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In substances with narrow energy bands, as, e.g., transi
tion metals, their oxides, quasi-one-dimensional charge trans
fer salts and mixed-valent rare-earth compounds, the electron
electron interaction substantially influences the electrical 
resistivity. In the calculations of the transport properties 
of these compounds the correlations of the conduction elect
rons should be included, thus invalidating the one-electron 
approximation of conventional band theory and requiring sop
histicated many-body techniques.· In spite of considerable 
progress in explaining the one-particle properties of the nar
row band materials no explicit expression has been derived 
for the electron relaxation time due to electron-electron scat
tering processes 111. Finite relaxation times have been obtained 
only by introducing an effective disorder in an alloy approxi
mation12·41 or by taking into account other scattering mecha
nisms (electron-phonon, impurity scattering 15 •61 ). However, 
the alloy approximation fails at least at low temperatures, 
where the electron-electron scattering processes cannot be 
described by a static disorder. 

In the present letter the conductivity is calculated in the 
strong correlation limit starting from the well-known one-band 
Hubbard Hamiltonian 

H = H t + H U = ~ t .. c.~ c ·a + U ~ n . t n . , 
ija IJ I J j I I~ 

-1 ~ ~ ~ 

t .. = N ~ £ _. exp [ ik (R .- R. ) ] , 
IJ k k I J 

(I) 

tii =0, 

where all symbols have their usual meaning. The calculation 
is carried out straightforwardly negleeting only higher-order 
terms in lti/U. • He calculate the d.c. electrical conductivity 
starting from the Kubo formula 

e 2 -> -> e 2 af 
a= --<P;P> =-- ~ ~ ~ 

3m2U i7J 3m2 n k a j{ a' aiZ 
with the correlation functions 

"" <A; B > . = ( dt exp (-71t) (A(t) I B) 
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and the scapar products 
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p = z-1 exp(-~H) • (4) 
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For strongly correlated electrons the band splits and the oc-
+ -1 -> -> -> + 

cupation numbers n-> =C-> c-.= N ~ exp[ik(R 1-RJ·)1c. c. should be 
k a k a k a ij 1a JG 

projected onto the split bands (cf. 121
). This can be done by 

introducing the projection operators 

ni-a a -
n i-a-

1-ni-a 

af3 -1 

for a = + - ' 

n-> = ~ n-> = N ~ 
ka a{J ka a{J ij 

--+ --+ --+ + 
~ exp [ik (R . - R . )] c. c . 
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and the conductivity becomes 

e2 
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l ~ ~ ~ <A af3 . yo 
mn a{J yo aa, ija , A mna ~ >, 
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af3 -1 af -> -> -> + a f3 
A .. =N ~ -.-exp[ik(R.-R.)]c. n. c.an·-a. (8) 

!JG k ak 1 J W 1-a J J 

Taking into account f->= f _-> we find A ~fa =0. Transforming the 
correlation functions \n ()) into Green functions and consi
dering their equations of motion it easily can be shown that 
the terms a I= f3 and y/=8, respectively, do not contribute to 
the d.c. conductivity. These terms describe interband proces
ses between the split bands for which the energy conservation 
law cannot be fulfilled at lti/U « 1. 

The correlation functions in (5) can be calculated by means 
of the Mori projection operator technique 171. Considering in 
the framework of this method a set o.f observables c1 , the cor
responding correlation functions <C 1 ;Cj>z can be calculated 
by the set of equations 

l [zo ik 
k 

-1 . -1 . 
~wif (x )fk +l~ rr iE(z)(x )fk]<Ck;Ci >z= 1X ii' (9) 

where 

X ij = (C i I c j ) • ~ ( -1) -,0 
X ik X k' - .. ' k J ~ 

(I 0) 

<\ = i[H, c 1 ], (II) w .. 
IJ 

= i (C i I c j ) • 

and 
. • Q 

rr .. (z) =<C.QIQC. > 
lJ 1 J z (12) 

is a projection operator with The operator Q=l-P 

P = ~ IC · )<x- 1 ) .. (C. I 
ij I IJ J 

and < ... > Q denotes that in the time 
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evolution of the correlation function L = i[H, ••. ] is to be 
replaced by QLQ. For the problem considered the relevant ob
servables are given by (8) and the system of equations (9) 
comprise's 2N

2 
coupled equations where N is the number of 

lattice sites. This system of equations considerably simpli
fies in the limit It\ /U«1, where the matrix of the scalar 
products (10) of the observables (8) reduces to 

aa yy aa aa 
(A ija I Amna') =(A ija I A ija ) aya ami a nj aaa' = 

(13) 
- -2 a( a( ... -> -> -> a a 

=f3N }; ...-,... ~exp[i(k-k')(R.-R.)]<n n ><n-n >a a. a . a , kk"t. ak ak, I J a -a a -a ya ffil llJ aa 

for if, j. Using the Kubo identity we find (A !'alA 
1
.a) = 0 

(9) becomes with Z=-iry ... O J 1 
and 
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------.---
(A aa Q. QA ~~ > ~ 
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For the generalized forces we find 

. aa aa -1 a( ... -> -> 

A ija = i [H. A iJ'a ] = iN }; ~ exp [ ik (R 1 - R J' ) ] x 
k' ak 

l( + a a +a a . 
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c- operators'), 

( 14) 
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where the last terms do not contribute in the approximation 
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IJU lja IJ a ' 

correlation function in (13) is given by 

a£ a( ... ... ..., ... 
, l l - -- exp [ i(k -k') (R . - R . )] x 
kk' aa' ak.' ak.'' I J 

· aa · aa -2 
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For lt\/U<<1 the correlation functions can be decoupled and 
(15) becomes 
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n/2 
where for paramagnetic systems na =na =l 

1 12 
for a=± with n 

-a a -n 
being the electron number per lattice site. As was discussed 
above the terms a .J {3 in (17) can be neglected. Taking into 
account only the nearest neighbour hopping, (14) becomes 

aa aa aa aa a 2 -2 a( a( [ . ... ..., , ... ... ] 
<A,.. ;A1. >. =(A .. \A .. a) [nat N l ~ --::;-exp 1(k-k )(R -R) x 

1Ja JU 117 IJa IJ kk, ak ak' 
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( 18) 

~ , + a a . + a a )] -1 + k <c.n. Co no ,C. n. Co~no >. , f.f,j 1a 1-a L-<7 L-a 1a 1-a w L-<J 117 

where t is the nearest neighbour hopping element and l' de-
E.Ji 

notes a summation over the z nearest neighbour. The system 
of equations can be solved by the simple expressions for the 
correlation functions 

<A~~; A~a >. =(.y'2naz lt\)-1 (A.~a I A~~) 
IJU IJU ll7 a IJU IJU (I 9) 

and the conductivity reads 

2- ll e f3 1 1 a( 2 a -12 a a a a a 
--- -- --l(~-) l (n ) <n n >(n -<n n >)= 2 - --> a a -a a a -a 
3m n v'2z It I k' ak a czo) 

a= 

=AT-1 l (na)-'h <nana > (na-<nana >). 
a a -a a a -o a 

1 1 - -1 -
With <nan-a>= 2""'nf(U) = 2 n(1 + exp{3(U-¢)) and {3U»1 we find the 
conductivity in dependence on the electron number 

0 < n < 1 

n = 1 

2 > n > 1 

-
{3¢ = ln ~ 

1-n 

¢ = ,!1_ 
2 

fi ¢ = ~u + ln . n -
1 

i- n/2 

a= AT-..1 ..!.._ 
2 

n(1- n) ---
v' 1- n/2 

A -1 {3-U 
a= -T ex ( - p --) 

y'2 2 

a= AT- 1 v2(1-n/2)(n-1) 

v'n 
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We see that for n I= 1 the system is a metal with vanishing 
resistivity at T=O, where for n=1 it behaves like an in
trinsic semiconductor. However, this can be understood alrea
dy by the difference in the effective electron numbers being 
available for the electronic transport process (cf. 11 •2 •51 ) • 

It would be desirabie to generalize (20) to any bandwidths 
in order to compare the expression for a with that obtained 
in the Born approximation for a weak electron-electron inter
action. For this the Hubbard I approximation fails because 
it breaks the translational symmetry of the problem and yields 
unphysical results. 

The author wishes to thank Dr. J.Richter and Dr. A.L.Ku
zemsky for valuable discussions and comments. 

REFERENCES 

I. Bari R.A., Kaplan T.A. Phys.Rev., 1972, B6, p.4623. 
2. Ohata N. J.Phys.Soc.Jap., 1971, 30, p.94J. 
3. Elk K. phys.stat.sol.(b), 1981, lOS, p.S07. 
4. Czycholl G., Leder H.J. Z.Phys., 1981, B44, p.59. 
5. Ihle D. phys.stat.sol.(b), 1977, 80, p. 1978, 86, p.283. 
6. Hattori K. J.Phys.Soc.Jap., 1980, 49, p.638. 
7. Forster D. Hydrodynamic Fluctuations, Broken Symmetry 

and Correlation Functions. H.A.Benjamin, Inc., Mass., 1975. 

. 

6 I 

., 
~~ 
j. 
lj 

r. 
:) 

jli ;•. '. 

~ J 

~c1 

' 

.1 

:) 
I' 

·~ • t 
\f 

·' ..t 
·~ 
·{ 
• .. 

If 

;~ 
h 
r 
:\ 

~t 
jt 
:r. 
·i 

I 

I 

tl 

XpHCTOB <1>. E17-82-125 
BJIHHHHe 3Jiei<TpOH-3Jiei<TpOHHOrO CTOJII<HOBeHHH 
Ha 3Jiei<TpOCOITpOTHBJieHHe Be~eCTB C Y3I<l!Mll 30HaMH 

C ITOMO~biO lj;JOpMaJIH3Ma Mopll Bbl'lllCJIHeTCH 3Jlei<TpOCOITPOTHBJie
HHe B paMKax Mogerru Xa66apga B6JIH3H aTOMHoro rrpegerra. lloKasaHo 
'ITO corrpoTHBJieHHe p rrporropu;u'oHaJibHO T rrpu n I= 1 /tJ:ucrro srreKTpo
HoB Ha y3eJI/. ~Jlfl U=1 HMeeTCH 3I<CITOHeHu;HaJibHaH 3aBHCHMOCTb 
Kai< B CJiy';lae C06CTBeHHblX rrorryrrpOBOAHHI<OB, 

Pa6oTa BbirrorrHeHa B lla6opaTopHH TeopeTHtJ:eci<OH tPH3HKH OH~H. 

npenpHHT 06aeAHHeHHOrO HHCTHTYTa RAePH~X HCCneAOBaHHH, ny6Ha 1982 
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