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Plasmons in graphite and stage-1 graphite intercalation compounds
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The m-electronic excitations of graphite layers are studied within the random-phase approximation. They
principally reflect themr-band characteristics, the strong wave-vector dependence, the anisotropic behavior, and
the special symmetry. The plasmons in graphite have strong dispersion relations with the transferred mo-
mentum €). They behave as an optical plasmon in a three-dimensional electron gas afj sMaleover, the
anisotropic behavior at the plane is apparent at larg&or a single graphite layer, the plasmons would
disappear at very smat|, and their frequencies are obviously reduced. The absence of interlayer Coulomb
interactions is the main reason for this. The stage-1 graphite intercalation comp@&lI@ds), as compared
with graphite, exhibit the richer excitation spectra and the loweslasmon frequencies. They have the
intraband plasmon as well as the interbanglasmon. These two kinds of plasmons are quite different from
each other in certain respects, e.g., the cause of the plasmon. The enhanced interlayer distances could effec-
tively reduce ther-plasmon frequency, but not the transferred charges. The calculated plasmon frequencies are
consistent with the experimental measurements on graphite and stage-1 [SE1'63-18207)05820-1

l. INTRODUCTION gap semiconductor, while graphite is a semintetaf'~2%in
the inclusion of the weak interlayer interaction. Graphite has

Graphite is one of the most extensively studied material® small concentration of holes and electrons near the Fermi
both experimentally and theoretically. Such a layered systertevel. The physical properties associated with the Fermi sur-
is very suitable for the study of two-dimension@D) phe- face are not adequately studied by the 2D supperlattice
nomena. It could be further intercalated by various atoms omodel, e.g., the intraband plasmon with a very low frequency
molecules, which, thus, form many interesting graphite inter{~0.1 eV) 24 but not ther plasmon.
calation compound$GIC’s).! Moreover, graphite is closely  The tight-binding modéf is used to calculate the band,
related to the recently found carbon nanotub&, and and the random-phase approximatiRPA) to study the
encapsulated &.% Many studies show that these systems-electronic excitations below 15 eV. The supperlattice of
may exhibit similar physical properties. For example, the infinite graphite layers is coupled by the Coulomb interac-
plasmon, themr-electronic collective excitations, is found to tions among electrons. The interlayer Coulomb coupling is
exist in graphit¢”’ GIC's®® carbon nanotube¥, expected to play an important role in theplasmon, since it
Ceorelated materialst and encapsulatedgg? In this work,  is strong at smaljl., (I the periodical distance between two
we mainly study thew plasmon in graphite and stage-1 neighboring graphite layersThe band-structure effects are
GIC’s. The dependence of theplasmon frequencyw,) on  appreciable, and markedly affect the characteristics of the
magnitude ¢) and direction(¢) of the transferred momen- dielectric function e(q, ¢,w)], which is very different from
tum, interlayer Coulomb interactions, and transferredthat of an electron gaEGS.%® The calculated EELS shows
charges is included in the study. Comparison with experithat the = plasmon is characterized by the most prominent
mental measuremefits®is discussed. peak. Thew plasmon is derived from the interband excita-

The 7 and o bands in graphite are formed, respectively, tions from the valence to the conduction bands, and its cause
by 2p, and (2,2p,,2p,) orbitals. The excitation properties will be investigated. Ther-band characteristics, the strong
could be measured by the electron-energy-loss speffrumwave-vector dependence, and the anisotropy at the plane will
(EELS and optical spectrum.Zeppenfeld and Buchner  be reflected in ther plasmon. We study theg-dependent
measured th@-dependent transmission EELS, in which the behavior, and under which conditions the anisotropic behav-
transferred momentum is along the graphite layer. Thes®r is apparent. The calculateg-plasmon frequencies are
measuremenfs show that the m-plasmon frequency is compared with the experimental measureménts.
~7-12 eV and ther+ o-plasmon frequency-27-32 eV. GIC’s have long been extensively studied. They are
For the interaction between two carbon atoms, the intralayecharacterized by a stage indexdenoting the number of the
interaction is much larger than the interlayer interaction, ow-graphite layers between two intercalant layers. We focus our
ing to the large interlayer distance. Hence the model, imttention on the stage-1 GIC'si€1). When atoms or mol-
which graphite is regarded as a 2D supperlattice, is a reasoeeules are intercalated into graphite, charges would be trans-
able first approximation. It is convenient for theoretical stud-ferred from the graphite layers into the intercalant layers.
ies, e.g., they-dependentr plasmon studied here. There are GIC’s, respectively, belong to acceptor typgGIC’s) and
many 2D band-structure calculatiot’s?® They*>~*8 could  donor type(DGIC’s), if the transferred charges are electrons
explain the optical propertiesat high frequencies. In addi- and holes. The intercalation is assumed to merely alter the
tion, the above model is successful in understanding physicdtermi energyEg in the rigid band described by Eq(&.
properties of GIC'$:2>?1 A single graphite layer is a zero- AGIC’s and DGIC’s have similar excitation properties as a
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result of the symetricr band[Fig. 1(c)]. GIC’s have the
high-density free carriers, which could induce the intraband
excitations. Their excitation spectra are thus richer than those
of graphite. In addition to the interband plasmon, GIC's
could exhibit the intraband plasmbh with frequency
~1leV. Ritsko and Ride measured in detail the
g-dependent EELS of the stage-1 graphite RgBIGIC'’s),
and verified these two kinds of plasmons. The characteristics
of the intraband plasmon have been studied theoretiéfiy.
However, the intraband excitations and theplasmons in
GIC’s are not fully understood. The details concerning the
intraband excitations need to be further clarified, e.g., the
¢-dependent excitation properties and the cause of the intra-
band plasmon. The stage-1 GIC's, as compared with
graphite® exhibit the lowers-plasmon frequency.The ef-
fects due to the transferred charges and the enhanced inter-
layer distances will be investigated. There are certain EELS
measuremeni®n the stage-1§M (M stands for K, Rb, and
Cs; DGIC’S, but atq=0.1 A~1. The 7 plasmons in these
stage-1 DGIC’s are also studied.

This paper is organized as follows. In Sec. I, the dielec-

tric functions of graphite and stage-1 GIC's are calculated 33
within the RPA. The excitation properties of theelectrons = 5] (c)
are studied in Sec. Ill. The calculatedplasmon frequencies v 3
are compared with the experimental measurenféhi<on- 0 1]
cluding remarks are given in Sec. V. ?.’ ]
2%
< _lE
Il. THE DIELECTRIC FUNCTION L 25
The 7 band of a graphite layer is simply reviewed. It is = 3 J, i
obtained from the tight-binding model established by -3 P T Q P

Wallace®® Both energy dispersions and Bloch functions are
analytic; therefore, they are convenient in calculating the di- ) ) ) o
electric function. The positions of carbon atoms are charac- F!G- 1. (&) A single graphite layer(b) The first Brillouin zone.

: P : : TheT point is the origin. The® andP’ points are the corners, and
terized by the two primitive lattice vectora; anda, [Fig. o . :
1(@)]. The 2, orbitals belong to two sublattices, so the the Q point is the middle point between theiit) The 2D 7 band.
Bloch states could be described by the combination of the

two tight-binding functionsU; (ky.k,) andUs(Ky.k,). The ESo(k, k)= £ yol 1+ 4CO<%) Co{‘/jb"X)
Hamiltonian with only the nearest-neighbor interactions is oy 2 2
further given by Vibk.\| ] 172
+4 co§( > X)] , (2a)
e 0 Haa(Ky k) (1a and the Bloch functions are
L HI(Kky ky) 0 ’
where v TR H ke k)| T2
(2b)
The superscript (v) represents the conductigralence
v3bk, band. The wave vectors, andk, are confined within the

first Brillouin zone[BZ; Fig. 1(b)]. A single graphite layer is
(1b) a zero-gap semiconductor, as shown in Fig).IThe corners

(P or P’ pointg and the middle point$Q pointy between

them are critical points in the energy-wave-vector space. It is
b=1.42 A is the C-C bond length. The resonance integrahoticed that critical points include minima, maxima, and
vo=2.5 eV is taken from the comparison between the tightsaddle points. The excitations from the critical points could
binding model and the local-density approximatidrOther  induce the singular structures in the dielectric functit®ec.
calculations could also obtain similar valuesyy( IlI). The 7 band is anisotropic at the plane, and so are the
~2.3-2.7 eV)14182023.28 piagonalizing the Hamiltonian, m-electronic excitations. The Fermi level of the stage-1 AG-
the energy dispersions are IC’s (DGIC's) is inside the valencé&onduction band within

Haa(ky ky) = — 70[ e kb4 2eibky/2co{
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the 2D rigid-band model. AGIC’s and DGIC’s would exhibit strong wave-vector dependence, anisotropy, and special
similar excitation spectra owing to the symmetricband.  symmetry. They will be directly reflected in the excitation
The energy dispersion relations are linear and isotropic in thgpectra.

; ; ; ; 20
neighborhood of th& andP’ points. Blinowskiet al.™ fur- The m-electronic excitations are described by magnitude

ther prqposed a Iine_ar energy pand by using_these two Ch.ar{Q) and direction(¢) of the transferred momentum and ex-
acteristics. Such a simple band is successful in understandi cgt . N o - .
ation energy W). 0°< ¢<30° is sufficient to characterize

optical and electronic properties of GIG*4! For example, it , y - e
is utilized” to explain the intraband plasmon in the stage-lthe various direction-dependent excitations because of the

graphite FeGL® Here the rigid band in Eq(2) is used to Nnexagonal symmetry. The response functighis calculated
study therr plasmons in the stage-1 AGIC’s and DGIC’s. In from the self-consistent-field metha&PA).* For a single
short, the = band exhibits the following characteristics: graphite layer, the dielectric function is given by

EZD(q!¢1W):EO_VqX(q!¢!W)i (3a)

dk,dk o
x@ow=2 3 [ T akra, i ene ik
h,h'=c,v

o FE" (ot ay kyay)) — F (BN ky)
E" (Ku+ 0y Ky 0y) = E"(Ky ky) = (WHiIT)

(3b)

wheré”’

H12(kx+ Ax iky+ qy)HfZ(kx ;ky) ‘2
H12(kx+qx aky+qy)HI2(kx yky)|| .

dx=gcosp andqy=q sin ¢. ,=2.4 is the background dielectric constér\lq=2we2/q is the Coulomb interaction of a 2D
EGS. f is the Fermi distribution function. It is sufficient to consider tie=0 case, because the plasmon frequency
(>1eV) is much larger than the thermal energyand — in Eq. (30), respectively, correspond to the intrabged-v and

c—c) and the interbanty — ¢ andc—uv) excitations. The response function in E8b) has included the band-structure effect

on the Coulomb interactiofEq. (3c)]. There exist electron-hole{h) excitations when Inp#0. The intraband excitations are
clearly absent in a graphite layer wilh-=0; i.e., they are absent in graphite, but present in GIC’s. Graphite and GIC'’s thus
have different excitation spectra, as shown in Figa) and Zb). The details concerning the-electronic excitations will be
discussed in Sec. IIL" is the energy width due to various deexcitation mechanisms. It could cause the broadening effect of the
excitation spectrum. The excited electrons could further decay by means of the electron-electron infértrti@ectron-
phonon interaction, the electron-impurity scattering, and the electron-intercalant scattering. The energy width generally de-
pends on the wave vector, and it is predicted~6.1 eV for the inelastic Coulomb scatterifigl’ here is treated as a free
parameter, andl =0.1 eV is mainly taken in the calculatioris=2 meV used in the inset of Fig. 7 is only for clarifying the
special structures of before broadening. Wheh is finite, y needs to be replaced y

B (1+iT/w)x(q,d,w+il)
X4 W)= T T ) (@, o+ 1T (G, bW =0)]

(ke Ky + 0y '[9k, ks hy[P= {1+ q?/36} ~° 1t| (30

(4)

The above correction does not lead to significant changes isumed to be perturbed by a probing electron with the time-
the excitation properties, e.g., theplasmon frequencies. dependent potentidl®{(q, ¢,w). Electrons on all layers will
Both graphite and stage-1 GIC's are regarded as 2D sugscreen this external field, which thus causes the induced
perlattices, which are composed of the infinite periodicalcharges. The effective potentia¢§") is the sum of the ex-
graphite layers. Each layer has theband described by Eq. ternal potential and the induced potential from all induced
(2 and the response function by E@b). Excitations on a  chargesVE" on thelth layer is given by*
certain layer are screened by electrons on all layers via the
Coulomb interactions. The interlayer coupling is very impor- off ox i
tant in supporting ther plasmon atj—0 and enhancing the ~ €oV1 (a4, ¢,W)=V["(q,$,w) +V/(q,¢,W)
plasmon frequency. This supperlattice model is similar to —VeX(q, W)
that of the layered EGY. The difference in the electronic 4.,
structure is what distinguishes these two systems. oft
The dielectric function[Eq. (3a)] of a single graphite + 2 Vi (@)V)(d, 6w x(d, d,W),
layer would be modified in the presence of the interlayer "
Coulomb interactions. Graphite and stage-1 GIC's are as- 5)
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The effective potential in Eq7a) depends on the external
10](a) e potential, namely, the density distribution of the probing
J# plasmon .- electron. There are two kinds of special cases. First, the den-
8] ] sity distribution inside the system is uniform if the probing
R electron has the well-defined momentum staMg' is inde-
= 6l pendent ofl so that theq,=0 mode is the only effective
® ° excitation mode. The effective dielectric function is then ex-
‘3’ ] pressed by
4_
3 @ bW = o) S(Ga= 0T, bW
2t € ql ’ V|e (q,d),W) 60 q q!qZ X qv y .
i ®
00.0 Y Y Second, the probing electron is localized on kkeD layer,
ie., $§0=vq. All the g, modes would contribute to the
1 (b) e excitation spectra, but have different weight. The effective
107 i dielectric function is expressed by
8y " PlemoR (d,¢b,W) MECCIAU) B2—1sgiiReB]/sinh(ql)
- € 1 L] = = - ’
% 61 (9a)
hndd - e VAV e
3 4intraband A a a where
_"‘ai‘““ AR B=cosH(qlc)—sinh(glo)Vox(d, 6 W)ieo. (9D
2:_. ' The momentum resolutionAK) is, respectively, 0.033 and
] 0.055 A™! in the measurements of graphité,€3.35 A)
00.0 " T 05 10 1 (Refs. 6 and Y and stage-1 graphite FeQ(l .=9.42 A) 8

The wave-packet width> 1/Ak) of the probing electron is
roughly estimated to be larger than the periodical distance
o o I.. The dielectric function only with the,=0 mode[Eq.

FIG. 2. (a) The excitation spectrum of graphite is showndat  (g)] is relatively appropriate in describing excitation proper-
=0°. The heavy dashed curve corresponds tortipasmon of the  tiag and is primarily used in the calculations. But, basically,

d,=0 mode. The region above the light solid curve is the interbandexcitation spectra are similar for the above two kinds of di-
e-h excitations(b) Same plot aga), but for the stage-1 GIC’s, with electric functions

Er=0.75 eV andl,=9.42 A. The dotted curve is the intraband
plasmon. The region bound by the two heavy solid curves is the
intrabande-h excitations. The shaded region is the coexistent re-
gion including the interband and intrabaa¢h excitations.

q (A7)

Ill. THE @ PLASMONS

The dielectric function in Eq(8) is mainly used to study
, . . excitation properties of the graphite layers, e.g., the effect of
where_VH,(q)_=Vq%xp(—.q|I—I l0) is the interlayer Cou- pang structure o and theg- and ¢-dependentr plasmons.
lomb interaction.V,,’y is recognized to be the induced The 7-plasmon frequencies are evaluated for graphite and
charge density on thé’th layer. Equation(5) could be stage-1 GIC’s, and the calculated results are compared with
solved by performing the following Fourier transform: the experimental measuremeffs’

2 VP(a, 6 weH=V(q,6wid), (6 A- Graphite

For a single graphite layer, the interband excitations from
the valence to the conduction bands are the only effective
excitation channel. Graphite has only interband excitations,
if the weak overlap?! between the valence and the conduc-
tion bands is neglected. The excitation spectrum of graphite

where|q,l |<, and similarly forv:". The effective poten-
tial is further given by

IC WIIC Vex(q1¢1W;QZ) . . . . .
VET(q, W)= — a, _ : along thex axis (¢=0°) is shown in Fig. £a). The excita-
2m J—an, " €0~ VoS(Ai ) x (4, 4,W) tions from theP points [Fig. 1(b)] require the minimum
(78 energy, the threshold enerds, (the light solid curve It
where must have the interbareth excitations, when excitation en-

ergies are higher thak,,. Moreover, thesr plasmon(the
S(q;q,) =sinh(qly)/[cosiql.)—cogq,l)]. (7b)  heavy dashed curyesurvives in the interbané-h excita-

tions, which is damped even at very small These excita-
S(g;q,)~1 at largeql,, which means that the interlayer tion properties are in great contrast to those of an EG®ir
Coulomb coupling and the differences among varigys  example, thee-h excitations of an EGS are seriously limited
modes are negligible. by the Fermi surface, and the plasmon is undamped at small
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FIG. 3. The dielectric functior of the g,=0 mode.(a) The real parte, for variousq at $=0° and['=0.1 eV. (b) Same plot aga),

but for the imaginary par¢,. (c) Same plot aga), but calculated atp=30°. (d) Same plot asa), but for €, at $=30°. The units ofg is
A~ here and henceforth.

g. The boundary of the interbaredh excitations is elevated with the 7 plasmon of graphite. The plasmon could induce a
with increasing¢ (not shown, and so is ther plasmon prominent peak in EEL$Fig. 4). . _
frequency[Fig. 5@)]. The excitation spectra are basically =~ Whenq increases from zerd? and P’ points have dif-
similar for various azimuthal angles. ferent characteristics. ThB point remains at a minimum.
The dielectric functior{Eq. (8)] for variousq at ¢=0° The excitation matrix element in E¢3c) vanishes; there-
andT'=0.1 eV is shown in Figs. (@) and 3b). We first see fore, there is no singular structure at the threshold energy.
the g—0 case. The imaginary part of the dielectric function However, theP’ point gradually changes from a minimum
[e,: the heavy dashed curve in Fighg] exhibits a divergent into a saddle point with increasirgg The smgu_lar structure
peak atw—O0. ¢, is proportional to Iny [Eq. (3b)], so the !N €2 (e1) would alter from the square-root divergency into
singular structure is derived from the characteristics of théor,][ﬁel?%zrrlltg rqﬁedls\i/ﬁé%?grcgt?ﬁc?args rgf iiztrqufﬁéuqbﬁ;rc]:ig]se keep
) - e ,
Ttézbs mlj( ]eacitﬁélzzerenscgzg_/\\/fg&; ékg A ,rljé;rqtyrze their forms ag) increases. That is to say; always exhibits
= or(P)f, gints is isotro g|2;/ and linear at \?erwuscm I The the logarithmic divergency and,; the diplike structure at
m-band rﬁodél0 of Blinovsski et al.is used to Ztudyqthe sin- =270 They are due to the saddle points, which satisfy the

. . ) ) . condition 9w, /dk,=0 and dw,./dk,=0. These saddle
gular structure ire. e, obtained from this model diverges in

_ points would vary withg, which contrast strongly with the
the form 1hlw—wo,?” wherewo=3y,b/2 is very close to  fixed saddle poinP’. They are just th€ points atq=0, but

Ew. By using the Kramers-Kronig relations, the real part ofthe former are gradually away from the latter whegrows.

the dielectric functior{e;; the heavy dashed curve in Fig. The excitations from such saddle points could lead to diplike
3(a)] further diverges in the form Yivg—w. At w=27y,, structures and zeroes &, so that they are recognized to be
€, exhibits another singular structure, a logarithmic diver-the cause of ther plasmon. It is interesting to note that
gency. It results from the excitations of the middle pointssimilar inter<r-band excitations have been suggested to ex-
(the Q points betweenP andP’ points, since these critical plain the ~6-eV 7 plasmon in Gyrelated material¢ and
points are saddle points in the energy-wave-vector sfface.carbon nanotube¥. The frequencies corresponding to the
Concomitant with the logarithmic divergency &3 is a dis-  vanishinge; are enhanced with increasingg The 7 plasmon
continuity (a diplike structure after broadeninm €;. €; iS  frequencies are thus expected to increase ywith

negative near this structure, and then it would become van- The excitation properties also depend on the direction of
ishing. The zero ok, if at wheree, is small, is associated the transferred momentung: would affect the number and
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FIG. 4. The EELS are calculated fromshown in Figs. 8)— )
3(d). That (the heavy dashed curvéncluding all g, modes atq FIG. 5. () The m-plasmon frequencies of thg;=0 mode are
=05 A"t is also shown for comparisorfa) ¢=0° and (b) ¢ calculated at variousp for graphite. Same plot af), but for a
=30°. single graphite layer.

the positions of the critical points at ¢=30° [Figs. 3c¢) e is similar; moreover, the differences between the positions
and 3d)] is taken as an example. Whehincreases from of the singular structures are within the experimental energy
zero to 30°, the characteristics of tieeand P’ points be- resolution (0.5 eV).

come the same. Both of them are minimad¢at 30°. The The EELS, defined as Im1/e(q,¢,w)], is calculated
excitations from the® and P’ points could cause the sharp for a closer study of ther plasmon. The results for various
excitation edge ire, at anyq. Moreover,e, ande; exhibit g at ¢=0° are shown in Fig. @&). Each spectrum exhibits a
the square-root divergencies at the threshold en€rgpere  weak and a broad peak at low, and a very pronounced
are two more singular structures at=2vy,, which are peak atw>7 eV. The former is due to the-h excitations.
caused by two different saddle points. These saddle poinf8he latter is identified as the plasmon, since it results from
are close to the&) points at smallg, as stated above. The the vanishinge; and the smalk, [Figs. 3a) and 3b)]. The
number of saddle points is determined by the topologicaplasmon peak remains strong even at large energy width,
considerations, and here it depends¢goandq. The diplike e.g.,, '=0.5 eV. This band-induced plasmon mode is the
structures or the zeros ef [Fig. 3(c)] occur at higher fre- most important excitation in the loss spectrum. Fhelas-
guencies as compared with thoseefin Fig. 3@. Thew  mon frequency clearly increases gsgrows [Fig. 5a)].
plasmons, as indicated from this result, have higher frequerEELS will remain similar during the variation oé. The
cies at largewp (Fig. 5). In brief, the singular structures in the increasing¢ only changes the detailed EELS. It could en-
dielectric function directly respond to the special symmetryhance the number and the intensity of the weak peaks, and

of the 7w band, and are appreciably affected dpyand ¢. the 7 plasmon frequency, but reduce the intensity of the
Zeppenfel§ first measured thg-dependent transmission plasmon peak, e.g., EELS &t=30° [Fig. 4b)].
EELS at¢$=0° and 30°, and obtained, and e, from the The measured EELS depends on the probing ele¢tyon

Kramers-Kronig relations. Buchrfelater made similar mea- the external potentialin addition to the intrinsic response
surements, and obtained similag. Zeppenfeld’s result is function, as discussed in Sec. Il. The above-mentioned EELS
complete, and is used as a model for discussion. The experre the excitation spectra of tlgg=0 mode. They corre-
mental(Figs. 10 and 11 in Ref.)5and the theoreticdlFigs.  spond to the uniformly probing electron density. But when
3(a)—3(d)] results are consistent with each other in the formsghe probing electron is localized on a certain layer, ggll
and the number of the singular structures. The magnitude ghodes are effective excitation channels. The plasmon is a
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guantum of the electronic collective oscillation. The plasma
oscillations on all layers are in phase for the=0 mode,

12.0

= o; =0
which would exhibit the strongest plasmon peak and the 11.5 3 ________ ¢=39; ?=
highest plasmon frequency. In general, for snhgl| modes, 1104 $=30°; "all q,'s
the plasmon peaks are stronger, and the plasmon frequencies ) $=0° all q,'s

00000 ¢=30% Expt.

are higher! The differences among various, modes are 10.5 cooan $=0° Expt,

primarily decided by the factds(q;q,) in Eq. (7b). They are
obvious at smalty, but negligible at larggy(=1A~1). The —~
EELS including allq, modes[the heavy dashed curves in % 9.5
Figs. 4a) and 4b)], as compared with those of thg=0 -~
mode, would exhibit weaker plasmon peaks at lower fre- q,
quencies. The measured EELS are expected to be betweer8 8.5
the above two kinds of EELS.

We further see the dispersion relation of plasmon fre-
quency withg. w,(q) of theq,=0 plasmon mode at various 7.5
¢ is shown in Fig. $a). The strongg dependence directly
reflects ther-band characteristic, the strong wave-vector de-

10.0

9.0

8.0

7.0

pendence. It approaches a finite valug-at0; therefore, the 6.5 T
a plasmon in graphite belongs to an optical plasmon. Fur- 0.0 02 04 06 ?'Bl 1.0 1.2 14
thermore,w, at smallq is examined to be well fitted by q (A7)

Co+C,0°. The 7 plasmon indicated from such behavior is
like an optical plasmon in a 3D EGSeven if they respec- 15 6. The m-plasmon frequencies af,—0 mode and alkj,
tively correspond to the interband and the intraband excitaz,oqes are calculated dt=30° andé=0°. The calculated results

tions. Theq-dependent plasmons also rely gnThe dielec-  4re compared with the experimental measureméRes. 6.
tric function, as seen in Figs(&-3(d), at anyq is obviously

influenced by¢. However, the dependence of, on ¢ is  f the suitability of the 2D supperlattice model for graphite.
strong only at largey; i.e., the w plasmon would clearly |, aqdition, them-plasmon frequencies of the semi-infinite
exhibit the anisotropic behavior under such a condition. graphite were measured by the reflection EBf $he q de-
The 7 plasmon in a single graphite laygFig. Sb)] is  pendence ofv, is almost absent, which is in great contrast to
also studied to understand the effects of the interlayer Coune measured results of the transmission EEL.SVhether
lomb interactions. There are two principal differences beyne syrface markedly affects the-plasmon frequencies

tween a 2D graphite layer and grarﬂite. One is thatthe needs further experimental and theoretical studies.
plasmons at very smali (q<0.05 A~') would disappear

in the former, while they could exist in the latter. Sueh )
plasmons in a single graphite layer are completely sup- B. Stage-1 GIC’s
pressed by the interbaredh excitations. It means that atthe  GIC’s could exhibit the intraband and the interband exci-
long-wavelength limit, the interlayer Coulomb interactionstations, which differ greatly from graphite. The intercalation
are very important in supporting the plasmon of graphite. would change the Fermi energy and the interlayer distances.
Additionally, these interactions play a similar role in the in- Its effects on the excitation properties are investigated.
traband plasmons of the stage-1 Gl(ge below*®?’Also  Ritsko and RicB measured the EELS of the stage-1 graphite
the plasmon frequencies of the former are much lower thafeCk (AGIC's), and obtained thg-dependentr plasmon
those of the latter at smail (q<0.5 A™1); that is,wy,’'sare  frequencies. The 2D supperlattice model is used to explain
considerably enhanced by the interlayer Coulomb interacthe measured results. In general, the 2D rigid-band model is
tions. The main reason for this is that the interlayer Coulombrelatively suitable for the AGIC'$:2%?'We also study ther
coupling is very strong at smaijl .. plasmon in the stage-1581 (DGIC’s). Comparison with ex-
The calculated plasmon frequencies could provide a regperimental measuremefitsis useful in understanding
sonable explanation for the experimental measurementsvhether such a model is suitable for these compounds.
Zeppenfel measured the-dependentr-plasmon frequen- The stage-1 graphite FeClwith Er=0.75 eV andl,
cies for variousq’'s at ¢=0° (squares in Fig. 6and ¢ =9.42 A *"is taken as an example. The excitation spectrum
=30° (circles. The experimental energy resolution is at ¢=0° is shown in Fig. th). GIC’s, as compared with
~0.5 eV at smalh and even lower at largg.” The plasmon  graphite[Fig. 2@)], exhibit the richer spectrum. In addition
frequencies are dependent on the external potential, since the the interbande-h excitations and ther plasmon, GIC's
wave packet of the probing electron has a finite width. Thecould exhibit intraban@-h excitations and the plasmon. The
uniform and the localized probing electrons, respectively, reintercalation has certain important effects on the excitation
sult in the excitations of thg,=0 mode and alh, modes. spectra. First, the intraband excitations are present in GIC's,
w,(q) of the former is higher than that of the latter, as statedwhile they are absent in graphite. They are apparently due to
earlier. Their frequency difference is mainly at smlland  free holes in AGIC’s. The boundarieghe heavy solid
it is ~0.35 eV atgq—0. The calculated results are approxi- curves of the intrabande-h excitations are determined by
mately estimated to be the plasmon frequencies betweethe Fermi surface. Moreover, the intraband plasmon in GIC'’s
those of theg,=0 mode and altj, modes. They are consis- is undamped at sufficiently smail (<0.1 A~1), and vice
tent with the experimental results. This is a good indicationversa. Second, the interband threshold energies light
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solid curve$ at smallg are comparatively high for GIC's.

The interband excitations in GIC’s are limited by the Fermi 12

surface states; hence, they need higher excitation energies.

The threshold excitations result from the Fermi surface states

for GIC's, but theP point for graphite. Also notice that the -

interband threshold energies at largeare the same for 3

GIC’s and graphite, i.e., they correspond to #goint. Fi- <
o
=

nally, the mplasmon frequencies in GIC’s are obviously re-
duced. The main reason is shown to be the enhanced inter-
layer distancegsee below
The excitation spectrum would alter withh. Its main

change is the coexistent region including the intraband and
the interbana-h excitationg the shaded region in Fig(1?)]. -6
The coexistent feature principally reflects the fact that the 0 2 4 6 8 10 12
P and P’ points have different excitation properties ét
#30° (see below. When ¢ increases from zero, such a re- i
gion would gradually diminish and finally disappear &t 10-
=30° (not shown. Mele and Ritsk&® used the 2Dm-band
structure to study the low-frequency excitation spectrum. J
They obtained the coexistent region similar to Figh)2at ’g
¢$=0°. On the other hand, Shuffgused the linear and iso- <

o

b

intraband
interband

(=]
VI TN U 0 OOV T Y T T N T Y T S
\ s,

20

tropic 7-band structuré® so the coexistent region did not

exist. The boundary of the interbareth excitations just

touches the upper boundary of the intraband excitations, _

which is similar to the¢p=30° case. _
The dielectric function atg=0.21 A™! and ¢=0° is i

shown in Figs. 7@ and 7b). The contribution from the in- 78 SO S

traband excitations is confined to the low-frequency range 0 2 4 6 8 10 12

(the solid curves in insetssince the momentum and the ' w (eV)

energy are conserved in the electron-electron interaction. At

¢=0°, the Fermi surface states near fhepoint are quite FIG. 7. The dielectric function of the stage-1 GIC's will

different from those near the’ point. A certain Fermi sur- —0.75 ev and .=9.42 A. The same GIC's are studied in Figs. 8

face state near thé point is a saddle point, and that near the and 9.¢ of the q,=0 mode is calculated at=0.21 A~%, $=0°,

P’ point is a maximum. Foe,(€,), they respectively cause andI'=0.1 eV. The total, intraband, and interband excitations, re-

the logarithmic divergend¥ (the discontinuity or the diplike  spectively, correspond to the heavy dashed, solid, and light dashed

structure after broadeningand the positive square-root curves.(a) e;, and(b) ,. €; ande, atT' =2 meV are shown in the

divergency’ (the negative square-root divergency or the dip-insets for clarity.

like structurg. The intraband excitation from the maximum

could result in a zero of the total [the heavy dashed curve come a minimum. This implies that the interbagd exci-

in the inset of Fig. 7] at smalle, and thus are related to tations are located above the intrabamti excitations[Fig.

the intraband plasmon. Additionally, this plasmon may be2(b)], or the coexistent region does not exist. This is also the

damped by the interbane-h excitations because af,#0 reason the interband threshold energies of GIC’s are higher

[the light dashed curve in the inset of Figb¥. than thosgFig. 2(a)] of graphite at smallj. For the high-
Concerning the interband excitations, the roles of Fhe frequency excitations, the diplike structure & and the

and P’ points may be similar to those in graphite. Thelogarithmic divergency ine, stem from the saddle points

former is a minimum, and the latter is a saddle point. Theraear theQ points, as shown in graphif€igs. 3a)—3(b)].

is another saddle point, which originates from a certain The total excitationgthe heavy dashed curvyeat high

Fermi surface state close to tRepoint. Its excitation energy frequencies are hardly affected by the intraband excitations,

is between those d? andP’ points. The above two saddle e.g., the zero ok;. This indicates that ther-plasmon fre-

points? induce the logarithmic divergences & and the quencies of the stage-1 GIC’s are independent of the free-

barrierlike structures ire;. Here, the minimum interband carrier density or the Fermi energy. The similar dielectric

excitation energy of th@ point is relatively small, as com- functions could be obtained for other. But whenq in-

pared with the maximum intraband excitation energy of thecreases, the diplike structure éq, which corresponds to the

Fermi surface states near tRé point. Hence the interband intraband plasmon, becomes shallow quickly. The intraband

excitations could coexist with the intraband excitations at gplasmon would disappear at the critical momentum

certain regior{inset in Fig. Tb)]. The coexistent feature is ~0.3 A~! [Fig. 2(b)]. € is also affected byp—mainly the

subject to the following conditions: the excitation propertiesnumber and the positions of the critical points. For example,

near theP point differ from those near the’ point, and the P and P’ points have similar characteristics ét=30°, so

P point is the minimum of the interband excitations. On thethere is no coexistent feature in the excitation spectrum.

other hand, whem is sufficiently small §<0.15 A™%), a The EELS for variousgy at ¢=0° is shown in Fig. 8.

certain Fermi surface state close to tRepoint would be- There are two pronounced peaks at sneglle.g., EELS at

=]
oo

------ total
intraband
------ interband

_____
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FIG. 8. The EELS of the Stage-l GIC's are calculated at various FIG. 9. The»n-_p|asm0n frequencies of the S’[age_l GIC’s, which
q, I'=0.1 eV, and¢=0°. That atq=0.21 Aﬂ and$=30° (the  correspond to the,=0 mode, are calculated at variogs Those
light solid curvg is also shown for comparison. including all g, modes are also calculated @t=30° (the crosses

q=0.1 A1 (the heavy solid curje The sharp peak at low for comparison. They are cc_)mpare_d vAvith the experiment reghkts
frequency and the broad and strong peak at high frequenc?})en circles; Ref. B The unit ofl is A here and henceforth.

are, respectively, identified as the intraband plasmon and the . .
7 plasmon. Both of them are optical plasmons as a result o The two factors, Fhe m_terlayer distances and the trans-
the interlayer Coulomb interactions. However, their CausegerrEd charges, are investigated to account for the reduced
and certain characteristics are very different from each othef7-Plasmon frequencies. They could be varied by means of
The intraband plasmon is associated with the intraband excintercalation: The 7-plasmon frequencies, as shown in Fig.
tations from the Fermi surface states nearRfigoints(also 10, are strongly affected by the interlayer distances. The
including the P points at$=30°), but the = plasmon is largerl. is, the lowerw,, is. The effect ofi . on w, is prin-
associated with the interband excitations from saddle point§ipally decided by the interlayer Coulomb couplifg,S in
near th@ points_ These two kinds of p|asmons are dampedzq (8)] The Intel’layel‘ |nt:era.ct|0n is reduced with IncreaSIng
by the interbance-h excitations, while the intraband plas- dlc. SO thate; would vanish at the lower frequency. Hence,
mon is undamped at sufficiently smajl[Fig. 2b)]. More-  the m-plasmon frequency decreases with increasingOn
over, the intraband plasmon is rapidly damped down withthe other hand, the-plasmon frequencies are insensitive to
increasingq, and its critcal momentum 0.3 A~1) is  the Fermi energy. Algo notice that the opposite is true for the
much smaller than that¢1.5 A~1) of the 7 plasmon. There intraband plasmc_JFP.' The screening effects due to the free
is another weak peak at low frequency whemrows. It is ~ Carriers are confined to the low-frequency rafggy. 7(a)].

the e-h excitations, and is caused by the different excitation

properties around thB and P’ points. This structure is ab- 125
sent at¢=30°, e.g., EELS afj=0.21 A~ (the light solid E
curve. The measured EEL8Ref. 8§ is comparatively simi- E $=0% Ep=0.75 eV
lar to the ¢=230° case. Other details concerning the intra-
band plasmon could be found in Refs. 26 and 27. As a gen- 103
eral rule, the intraband plasmon behaves as an optical 3
plasmon, with a smaljj., and its dependence afis weak. = 9§

The g-dependents-plasmon frequencies of the stage-1 S
graphite FeGlare shown in Fig. 9. The dependencengfon a 8;
the external potential is weak, owing to the large interlayer 3 3
distancel ,.=9.42 A. Hencewp(q) of the g,=0 mode is
close to that of allg, modes except at very small, e.g., 7’5
w,(q) at ¢=30°. Ritsko and Rice measureg, at various E
q (open circley® in which the ¢ dependence was neglected. 63 .
The measured and the calculated results are relatively con- ¥
sistent with each other at=30°, as seen in EELS. The %-o' T
plasmons in GIC's are similar to those in graphiég. 5a)] ’

except that their frequencies are obviously reduced at small q (A l)

g. For example, they are like an optical plasmon in a 3D

EGS at smallg, and the¢ dependence is apparent at large  FIG. 10. Same plot as Fig. 9, but calculated ¢at0°, E
g. =0.75 eV, and various; .
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Moreover, the interband excitations from the saddle pointsacteristics, the special symmetry, the strong wave-vector de-
near theQ points, which is associated with the plasmon, pendence, and the anisotropic behavior. The critical points in
occur at the high-frequency range. Therefore, the vanishinthe energy-wave-vector space could induce the singular
€, at the high-frequency range is hardly affected by thestructures in the dielectric functions and are thus associated
Fermi surface; i.e., the effect &g on the m-plasmon fre-  with the m-electronic collective excitations. The plasmon
qguency would be negligible. In short, the enhanced interlayehas a strong dispersion relation withh and at smallig, it
distances should be an important influence in reducing thbehaves as an optical plasmon in a 3D EGS. The anisotropic
m-plasmon frequencies of the stage-1 graphite F&CI behavior at the plane is clear at largeMoreover, the inter-
The 2D rigid band could explain the measuredplas- layer Coulomb interactions are found to be very important in
mons in the stage-1 AGIC's. It is further applied to calculatesupporting ther plasmons at very smalj and enhancing the
the 7-plasmon frequencies of the stage-3MC (DGIC's).®  plasmon frequencies.
The m-plasmon characteristics of DGIC’s are similar to those  Graphite and GIC’s have the common excitation proper-
of AGIC’s within the rigid-band model. gK, CgRb, and ties as mentioned above. However, there are two principal
C4Cs have the interlayer distances 5.35, 5.65, and 5.94 Adifferences between them. First, the excitation spectra of
respectivelyt |.'s are close to one another and their GIC's are richer. In addition to the interbaeeh excitations
m-plasmon frequencies, as stated above, would be also. Th#nd thew plasmon, GIC’s could exhibit the intrabardh
prediction is supported by the experimental measurementexcitations and the intraband plasmon. The intraband plas-
Grunes and Ritskomeasured the EELS of®1, and ob- mon, with w,~1eV, exists in GIC's owing to the high-
tainedw,~6.19-6.25 eV aj=0.1 A~'. The measured re- density free carriers. Both the intraband plasmon andsthe
sults are consistent with the calculated results 6.37—6.44 eplasmon belong to optical plasmons, while their causes and
[the light solid curve in Fig. 1®)]. The 2D rigid-band certain characteristics differ greatly from each other. They
model is suggested to be still available ighC. There are are, respectively, derived from the intraband excitations of

other similar suggestioris:*® the Fermi surface states near tRé points (also including
the P points at¢=30°) and the interband excitations of the
IV. CONCLUDING REMARKS saddle points near th® points. The intraband plasmon is

] ) o i ) quickly damped down with increasing, while the 7 plas-

In this work, thesr-electronic excitations in graphite and mon could exist at largg. Second, ther-plasmon frequency
stage-1 GIC’s are studied within the RPA. The 2D superlatyf the stage-1 GIC's is lower. The enhanced interlayer dis-
tice model is utilized to calculate the excitation spectra andances are an important influence in reducimg. On the
the g- and ¢-dependentr-plasmon frequencies. Generally other hand, the effect of free carriers on, is negligible,

speaking, ther plasmons in these two systems have similargince the intraband excitation energies are much lower than
characteristics. The calculated results could explain the exz

perimental measurements on graphied stage-1 graphite

FeCk (AGIC’s).8 They are aI590 consistent with the measured

plasmon frequencies of 8,” which implies that the 2D

rigid-band model is still available in these DGIG%3® ACKNOWLEDGMENTS
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