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Purpose of this lecture
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e the lowest band is lowered by 3 eV almost
everywhere in the whole Brillouin zone

| e Egis pushed above the d-band v

e the s-p band above the d-band is lowered
somewhat. The shift is significantly smaller
than that of the lowest band.

e the width of the d-band is reduced with
respect to that of pure Pd. \Zﬁ

18t reminder: the H,* molecule ion

Schrédinger equation
H; AV (R, 1) +V (R, ~1) +V(R2—R1)} v ()=ey ()

Solution as linear combination of
atomic wave functions
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Bonding and antibonding states




2nd reminder: a linear chain of atoms

Solution of the Schrédinger equation
for one electron in a crystal

vi(X) = f 2. e g(r-R)
leads to the energy

—AV —t) e
Rom

g =E

atomic

t=—(g(r)|AV(r)|(r-R))

AV = —(g(r) | AV (r) | 4(r))

3" reminder: only s —states, but in 3D

Solution of the Schrddinger equation
for one electron in a crystal

¥ (x) = rZe'kR #(r-R)

leads to the energy

& = Eatomic —-AV _tzeik.R
with .
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3:5 N =

%

S — energy band

& = Eqomic — AV — 2t cos( kla)cos( kza)+ cos( kla]cos( ks a) + cos(@)cos(kiaj
2 2 2 2 2 2

&Y

The tight-binding approximation

Schrodinger equation for one electron in a
crystal

HY, (r)=E%,
Solution of the form

g/k(r): Z

R

e“"> c;o;(r-R)
i

sumover
all atomicsites

where ¢,(r-R) is an atomic wave function
located at R which satisfies the atomic
Schrédinger equation

H atomic§0j =E j¢j
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The tight-binding approximation

Schrodinger equation for one electron in a é
crystal

HY, (r)=E%,

3z2-r2 x2-y?
Solution of the form

=
“(n- 3 e"" 4
Smover yz Xz

all atomicsites

where ¢,(r-R) is an atomic wave function 2%
located at R which satisfies the atomic

Schrddinger equation Xy

Hatomic(”j = Ej(oj @E

Schrodinger equation in a matrix form

Schrodinger equation in a matrix form. Multiply by
an atomic function ¢, (r)

Pn (r) HY, (r) =En (r)ﬁpk (r)
and integrate over real space
<¢m (r)‘ H ‘Y/k (r)> =E, <¢m (r)‘l{/k (r)>

Make use of the orthogonality of the (pj(l’) located
at the same atomic site,

(@0 (r)|e; () =5,y

and quasi-orthogonality <(p,— (r)

o, (r+ R)> = 0 Oim

EE

Then (@n (N)|H|#, (r)) = ;ei”‘i;cj (g (r)|H ‘goj (r- R)>

= E,c,
In matrix notation
S (alr]HarR) - T lanllacR)|[a] o
: : | = = :
Y laHlar-R) - X ammlarR) |, | g

The potential

Close to a given atom the
crystal potential resembles
strongly the atomic
potential

H=H +h

atomic




Vanishing determinant

With the overlap integral B, (R) = <¢m (r)‘ h‘(l)j (r- R)>

The matrix is

'E, + > e*"B,(R) > e**B, (R) C, c,
R R : :
: : ~E,
> e**B(R) -+ E;+>.e""B, (R)
L R R CL CL
A non-trivial solution exists if the determinant vanishes
E1 +;eik-RBll(R) _ Ek . ;eik.R B”_(R)
: : =0
2EBy(R) - Ej+)e"B, (R)-E
R R
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Vanishing determinant

With the overlap integral B, (R) = <¢)m (r)‘ h‘(ﬁj (r- R)>

A non-trivial solution exists if the determinant vanishes

E1+;eik'RBn(R)—Ek ;eik.RBlL(R)
: : =0
zeik.Ra_l<R) Ej"";eikRBLL(R)_Ek
. +G—¢ -
—15t+ 815+G—8t =0 tE—<¢(I’—R1)|V(F—R2)|¢(F—R2)>
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Overlap integrals after Slater and Koster (1954)

(I, m, n) are the direction cosines of the lattice vector R. The
fundamental overlap integrals are ddo, ddn and ddé

By 3 IPm2 ddo +(12+m2-4 12 m?) ddn + (n2+12 m?) dds
Byy.yz 312m2n ddo +In(1-4 m?) ddn + In(m2-1) dds
By 3 I2mn ddo +(1-4 12) ddr + mn(12-1) ddd
By, 2 (3/2)Im (I12- m2) ddo +2Im( m2- [2) ddr + (1/2)Im(1>- m?) dds
B, 2,2 (3/2)mn (12-m?) ddo -mn[1+2( 12- m?) Jddn + mn[1+(1/2)( 12- m?)] ddd
B 22 (3/2)nl (I12- m2) ddo -nI[1-2( 12- m2) Jddn - nI[2-(1/2)( 1>- m2)] ddd
By sl V3 Im[n2-(1/2) ( 12+ m?) ] ddo -2V3 Imn2 ddr + (1/2)\3 (1+n?) dds
B, 522 V3mn[n2-(1/2) ( 12+ m?) ] ddo +v3 mn(12+m2-n?) ddn
- (1/2)N3mn (12+m2) dds
By, 32 2 V3In[n2-(1/2) ( 12+ m?) ] ddo +3 In(12+m2-n2) ddn
- (1/2)¥3In (12+m2) dds
B2,2 22 (3/4)(1-m2)2 ddo +[ 12+ m2 -( 12- m)2 ]ddr +[n2+ (1/4)( 12- m?)?] ddd

B ol 2 (V3I2)(12-m?) [n%- (1/2)( 1P+ m2)] ddo +\3n? (m?- I2) ddn
+[(1+02) ( - m3)] dds
Byl o272 [n%- (U2)(12+ m2)? ddo +3n? (12+ m?) ddr + (3/4)( 12+ m2)? ddd
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Overlap integrals after Slater and Koster (1954)

(I, m, n) are the direction cosines of the lattice vector R. The
fundamental overlap integrals are ddo, ddn and ddé

Bxy, Xy 312m2 ddo +(|2+m2-4 2Zm> ' 4 - o e
Bxy, yz 312m2n ddo +In(1-4 m2) d
By, x2 3 12mn ddo +(1-4 12) ddn
B,y Xz_yz (3/2)Im (12-m2) ddo +2Im( ) dds
= (3/2)mn (12- m2) ddo -mn[1 12)(12- m?)] dd
Bz, x> y2 (3/2)nl (12- m2) ddo -nlI[1-2 2-m2)] dd
Bxy, 322- r2 V3 Im[n2-(1/2) (I2+m?) ] ¢ 3 (1+n2) dds
By, %2 V3mn[n2-(1/2) ( 12+ m2) ]

- (1/2)V3mn (I2+m?) dd§
sz, 322- r2 \/3|n[n2'(1/2) ( 12+ mZ)] dc

- (1/2)V3In (12+m2) ddd
B2 2 22 (3/4)(12- m2)2 ddo +[ 12+ m 9)( 12- m2)2] dds
B2 522 (V3/2)(17-m?) [n>- (L2)( 1> gh ddn

+[(1+n?) (I- m2)] ddd
By2 2 322 [ (U2)( 12+ m2)]2 ddo +3n? (12+ m2) ddn + (3/4)( 12+ m?2)? ddd

E:E




Elementary overlap integrals

ddo ddn ddd ddd

NI ee

4@ >¢ %&

%

d-d overlap integrals for FCC

Overlap integrals after Slater and Koster for the nearest-neighbours in the FCC lattice. The
fundamental overlap integrals ddo, ddr and ddd are defined in Table.VI.1. The dds overlap
integral are set equal to zero

Bxy, Xy 3/4 ddo for [110]
Buy, xy 1/2 ddn for [101] and [011]
Bxy, yz 0 for [011]
By, yz 0 for [101] and [011]
XYy, XZ 0 for [011]
Bxy xz 0 for [101] and [011]
Bxy 0
BYZ X2 Y 0
2°2 0
Xz, X -y
By.az- 0
yz, 322 r2 0
sz 322 r2 0
Bx - >(2 y2 ddn for [110]
B yz 322 3/16ddo +1/4ddn for [101] and [01
B3Z -r y 312 r2 1/4 ddo for [110]
Bs’-7, 3’ 1/16 ddo +3/4 ddr for [101] and [011]
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For a FCC metal

E, =E, + e“"By(R)
R
=E,+2) cos(k-R)B;(R)

E, . =Eq +4dd7Z'COS( )+3ddo-

Xy, Xy

Eyp =Eq + deacos(#) + 2dd7r(1+ cos(kza)]

)

E. 20 Ed+4dd7z+[§dda+2ddﬁjcos(27)+

XT-yT Xty

E

XZ,XZ

E . —E, +@dda+eddﬂJ

3z2-r2,32%-r
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Approximation ddo =-2dd

ddo ddmn dds ddd




Approximation Bands along I'X

dda — _2dd7z- E(k) Xz, yz
Egxy =E, +4dd7r[cos j
E E, +4dd (cos( L j Eo*3 ddm x-y? E,., =E +2dd7z[1 2c0s(52 )j
Xy, xy =B+ a ; .
Es2dd E —E, +2dd | 1-2c0s(%2
S =E, +2dd;z(1 2cos(—2= k, J d T 3212 _— ’ 7[( ( 2 )j
k,a
Ex =E;+ 2dd7z(1—2005(1—)j B oy = Ea +ddﬂ'[4—COS(—)j
E 2 2 2 2 E +5dd
Ee ey =B +dd7z(4 cos(—— K, )] Xy 3t 7[( ]
37212 37212 E +5ddﬂ'( \J
r X

Bands along I'X d-states only

Determinant for k parallel to the z-axis if one considers
E(K) Xz, yz E+6ddr 4= only 1s- and 5d- states.
W Eq4+5 dd ' )

Eq+3 ddx Xy ’ " E.+2 Ch B.-E 0 0 zR: e Bs‘3127r2 0 0

0 .0 : 0 O

. 0 0 . : 0 O
Ed 2 ddrn 322-r2 %@ . ; = 0

> enr B, 0 0 E,+>e"" B ... (R-E, 0 0

Ed-7 ddr — 0 O 0 ; o 0

0 0 0 0 0
Xy Ed'lo ddTC
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No overlap

No hybridisation

E.+>e""B,-E, 0 O 2e"B, .
R O ..‘ 0 ? N
0 0
Se""B_, 0 0 E,+Xe*"B,...(R)-E
R 0 0 ? 0
0 0 0 0

o o o o

‘o o o o o
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0 0

zekRBs,gzz,rZ O Ed +ZekR83127r2r3Zz’rz(R)_E
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Influence of s-d-hybridisation

5[ - 5
Xz, yz
- - - E(k) y E4+6 ddn
E¢+5 ddn
Eg4+3 ddr Xz_yz :
0 __..:-;:F"'::—M
Eg-2 ddn - M:r"
el
E4-7 ddn .-."-""‘- ‘‘‘‘‘
Xy Eflodde O [ 1T .
r X
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For FCC metals d,, has the lowest energy You are now ready to understand this !

10 i 10 oy
! _

. st Pd 4 o st R [ PdH
:
i i
= 2
£ 2
g 2
£ | : 1

10- | - o |5 |

a) | | ® the lowest band is lowered by 3 eV almost
! everywhere in the whole Brillouin zone
-5 o+, | ® Egispushed above the d-band B

® the s-p band above the d-band is lowered
somewhat. The shift is significantly smaller
than that of the lowest band.

® the width of the d-band is reduced with
respect to that of pure Pd. Eﬁ
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Energy bands which are Moderate Energy bands which are
most influenced by lowering Vi Ul not influenced by
hydrogen in palladium - hydrogen in palladium
No
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Density of states of PdH Influence of H on the density of states

Energy relative to Fermi level (eV)
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Site projected density of states in PdH

Site projected density of states in YH

4 PdH 25 T
Q=11 YH
Total density of Q=4 .
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Simple linear chain model for MH
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Overlap integrals of the form (X |V, +h|H)

‘ (HV +1M) =t
. |
‘ (MM, +hiM) =
|
[ [
‘ ‘ ‘ (M. + )=
|
[
(M, +hIM) =—t,,, ‘
| | i
e | ] | e

<HNM hH)=-v
i (M}, <) =~
‘ ‘ l
‘ (HoMy +RH) =t
I I
<MN +hlH) = ‘
\
I f
<HN ) = ‘
\
\ I !
<M‘ M iH) = 0‘ ‘ Eﬁ

Band structure MH

‘{Jk(r):; “RifaM )+ AlH,)
(Z (N[HM)= (7, (N)[T +V,, +V,, +h|M) =
:Ze’ik'R( ( |+ﬂ ‘T+V +Vy +h|M)=E
(# (N|H|H) =(Z, (0)|T +V,, +V,, +h|H) =
=> e (a(M,|+A(H, ‘T+V +V, +h|H)=E 2

+a (Ey —Vyy =2ty coskd) = B t,,, [1+™ |=Ea
—atyfi+e ™|+ B(E, -V, - 2t,, coskd)=E, S

(Ey Vi =2t coskd —E, )(E,, -V, — 2t,,, coskd - E, ) - t5,, [1+€* |[1+e ™ ]=0

(Ep —Vi — 2ty coskd —E, )(E, -V, —2t,,, coskd — E, )— 2t7, [1+coskd]=0
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Band structure of MH

%

I O=NWO=RNWO=NWOS=NWO=-NWO=NUWO=2NWO=NWO=NWO =W

Density of

states of

transition
metal-hydrides

Smithson, H., C.A. Marianetti, D. Morgan,
A. van der Ven, A. Predith and
G. Ceder, Phys. Rev. B66 (2002) 144107

EE

Schematic influence of H on DOS of PdH,
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Why is YH; not a metal ?
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More than 24 theoretical papers !
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