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We derive sum rules for the effective dielectric functieg(w) of a polycrystalline material, under the
assumption of macroscopic isotropy. If the material comprising the polycrystal is a quasi-one-dimensional or
quasiplanar Drude metal, we predict that part of the oscillator strength of the polycrystal is pushed up in
frequency to form an “impurity” band of confined plasmonlike excitations. Under an additional condition of
“strong isotropy,” we calculate the center of gravity of this band, in terms of the zero-frequency conductivity
of the polycrystal. Analogous predictions are given for the energy-loss funetibne ; (w). The effective-
medium theory for a polycrystal composed of approximately spherical crystallites is shown to satisfy this
condition of strong isotropy. A more general effective-medium theory for ellipsoidal crystallites does not
satisfy strong isotropy. It does, however, obey the only sum rule which is valid for any microstructure, namely,
the sum rule on the spectral density. As an application, we describe a simple effective-medium model which
qualitatively accounts for the ac electromagnetic properties of polypyrrole, over a broad range of frequencies,
based on the assumption of polycrystallinity. Many features of the observed optical constants are found
consistent with the existence of a broad localized plasmon band arising from polycrystallinity.

[. INTRODUCTION “strong isotropy” is not satisfied, then an explicit form feg

is possible only to first order, and only the sum rules on the
Many crystals have highly anisotropic transport and opti-oscillator strength are rigorously valid.

cal properties. For example, the conductivities of most or- These sum rules are useful, for example, when the single

ganic conductors are orders of magnitude larger along ongfystal has a Drude conductivity in orfer two) crystalline
preferred direction than in the other two. Another importantdirections, and is an insulator in the other directions. Then
example is the Cu@based high-temperature superconduct—th? 'oscnlator strength sum rule,' when cqmbmed with that
ors, which in their normal state conduct much better in the2fiSing from strong isotropy, implies the existence of a band

ab plane than in the direction. Their superconducting prop- qf _confin_ed plasmonlike optical excitations. This ba_nd has
erties are similarly anisotropic finite oscillator strength at nonzetq but does not contribute

As single crystals, these materials have well-defined cont—0 the zero-frequency Drude peak of the polycrystal. Given

ductivity (or dielectrig tensors, which reflect the underlying the stqtlc conductivity of the. polycrystal, and assuming
T strong isotropy, the sum rules fix the center of gravity of the
crystal structure. But very often they are found in “polycrys-

. . ) ~ confined plasmon band. A similar analysis applies to the
talline” form—i.e., the direction of the crystal symmetry axis P y bp

) . ) energy-loss function-Ime *(w) of the polycrystal, and its
varies randomly point to point. Such polycrystals are Somey, 4jizeq plasmon band. If the strong-isotropy sum rule is

times desired for practical applications. In other cases, thgq saisfied, then no exact statement can be made about the
single-crystal form may be difficult to prepare. In either case cgnter of gravity of the localized plasmon band, although the
one wishes to know how to calculate the transport and optipgnd is still expected to exist on physical grounds.

cal properties of such a polycrystal, given the single-crystal The commonest scheme for estimatings known as the
properties. effective-medium approximatioEMA).2=* The EMA in-

In this paper, we derive several sum rules for the a.cvolves embedding an ellipsoidal crystallite in a self-
electrical response of polycrystals. The derivation assumesonsistently determined background medium. All such
that the quasistatic approximation holds valid even at relaeffective-medium theories, when applied to metal-insulator
tively high frequencies, where the differences between the composites, invariably produce confined plasmon bands. As
principal components of the dielectric tensor are presumede will show, several® also satisfy the first-order sum rule,
small. With these assumptions, the effective polycrystal di-as required for all isotropic composites. The EMA for spheri-
electric functione.(w) can be obtained at high from per-  cal crystallites also satisfies the second-order sum rule,
turbation theory(The derivation does not assume that thiswhich is required when strong isotropy is obeyed. The EMA
expansion is valid at lowean, since at suclw's there may be for ellipsoidal crystallites is nonetheless applicable to appro-
large differences between the principal componegrifs.in priate geometries, because strong isotropy is not necessarily
addition, the correlation functions in the polycrystal satisfy aobeyed by all isotropic composites.
certain condition we call “strong isotropy,” thega,(w) can As an illustration, we apply the EMA to a model for the
be written down explicitly through second order in the dif- quasi-one-dimension&l D) metal polypyrrole, under the as-
ferences between the principal components. A Kramerssumption that it is effectively polycrystalline. Confined plas-
Kronig analysis then leads directly to the sum rules. Ifmonlike bands have been reported experimentally in
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polypyrrole>® and similar behavior has been observed inwhereG obeys the differential equation

other quasi-1D metals® Our results thus suggest one pos-

sible explanation for these measurements. Obviously, there Ve VG(X,X')=—=(x=x"). )
are other mechanisms which could produce such bends  also, « satisfies the boundary condition

excitations in grain boundaries, quantum-mechanical local-

ization of charge carriers in a disordered matg¢riBut the LAx,x")=0, (6)
polycrystalline mechanism would produce such a band unde
quite general geometrical conditions. Our calculations no
only illustrate the influence of polycrystallinity, but also

or x’ onS. In the limit of a very large system, assuming that
€, IS isotropic,G approaches the free-space solution

show how different crystallite shapes would alter the ob- 1
served optical spectra. G(x,X' )= —F. (7)
We turn now to the body of this paper. In Sec. Il, we Amealx—x'|

derive an expansion faf, in a polycrystal. The expansion is

valid through first or second order in the differences between The sum rules are d_erlved by conadenqgwhep{y IS
S ) ; —small. Of coursey is typically not small. But at sufficiently
the principal components of the single-crystal dielectric

function e(w), depending on whether the strong—isotropyhlgh frequencies, where(x) approaches a multiple of the

condition is satisfied. From this expansion we obtain the deEjnlt tensory is indeed small, and only in this region does the

sired sum rules. Section Il discusses the degree to WhiCHerlvatlon actually require a smapl

. ) N If x is small, theny(x") on the right-hand side of Eq3)
several common effective-medium approximationseiw) , S O
. : can be replaced bye(x')—a substitution which is correct
are consistent with these sum rules. In Sec. IV, we use th

sum rules to calculate the centers of gravity of the confine avrgruaghe Soefclg n(c:ig)orgseig '6;(]2 gz,\[/?hign&;'foth; %rtl)?:ir:ble
plasmon bands in a model quasi-1D or quasi-2D Drude 9 at2), 9 € '

metal, assuming strong isotropy. We also use an EMA to
calculate the optical properties of a model for a polycrystal- (Xij(x))zz E f (SeiR(X) T (x,x") ej(x"))dx’,
line sample of polypyrrole. A brief discussion follows in Sec. kol

V. )
where the subscripts denote Cartesian components of tensor
Il. FORMALISM quantities:®
) Now, because the ensemble-averaged composite is as-
A. Exact results for €, through first or second order sumed homogeneous and isotropic, it follows t@ﬁ}(x» is

Our approach closely follows that of Ref. 1 for severala multiple of the unit tensoky;; (x))=(x;i (x))&;; . Substitut-
steps. We consider a voluneof polycrystalline material in  ing this result into Eq(8), we obtain
the quasistatic limit, where the local electric fididcan be 3 3 3
written as the negative gradient of a scalar potentialTo o , , ,
define e, we imagine the polycrystal to be enclosed by a “~ <X“(X)>:k21 21 f\,"’/k'(x’x )Gi(x" x)dx", - (9)
surfaceS, on which the potential-Ey-x is specified. The
space-averaged electric field within the composite is themvhere
just Eq.! €, is defined by 3

€a= eart (X)), @ gu(X' X =2, ([8eX) 1l 80 Tu). (10

where e, =(e(x)), the_ triangular brackets denofu_ng an €n- - 4is not possible to evaluate the right-hand side of .
semble average, which we assume to be position mdepel?—
. . for the most general form ajj, allowed by symmetry, even

dent. For a polycrystalline material, the ensemble average is : . ! .

) ; . . ih a macroscopically isotropic medium. If, howevgy, sat-
simply an average over crystallite orientations of ttessoj isfies a “strona-isotropy” hvpothesis
guantity enclosed in the brackets. If the crystallites are ran- 9 py=hyp '
domly o_rlen_ted, SO t_hat the materlglmhas equal probability I XX ) =g(X—X") Sy, (12)
of pointing in any direction, then it can be shown tlegj= o _
133 €, where thee's are the principal values of the ten- theny;; can be evaluated explicitly to second ordesi For

SO € 2 y is defined by a polycrystalline materialde(x) varies in space only because
of the random orientation of the crystal axes. Physically, as-
e(X)E(X)=x(X)Eg, 2 sumption(11) means that, while the directions of the crystal

axes may be correlated at different points in space, that cor-
relation depends only on the position vector connecting the
two points, and is characterized by a single scalar quantity.

whereE(x) is the local electric field, and satisfies

X(X)=8e(x) + 56(X)f S, x" ) x(x")dx’, ©) Substituting Eq(11) into Eq. (9) gives
\%
3 3
where de(X)=€(X)—¢€,,. ¢ is defined by 21 <Xii(x)>:f g(x_xf)kzl G X —x)dx’, (12
2
Zi(xX')=— G(x,x'), (4)  or, on using the definitiort4) and the differential equation

x| X (5),
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g(O). (13 f |m[6e(w')—€av(w')]w'3dw'=zp(l—p)w4,
€av 0 6 p
(18
wherep=3. In the absence of “strong isotropyEq. (11)],
only the first is valid.
9(0)="2 (Jeij(x) S€ji(x)) =3 TK[ Se(x)]?) Analogous sum rules can be obtained for the energy-loss
) function —Im[1/e,(w)]. These take the form

Z (xii(x))=—

Here

=32 (6 €a)’ (14) - ( 1 m
34 i av) s _ ’ r— 2
| J;) Im (@) o'dw 5 pwp, (19
wheree,, =13 ¢ as before. Combining all these results, we nd
finally obtain the correct form foe, through second order in
the quantitiese; —¢€,,, under the assumption of strong isot- o 1 1 . - A
ropy: fo Im(—fe(w')_ Eav(w'))w do’==p(l=-p)wp,
3 (20
1 Z (€~ €a)? where p=%. Again, only the first of these holds unless the
€o=€q— = "1—' (15)  strong-isotropy assumption is valid.
9 €av The above results also apply to a polycrystal made up of a

This is the same result that would be obtained for a threeguaS|—two—d|menS|ona(12D) metal described by a Drude di-

. . . electric function in they and z directions, and by a
component composite having equal yolum_e fractions of thre(1‘“?requency-independent dielectric function of unity in tke
isotropiccomponents;, €,, andes. If, in particular, we have

a uniaxial composite with principal dielectric constaits d|£e2ct|on. The orllly required change in Eg&7)~(20) is that
p=$ rather thans.
€, ande,, Eq. (15 becomes

1 2 2 (61— € )2 IIl. CONNECTION TO EFFECTIVE-MEDIUM THEORIES
1 2 (16)

6e:§61+ §62

9 €+2¢ ° In the EMA, the electric field within each crystallite is
o ] ] calculated as if the crystallite is embedded in a homogeneous
A similar result was derived many years ago by Herrthg, effective medium, of dielectric functios,, which is self-
using quite a different approach. consistently determined. Typically, it is assumed that the

The result415) and(16), as pointed out above, depend on ¢rystallite has some convenient shdpsually ellipsoidal. If
the assumption we denote “strong isotropy.” We believe thatihe crystallites are randomly oriented, the effective medium
this assumption need not be satisfied in all polycrystallingg isotropic ande, is a scalar.
materials, even macroscopically isotropic ones. It may be Two such effective-medium approximations for polycrys-
satisfied if the crystallites are approximately spherical. Butia|s have been used in the literature. Both assume eliipsoidal
for reasons further discussed beIOW, if the CryStalllteS ar%clusions whose principal axes are degenerate with the crys-
nonspherical ellipsoids, then it is likely that assumpti®h) (5] axes, but carry out the field averaging in different ways.
for the correlation function does not hold valid. When strongsjewski et al? average the dipole fields produced by an
isotropy is not satisfied, the second-order term may be morgjjipsoidal inclusion embedded in an effective medium, and
complicated than given above. So far, we have not succeedggoose the medium so that these fields vanish, on average.
in evaluating it in closed form. Thus, in this more generalwalker and Scharnbergon the other hand, average the in-
case, only the first-order sum rules given below are guarangrnal fields within the inclusion, and use as a self-

teed to be exact. consistency condition the requirement that the averaged in-
ternal fields should equal the field far from the inclusion.
B. Sum rules for the spectral density Both these approaches have been presented by Noh, Song,
. . . . and Sieveré.
Just as for binary composites, the high-frequency limiting : . .
behavior ofe, [Eq. (16)], when combined with the Kramers- The dipole-averaging EMARef. 2 may be written
Kronig relations, leads to sum rules ondg As an illustra- 61— € 2 62— €0
tion, consider a polycrystal of a quasi-1D metal, with a - )+— )=
Drude dielectric functiore;=1— w3/ »? in the x direction 312[(1-g1)eetgier]) 31 (1+0g1)eet(1-g1)er

and a constant dielectric functian=1 in they andz direc-
tions. Approximation(16) applies at sufficiently high fre- Hereg;, is the depolarization factor of the ellipsoidal crystal-
quencies, provided that strong isotropy is satisfied. Then thiite along the uniaxial direction, anghb,=3(1—g,) is that for

sum rules take the fortf each of the other two directions. The field-averaging EMA
(Ref. 3 takes the form
* a
fo Im fe(w')w'dw'zgpwﬁ’ 17) 1( g1(€1— €) ) 2[ (1-gd(e—€e) ):
31 (1-gy)eetgier) 3\ (1+0gy)eet(1-gy)e;

and
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In the limit of spherical inclusionég, =g,= 3), both reduce go(w=0)
to a form originally written down in Ref. 1: =-—, (28)
o1(0=0)
1/ e1—€e 2( €= € | o.(w=0) and o4(w=0) being, respectively, the effective
3l e+ 26 t3 €+ 26, =0. (23 zero-frequency conductivity of the polycrystal and the zero-

frequency conductivity of the single crystal along the sym-

It is easily verified that Eq(22) fails to satisfy(16) at first ~ metry axis. With this definition, the Drude peak includes all
order. Equatior{21) does satisfy Eq(16) at first order, butis the spectral weight o€, at zero frequency.
consistent with it at second order only for spherical particles. We will find the center of gravity of the confined plasmon
Since the EMA for ellipsoidal particles is intuitively so rea- peak from the sum rulegl7) and (18). First, we rewrite
sonable, we do not view its failure to satisfy E{.6) at
second order as a shortcoming of the approximation. Instead, €al@)=1-ptpew)=€dw)tde(w), (29
it suggests that the assumption of “strong isotropy” fails for \ynich defines the quantitye,(w). Then the sum ruleél?)
crystallites which are ellipsoidal but not spherical. Of the gng(18) can be written as
two approximationg21) and(22), we believe that the first is
to be preferred, on grounds that it satisfies the oscillator-

strength sum rule which should hold quite generally. fo IM €@ )o'do’= 5 (p~A)ws=le,  (30)

NE

IV. APPLICATIONS and

A. Quasi-1D or quasi-2D Drude metal; £ , , ey, T 4
centroids of localized bands fo Imeep(@") — deal@) Jo " dw’ = =p(1—p)wp,

As a first illustration, we apply the sum rules to a simple (31

model of a quasi-1D metal. Throughout this subsection, W€\ herep=1 : : -
: p=3 andlg is the integrated strength of the confined
assume that both of the sum rul€s7) and (18) are valid, plasmon band. Its center of gravity,,, is given by the ratio

i.e., that the polycrystal satisfies “strong isotropy.” Another f the left-hand side of Eq31) to that of Eq.(30):
example, not based on this assumption, is given in the ne>8 D

subsection. 1 p(1-p)w?
Our work is motivated by recent experiments of Kohlman wipz— — -~ F
et al® These authors studied the a.c. response of polypyrrole, 3 p-A
a quasi-1D organic metal, in its most highly conducting stateThis result shows that, irrespective of the details of the ge-
They found(i) a Drude behavior at low frequencies, mani- ometry (but still assuming “strong isotropy a polycrystal
fested by a large negative dielectric constant at microwavef quasi-1D metal has a confined “plasmon” band which is
frequencies, and finite d.c. conductivity; afid) a second centered at a substantial fraction of the plasma frequency
plasma frequency in the near infrared. The latter was attribwp_ The exact position of the center of gravity, depends
uted to conduction electrons which are confined because ofén the zero-frequency conductivity of the polycrystal, a
lack of long-range three-dimensional order. We will showquantity which does depend on its geometry.
that such behavior can also be produced in a polycrystalline The physics underlying this confined plasmon band is
metal, each crystallite of which is highly conducting only straightforward. Equation(17) gives the total oscillator
along one crystal axis. strength of the polycrystal in terms of the plasma frequency
We consider crystallites with a Drude dielectric function for charge carriers moving along the axis of symmetry. Some
of this oscillator strength is soaked up by the Drude peak of

(32

2

wp the polycrystal, which lies at zero frequency. The remaining
e1(w)=1- o(w+ilT) (24) oscillator strength, which is the localized plasmon peak,
must lie at finite frequency if the strong-isotropy condition
in the x direction, and a constant dielectric function holds, in order to satisfy the sum ru(8). The precise fre-
quency depends on the strength of the polycrystalline Drude
e(w)=1 (25 peak. Although this argument is given for a polycrystal sat-

isfying strong isotropy, the same general physics should pre-
vail even if that hypothesis does not hold, e.g., in a polycrys-
— tal made up of ellipsoidal inclusions. An example
€c=€eqt €qp, (26) . . e ;
encompassing this more general situation is given in the next
wheree,4 contains the Drude peak in the effective dielectric section.
function, while €;, has the additional “plasmon” peak at A similar argument can be given for the energy-loss func-
finite frequency, arising from the confined charge carriers irtion —Ime_*(w). For the Drude model, the single-crystal
the polycrystal. We will writee. 4 in the form —Ime; Y(w) has a plasmon peak at= wp . —Ime; Y(w) still
has a plasmon peak at, . In addition, it has a confined peak
centered at frequenci.,. By arguments parallel to those
) 27 for €, We can get an expression fog,,, using the sum rules
(19) and (20). We must first introduce a parametér by
with separating out the “bulk” part of the effective loss function

in the other two directions. We expresgsin the form

=Al1l (0,2)
€ed™ w(w+ilT)
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€o () =Egq (0) T E5p () (33 AR R

where (@

E;dl(w)=,5\e[1(w). (39

The constanA describes how much of the oscillator strength
in —Ime_ '(w) is soaked up by the pole ah=w,. The
localized plasmon band irlme S * comes from the remain-
ing oscillator strength. Manipulation of the sum rulgs®)
and (20)_leads to the following results for the integrated
strengthA and the center of gravity of the localized plasmon
band in—Ime_ ! (still assuming “strong isotropy}:

PN T YN I T T N N T U T WO T T T B B

~

[

lep=smwd(p—A), (35)

TN T TN T S T Y

and 0 0.1 0.2 0.3

A A

p’+ip(1-p)—A
p—A '

~2 _ 2

0-8_HH|""|HH|""|HH|HH
(36)
(b) s,

As previously,p=3 for a quasi-1D metal, which has a finite
o, along one axis only.

The above results can be immediately generalized to a
qguasi-2D metal, in whiche, and e; have the Drude form, ~g 04
while ¢,=1. Such a dielectric function might serve, for in- 3
stance, as a very crude model of a Gttfased superconduc- q
tor in its normal state. Equatior(82) and (36) continue to 3
hold in this case wittp=4, rather tharp=3.
. InFig. 1, we plot bothw,, andw,, as a function oA and
A, for both the quasi-1D and the quasi-2D cages 3 and
£). The ranges ofA and A shown are chosen so that the
centroids of the localized bands lie betweer0 andw,, . If
we were dealing with a binary composite of isotropic com- e
ponents, rather than a polycrystal of an anisotropic material, 0 0.1 0.2
then the allowed values of bothand A would be restricted A A
by the so-called Hashin-Shtrikman bourtdsAlthough we ’
are aware of no such bounds for a polycrystal, we have plot-
ted the centroids of the localized bands assumingAtend
A satisfy these bounds. For boh= 3 and p=3, we, in-
creases towards, asA increases. If the polycrystal has very
low d.c. conductivity,we,~0.20, and 0.1, for the 1D e sero-frequency Drude peak in égfw), divided by that of the
and 2D cases. The _sufface plasmon banglime ¢ *(w) has single crystal in the high-conductivity directio is the corre-
the opposite behaviot,, decreases towards=0 asA in-  sponding quantity for the energy-loss functisime ; X(). (b)
creases towards its maximum value. The sum rules cannogame aga) but for a quasi-2D Drude metép=2/3).
however, give information about theidths of the localized
bands in either Ira, or —Ime*.

\ Y
Ay
1
)
)
)
A}
1

A3

LIS N D L R B B S N O B B B B

TN ST N T N M N T T T [N N

o
w

FIG. 1. () Calculated centroids,, and @, of the localized
surface plasmon band in kg(w) (solid curve and —Imeg Y(w)
(dashed curvefor a polycrystalline quasi-1D Drude metad € 1/3)
with plasma frequencw,, . A represents the integrated strength of

To treat a single crystal of polypyrrole, we assume that the
B. Quasi-1D metal, Drude and Lorentzian contributions. component of the dielectric function parallel to the chain,
Effective-medium theory which we write ase;(w), has the form

In this section, we give a possibly more realistic model
for the optical properties of a quasi-1D metal, which includes
both Drude and Lorentzian contributions to the dielectric
functions, and which therefore can be compared, at least
qualitatively, to experimental resuftsAlso, we evaluates, ~ The first term represents the high-frequency dielectric con-
by an effective-medium approximation which gives thestant along the chain. The second term on the right-hand side
bandwidths as well as their centroids. Finally, we relax therepresents the Drude contribution of free electrons, while the
requirement of strong isotropy, so that we can consider ellipthird is a Lorentzian term arising from an assumed localized
soidal crystallites. mode. This mode could, for example, be a localized vibra-

2 2
Wp1 g

(37)

€1(@)= €1~ w(w+ilT)) a)g—wz—iw'y'
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tional excitation which couples to an applied electric fieldenough sample, this axis points with equal probability in any
parallel to the chain. The componestperpendicular to the direction, and the directions are uncorrelated for two points
chain is assumed to be expressible as a constant plus a tegufficiently well separated in space. The linear dimension of

arising from a weak interchain conductivity: the “grains” is roughly the orientational correlation length. If
this is larger than the single-crystal scattering length, then
2 each grain could be viewed as a homogeneous material with
=€, 9~ “’P_Z . (39) its own transport coefficients. It therefore seems reasonable
“ o(wtilr) to model this material as a collection of randomly oriented,
compact grains.
For simplicity, we assume thab,,=w,;, but that >, We first calculate the optical properties of the polycrystal

These assumptions seem plausible if the same number &F the EMA for spherical grainfEg. (23)]. In Fig. 2 we plot
charge carriers are involved in both perpendicular and paraReee(w), Reve(w)=Imlwe.(w)/(4)], and the energy-loss
lel transport, but if perpendicular transport involves a muchfunction —Ime;*(w), as calculated from Eq(23). Also
larger scattering rate. shown is the calculated reflectivity Rq(w)

We briefly justify treating the experimental samples as=|[ny(w)—1]/[ng(w)+ 1]|?, whereny(w)= Ves(w) is the
polycrystalline. Typical samples of polypyrrole are observedcomplex index of refraction. We assume parameters
photomicrographically to be a collection of crystalline wy;=wp,, y=0.0lw,,, w171 =100, w1=wpy,
grains, separated by regions of amorphous material. They=0.050y, €. 1=€.,=1, andwy,7,= 1. For comparison,
most important feature of the observed structure is the ranwe also show in Fig. 3 the corresponding quantities for a
dom spatial orientation of the polymer chain axis. In a largesingle crystal with electric field parallel to the polymer axis:
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FIG. 3. Same as Fig. 2 except assuming a single crystal with electric field parallel to the high-conductivity axis.

Ree;(w), Reoy(w), Ry(w)=|[n;(w)—1]/[ny(w)+1]|?, and  (with a small peak due to the phonon absorptid®y con-
—Ime; o). All plots are on a logarithmic frequency scale, trast,R,(w) remains close to unity as far as the bulk plasma
except for Fig. 8e), where we plot Re;(w) and 10Re(w) frequency(the uppermost zero crossing of &e The experi-
on a linear frequency scale in order to facilitate comparisormental behavior of the reflectivity in polypyrrole very much
of the two conductivities. resembles that of Fig.(@), lending credence to the possibil-

The calculated Re(w) exhibits three zero crossinger ity that the experiments are indeed detecting effects of poly-
“plasma frequencies]. The uppermost of thes@vhich is  crystallinity.
difficult to see in the figureoccurs at aboutv=1.07w,, The energy-loss functiorIme; *(w) also shows effects
slightly above the plasma frequency of the free charge carrief polycrystallinity. Whereas—Ime; Y(w) is characterized
ers along the chain, while the lower two are associated witlifor these parameterdy a very strong, sharp peak at the
the quasiphonon mode included &. Reve(w) has three plasma frequency of about 1.0¢; [Fig. 3(d)], the corre-
peaks: a Drude peak centered at zero frequency, a lowsponding quantity in the polycrystfFig. 2(d)] has a much
frequency peak associated with the quasiphonon mode, andoaoader peak which shows the influence of the localized
broad “composite” peak which extends from nearly zero fre-plasmon band at frequencies belay;. Both loss functions
quency to a substantial fraction @f,;. This last is presentin also show very weak secondary peaks near the Lorentzian
neither e, nor e, but results from the localized plasma “phonon” peak which occurs around 0.8§ for our param-
modes described earlier. It is more easily seen on the lineasters(not visible in our plots
frequency scale of Fig.(8). As a confirmation of this, we Figure 4 shows the same quantities as in Fig. 2, but now
observe in Figs. @) and 3e) that Rer(w) has the Drude calculated assuming ellipsoidal crystallites with a depolariza-
peak and the finite-frequency “phonon” peak but not thetion factorg,= 0.1 (the principal axes of the crystallites are
broad “composite” peak. always assumed parallel to those of the dielectric tenaod

All these features have their counterpartsRg(w) [Fig.  using the dipole-averaged EMA.The Drude peak in
2(c)]. In particular, the composite peak shows up in the broadRes(w) is now stronger than in the spherical case. This
drop in reflectivity which starts nearly at zero frequencyoccurs because the randomly oriented crystallites with
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g;=0.1 more easily carry current through the polycrystal—Ime_ (). Under the special conditions of strong isot-
than do spheres. For the same reasor.Re) is now much ropy, the central frequencies of these localized bands are
more strongly negative at low frequencies than is the case fatetermined by the zero-frequency conductivities of the poly-
spherical crystallites. This larger negative dielectric constangrystal.
seems to agree better with experimestiggesting that the  "To jllustrate these ideas, we calculate the optical proper-
observed materials may have eﬁeCtiVely ellipsoidal Crystal‘ties of a hypothe“ca' po'ycrysta' of quasi_lD meta|_ For a
lites with smallg; . plausible choice of dielectric functions parallel and perpen-
dicular to the high-conductivity axis, the optical response of
the polycrystal, as calculated by an effective-medium ap-
proximation, closely resembles experiménin particular,
one finds a large negative dielectric constant at very low
We have derived sum rules far(w) ande;(w) in a  frequencies, three zero crossings of the dielectric constant at
polycrystal of an anisotropic material. The sum rules on thdinite frequencies, and a broad band of “localized plasmon”
lowest moments of I,(w) and—Ime_ (w) are valid quite  excitations arising from confined free carriers on the chain
generally, but the next-order sum rules require that certaimvithin a local region of the polycrystal. Analogous phenom-
correlation functions obey conditions of strong isotropy,ena are found in the energy-loss function and reflectivity.
most likely to be obeyed by polycrystals made up of spheriFinally, the optical constants depend significantly on the as-
cal crystallites. The sum rules, as applied to quasi-1D osumed crystallite shapes, and for ellipsoidal crystallites with
quasi-2D Drude metals, imply the existence of a band ofufficiently small depolarization factogs , the magnitude of
localized plasmonlike excitations in kpw) and the negative static dielectric constant starts to approach ex-

V. DISCUSSION
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