
.~. 


ASITP 

:rN~TTTUTE OF THEORETICAL PHYSICS ACADEMIA SINICA 

_;;...;;;A~S-ITP-94-01 
J~~ary 1994' , 

ELECTRON-PHONON INTERACTION OF HIGH 


FREQUENCY MODE IN AaC60 


I 

~ 
~~~C, f\~Jtn t",tS. -

r'lAJ\,1E __~ -- - \ 

, . C\('.~' 

P.O.Box 2735, Beijing 100080, The People's Repu~!'t({)1China
~~~\~ 

Telefax: (86)-1-2562587 Telephone: 2568348 

Telex: 22040 BAOAS CN Cable: 6158 



ASIT'P-94-01 

Electron-Phonon Interaction Of High Frequency Mode 
In A3C60 

Han-Ying Guo and Ming-Liang Zhang 

CCAST (World Laboratory) 

P. O. Box 8730. Beijing 100080. China 

and 

Institute of Theoretical Physics, Academia Sinica 

P. O. Box 2735, Beijing 100080, China 1 

Abstract 

The formula of ..\ of the cry3tal where one cell contaim many com­
ponent3 i3 derived in "nearly /ree" electron approximation. It i3 very 
important for the crY3tai in which one cell contain3 many component3 
(Jor example A3C60 ). Old McMillan approximation i3 even given er­
ror predirect for the3e 3Y3tem3. The pha3e interferene3 among the3e 
component3 can not be ignoreded. . The electron-phonon interaction 
induced by the high frequency mode on ball i3 computed. It further 
prove the main part of electron-phonon interaction which re3ulted in 
3uperconductivity of A3C60 i3 the part of low frequency mode of inter­
molecular. 

Keywords:Highfrequency mode, electron-phonon interaction, interfer­
ence. 
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I. Introduct:ion 

Alkalis doped fulleren has been intensely investigated. Many author compute dimen­

sionless electron-phonon coupling constant induced by high frequency on ball making 

use of McMillan approximation [1] 

2 1."""'01 (k2F(w)lJd.." "" ...... F(IJ)d.." • 
(1)< w > = /:"'''18 ~(k2F(IJ)d..,,"'" 0 .....18 ~F(IJ)d.." 

Under this approximation it is easy to show [2,3] 

..\ = L N(O) < 11 > (2) 
i Mi <w l > 

where i indicated ith component in one celL However this formula exists serious error 

when use it to compute dimensionless electron-phonon coupling constant for the crystal 

in which one cell contains many components. About hyenty years ago I.Gomersall 

and B.Gyorffy considered the electron-phonon mass enhancement in transition metal 

compounds, they given the phase shift method for ..\ of the crystal where one cell contains 

many components in muffin-tin approximation in appendix [2]. It is fit for the case where 

the scattering between ions and electrons is strong. They only used it to two components 

compound where the difference of mass between two components is very large. But the 

mass of C atoms on Coo is ,the same. The scattering between the carbon atom cores on 

ball and "nearly free" electrons in A3C60 is not strong. In section II we first reconstruct 

the formula of ..\ for crystal in which one cell contain many components which fitting 

for .4.3060 • In section III we compute the electron-phonon interaction induced by high 

frequency mode on ball. 

II. The general formulation of ..\ of many components crystal 

>. is given 
>. = I ~0:2F(w) (3) 

where 

0: 
2F(w) = 1I2(~,.)3 Lv fSF:2: ISF ~!' Ig",}:' ,kl 2 Bv( k' - k,w)/ I ~FIr:, (4) 
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in which V is crystal volume, 

BII(k' - k,w) = -~ImDII(k' - k,w + i6) (5) 

is phonon spectrum function, DII(q, iwll ) is Fourier transformation of DII(q, r). 

DII(q, iwll ) = tl~ foP dreiw"r DII(q,r) 

DII(q,r) = - < TrA(q,v)A+(q,v) > 

, where 

AII(q, v) = aq•1I + at-II 

. To compute 0:
2 F(w) we first write perturbation potential of electron-phonon interac­

tion 
Hd - ph = ftPt(r)V,,(r)tP(r)tFr (6) 

where 
Vp(r) = - Ln.i,a Un,i,a \10 Vi(r - Rn. - di ) 

(7)
tP(r) = Lk tPk(r)ck 

substituting above two formula to (13) we have 

He/-ph = - f d3r Lle,k' Ln,i,a tP~,(r) \10 Vi(r - Rn. - di)tPlc(r)Un,i,aCr,Ck (8) 

making use of the expression of displacement 

U' - '\' [ Ii ]1/2 II ( ) ;qR,,( + t )n,',a - L.,1I.q 2NMiW.,(q) e.,o q e aq,lI a_q,1I (9) 

one can obtain 

Hd - ph = - LIe,Ie' LII,,, Ln,i,a f d3r[2NM~.,('l)Pt2tPZ,(r) 
(10)

\1a Vi( r - Rn. - di)tPk(r)ei,a (q )ei'lRn C!,Ck( a'l ,1I + a~'l,II)' 

According to Bloch theorem it can be written 

Hel_ph - Lk,k' LII,q Ln,i,a['lNM~w,,(q)P/2 f d3rtPZ,(r) \10 Vi(r di ) 

(11)
.1, (r)ei(q+k+k')R"e" (q)c t C fa +at )'f'k ',a k' k\ q.1I -q,1I 
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In terms of 

Ln eiR,,(q+k-k') = ~ Lt 6(q + k -' k' Kt} = ~6(k +q ­ k') (12) 

we have 

ill which 

Hel-ph =- LlI,u' Li,a[2NM~\oI,,(q)p/2 f tFrtPZ,(r) 

\1a Vi(r - di)tPk(r)ei,a(k' k)cl,ck(ak'_k,1I + a~(k'-Ie).J 

= L ...k',k 911,k',k c!,ck(ak'_k,1I + a~(Ie'_Ic),") 

(13) 

9k',k,II = - Li,a[2NM~\oIu(QIP/2 f d3rtP;,(r) \1a Vi(r - ddtPk(r)ei,a(k' - k) (14) 

So that 

2) 
a F( w 

V f d'le f d'Ie' . II= Ii' (2,..)3 Li,a,i,13 LII -;;; -;;;- 2Nw.,(k' -1c)..,jMiMj 

f tFrtP;,(r) \1a Vi(r - ddtPle{r) f tFr'tPZ(r') \113 Vj(r' - dj)tPfl(r') 

ei,a(k' - k)e'J.13(k' - k)[-~ImDII(k' - k,w + i6)]/ f ~: 

V d'le f ~k'= - 11'(2,..)3,.. Li.a.;,13 f -;;; -;;;­

< k'i \1a Vi(r - di)lk >< kl \113 Vj(r' - dj)lk' > 

'\' lIera(k' -Ic)e~jk'-k) ImD (k' _ k w i6)/ f d2 k 
L.,II 2Nw.,(Ic' -k) M.M] II ,+ up 

(15) 

here we account 

. . .' _
Da.lJ(l,J,q,lWn) ­ L 

II 

fiei,a( k' - k)ej.13(k' -k) , , ~ DII(k -
2Nw lI (k - k)VMiM; 

. 
k,lWII ) 

2 
0: F(w) 

Making use of 

= 
V d'le d'Ie' , -

-h'(2,..)3,.. Li,a,i,lJ f -;;; f -;;;- < k I \1a Vi(r - di)lk > 

< kl \113 Vj(r' - dj)lk' > ImDa ,13(i,j, q; iwn)/ f ~: 
(16) 

2f~ImDa.lJ(i,j,q;iwn) = 1I'Do ,IJ(i,j,q;iwn = 0) (17) 
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- a'F(w)dw - _ v ". . f d2 /c f ff,\ - 2 f w - 11'(211')3 £.....,a,1,p tlF lIF 

< k', Va Vi(r - di)lk >< k/ Vi Vi(r' - di)lk' > Da./3(i,j, qj iWn = 0) 

- V I" f ~ f d')! ' ­
- -1\:1(211')3 N £....i,a,1,p LRt-Rl tlF -;;- < k IVa Vi(r - di)lk > 

< kl VP Vi(r' - dj)lk' > DOI,p(l, i, e'jj iWn = O)e-iq(Rt-Rl) / f ~FIe 
(IS) 

In appendix we have shown that the delocalized vibration is not important for electron­

phonon interaction, therefore we can take approximation 

Da,p(e,i,l,j;iwn 0) = Ot,rDa,p(e,i,e,jjiwn = 0) (19) 

so that 
,\ VI" f d'/c f d'Ie' , ­

- h'(211')3 N £....i,o,jJJ ;; -;;;- < k IVo Vi(r - di)lk > 
(20)

f ,(lie< kl VP Vi(r' dj)lk' > DOI,p(l, i, e,ji iWn = lIF 

In appendix we prove 

. e' . . 0) h[~l-lDo,p(l, l, ,Jj lWn = = - t,i,a;' J,P (21) 

,\ is written 
V 1,\ = --- '" ~-~ Mi,i / JcPk (22)h(21l')3 N .~ t,l,ait,i,p o,lJ

I,a,),p VF 

,\ - -DlI-". <1>-1 Ivli; / f ,(lie + 
- /1(211')3 £....I,a t,i,a;t,i,a 01,0 lIF 

(23) 
~ L" "<1>~~ . }Ollij / f dlk/1(211') 1,01,) t,I,alt.1,(l a,a 1IF 

2. . Jd k JcPk' , - -" 
A1~'~ = - < k IVa Vi(r - dj)/k >< kl VP l'J(r dj)lk > (24) 

, VF VF 

III. Conclusions 

In our previous paper [5,6J we have assumed the electron-phonon interaction indu~ed 

by intra-molecule high frequency vibration modes is weaker than that of low frequency 

modes of inter-molecule for A3GS~ (the A+ opt.ical mode and the mass center vibration 

of GJo-). 

5 

For .43G60 we apply above formula computing the contribution of high frequency 

vibration mode on ball for electron-phonon interaction. If noticing the ionized energy 

of carbon is e V, we can approximate the effective nuclear charge of C atoms equal to 

l.S2(hydrogenlike approximation) . We have prove in [61' the configuration of A3G60 is 

every Gsa carried two negative charge and there is one "nearly free" electron in every cell. 

For J(3GSO, the lattice constant is 14.25A, so the Fermi vector is 0.345x 1010(m- I ). Using 

frequency value and multiply of all modes list in Tab.! and corresponding eigenvector 

of vibration, we obtain ,\ = 3.94 X 10-4, the sum of the contribution of individual atoms 

is '\1 =5.17 X 10-5, the contribution from interference among atoms '\2 = 3.41 X 10-4, 

It is clear that the interference among atoms is important for crystal which one cell 

contain many component. This note proves the assumption in [5,61 is true. 

Appendix 

Let us mimic J .Apple and W.Kohn [41 writing phonon vertex in wannier represen­

tation for many components crystal 

I I I I )" )

Iph(n~, n;, nlJ n2jw) = L ' , ei (Pl nl+p,n,-pln1-Pln2 Iph(PlJP2,Pl,P2i W ,
PI ,PI ." ,P2 

(25)
Iph(p~, p;, PI, P2) =Lligli(p~,pdgli(p;,P2)DIi(p~ pdop;_p"P2_P;' 

where n~,n;,nl,n2 are lattice sites indexes, and gll(P~,PI) and gli(P~,Pl) are matrix 

element for emission and absorption a phonon with momentum q = p~ - PI respectively, 

gll(p~,pd - Ln,i,o(2NM~w (q»I/2e~:)(q)ejqR .. f,p·, (r) Vo Vi(r - Rn - d.),pPI(r)~r
I .. PI 

L" I( I )1/2e(Ii)(q)e-jqR"ei(-p;~~+pl~l)
nlo""~1 2N Mi<>/,,(q) la 

l.N fw·(r - R,) Va Vi(r - Rn - dj)w(r - R~,)~r,
~l 

(26) 

where w(r - 5d is wannier function which center is at 51th cell. The cell is composed of 

one Gso and three A +, Gso is at center of rhombic dodecahedron consisted of fourteen 
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A+. 

' ) _ 	 '" ( 1 )1/2 (11)( ) -iqRmgil (Pl'P'l 	 - - L..mjlJ lNMjlJv(q) ejp q e 


I 1/l., (r') "Vii Vi(r' - R.n - dj)1/lp,(r')cPr'

1'2 

(27) 
- Lmjp,,,,..;(lNM;w,,(q) )l/lej~)(q)e-iqRmei(-,,;,;+P,") 

-k I w"(r' - R.~) "Vo V;(r - R.n - dj)w(r' - R~1)d3r'. 

DII(p~ pd is the phonon Green's function 

D(q)-~ 	 (28)" - [1J'-",~(q)J 

1/ is polarization index. So that 

I"h(n~,n;,nlln'l;w) = L"mL'a,jpL'a,ili(m,w)(n~! "Va Vi(r - R,- d.)!nd 

(29)
(n;! "Vo Vj(r' - R'-m - dj)lnl) 

where 

(n'l "Va Vi(r - Rt - ddln) = I w"(r - R ,) "Va VCr - R, - di)w(r - Rn)cPr,n (30) 

the matrix is small unless all three site are near each other. Lia,ip(m,w) is a lattice 

Green's function in site space, 

(v) ) (Yl()
L- - (m' w) 	 - 1. '" e,.. (q e'l! q D ( w)e-iqRm (31)la,JP I - N L..",q 'lv'M,Mjw,,(q) "q, 

It is negligible for Iml > > a, where a is lattice constant. Therefore ["ir,( n~, n;, nl! n2; w) 

is significant only when all four site variables are near each other. Above facts show it 

is localized vibrations that play important role in electron-phonon interaction, the long 

wavelength phonon is not important for electron-phonon interaction. 
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The phonon Green's function is 


Da,p(e, i; e' ,i; r) Da,Ii(!. - t, i; O,i; r) = - < T1'Ua,(_r,i(r)up,O,j(O) > 


< T1'Ua,l,i(r)uO,t',j(O) > 

_ '" '" [__1l_11/2[ Il ]1/2 i(qRt+q'R/) " _( ) v' ( ')- L..",q L..,,' ,q' 2NM,w,,(q) 2NMi'",,,,(q') e eo,. q ep,j q 

[- < T1'( aq,,, (r) + a~q,,,(r»(aq",,' + a ~q""') >] 

_ '" '" [ Il ]1/2[ Il ]1/2 '(qRt+q'R,,) " ( ) v' ( ')- L..",q L..,,',q' 2NMjw,,(q) 2NM
J
w..' (q') e ea ,' q ep,i q 

[- < T1'(aq;,,(r) + a~q,,,(r»(aq',,,' + a~q';"') >1 

_ '" '" [ Il ]1/2[ Il ]1/2 i(qRt+q'Rl) " ( ) ,,' ( ')- L..",qL..,,',q' 2NMilJ,,(q) 2NMjw",(q') e eo,. q ep,j q 

(- < T1'(aq,,,(r) + a~q,,,(r»(a_q,,, + a!,,,) >]O",,,'O_q',q 

'" Il iq(Rt-RI) " ( ) " ( ) L..",q 2Nw,,(qh!MiMj e ea,. q ep,i q 

[- < T1'A,,(q,r)A,,(-q,O) >1 

_ L Il iq(Rt-R ,) " ( ) " ( )­- ",q 2Nwv(q)v'M,Mj e t e',a q ei,p q D,,( q, r) 

(32) 
iWnDOt,p(!., i; e' ,i; iwn ) ='It e 1' Da,p(e, i; e' ,i; r) 


D,,(q,iwn ) = It eiwn1'D,,(q,r) 


Da,p(e, i; t' Ii; iwn ) = DOt,p(e- e', i; a, i; iwn ) 

(33) 

• ,q( Rt-Rl l " ( ) " ( ) 
_ '" ..e eo. q !le,1 q D ( iw) 
- L..",q 	 2Nw,,(q):)MiMj "q, n 

liei, .. (q~e(q) ~ 
2Nw..(q) MiMj (;'w..,)l_w;(q) 

Do,li(e, i; t', i; iW = 0) = - L" q Ilei,o(q)e; ,,(q) eiq(Rt-Rl)
n 	 (34), Nv'M.M1W~(q) 

The dynamical matrix is 

q>i,i (q) (M-M-)-1/2 L q> ,_e-iq(Rt-Rl)o.,p J Rt-Rl Ot.{J;(,I;r,]I 

w~(q)e~,i(q) 	 = LO,i q>a,l1;i,i( q)e~}(q) (35) 

_ '" _ 1 '" q> -iq(Rt-R,) (v)( ) 
- L..I1,] v'Mi M, L..Rt-Rl a,p;(,i;l',i e t eJ1 ,i q 

5) 



eV .(q) = ~ . 1 -iq(Rt-Rl)~ en j(q) 
0,1 L4J.;,Rt- Rl JM,Mj e o,P,t,i;( J cut(q) (36) 

if one times e:',j,(q) in two sides.and sum over v 

-iq(Rl-R,) e", .,(q)ep,j(q)o 	'D··, LA . R R elL Q' ~ At· ( , (37)0,0 1,1 ..,,), 1- l JM;Mj II cut(q) 0,..,; ,I, .) 

sum over q in two sides 

e-.q(Rt-Rl ) e:, i' (q)e;;J (q) 

NDo,o,oj,j' = LPJ.RrRl ~a'Pit.i'(,i Lq,v VMiMj w:(q) (38) 

e-iq(Rt-Rl> e:,,;' (q)e;;)q)
Det,o,Di,i' = LPJ,Rl-Rl ~a.p;l,i;t' J Lq,v N JM;Mj ..,~(q) (39) 

e-iq(Rt-Rl >e" .(q)e"(q)
~-l = L "',' 8. 	 (40)

o,P;(,i;( J q,v N VM;MjI.tI~(q) 

~ 	At'(' = [a 8~<II ]Uali=U' .=0O,.JJ' ••I',J U,./iU_.I. It /J,t.J 

Dor,p(l,i;e';w =0) = [~a,pjt,i;()-l 	 (42) 

" (Ie' ,= L ei,a -le)er6 
1 
(Ie -Ie)(~-l )a,Pii.;( k -	 (43)

II ",~(Ie' -Ie) 
iq(Rl-Rl> 

'. ' I ~er... (q)e" s(q)e . --; '2",,,(ql'. _ .
Da,p(l,I,l,J,IWn) - LlI,q '2N:JMi M j",,,(q) ~(q (44) 

" " iq(Rl-R ,) 

D (l '. IJ' '.' 0) __ ~ ~e.,,,,(q~e(q)e l _ _ 1i(~-1) ,., . 
o,p ,I, t ,), ZWn - L..v,q N ~MiMJwUq) - l l,a ,I ;(,p,) 

We calculated the electron-phonon matrix element, if we approximate dielectric func­

tion in Linard formula, 
4:11";Z,e2

Vi(q) q n. 

E(q) k 4me?,p 
(46;".A q2 

'= ".'A'ZjV;(q) n.. mleF 

lv[~'~p = lsI' :2; Is,. d:;' ei(Ie'-k)(di-dJ)(k' - k)o-(k' - k)p\Ii(k' - k)Vj(k' k) (47) 
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Mi,' =Mi,. = 3'2".2 ["'.1e}Z2~21 Mi,i = IS".2 [,..tle}Z2~21 
• :r,::: 1/.1/ 3 0 .. Z,Z 3 n • (48) 

Ma.i = Mi,i = Ma,i = 0 Ma.i = Mi,i = Mi,j = 0 
% ..1/ Z,% tI,%' II.Z 1l,:J: Z.II 

. . tie' Zh2 . (.MI,) 321r'2[~ 81n...'1'1.. - .. ':08<1.)] 
Z,:r 0.. Il' 

(49)= 321r'2[,..f le}z2t.2 
"i1'1a(8ina- .. co8<1.)j 

n.. a' 
'Ie,Z2 t.' .Mi,i = 321r'2[~ - .. '':0.1'2<1.+'2<1..111'1'2<1.+3':08'2.. 3]

%,'" n" ..t 
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