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Electron-Energy-Loss Study of Stage-1 Potassium-Intercalated Graphite 

D. M. Hwang,<al M. Utlaut, M. S. Isaacson,<bl and S. A. Solin<cl 
The James Franck Institute, The Enrico Fermi Institute, and The Depa,rtment of Physics, 

The University of Chicago, Chicago, Illinois 60637 
(Received 5 July 1979) 

Electron-energy-loss spectra of stage-1 K-intercalated graphite single crystals were 
obtained with a scanning transmission electron microscope. The complex dielectric 
function with electric polarization perpendicular to the c axis was derived by Kramers
Kronig analysis. The energy-loss peak at 2.5 eV is consistent with previous optical 
measurements, while the splitting of the one at 27 eV can be interpreted by folding the 
Brillouin zone of pristine graphite. Splittings and shifts of the interband transitions 
were observed and compared with calculations. 

There has been considerable recent intel:,'est in 
the electronic properties of intercalated layer 
compounds1 in general and of graphite interca
lates2-4 in particular. This interest is spurred 
not only by the technological potential for their 
very anisotropic high conductivity but also by the 
need for a fundamental understanding of their 
electronic properties. 

terns with the simplest crystal structures, i.e., 
stage-1 potassium-intercalated graphite C8K,5 - 7 

and stage-! lithium-intercalated graphite C6 Li. 7 - 1 

Therefore, electronic band structures based on 
the rigid-band model, which. are proposed10 for 
high-stage intercalates, have been used to inter
pret experimental data even for low-stage inter
calates. Nevertheless, the band structure of C8K 
recently calculated by Inoshita, Nakao, and 
Kamimura (INK) exhibits measurable deviations 
from that of pristine graphite. Therefore, it is 
important to test experimentally the validity of 

While there are many phenomenological studies 
of various kinds of intercalated layer compounds, 
theoretical calculations of the electronic band 
structures have at present been limited to sys-
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both the rigid-band approximation and the exist
ing theoretical band-structure calculations. 

CJ( has been studied extensively with various 
experimental techniques including electrical con
ductivity, Hall effect, magnetoresistance, heat 
capacity, thermoelectric power, etc. 3•4• 11 Al
though those quantities are directly related to the 
collective behavior of free carriers on the Fermi 
surfaces, they provide only qualitative justifica
tion10 of theoretical models due to the complexity 
of the Fermi surfaces. On the other hand, knowl
edge about the interband transition energies, 
which can be quantitatively compared with the 
calculated results, is crucial for a proper evalu
ation of the band structure and can be used to es
tablish the validity of different theoretical mod
els. Such knowledge, which can be directly de
duced from the dielectric function, is still lack
ing. Only optical reflectivity data from 0.6 to 
2.85 eV have been reported. 11 

The dielectric functions of solids in the energy 
range of electronic interband transitions can be 
conveniently obtaineci12 from electron-energy
loss spectroscopy. To date, the only reported 
electron-energy-loss study on intercalated layer 
compounds was performed by Ritsko and Rice. 13 
They chose to study stage-1 FeC13-intercalated 
graphite because of its stability in air, vacuum, 
and a variety of solvents. However, its crystal 
structure is so complicated that there is no exist
ing electronic-band-structure calculation for that 
compound and the rigid-band model was used to 
interpret the experimental results. In this Letter 
we report electron-energy-loss studies of C8K 
and compare our results with both the rigid-band 
model and theoretical calculations. 

Pristine grappite samples with thicknesses of 
- 100 A were prepared from New York natural 
graphite single crystals by a method similar to 
that reported by Price and Venables. 14 Since CJ( 
is extremely air sensitive, a special vapor-phase 
intercalation chamber with vacuum transfer mech
anism was constructed to permit sample transfer 
at -10- 9 Torr. Electron micrographs, diffrac
tion patterns, and energy-loss spectra for both 
pristine graphite and C8K were recorded before 
and after intercalation from the same sample re
gions (within 1-µm) with use of a scanning trans
mission electron microscope equipped with an 
electron energy analyzer. 15 For recording ener
gy-loss spectra, an electron beam size of - 500 
A was used and sample regions of uniform thick
ness and without noticeable defects were probed. 16 
The in-plane structure C8K was confirmed by 
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FIG. 1. Raw electron-energy-loss spectra of pristine 
graphite and stage-1 potassium-intercalated graphite 
C8K obtained with identical conditions before and after 
intercalation. The incident 12-keV electron beam was 
parallel to the c axis and the scattering angle was 2.3 
±0,6 mrad. The energy resolution was 0.7 eV as indi
cated by the full width at half maximum of the zero-loss 
peak. 

comparing the diffraction pattern with published 
data. 17 Data for CJ( were collected within one 
week after intercalation. After havirig been kept 
inside the microscope at room temperature and 
- 3X 10- 10 Torr vacuum for about one month, the 
intercalated sample apparently degraded as chang
es in the diffraction patterns and energy-loss 
spectra were observed. 

A typical electron-energy-loss spectrum of 
C8K, recorded with a 12-keV incident electron 
beam parallel to the c axis and at a scattering 
angle of 2.3 mrad, is shown in Fig. 1. The half 
angular widths of both the incident beam and the 
spectrometer collection aperture were 0.6 mrad. 
The corresponding momentum transfer perpen
dicular to the c axis, q .L• is 0.13 ± 0.03 A -1, while 
the momentum transfer parallel to the c axis, q 11 , 

varies linearly from zero at zero energy loss, 
to 0.07 A -1 at 30 eV loss. Therefore, the de
rived dielectric function is essentially E .L (w) and 
contains12 less than 7% of E 11 (w) for energy loss 
less than 15 eV, and 22% of e 11 (w) for energy loss 
of 30 eV. The momentum transfer of -0.13 .A- 1 
is -1/26 of the Brillouin-zone dimension of graph
ite and - 1/ 13 of that of C8K. Transitions with 
this momentum transfer are generally consid- · 
ered12 as vertical transitions and the derived di
electric function should therefore be comparable 
to that obtained from optical measurements. 
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FIG. 2. The imaginary parts of the dielectric func
tions Im[E(w)]graphite and C8K derived from Fig. 1. The 
inset shows the neff (y.i) graphite and C8K calculatecl from 
the corresponding im(t;:(w)]. . 

An electron-energy-loss spectrum of pristine 
graphite taken before intercalation is also shown 
in Fig. 1. It is similar to previous results12• 18 

and shows two plasma peaks at 7. 5 and 2 7 e V. 
The spectrum of C8K is quite distinct from that 
of pristine graphite with the following features: 
(1) There is an additional energy-loss peak at 2. 5 
eV; (2) the 27-eV peak of graphite splits into two 
broad peaks centered at 22 and 28 eV; (3) the 7.5-
eV peak of graphite is broadened and shifts to 6.3 
eV. Spectra have been recorded for electron en
ergy losses up to 150 eV and no additional fea
tures have been observed. 

The complex dielectric functions E(w) of graph
ite and C8K were derived from the energy-loss 
spectra by Kramers-Kronig analysis as described 
by Venghaus. 18 The imaginary parts of the de
rived dielectric functions Im[E(w)] of graphite and 
CJ( are shown in Fig. 2. Our result for graphite 
is in agreement with that reported by Venghaus18 

and shows two interband transitions at 4. 5 and 13 
eV. Upon intercalation to C8K, the 4,5-eV peak 
of graphite becomes more pronounced and shifts 
down to 3.8 eV, while the 13-eV peak becomes 
broader without significant shift. There is an ad
ditional broad weak bump centered at - 25 eV. 
The overall absolute height decreases and many 
reproducible structural features appear. 

All calculations of the electronic band structure 
of graphite19- 22 indicate that the 4.5- and 13-eV 
peaks in Im[ E (w)] are due to transitions between 
1T electron bands at critical points M 3 + and M 4 - , 

and between a electron bands at critical points 
M3- andM/, respectively (notations of Ref. 22 
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are used). 
Theoretical calculation of the electronic band 

structure of C8K is not yet complete. INK6 cal
culated only the 1T electron bands by a semiempiri
cal tight-binding scheme. DiVincenzo et al.7 used 
a modified Korringa-Kohn-Rostoker method with 
non-muffin-tin corrections, but only preliminary 
results have been reported. However, the gener
al behavior of the electron-energy-loss data of 
C8K can be interpreted with the help of the rigid
band zone-folding scheme.6 The observed energy 
'shifts of interband transitions are then compared 
with the results of theoretical calculations.6 • 7 

Consider the two-dimensional rigid-band ap
proximation. Then because the unit cell of C8K 
in the x-y plane is four times larger in area than 
that of pristine graphite, the electronic band 
structure of C8K should be similar to that of 
graphite but with the graphite Brillouin zone ap
propriately folded so that the M (or Q) points map 
back to the r point. Therefore, some nonvertical 
transitions in graphite will become vertical tran
sitions in C8K. The splitting of the 22- and 28-eV 
peaks in the energy-loss spectrum of C8K is due 
to the weak interband transition at - 25 eV as 
shown in Fig. 2. Such a transition is not observa
ble in pristine graphite with the same momentum 
transfer of 0.13 A.· 1 • However, a similar but 
slightly upshifted double-peak feature was found23 

in the energy-loss spectrum of graphite with a 
large momentum transfer of 0.85 A.· 1. [The dis
tance between r and K (or P) points in the Bril
louin zone of graphite is 1. 7 A. -1.] The splitting 
is associated with an unassigned weak interband 
transition at - 2 9 e V. 23 Although the origins of 
those transitions are not known, it appears that 
the 25-eV transition in C8K originates from the 
same bands that are responsible for the 29-eV 
nonvertical transition in graphite which becomes 
an allowed vertical transition as a result of zone 
folding. The splitting of this plasmon peak cannot 
be explained as the result of Bragg scattering24 

since it is observed with a momentum transfer 
much less than the Brillouin-zone dimension. 

In addition to zone folding, the electronic bands 
in graphite would shift and split in C8K because of 
the change of the symmetry and the crystal forces 
along c axis. Thus, the spectra of C8K become 
broader and contain more allowed interband tran
sitions. Exact band-structure calculations are 
required to predict the amounts of band splitting 
and shifting. 

The calculation of INK6 shows that the most 
significant interband optical transition in C8K oc• 
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curs at the zone center r with a transition energy 
of 3,2 eV. This transition is derived from the 
4.5-eV M 3 + -M4-rr electron transition in graphite 
with an energy shift of 1.3 eV. We observed the 
corresponding transition at 3.8 eV. The ob
served energy shift of O. 7 eV is only half of that 
calculated by INK6. The preliminary but more 
rigorous calculation of DiVencenzo et al.7 indi
cates that the 4.5-eV transition in graphite will 
be split and lowered in energy to about 4 eV in 
C8K which agrees well with our observed data. 
In a previous optical transmission measurement25 

(from 0.55 to 6 eV) on C8Cs the absorption maxi
mum in C8Cs was found to be - 0.5 eV downshifted 
from the corresponding peak of graphite at - 4. 7 
ev. Since C8Cs and C8K have the same in-plane 
structure and identical reflectivity spectra3 • 11 

(from 0,5 to 2.85 eV), their electronic band struc
tures should be similar. The above facts indicate 
that INK6 did not predict the correct interband 
transition energy, and therefore their calculated 
Fermi surfaces are somewhat doubtful. 

The 2.5-eV peak in the loss function of C8K can 
be interpreted mainly as a collective oscillation 
due to the free carriers donated by the potassium 
atoms. The position 9f this plasmon peak is con
sistent with the optical reflectivity measurement3 ' 11 

(from 0.6 to 2.85 eV) which shows a reflectivity 
minimum at 2.6 eV. The optical transmission25 

of C8Cs also shows an absorption minimum at 
2.7 ev. 

Finally, we note that the difference of the over
all intensities of Im[ E (w)] of graphite and C8K in 
Fig. 2 is mainly due to the difference of carbon 
densities in graphite and C8K. We have calculat
ed neff(w), the effective number of electrons per 
carbon atom (or per CK118 unit) participating in 
transitions up to liw ,12 for both graphite and C8K 
from the corresponding Im[ E(w)], and have plot
ted the results in the inset of Fig. 2. The result 
for graphite is consistent with the published 
data.12 The nerr(w) of C8K is comparable to that 
of graphite within the experimental error. (The 
absolute intensity of dielectric functions derived 
from electron-energy-loss spectra is reliable to 
15%.12) The intercalated potassium atoms are ex
pected to contribute 0.125 to the neff(w) of C8K 
for liw exceeding a few eV.26 Otherwise, both 
nerr(w) should be similar. 

We conclude that the two-dimensional rigid
band model together with the zone-folding scheme 
can qualitatively describe the band structures of 
C8K in considering the interband transitions. The 
shifts and splittings of the interband transition en-

ergies are of the order of 10%, We find that the 
band-structure calculation of DiVencenzo et al.7 

yields a value for the M/ -M4- interband transi
tion energy which is in agreement with our ob
servation. 
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