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~ Let us now quahta.uvely discuss the appropriateness
“~—of ~ourprocedurefor— various- ciassesrof-—eiecti-omc—
——-systemsr- —
In atoms and molecules one can d1stmg1_.ush t_hree
regions: (I) A region near the atomic nucleus, where |
~" “"the electronic density is high and therefore; in view of [~
-~ —~case—{¥)yabove; we" expect om-procedum—w -----
— —factory- ) The-main* -

where the: electromc denmt.y n(r) - relanvely ‘slowly

— __auﬁacg_Ls_mozo_satxsfgctogly handled in the nonl.o_cm
method described under B below.) |

~For metals, alloys, and small-gap insulators we have, .
—ofcourse;" rro—surfacrprobicnrm& mxpect—our—qF—
—p:oxlma,twn—&.l} to give-agood rep:mMOQ_gtg:g- —
___change and correlation effects. In large-gap insulators,
however, the actual correlation energy will be con-
~ ~siderably rediiced compared to that of a homogeneous
‘electrom gas-of the same-density.—- ~ — —

(DY Ty S g e e
(2.3): &t |




Beryllium: 1s22s2

' 47tr’n(r)
4/3

I l/n(r




A A =B 4 A LA BAma i =

AE 4 . A AR .

(o omndrSso m — Luv\c[?ui:;?" phys.Qeu B 13 4274 (1335

In the first application to atoms, Tong and Sham’®
found that, while the calculated exchange energies

for various atoms are about 10% too small in mag-
nitude, the correlation energies are too large by 3

factor of about two, the errors partially balancing
each other. The relative accuracy for both guanti-
ties improves for large atoms. The error in the
exchange energy is surprisingly small, considering :
the nonlocal nature of the exchange forces and the
strong inhomogeneity of the system. As has been
pointed out by Tong, "' the major source of error in
the correlation energy is that the discreteness and
the nonzero spacing of the low-lying levels of a
finite system, in principle, would not be well de-
scribed by expressions derived from an infinite
electron liquid. “A reason for the increased rela-
tive accuracy for larger atoms is the decrease of
the exchange-correlation hole compared with the
inhomogeneity length, as an electron shell is get-
ting filled. All these results and arguments sug-
gest the LSD approximation to be less satisfactory

for a detailed descripti d core |

electrons, while it is likely to give useful results
for valence electrons, In this section we will \

give results supporting that view.
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1. Cowparison of the LDA, Hartree-Fock, and quantum Alonte Carlo densities for Ne.
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FIG. 2. Errors in the LDA. GGA. and Hartree-Fock densities for Ne.
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FIG. 1. Electron density p(r) as a function of distance from
the center of the jeltium sphere. Solid line, VMC computation;

dashed line, LSDA computation.
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.FIG. 2. Electron-spin density p,(r) times r? as a function of
distance from the center of the jellium sphere. Solid line, VMC |

computation; dashed line, LSDA computation. |
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FIG. 1. Structure of selenium. (a) Projection on the basal

plain of the selenium helices.
edge, while u is the radius of

ao is the length of the hexagonal
the helices. (b) Side view of the

chains: d; is the covalent (intrachain) bond length, while d;
is the interchain bond length.
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Excff] tfg“( P, Vﬂ Vﬁ) d?( Filippi, Umrgar, and Taut: Density functionals for a soluble moded 1295

4 Ty 172
kF=(3Tr2p)V3, k,: (; kF) , =0
IVpl 3 1/3
r_21’c, 5 N (41Tp) '
All the parameters that appear in the following functionals
are in atomic units.
LDA exchx:ge functional:

;P =A,p"”, (A2)
where 4, = — (3/4) (3/m)\3.
LDA correlation functional {Perdew—Wang'®):
e‘I:‘DA=—20p(I+a,r,)
log{ 1+ : -
x O »
! T 2B B+ B B
(A3)
where a={0.031 0507, a;=0.213 70, B =17.5957,

B,=3.5876, B,=1.6382, and B,=0.492 94.

Langreth-Meh! exchange—correlation functional:*®

Vol2(7
ei—etPA g l?’;,'—(gﬂs f‘), (A4)
Vel (AS)

e=e"(p)+a g2 1817,

wheze F=b|Vp|/p"%, b=(9m)5f, amm/(16(3a1)),
and f=0.15.

Perdew—Wang '86 exchange functional:'

:2 m
- e,:e:—"*(p)( :+o.oss4;+bs‘+csﬁ) . (A)

»  where m=1/15, b=14 and ¢=0.2.
Perdew~Wang '86 correlation functional:'®

[Vp|?

' e==e£-°“(p)+e-°cc(p)—ppr. (A7)

where

~Clw) |Vp]
¢ =1.745 IWW,

Cr+Cyr, +C 2
14+ Csr,+Co+Cory
and  f=0.11, C,=0001667, C,=0.002 568,

Cy=0.023266, C,=7.389X107%, C;=8.723, C;=0.472,
C;=7.389% 102,

Cp)=C+ (AS8)

Perdew-Wang '91 exchange_functionnl:“

I +a, ssinh™{a) + (a, +a4e“'W) 5

LDa
1-+ay 5sinh™ ' (a,5) +aus’

X

e, =e€

r

(A9}
where a;=0.196 45, ay=0.2743,

ay,=—0.1508, and a;=0.004.
Perdew-Wang *91 correlation functional;"

a:=7.7956,

LDA

ee= (P4 (p) +p Hips,0)), (A10)

where
2 244

H—Ez—l 1+
=2 8| T T A AR

+Col Cel p) —Coy] Pe= 105,
, .
A=§a[e—2ac‘(p)/ﬁ‘z_1]—l’

and a=0.09, B8=0.066 726 3212, Co==15.7559,
C;=0.003 521. The function C,(p) is the same as for the
Perdew—Wang '86 correlation functional. €, { p£) is defimed
so that ¢4 (p) = pe.(p).

Becke 88 exchange functional:*
5 b

_ ,LDA _
a=e (P = g T (ALY
where x=  2(6m))25=2'|V p|/p*?,  A4,=(3/4)
(3/m)'?, and B==0.0042.
Wilson—-Levy correlstion functional:??
—_—m
a p+biV¥p|/p
p+8{V¥pl/p (A12)

=X d|Vpl /o Py,

where a= —0.748 60, 5=0.06001,
d=0.900 00.

Closed shell Lee—Yang-Parr correlation functional:'¢

¢=3.60073, and

1
Cr PSH—'sz‘i‘;

|
—_ =273
e.= am‘p-Fbp

1 _
x("‘*i Vzp) e~cP "‘], (A13)
where
1/|¥p|?
wg(" e 5). (D

and Cp=3/10(37)%3, a=0.049 18, b=0.132, ¢=0.2533,
and d=0.349.
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1W, Kohn and L J. Sham, Phys. Rev. 140, A1133 (1976).

IN. R. Kestaer and O. Sinanogiu, Phys. Rev. 128, 2687 (1962).
*P. M_ Laufer aod J. B. Krieger, Phys. Rev. A 33, 1480 (1986).
’S. Ksis o al, ]. Chem. Phys. 99, 417 (1993).

‘M. Tewt, Phys. Rev. A (in presy).

TC. Umrigar and X. Gonze (unpublished).

*A. D. Becke, Phys. Rev. A 33, 3098 (1988).
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TABLE IV. Ilknown

properties of the exact density functional

Property EL.DA EL.M EPWQl EBE\S EEC!M\’ EWL EL.YP
xe x¢ x x ¢ <

“ RA=l. |s] FLet. [)-I‘I Rel. [38] A=l [37] A=t (34} Rl [.nl’ A=l [4v]
.\Lnx(r, r'y<0 v - \ - n . .
E) r f)\(l:,rl) dr' = —1 v - N - - - -
[ pe(r,x'}dr’ =0 v - v - - - i
By [[J] <0 ¥ ¥ 3 v ¥ - -
3 E(- [ﬂ} S 0 N N N - - N N
AEip]  Exalp) = —cfp P dr ¢ ; : ) v . - .
H E: [p\] = /\E\ [p] b ) ¥ Y ¥ v - -
.Er[p\]<AEc[p],x\<l . ¥ ™ ¥ - - K N
* hl.n.\_..x, [pA] Pt & [N v/ v ! - - ¥ Y
wiliniy—o xEc [PA] > —00 R N v - - . v
My o Ex [pi] > —co ¢ N N ¥ H Y - -
13 ].illlx_.;) E. [pi] > o0 ¥ N ¥ ¥ ¥ - -

i 111115__.,_,0 %Ex [pi"] > —o0 4 v n ¥ ¥ ¥ - -
14 lilll,\_.g }’{E‘ [pf\"\] > -0 M N N N M - -
1 lilnA_m AEC [p's\] > —00 - N v s Y - - ‘N M
18 linu_.o %{E.: [p}] =0 L N Y - - N N
17 .ﬁlll,\_.._,o E [p}“_\] =0 N ‘M ¥ - - N ]
18 linlA_...U Ec [P)“\] —0 N ¥4 v - - N N
17 T') ‘21—, T — OO ) N N N YN T N - -
~0 (T) %, T — OQ N N N \N. N - -
s vx(r),vc(r) —» finite value, 7 — 0|~ N N » N " N
.-|LD A™liinit for constant p(x) . N ¥ v v " »

l.44 < c < 1.68

®pa(r) = Mp(Ar); ° Pi(F) —Ap(h‘ v ch
Note that Ecfpa] < AEc (o), A <1 is equivalent to E¢ [a] > ABc[p), A > 1

L

)

P

But it diverges to 420

e

P,\,\(r) = AZp(Ar, Ay, 7)

14

for exponential p(r), but “N™ in general, ¢.g. B83(y) — —1/rfora gaussia.
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MICROSCOPIC FORMULATION
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Lattice Dynamics

e Adiabatic Approximation

H = Tion + E({Rls})
® Harmonic Approximation (Ri, = R, + uy,)
E({Ri.}) = E({RL})+ D Cru, +
s

%Z Z UIJSICISIISIU[s + ...
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=0 Clsl’s' =
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e Equation of Motion = Dynamical Matrix
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Lattice Dynamics & Linear-Response

within Density Functional Theory

E({Ris}) = min {F[ ] + / (r) 1{0; (r)d }+Eion

OE({Ris}) _ 0 fl{on,,} OE*"

d
Oup, n(r) Ouy (r) dr + Ouys

Helmann-F eynman theorem

Y
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Density-Functional Perturbation Theory

DFT

Vaor(r) = Viaa(r) + €2 [ 25rdr’ + pxc (n(1)
(—V2 + Vsc_p(r)) Lp(F) = €xUn(r)

n(r) =2 Zeu<ep iUU(rHQ

DFPT

AVscr(F) = AVien(n)-+e? [ FEGHdr e (n(r)) A0

(_V2 + Vacr(r) — ev) Ayy(r) = — P.AVscr(r)du(r)

An(r) =4 Z WX (0 A, (r)

ep<€Ep

S Baroni. P.Giannozzi and A.Testa, Phys.Rev.Lett. 58, 1861 (1987)
P.Giannozzi, S.de Gironcoli, P.Pavone, and S.Baroni, Phys.Rev. B43, 7231 (1991)
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The quasi-harmonic approximation

sy I =0 the atomic equiibrum positions in a crvstal are Gefned by the minimum
in she absence

of the potential energy 0T =19. Vii.oAu qnite temperature and

of ap applied pressure the equiliorium condition requires the minimization of the
appropriate -hermodvn~mical potential, in this case the Helmholtz iree energy

defined as:
F(T. V) = U(T, V- T 5(T, VY. (3.1}

where S{T, V) 1s the eatropy of the crystal. In the harmonic a.pproximation the
of independernt harmonic osciilators. =0

crystal can be considered as 2 collection

s of vibrational quantities

that the Heimholtz free energy can De expressed In term

only:
(3-2)

Fhar(T,v.) = FU (.V) - F\-ib(T, V-) .

The term F”(V) in Eq. (3.2) corresponds to the iree energy at T = 0 and can e

written in the following way:

Fo(V) = (V) + Ukn(V) - (3.3)

called

where £(V') is the ipternal energy of the static lattice at volume v, i.e. theso-

total energy which can be evaluated with the methods described in Chapter 1, and
U'\J,‘.D(V) is the zero-point vibrational energy. On the other hand, the vibrationai

contribution in the harmonic approximation is given bY:

SRTRSINED San e (L0
e kT

4

This approximation is known as the Quasi-Harmonic Approzimation.

P. Pauoue S1SSA-PUb Thess (@3
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The Mechanism of the Transition
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Substitutional Disorder as a Perturbation

Pseudobinary Alloy: A, B;_, C

Configurational variables

—1 fBin R

{UR}:{ +1 ifAin R

External potential

—r

Vezs(r) = Z (-;—(”UA +vp)(r— R)) +ve(r+t—R)

A >

Vo(r)

+ Z OR (%(UA —vp)(r — R))

AV(r) = ZVURA@(r —R)

o

Vezt({or}, 1) — n{or},r) — E({or})
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Mapping the Alloy onto a Lattice Gas

Perturbation theory:
Hellmann-Feynman theorem

OE\ )  0*E, Ana(r)
B3 =/n;\(r)AV(r)dr = 5z :/ 3 AV (r)dr

E, = Eo+A [no(r)AV(r)dr+-)—\2—2-/AV(r) 87:;;’) +O ()\3)

0

The lattice gas:
AE({c}) = Zonjno(r)Av(r — R)dr
R — _
Ap
+ Z OROR/ fﬂmoc(r — R)Av(r — R')dr
RR/ -~ R
J(R —R))

+ O (A&)

AE({c}) = ApN(o) + %Z J(R — Rogog + - -
RR/



Monte Carlo Simulations

Gazln,_.P free standing

Ma HaYza\r“ S-deél\-Ouao[-' S.RQavond PRL _'EB 200 ¢ (1394)
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Monte Carlo Simulations

Ga,ln; P epitaxially grown on GaAs (100)
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Galn, P

epitaxial
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1.00

0.00 0.25 0.50 0.75
X
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Phonon dispersions of clean W(110)

:

Frequency {cm™]

S

g

e EELS data from Balden et al. Surf. Sci. 307-309,
1141 (1994).

o HAS data from E. Hulpke and J. Ludecke, Surf. Sci
272, 289 (1992).

e Present calculation.
C.Bongaro S.deGwoncoli S-86vous PRL #x 249 (195



H/W(110)

Phonon dispersions of H/W(110).
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