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Using high-resolution electron diffraction we have studied the in-plane superlattice structure of
stage-2, -3, and -4 antimony pentachloride—intercalated graphite. We used an analytical scanning
transmission electron microscope with a microdiffraction resolution of 100 A. The samples were
examined over a wide temperature range (77-295 K) with no indication of any phase change.
Two previously unknown long-range superlattices, with structures (V31xV31)R+8.95° and
(V19X V19)R £23.4°, and unit cells with long-range molecular orientational ordering were found.

INTRODUCTION

Although graphite intercalation has been known for at
least 150 years,' it has only recently become the subject
of scientific investigation. The phenomenon of intercala-
tion has opened the door to a new field in two-
dimensional physics with many potential industrial ap-
plications. The high degree of structural ordering and
quasi-two-dimensionality of pristine graphite constrain
an intercalant to assume a similar structure, creating
two-dimensional structures out of materials which are
normally three dimensional. This constraint along with
low free-carrier concentration in room-temperature
graphite (=1Xx10~* free carriers/atom) (Ref. 2) coupled
with the ability to adjust the intercalant-to-carbon ratio
combine to make intercalated graphite an interesting ex-
perimental material. The ability to adjust the physical
parameters of this material allows the magnetic, electri-
cal, thermal, and phase properties of solid phenomena to
be studied in new ways. In addition, the high degree of
anisotropy of the graphite can produce variations in
these properties with direction by many orders of magni-
tude (parallel or perpendicular to the graphite ¢ axis).

The c-axis stacking structure and properties of inter-
calants within the host material were the first novel
properties to be studied in intercalated graphite materi-
als. From x-ray,>* electron microscopy studies,” and
neutron diffraction,® it has been found that the inter-
calant is arranged so as to form layered structures with a
constant number of layers of the host between each layer
of intercalant. The number of host layers is called the
stage number of the composite material. Graphite inter-
calation compounds (GIC’s) of well-defined stage num-
ber have been prepared with stage numbers from 1 to 11.
These and other studies have shown a sharp phase tran-
sition between stages as the intercalant density is varied.
This observation led to the Herold-Daumas model,
which describes the distribution of intercalant within the
graphite.” In this model the intercalant is grouped into
islands ranging in size from 100 A to a few micrometers
depending on the material. There are islands of inter-
calant between every pair of graphite layers with each
individual island maintaining the proper c-axis spacing
relative to other islands. All available data are compati-
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ble with the Herold-Daumas model. Until recently there
has been little direct evidence to support it. Levi-Setti
et al.® have reported direct imaging of intercalant is-
lands using a focused ion-beam microprobe. Kaluarach-
chi and Frindt have claimed to have observed the inter-
calation process taking place in Ag-TiS, in situ with an
electron microscope.” Thomas et al. studied the
electron-microscope lattice fringes of FeCl; intercalated
graphite and observed the discontinuity of intercalant
layers and the deformation of the graphite layers.'°

One of the more interesting properties of GIC’s is the
highly anisotropic conductivity!! (high in-plane, much
lower parallel to the ¢ axis) which can be achieved.'??
In some instances conductivities surpassing that of
copper [5.8x10° (Qcm)~!] are achieved, as in stage-2
AsFs which has a reported in-plane conductivity of
6.2 10° (Qcm)~ 1.2 Acceptor GIC’s, like GIC’s in gen-
eral, are also known for their catalytic properties.> The
metallic pentahalides generally intercalate into graph-
ite,!3 and form an interesting subset of the acceptor com-
pounds. Antimony pentachloride intercalants are among
the most widely studied intercalants for two reasons.
The physical properties of this GIC are unlike those of a
superposition of the pure materials, and it is one of the
most stable intercalants of graphite in air.!*!* The al-
tered physical properties are not surprising in light of
the fact that upon intercalation the molecule undergoes
the dissociation reaction:'®17

3SbCls+2e ~—>2SbClg~ +SbCl; .

Unlike some other metallic pentahalide GIC’s which un-
dergo this reaction, such as arsenic pentafluoride,'® it
has been reported that for SbCls the reaction does not go
to completion. There have also been reports that SbC,~
is present in the intercalated compound. Evidence for
the existence of more than one species of intercalant in
SbCls GIC’s comes from a number of different sources.
Boolchand et al. have used Mossbauer spectroscopy in
identifying all four species of antimony chloride.’® Us-
ing the same technique Friedt et al.?’° demonstrated a
2:1 ratio between the two ionic states Sb>* and Sb**.
Hwang et al. examined energy-dispersive x-ray spectra
and electron energy-loss spectra in identifying domains
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of SbCl; and SbCl, .1

There have been many in-plane structural studies of
SbCls GIC’s using a varety of techniques, frequently pro-
ducing differing results. Some of the discrepancies may
be explained by the differences in experimental methods.
There is a discrepancy between x-ray and electron
diffraction data in the temperature regime (180-210 K)
for stage n >2. Roth et al.?! have found that at low
temperatures and low electron beam doses (=3e "/
A?sec) the dominant in- plane commensurate superlattice
can be changed into an amorphous phase and that the
original structure can be recovered by annealing. This
commensurate to glass phase change seen at low temper-
atures using electron microscopy is not in evidence in x-
ray studies. There has been recent speculation that some
of the properties of SbCl; GIC’s may be different for
bulk and thin samples.?? These two techniques generally
use samples that are very different in thickness, a few
millimeters for x rays and less than a few thousand
angstroms for electron studies. Salamanca-Riba et al.?
have shown that this particular difference between bulk
and thin samples is the result of damage caused by the
electron beam. The interaction between the electron
beam and the sample produces the glass phase, not an
inherent difference in the samples

The most commonly seen in-plane crystalline structure
is a p(VIXV7)R+19.1° (Ref. 24) pattern, which is
stable from O to 425 K.2° Associated with this structure
is an amorphous phase which at ambient temperatures
produces isotropic diffuse halos concentric with the ori-
gin, k=0. On cooling the sample below ~230 K this
phase coalesces into a weakly incommensurate

b(V'39XV'39)R +16.1°. This structure has been corre-
lated with electron micrographs which display a striped
pattern with a periodicity of ~ 600 A2 This has been
1nterpreted as evidence for a mass-density wave (MDW)
in the intercalant layer produced by a modulated

b(V39xV39) structure. Other electron?>?”2% and X-
ray25 2 diffraction measurements show the b(V'39
X V39) at ambient temperatures coexisting with the

p(VTxV7) structure. As with the p(V7XV7) struc-
ture this structure undergoes a transition to a glassy
phase around 200 K when exposed to an electron
beam.?” The amount of the b(V'39x V'39) structure rel-
ative to the p(V7XV'7) structure seems to depend on
sample preparation conditions.?%3%3!

It has been found that the low-temperature structures
of these GIC’s are strongly dependent on the rate of
cooling.?$2%3233 In studying the de Haas—van Alphen
(dHvA) oscillations in SbCl; GIC’s it has been found
that if the time for cooling room temperature to ~200
K is less than 24 h a very complicated dHVA spectra is
observed independent of state (1-5). A slower cooling
rate produces a very simple dHvA spectra and presum-
ably a simpler in-plane lattice structure.

One theory postulates that upon intercalation the
SbCls molecule dissociates and forms islands (100-1000
A) of antimony-rich SbCl, and SbCl,~ with a back-
ground composed of SbClg~ and SbCl,.'® In this model
the islands form a commensurate (V'7XV7)R=*19.11°
lattice and the background is liquidlike in structure at
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room  temperature and coalesces into the (V39
X V'39)R £16. 1° lattice around 200 K. Others have stat-
ed that the islands are composed of a close-packed ar-
rangement of SbCl,~ forming the (V7XV7)R
+19.11° lattice.'”3* In this case the background is com-
posed of SbCl;. It has been suggested that the SbCl,
forms a (V39 V'39) lattice by palrmg up into an alter-
nating dimer structure with the Cl~ in contact with the
bounding graphite layers.?> Salamanca-Riba et al. have
used a computer-modeling technique to simulate their
electron-microscope micrographs and have determined
that the (V'7XV'7) is composed of a mixture of SbCl,
and SbCl,~.2* They also have suggested an electron-
beam-activated mechanism for the commensurate-to-
glass transition involving the creation of a metastable
Cl,™ and the reaction:

SbCl,~ +SbCl,—>SbCl; + SbCl,

Suzuki er al.*® have suggested another model based on

their work using electron-diffraction, specific-heat, and
static susceptibility measurements. They have proposed
that the room-temperature compound is composed of
two separate phases corresponding to the two dominant
species, SbClg~ and SbCl;. The majority phase (SbClg™)
forms a (V7 V'7) commensurate lattice which is stable
down to 210 K where it changes to a glassy phase. The
minority phase (SbCl;) is composed of locally commens-
urate domains (V7 X V7) separated by a regular domain
wall structure of discommensurations similar to the
low-temperature alkali-metal GIC’s.

In addition, some more complicated structures have
been observed which have been intepreted in terms of an
expansion of the basic (V'7xXV'7) superlattice. Homma
and Clarke? have reported b(14X14)R0° and b(28
X 28)R 0° unit-cell structures and interpreted them as be-
ing due to alternating dipole directions in SbCl; having
(V'7x V'7) spacings. o

Housar et al. have found that (V7 V'7) structure is
also stable at high pressures (14 kbar) but that the amor-
phous structure undergoes a phase transition to a very
complicated structure at 3 kbar.’* They have suggested
that along with a structural transition the SbCl; under-
goes an angular tilt such that its trigonal axes lie at some
angle to the basal plane normal.

METHODS

In this study we investigated stage-2, -3, and -4 an-
timony pentachloride—intercalated graphite compounds.
The samples were prepared by Dr. D. M. Hwang from
Bell communications Research Laboratory with highly
oriented pyrolytic graphite (HOPG) donated by Union
Carbide Corporation and high-purity SbCls. The stan-
dard two-temperature zone method was used and the
samples were intercalated gradually over a two-month
period to avoid exfoliation and ensure sample homo-
geneity.’® To examine the specimens we used a scanning
transmission electron microscope at a relatively low volt-
age of 26 kV. This technique dictated that our samples
had to be particularly thin. The mean-free-path length
of electrons in amorphous carbon at this energy is about
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400 A for elastic scattering and 260 A inelastic. The
graphite samples were prepared via a variation of the
tape and glue method.!® Specimens were repeatedly
frozen between two damp glass slides using dry ice. The
slides were then carefully pulled apart, cleaving the
graphite into successively thinner sections. By using ice
as the “glue,” specimen purity was more easily preserved
than with the more common sticky-tape methods. Even-
tually, the graphite was thin enough for use in the scan-
ning transmission electron microscope (< 1000 A). The
graphite sections were then suspended in distilled water
and scooped up onto a plastic microgrid. This technique
ensured that the samples came in contact with distilled
water only.

ANALYTICAL SCANNING TRANSMISSION
ELECTRON MICROSCOPE

A scanning transmission electron microscope (STEM)
which has been developed at the Enrico Fermi Institute
was used to gather the data.’” This STEM was
developed as an analytical microscope with a high probe
current and has been optimized for analyzing materials.
Operating in a medium voltage range up to 50 kV this
machine was built to combine flexibility with high per-
formance. It is possible to sequentially image a speci-
ment at high resolution (15-50 A), probe it in diffraction
space with 0.1 A~! resolution, and to take energy-loss
spectra of the transmitted beam with energy resolutions
of better than 0.2 eV. Two sets of changeable apertures
and three magnetic lenses allow the beam angle, current,
and resolution to be adjusted to optimize conditions for
the operating mode. The combination of a magnetic
lens above the accelerator and eight interchangeable
beam defining apertures allows the specimen probe
current to be adjusted with relatively little effect on
specimen resolution. High resolution can be maintained
at very high beam currents (up to =3X 107 — /A2 sec);
high enough to record a high signal-to-noise ratio
diffraction micrograph of a single layer of graphite in a
single raster scan (17 sec).

A second magnetic lens between the beam aperture
and the objective lens allows the beam angle at the speci-
men to be adjusted to optimize for the operating mode.
This allows diffraction data to be obtained for a range of
modes, from convergent to nearly parallel beam angles
at the specimen, trading off image resolution for energy
and diffraction resolution. In addition, five interchange-
able spectrometer apertures allow the collection angle to
be adjusted to optimize the spectrometer for any running
conditions. The data were gathered at a beam voltage of
26 kV, which resulted in an electron wavelength of 0.076
A and a Ewald diffraction sphere radius of 83.68 AL
A liquid-nitrogen Dewar was used to examine the sam-
ple behavior as a function of temperature (77-295 K).
Two different procedures were used to cool the speci-
mens, the first was to fill the Dewar and let the sample
equilibrate to 77 K in 15-30 min. The second pro-
cedure which we used was to cool the sample to about
210 K and hold it for 1-2 h at this temperature before
continuing the cooling process.
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COMPUTER

An interactive computer display system was developed
to analyze the diffraction data.’”® An IBM 4381-2
mainframe computer was used for computation and a
Metheus Omega 500 display system was used for imag-
ing and interaction. The system was developed to facil-
itate the measurement process in a flexible manner. Sub-
routines may be written and incorporated in many (com-
puter) languages including APL, allowing analysis to be
developed interactively. Our goals were to be able to
rapidly display the data and improve the signal-to-noise
characteristics of the micrographs. Secondly, we wanted
to analyze the micrographs, specifically diffraction pat-
terns. To do this, routines were written which use a
mouse-driven cursor to input a hypothetical unit cell.
The resulting diffraction pattern is then calculated and
displayed on the high-resolution monitor as it would be
observed in the microscope. This pattern can then be
overlayed onto the original data to compare the fit.
With the use of modern high-speed computers the many
calculations needed to find the structure factors from
even very intricate unit cells can be performed, in at
most, a matter of minutes. In this way many different
and very complicated but physically reasonable unit cells
can be rapidly examined until one is found that fits the
data satisfactorily.

EXPERIMENTAL RESULTS

Both dark-field imaging and diffraction pattern scans
show that the intercalant forms islands of higher density
on the order of a few hundred to a few thousand
angstroms in size. Our intercalated samples, as deter-
mined by transmltted energy loss spectra, were approx1-
mately =400- A thick (about 14 inelastic pathlengths in

_ pristine graphite), so we were typlcally looking at about

30 layers of intercalant. Figure 1(a) shows a micrograph
of stage-4 SbCls intercalated graphite, at a full scale of
11.2 pum. The elastic and inelastic images of different
stage samples were qualitatively indistinguishable. A
higher magnification picture of Fig. 1(a) is shown in Fig.
1(b) with a full scale of 2.8 um. The separation of the
intercalant into antimony-rich islands (SbCl; + SbCl, ™)
and metal-deficient background (SbCls + SbCl;™) com-
bined with the high collection efficiency of the STEM,
leads to very-high-contrast micrographs. The contrast is
still much lower than in similar micrographs of alkali-
metal GIC’s due to the molecular dissociation and rela-
tively smooth distribution of intercalant. The distribu-
tion of denser islands is also different from the alkali-
metal GIC’s. Whereas the islands of intercalated alkali
seem to be uniformly distributed with only small density
changes near HOPG domain boundaries, the denser
areas of SbCl, (x=3,4,5,6) are clustered around the
grain boundaries. A closer examination [Fig. 1(b)] re-
veals the island structure of the intercalant within the
graphite domains. Since the specimen thickness was be-
tween one and two pathlengths, multiple scattering is ap-
parent and is a significant factor in many areas in the in-
tensity of the intercalant dlffractlon spots farther out
than approximately 3.5-4 A~'. The absence of pro-
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nounced Kikuchi®® lines, however, tells us that we can
ignore effects from any scattering of higher than second
order.

The diffraction patterns and resulting simulated struc-
tures of the intercalant were different in each of the
three stages which we studied. Some of these were
structures which have not been previously reported in
antimony-pentachloride GIC’s. Although each of the
different stages had different in-plane superlattices, all of
the diffraction patterns from “islands” within a single
domain showed consistent superlattice orientations.
This indicates that regardless of the degree of staging or
c-axis correlation the intercalant lattices did have long-
range interactions and ordering. Another consistent fac-
tor among all of the samples and areas was the overall

( 2 _MICRONS

¥

(b)

FIG. 1.
calated graphite (full scale 11.2 um).
image of the same area (full scale 2.8 um).

(a) Dark-field STEM image of stage-4 SbCl; inter-
(b) Higher magnification
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radial modulation from the molecular structure factor of
the intercalant.

The stage-2 samples showed a number of different in-
plane structures. One structure which exhibited
(4X4)R +0° ordering over a very short range and was
seen in conjunctlon with amorphous rings at 1.3 and
2.03+0.5 A1, corresponding approximately to the spac-
ing for close-packed SbCl,. The dominant long-range
superlattice structure wh1ch was seen in the stage-2 sam-
ples was a (V31X V'31)R +8.95° lattice with amorphous
rings at 1.03 and 2.20+0.05 A‘1 which corresponds ap-
proximately to a V7 nearest-neighbor spacing. Figure
2(a) (£6.4 A~! full scale) shows an example of this type
of pattern. Figure 2(b) illustrates one possible unit cell
and its orientation relative to the graphite lattice. This
unit cell is the densest possible SbCl;~™ commensurate
superlattice possible and is within a few percent of the
density of a close-packed arrangement; its chemical for-
mula is SbCIsC,g ;. Unlike the (V'7XV'7) structure, for
SbClg~ this superlattice does not involve the overlap of
the chlorine ionic radii. The separation of molecules in
this unit cell is 7.876 A, which, based on 1onlc radii, is
nearly the diameter of one molecule (7.77 A). If some
multiple scattering, i.e., one graphite and one intercalant
interaction, which is consistent with the specimen thick-
ness and finite superlattice (island) size is assumed, then
the observed patterns can be fully explained. The more
commonly seen (V/7X V'7) superlattice structure is also
seen superimposed on some of these diffraction patterns.
Figure 2(c) is a schematic interpretation of the
diffraction micrograph of Fig. 2(a) with the size of the
dots representing the intensity of the diffraction spots in
the original data. The four ( + ) represent the diffraction
spots which are not fit by this model; they are at the
same radii as the first- and second-order graphite
reflections, but rotated, and are due to another graphite
domain. To fully explain these diffraction patterns it is
necessary to assume either short-range order along the
c-axis with a correlation length of 2-3 layers of inter-
calant, or a unit cell of 2—-3 molecules. A short-range
correlation along the c-axis in stage-2 SbCl; is consistent
with the results of Homma and Clarke.”’ A unit cell of
three SbCl; or SbClg~ molecules in the symmetry posi-
tions of a (V31 V'31) unit cell would be 68% as dense
as a (V7xV7) superlattice. This is more physically
reasonable than the low in-plane density that a single-
molecule unit cell on a (V31X V/31) lattice would other-
wise imply.

Figure 3(a) is a low magnification electron-diffraction
(£7.7 A~ full scale) from the stage-3 sample. The cen-
tral section of the pattern is shown in Fig. 3(b) (£1.9

~! full scale). This sample only exhibited one regular
super]attlce and amorphous rings. The regular lattice
was the commonly seen (V'7XV 7)R £19.1°, and the ra-
dii of the rings were 1.14 and 1.94+0.08 A~'. The first-
order spots were much more intense than the second-
order spots, indicating that the lattice was well ordered
only over short ranges (20-40 A). Strong multiple
scattering was observed from a few of the outer graphite
reflections, also indicating that the areas of (V' 7XV'7)
lattice were very small < 100 A. This might be due to
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our high beam current, (generally =10% ~/A?sec)

which according to Roth et al. would be enough to dis-
rupt this superlattice. This superlattice was commensu-
rate with the graphite lattice and always exhibited both
allowed directions of the superlattice down to a spatial
resolution of 100 A, indicating that the two orientations
are spatially correlated. Figure 3(c) shows a unit cell
and (V' 7XV'7)R +19.1° lattice which generates the simu-
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lated pattern shown in Fig. 3(d). The molecules have no
fixed orientation relative to the graphite lattice (or each
other).

The stage-4 samples exhibited a much stronger in-
plane superlattice. A (V19X V' 19)R+23.4° superlattice
with long-range orientational ordering (only one of the
two possible symmetry directions) over areas of many
micrometers was observed. Along with this pattern

(b)
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FIG. 2. (a) Diffraction micrograph from stage-2 SbCls intercalated graphite (full scale +6.4 A7"). The gain has been reduced in
the central portion to prevent saturation. (b) A unit cell which would produce the diffraction pattern of (a). The commensurate
lattice vectors are shown [(V31)R8.95°]. The circles are in correct proportion to the graphite lattice for an SbCl, which is free to
rotate about its symmetry axis. (c) Schematic interpretation of (a). The size of the spots is proportional to the intensity of the

diffraction spots. The arrows point to two first-order graphite spots at 2.95 A~

. The ( 4 ) represent diffraction spots which do not

fit a (V31X V31)R8.95° lattice and may be due to scattering from the host in another domain of the HOPG.
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images (a) and (b).

FIG. 3. (a) Diffraction micrograph from stage-3 SbCls intercalated graphite (full scale +7.7 A,

nification of the central portion of (a) (full scale +1.9 A7), (c) The two unit cells necessary to produce the diffraction patterns in

(b) Higher mag-

(d) Computer simulation of the diffraction micrograph which would be produced by the superlattices (c). One

of the six first-order graphite spots has been circled to the left of the zero-order spot.

there were amorphous rings at 1.15 and 3.01£0.05 Al
A small percentage of the diffraction patterns from this
sample did not show any orientational ordering, but sim-
ply displayed the p(V'19XV'19)R +23.4° superlattice
with only radial modulations. This modulation is due to
an average over all rotations of the intercalant molecule
about its symmetry axis, or a three-dimensional rotation
about the central antimony atom. A computer simula-
tion of this model is shown in Fig. 4. Most areas of the
specimen in which we observed the p(Vd9XV'19)R
+23.4° structure also showed a modulation characteris-
tic of long-range molecular orientation and/or more
than one intercalant molecule per unit cell.

Figure 5(a) (£3.2 A~ full scale) is an average of the
electron-diffraction micrographs of several successive
scans of the same area of the sample. The spots in this
pattern are not as highly modulated as most and are
closely simulated by a single SbCl, molecular array with
a p(V 19X V'19)R 23.4° spacing and orientation as shown
in Fig. 5(b). The model we worked from is based on the
data of Hwang et al. which identified SbCl; (Ref. 16) as
the dominant species in the high-density areas of inter-
calant. The diffraction pattern resulting from this real-
space structure is shown in Fig. 5(c). Figure 6(a) shows
a lower magnification-diffraction micrograph (6.4 Al

o
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FIG. 4. Computer simulation of (V19X V'19)R23.4° super-
lattice of SbCl; intercalated into graphite with no molecular re-
gistration of the intercalant molecules with the graphite lattice.
A ﬁr§t-<)lrder (100) diffraction spot from the graphite lattice
2.95 A is circled to the top left of the unscattered spot (full
scale +6.4 A",
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FIG. 5. (a) Diffraction micrograph from stage-4 SbCl; intercalated graphite (full scale +3.2 A~

(b)

). (b) Possible intercalant super-

lattice to explain image (a). The lattice is a (V19X V'19)R23.4° from the graphite lattice with one molecule per unit cell. The
large circles represent chlorine and the smaller circles are the antimony. In this schematic the antimony is registered to the center
of the graphite hexes in the graphite lattice. A portion of the graphite lattice is shown in the lower right-hand corner. (c) Comput-

er simulation of the diffraction micrograph which would be produced in the analytical STEM by the superlattice of (b).

A first-

order graphite spot (100) has been circled in the upper left-hand corner.

full scale) from the same sample. This micrograph
displays a characteristic, highly modulated pattern of
spots around the first-order graphite spots. Figure 6(b)
is a h(V19XV'19)R23.4° lattice with a basis of 2 with
orientational ordering. This structure is similar to the
structure of pairs of SbCl; with alternating c-axis orien-
tation proposed by Homma and Clarke.?> Using the ion-
ic radii for atomic sizes there is more than enough room
within the unit cell and between graphite layers to ac-
commodate this arrangement. This pattern is 74% as
dense as the commonly seen (V'7XV'7) pattern. A very

similar simulation is generated by postulating a
(V19X V'19) in-plane unit cell with a short-range c-axis
correlation length (2-3 intercalant layers). The grays-
cale simulation of this structure is shown in Fig. 6(c).
While not an exact match for the data in Fig. 6(a) it is
highly suggestive. Figure 7(a) is a diffraction pattern
from a nearby area (a different HOPG domain), still ro-
tationally correlated with Fig. 6(a). The pattern is still
highly modulated but has a slightly different character.
The modulation is smoother, with seven superlattice
spots grouped in hexes around the first-order graphite
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spots. The best simulations of this data have been
achieved by postulating a unit-cell intermediate in densi-
ty between those shown in Figs. 5(b) and 6(b). Figure
7(b) shows an example of this structure. It has a larger
unit cell of b(V76XV'76)R£23.4° with a basis of 6.
This unit cell is twice as large as the (V' 19X V'19) struc-
ture with all of the V'19 positions filled and two addi-
tional molecules. The overlap of the chlorine atoms is
permitted due to the trigonal pyramid shape of SbCl,
(Ref. 40) which allows two possible orientations of the
trigonal axis relative to the graphite plane. Figure 7(c) is
the grayscale simulation created from this superlattice.
Overall it is the closest match to the data which we have
been able to achieve. While not an exact match, the
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correlation between Fig. 7(c) and the data is very high.
The in-plane molecular density for this structure is 75%
as dense as that of the structure in Fig. 6(b) and is 55%
as dense as a (V7 X V'7) superlattice.

All of the samples were examined from ambient to
liquid-nitrogen temperature. Our cooling rate was fast
compared to the gradual rate found necessary to let the
phase change go to completion in the de Haas—van Al-
phen studies.”®?*3? We did, however, expect to see
some signs of a phase change. Unlike many previous
studies, we did not observe any phase changes or any
other temperature-dependent effects in any of the sam-
ples or various structures. Despite maintaining the sam-
ples at various temperatures for extended periods of time

FIG. 6. (a) Diffraction micrograph from stage-4 SbCl; intercalated graphite (full scale +6.4 A™Y). (b) Possible intercalant super-
lattice to explain (a). The lattice is a (V76 X V'76)R23.4° from the graphite lattice with six molecules per unit cell. (c) Computer

simulation of the diffraction micrograph which would be produced by the superlattice of (b). A first-order graphite spot (2.95 A~ ')

has been circled above and to the left of the central spot.

1
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the only temperature dependence present was a nu-
cleation of the already present superlattices at low tem-
peratures.

CONCLUSIONS

We have used electron-beam microdiffraction tech-
niques to study three different stages of antimony-
pentachloride—intercalated graphite. The purpose of
this work was to study the in-plane structure of the in-
tercalant in the host material on scales under 100 A.
Our samples were derived from HOPG, but since the

I

resolution of our machine and the intercalant ‘“island”

sizes are much smaller than the typical domain size (tens
of micrometers) of HOPG, our results should be indica-
tive of single-crystal graphite. This is substantiated by
our electron-diffraction patterns which, in general, show
only one orientation of the graphite lattice.

Our observations clearly support the Herold-Daumas
model of intercalation and the direct observation ion-
microprobe studies. The real-space micrographs show
islands of high contrast within the graphite. The
diffraction data was very sensitive to the position of the
beam on the specimen with rapid changes from an inter-
calant superlattice to background scattering and amor-
phous rings as the beam was moved over the specimen.

FIG. 7. (a) Diffraction micrograph from stage-4 SbCls intercalated graphite (full scale £6.4 AT

lattice to explain (a). The lattice is a (V19X V'19)R23.4° from the graphite lattice with two molecules per unit cell. A graphite
unit cell is shown in the inset at the upper right-hand corner. (c) Computerlsimulation of the diffraction micrograph which would
be produced by the superlattice of (b). A first-order graphite spot (2.95 A~ ) has been circled above and to the left of the central

spot.

(b) Possible intercalant super-
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Without a tilt stage and thus using diffraction data
only from a beam parallel to the c¢ axis it is difficult to
reconstruct the full three-dimensional structure of the
intercalant. Making use of intensity variations in the
diffraction micrographs and the physical parameters of
the system, we can create computer simulations of many
different physically reasonable structures. Using this
procedure, we found that it was not necessary for there
to be any c-axis correlations at all to explain our
diffraction data. We cannot rule out short-range correla-
tions of less than 3—4 layers. The k vector for the elec-
tron beam at which we operated at was 83.68 A~ 1. Any
three-dimensional correlations longer than a few layers
would cause radial modulations in the diffraction pattern
as the Ewald sphere leaves the zero-order plane in
diffraction space. Our diffraction data show no such
modulations and therefore limit any possible three-
dimensional ordering to at most a few layers. Interpre-
tation is further complicated by the dissociation and pos-
sible segregation of SbCls into multiple species and
phases. A superlattice of SbCl,™ implies an Ada4
sandwich stacking (two graphite planes aligned to each
other surrounding one intercalant layer?’). This is
caused by the graphite layer moving into registration
with the molecular structure of the chlorine ions, so that
the ions fit into the holes in the graphite lattice. A su-
perlattice of SbCl; can have either stacking 4AaB or
Aa A depending on the unit cell of the intercalant. This
freedom is a result of the dipole nature of SbCl; which
will cause it to alternate in orientation, with the chlorine
atoms registering to alternating graphite layers.! An
AaB stacking (two graphite planes offset relative to each
other surrounding one intercalant layer) would align the
anitmony atom with a carbon atom in the graphite lat-
tice. In the dipole model this separation is over 3 A and
seems reasonable.

The superlattice structures and their behavior were
different from any that have previously been described
by other researchers. The two new superlattices (V19
XV'19)R+£23.4° and (V31XV31)R£8.95° have not
been previously observed. We did not observe any tem-
perature dependence over the range which we operated
in (77 to 295 K). Specifically, there was no evidence of
the phase change in the neighborhood of 230 K which
has been observed previously by many others. The com-
monly seen (V39X V'39)R +16.1° superlattice was not
observed at all. The appearance of the micrograph
shown in Fig. 1 was characteristic of the sample at all
temperatures with no signs of the striped appearance
which Clarke et al.?® associated with a weakly incom-
mensurate superlattice. The angular modulations of the
diffraction patterns from the stage-4 sample are not com-
patible with the rotating-paired dimer model of Homma
and Clarke, which predicts a diffraction pattern display-
ing all of the diffraction spots from the unit cell modu-
lated only by a radial structure factor function and the
atomic angular scattering factors. The strongly modu-
lated intensity of the diffraction spots in our micro-
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graphs indicates a unit cell where the positions of the
atoms in the molecule have not been averaged out, indi-
cating that the intercalant molecules are orientationally
locked to the graphite lattice. One possible reason why
this has not been seen in previous work might be that
this is the first work with sufficient spatial resolution
(<200 A). Although we were not able to find a unit cell
which exactly simulates the data, we were able to find an
approximate structure and propose a tentative in-plane
molecular density for this structure of one molecule per
1.3 1072 A%, or SbCl,C,s ;. Our data from the stage-2
sample was not incompatible with this model, needing
only molecules in the proper positions or stackings with
random orientation to fully explain it.

Each stage totally different in-plane superlattice struc-
tures. This could imply that the in-plane structure is
very sensitive to c-axis density or alternatively that many
different superlattices can form during the initial inter-
calation process and then act as “seeds” which the su-
perlattice nucleates around. All of the samples have in-
plane structures which were coherent and commensurate
over large areas (many micrometers), confirming the
strong nature of the interaction between the intecalant
and host material.

Despite careful sample preparation to ensure stage
homogenity and equilibrium conditions in the samples it
is apparent that the in-plane structure has many
different possible commensurate structures which are
stable. These different structures are formed in the ini-
tial intercalation process and in light of their long-range
nature must be caused by the initial conditions. For
commercial or scientific purposes one would perfer a
uniform, easily controllable material, not one which can
form numerous different structures with small changes in
preparation conditions. The usefulness of GIC’s, experi-
mental or industrial, can not be discarded on this basis
since it is likely that many of the physical properties de-
pend only on the density and type of the intercalant and
not on the detailed in-plane structure.
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FIG. 1. (a) Dark-field STEM image of stage-4 SbCl; inter-
calated graphite (full scale 11.2 um). (b) Higher magnification
image of the same area (full scale 2.8 pum).
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FIG. 2. (a) Diffraction micrograph from stage-2 SbCl; intercalated graphite (full scale +6.4 A7"). The gain has been reduced in
the central portion to prevent saturation. (b) A unit cell which would produce the diffraction pattern of (a). The commensurate
lattice vectors are shown [(V31)R8.95°]. The circles are in correct proportion to the graphite lattice for an SbCl, which is free to
rotate about its symmetry axis. (c) Schematic interpretation of (a). The siﬂze lof the spots is proportional to the intensity of the
diffraction spots. The arrows point to two first-order graphite spots at 2.95 A . The ( + ) represent diffraction spots which do not
fita (V31 XV 31)R8.95° lattice and may be due to scattering from the host in another domain of the HOPG.



FIG. 3. (a) Diffraction micrograph from stage-3 SIbCh intercalated graphite (full scale +7.7 A7) ® Higher mag-
nification of the central portion of (a) (full scale £1.9 A ). (c) The two unit cells necessary to produce the diffraction patterns in
images (a) and (b). (d) Computer simulation of the diffraction micrograph which would be produced by the superlattices (c). One

of the six first-order graphite spots has been circled to the left of the zero-order spot.
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FIG. 4. Computer simulation of (V19X V'19)R 23.4° super-
lattice of SbCl; intercalated into graphite with no molecular re-
gistration of the intercalant molecules with the graphite lattice.
A first-order (100) diffraction spot from the graphite lattice
2.95 A~ is circled to the top left of the unscattered spot (full

scale +6.4 A ]).



FIG. 5. (a) Diffraction micrograph from stage-4 SbCl; intercalated graphite (full scale +3.2 A7"). (b) Possible intercalant super-
lattice to explain image (a). The lattice is a (V19X V'19)R23.4° from the graphite lattice with one molecule per unit cell. The
large circles represent chlorine and the smaller circles are the antimony. In this schematic the antimony is registered to the center
of the graphite hexes in the graphite lattice. A portion of the graphite lattice is shown in the lower right-hand corner. (¢) Comput-
er simulation of the diffraction micrograph which would be produced in the analytical STEM by the superlattice of (b). A first-
order graphite spot (100) has been circled in the upper left-hand corner.



FIG. 6. (a) Diffraction micrograph from stage-4 SbCls intercalated graphite (full scale +6.4 A™"). (b) Possible intercalant super-
lattice to explain (a). The lattice is a (V76X V/76)R23.4° from the graphite lattice with six molecules per unit cell. (c) Computer
simulation of the diffraction micrograph which would be produced by the superlattice of (b). A first-order graphite spot (2.95 A7
has been circled above and to the left of the central spot.



FIG. 7. (a) Diffraction micrograph from stage-4 SbCls intercalated graphite (full scale +6.4 A™"). (b) Possible intercalant super-

lattice to explain (a). The lattice is a (V19 V'19)R23.4° from the graphite lattice with two molecules per unit cell. A graphite
unit cell is shown in the inset at the upper right-hand corner. (c) Computerlsimulation of the diffraction micrograph which would
be produced by the superlattice of (b). A first-order graphite spot (2.95 A~ ) has been circled above and to the left of the central

spot.



