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VIBRATIONAL EXCITATIONS OF PURE FeCI 3 AND GRAPHITE INTERCALATED WITH FERRIC CHLORIDE + 
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The polarized Raman spectra of crystalline FeCI 3, and of stage 1 and 2 graphite- 
FeCI 3 intercalation compounds have been obtained. The observed Fe~l 3 derived 
modes are assigned vibrational species according to the space group C~i (R3) for 
the pure crystal and the D3d layer factor group for the intercalated compounds. 
Measurements show that FeCI 3 intercalated in graphlte maintains its layer structure, 
no evidence for monomerlc FeCI 3 or dlmerlc Fe2CI 6 being observed. There is also 
no evidence for FeCI 2 layer stochlometry. 

It was first shown in 1932 by Thlele 1 that ferric 
chloride wil l  intercalate graphite. Since that initial 
observat|on the ferric chloride intercalant has become 
one of the most heavily studied rlvaling C M M = K, 

n 
Rb, Cs and C Br for the sheer volume of independent n 
investigations of which it has been the focus. 2 To date 
however there have been no studies of the vibrational 
excitations and lattice properties of graphlte-FeCI 3. 

Such studies and particularly those carried out using 
the Raman spectroscopic technique have proved indis- 
penseble to the understanding of the physical properties 

of the alkali metal 3'4"5 and bromine intercalation 
compounds. As we shall now show such techniques are 
also fruitfully applied to graphite-FeCI 3. 

As the result of an excellent electron diffraction 
and x-ray diffraction investigation of graphlte-FeCI 3 

by Cowley and Ibers 6 a great deal is known about the 
structure of graphite-FeCI 3 which is intrinslcally 

interesting and somewhat unique. Consider first pure 
FeCI 3. It is, llke graphite itself, a layer crystal but 

with the Bil 3 structure for which the hexagonal non- 

primitive unit cell consists of three layers each con- 
7 

talning 2 FeCI^ units A aiven laver in this struc- 
ture is compose~l of a layer of iron atoms sandwiched 
halfway between two distinct layers of chlorine atoms 
in such a way that the iron atoms are octahedrally 
coordinated to six chlorine atoms with the three fold 
axis of the chlorine octahedra parallel to the c axis 
of the crystal. This layer structure and the layer 
primitive cell are shown in Fig. 1. Notice from Fig. 1 
that the chlorine atoms within a layer form a triangular 
lattice whereas the iron atoms form the more open 

honeycomb structure identical in form to the layers in 
graphite. If the sltes at the centers of the iron hexa- 
gons were also occupied the layer sandwiched would 
have FeCI 2 stoichlometry and the resultant three 

dimensional crystal would then have the CdCI 2 struc- 
7 

tUre. 
One of the most intriguing things about the 

graphlte-FeCI3system is that upon intercalation FeCI 3 

enters the graphite planar interstices as layers with 
essentially the same structure that obtains in pure 
FeCI 3. In particular for the stage 1 compound 

C6.6FECI3 the iron atoms form two dimensionally 

ordered domains of typical size 1000 ~ and with an 
layer structure identical to that in pure FeCI3. 6'8 iron 

However, the iron lattice is incommensurate with the 
graphite lattice the a axis laffice parameters being 

respectively 6.06 ~ and 2.46 ~k. 6 Therefore, the 
chlorine atoms tend to retain an undistorted octahedral 
coordination about the iron atoms identical to that in 
pure FeCI 3 and simultaneously occupy preferred sites 

assoclated with the carbon host. As a result of these 
competing conditions the chlorine atoms lose long range 

( ~ 1000 ,~) two dimensional order and randomly 
occupy the preferred sites. Nevertheless the dlstortlons 
of the octahedra engendered by preferred site occu- 

pation are small (~ 3 ° relative rotation of the chlorine 
triangles, 2'2'2' and 2 2 2 in the octahedron of Fig. la,  
about the c axis of the layer). Therefore in what fol- 
lows we shall ignore the above mentioned distortions 
and assume that the intercalated FeCI 3 layers in 
graphite-FeCI 3 have the same structure as in pure 
FeC 13 . 
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2 cell of FeCI 3. The nonprlmitive hexagonal C3i 

The intersection of each chlorine plane with 

the cell surface is indicated. Also shown is 

the triangular (6-fold coordinated) CI plane 

structure, the hexagonal (3-fold coordinated) 

Fe plane structure, and an FeCI 6 octahedra. 

The D3d primitive unit cell of an FeCI 3 

sandwich layer viewed along the c axis 

normal to the layer. Relative sizes of 

chlorine and iron atoms are not to scale. 
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Samples of graphite FeCI 3 were prepared from 

anhydrous FeCI 3 and highly oriented pyrolytic graphite 

(HOPG) using the two zone method and vapor pressure 

isotherms reported by Hooley. 9 The sample stage was 
established from measurements of 00~ x-ray spectra 
which were made in situ, except as noted. X-ray 
measurements were made on a G.E. powder dlffracto- 
meter using Mo K c~ radlation. Raman spectra were 
recorded at room temperature in the backscattering 

configuration using 5145 ~ or 4880 ~ argon laser 
excitation. 

An important point is to be made regarding sample 
homogeneity. A homogeneous stage 1 sample was not 
obtained even after prolonged heating at temperatures 
reported to produce homogeneous stage I in 200 mesh 

9 
natural graphic flakes. An 8 mm x 12 mm x .2 mm 
sample (dimensions before intercalation) heated for a 
total of 4 days showed x-ray lines of both "pure" stage 
1 and HOPG. "Pure" is used here in the sense of Metz 

10 
and Holwein to denote uniform stage regions large 

enough to produce narrow (42 9 < .2 °) x-ray reflections. 
The Raman spectra of this sample showed only stage 1 
bands. The sample was then heated with TFeCI 3 = 

400°C and Tgraphit e = 410°C for one day. After this 

the x-ray spectrum indicated a pure stage 2 while 
Raman measurements indicated a 50-50 mixture of stage 
2. An 8 mm x 6 mm x .2 mm sample had stage 1 and 
HOPG x-ray reflections and a stage 1 Raman spectra 
after being heated at stage 1 temperatures for 38 hrs. 
After 7 days both x-ray and Raman in sltu measurements 
indicated pure stage 1. However when removed from 
its preparation tube and cleaved, the inside surface 
showed evidence of both stage 1 and HOPG in its 
Raman spectrum. X-ray reflections still indicated only 
stage 1. 

We chose Mo Kc~ radiation to excite the x-ray 
spectra because the pyrex sample preparation tubes are 
relatively transparent at that energy. The "sampled 
depth" ( ~ 1/2 the penetration depth) of Mo Kc~ radi- 
ation is ~ .2 mm for stage 1 and stage 2 graphite 
FeCI 3. In contrast, other reported x-ray measurements 

10 of homogeneous compounds used Cr K ~ radiation. 9 
The "sampled depth" of this radiation is ~ 2.5 x 10 -= 
mm, making sample inhomogeneities much lessapparent. 

The 5145 ~ and 4880 ~ light used for Raman measure- 
ments samples even less; approximately 3 x 10 -6 mm. 
Because the Raman experiment samples very l itt le depth 
along the c direction, i t  probes inhomogeneities 
primarily in the a direction. We report data on 
samples which are homogeneous pure stages to the limi~ 
of the penetration depth of visible radiation. Sample 
preparation and homogeneity wil l  be addressed in more 

11 detail elsewhere. 
Pure FeCI 3 crystals were prepared by vapor 
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transport during the intercalation process and grew at 
the cooler end of the sealed evacuated pyrex tube. 
The crystals of typical dimensions 3 mm x 3 mmx .5 mm 
exhibited a clearly defined hexagonal morphology and 
dark green mirrorlike surfaces. They too were studied 
in situ, a necessity given the extremely hygroscopic 
character of FeCI  3 .  

Polarized Raman spectra of both graphite-FeCI 3 

and pure FeCI 3 were recorded at room temperature and 

were excited with the 4880 ~ and 5145 ~ argon laser 
excitation lines using the back scattering geometry. 
Since stages 1 and 2 graphite FeCI 3 and FeCI 3 itself 

are unlaxial layer materials the group theoretical 
symmetry species of their vibrational excitations 
could be determined with incident radiation propagating 
along the "c" axis irrespective of the orientation of the 
a a x i s ,  

As noted above, FeCI 3 crystallizes in the Bil 3 

structure and has space group symmetry C321 (R3) with 
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7 2 molecular units in the rhombohedral primitive cel l .  
Its vibrational excitations transform according to the 
irreducible representations 

cryst. 
Pvib. = 4 A  + 3 A  + 4 E  + 3 E  g u g u 

The 4 A + 4 E modes are Raman active while the 
g g 

3 A + 3 E modes are infrared active. 
U U 

Consider also the FeCI 3 layers from which the 

three dimensional structure is built up. As can be seen 
from Fig. 1 the layer has factor group symmetry D3d 

and its primitive cell also contains two FeCI 3 units. 

The vibrational excitations of the layer transform 
according to the irreducible representations of the D3d 

point group as follows: 

£ layer 
v ib .  = 2 A l g + 2 A  2 g + 4 E g + A l u + 2 A 2 u + 3 E  u . 

Fig .  
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The polarized Raman spectra of single crystal FeCI 3. The spectra were excited 

with 25 mw of 5145 ~ argon laser radlatlon and recorded in the backscattering 

configuration using a spectral silt wldth 4.7 cm -1 . Note that the abscissa are 

linear in wavelength rather than wavenumber. 
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F i g .  3 The Raman spectra of stage 1 and stage 2 graphite FeCI 3 compared with the 

corresponding spectrum of pristine HOPG. The spectra were excited with 

100 mw of 5145 ~ argon laser radiation and recorded in the backscattering 

configuration using a spectral silt width 4.7 cm -1. The feature of 555 cm -1 

in the spectrum of the stage 2 compound is due to CI 2 vapor which was intro- 

duced at a pressure of 1 atom prior to sealing off and heating the sample tube. 

Note that the abscissa are linear in wavelength rather than wavenumber. 

Of these 2 Alg + 4 Eg or six modes are Raman active. 

and excitations of the Note that both the Alg A2g 
layer correlate to the A modes of the crystal whereas 

g 
the E layer modes correlate to the E crystal modes. g g 

In Figs. 2(a) and (b) we show the polarized 
Raman spectra of pure FeCI 3 single crystals. The 

and E spectrum labelled Jl, Jl wi l l  contain both Alg g 

modes whereas that labeled l I, " wi l l  contain only 
the E modes. This distinction results from the structure g 

and E of and the fact of the ~man tensors for Alg g C31 

that the former which contains no off diagonal elements 
is invariant under rotations about the optic axis. Six 
of the eight group theoretically predicted modes of 
FeCI 3 are observed and their positions and symmetry 

species are labeled in Table 1. By comparison with12 
the spectra of other crystals with the Bil 3 structure 

-1 
the weak mode at 341 cm is identified as having Alg 

symmetry but this designatio~ is somewhat uncertain. 
The Raman spectra of graphite FeCI 3 may be 

divided into two regions: a high frequency region 
consisting of graphite intralayer modes and a lower 
frequency region consisting of intercalant modes. 

Fig. 3 shows the complete spectra of stage 1 and 
stage 2 graphite FeCI 3 and pristine HOPG. We wi l l  

concentrate first on the high frequency reglon. As 3 
expected from the nearest layer model of Nemanich, 
Solin and Guerard the samples show a single sharp 
depolarized band in this region. This band is associated 

-1 
with the E2g 2 1580 cm intralayer mode of the hexa- 
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Fig. 4 The polarized ~manspectra of the intercalant intralayer modes of stage 1 

graphite FeCI 3. The spectrumofstage2graphite FeCI 3 is identical except for 

a scale factor due to smaller concentration. The spectra were excited with 

100 mw of 5145 ~ argon laser radiation and recorded in the backscatterlng 

configuration using a spectral slit width 4.7 cm -1. Note that the abscissa 

are linear in wavelength rather than wavenumber. 

gonal graphite network. 13'14•3 For a stage 1 com- 
pound in which each graphite layer is flanked on both 
sides by FeCI 3 layers, the mode is upshifted from the 

corresponding vibration of pristine graphite 13t 14 by 

46 cm -1 to 1626 cm -1. Similarly the stage 2 compound 
in which each graphite layer is flanked by one graphite 
and one FeCI 3 layer exhibits a high frequency mode 

-1 -1 
upshlfted by 32 cm to 1612 . 

Figure 4 shows the polarized ~man spectra of the 
-1) 

low frequency ( w < 400 cm region. All samples 
examined, including those of mixed stage, show identi- 
cal structure in this region. Four bands are observed 

one• with maximum intensity at 287 cm -1 • being quite 
broad and asymmetric. These bands are clearly intra- 
layer modes of the intercalated FeCI 3 layer. Stage 1 

and stage 2 therefore have the same FeCI 3 layer struc- 

ture. Our assumption that the optical vibrational 
spectra of graphite FeCI 3 can be analyzed by treating 

the FeCI 3 layers as structurally identical to those in 

pure FeCI 3 is borne out by the spectra of Fig. 4. For 

instances one expects 2 A1g modes for the intercalant 

layer excitations. We observe both at 139 cm -1 and 

287 cm -1 in the intercalated compound. Moreover• . 
those two modes• although slightly shifted by ~5 cm - I  
clearly correspond to layer excitations in pure FeCI 3. 

Two of the four group theoretically predicted E modes g 
are also observed. These too correspond to and are 
downshifted from modes of pure FeCI 3. 

It can be seen from the spectra of Figs. 2 and 4 
that the spectral features of the intercalant are some- 
what broadened relative to the corresponding features 
in pure FeCI 3. This broadening which is not of instru- 

mental origin is especially noticeable for the Alg mode 
-1 at 287 cm and is probably a manifestation of the 

disorder associated with the CI atoms which participate 
modes and three of the four E modes of the in both Alg g 

intercalant layer. 
Some of the FeCI 3 intercalate literature addresses 

the question of FeCI 2 content. Hooley has suggested on 
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and symmetry species of the Raman hands of graphite, FeCI3, and graphite-FeCI 3 

Pristine Pristine stage 1 stage 2 
HOPG (D64h) FeCI3 (C23i) graphite FeCI3 (D 1 ) graphlte FeCI3 (D1 d ) 

47 )a (E2g 1 

1580 (E2g 2) 

98 (Eg) 93 (Eg) 

142(A ) 139 (Alg) g 

164(Eg) 

186 (Eg) 181 (E)  g 

282 (Ag) 287 (Alg) 

354 (Ag?) 

139 (Alg) 

181 (E) g 

287 (Alg) 

1626 (E2g 2) 1612 (E2g2) 

asee Ref. 15. 

the basis of Mosshauer studies that at low temperature 
3% of the iron in the stage 1 compound is in a 2 + 

15 state. There is no evidence in our Raman spectra for 
FeCI 2 layer excitations which would have 

T~Iay ervib" = Alg + Eg and based on the_lspectra of FeCI 2_1 

crystals would occur at ~ 149 cm and 250 cm 
16 respectively. Moreover, o u r  Raman results not 

only clearly confirm that FeCI 3 occupies the graphite 

lattice as layers but we see no evidence for monomeric 
FeCI 3 or dimerlc Fe2CI 6 which are prominent compo- 

nents of the vapor produced during the intercalation 
process. The Raman spectrum of monomerlc FeCI 3 

which has symmetry C3v contains as expected two 

polarized and two depolarized bands which occulr_at 
69 (A1), 114 (E), 367 (A 1), and 460 cm -1 (E). .7 

The spectra of Fe2CI 6 contains additional features but 
18 its most intense hands correspond to those of FeCI 3. 

Thus the Raman spectra of FeCI 3 and Fe2CI 6 molecules 

are sufficiently distinct from the spectra we observe for 
the intercalation compounds that we conclude molecular 
forms of FeCI 3 if present constitute less than 1% of the 

intercalated species. 
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