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We report the results of a comparative optical reflectance study at room temperature of the
stage-1 and stage-2 CsBi, and KHg graphite intercalation compounds (GIC’s) in the energy range
0.2-10 eV. A Kramers-Kronig analysis is carried out to determine the dielectric function
e€(w)=¢€(w)+€,(w) and the intra- and interband contributions to €(w) are identified. The dielec-
tric function for the respective compounds are analyzed in terms of a schematic density-of-states
model involving contributions from two-dimensional graphite 7 band(s) and intercalate bands.
Separate contributions from the 7 and intercalate electrons to the free-carrier plasma frequency
are determined via the identification of the carbon 7—7* interband absorption threshold
E;~2Eg, where E; is the Fermi energy measured with respect to the approximate mirror plane in
the carbon m-band structure. The analysis of the optical data indicates that for CsBi, GIC’s, the
electrical transport properties should be dominated by the light carbon 7-band electrons in con-
trast to the KHg GIC’s, where the analysis indicates the transport properties should strongly de-
pend on free carriers in both the 7* and the intercalate band(s). In the case of KHg GIC’s, our
interpretation of the experimental results are consistent with significant occupation of electronic
states with Hg(6s) character. Our results suggest that nature of the superconductivity in the KHg
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and CsBi, GIC’s should be quite different.

I. INTRODUCTION

In this paper, we report the results of optical
reflectance studies of the stage n =1 and 2 ternary
graphite intercalation compounds (GIC’s): CsBi, and
KHg GIC’s, where the stage index refers to the number
of carbon layers which separate the periodically inserted
intercalate layers."> A considerable number of similar
optical studies have been carried out on various GIC’s
over the last ten years, and this work has been reviewed
recently for acceptor’ and donor* GIC’s. The term ac-
ceptor and donor refers, respectively, to whether the in-
tercalate layers are negatively or positively charged. For
charge neutrality this charge is balanced by opposite-
sign charge residing primarily on the carbon layers adja-
cent to the intercalate layers."? The experimental data
for CsBi, GIC’s presented here are new and will be com-
pared to data of KHg GIC’s which we have reported
previously.’ The optical data for both of these ternary
donor GIC systems will be discussed in terms of a two-
carrier model developed recently for the potassium hy-
dride ternary GIC by Doll et al.®

The intercalate layer in stage-1 CsBi, and KHg GIC’s
has been studied by diffraction techniques, and found to
be composed of a three-layer sandwich M-X-M,7-!!
where the two outer alkali-metal layers (M) are next to
the bounding carbon layers, and the X =Bi (or Hg) layer
is located very near the center of the intercalate-layer
sandwich. The stage-1 a and B phases of CsBi, GIC’s
have been shown recently via (001) x-ray diffraction to
nearly correspond to the “ideal” or nominal
stoichiometries CsBiy sC, and CsBi, ;C, (i.e., the two
phases differ by a factor of 2 in the [Cs]/[Bi] ratio and
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the [Cs]/[C] ratio is —1 for both phases).!’ Similar to
the CsBi, GIC’s, two phases have also been reported for
the stage-1 KHg GICs,® which on the basis of neutron
diffraction have been reported to exhibit a different
[K]/[Hg] ratio: 1:1 for the majority phase (KHgC,) and
1:1.3 for the minority phase (KHg, ;C,).

CsBi, and KHg GIC’s have both been reported to su-
perconduct with the following values for the critical
temperature T.: (1) CsBi, GIC’s (Ref. 99—T7T,=4.0 K
(stage 1, a phase), T,~2.4 K (stage 1, B phase), and
T.~2.8 K (stage 2, B phase), and (2) KHg GIC’s (Refs.
11 and 12)—T,~0.73 K (KHgC,) and T,~1.96 K
(KHgC,). However, we have measured the ac magnetic
susceptibility for several stage -1 a- and [B-phase and
stage-2 fB-phase CsBi GIC samples from different sample
preparations, and find no evidence for superconductivity
for temperature T>1.5 K and pressure P <7.0 kbar."?
The I, values of these samples agreed to £0.02 A with
those reported by Lagrange et al.’

Unlike the more recently discovered CsBi, GIC sys-
tem, the KHg GIC’s have been extensively studied dur-
ing the past several years.'"'%14=23 To understand the
observation that T.(KHgC,, stage 1) < T-(KHgC,, stage
2), much effort has been expended'®-?! to determine the
electronic structure near the Fermi surface, including
the layer charge distribution in the carbon layer and in-
tercalate layers,'®~2! and the density of states at the Fer-
mi level?>®® X-ray photoelectron spectroscopy (XPS)
(Ref. 18) and electron energy-loss spectroscopy (EELS)!
of stage-1 and -2 KHg GIC’s report that the K(4s) states
are empty, and that there is more charge in the Hg-
derived states for stage-2 KHgC,; than stage-1 KHgC,.
Optical interband absorption associated with intercalate
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states was observed in reflectance®?°-2! and electron

energy-loss spectroscopy (EELS)." A two-dimensional
rigid-band calculation?? and specific-heat measure-
ments?® of KHgC, suggest that a large portion of the
density of states (DOS) at the Fermi level is from inter-
calate states. This implies that the electrons in those
states play an important role in the transport properties.
Similar calculations and measurements in CsBi, GIC’s
have not been carried out to date.

In this paper, we report the results of optical studies
in the range 0.2-10 eV for CsBi, GIC’s and 0.2-6 eV
for KHg GIC’s. The dielectric function e(w)=¢€,(®)
+ie)(w) is obtained from a Kramers-Kronig (KK)
analysis?* of the reflectance data, and the intraband and
interband contributions to the e(w) are separated by
fitting the low-energy data to a Drude free-carrier mod-
el. Via the identification of the position of the w—n*
interband threshold energy we obtain an experimental
measure of the Fermi energy Ep in the #* conduction
band(s). We use this value in conjunction with an exper-
imental value for the plasma frequency to determine the
charge transfer between intercalate and carbon layers.
Significant differences emerge from our results for the
intercalate-state contributions to the electrical transport
properties of CsBi, and KHg GIC’s.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Lagrange et al.’ first reported the synthesis and super-
conductivity of the MBi, -graphite intercalation com-
pounds (M =K,Rb,Cs). However, they did not provide
the details of their sample preparation. Our samples
were also prepared from plates of highly oriented pyro-
lytic graphite (HOPG) (5x5x0.3 mm?®) which were
placed in direct contact with molten binary alloy CsBi,
in a sealed tube. They did not report the [Cs]/[Bi] ratio
of the initial reacting alloy; we find this ratio is impor-
tant in determining the phase (a or B) of the resulting
material.

CsBi, alloys were prepared by mixing bismuth shot
and slightly warmed liquid cesium metal in a glass beak-
er inside a He glove box (Vacuum Atmosphere, Inc.)
containing a balance (~ 10-ug sensitivity) with Po2 and

Pnzozl ppm. A powderlike mixture was obtained

whose color depends on x. To ensure a homogeneous al-
loy, we transferred the mixture in the glove box to a
stainless-steel tube, sealed by a metal-to-metal compres-
sion fitting (Swagelock), and reacted the alloy at a tem-
perature T=600°C for 1 d. The resulting alloy (in ex-
cess) was then transferred in the glove box to another
similar stainless-steel tube containing the HOPG. The
intercalation reaction was carried out for temperatures
in the range T =~600-700°C for at least 2 d. Stage-1 a-
and B-phase CsBi, GIC’s were obtained at temperatures
of T'=600-625°C using the alloy CsBi, ss and CsBi, g,
respectively. Interestingly enough, the stage-2 B-phase
CsBi, GIC was obtained at temperature T =~700°C us-
ing the Bi-poor alloy CsBiyss. Previous x-ray and

weight-uptake measurements of the stage-1 a- and B-
phase CsBi, GIC’s both supported the finding that the
[Cs)/[Bi] ratio in the a and B phases were ~2:1 and
~1:1, respectively. Unfortunately, similar weight-
uptake measurement and structure-factor analysis of the
(001) x ray were not carried out for the stage-2 B-phase
CsBi, GIC. The intercalate-layer thickness d (Refs.
and 10) for the stage-1 and -2 B-phase samples were
found from I, values to be 8.14 and 8.15 A respectively,
as compared to 7.3 A for the stage-1 a-phase sample.
The similarity in d values for the stage-1 and -2 B-phase
samples does suggest, however, that the [Cs]/[Bi] ratios
are similar, even though they were prepared from 1:1
and 1:0.55 Cs:Bi alloys, respectively.

Samples of KHg GIC’s were also prepared from
HOPG plates by a method well documented by
Lagrange and co-workers in the literature,” who report-
ed a nominal stage-1 stoichiometry of KHgC, for a com-
pound with I, =10.24 A —this is referred to as the ma-
jority phase in Ref. 8. The majority phase is prepared
by reacting HOPG with excess HgK alloy (.e.,
[K]/[Hg]=1) in a quartz tube at temperature T =~350°C
for several days. The stage-1 minority-phase structure
has always been found to coexist with the majority
phase® and exhibits an I, =10.84 A. The stage-2 sam-
ples were prepared by a two-step process’ involving the
initial preparation of KCs, and the subsequent reaction
of KC; with excess Hg to form the stage-2 ternary with
nominal stoichiometry KHgC; (I, =13.35 A).

Pure-phase, pure-stage [i.e., no impurity-phase (001)
x-ray-diffraction peaks greater than ~5% of the largest
peak of the majority phase observed] samples were stud-
ied optically in this work. The samples were also
characterized by Raman scattering, and low-temperature
magnetic susceptibility. The latter measurements were
used to determine T,. The values of I, and T, (Ref. 16)
for the stage-1 (majority phase) and stage-2 KHg-GIC’s
were found to be in good agreement with the litera-
ture.!""12 However, all the samples of stage-1 (a,8) and
stage-2 (B) CsBi, GIC’s studied here (two samples each
phase from different batches) did not show any trace of a
superconductivity for temperature 7 >1.5 K and pres-
sure P <7.0 kbar, although their I, values were in good
agreement (0. 02A) with those reported9 previously.
Furthermore, the Raman-active graphitic intralayer pho-
nons of CsBi, GIC’s were found to exhibit a relatively
large a,B phase-dependent change in Raman frequencies:
1600 (stage 1 ,a phase), 1595 (stage 1, B phase), and
1604 cm~! (stage 2, B8 phase).'?

B. Optical reflectance

The reflectance spectra were taken at near-normal in-
cidence on cleaved c¢ faces. The electric field vector E is
therefore parallel to the basal plane, and the reflectance
probes the basal-plane contribution to the dielectric ten-
sor. The data were collected in two instruments: (1) a
prism spectrometer (Perkin Elmer No. 83) using CaF,
(0.2-2.5 eV) and Quartz (1-6 eV) prisms, and (2) a
Seya-Namioka toroidal-grating vacuum instrument
(McPherson, No. 225) (6-10 eV). For w<6 eV the
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CsBi, GIC samples were cleaved in a He glove box and
transferred there to a sealed optical cell with a CaF,
window. CsBi, GIC’s, however, are air stable.>® For
measurement in the vacuum spectrometer the CsBi,-
graphite samples were momentarily exposed to air to
load them into the vacuum sample chamber where they
were measured at 107> torr. Graphite-KHg is not air
stable, and these samples were transferred in the He
glove box to rectangular glass optical cells equipped with
CaF, windows attached with epoxy glue (Torr Seal,
Varian Associates). The glass cells were subsequently
evacuated and tipped off with a torch. The air stability
of CsBi, GIC’s is quite remarkable, and the spectra in
the (0.2-10)-eV region were found to be insensitive to a
limited amount of air exposure (i.e., ~1 d). Further de-
tails of the reflectance techniques used in this study are
available in Ref. 25.

III. RESULTS

In Fig. 1, we plot the optical reflectance spectra (dots)
of the stage-1 a- and B-phase and stage-2 B-phase CsBi,
GIC’s, and stage-1 majority phase and stage-2 KHG
GIC’s in the energy range 0-10 eV. In the region 1-2
eV, each spectrum exhibits a sharp Drude edge (where
the reflectance R drops rapidly), characteristic of a met-
al. The solid lines represent calculated Drude edges in
good agreement with the data. For each compound the
misfit near the Drude-edge minimum in R is due to
strong interband absorption not included in the fit. The
broad peak near 5.0 eV observed in all cases is analogous
to the ~5.0 eV peak in pristine graphite, which has
been identified previously with the peak in the joint den-
sity of states (JDOS) associated with the M point.2>
The dashed-dotted lines in the figure beyond ~5.5 eV
are the uv data extensions.
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FIG. 1. Room-temperature ¢ face near-normal-incidence
reflectance data for the stage-1 and -2 CsBi, and KHg GIC’s.
The dotted, dashed-dotted, and solid lines refer, respectively, to
the data, high-energy data extension (density-scaled graphite),
and calculated free-carrier response (Drude model).

The dielectric functions for the spectra shown in Fig.
1 are calculated from Kramers-Kronig analyses, and are
shown in Figs. (2a) and (2b). In order to calculate the
phase-shift integral,® the data were first extended to
lower and higher energy, respectively, as a Drude model
and as density-scaled graphite.#2¢ A detailed discussion
of this procedure is given in Ref 4. Above ~0.5 eV our
results for R,e;,,e, for stage-1,2 graphite KHg are in
good agreement with previous work by Preil et al.'® and
Heinz et al.’> Below ~0.5 eV we do not observe the
weak periodic structure reported previously,’ and we at-
tribute this prior observation to a spurious interference
effect.

The dielectric function €(w) is separated into intra-
band €. (w) and interband €, (w) contributions by
fitting €,(w), €;,(w), 1/we,(w), and R (o) at photon ener-
gies well below the interband absorption threshold to a
free-carrier contribution given in the Drude approxima-

6 T T
4 Stage | (0)_
CSBio.sc“(")
2 .
0o 1 \\\‘-n _____
A 1~
4 Stage |
€, CSBi|.°C4 (B)
2 ~
fo] 1 \\\~‘| ““““
4; Stage 2 f’
CSBiny (B)
2 4
[ T Sy
oO 6 8 10
6
(b)
4 KHgCq4 -
2 —
€2 O e
f 1~
4 KHgC8 -
2 —
[----- | S
0 6 8 10

w(eV)

FIG. 2. Imaginary part of dielectric function (dotted lines)
of the stage-1 and -2 (a) CsBi, and (b) KHg GIC’s obtained
from a Kramers-Kronig analysis of the reflectance data. The
free-electron contribution (solid line) and interband absorption
contribution (dashed line) are also indicated. The broadened
carbon 7—7* interband absorption threshold of each com-
pound is designated by a heavy solid line, and the correspond-
ing arrow indicates the energy value at the midpoint (~2Ef)
identified with the threshold.
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where €_ is the core dielectric constant, wp is the
effective plasma frequency, and 7 is the effective carrier
lifetime. The solid lines in both Figs. 1 and 2(a) and 2(b)
are based on this Drude analysis of the low-energy data.
The Drude behavior of the data (dots) is also demon-
strated in Fig. 3, where we plot 1/we, versus ®?, which
is linear for a free-carrier response (solid line) governed
by Eq. (1). The departure from the linearity at high en-
ergy signals the onset of interband absorption. The
values for Wps Ty and €_ which correspond to the solid
lines in Fig. 1-3 appear in Table 1.

Referring back to Figs. 2(a) and 2(b), the interband
contribution €., , =€, —€ge. , is shown for each com-
pound as the dashed line. The onset of the interband ab-
sorption is found near 0.5 eV for all three CsBi,-
graphite compounds [Fig. 2(a)]. For stage-1 and -2 KHg
GIC’s [Fig. 2(b)], the onset of interband absorption is
found at higher energy near 1.0 eV. We identify a
second higher-energy threshold in all compounds (indi-
cated by heavy lines in the figure) with the carbon
m—m* interband absorption threshold. The midpoint of
this m—7* threshold is indicated by the respective ar-
row, and the positions with estimated error +0.1 eV are
found to be 2.6 (stage 1, a), 1.9 (stage 1, ), and 1.8 eV
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FIG. 3. Plot of 1/we, vs w? for the stage-1 and -2 CsBi, and
KHg GIC’s. Dots are the experimental data and the solid lines
are calculated from the Drude parameters which appear in
Table I(a). The separation of the curves at higher energy is

due to the interband absorption.

TABLE 1. Parameters for the (a) stage-1 and (b) stage-2 CsBi, and KHg GIC’s. The values in
parentheses represent the estimated error to the right of the decimal point.

(a) Stage 1
Drude parameters
Compound IOC @,
Stoichiometry (A) n (eV) ©,T €.
CsBijy sC, (a) 10.65 (02) 1 2.6 (05) 5.8 4.8 (2)
CsBi (C, (B) 11.49 (02) 1 2.5 (05) 7.8 8.0 (3)
CsBi,C, (B)® 14.85 (02) 2 2.6 (05) 8.0 8.0 (3)
KHgC, 10.24 (02) 1 5.1 (1) 9.0 5.1 (2)
KHgC; 13.35 (02) 2 4.7 (1) 10.0 6.3 (3)
(b) Stage 2
Experimental band parameters
Compound Wp 7 Wp 1 Eg E; . Er; fc M opt, = Mopt, 1
Stoichiometry (eV) eV) (eV) (eV) (eV) (x10%2) fr (m,) (m,)
CsBiy sC, (a) 2.64 (05) <0.23 1.3 (05) 2.6 (1) 0.5 4.0 4 <0.01 0.26 (03) 1°
CsBi, (C, (B) 2.20 (02) 1.2 (8) 0.95 (05) 1.9 () 0.5 2.0 (2) 0.11 (02) 0.19 (01 1°
CsBi,C, (a)? 2.6 (1) <0.23 0.98 (05) 1.95 (10) 0.5 2.0 (2) <0.03 0.2 (0D 1°
KHgC, 3.0 (05) 4.12 (03) 1.6 (05) 32 (D 1.2 6.0 (7) 1.78 (03)° 0.32 (02) 1.35 (05)
2.8 (03)° 2.1 (D
KHgC;y 32D 3.48 (00) 1.2 (05) 2.4 (1) 1.1 3.0 (3) 1.75 (02)¢ 0.24 (01)  0.71 (05)
2.75 (02)° L1(

#For the stage 2 B-phase CsBi,-GIC, the I. value suggests x =1.0 and y =8; see text.
® Assumed value; see text.
°Based on 2 electrons/KHg formula unit; see text.
9Based on 3 electrons/KHg formula unit; see text.
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(stage 2, ) for the CsBi, GIC’s and 3.2 (stage 1) and 3.0
eV (stage 2) for the KHg GIC’s.

IV. DISCUSSION

A. Two-carrier model

The free-carrier contributions to the reflectance spec-
tra of the ternary hydride GIC’'s KH,C, (stage 1) and
KH, C; (stage 2) have been previously analyzed in terms
of a two-carrier model,® in which the graphitic = elec-
trons at the K point in a graphitic Brillouin zone are de-
scribed by rigid two-dimensional (2D) bands; carriers in
intercalate-derived states were assumed to exhibit an iso-
tropic, energy-independent in-plane effective mass m,,
in the range l<m,, <2m,, where m, is the free-
electron mass. Hybridization of carbon 7 states with in-
tercalate states is neglected in this model. This two-
carrier analysis® resulted in three key points regarding
the ternary hydride GIC’s: (1) the K(4s) states are emp-
ty, (2) the hydrogen is chemisorbed, meaning the H(ls)
states fall below E, which therefore fill to make H ™
species, and (3) Ep is lowered in the carbon 7 band to
provide the needed electrons for the formation of H™.
We show below that the two-carrier model can also be
applied successfully to the CsBi, and KHg GIC’s.

The effective plasma frequency w, can be shown to de-
scribe well the net contribution to Eq. (1) from two sets
of carriers if the lifetime 7; of the electrons (or holes) in

J

each set (j =1,2) satisfies the relation W, iT) >>1, where

@, ; is the individual plasma frequency. The square of
the effective plasma frequency can then be written as the

sum of the squares of the individual plasma frequencies,

2_ 2 2
Oy =0p +@p; , (2)

where o, , and w,; are the specific frequencies appropri-
ate to GIC’s here, representing the carbon 7-band con-
duction electrons and the free electrons in intercalate-
derived states, respectively.

We use the 2D tight-binding model of Blinowski and
Rigaux (BR) (Ref. 27) to describe approximately the gra-
phitic = bands. The K-point expansion of their results
leads to simple analytical expressions for the Fermi ener-
gy Er (Ref. 27) and optical mass m,, (Ref. 25) given by

Ep=7/o(‘n'/\/§fc)l/2, stage 1,2 (3)
4 #Ep

=——>—, st 1 4

mopt 9 'y%bz Sage ( )

4 #Ep E}—yi/4
P9 y§p? ER—vis2

, stage 2 (5)

where y, and y, are the in-plane and c-axis nearest-
neighbor transfer integrals, respectively, b is the in-plane
C—C bond length, and f( is the carbon 7-band charge
density in units of electrons per C atom. It should be
noted that a factor-of-2 error appears in the relationship
between Er and f for stage 2 in Ref. 27. In the present
work, ¥, and ¥, are chosen to be 2.9 and 0.37 eV, which
are typical of values commonly used in the litera-
ture.>2>28 If we designate the density of free carriers in
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the intercalate bands as f; (in units of electrons per in-
tercalate formula unit), we obtain from the standard
definition of the plasma frequency?* an expression for the
effective plasma frequency given by

47re2fc 4‘)T£’2f1

ﬂ.cm opt, T ‘le opt,I

2
P

4 ) (6)

where Q. and Q; are, respectively, the volume per C
and I unit (i.e., ] =KHg or CsBi,) in the GIC. The first
term in Eq. (6) is the 2D m-electron contribution, and
the second term is the contribution from the 3D
intercalate-derived states which is parametrized by the
isotropic optical mass m ., ;.

The threshold for the carbon 7—m* absorption in-
volves transitions to final states at Ep in the =#*
band.>*?” If the approximate mirror symmetry in the
m-band structure is preserved to a large extent after in-
tercalation, the inter-m-band absorption threshold E . is
given by Er = 2Ep,>*?7 where Ej is measured relative
to the mirror plane in the 7-band structure. Thus the
identification of the m—7* threshold [indicated by ar-
rows which locate the midpoint of the broadened struc-
ture in Figs. 2(a) and 2(b)] is an important experimental
measure of the Fermi-level position in the carbon
bands.

B. CsBi, GIC’s

CsCy can be viewed as the Bi-free binary related to
CsBi,-graphite. The Drude edge in the reflectance spec-
trum of this binary compound is located at ~2.3 eV.>%
Unfortunately, the CsC; reflectance data®®3° have not
been as extensively analyzed as other binary GIC’s (Refs.
3, 4, 20, and 21). Upon the addition of Bi to the Cs GIC
the position of the Drude edge down shifts by ~1.3 eV,
to a value of ~1.0 eV in the stage-1,2 ternary CsBi,-
graphite compounds. Such a downshift is consistent
with a transfer of light m-band electrons to Bi states with
heavier electronic mass. This transfer can be addressed
quantitatively within the framework of the two-carrier
model.

Let us first consider the case of the stage-1 a-phase
CsBi, GIC, and assume for the moment that the dom-
inant free-carrier contribution to the dielectric function
€(w) originates in the carbon m-electron term [Eq. (2)];
i.e.,, we take the experimental value of w, (stage -1a
phase)=2.6 V=0, .. Using the BR model we calculate
Ep from w,, and find Er=1.22 eV, and therefore
Er,~2Er=2.45 eV, in close agreement with the es-
timated position of the midpoint of 7— 7* interband ab-
sorption structure in €,(w) at 2.6 eV in Fig. 2(a). Similar
reasoning applied to the stage-1 B phase and stage-2 B
phase CsBi, GIC’s leads to predictions for inter-7-band
thresholds also in close agreement with the observed po-
sition of respective midpoint of inter-w-band threshold.
Thus we identify all these higher-energy interband
threshold structures with the 7—7* threshold. The
m—m* threshold has been shown recently by Shung®! to
broaden about 2E; due to electron-electron scattering.
We therefore use the midpoint (uncertain to about +0.1
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eV) of this interband threshold structure as the experi-
mental value for 2E; measured relative to the approxi-
mate mirror plane in the carbon 7 band(s).?’ These
values of Ey can in turn be used in Egs. (3)-(5) to obtain
experimental values for ®, ., fc, and m, .. The values
for these w*-band parameters are displayed in Table I.
We note that the optical mass of the 7 electrons is found
to be ~0.2m,, which ensures that the 7 electrons will
dominate the intraband contribution.

We next turn our attention to lower-energy interband
structure in the CsBi, GIC data. Photoemission stud-
ies’>¥ on the semiconducting CsBij ;; alloy indicates
that there are two low-lying occupied Bi(6p) valence
bands separated by a spin-orbit splitting of ~1-2 eV.
These bands are separated by a semiconducting gap
(~0.7 eV) from a higher-lying conduction band. The
experimental CsBi, ;; density of states (DOS) (Ref. 33) is
shown in the inset to Fig. 4. In view of the DOS report-
ed for CsBij 33, it is compelling at this time to also iden-
tify the onset of low-energy interband absorption near
~0.5 eV in the three CsBi, GIC’s with transitions
across a gap in the CsBi, contribution to the DOS of the
GIC’s. In this spirit we propose the following schematic
DOS model for the CsBi,-GIC to qualitatively under-
stand the optical data. This model is shown in Fig. 4.
The solid and dashed dotted lines refer, respectively, to
m- and intercalate-derived contributions to the total

ENERGY

Energy Relative To Vacuum (eV)

DOSs

DOS

FIG. 4. Schematic density of states (DOS) for CsBi, GIC’s.
Carbon (7,7*) states are designated by the solid lines, while
the CsBi, states are designated by the dashed lines. The pro-
posed CsBi, contribution to the DOS of the GIC is by analogy
with that obtained from photoemission studies (Ref. 33) and
optical absorption®® of the CsBij 35 alloy, which is shown in the
inset. A ~0.5-eV gap is shown for the CsBi, DOS, and the
Fermi level is seen to cut through the carbon 7* bands and
CsBi, valence bands, which have primarily Bi(6p) character.
The two vertical arrows labeled E , and Er; indicate the car-
bon 7—7* and CsBi, interband transitions at the respective
interband thresholds.

YANG, CHARRON, HEINZ, AND EKLUND 37

DOS. The Fermi level E is seen to cut through the 7*
band and the top of the Bi(6p) band. We view the upper
Bi(6p) band as taking a large fraction of the Cs(6s) elec-
trons which would otherwise be transferred to the car-
bon 7* band (as in the case of the binary CsCg), thereby
lowering the Fermi level E; in the 7* band relative to
its position in the Bi-free compound. Because the exper-
imental value of the effective plasma frequency o, [Eq.
(2)] in all three CsBi, GIC’s is very nearly the same as
@, - the small difference between o, and o, . is provid-
ed in our model by holes in the Bi(6p) band. The num-
ber of Bi(6p) holes (or their upper bound) can be calcu-
lated from Eq. (6) if we estimate the optical mass of the
holes to be ~1m,. We therefore find f; (i.e., the num-
ber of holes per CsBi, unit) to be <0.01 (stage- 1
phase), 0.11+0.02 (stage 1 B phase), and <0.03 (stage 2
B phase), respectively. It is interesting to observe that
the stage-1 a phase (Bi-poor) compound has a smaller
value of f; than the B phase (Bi-rich) compound. This
seems to suggest that the larger the value of f;, the
larger the [Bi]/[Cs] ratio. However, we further note that
the value of f; obtained for the stage-2 B phase com-
pound is nearly the same as the value obtained for the
stage-1 a-phase one. Thus we can draw no simple con-
clusions from a rigid-band interpretation of these results.
We believe it is likely that the value of f; depends-not
only on the [Bi]/[Cs] ratio, but also on a stage-
dependent and Bi-dependent relative displacement of the
intercalate and carbon 7 bands. The important point
obtained from the foregoing discussion is that the num-
ber of holes per CsBi, formula unit is quite low.
Specific-heat measurements should be carried out in
these compounds to obtain further information regard-
ing the CsBi, contribution to D (Ef).

C. KHg GIC’s

For the stage-1 and -2 KHg GIC’s the Drude edges in
R () (Fig. 1) are located near 2.3 and 1.8 eV, respective-
ly. The edges exhibit a very small shift relative to the
value in the respective Hg-free binary GIC counterparts
KC; (stage 1) and KC,, (stage 2). However, we ascribe
no physical significance to this small shift. The positions
of the Drude edges in KHg GIC’s lie ~0.8-1.3 eV
higher than in the corresponding-stage CsBi, GIC’s.
Several experimental’*~3® and theoretical’”3® studies
have found the charge transfer from the K(4s) to the
carbon 7 band is about 60-100 % for KCq and ~ 100%
for KC,,.

The addition of Hg to the K-intercalate layers in
KHgC, (n =4,8) is also accompanied by a doubling
(n =4) and tripling (n =8) of the [K]/[C] ratio over
that in the binary corresponding-stage-index KC; and
KC,, compounds, respectively. If, for the case of stage-
1 compounds, one assumes for the moment complete
charge transfer of K(4s) electrons to the carbon 7 bands,
and no charge transfer to the Hg-derived states, then the
c-axis expansion accompanying the Hg uptake would be
expected to lead to a decrease in w,. This follows from
the BR model in which wi,,,ocfc /I¢, and results in
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Aw, ,=0,(KHgC,) —w,(KCq)=—0.4 ¢V,

in contrast to the experimental observation
Awg®'=+0.5 eV. Thus one must conclude that there is
a significant contribution to the effective plasma frequen-
cy from Hg-derived electrons. We apply the two-carrier
model to qualitatively determine this contribution.

In Fig. 5, we show our schematic DOS model for
KHg GIC'’s to qualitatively account for the optical data.
The position of E is seen to intersect the 7 (solid line)
and intercalate (dashed line) contributions to the total
DOS. We show Ej intersecting the Hg(6s —6p) band
and not the K(4s) band, but this decision is somewhat
arbitrary. The =-band plasma frequency ®, ,, optical
mass m, ., and charge transfer f are determined (as
was done for CsBi, GIC’s) via the identification of the
midpoint of the w—7* thresholds indicated by the ar-
rows with error 0.1 eV in Fig. 2(b): Ey,=3.21+0.1¢eV
(stage 1) and Ey ,=2.410.1 eV (stage 2). The values for
Ep=Er ,/2, ®p 7 Moy r» and fc calculated from Eqgs.
(3)-(5) appear in Table I. Proceeding in the same way
as for the CsBi, GIC’s, we use Eq. (2) to find an experi-
mental value for ®,;. This procedure results in the
values w, ; =4.1210.03 and 3.110.05 eV for the stage-1
and -2 KHg GIC’s, respectively, compared to the respec-
tive 7-band contributions w, ,=3.0+0.05 (stage 1) and
3.210.1 eV (stage 2). Thus in the KHg GIC’s we see
that the 7 and intercalate contributions to w, are com-
parable, in sharp contrast to the CsBi, GIC’s. In addi-
tion, we also find values for f; of 1.78 (or 2.78) for stage
1, and 1.75 (or 2.75) for stage 2, if we choose two (or
three) conduction electrons contributed per KHg unit.
These two (three) electrons per KHg unit must supply
both the 7* band(s) as well as the intercalate band(s).
The large values for f; obtained from w, and Ef , indi-
cate that the majority of the available intercalate valence
electrons remain as conduction electrons in the KHg-
derived bands.

KHg GIC

y—Ef

ET,r, P
”~

ENERGY

/\— Hg (6s-6p)

DOS

FIG. 5. Schematic density of states (DOS) of KHg GIC’s.
Carbon (7,7*) and intercalant KHg states are shown as solid
and dashed lines, respectively. The two vertical arrows corre-
spond to optical transitions at the carbon inter-7-band thresh-
old Er, and a possible threshold Ey; for transitions between
intercalate bands.

The interband dielectric function €y, (@) of KHg
GIC’s (Fig. 2) also exhibits low-energy intercalate-
derived structure. Besides the carbon 7m—7* threshold
(midpoint of the heavy line) indicated by the arrow, we
observed the onset of interband absorption at 1.2 (stage
1) and 1.1 eV (stage 2), respectively. These onsets have
also been identified previously with intercalate-derived
transitions by Preil er al.!® Based on the band structure
of a single-layer 2 X2 K-Hg-K superlattice reported by
Senbetu et al.,?? but using our significantly lower value
for charge transfer (~0.2 electron per KHg unit), we
place the Fermi level ~3 eV higher in their diagram.
With E in this position the likely low-energy transitions
are then between hybridized states involving
Hg(6s),(6p), and K(4s), which we show schematically in
the DOS (Fig. 5). Clearly, a self-consistent energy-band
calculation is needed to resolve this conjecture.

In contrast to the suggestion of localized Hg states
near E; in KHgC, proposed much earlier by Preil
et al.'® our analysis of the optical data requires a wide
KHg-derived conduction band(s) to provide the neces-
sary contribution ,; to @,. These intercalant electrons
may, in fact, be responsible for the superconducting
properties of KHgC,, (n =1,2). As mentioned above,
our present interpretation of the KHg-GIC optical data
is also in sharp contrast with the placement of Ep by
Senbetu et al. in their rigid-band model*? for stage-2
KHgC,, which leads to a large charge transfer (i.e.,
1.5-2 electrons per KHg) to the carbon 7 band. We es-
timate that this charge transfer would result in a 7—7*
threshold at ~4.6 eV (essentially at the M point). No
threshold-type structure is observed in this energy range.

Intercalate-derived itinerant s character at E, due to
Hg(6s) states is also consistent with the superconducting
properties observed in KHg GIC’s. From specific-heat
measurements it has been determined®® that the Fermi-
surface density of states N(Ey) is larger in stage-1 than
in stage-2 GIC’s. Our results find only a small, and
probably insignificant, difference in the intercalate elec-
tron density between stage-1 and -2 KHg GIC’s. This
small difference suggests that the increase in the super-
conducting critical temperature T, for the stage-2 over
that of the stage-1 KHg GIC might be considered as be-
ing due to the differences in the intercalate electron-
phonon interaction or the intercalate phonons them-
selves. However, valence band photoemission data by
DiCenzo et al.*® have been interpreted by them to indi-
cate a higher occupancy of the Hg(6s) states in stage-2
than in stage-1 KHgC, .

IV. CONCLUSIONS

We have analyzed the optical dielectric function of the
stage-1 and -2 CsBi, and KHg GIC’s in terms of a
schematic DOS model containing both graphitic = and
intercalate contributions. The model is supported by op-
tical data on both the free-carrier and interband com-
ponents of €(w).

The Fermi level is located experimentally in the gra-
phitic carbon 7* band(s) via the identification of the in-
terband 7—7* threshold structure in the €,(w) data.
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This threshold energy Er , ~2Ep. Within the frame-
work of the Blinowski-Rigaux rigid-band model for the
carbon (7,7*) bands we compute the 7-electron plasma
frequency o, . from Ej, and the intercalate contribution
w,; from o} ;=0}—w,, We assume an intercalate
electron mass of ~1m, to obtain values for f; —the in-
tercalate free-carrier density. Of particular interest is
that we found f; ~0.0-0.11 for CsBi, GIC’s, in sharp
contrast to f;~2-3 for KHg GIC’s, in units of
holes/CsBi, or electrons/KHg. Thus in the case of
CsBi, GIC’s, the electrical transport properties are dom-
inated by the light graphite 7* electrons, and the donat-
ed Cs(6s) electrons remain in the intercalate layer, and
nearly fill a lower lying B(6p) band. The large value of
S found for the KHg GIC’s indicates that the transport
properties of this GIC are strongly dependent on the
intercalate-derived carriers.

In a comment to be published elsewhere,'® using ac
magnetic susceptibility, we found no evidence for super-
conductivity in the CsBi, GIC’s. This finding is in
disagreement with the previously published experimental
results of Lagrange et al.® Our susceptibility experi-
ments were carried out on samples with I values in
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good agreement with Lagrange et al., and from the
same sample preparations which yielded the optical sam-
ples studied in this work. The absence of superconduc-
tivity in our samples is consistent, however, with our ob-
servation that almost all electrons contributing to the
plasma frequency are graphitic 7 electrons; i.e. there is
little or no optical and susceptibility evidence for s char-
acter at the Fermi surface. In the KHg GIC’s where su-
perconductivity is well established, we find 2-3 electrons
per KHg formula unit in intercalate states necessary to
explain the high values of the experimental plasma fre-
quency. These electrons are likely to occupy hybridized
Hg(6s-6p) states, and we suggest, as have DiCenzo
et al.,*® that these electrons are responsible for the su-
perconductivity in the KHg GIC’s.
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