region of the resultant degeneracy of the conical point
contacts, magnetic breakdown can account for both the
behavior of the magnetoresistance and of the thermo-
electric power. If this explanation is valid, then the
results above are the first observation of magnetic
breakdown of this type.

DThe value ) ~3.1x 101? was taken from!1,

13, A. Woolam and P. A. Schroeder, Phys. Rev, Lett. 21, 81
(1968).

2W. Kesternich and C. Papastaikouidis, Phys. Status Solidi
B 64, K41 (1974).

3N. N. Sirota, V. I. Gostishchev, and A. A. Drozd, Dokl.
Akad. Nauk SSSR 220, 818 (1975) [Sov. Phys. Dokl. 20, 116
(1975)].

%y. S. Egorov, Abstracts of Papers of 19th All-Union Confer-
ence on Low-Temperature Physics, Minsk, 1976.

5N. E. Alekseevskil, K. H. Bertel, and V. I Nizhankovskii,

Pis’'ma Zh. Eksp. Teor. Fiz. 19, 117 (1974) [JETP Lett. 19,
72 (1974)]. .

N. E. Alekseevskii, V. I. Nizhankovskil, and K.-Kh. Bertel’,
Fiz. Metal. Metalloved. 42, 931 (1976).

TA. A. Slutskin, Zh. Eksp. Teor. Fiz. 53, 767 (1967) [Sov.
Phys. JETP 26, 474 (1968)].

81.. A. Medvedeva, M, P. Orlova, and A. G. Rabin’kin, Prib.
Tekh. Eksp. No. 5, 208 (1970,

SW. A. Reed and R. R. Soden, Phys. Rev. 173, 677 (1968).

19G, Lehmann and J. N. Kutscherenko, Monatsberichte Dt.
Akad. Wiss. Berlin 13, 880 (1971).

1N, E. Alekseevskii, V. I. Nizhankovskii, and K.-Kh.
Bertel’, Fiz. Metal. Metalloved. 37, 63 (1974).

121, F. Mattheis, Phys. Rev. B 1, 373 (1970).

134, Jones, Theory of Brillouin Zones and Electronic States in
Crystals, Am. Elsevier, Chap. 7.

1R W. Stark and C. B. Friedberg, Phys. Rev. Lett. 26,
556 (1971).

Translated by J. G. Adashko

Conductivity of disordered one-dimensional metal with half-

filled band

A. A. Gogolin and V. I. Mel’nikov

L. D. Institute of Theoretical Physics, USSR Academy of Sciences

(Submitted March 9, 1977)
Zh. Eksp. Teor. Fiz. 73, 706-720 (August 1977)

The density correlator, the conductivity, and the dielectric constants are calculated for an impurity-
containing one-dimensional metal with half-filled band. If the Fermi level coincides exactly with the center
of the band, and the amplitude for forward scattering by an individual impurity is equal to zero, then at
zero temperature the localization length is infinite. In the frequency region T<w <1/7 (T is the
temperature and 7 is the free-path time) the conductivity is constant and the dielectric constant increases
with decreasing frequency like (w1 n w])~'. When the Fermi level does not coincide with the center

of the band, the static conductivity is equal to zero and the dielectric constant increases in the region
€<1/7 in proportion to |¢~!, where € is the distance from the Fermi level to the center of the band.

PACS numbers: 72.15.Nj

1. INTRODUCTION

Theoretical investigations of disordered one-dimen-
sional systems have by now reached a level such that
many properties of real crystals with one dimensional
spectra can be explained.m We point out, in particular,
the electronic-state localization that leads to the van-
ishing of static conductivity,’**! and to the change in the
character of this localization when account is taken of
the interaction with the phonons.“"“ These studies make
use of continual models that do not take into account the
periodicity of real crystals. Dyson'®? has shown that
such a characteristic as the density of states in a one-
dimensional disordered harmonic chain has singularities
in special points of the Brillouin zone. Analogous singu-
larities should take place also in the electron spectrum.
The appearance of a singularity in the state density near
the center of the zone was observed by Weissman and
Cohan,m who considered a model with nondiagonal dis-
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order. As shown by Bush'® the localization length of
such a model becomes infinite when the center of the
band is approached.

Gor’kov and Dorokhov*®? considered a model in which
impurities with fixed potential were randomly distributed
over the sites of a one-dimensional lattice with a period
a. In the Born approximation, the potential of an indi-
vidual impurity is characterized by two amplitudes cor-
responding to forward and backward scattering. It was
shown that the electronic-state density becomes infinite
at the center of the band only if the forward scattering
amplitude is equal to zero. Gor’kov and Dorokhov had
demonstrated the possibility of satisfying this condition
using as examples TCNQ salts with asymmetric cat-
ions,™?

The appearance of singularities in the state density
and in the localization length should lead to a nontrivial
behavior of the kinetic characteristics near the center
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of the band. In this paper, assuming vanishing of the
forward scattering amplitude, we calculate the conduc-
tivity o and the real part of the permittivity ¢’ for elec-
trons with one-~dimensional disordered lattice as func-
tions of the external frequency w and the distance € from
the Fermi level to the center of the band, It is shown
that in the limit (¢, T, w) <1/7 (T is the temperature and
T is the free-path time) the conductivity and the dielec-
tric constant behave differently, depending on the order
in which ¢, T, and w tend to zero.

We shall assume that the band is exactly half-filled
if the limit is taken under conditions ¢ < w and T <K w.
In this case the conductivity has a finite value ¢(0) in the
limit as w -0, while the permittivity increases with de-
creasing frequency. Namely

2ne’l- _ 1)
s mTU

8n’e’l-*B ()
wSlotlin 20T’

c(0)=

e ()=

where v is the Fermi velocity, I. is the mean free path
with respect to backward scattering, and S is the cross
section of the crystal area per filament, Formula (2)
contains a constant B~1, which we were unable to de-
termine.

If the band is not half-filled, i.e., in the limit £€> w,
there is no static conductivity: ¢(0)=0 and the static
permittivity takes the form

, 16me’l?
O~ el @)
If the forward scattering amplitude differs from zero,
then the conductivity always vanishes in the static limit,
the localization becomes finite, and the singularities of
the state density and of the permittivity become smoothed
out,

To calculate the kinetic coefficients we used the meth-
od proposed by Berezinskii**! for the summation of inter-
ference diagrams.l’ A generalization of this method to
the case of a metal with half-filled band will be carried
out using as an example the calculation of the state den-
sity for which an analytic expression can be obtained.

2. DENSITY OF STATES -

We consider a system of electrons having a dispersion
£(p) and interacting with randomly distributed impurities

FIG. 1.
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a(a’) bb") c(c')A d.(d') e(e’)

FIG. 2. Types of impurity vertices that enter in the essential
diagrams. The prime denotes replacement of single lines by
double lines. The vertices correspond to the factors: a)
=3A/1_+1/1), b) (=1/1), ©) (-1/1)e*®*», q)
(=1/1)e%@20»  ¢) (~1/1,), where I, is the mean free path for
forward scattering.

In contrast to the earlier studies'®*! we take into ac-

count here the periodicity of the real crystal, assuming
that the impurities can be located only at the lattice sites
with a period a. As will be shown below, this limitation
leads to the appearance of a new class of diagrams, the
contribution of which increases as the electron energy
approaches the center of the band.

To calculate the state density we use the known formu-
la

p(e)= —% Im <G*(00le)>, (4)

where G*(nym, le) is the retarded Green’s function of the
electron, n; and n, are the numbers of the sites, while
the angle brackets denote averaging over the locations
of the impurities. The diagram expansion for expres-
sion (4) is constructed in analogy with®*), The only
difference is that the integration with respect to the
coordinates is replaced by summation over the sites,

The first significant diagram is shown in Fig. 1, This
diagram corresponds to the expression
8G*+(00le) = G* (00le) (li) ( Y e“"‘"')
a\? 1 2
= e ole) (1) (=) ©

where G3(00le)=-i/v(e) and p=p(e). It is seen that in
the general case the relative increment to G* is small
like (a/I.)?<<1. For this reason we can neglect in the
continual model the change introduced in the Green’s
function by the interaction with the impurities.m How-
ever, as p—po=7/2a the increment (5) increases like
((p =po)I.)2. In other words, the vertex shown in Fig.
2¢ oscillates more and more weakly as p —po and there-
fore must be taken into account when the significant
diagrams are selected. At I_>a the sums over n cover
the region n~1_/a>1, so that we can change over from
summation to integration, and simultaneously replace p
by p - po.

All the essential types of impurity lines are shown in
Fig. 2. The lines a(a’), b(b’), and e(e’) were introduced
earlier,’? while the lines c(c’) and d(d’) are significant
if the Fermi level is close to the center of the band. It
is seen only when the lines c(c’) and d(d’) are taken into
account can we construct diagrams of the type of Fig. 1
which contribute to the Green’s function.

For the subsequent calculations it will be convenient
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to cut the diagrams of Fig. 1 at the point x and consider
separately the right- and left-hand sides of the diagram
R, (x) and R, (). The subscript m means that 4m lines
pass through the point x. By shifting the point x, we
obtain for the right-hand sides of R, (x) the equation

dR" 3_ _1'_ 2 1 - Si(p—pe)x
= (z++z_ )4m3_+ T (2m — ) R0~

+'—l’— 1 (2m-+H1) Ry =400, ®)

Making the substitution R, (¥) =R, (= 1)™ exp[4im (p = po)A,
we obtain for R, after cancelling m the following equa-
tion:

i8Rm=(2Y+1)4mRp~ (2m—1) Ru—y— (2m+1) R+, @)

y=l-/ly, s=4(p—pi)l-, m>0.

The difference equation (7) must be solved with the
boundary condition Ry=1, It is easily seen that the left-
hand side is R, (x) =R, (= 1)™ exp[-4i(p - po)xm]. We ob-
tain therefore the state density p(c) the expression

p(e)sp.,(e)(i+2Re23..’). (8)

Mot

Here po(e) =1/7v(e) is the state density in the pure crys-
tal. The coefficient 2 in relation (8) arises when ac-
count is taken of diagrams that are the mirror images
of the diagrams of Fig. 1 relative to the dashed line.

Equation (7) interrelates the quantities R, with m>0.
We introduce quantities R, with m <0 by means of the
relation R, =R¥*,. Then the recurrence relation (7) is

satisfied for all signs of m, and relation (8) can be re-
written in the form

p(e)=ps(e) ZR"‘:' )

Multiplication of Eq. (7) by me'™ followed by summa-
tion with respect to m from -« to +~ makes it possible,
in analogy with®), to transform (7) into a second-order
differential equation for the function

R(g)= Z R, e'™.
Its first integral is®
dR .
8y +4—4cos @) —‘-l—;+(2smq>+s)R—D,.

(10)

The integration constant D, must be chosen to satisfy the
normalization condition

vad
!-2%3(¢)=R,=1. (11)

We introduce a new variable x by the substitution

o 3=(r) b

Then Eq. (10) takes the form
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2

dR ( 12)

dR_ siny s D,
dy, ) R

N titeosy A+ DI* ) A rOI

This equation has a solution that satisfies the condition

of periodicity R(0) =R(27) and the normalization condi-

tion (11) is
D

R =] hem [ nnava©) fh(w)d‘p] ,

B ()= (21+-+oos 1) exp

(13)

T DT)
8ly(y+1)J*/"
w9 _ R
SRR o

Ultimately we obtain for the density of states

p(e)=ps (14)

[y(y+D1* }-'dxﬂ(x)ll(?'n-x) -
n : 2y+1+cosy
The function p(s, 7) is illustrated in Fig. 3. The in-
crement to the state density is positive near the center
of the band, reverses sign in the region s~1 and then
decreases in absolute magnitude like Is |- at [s|>1,
The total number of states remains unchanged:

AN= | Ap(e)de=0.

The maximum of p(s) is reached at s =0. The height
of the peak does not depend on the potential of the im-
purity and is determined by the parameter 7, i.e., by
the ratio I_/I,. From (13) and (14) with s =0 we obtain

o= (1)* [ (V)T

where K is a complete elliptic integral of the first kind.
With decreasing ¥, the value of p(O) increases like

(15)

p(0) ~p,n*/yy 1n¥y. (18)
For impurities with an 5-function potential (y=1) the
change of the state density at the center of the band is
1.5%.

It is seen from (16) that at ¥=0 the state density as a
function of s has a singularity at the center of the band.
At y=0 Eq. (7) can be conveniently solved by making the
substitution

Ru=[ & tmw(t).

13/

1
Leo v a5 10y

295

FIG. 3. Plot of p(s) at Y=0 and Y=1 (a) and of p(¥) at s=0 (b).
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We then obtain for w({) the equation

; 1 2 (t=1)'w)=
—towrt (=) w2 g (E-1w)=0. an
Allowance for the condition Ry=1 yields next
et T dt t -
kR"'=’K‘.(—'/‘u;)-! @D 1 \ i+ ) e (18)

where K, is a Bessel function, Substituting-(18) in (8) we
obtain at Is|<1

47 —C—Inls/8]
Tsl [(nls/81+C)+n¥/4]*

p(s)=po (19)
We note that the form of the singularity in the density of
the electronic states (19) coincides with the form of
phonon state density singularity obtained by Dyson,'?

The singularity in the density of the electron states
should lead to a singularity in the temperature depen-
dence of the magnetic susceptibility:

de e
= 2 -2 — ~
x(T)=2ps a ch (ZT) p(e)

nPopts®

2T 1n*(Tty) ' (192)

where pp is the Bohr magneton.

Using expression (19a), we can explain the tempera-
ture dependence of the magnetic susceptibility of NMP-
TCNQ in the interval 0.1-7 K.'**! The best agreement
between the theoretical curve and the experimental data
is reached at 1/7; =140 K and p, =2 states/eV-molecule,
It should be noted that this estimate for the free-path
time in TCNQ salts with asymmetric cations agrees
well with an analogous estimate based on the permit-
tivity.’®? The need to take the disorder into account in
order to explain the x(7) depengence in thesg substances
was already noted by Bulaevskii, Lyubovskii, and
Shchegolev, 21

Our calculations were made in the Born approxima-
tion in the interaction of the electrons with the impuri-
ties. As a result, the formal criteria for the applica-
bility of Eq. (7) and of formulas (16) and (19) should be
Isl>Ya and y>» a, where a is the Born parameter.
We point out, however, that for two particular forms of
the potentials it is possible to take into account also the
next term of the expansion in the Born parameter in
Eq. (7) and to verify that the singularity of p(s, 7) re-
mains of the same form. The relative corrections to
p(s, ¥) are in this case of the order of o® <1,

3. CORRELATION FUNCTION OF ELECTRON
DENSITY

To clarify the character of the localization of the elec-
trons having an energy close to the center of the band,
we calculated the electron-density correlator. As seen
from the preceding section, greatest interest attaches
to the case y=0, when a singularity of the electron
spectrum appears at the center of the band.

The general procedure for calculating the density cor-
relator was described in detail earlier.'**! In our case,
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besides the impurity vertices that were taken into ac-
count in"**), there are also the essential vertices c(c’)
and d(d’) of Fig. 2 as well as c and d of Fig. 4. The
change in the number of single lines in the vertices
a(a’), b(b’), and e(e’) of Fig. 2 and of a and b of Fig. 4
considered in"**}, is accompanied by exactly the same
change in the number of the double lines. The new im-
purity vertices c(c’) and d(d’) of Fig. 2 and c and d of
Fig. 4 can have separately different numbers of the
single and double lines. The bisection of the diagram
must therefore now be characterized not by a single in-
teger but by two integers m, and m,, which denote re-
spectively the numbers of the pairs of single and double
lines.

td

Just as before, we break up the diagram for the den-
sitg gorrelator into right-hand R,,,l,,,z(x) on the central
Zq (', x), and left-hand Rqme(+*) parts. In analogy
witht341 we separate explicitly the coordinate depen-
dence of the right-hand side:

Ronims (2) =Romymy (—1) ™" 0xp [ sz (my (v+s) +ma(v—s))]. (20)

Here and below we use the dimensionless variables v
=2wT and s =4¢T, and x is measured in units of I.. We
assume y=0, i.e., I, ==, and therefore omit the verti-
ces e(e’) of Fig. 2. Taking into account the remaining
vertices, the equations for mez take the form

—1ai(my(vt+s)+m:(v—5)) Rpmume
= (m’z+mzz) Ryt mimaRon g, ma-1FmumzRonis1, mess
+!/om, (my—1) Rimi=3, my+f2ma(ma—1) Rom,, my—2
+1/om, (m+1)Rm 12, mt'/om. (m2+1)Rm. ma+2

_'mimZRma—i,M:+l_m1mlle+l.mx—l- (21)
We now introduce the quantities
Qmim (v, %) = (—1) (me=ma2 Z jdre‘""""’
X Zmom' (o, Z) Pl (—1) (' =ma'112
x exp[*/zi((v+s) (mz—m,'z’) + (v—5) (maz—m;'z")) ]. (22)

The index a takes on the values 0 and 1. The correla-
tors of the density (z =0) and of the currents (z=1) are
expressed in terms of the quantities

Qr:mn Pmunmx= s (RM|M+RM|+1,M|+I) ’

and
Qw:mn Pn:nm=Rmnm'_Rvm+l.m+l

by a single formula

JL LS

FIG. 4. Types of impurity vertices that enter in the essential

diagrams. The vertices correspond to the following factors:
a) l:iezimlll’ b) l:ie-ﬂihmlll’ c) l:ieu(o-po)y, d) l:ie-“(b"o)y.
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2w =2[2] Z,Pmm.(vnom.m(v %)+ Qo (9, =) 1.

(23)
The equations for Q ,, take the form

=4 (my (vts) +my (v—5) +v) Qmim=Pmm, “‘anm:

—(my+myt+1) Qm.m."‘ (m3+m,*) Qm,m"’mxmzom;—:.m—x
+(m,+1) (m,+1)Q:m“.,,,,“+‘/2(m|+1) (my+2) Qmisz.m
+ 13 (myF+1) (ma+2) Qmy masat/amy (Mmy—1) @ 2.ms
+1/,m, (mz“i)or:.m—r‘ (m,+1) m20”:+l.ml—l_mi(m2+1~)0':|—1,mx+l'
(24)
Expression (23) takes into account the contribution of
diagrams of the type 5a. Near the middle of the band, a
comparable contribution is made by the diagrams of the

type 5b, the calculation of which will be discussed later
on,

At m, =0 or m; =0, Eq. (21) admits of the exact solu-
tion

Rumo=Ru,(vFs), Rom=Rm(v—s), (25)

where R, (s) are defined in (18).

We now investigate the solutions of (21) and (24) in the
limit when v<<1 and s <1, In this limit, the essential
values are m,; > 1 and m, > 1, so that in (21) and (24) we
can change over from difference equations to differential
equations. We introduce new variables:

p="v(mtm:) u t="Y%s(m—ms.).

Equations (21) and (24) then take the form
0 R 3*R LR R

bRl 26
A )+2( p+ta ) (26)
—i(p+t) Q°=Po—ixQ+20°

wo(p G amg G e T) w0 (o541 50)-

—i(p+t)R=2 (

(27)

Equation (26) has a general solution that decreases at
infinity in the form

R(p) =K (-2 GH)e (27). (28)

where ¢ is an unknown function. The appearance of this
function is due to the degeneracy of the differential op-
erator (26). This operator vanishes on any function of
p/t. The degeneracy takes place in the transition from
the difference equation to the differential equation, and
therefore the actual form of the function ¢ should be de-
termined from the solution of Eq. (21) at my, my~1. We
were unable to obtain such a solution. However, as
shown below, to calculate a number of physical charac-

E+w/? E+w/2
I'QI I’QI FIG. 5.
E-w/2 E-w/2
a b
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FIG. 6.

teristics it suffices to use those properties of the func-
tion ¢ which follow from identical relations. Compari-
son of (28) with the asymptotic forms of the exact solu-
tions (25) yields the boundary conditions

tp( V—s) =28i(v+l)/‘/Kn( - -4i—(v+8)) ,

vts ( 29)
+ . i
!
The solution of (27) with allowance for (28) is
. _ G(Y=2i(p+t)) p—t (30)
RAIL e s (F)
6@ =h(2) [EdEK(OK(E)+Ka(2) [EdEL®K(B), 2=T2ix. (31)

The solution (30) of the inhomogeneous equation (27) is
chosen to satisfy the condition

;l—: Qrima (v, #) =Py (v).

The last relation follows from the definition (22) of
Qmym, and from the boundary condition

32)

Zmor (20, 2) =Brmmi Brmamy'- (33)

Formulas (28) and (30) are sufficient for the determi-
nation of the density correlator, but contain an unknown
function ¢. From the course of the solution it is seen
that ¢ does not depend on », so that the properties of ¢
which we need can be obtained from the identity that
holds at »=0.

The exact solutions of Eqs. (24) at » =0 satisfy the
relation

) ¥ QhnPlnim 3 PhnPh.

my,my=0 my,my=0

(34)

To obtain this relation it is necessary to multiply (24)

by Py m, and sum over all 7, and m, with allowance for
(21). At a =0 the identity (34) takes the form
(—2iv) E QnimPomi=1(5,¥), (35)
f(s,v) =1+ Z (Ro (vs) +R? (v—5)). (36)
From (28), (30), and (35) we obtain
1/9
[ayg ) =(=2i9)1(s,v),  g=(v—5)/(v+s). 37)

q

This turns out to be sufficient for the calculation of the
contribution made to the density correlator by the dia-
grams of Fig. 5a. The contribution from diagram of
the type of Fig. 5b is calculated in perfect analogy. One
of these diagrams is shown in Fig. 6. The solution of
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the corresponding equations leads to expressions that
differ from (28) and (30) is that the function ¢(y) is re-
placed by the function ¢,(y) that satisfies the relation

1/9 o
Jayor@=(-2i5) ¥, (Ra(s—v)—Rai (s+v)).

mw=a0

(38)

Ultimately we obtain for the asymptotic form of the cor-
relation function as w—0

1 p)
X'(s, 0, %)="_—i(;T[f(%)+f(—u)]» (39)
where
f) =4[ 2ds Ky L) [ §dE KR Ko(®). (40)

The expression obtained by us differs from the results
from the continual model in the appearance of the com-
mon factor p(s)/py, which reflects the change in the
state density near the center of the band, in the replace-
ment of K; and K,, and in the replacement of A =(1
+4in )2 py A= (2in )2, Just as before, f(x) has a
branch point, but its position has been shifted from »
=i/4"™ to »=0. This changes the exponential asymp-
totic form of X °(w, x) into a power-law form. To cal-
culate the form factor of the localization it is necessary
as before, 1% to displace the contour of the integration
with respect to » to the edges of the cut drawn from the
branch point along the imaginary axis. This yields for
the density distribution as -«

pw(2)

1 -‘Im'lzl( | )‘
=?n—2_!ndr|e 2sh'/,nn/

(41)

A plot of this function is shown in Fig. 7. We point out
that p(0) =1/3 and that at |x|> 1 the asymptotic form of
P=(x) is
1
Po(Z) = —Iz|-%,  |z|>1. (42)
8Yn

The function p.(x) is normalized to unity. At large
Ix1>1, however, it decreases so slowly that all its mo-
ments diverge. This means that the average electron
displacements, and consequently the localization region,
becomes infinite at the center of the band.

Formulas (40) and (41) were obtained as a result of
solving approximate equations which are exact only in
the limit s, v=0. Therefore, at small but finite s <1

Peolz)
a5

FIG. 7. Asymptotic dis-
tribution of the electron
density.

1
o 7 z
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" the function ¢(y) from (28) and (30).

the power-law asymptotic form (42) should go over at
sufficiently large x into the exponential 1aw p.(x)
xexp(~ lx1/1(s)), where I(s)—~= as s=0.

4. CONDUCTIVITY AND PERMITTIVITY

The calculation of the conductivity and of the permit-
tivity is a more difficult problem than the calculation of
the density correlator.'* In this problem the main
difficulty is the absence of an explicit expression for
In the preceding
section this difficulty was overcome because the final
answer contained only an integral of ¢? [Eq. (37)],
which could be determined from the identity (34). In
this section we shall use a similar device to calculate the
the conductivity. We start from expression (23) for the
current correlation function at »=0., From the defini-
tion of P}»xma and formula (28) it follows that at large
my, my>1 we have

K, (Y=2i(p+t))

pm‘lm,z—v%f; =m [o(£5) T U

pt+t

_ (1 p_t) , (_p;t) K, (Y=2i(p+1)) (43)

Tt e —i(p+t)
From (43) and (27) we obtain for Q(p, t)

N p—t\ G.(V=2i(p+1))
Q'(p,t)=( W)[(p(_p:l-?)—:m—.

(44)

]

where G,(z) and G,(z) are given by

G =L(e) [ KRB +R) [d 10 (K@) - )

~K(0) [ R LR, (45)

G:(2)=21,(2) | dE%Ko’(E)—ZK«(Z) f dg%n(am(a) +Cuki(z). (46)

Introduction of the term £¢™ in the integrand of (45) is
necessitated by the redefinition of the integration con-
stant C;.

In contrast to the density correlator, integrals of the
type (40) with respect to z will now diverge logarith-
mically at small z, because of the additional differentia-
tion in (43). We therefore cut off the integration at a
small zo~ max(s, v) and carry out all the subsequent cal-
culations with logarithmic accuracy. We must next
multiply expressions (44) and (43) and integrate with re-
spect to the variables p and ¢. With the aid of (29) and
by integrating by parts we can verify that

s/e

jdy‘v(y)w’(y) (1-y)=0.
<

a7)

Thus, it remains to determine the constants C; and C,
as well as the function g(s, v), defined by the expression

e
(—2is)g(s,) = | dy (1-)* (&' (1))* (48)
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To determine the constant C, we use the identity

Y Gtubiam 3 Qii,

= my=0 ™y gm0

(49)

which can be easily obtained by multiplying the equations
for le,,g by @ .. and summing over m,; and m,. Sub-
stituting (28), (30), (43), and (44) in (49) we obtain with
logarithmic accuracy

(50)

C,=~In z,.

1t is natural to estimate the constant C; by using the
condition that all of the terms in the right-hand side of
(46) have at z ~z, the same order of magnitude. Then

C.~In? z,. (51)
As will be shown below, in the principal logarithmic ap-
proximation the term with G, in (44) makes no contribu-
tion to the final results, so that the absence of an exact
~ expression for C, does not influence the final formulas.

Substituting (43)—(46) in the identity (34) at a=1, we
obtain in the principal logarithmic approximation

g m A f(sv), A~i.
In® z,

(52)
Thus, g is small in comparison with f and this small-
ness is not offset by the integral with respect to z in

the final expression. Therefore in the principal loga-
rithmic approximation it suffices to retain the first term
in (44), Substituting (44) in (23), we get

X4(s, v) =1-v(=2iv)f (s, v) (=510’ 2,). (53)

This formula gives the contribution of the diagrams of
type 5a. Taking into account the diagrams of type 5b,
we get

p(s—v) 1

X' (s,v)=l_v(— 2iv)p—(__

o 3 (54)

In’z,).

To calculate the conductivity we use the Kubo-Green-
wood formulas®™

ole)=—e f__d“"__i- 'j‘" 208 (X'(s,0")+ X! (e, — 0")). (55)
2niS I o' —0—i0 o' _J av ’ !

We are interested in two limiting cases. In the first
case the Fermi level is close to the center of the band,
but does not coincide with it (Is|~lpg=poll. <1), and the
frequency v<<S, We can then neglect the dependence of
X! on ¢ in the region Ag ~w' < ¢ and calculate the inte-
gral (55) with allowance for the analyticity of X Yw") in
the upper half-plane. As a result o(w) is proportional
to X!(g, ) of (45), and the cutoff is carried out at z,
=|s|. Separating the real and imaginary parts of this
expression, we get

Re 0(0) =0, (56)
sy A6metl?
' (0)= 3vSletl ' (57)

where ¢ is the distance from the Fermi level to the
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center of the band.

In the second case the Fermi level coincides with the
center of the band. Then the cutoff in (54) must be car-
ried out at zo=—ivy, and for Reco(0) we obtain the final
expression:

Re 0(0) =2netl_/S. (58)
This formula differs by a factor 27* from the results of
the solution of the kinetic equation., The dielectric con-
stant in this case is determined by the next term in the
expansion of (53) in powers of Inz, and increases with
decreasing frequency like

8n’e’l_*B

TloslzeT (59)

e (o)~

where B is an unknown constant of the order of unity.

The finite conductivity agrees with the statement made-
above that the electronic states near the center of the
band are not localized.

All the calculations were performed for zero temper-
ature. At finite temperature, formulas (58) and (59)
are suitable in the case when the temperature is less
than the external frequency, and formula (57) is suit-
able when the temperature is lower than the distance
from the Fermi level to the center of the band.

5. CONCLUSION

The influence of disorder on the characteristics of
one-dimensional systems, which was first considered by
Dyson,'® has by now become the subject of intensive
theoretical and experimental investigations in view of the
increase in interest in the properties of quasi-one-di-
mensional conductors. Bulaevskii, Zvarykina, Karimov,
Lyubovskii, and Shchegolev'!!? have investigated the tem-
perature dependence of the magnetic susceptibility of the
highly conducting TCNQ salts. An analysis of the experi-
mental results has shown that the increase of the suscep~
tibility at low temperatures must be attributed to a sin-
gularity in the state density of the disordered one-dimen-
sional systems. For a TCNQ salt with one unpaired
electron per molecule (NMP-TCNQ) the singularity in
the state density was interpretedm] on the basis of the.
model of noninteracting electrons present in the disor-
dered one-dimensional chain.

The disordered character of the well-conducting quasi-
one-dimensional TCNQ salts is due predominantly to the
random orientation of the asymmetric cations (the only
exceptions are salts with symmetrical cations TTF and
TTT). For such an internal disorder, as shown by Gor’
kov and Dorokhov,' the condition that the amplitude for
forward scattering by a random potential of an individual
cell vanish is satisfied. In those compounds where there
is one unpaired electron per molecule, the conduction
band is half-filled, so that we must expect the disorder
to lead to the appearance of singularities of both the
thermodynamic and the kinetic characteristics of these
conductors,

In the present paper we investigated a metal model
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that takes into account all the factors responsible for
the peculiar temperature dependence of the magnetic
susceptibility of NMP-TCNQ. Namely the electrons
were assumed to be non-interacting, the impurities dis-
tributed over the lattice sites, the band half-filled, and
the amplitude of forward scattering by an individual im-
purity was assumed equal to zero in the principal part

. of the article.

Within the framework of this model, it was shown that
as the Fermi level approaches the center of the band,
the interaction with the impurities alters significantly
the state density and the kinetic characteristics of the
electrons in comparison with the results obtained with
the continuum model.’®! The changes are particularly

strong if the forward scattering amplitude by an individu-

al impurity vanishes. For this limiting case we calcu-
lated the electron-density correlator, the conductivity,
and the permittivity. From the form of the density
correlator it follows that the mean squared displacement
of the electron increases infinitely at large times if the
electron momentum coincides exactly with the center of
the band. Thus, the localization length of the electron
becomes infinite at the center of the band not only for a
model with a strictly non-diagonal disorder,®*) put
also in the case when the disorder is produced by im-
purities for which the forward scattering amplitude is
equal to zero.

The static conductivity and the permittivity depend on
the order in which the frequency and temperature tend to
zero and the Fermi level tends to the center of the band.
For a half-filled band, i.e., at € =0, the conductivity has
a finite value in the low-temperature limit, and the per-
mittivity increases infinitely with decreasing frequency.
In the case when the Fermi level does not coincide with
the center of the band, i.e., at € #0, the static conduc-
tivity is equal to zero and the dielectric constant in-
creases without limit as the center of the band is ap-
proached.

If the forward scattering amplitude is finite, then the
singularities become smoothed out, but in the case of a
metal with a half-filled band, an anomalous temperature
dependence of the thermodynamic and kinetic character-
istics should be observed. In the model considered we
have neglected the interelectron interaction, and there-
fore the results obtained are valid for temperatures
above the phase-transition temperature. Our analysis
was carried out for a one-dimensional conductor. The
growth of the localization lengths as the Fermi level
approaches the center of the band should reinforce the
three-dimensionality effects due, for example, to the
finite amplitude of the jump of the electron from fila-
ment to filament. Even if the indicated amplitude is
small, one can expect that at sufficiently low tempera-
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tures a quasi-one-dimensional conductor with half-filled
band will behave like an anisotropic metal. With in-
creasing temperature, the localization length of the elec~
trons participating in the conductivity will decrease be-
cause of the deviation of the electron energy from the
center of the band, as a result of which the conductivity
of the metal will decrease. This influence can be re-
garded as a particular case of Anderson localization of
the electrons—the localization is the result of compe-
tition between the amplitude of the jump from filament

to filament and the amplitude of the random potential on
the individual filaments. In this case all the electrons
should be divided, in accordance with their energy, into
delocalized (close to the center of the band) and localized
ones. The energy width of the region of the delocalized
states should be of the same order as the width of the
electron band for motion in transverse directions.

In conclusion, the authors thank L. P. Gor’kov,. O. N.
Dorokhov, and E. I Rashba for very useful discussions.
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