’

include ’lst.inc’

include ’simul.inc’

include ’start.inc’

c

real*8 ax(n), ay(n), az(n)

c

c Evolution of the system according to ’VELOCITY VERLET’ algorithm

c

do 1 i=1,n

x(i)=(x(i)+ dt*vx(i) + dtsqr*axold(i))

y(i)=(y(i)+ dt*vy(i) + dtsqr*ayold(i))

z(i)=(z(i)+ dt*vz(i) + dtsqr*azold(i))

c

x(i)=x(i)-cell*(dint(x(i)/cell+1.d0)-1.d0)

y(i)=y(i)-cell*(dint(y(i)/cell+1.d0)-1.d0)

z(i)=z(i)-cell*(dint(z(i)/cell+1.d0)-1.d0)

1 continue

c

do 2 i=1,n

do 3 j=1,n

xx(j,i)= 0.d0

yy(j,i)= 0.d0

zz(j,i)= 0.d0

rr2(j,i)= 0.d0

3 continue

2 continue

c

c Calculation of the relative position and of the relative

c squared distance of any atom to the nearest image of any other

c one, according to periodic boundary conditions.

c

do 4 i=1,n

do 5 j=i+1,n

xx(i,j)= x(j)-x(i)

xx(i,j)=xx(i,j)-cell*(dint((xx(i,j)/cell2+3.d0)/2.d0)-1.d0) !����������� x

yy(i,j)= y(j)-y(i)

yy(i,j)=yy(i,j)-cell*(dint((yy(i,j)/cell2+3.d0)/2.d0)-1.d0) !����������� y

7



zz(i,j)= z(j)-z(i)

zz(i,j)=zz(i,j)-cell*(dint((zz(i,j)/cell2+3.d0)/2.d0)-1.d0) !����������� z

rr2(i,j)= xx(i,j)**2 + yy(i,j)**2 + zz(i,j)**2 !��������������	
c

xx(j,i)=-xx(i,j)

yy(j,i)=-yy(i,j)

zz(j,i)=-zz(i,j)

rr2(j,i)= rr2(i,j)

5 continue

4 continue

c

c Compute Verlet list ! book-keeping 
���������
c

do 10 i=1,n

ilst=0

jlst=0

do 20 j=1,n

if ( i .eq. j ) goto 20

if ( rr2(i,j) .gt. cutoff ) goto 20

ilst=ilst+1

list(i,ilst)=j

if ( i .gt. j ) goto 20

jlst=jlst+1

list1(i,jlst)=j

20 continue

nlst(i)=ilst

nlst1(i)=jlst

10 continue

c

c Compute repulsive forces

c

call repuls(itype) ! �������������������������
c

c Compute and dizgonalizes tight-binding hamiltonian matrix.

c

call htb ������! �����"�#���$�%'&��(�)�*���+�,������'-/.���0�1�2
c

c Compute of Hellmann-feynman forces

c

call feynman �43���5��76�8�9�����5���:<;=������:�>������
c

do 8 i=1,n

c

c Compute total forces and accelerations

c

ftotx(i)= frepx(i) + fhfx(i)

ax(i)= ftotx(i)/mass

c

ftoty(i)= frepy(i) + fhfy(i)

ay(i)= ftoty(i)/mass

c

ftotz(i)= frepz(i) + fhfz(i)

az(i)= ftotz(i)/mass

c

c Update velocities

c

vx(i)= vx(i) + dthalf * (ax(i) + axold(i))
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vy(i)= vy(i) + dthalf * (ay(i) + ayold(i))

vz(i)= vz(i) + dthalf * (az(i) + azold(i))

c

c Store accelerations

c

axold(i)= ax(i)

ayold(i)= ay(i)

azold(i)= az(i)

c

8 continue

c

c Compute istantaneous temperature

c

call temper

c

return

end

6.3 ����� �"! # htb

subroutine htb

c****************************************************************************

c RELEASE TBMD.2.0

c Last revision: November 21, 1996

c****************************************************************************

c Contact author: L. Colombo

c e-mail: colombo@mi.infn.it

c****************************************************************************

c

c Subroutine HTB computes and diagonalizes the tight-binding hamiltonian

c matrix.

c LAPACK library for matrix diagonalization is used.

c

c Optimized use of memory

c

c The actual dimension of the hamiltonian matrix to diagonalize

c are set to (n4+1,n4+1). This allows for avoiding bank conflicts

c The extrac line and column of h is filled by zero matrix entries,

c but for the (n4+1,n4+1) element: it is set equal to 100.d0,

c i.e. a number well outside the typical energy spectrum of the

c TB matrix.

c

c****************************************************************************

c

c Include files.

c

include ’param.inc’

include ’dist.inc’

include ’eigen.inc’

include ’latt.inc’

include ’tb.inc’

include ’func.inc’

include ’lst.inc’

include ’erg.inc’

include ’potz.inc’

c
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integer lwork,info

parameter(lwork=34*(n4+1))

c

real*8 xxn, yyn, zzn, rr2n, rrn

real*8 scale1, scale2, scale3, scale4

real*8 etot

real*8 work(lwork)

character*1 jobz,uplo

c

do 10 i1=1,n4+1

do 20 i2=1,i1-1

h(i2,i1)=0.d0

20 continue

10 continue

h(n4+1,n4+1)=100.d0

c

c Compute hamiltonian matrix

c

do 100 i=1,n

c

i43= 4*i-3

i42= 4*i-2

i41= 4*i-1

i40= 4*i

c

do 200 ji=1,nlst1(i)

j= list1(i,ji)

c

j43= 4*j-3

j42= 4*j-2

j41= 4*j-1

j40= 4*j

c

rr2n= rr2(i,j)

rrn= dsqrt(rr2n)

c

xxn= xx(i,j)/rrn

yyn= yy(i,j)/rrn

zzn= zz(i,j)/rrn

c

c Scaling functions for hopping integrals

c %'&/���)�*���+�,������������������'
���$�	�
 ; �������>
scale1= (r0/rrn)**2 * ! h_{ss � }

* dexp( 2.d0 *(-(rrn/rc1)**enc1 + (r0/rc1)**enc1))

scale2= (r0/rrn)**2 * ! h_{sp � }
* dexp( 2.d0 *(-(rrn/rc2)**enc2 + (r0/rc2)**enc2))

scale3= (r0/rrn)**2 * ! h_{pp � }
* dexp( 2.d0 *(-(rrn/rc3)**enc3 + (r0/rc3)**enc3))

scale4= (r0/rrn)**2 * ! h_{pp � }
* dexp( 2.d0 *(-(rrn/rc4)**enc4 + (r0/rc4)**enc4))

c

h(i43,j43)= sss * scale1 ! h_{ss � }
h(i43,j42)= sps * xxn * scale2 ! h_{sp � }r_{ijx}/r_{ij}
h(i43,j41)= sps * yyn * scale2 ! h_{sp � }r_{ijy}/r_{ij}
h(i43,j40)= sps * zzn * scale2 ! h_{sp � }r_{ijz}/r_{ij}

c

h(i42,j43)= - h(i43,j42)
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c h_{pp � }r_{ijx}^2/r_{ij}^2 + h_{pp � }*(1-r_{ijx}^2/r_{ij}^2)
h(i42,j42)= ( pps * scale3 * xxn**2 +

* ppp * scale4 * ( 1.d0 - xxn**2 ) )

c (h_{pp � } - h_{pp � }) r_{ijx}/r_{ij} r_{ijy}/r_{ij}

h(i42,j41)= ( pps * scale3 - ppp * scale4 ) * xxn * yyn

h(i42,j40)= ( pps * scale3 - ppp * scale4 ) * xxn * zzn

c

h(i41,j43)= - h(i43,j41)

h(i41,j42)= h(i42,j41)

c

h(i41,j41)= ( pps * scale3 * yyn**2 +

* ppp * scale4 * ( 1.d0 - yyn**2 ) )

h(i41,j40)= ( pps * scale3 - ppp * scale4 ) * yyn * zzn

c

h(i40,j43)= - h(i43,j40)

h(i40,j42)= h(i42,j40)

h(i40,j41)= h(i41,j40)

c

h(i40,j40)= ( pps * scale3 * zzn**2 +

* ppp * scale4 * ( 1.d0 - zzn**2 ) )

c

200 continue

c

h(i43,i43)= ess ! 0�1����
h(i42,i42)= epp

h(i41,i41)= epp

h(i40,i40)= epp

c

100 continue

c

c Diagonalization

c

jobz=’V’

uplo=’U’ � 0�1�2������������ ;=0���5� 
	��
�����>
call dsyev(jobz,uplo,n4+1,h,n4+1,eval,work,lwork,info)

c h ����	����
'���� eval ����	���������	���	�
etot = 0.d0

c

c Compute the statistical weight for any energy level.

c Zero-temperature Fermi-Dirac distribution is assumed.

c

do 31 i=1,n4+1

if (i.gt.n4/2) then

occup(i) = 0.d0 ������	���������
else

occup(i) = 2.d0 ������	 �!�"#�����
end if

31 continue

c

c Compute band-structure energy

c

do 30 i=1,n4+1

etot = etot + eval(i)*occup(i) ��$���%�&���' ( �	��� ) (�)���*�+�*�*��#����,
30 continue

c

c Compute band-structure energy per atom

c
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ebstot = etot / dfloat(n)

c

return

end

��� ���
[1] J. Slater, G. Koster, Phys. Rev. 94(1954), 1498

[2] C. Z. Wang, C. T. Chen, K. M. Ho, Phys. Rev. B39 (1989), 8586

[3] D. J. Chadi, Phys. Rev. Lett. , 41 (1978), 1062; Phys. Rev. B29 (1984), 785

[4] L. Goodwin, A. J. Skinner, D. G. Pettifor, Europhys. Lett. , 9 (1989), 701

[5] C. H. Xu, C. Z. Wang, C. T. Chan, K. M. Ho, J. Phys. :Condens. Matter., 4 (1992), 6047

[6] I. Kown, R. Biswas, C. Wang, K. Ho, C. Soukoulis, Phys. Rev. B 49 (1994), 7242

[7] L. Colombo, Comp. Mater. Sci., 12 (1998), 278

[8] M. W. Finnis, A. T. Paxton, D. G. Pettifor, A. P. Sutton, Y. Ohta, Philo. Mag. A, 58 (1988),143

[9] M. Kohyama, Phys. Rev. B 49(1994), 17102

12


