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Self-consistent dielectric response of a quasi-one-dimensional metal at high frequencies

P. F. Williams
Bell Laboratories, Murray Hill, New Jersey 07974

Aaron N. Bloch*

Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218
(Received 4 March 1974)

We present the results of a calculation of the frequency- and wave-vector-dependent longitudinal
dielectric function of a quasi-one-dimensional electron gas. The electrons are taken to be localized to
the chains and both the tight-binding and free-electron extremes are considered along the chain axis.
Local-field effects are included. Dispersion curves for plasmons and single-particle-excitation spectra are
presented. We find that the plasmon modes are not Landau damped and that for long wavelengths
these modes have eigenfrequencies ranging continuously from the usual three-dimensional plasma
frequency for propagation along the chain axis to zero for propagation perpendicular to it. Finally, we
discuss the effects these excitations should have on the optical properties. The absorption in the
free-electron extreme contains both single-particle and plasmon contributions throughout the optical
spectrum. In the tight-binding limit, the plasmon contributions persist to frequencies larger than the
single-particle bandwidth. In no event is the absorption of the Drude form.

I. INTRODUCTION

It has long been recognized that the behavior of
the one-dimensional electron gas is expected to
differ dramatically from that of its three-dimen-
sional counterpart. The fundamental instability of
the metallic state,’® the preponderant influence of
fluctuations? and disorder,® and the theoretical pos-
sibility of giant conductivities* have been objects
of occasional speculation for some time. This in-
terest ceased to be merely academic with the de-
velopment® of a class of anisotropic conductors
whose structures consist of parallel linear chains,
along which conduction electrons propagate essen-
tially in one dimension. These include organic
compounds such as tetrathiofulvalene-tetracyano-
quinodimethane (TTF-TCNQ), the best organic con-
ductor known, ®” and inorganic salts such as the
“mixed-valence” platinocyanides.®

Because of limitations on crystal size and qual-
ity, reliable experimental data on these systems
were until lately rather scarce, and were confined
largely to measurements of static and low-fre-
quency characteristics. Recently, however, crys-
tals of some of these materials have become avail-
able which are large enough for good optical mea-
surements to be performed. It is found that at suf-
ficiently high frequencies, the materials appear
metallic in one dimension.®!® This has encouraged
interpretation of the data in terms of a simple
Drude metal even at frequencies well above the
nominal width of the conduction band.®® Unfortu-
nately, the dielectric response of the one-dimen-
sional electron gas has received much less atten-
tion at these frequencies than it has in the static
limit, and better interpretations of the data have
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been rare.

To help clarify the situation, we evaluate here
the frequency- and wave-vector-dependent dielec-
tric response of a quasi-one-dimensional metal in
the random-phase approximation. This is not to
imply that we regard all of the materials in ques-
tion as true metals: Their low-frequency proper-
ties are obviously much more complicated than
that.%:19=13 Rather, we simply recognize that at
sufficiently high frequencies, these properties can
have little qualitative influence upon our results.
We neglect exchange and the phonon dynamics, and
we replace the highly inhomogeneous molecular-
charge distribution by a uniform interchain back-
ground of dispersionless polarizability. What
remains is a simple tractable model which must,
in our view, be understood before the high-fre-
quency response of the real materials can be in-
terpreted properly. We consider our approxima-
tions too severe, however, to generate a reliable
description of the static screening.

We investigate both the free-electron and tight-
binding extremes of the one-dimensional conduc-
tion band, In both cases the random-phase approx-
imation (RPA) as usual describes collective ef-
fects not present in a Hartree-Fock treatment of
the problem. In particular, when the interchain
Coulomb interaction is taken properly into account,
we find that long-wavelength electron-density fluc-
tuations on neighboring chains are correlated.
These can be described in terms of plasma excita-
tions whose frequencies depend upon the directions
of their wave vectors as well as the magnitudes,
and range continuously from the three-dimensional
plasma frequency down to zero. (The same con-
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clusion has been reached by Dzyaloshinskii and
Kats!?). At sufficiently short wavelengths, the
directional dependence of the frequency is lost.

In no case does the plasmon spectrum ever merge
with that of the single-particle excitations; there
is no simple Landau damping. ®®

Like the single-particle excitations, the plasmons
may be coupled to a light field through interaction
with phonons or lattice disorder. Unlike the iso-
tropic case treated by Hopfield, '® this process in
a quasi-one-dimensional metal leads to an absorp-
tion which in general exhibits no sharp threshold,
but competes with the usual single-particle con-
tribution throughout the optical spectrum. Nor is
the single-particle absorption itself of the simple
Drude form. We conclude that the Drude expres-
sions are not appropriate vehicles for the inter-
pretation of the optical properties of these systems,
and that reasoning based on fits to these formulas
over a narrow spectral range®=!° should be ac-
cepted with reserve.

The development of these ideas is presented in
five parts. In Sec. II we derive a general self-
consistent expression for the complex frequency-
and wave-vector-dependent dielectric function of
model quasi-one-dimensional metals. This result
is valid within the random-phase approximation
and local-field effects are included. This general
formulation is used in Sec. III to discuss the prop-
erties of the quasi-one-dimensional electron gas
in the free-electron and tight-binding extremes.
The plasmon dispersion and single-particle-exci-
tation spectra are presented and convenient long-
wavelength approximations for the dielectric func-
tion are given. In Sec. IV the application of these
results to the optical-absorption spectra of the
quasi-one-dimensional metals is discussed. Sec-
tion V contains a brief summary.

II. GENERAL FORMULATION

We will often have need to refer to the compo-
nents of a vector along the chain axis and will adopt
the convention ¢ =Q- &,, k=K. §,, etc., where &,
is a unit vector in the chain direction. The com-
ponent of a vector perpendlcular to the chain axis
we denote by q,, k,, etc.

Our treatment is simplified by modelling the sys-
tem as a set of parallel conducting strands of finite
diameter, regularly spaced in a square array and
immersed in a medium of dispersionless back-
ground dielectric constant €,. We neglect the in-
terstrand charge-transfer matrix elements, but
retain the Coulomb potential experienced by an
electron on one strand due to those on other strands
as well as its own.

Throughout the paper we shall assume that the
electric field (although not necessarily the polar-

P. F. WILLIAMS AND AARON N. BLOCH 10

ization field) induced by a test charge in our model
systems is purely longitudinal. This assumption
reduces the dielectric function from a tensor to a
scalar quantity, which depends on both the magni-
tude and direction of the wave vector. The longi-
tudinal-field approximation is equivalent to ne-
glect of retardation, and is valid for three-dimen-
sional wave vectors |Q|>Q/c, where Q is the fre-
quency of interest and ¢ the velocity of light. In
this sense our work complements that of Bulaevskii
and Kukharenko, " who have treated the solutions
to Maxwell’s equations for these systems in the
extreme long-wavelength limit.

With the loss of translational invariance, the
self-consistent calculation of the dielectric re-
sponse'®!® is complicated considerably. In par-
ticular, the effect of the periodic lattice is to mix
Fourier-potential components differing by recipro-
cal-lattice vectors G. The response to an applied
potential of wave vector Q, and frequency € is no
longer local, and must be specified at each of the
wave vectors Q—Qo +G. Specifically, for an ap-
plied potential 'v,,t(Qo ,§), we seek the function

€@, Qo, %) such that the components v, (Q, ) of
the total potential are given by

Utot(-Q.’ Q) =‘Uut(60, Q)/f(é, 60 ) \Q) . (1)
For the remainder of the discussion, we shall take
Ut @, 2) =0, Q) [6(@ - ) + 52+ 0] ,

and will suppress the frequency arguments.
The localized wave functions are

%1, (R) = (1/L/3) ¥ O(F, - 1)

free electron ;
- 1 - -
wk.L(R) =Tz <E ey - l)) o, -1,) 2)
1

tight binding ;
where »n is the number of unit cells on a chain and
L is the chain length. Following our conventlon
T, is the perpendicular component of R and 7 the
parallel component. The quantities ll and [ refer
to perpendicular and parallel lattice vectors, re-
spectlvely The function e(xl) is strongly peaked
about X, = 0 and describes the localization of the
electrons to the strands, and ¢ is a Wannier func-
tion.

We define

free electron ;

BK)= [ et |0 2, ,

= [ e |p(x) |[2ax [ el 3)

x|0k,)|?dx,

The interaction Hamiltonian describing the inter-
action of the potential V,,(R, #) with the electron

tight binding .
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gas is given by

. s
_ o, iq Iy
Hyp: “ZZ Cire,7, Cr 1, €

rQ 1y
XD Uy @+G) B*@Q+G) . @)
G

The summation over % and 6 runs over one Bril-
louin zone with the understanding that in the free-
electron extreme the Brillouin zone is taken to
have infinite extent along the chain axis. Similar-
ly, the summation over reciprocal-lattice vectors
G is taken to be two-dimensional for the free-elec-
tron extreme and three-dimensional in the tight-
binding extreme. The quantity Vot (Q) is the Fou-
rier transform of Vm(R)

The induced charge density is calculated as usual
to first order in H,,, by determining the expecta-
tion value of the particle-density operator p(R) for
the perturbed ground state. The induced potential
V“d(ﬁ) is then determined from Poisson’s equation
with charge density (p(R)). The contribution from
the polarization of the molecular cores is included
by assuming an isotropic-background dielectric
constant €, . Finally, we write

Vot @Q=1/e. )Dext(Q)+Utnd(Q)

and solve for v,,,(Q) in terms of 'om(Q)
The equation thus obtained for V., (@) is

1099

x 285 Q+8) 1, @+3) (5)
G
where

xX(g, Q) =x(g, 2) - ixs(q, Q)

is given by

x1(q, Q)= 2R/ri) @ [n(k)[1-n(k+q))
X [wy, o /(wE,, - QD) ]dE
Xe(a, Q)= @/ [nk) [1-nlk+q)] 6)

X[6(wy, o = 2) = 6wy, o +9)] dE |

=(1/m)[8(k+q) - E®)] .
The term # (k) refers to the occupation number of
the one-electron state with wave vector %, and
&(R) is the energy of this state. 9 is the number
of strands per unit area, and the quantity (47e?/
€.@%) x(g, ) is just the usual Kramers-Heisenberg
electronic polar1zab111ty

If we take (@) =1y 65,5, (5) describes an
infinite set of coupled linear equations for 'otot(Q)
Vyoe @+G), ... that must be solved in order to de-
termine the dlelectric constant €@, Q,,$). The
solution can be obtained by observing that the sum-
mation in (5) is periodic in Q with a period of a re-
c1procal lattlce wave vector. We define Q=Q +61
and Q0 Q +G0 , Where Q0 and Q lie in the first
Brillouin zone and G0 and G1 are reciprocal-lattice

Vi@ = 'o,,t(Q)+——§x(q,St) Q) vectors. The final result is
B
(47e2/1Q + Gy 12) x(q, ) BQ +Gp) B*Q+G)\ | e Q)
‘°t(Q+G‘)" <6G°'G1 Oe +x(q, 2 U@ ’ 1> €Q,Q,,92)’ ™
[
where
Dtot(Q) 3-8 €°°+(44¥/Q2)X 6‘3|Q0 ‘ (8)

1 ~
=4re? BQ+G)|%. (7a)
1’ g 1FQ- O

Equation (7) could have been obtained by taking the
electronic wave functions in (2) to be nonlocalized
three-dimensional anisotropic tight-binding wave-
functions. Using these functions, Hayashi and
Shimizu®® have investigated dielectric screening in
transition metals and have obtained identical re-
sults for the dielectric function.

For IQ.OI sufficiently small, the short-wave-
length modulation of the electronic density by the
lattice is unimportant, and (7) reduces to the local
(in @ space) RPA result. Here the lattice affects

(ﬁ Q) only in that it modifies the electron-dis-
persmn relation and, therefore, x(q,%). Only the
G =0 term contributes to UQ) and, taking 8(0) = 1,
(7) becomes

HI. EXPLICIT RESULTS
A. Density-density response function x(¢,£2)
1. Free electron

If the energies of the one-electron states have
the one-dimensional free-electron form &FF (k)
= i2k?/2m, we find from Eq. (6) the real and imag-
inary parts of x*E(q, R):

2 2
FE _gm | 98- wiF(g)
-
X1 (q,Q) ﬂﬁqu QE FE((I)E
xFE(q, Q)= n;, if wFE@G)=Q=wfE(q) (9)

Xzt (q,2)=0, otherwise,
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where the frequencies

rg

w."(q)=| 5 -+ qvp (10)

represent the maximum and minimum energies for
excitation of an electron-hole pair with wave vec-
tor g, and vy is the Fermi velocity.

We observe that in the static limit, (9) contains
the logarithmic divergence at g = 2kx representing
the Peierls instability! of a one-dimensional metal:

2um . | g+2kp
FE(g,0) = -—z—ﬁ In p ka

Our neglect of exchange, however, probably pre-
cludes a meaningful discussion of the static
]
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screening in the present context.
2. Tight binding

We now consider the extreme in which the con-
duction electrons are taken to occupy a single one-
dimensional tight-binding band, well isolated in
energy from any other bands in the system. The
one-electron energies are 82 (k) = 3 W(1 - coska),
where W is the bandwidth and a is the unit-cell di-
mension along the chain axis. The single-particle
excitations are given by

Wy,o = (W/K) sin(3qa) sin(k + 3q)a .

The evaluation of the density-response function
proceeds asinthefree-electroncase. The resultsare

X2 (g, Q) = - (2W/n#a) {1/[9% - W3(g)]'/*}tan y(q, Q) , 2= wylq)
=~ @Ynra) {1/[wh(q) - Q%)% n|[1+3(q, D] /(1 - 9@, D] , L=wolg) 1)
X2 (g, @) = O/ 7a) {1 /[wi(q) - Q*]/2} | wIB(g)=Q=wl®(q)
=0 otherwise ,
where
(g, Q) = 2w,(q) | Q2 - wi(q) |2 sinkj a sin} ga/[Q? - w¥(q)(sin’ky a+sin’s ga)],
wolq) = (W/n) |sintqal |
and
wIB(q) =wolg) [sina (ke £ 3 [q )| , kr=n/2a, |q|=|2ke-7/al
wIB(q) =wylg) |sinalkr %3 |q|) | , ke=n/2a, |q|=|2k-7/a| (12)
=wylq) lg| = [2kp - /a]

and where 0 <tan™!'y =,

29 sinkp a +singga

TB _
X, 0 Thag@)a | Sinkga - sinsqa

B. Effective Coulomb potential U(a)

In many respects, localizing the electrons to
thin strands has the effect of replacing the usual
bare Coulomb potential 4re?/Q? by an effective
Coulomb potential U(), as defined in Eq. (7). For
this reason, the behavior of U®) is of interest.

U(Q) depends on the radius of a conducting strand
through the “form factor” B(Kk). For wave vectors
perpendicular to the chain axis, (k) is just the
Fourier transform of the function describing the
localization of the electron to the strands ©(r,).

If the strands have radius p,, it is clear that the
effect of A(k) in Eq (7a) is to cut the summation
off at a value of g, roughly given by g,.=1/p, .
Since the sum is two dimensional, it diverges log-
arithmically for small p, . This corresponds to
the logarithmic divergence of the potential energy
of a line charge.

In the static limit, the logarithmic divergence again appears at q =2k :

We will take the functions ©(%,) and ¢ (») to be
Gaussians of radius p, and p, respectively:

o(r,) =1/np?) P ,

2,2 (13)
(p(’r) - (l/ﬂl/z) e T /e
With these definitions, g(k) is given by
free electron,
B(K) = e~ Eu1%E /4 ’
(14)

tight-binding,
B(l'(’) - 1%, 12 ".L 4e-b2p2/4 .

We will take the parameter p, to be much less than
the interchain spacing so that the charge-transfer
matrix element between chains vanishes, and we
will take p~a.

Figure 1 shows plots of the effective Coulomb
potential U(Q) in the tight-binding extreme for
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0321
w
g
G4
El
1033
|0-34 1 1 1 1 1
o 02 04 06 08 10
qa/m
FIG. 1. Effective Coulomb potentials (solid line) in

the tight-binding extreme for three strand radii. Also
shown (dashed line) is the usual bare Coulomb potential.
The wave-vector direction is along the chain axis (6 =0°),
p=a=1,5 ‘Xx, and kp=5X 107 cm™,

three different strand radii, as well as a plot of
the usual Coulomb potential 47e?/Q%. In this figure,
Q is along the chain axis. The divergence of U(Q)
for small strand radii can be seen here. Also, it
appears that for strand radii ~1 A, and for Q along
the chain axis, the usual Coulomb potential repre-
sents a good approximation to the effective poten-
tial, at least out to the Brillouin-zone edge.
Because of the periodicity of U(Q), the similarity
between the two potentials ends as the wave vector
passes outside of the first Brillouin zone. The ef-
fects of this periodicity can be seen in Fig, 2.
Here U(Q) is shown for a fixed strand radius of 1 A
and for wave vectors making angles 6 with the chain
axis of 0°, 60°, and 80°. The ordinate in the figure
is ¢ = 1Q | cosé, and Q is taken to lie in the xz plane.
The oscillatory behavior of the 60° and 80° curves
results from the periodicity of U@). As §, passes
through a perpendicular reciprocal-lattice vector,
U@) has the same value it would have if g, =0, and
it therefore must meet the 6 =0° curve.

C. Local forms 6(6.9)

As discussed in Sec. II, the dielectric function
becomes local in @ space when lél « |G| for all
G. Additionally, in this region €(@, ) can be writ-
ten in a particularly transparent form.

1101

1. Free electron

From Egs. (8)-(10), we obtain in the free-elec-
tron extreme,

~ w?cos?o . |wl-q?
€1FE(Q,Q)=€Q<1+ :;%_w% In L2l )
- wé cos?6
& Q,Q)=3me, F_Z o e-=9=0, (15)
=0, otherwise

where § is the angle between Q and the chain axis,
and we have employed the shortened notation
w,=wfB(g). As expected for a one-dimensional
system, the dielectric function (15) diverges at the
upper and lower thresholds for single-particle ex-
citation,

We identify the parameter

2 _8%ePvr _4uNe?

©e €N €.m (16)

as the squared plasma frequency, with N the volume
electron density. To examine its physical signifi-

cance, we consider the long-wavelength limit of
(15):

€15(0,9Q) = €. [1 - (w /9?) cos?6] . (17

10-3

U(a)(cgs)

10733

10734 1 1 1 I i
o 0.4 0.2 03 0.9 Qs o6
qa/m

FIG. 2. Effective Coulomb potentials in the tight-
bindigg extreme for off-axis wave-vectors. Strand radius
is14, p=a=1.5 A, kr=5x 10" cm!, and = 1Q | cosé.



1102

Setting (17) equal to zero, we find that there exists
a set of long-wavelength plasmons whose frequency
depends upon their directions of propagation:

-

0w@Q) —

w
=5 WpcoSb .

This observation can also be made in the tight-
binding extreme and it will be discussed in more

P. F. WILLIAMS AND AARON N. BLOCH

detail in the subsection on elementary excitations.

2

Tight binding

Particularly convenient are the forms for the di-
electric function resulting from the special case of
a half-filled band, kr =7/2a. Using Eq. (11) and
(12) in (8) we obtain for this case, with no further
approximations,

_J
JB(Q, Q)= E.,,[l - [(Qz _ uf%)c((c):%zf wﬁ)}l/:’?zégg tan'1<;;z : %)UZJ Q>w,
(gt | e ) e ae)
gP@Q,0) =47 [(?= Sf)(izs;_e D7 Si;;% :lla ) w.=N=w,

0

2

where we have again used the shortened notation
w, =w P (g).

From this equation, we see that €2(Q, $) is dis-
continuous at 2 =w, . It approaches a finite limit
as Q approaches w, from below, and a divergent
limit from above. This is a general result for all
Igl > |2kg—n/al. For lg|< |2ks—7/al, €®@,%)
diverges in a symmetric manner about £ =w, . It
always diverges symmetrically about @ =w_.. The
long-wavelength behavior of €T (Q, Q) is quite anal-
ogous to that of €FE(Q, Q).

D. Elementary excitations

We next discuss the plasmon dispersion and the
single-particle excitation spectrum for the two ex-
tremes of tight-binding and free-electron behavior
along the chain axis. In both cases, the plasmon
frequency for long wavelength is given by

2@ = 2 rna?
w?(@Q) = wi cos®h +. e
’ ’ (19)
w? = 89evy [ i .

There exists a set of long-wavelength plasma
oscillations with frequency dependent on the angle
of propagation with respect to the chain axis. Phys-
ically, these may be regarded as consisting of
charge oscillations propagating along each chain
with the same wavelength, but stepped in phase
from chain to chain so that the direction of propaga-
tion is off axis. The polarization of such modes is
mixed and angle dependent, changing from a purely
longitudinal plasmon with the usual three-dimen-
sional plasma frequency w,, at 6 =0°, to a purely
transverse mode with zero frequency at 6 = i,
This result has been noted by Dzyaloshinskii and
Kats!* and by Bulaevskii and Kukharenko!’; we
emphasize that it results entirely from the coupling
of charge density on different chains through the

otherwise

[

interchain Coulomb interaction.

The angular dependence of the frequency follows
readily from simple considerations. For plasmon
propagation along the chain axis, the Coulomb re-
storing forces are also along the axis, and the
forces keeping the electrons localized to the chains
do not come into play. The equation of motion for
the electron gas is the same as in the isotropic
case and the plasma frequency is given by the usu-
al three-dimensional result. For plasmon propaga-
tion at angles oblique to the chain axis, however,
the Coulomb restoring forces have a component
perpendicular to the axis. This component is can-
celled by the forces keeping the electrons localized
to the chains, so that the net restoring force on the
plasmon charge-density wave is reduced. It is
easy to show that the resulting plasmon frequency
is proportional to cosf. Another effect of these
localizing forces is to give the plasmon a partial
transverse character.

For shorter wavelengths, the dielectric function
is not local so that the general result given by Eq.
(7) must be used to determine the plasmon spec-
trum. The plasmon frequency w(@) is determined
by requiring a finite response for an infinitesmal
applied field of wave vector Q and frequency w@).
As can be seen from (7), this condition is met by
requiring that

7Q,w@) = e.-xlg, »@) UQ)

=0, (20)

This equation defines the plasmon dispersion. It

is of the same form as the usual isotropic RPA re-

sult except that the bare Coulomb potential 47e?/Q?

is replaced by the effective Coulomb potential U(Q).
As usual, the single-particle excitation spectrum

is determined by requiring that the dielectric func-
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tion have a nonvanishing imaginary part. We now
present explicit results for the plasmon dispersion
and the single-particle excitation spectrum through-
out the Brillouin zone.

1. Free electron

Following (20) and using the free-electron re-
sult for x, the plasmon dispersion is given in this
extreme by

W @) = B + 3 [ () - wIE ()]
x{coth [1%2 €..q/2mAUQ)]"} . (21)

The long-wavelength approximation to the plasmon
frequency given by (19) is obtained immediately
upon expansion in powers of @:

wa(6)=w§cosze +q?virqt il JAkE .o . (22)

The first two terms are the same as obtained by
Dyzaloshinskii and Kats, **

The dispersion curves for strand radii of 0.5
and 3.0 A are shown in Fig. 3. The plasmon prop-
agation direction is along the chain axis for these
curves. In Fig. 4, the plasmon dispersion is
shown for a fixed strand radius of 3 f\, but for
propagation angles of 0° and 60°, The single-par-
ticle excitation spectrum is also shown in Figs. 3
and 4. The “hole” in the single-particle spectrum
is a general feature of one-dimensional electron
bands; it would not be present with isotropic three-
dimensional bands. As a result of this hole, low-
energy single-particle excitations are allowed only
for ¢ =0 and for ¢ =2ky .

An unusual feature of the one-dimensional plas-
mon-dispersion curves is that they never enter the

L
6
a
3 e
3
r 7 SINGLE
05A 7/ PARTICLE
2 7/, EXCITATIONS
// 7/;///
3R
0 1 ] ] 1
0 02 04 06 08 10

q/2Kg

FIG. 3. Free-electron single-particle excitation spec-
trum and plasmon-dispersion curves for strand radii of
0.5 and 3-A. The wave-vector direction is along the
chain axis (6 =0°). Values of parametersare”n= 10 cm
kp=5Xx 107 em™, m=m,=9.1x 102 g, and €_=2.

-2
s

1103

)
/,//%/// 7
7 SINGLE 7~
7 PARTICLE
/ EXCITATIONS

8-0

05

o 1 1 1 1
(o] [eA 02 03 04
q/2Kg

FIG. 4. Free-electron single-particle absorption
spectrum and plasmon-dispersion curves for wave-vec-
tors making an angle 6 with the chain axis of 0° and 60°.
The strand radius is 3 Z\, q= IE) | cosf, and all other
parameters are as in Fig. 3. Dispersion curves for
other propagation angles fill the region between the top
of the single-particle excitation spectrum and the 6 =0°
dispersion curve.

region of single-particle excitations. In contrast
to isotropic metals, the plasmons in quasi-one-di-
mensional metals are not Landau damped. That
this must be the case in the free-electron extreme
can be seen immediately from (21). Remembering
that cothw = 1 for all positive x, it follows that w(Q)
= wFE(g), the maximum single-particle excitation
frequency. As we shall show, this same conclu-
sion can be drawn in the tight-binding extreme.

Although only the 6 =0° and 6 =60° dispersion
curves are shown in Fig. 4, there actually are an
infinity of such curves, one for each propagation
direction. Because of the oscillatory nature of
U@), the off-axis plasmon-dispersion curves also
oscillate. For large propagation angles with re-
spect to the chain axis, these curves may oscillate
between the 6 =0° plasmon curve and the top of the
single-particle excitation spectrum. The period
of the oscillation is (27/b) cotd, where b is the
spacing between strands.

2. Tight binding

To determine the plasmon dispersion in this ex-
treme, we proceed as before, using the tight-bind-
ing x in (20). The result is a transcendental equa-
tion for w(§) which can only be solved numerically.
We will present dispersion relations determined
in this manner for two choices of the strand radius.

Even without an analytic solution, there are
some general observations that can be made con-
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cerning the nature of the excitations. For exam-
ple, in the small-@ limit, Taylor expansions can
be used to determine that

wH(Q) = wZ cos?0 + (v} /a? — s wl cos?6) xqP at +oo - .

(23)
In this limit, the plasmons exhibit the same angu-
lar dependence as in the free-electron extreme.
As ¢q increases, the dispersion is severely modi-
fied by the band structure, and the plasmon fre-
quency may rise or fall depending on 6 and on the
relative magnitudes of W and 7w, .

Also as in the free-electron extreme, the plas-
mons are not Landau damped by single-particle ex-
citations. That this must be the case can be seen
by noting from (11) that x{®, is singular at
© =wIB(g) and that the sign of xI® in this region is
such that the quantity

@, 92)=e.- UQ) xB(q, %),

is negative. Since f(@, §2) must approach ¢ for
large 2, it must pass through zero for some
Q> wiB(g).

The transcendental equation for the plasmon dis-
persion has been solved numerically for a number
of specific cases, and the results for two of these
are shown in Figs. 5 and 6. Figure 5 shows the
plasmon-dispersion curves for a strand radius of
1 A and for propagation angles of 0° and 60°. Fig-

N

0s PARTICLE %

EXCITATIONS

0 | | | 1
0 0.2 0.4 06 08 1.0

qa/mr

FIG. 5. Tight-binding single-particle excitation spec-
trum and plasmon-~dispersion curves for wave-vectors
making an angle 8 with the chain axis of 0° and 60°. The
strand radius is 1 A. The band was taken to be half-
filled, 7=10" cm™, p=a=1.5 Igs, W=0.5eV, €,=2, and
q= IQ | cos6. Dispersion curves for other propagation
angles fill the region between the top of the single-parti-
cle excitation spectrum and the 6 = 0° dispersion curve,

w/wp

05 SINGLE Z

PARTICLE
EXCITATIONS/

o I | L |
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FIG. 6. Same as Fig. 5 except that the strand radius
is 3 ng

ure 6 shows similar results, but for a strand radi-
us of 3 A. Also shown in these figures is the sin-
gle-particle-excitation spectrum. In both figures,
a half-filled conduction band was assumed. Both
the plasmon dispersion and the single-particle ex-
citation spectrum must be periodic with period of
reciprocal-lattice vector.

Although only two curves are shown for each
figure, there is a different dispersion curve for
each propagation angle. As in the fre_g—electron
extreme, the oscillatory nature of U(Q) causes an
oscillatory behavior for the off-axis dispersion
curves. In analogy with the free-electron extreme,
the dispersion curves for all propagation angles
fill the space between the top of the single-particle
excitation spectrum and the 6 =0° plasmon-disper-
sion curve.

IV. OPTICAL PROPERTIES

In a translationally invariant electron gas, nei-
ther plasmon nor single-particle excitations can
contribute to the optical absorption. *:2! In the
quasi-one-dimensional metals, translational in-
variance is broken in two ways: by the filiamentary
structure itself, and by static or thermal disorder.
These two factors give rise to very different mech-
anisms for optical absorption, and it is important
that we distinguish between them.

The first type of absorption process has been
studied in detail by Bulaevskii and Kukharenko,
and will be discussed but briefly here. In a uni-
axial conductor, the polarization of off-axis plas-
mons is partially transverse, and direct coupling
to p-polarized light is possible in certain optical
geometries. This possibility has not appeared ex-
plicitly in the results of Secs. II and III because of
our neglect of retardation. When retardation is
included, it is found'? that for extremely long wave-
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lengths (@ < w, /c), the plasmon dispersion is split
into two branches, separated by an angle-dependent
gap within which light polarized along the chain axis

coupling to the momentum sink, the optical absorp-
tion in our local approximation may be written as!®:2!

does not propagate. In appropriate configurations
the result is a region of high reflectivity in the
vicinity of the upper-branch threshold w,. The
effect has recently been observed experimentally
by Brilesch, 22

As Q@ is increased, the lower branch of the dis-
persion smoothly joins w(Q) =w, cosh, the leading
term of the results of Sec. III. Presumably this
branch can be directly excited, and its angular de-
pendence verified, by coupling through a frustrated
internal reflectance device such as those employed
by Otto? and by Barker?* in their studies of sur-
face excitations. For the delicate materials in
question such an experiment may be a preferable
alternative to electron energy-loss measurements,
and we suggest it as a means of testing directly
some of the conclusions of the present paper.

In the usual optical geometry (the light normally
incident and polarized with its electric field along
the chain axis) direct coupling to the plasmons
does not occur; direct coupling to the single-par-
ticle excitations does not of course occur in any
geometry. Optical absorption in these cases re-
quires some additional source of momentum, 16:2!
such as the phonons, static disorder, !! and/or the
periodicity of the lattice. For three-dimensional
metals this is the familiar mechanism responsible
for the infrared single-particle absorption and, in
favorable cases,? a weak plasmon absorption'®2!
with a threshold at w,. In the quasi-one-dimen-
sional case, we shall find that the single-particle
absorption is not precisely of the Drude form, and
that the plasmon absorption is qualitatively differ-
ent, and potentially more important, than it is in
three dimensions.

A. Free-electron extreme

Where the electrons are free in one dimension,
the treatment of the optical absorption is particu-
larly straightforward. For simplicity of discus-
sion we take the longitudinal dielectric function to
be local in @ space. In this approximation our
model certainly resembles a Drude metal more
closely than it would if the mixing of potential
components by the periodic lattice were taken into
account, Nevertheless, we shall find that even
in this local approximation, the absorption does
not obey the Drude formula. Clearly, our assump-
tion of a local dielectric function will not be valid
in all cases, but the effect of the corrections will
be to aggravate the deviations from simple Drude
behavior.

We consider the diagonal component of the imag-
inary transverse dielectric tensor along the direc-
tion of the chain axis. To second order in Vg, the

2 1
Re€,(R) :W?;—Zg ; V%qu2 Im m—) . (24)

Equation (24) contains both single-particle and
plasmon contributions; we consider these in turn,
using the local RPA results of Sec. III to approxi-
mate the longitudinal loss function. Our results
are to be compared with the absorption of a Drude
metal carried to the same order of perturbation
theory:

QeF(Q) =i /Q2T (25)
where 7 is the electronic relaxation time.
1. Single-particle absorption

Using (15), we find that the single-particle con-
tribution to (24) is

TI( (-b'e
4h’ kF _Z Q sz),z ’ (26)

where the notation Q(S.P.) indicates that the sum
is to be taken over those values of Q for which
single-particle excitations exist at a given ;. For
want of detailed information about V% we shall not
evaluate the full expression (26) here. Instead, we
consider its asymptotic behavior.

We examine first the limit 7 > fiw,, € where
8r =8(kr). Here departures from (25) arise pri-
marily because the semiclassical derivation of the
Drude formula, '® which treats the current essen-
tially as a small oscillation of the Fermi surface,
cannot account accurately for transitions from deep
within the Fermi sea. After replacing Vza by its
average value at large @, we find

QeSF(R)

e (const)2™8/2+0(Q77/2) . (27)
Analogous effects are predicted®® and observed?
in three dimensions.

In the opposite limit, #Q <&, , Eq. (24) re-
mains valid so long as Q7> 1, where 7 is the
smallest important relaxation time. These two
conditions are compatible within our free-electron
model. At these frequencies the available phase
space is severely restricted by the “hole” in the
one-dimensional single-particle spectrum (Fig. 3)
and the only terms in the sum (26) are from ¢ ~ 2k .
The result is approximately

(const.)
h/T<hQ«E Qf[ln(ﬁﬂ/é’p)]z

x[1+0(n2Q2/8%)] . (28)

QeT(R)

This form rises more slowly with decreasing &
than does (25).
In the intermediate region, Q&;7(2) is a reason-
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able approximation to (25) over a limited-frequency
region. It is in precisely this region, however,
that the plasmon absorption considered in Sec.

IV A2 is strongest, so that the Drude formula is
never really obeyed.

2. Plasmon absorption

Superimposed upon the single-particle absorp-
tion is the contribution to (24) of the plasmon pole
of the loss function. From (15), the strength of the
pole is given by'®

1 (@2 - -
@), x5(Q - w@)) .
(29)

For @ —0 and § -0, (29) exhausts the longitudinal
f sum rule, 2

w?) (QF — wB) 7

Im
2€.Qw? cos?f

fTem(1/e@,)]da = i(wf /e.) (30)

just as in the three-dimensional case. For g—«,
or 6— 37, the total plasmon oscillator strength is
vanishingly small.

Because of their angular dependence and the
absence of Landau damping, the plasmon eigen-
frequencies in the free-electron extreme extend
continuously from zero to infinity. The resulting
optical absorption therefore extends in principle
throughout the spectral range.

We can compute the second-order contribution
to this absorption by substituting (29) into (24).
For Q/w,— =, we have from Eq. (21) and Fig. 3
that w(Q) — wFE(g) and the absorption is negligible.
It is also negligible for € -0, where the conditions
Q- wFE(g), 6—~47, and @~ 0 outweigh the factor
w™ in (24). Between these extremes we find an
extended absorption, the detailed shape of which
depends on the functional form of V% . In general,
it exhibits a very broad maximum centered in the
vicinity of w,, where the pole (29) is strongest and
the plasmon density of states large.

We can estimate the total strength of this absorp-
tion by exploiting the transverse sum rule,*

fuwﬂea(ﬂ)dﬂ=én €. 0f . \31)

Some caution is required in evaluating the contri-
bution to (31) of a second-order expression like
(24). The difficulty is that (24) amounts to an ex-
pansion of the absorption in powers of (27)™, and
the integration (31) includes the low-frequency
region where such an expansion is no longer valid.
For the present problem, however, we observe
from (29) that the plasmons contribute little oscil-
lator strength at low frequencies, so that for the
free-electron extreme (w, 7> 1) we expect (24) to
provide a reasonably reliable estimate of the total
plasmon contribution to (31).

We make this estimate by replacing VZ‘5 in (24)
by its average, which we approximate?® using val-
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ues of 7 deduced from the dc conductivities of real-
one-dimensional conductors assuming a free-elec-
tron density of states. Using the parameters
7~3%107"® sec, 9 ~10" cm™2, and a linear electron
density of 1 per 3 A, we find that the plasmons
contribute about 15% of the total oscillator strength.
This can represent a significant departure from

the Drude formula beyond the deviation predicted
for the single-particle contribution,

B. Tight binding extreme

The actual quasi-one-dimensional conductors
are narrow-band systems. If their dc conductivi-
ties at room temperature are regarded as metal-
lic, one deduces' electronic mean free paths of
the order of one lattice constant, or relaxation
rates 7/7 of the order of the bandwidth W. This
situation approaches the threshold condition for
localization of the electronic wave function by
strong scattering.?'3° For such materials the
often-invoked free-electron theory is, to say the
least, distinctly suspect.

1. Single-particle absorption

The intraband single-particle absorption is con-
fined to energies 7 =W. Since in these materials
W~n/7, this absorption occurs entirely within a
region of the optical spectrum where a perturba-
tion expansion in powers of (27)"! is not valid, and
the second-order expression (24) does not apply.
Here we shall not undertake a detailed discussion
of the optical response, but shall content ourselves
with a few general observations.

In this situation, very substantial departure from
Drude behavior is not only expected on physical
grounds, but required by the f sum rule. In par-
ticular, for sufficiently narrow bands the optical
absorption must be peaked at some nonzero fre-
quency. To demonstrate, imagine a single-band
metal of plasma frequency w, and dc conductivity
0(0) = €, w?7/4n. If plasmon contributions are ne-
glected the absorption 2€,() =4r0(2) is cut off at the
bandwidth W. If o(R) is nowhere to exceed ¢(0),
the total strength of the absorption, [;° Q€,(Q)dR,
can be no larger than 470(0) W/ =€, w%7 W/i. But
the sum rule (31) sets the integral equal to 3 7e.w}.
It follows that ofQ) must rise above ¢(0) and pass
through a maximum if W< $7(%/7). Even for
somewhat larger values of W, the deviations from
simple Drude behavior are strong.

In the quasi-one-dimensional conductors, a very
broad strong peak is, in fact, observed in the in-
frared.?'%* The sum-rule arguments do not, of
course, provide an explanation; they simply re-
mind us that the condition W7 = # means that the
conduction electrons are strongly coupled, and that
a corresponding optical absorption is expected. It
requires a thorough study of the individual mate-
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rials involved to determine the extent to which the
actual mechanism involves electron correla-
tions®!+3%% the electron-phonon coupling® or, in
appropriate cases, direct transitions between states
weakly localized by structural disorder. !

2. Plasmon absorption

The sum-rule arguments discussed above will
in general be altered somewhat by any low-lying
interband transitions and by the plasmon absorp-
tion. In narrow-band systems a calculation of the
latter is complicated by the same problems as
arise for the single-particle absorption. It is
worth remarking, however, upon the interesting
case where the band is so narrow that zw, > W,
From the formula (19) with 91~10"* cm™2 and
€,~2.3, we find that this occurs for a half-filled
band when W< 0.75 eV-a condition which is prob-
ably fulfilled in the organic quasi-one-dimensional
conductors. When the difference between 7w, and
W is substantial, we have above W a continuum of
“free” plasmon excitations which cannot easily de-
cay into single-particle states even by phonon
emission. They should give rise to optical absorp-
tions which persist to energies larger than W. A
possible experimental example of such behavior
will be discussed in the following paper, *®

V. CONCLUSION

We emphasize again that our calculations are
not intended to represent faithfully the detailed
high-frequency behavior of real quasi-one-dimen-
sional conductors. Rather, we have pursued the
implications of the simple models upon which much
of the current theoretical work and interpretation
of experiments has been based. Within these mod-
els, we have found that the longitudinal dielectric
response and elementary-excitation spectrum are
qualitatively different from their counterparts in
isotropic three-dimensional metals, and that as
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a result the usual assumptions®!° about the form
of the high-frequency optical absorption are unre-
liable.

When such assumptions fail even for these sim-
ple models, the optical properties of the compli-
cated real materials must be interpreted with care.
The present work gives a qualitative indication of
some of the new features to be expected (such as
an extended region of plasmon absorption), but its
utility for direct quantitative predictions is limited.
We have neglected, for example, the interband
transitions which lie just above the intraband ab-
sorption in the organic materials®®33! and may
even overlap it in the mixed-valence platinum chain
salts.3® Also potentially serious is our failure to
take better account of the short-range part of the
electron-electron interaction. Except at short
wavelengths, this neglect probably has little effect
upon the plasmon dispersion, but it can alter sub-
stantially the single-particle spectrum in narrow-
band systems. Finally, we remark that the inter-
chain coupling in the quasi-one-dimensional organic
semimetals such as TTF-TCNQ (which consist of
two kinds of conducting chains, with the electron
population on one equal to the hole population on
the other) will be rather different from that con-
sidered here. Nevertheless, we regard the present
work as a minimal first step toward an understand-
ing of the high-frequency behavior of these mate-
rials.
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