PHYSICAL REVIEW B

VOLUME 19, NUMBER 2

15 JANUARY 1979

Exchange effects in the plasmon dispersion of one-dimensional systems
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The dynamic exchange decoupling method for including exchange in the dielectric function of the
homogeneous electron gas has been extended to one-dimensional systems, in both the free-electron and the
tight-binding limit. In the free-electron model, the slope of the plasmon branch is almost unaffected by
exchange effects. In the tight-binding model, the exchange interaction appreciably lowers this slope, except

if the band is almost filled.

I. INTRODUCTION

In recent years, the properties of organic con-
ductors with highly anisotropic electrical con-
ductivity have been extensively studied. The fact
that materials like TTF-TCNQ appear metallic
along the one-dimensional strands encourages an
interpretation of the electronic properties in
terms of the one-dimensional electron gas. For
this model one expects in the random phase ap-
proximation (RPA) that the plasmon frequency
increases quadratically with momentum for small
wave vectors, and that the long-wavelength plas-
mon shows an anisotropy of the form w(6)
=w,(0)cosé, where 6§ is the angle of propagation
relative to the one-dimensional chain.!

Although in TTF-TCNQ this predicted anisotropy

. is in relatively good agreement with experimental
data, it is remarkable that the plasmon spectrum
is almost dispersionless for §=45° and shows a
negative dispersion for 6=0°.2

For other materials, like the (SN), polymer,
one observes the positive dispersion, expected
for the one-dimensional electron gas, but the anis-
otropic behavior is unusual.® For this polymer,
the plasmon spectrum can be explained on the
basis of a parabolic-band model in any direction °
if an anisotropic band mass is introduced (the
anisotropic mass ratio being m,/m,~1.9).2

The observed anisotropy in TTF-TCNQ is of the
form w, (6) = w,, (0) cosd, which characterizes a one-
dimensional system. However, the negative dis-
persion at §=0° suggests that ‘the parabolic-band
model is inappropriate. Attempts have been made
to understand the plasmon spectrum on the basis
of a tight binding model in the RPA.® Although
for small strand radii this model shows a positive
dispersion, a relatively good agreement with ex-
periment could be obtained for 6=0° with a strand
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radius as large as v~3 A. However, no improve-
ment was obtained for the angular dependence of
the plasmon dispersion. By extending this model
to include interchain coupling,® and with nine ad-
justable parameters, close agreement was ob-
tained for 6=0°, but for 6=45° oscillations occur
in the calculated plasmon dispersion which are
not present in the experimental data. .

In the foregoing approximations, exchange ef-
fects were not taken into account. Although in
systems of reduced dimensionality with a free-
electron-like band these exchange effects might
be of minor influence, at least in the long-wave-
length limit,* the localization in the tight-binding
model is expected to enhance the exchange con-
tributions.

In the present paper, the effects of exchange
for one-dimensional systems are examined in
both the free-electron and the tight-binding model.

In Sec. II, the formalism is presented in which
the exchange interaction can be studied. In Sec.
I, it is shown that exchange effects are negligible
at low wave vector in a one-dimensional electron
gas with free-electron-like energy bands. In
Sec. IV, the exchange interaction is studied for
a one-dimensional tight-binding model. It is shown
that substantial contributions of exchange to the
plasmon dispersion can occur, depending on the
ratio between the conduction-band width and the
Fermi energy.

II. DIELECTRIC FUNCTION WITH EXCHANGE

The dielectric function of an electron gas, em-
bedded in a neutralizing homogeneous positive
background, is usually written in the form

6(5, w) =1+ Qo(a, w)/[l - G(a: w)Qo(a, w)] ) (1)

where G(q, w) describes the exchange and correla-
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tion effects, and is supposed to be zero in RPA.
Q4(d, w) is the Lindhard polarizability™®:

Qo(@, w)

4ne?n
E f @p

N3 ()
X Forio= E(}S+hﬁﬂ2)+E(§ 79/2) -

()

In this expression, E(p) denotes the one-electron

G(@@, w)

1 4ne? 2ment s s, Na®IN; (')
T2 ¢7 @G w) .[dpfdp 1D "lz
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energy associated with the momentum P, and Na(ﬁ)
is given by

N;(®) = (2/n)f°®+7d/2) -f°(B -7rd/2)],  (3)

where f°(p) is the equilibrium distribution func-
tion, which is'(277%)2 if E(D) lies below the Fermi
energy, and zero otherwise.

Neglecting correlation effects, but including the
exchange interaction dynamically, the function
G(§, w) in the three-dimensional electron gas is
given by®1°

[(E@+7d/2)-EG-7G/2)) - (E@ +7§/2) -E@ -7§/2))

X o+ i6—E@+na/2)+E@ -1/ [hw+id-E@® +Ra/D+E® ~ha/2)

4)

Denoting the magnitude of the Fermi wave vector and the Fermi energy by %, and E, it is interesting

to note that in the units

G=Kk,, w=20E /i,

()

G(kkg, 2VE,/T) Teduces to a universal function of K and v.1' The expressions (2) and (4) can then be written

as
_ N(E+k/2) -nE-k/2)
Qo&kp, 2vE, /H)= 2E = fd£ v+ 36 = a3(D) (6)
G(Rkg, 2E /M) = ~3f&,v) [ a%t [ a*¢ (B k/2) - 2K/ zl)g[sng'[:k/ 2) - -&/2)]
8;(8) - 558N
x[v+z§ Ak(f)]z[v+za A(EDP (™
where W(Z)=5(EL), E(nkpt,)<E, (10)

8:(E) = (1/2E ) E (kg E+ ik g/2)
—E(ftkpE Tk k/2)], 8)

ekl

. 1
&V g e 0 O

and where (%) equals unity if E(fkzE) <E, and
is zero otherwise.

In the three-dimensional electron gas, the ef-
fects of the exchange interaction have been dis-
cussed from a numerical evalution of the integral
(7) for G(d, w),!* and the internal consistency of
this exchange treatment has been examined.!?

For the-study of strictly one-dimensional sys-
tems, we assume that the electrons are bound to
a linear chain of positive ions, without interchain
coupling:

=0, E(ikpt)>Ey .

Under this assumption, the plasmon dispersion
can be found from Eqs. (6)—(9) if the band struc-
ture E(p) is given. In the following sections, both
the free-electron and the tight-binding limit are
studied.

III. ONE-DIMENSIONAL FREE-ELECTRON MODEL,
INCLUDING EXCHANGE

In the free-electron model the one-electron en-
ergies are assumed to be E(®)=p3/2m. The eval-
uation of the Lindhard polarizability (6) can then
easily be done:

Qf“(kk,, 2vE . /F)

e (: H;ez//z')S"'”"J)’ (11)

—rr—kzk kl n|=
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where
J=+1 if |k, - K3/ 2|<v<|k,+F2/2]
=-1 if = |k +B2/2|<v<-|k,-K2/2] (12)
=0 otherwise .

The plasmon d}spersion relation in RPA, obtained
by solving Q,(kky, 2VE z/)= -1 for v, is then given
by .

- 4 k2 2% 2
V2 (K)gps = K2+ —lzi-x-kicoth%—:zl';;ﬁ— , (13)
- 2¢*m (B, \?
V2 (K)ppa ;;m(k—‘)
k1 7w%m2
+k2z+—4i+§1r—2?;§—5k‘§k2+--- . (14)

This dispersion has been discussed previously.®
It should be noted that a second zero of the real
part of the RPA dielectric function is given by (13)
with the hyperbolic tangent instead of the hyper-
bolic cotangent. However, one can show that this
branch is strongly damped, because it lies in a
region where the imaginary part differs from
Zero.

The integral (7), describing the exchange effects,
can be evaluated in this free-electron model. For
propagation along the chain axis one obtains

GEE (K, 2VE /1) = ~8Rf(K, v{vk? /[ (v + K2/2)* — 2]
x[(v-k2/2)2 - 2] .
(15)

Inthe long-wavelength limit, these exchange effects
yield a contribution of order 2* to the plasmon

dispersion. This is essentially the same con-
clusion as obtained from the anisctropic mass
treatment in the free-electron model for (SN),.*
The free-electron model therefore seems not
appropriate for reproducing the negative plasmon
dispersion in TTF-TCNQ, and no substantial
corrections are to be expected from including
the exchange interaction, at least in the long-
wavelength limit.

IV. ONE-DIMENSIONAL TIGHT-BINDING MODEL,
INCLUDING EXCHANGE

For the case of conduction electrons occupying
a single one-dimensional tight-binding band, we
consider the one-electron energies for wave vec-
tor g parallel to the chain axis:

E(fg) =2E zw(1 — cosqb) , (16)

where w is half the bandwidth in units of twice
the Fermi energy, and b is the length of the one-
dimensional unit cell. From the definition (8)
for the quantity A;(E), occuring in the integrals
(6) and (7), one obtains

AE(E) =2wsinta singka (17)

for k and E parallel to the chain, and where
a=Dbkp (18)

measures the position of the Fermi energy in the
band, @= 37 meaning a half-filled band and a
=7 a completely filled band.

By using (10) and (17), and with some elemen-
tary substitutions, the expression (6) for the
Lindhard polarizability becomes

TB(ih 2VE;/h‘) _ €y 1 FR —4w sinzk,a sina cosza
0 L "2mE, R ). v® _ 4wy sinzk a cosa sinza+ 4uw? sin?3k a sin(z + 1)a sin(z - 1)a
F k,/z z z
(19)
Putting
B=4w(|v? — 4u? sin® 3ak, |/ ?sin®sak, sina | (20a)
z 2
y=v?_ 4uP(sin®a + sin*3ak,) sin®3ak, , (20b)
one obtains by evaluating (19)
B e’k, 1 1 1 rpsy .
o 2(KE 5, 2VE o/ T) = — tan™(8/y) if |v| =|2wsink,0| , (20c)

o 2
QTB(kk 5 2vEp /T = ek 11 1

21°E, F° a (1Y - 4uf sinitak,| )2

J=1 if B> lyl
=0 otherwise .

y+
il In|7—
21°E, B a (|2 = dw’sin*iak, )72 (n Y-

Z +iﬂJ) if |v]<|2wsink,a| , (20d)

(20e)

For a half-filled band (a = 37) this expression reduces to the result discussed in® [Eq. (18) of Ref.
5]. In the long-wavelength limit, the Lindhard polarizability becomes
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- T By2 1 2 4 2 (il
T3k , 2VE /1) ~ (—”"7‘1—4cos29[1 -5(&25) id faﬁ—a—(k'za )2+- : ] ) 1)
where
(viB)? = (e% o/272E p2wa sina . (22)
Thus the plasmon dispersion in RPA becomes
TB(R vIB)2 L(k,a\? TBy2
[vIBER)Epa =~ cos? 0+3(3 — (v ®)?cos®8+ 12w sin®a| +. - - (23)
r
which for a half-filled band (a = 37) is exactly the no substantial corrections arise from this effect.
expression obtained in® [See Eq. (23) of Ref. 5]. In order to estimate the influence of the exchange
From (23) the slope of the plasmon dispersion interaction in this model, one has to evaluate (7)
is not only determined by the ratio between the under the assumptions (10) and (17). It seems
bandwidth and the plasma frequency, but it alse not possible to obtain this integral analytically
directly depends on the position of the Fermi en- for arbitrary wave vector and frequency. But in
ergy in the band. However, because one expects the long-wavelength limit, with k parallel to the
the band in TTF-TCNQ to be almost half-filled, chain, one obtains

— )

- 1 f(ﬁ v) 1=k /2 1+/2 1=k /2 1+/2
GE 20 (Rhe, 2VE /) — ~ 5 205 f dz - f dz f dz'—f dz' A, ,(z, 2")
) ~1-k/2 ~1+k/2 ~1-k/2 -1+k/2

k/2
_ lf(k I/)j‘ f/ [A,,(z=1,2" =1)=A4, (z+1,2" =1) =4, (- 1,2/ +1) +4, (z+1,2"+1)],
=k /2

/2
(24)
where
. ko (sinza - sinz’a \?2
Ak l,(;’(’.’ z ) 4u? sin’ 3 (———2—_?——> (25)
To lowest order in 2, (25) can be replaced by
A, (2 =1,2"-1)=4, (z2+1,2"+1)~4w?a?(3ka)? cos’a , (26)
A, (z=1,2"+1)=4A, (z2+1,2' - 1)=4u?(3ka) sin’a , @
and thus, in the long-wavelength limit (24) becomes
G%'fso(ﬁkp, 2VE,/T) = -16f(k, v)(w?/1*) [cos?a - (sin*a)/a?](tka)! . (28)
R0
Using this result with the long-wavelength expansion (21) for the Lindhard polarizability in the
expression (1) for the dielectric function, one obtains
TB\2 2
B > (v ka 1({ka . (sin? a)/a - cos’w
> 2vE ~ __..Jl__[__..( ) _(__)( 2 2 1/, TB\2
&,-o(Kk g, 2VE ;/) = 1 B 1-3(5 ) +7\5) (40 sin'e —3(05R) e (29)
and thus the plasmon dispersion for small wave vectors parallel to the chain axis, and including
exchange, becomes
ko (vIB)? [sin’a
2 (k)]k o, = (VTB ? ( ) [ (viP P+ 1207 sin’o - 3 gﬁz"( P - cos’a| . (30)
Because if the band is not nearly filled, as can be seen

be comparing (30) to the RPA result (23).
Assuming in TTF-TCNQ the numerical values

the exchange interaction in the tight-binding model 0.75 eV for the band width,'® and 0.2957 for o

thus reduces the slope of the plasmon dispersion from the experimental observation of the 2k,

(sina)/a? - cos?a =0 if a <0.64577n (31)
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anomaly,*# !5 it then follows that w3(g)= w3(0)
—y(gb/m)? with y=0.07 eV? in RPA, whereas y
becomes 0.48 eV 2 by including exchange from (30).
Thus in the tight-binding model for one-dimen-
sional systems, the slope of the plasmon disper-
sion for propagation along the chain is drastically
influenced by exchange. In TTF-TCNQ, the RPA
dispersion is almost dispersionless at small ¢,
but a pronounced negative slope is obtained by
including exchange, in at least qualitative agree-
ment with experimental data.

For a quantitative comparison with experiment
at finite ¢ and for nonparallel incidence, the ex-
change effects are to be obtained from numerically
integrating (7). This study is in progress and is
rather important because at large momentum
transfer, substantial further corrections could

occur, as possibly indicated by the diffuse 4%,
scattering in TTF-TCNQ.'® Among other inter-
pretations,'”™° this anomaly has been explained in
terms of umklapp scattering of two electrons
across the Fermi sea,? involving a correlated
state of electron charge-density waves. The strong
electron correldtion needed for this mechanism

is not included in the present paper, and the large
g plasmon dispersion might reveal the effective-
ness of this interaction.
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