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Intercalant vibrations in a graphite intercalation compound observed
by infrared reAectivity at a graphite-germanium interface
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We report on a new method to observe intercalant vibrations in graphite intercalation corn-

pounds (GIC) using ir reflectivity. It is shown that, under certain conditions, phonons affect the
reflectivity, at an interface between an ir-transparent material (IRTM) and an intercalated graphite
sample, much more than at an air-sample interface. The results of reflectivity measurements as a
function of the angle of incidence support the theoretical analysis and provide the dielectric tensors
for pure highly oriented pyrolytic graphite and for stage-1 C/AsF5 GIC samples. Using these re-
sults we calculate the relative sensitivity of reflectivity spectra to phonon contributions as a function
of the angle of incidence. %'e show that the sensitivity has a maximum at an angle 0, for which the
electromagnetic radiation in the graphite propagates parallel to the graphite surface. We also
present in situ measurements of the reflectivity as a function of photon energy. The spectra display
the evolution of the A2„mode at different intercalation times as well as five lines which correspond
to vibrations of AsF3, AsF5, AsF6, and possibly As2F» . The line shapes are also clearly ex-
plained.

I. INTRODUCTION

The observation of intercalant vibrational frequencies
has been difficult both in Raman and in ir reAectivity
measurements. While in Raman reAectivity a general
method has been found which facilitates the observation
of intercalant vibrational modes, the use of ir reAectivity
still presents difficulties. In graphite and, in particular, in
graphite intercalation compounds (GIC's) the reflectivity
is essentially governed by the free carriers strongly dom-
inating the small contribution of the phonons. Conse-
quently the small phonon contributions cannot be seen.
In this paper we present a new method for observing in-
tercalant vibrations in GIC s, using infrared-reAectivity
measurements.

The lattice dynamics of graphite have been thoroughly
investigated both theoretically and experimentally.
Graphite has four atoms per unit cell. Thus it has alto-
gether 12 phonon branches. At the center of the Bril-
louin zone it has six different vibrational frequencies.
Two Raman-active, two ir-active, and two silent modes.
All the zone center vibrational modes had been experi-
mentally observed. In particular, the ir-active modes of
graphite have been observed by several authors and
their frequencies are 868 and 1588 cm

Upon intercalation the dynamical properties of the in-
tercalated compounds are expected to change in several
ways. The size of the Brillouin zone increases both in
the basal plane and along the c axis. Thus in principle
the vibrational branches fold back many times giving rise
to a large number of zone center modes which should be
detectable by optical methods. Dresselhaus and
Dresselhaus claim that the Raman mode at 600 cm ' in
stage 1 alkali is a folded M point. So far the only effect of
zone folding which has been observed in all GIC's is as-
sociated with the folding along the c axis. In Raman

scattering at stages n )2, one observes two lines near
1600 cm '. One line corresponds to the vibration of an
interior graphite layer, the other, to the vibration of a
graphite layer adjacent to an intercalant layer. The
difFerence between the E2 mode frequencies of the
bounding and the interior layers is about 20 cm '. Such
a splitting has also been observed in the Az„ ir-active
mode in C/HNO3. However, the observed splitting has
been only 6 cm ' in agreement with the calculations of
Algishi and Dresselhaus. In addition to changes in the
vibrations of the graphite layers, one expects to find the
internal vibrations of the intercalant molecules as well as
their vibrations relative to the graphite layers. The vibra-
tions of alkali ions relative to the carbon lattice have been
observed by neutron scattering but the other vibrations
have been observed only in very few instances.

It should be stressed that observing the intercalant
modes is important in several ways: It can provide infor-
mation on the actual species present in the intercalant
layers; it may provide information on how they are
stacked and finally if the experiment is done in situ it
may provide information on the intercalation process and
on structural phase transitions. A beautiful example of
such an investigation is the study of Br2-intercalated
graphite io'& i

A successful method for observing intercalant vibra-
tions was developed by Conrad and Strauss. It consists
of preparing a 50-pm-thick GIC sample, cut with its sur-
face perpendicular to the a axis and measuring its ir tran-
mission spectrum. This method gave very nice spectra.
However, the sample preparation is exceedingly difficult
and it can be used only for stable compounds.

In this paper we propose a new method for measuring
intercalant vibrational frequencies. It consists of measur-
ing the ir reAectivity at the interface between an ir trans-
parent material (IRTM) such as germanium and the c
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surface of a GIC sample. We shall show that under cer-
tain well-defined conditions such an experiment leads to a
significant enhancement of the intercalant vibrations sig-
nal as compared to ordinary normal incidence reflectivity
measurements.

Our paper is organized as follows: In Sec. II we ana-
lyze the reflectivity at an interface between an IRTM and
a GIC. In this section we determine the conditions for
highest sensitivity in observing vibrational modes. In
Sec. III we describe the setup for in situ measurements of
the reflectivity as a function of the angle of incidence.
These measurements are necessary in order to determine
the parameters for the spectral measurements in which
the intercalant vibrations are actually studied. The ex-
perimental results are fitted theoretically and from the fit
parameters we calculate the sensitivities for observing in-
tercalant vibrational modes. The spectral measurements
and the experimental results are described in Sec. IV.
The observed spectra are discussed and interpreted in
Sec. V. A brief summary and conclusions are provided in
Sec. VI.

IR transparent
material (IRTM)

I.O

grophite

(a)

(b)
II. THE REFLECTIVITY AT THE INTERFACE

QF AN ir TRANSPARENT MATERIAL
AND GRAPHITE

—90
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incidence angle (deg)

Graphite-intercalation compounds are very anisotropic
materials. Electrons or holes are quite free to move in
the basal plane. Perpendicular to this plane, in particu-
lar, in acceptor-type compounds, the mobility is very low.
The ratio between the conductivities parallel and perpen-
dicular to the basal plane is of the order of 10 . This an-
isotropy reflects itself also in the optical dielectric func-
tion. Perpendicular to the c face e~ is conventional,
namely, its real part is positive and not very large. Paral-
lel to the c face, e~~ is dominated by the plasma oscilla-
tions and can be expressed in the following form:

2

2
CO l CO/

where co is the plasma frequency, y a phenomenological
damping constant, and eo is the high-frequency dielectric
constant.

In the frequency range of the vibrational modes, which
is of interest here, we are below the plasma edge. Thus
the real part of the dielectric constant is negative and
large. Under these circumstances and assuming a limit-
ing case of a zero imaginary part, the. reflectivity from the
surface is unity for any angle of incidence.

The basic idea proposed here is to take advantage of
this large anisotropy so as to obtain a large sensitivity to
the phonon contributions in the reflectivity spectra.

We consider a plane EM wave with wave-vector K in-
cident at an angle 9 with respect to the normal to the in-
terface as shown in Fig. 1(a). We assume that the light is
polarized with the electric-field vector in the plane of in-
cidence. The other polarization is less interesting because
the reflectivity in this case depends on e~~ only. The
parallel component of the wave XII is of course the same
for the incident, reflected and transmitted waves. Using

FIG. 1. (a} ReAectivity measurement diagram. K; and K„
are the wave vectors of the incident and rejected beams, respec-
tively. (b} The reQectivity as a function of the incidence angle
for an extreme case of a real graphite dielectric tensor. e~~ (0;
e~G) o.

EM wave theory we find that the wave-vector com-
ponents on both sides of the interface obey the following
relations. On the IRTM side,

Y=H/E„=(K +K„/K )/ p .

The corresponding admittance on the graphite side is

YG H G/E G
( K G +K 2 EG /K G ~G) /~p

(4)

The reflection coefficient which is the ratio between the
reflected and incident electric fields is then expressed in
the form

I=(Y—Y )/(Y+Y )

and the reflectivity is given by

where e is the dielectric constant of the IRTM. On the
graphite side,

X~2e6 je~+E' =~2pe~
II

we define an admittance F to be the ratio between the
parallel components of the magnetic and electric fields.
Thus on the IRTM side,
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To understand the angular dependence of the
reAectivity we consider first the ideal case, namely we as-
sume that the imaginary part of the dielectric constant is
zero. Since we are interested in frequencies which are
below the plasma edge, p~~

&0. Thus if &&p&, K& is neg-
ative for any Eii consistent with Eq. (2). This is, in fact,
the case when the IRTM is air. Consequently the
reflectivity is equal to unity for any incidence angle 0. If
on the other hand e) e~, for K~~ & co pe~, E~ is positive.
In this case the reflectivity can become less than unity,
namely the EM wave propagates in the graphite sample.

We shall refer to the angle of incidence which satisfies
the above condition as the critical angle defined as:

~K~ sin g, =co pe

The reAectivity as a function of the incidence angle is
shown for this ideal case in Fig. 1(b). If the beam is close
to normal incidence it is totally reflected. Above the crit-
ical angle 0„ the reflectivity becomes less than unity. 0,
is a very special angle. At this angle, the EM wave in the
graphite propagates parallel to the surface and its electric
field is perpendicular to the surface. Namely, it is com-
pletely insensitive to the negative parallel component of
the dielectric tensor. Notice that under these ideal condi-
tions the reAectivity becomes even zero for a certain an-
gle 0b.

To find the sensitivity of the reAectivity to changes in
the dielectric constant, we have to calculate the deriva-
tive dR/de for different components of e . It is easily
seen from Eqs. (4)—(6) that changes in ei~ affect the
reflectivity only very little. On the other hand, a change
in e~ has a large efT'ect on the reAectivity with the deriva-
tive approaching infinity at the critical angle. In Sec. III
we shall present a series of experiments which confirm
the theoretical considerations of this section. The experi-
ments also provide us with the actual parameters of the
system. This allows us to calculate and optimize the sen-
sitivity of the reflectivity system to vibrational features.
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FIG. 2. The intercalation chamber for the in situ measure-
ments.

rod. The bellows facilitates the motion of the pressing
rod while keeping the intercalation chamber air tight.

The system for measuring the reflectivity as a function
of the incidence angle is shown in Fig. 3. The ir light
emanating from the monochromator is focused on the
sample using a ZnSe lens. This lens is transparent to
both ir and visible light. The ir light penetrates into the
germanium and is reflected from the graphite germanium
interface. The light is then focused by a germanium lens
onto a Golay cell detector.

The system is aligned using a He-Ne laser. The laser
light is focused by a cylindrical lens which is placed at a
focal length distance from the center of the Ge cylinder.
Thus, if the system is properly aligned the laser reAected
from the cylinder's surface retraces back to the laser and
to the exit slit of the monochromator independently of
the angle of incidence relative to the graphite plane (see
the heavy line in Fig. 3). The two slits are used in order
to limit the divergence of the ir beam. This improves the
accuracy of the measurement.

III. DEPENDENCE OF REFLKCTIVITY
ON THE ANGLE OF INCIDENCE

A. Experimental

The measurement of the reflectivity as a function of the
incidence angle is performed during in situ doping. This
in situ procedure was chosen because the GIC sample can
be kept in a we11-defined stage only if the vapor pressure
of the intercalant is maintained. The intercalation unit is
described in Fig. 2. The sample is attached to the ger-
manium half-cylinder. When the graphite is thin enough
(less than 50 pm) it easily attaches itself to the germani-
um surface. A circular chamber is pressed to the Aat sur-
face of the germanium half-cylinder. Using a viton 0
ring between them, the germanium and the chamber
define a hermetically sealed volume in which the inter-
calation takes place. To perform the ir reAectivity mea-
surement, the sample is pressed to the germanium surface
using a viton cylinder. The pressure is released to contin-
ue the intercalation. The motions of the viton cylinder
are controlled by the pressing screw through the pressing

He- Ne laser

grap

narrow
lt

t t &cylindrical lense

rllono

~

chromator

FIG. 3. Schematic diagram of the setup for the measurement
of reflectivity as a function of the angle of incidence. The heavy
lines with the arrows represent the path of He-Ne laser light;
The light lines represent the ir beam.
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B. Experimental results and analysis I .0 I I I I I II II
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The measurements were carried out on highly oriented
pyrolytic graphite (HOPG) samples, intercalated with
AsF5. The wavelength was 5 pm. Other wavelengths
were also used but their results are consistent with the 5-
pm results so they will not be presented here. The results
for the HOPG and the stage-1 intercalated GIC are
shown in Figs. 4 and 5, respectively. The shape of the
reflectivity curve of the GIC (Fig. 5) is indeed consistent
with the ideal reflectivity curve shown in Fig. 1(b). The
reAectivity of the beam polarized in the plane of in-
cidence has indeed a deep minimum. On the other hand,
the reAectivity of the perpendicularly polarized radiation
has a monotonic behavior. The reAectivity of the HOPG
(Fig. 4) is substantially different. This is because the
parallel dielectric constant of the graphite cannot be de-
scribed by a plasma-type dielectric response.

Both reAection curves were fitted with calculated
reOectivities using the components of the dielectric tensor
and a minute air gap as parameters. It was found that
even a very small gap between the graphite and the ger-
manium, which can be hardly avoided, has a significant
inAuence in the experiment on the reAectivity. The pa-
rameters for the HOPG are the following: all,

=3.0;
e~~,

= —44. 1; e~, =3.5; e~,. = —0.66; the gap is d =0.09
pm. The parameters for the GIC are the following:
co =3.2 eV; y=0. 16 eV; e~„=1.87; e~;= —1.28; The air
gap d =0.135 pm. From co& and y one can calculate the
parallel component of the dielectric tensor: e~~„= —110

74.
We checked the fits for interdependences among the

parameters and found one interdependence in the GIC
sample and one in the HOPG. Therefore the value of one
of the parameters in each sample was taken from previ-
ously published work. For ~z we took an intermediate
value between the results of Hanlon et al. ' and Saint
Jean et al. ' In the HOPG we took the value of eII, from
the work of Phillip. The fit results are shown in Figs. 4
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FIG. 4. The reflection coefficient as a function of the angle of
incidence for HOPG. o, in-plane polarization; X, out-of-plane
polarization. The lines represent the theoretical fit (the parame-
ters are discussed in the text).
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FIG. 5. The reflection coefficient as a function of the angle of
incidence for stage-1 C/AsF& GIC. o, in-plane polarization; X,
out-of-plane polarization. The lines represent the theoretical fit
(the parameters are discussed in the text).

and 5. All the features of all the curves are very well
reproduced.

Using these parameters we can now evaluate numeri-
cally the sensitivities of the reAectivity to changes in the
dielectric constant of the HOPG and the GIC. The re-
sults are shown in Fig. 6. The sensitivities are calculated
for 5- and 15-pm ir light for the GIC and the HOPG
samples. We show only the sensitivities for changes in
the perpendicular components of the graphite dielectric
constant because as expected the sensitivities to changes
of the parallel component of the dielectric constant are
negligible in comparison. Several features should be not-
ed.

(a) The incidence angle at which the sensitivity is larg-
est is almost independent of the wavelength.

(b) As expected, the sensitivity for light polarized in
the plane of incidence is much larger than that for the
out of plane polarization.

(c) In HDPG the sensitivity for changes in the imagi-
nary part of the perpendicular dielectric constant is
larger than for changes in the real part. The situation is
reversed in the GIC sample. This feature will be impor-
tant later on for the interpretation of the ir reAectivity
spectra.

We also calculated the sensitivities of the air graphite
reAection to changes in the graphite dielectric constant.
At normal incidence they are at least 2 orders of magni-
tude smaller than the corresponding values of germanium
graphite reAectivity. At 45 the ratio is seven.

In conclusion the sensitivity for observing the phonon
contributions in ir reAectivity measurements from an in-

terface between an ir transparent material and graphite at
the proper angle is close to 2 orders of magnitude larger
than that found in ordinary normal incidence reAectivity.
Moreover, by properly choosing two appropriate measur-
ing angles it is possible to determine the real and imagi-
nary parts of the dielectric tensor contributed by the pho-
nons.
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FIG. 8. (a) The normalized reAectance between 600 and 900
cm '. (b} The ratio between the reference spectrum at the start
and the end of the intercalation process.
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FIG. 7. Normalized reAectivity between 825 and 900 cm
for different intercalation times.

The ir spectrum between 600 and 900 cm ' of stage-1
GIC is shown in Fig. 8. The structure observed is due to
the intercalated graphite. The spectrum of the pure
graphite in this range, is smooth except for the graphite
line at 863 cm '. Reference spectra were taken during
each intercalation step, when the graphite had to be re-
moved temporarily from the germanium. These refer-
ence spectra did not change after the different steps, ex-
cept for a small spectral feature near 638 cm ', probably
from some specimens sticking on the germanium. %'e
therefore disregard this feature in all spectra. Notice that
the remaining spectrum consists essentially of a series of
dispersion shaped lines. The interpretation of these lines
will be discussed in Sec. V.

V. DISCUSSION

Each ir-active mode contributes a term e~ to the dielec-
tric tensor of the sample. The form of this term is

E~ 3 /( cd —coo+ l coI )

The imaginary part of this contribution has the shape of
a Lorentzian whereas the real part has the form of a
dispersion curve. The sensitivity curves shown in Fig. 6
indicate that at an incidence angle of 45 the reflectivity
of HOPG is much more sensitive to changes in the imagi-
nary part than in the real part. Thus one would expect
that for pure HOPG the phonon line shape will be close
to a Lorentzian. On the other hand in the case of the
GIC the reAectivity is sensitive almost exclusively to
changes in the real part of the dielectric constant. Thus
the line shape should be that of a dispersion curve. These
features are indeed observed in both Figs. 7 and 8. As
stated in Sec. III, the reAectivity is much more sensitive
to changes in the perpendicular component of the dielec-
tric tensor than in the parallel component. Thus, essen-
tially only modes which are ir active in the C direction
are expected to appear. In agreement with previous
work, we attribute the appearance of a second graphite
line to vibrations in the graphite bounding layer. Thus
when only the second line is present the material is in
stage 2.

The A2„vibration is ir active only as long as there are
at least two adjacent graphite layers involved. This mode
of vibration becomes ir inactive when the graphite layer
is sandwiched between two intercalant layers, assuming
that the interaction between the graphite and the inter-
calant layers is very weak. This explains the disappear-
ance of the A2„line after a long time of intercalation,
when the sample is presumably in stage 1.
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TABLE I. The frequencies of ir-active modes of the di6'erent chemical species found in AsF, inter-

calated graphite.

Chemical
species

Point
group Representation

In gas
(cm ')

In cond.
matter
(cm ')

Present
experiment

(cm ')

AsF3
AsF3
AsF5
AsF5
AsF6
As2F) )

C3,
C3U

D

Oh

D2~

g tl
2

Et
F,„

699 (Refs. 18 and 19)
738 (Refs. 18 and 19)

784 (Ref. 20)
811 (Ref. 20)

644 (Ref. 19)
715 (Ref. 19)

699—710 (Ref. 21)
650—770 (Ref. 22)

665
710
777
800
710
742

According to our interpretation of the line shapes, the
line positions should be measured at the points of largest
slope. We observe five lines: P1-665, P2-710, P3-742,
P4-777, and P5-800. In general, it is expected that upon
intercalating graphite with AsF5 a chemical reaction
takes place producing AsF3, AsF~, and AsF6 . Several
authors, ' ' have suggested that in addition to these
species there is also some As2F» present.

The frequencies of the di6'erent vibrational modes of
these species in the gas and in condensed matter form are
given in the range between 600 and 900 cm ' in Table I.
Also shown in the table are the point symmetries of the
species and their representations. It should be pointed
out that the vibrational frequencies of ir-active modes are
larger in the gas form than in the condensed matter form.
The reason is that in the condensed form the dielectric
surrounding the electrical dipole of the molecule reduces
the electrostatic energy associated with it, thus reducing
the e6'ective force constant of the vibration. This in turn
reduces the frequency of the vibration. Thus the frequen-
cies we measure should be lower than the frequencies
measured in the gas phase but may be slightly larger or
smaller than the frequencies measured in the condensed
matter form (these values depend on the specific system
involved). Using these considerations and the values list-
ed in the table we have suggested a tentative interpreta-
tion of the observed lines. This is shown in the last
column of Table I. These results strongly confirm what
has been known from chemical considerations namely
that As F5 intercalated graphite contains also As F3,
A F, dpo 'bly A F„

VI. SUMMARY AND CONCLUSIONS

The ir reflectance at an interface between an infrared
transparent material and a graphite sample has been ana-
lyzed. It is shown that, under certain conditions part of
the ir radiation penetrates into the graphite sample and
propagates in it even if the optical dielectric constant of

the graphite parallel to its surface is negative. The condi-
tions are as follows.

(a) The light is polarized in the plane of incidence.
(b) The optical dielectric constant of the IRTM is

larger than the perpendicular component of the graphite
' dielectric tensor.

(c) The angle of incidence is larger than a critical angle.
We also calculate the sensitivity of such a reflectance

meaurement to phonon contributions and we show that it
has a peak close to the critical angle. The sensitivity at
the peak is larger than the sensitivity of ordinary
reflectivity at an air graphite interface at normal in-
cidence by more than 2 orders of magnitude. Measure-
ments of the reflectivity as a function of the angle of in-
cidence support these conclusions and provide the values
of three out of the four, dielectric components of the
graphite.

To demonstrate the power of this technique we mea-
sured the ir reflectivity spectra of graphite intercalated
with AsF&. The measurements were done in situ and
show the evolution of the A2„graphite line with inter-
calation time. In addition five intercalant lines are ob-
served for the first time by ir reflectivity.

This method opens up the way to study systematically
intercalant vibrations in any acceptor type GIC's. More-
over the fact that it can be done in situ provides the pos-
sibility to study various structural phase transitions
through their eFects on the dynamical properties of the
graphite layers and the intercalants.
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