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Structural studies of graphite intercalation compounds using (00]) x-ray diffraction
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Analysis of the (00]) x-ray diffractograms of graphite intercalation compounds reveals
important structural information concerning these compounds. In particular, the in-plane
intercalate density is observed to depart from the commonly accepted stoichiometric
values. This result has important implications concerning various structural phase
transformations that have been reported in these materials. The application of Fourier
synthesis to the (00)) integrated intensities yields the projected structure of the intercalate
layer onto the c axis. A least-squares refinement program RFINE4 was used to analyze
the (00)) integrated intensities, yielding in-plane intercalate densities, Debye-Waller tem-
perature factors, and various layer separations. The graphite-graphite layer separations
were found to be not significantly different from the values for pristine graphite. Connec-
tions of the results of (00/) x-ray diffraction with other structural-analysis techniques such
as electron diffraction and electron microscopy are discussed.

1. INTRODUCTION ' ‘linewidth of the (00/) diffraction profile could be
used to characterize the homogeneity and stage
The principal use of x-ray diffraction in the fidelity of the sample. They also showed that the
study of graphite intercalation compounds as been diffractograms for a randomly staged sample could
largely confined to stage identification.! There has be explained by a one-dimensional disordered
been a moderate amount of work to extend the use structure. Parry et al.,%7 utilizing the (hk0) dif-
of x-ray diffraction techniques to obtain other de- fraction lines for graphite-alkali-metal compounds,
tailed structural information, and some examples of obtained information concerning the in-plane or-
such work follow. Eeles and Turnbull® used (hk0) dering, intercalate stacking, and in the case of
reflections on graphite-Br, to obtain information on graphite-K, also the in-plane carbon-carbon
in-plane ordering. Sasa et al.’ extended the work nearest-neighbor separation as a function of inter-
of Eeles and Turnbull, utilizing (00/) integrated in- calate concentration. Parry’s work was extended
tensities to confirm that the in-plane stoichiometry by Guérard et al.,® who correlated the change of
of well-staged graphite-Br, samples is Cg,Br;, in-plane graphite lattice constant with Z /r (where
where 7 is the stage index. Metz and Hohlwein*® Z is the valence of the ion and r the ionic radius)
demonstrated that both the peak position and for a large number of donor compounds. This
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model?® is difficult to interpret for acceptor com-
pounds where both Z and r are not clearly defined.
Flandrois et al.’ have suggested a solution to this
difficulty by correlating the change in the in-plane
carbon-carbon distance with charge transfer which
is determined by a separate experiment. They have
been able to fit all reported results on the change in
the in-plane carbon-carbon distance to a straight
line where the abscissa (charge transfer) and the or-
dinate (change in the in-plane carbon-carbon dis-
tance) were determined independently. Hastings

et al.'® used the profile of x-ray powder peaks to
obtain an estimate of the probability of ¢ axis
stacking faults in a stage-2 graphite-K compound.
In this work, they defined a parameter a, the pro-
bability of finding a fault in going from one
sandwich to another, and obtained a value of

a =0.38. Zabel et al.,'"!? Hastings et al.,'* and
Clarke et al.'>'* used the (hkl) diffraction lines to
study phase transformations in the graphite-K and
graphite-Cs systems, following the initial work of
Nixon and Parry.'> Caswell ez al.!® used the ex-
tended x-ray absorption-fine-structure (EXAFS)
technique to obtain information concerning the
carbon-intercalant-carbon sandwich thickness d;,
and also the puckering distortion of the graphite-
bounding layers. More recently, Wada et al.!
used x-ray diffraction investigate a staging transi-
tion caused by the application of pressure on the
stage-2 graphite-K system.

The first report of in-plane structure for a
graphite—alkali-metal compound was made by
Riidorff.'® Perfect stoichimetry, CenX, where n is
the stage and in this case £ is an integer (i.e., { =8
for stage 1 and £ = 12 for n > 2 graphite—alkali-
metal compounds), has been assumed for these in-
tercalation compounds by a large number of inves-
tigators since this early work. Evidence for depar-
tures from perfect stoichiometry comes from recent
electron diffraction work by Kambe et al.!®~%
who showed coexistence of multiple intercalate
phases in these compounds. They also found that
different in-plane superlattices could exist at dif-
ferent parts of the same single-stage sample.

The preceding applications of x-ray diffraction to
intercalation compounds have been specialized and
fall considerably short of the full capability of dif-
fraction analysis to provide coordinates and ther-
mal vibration parameters for the three-dimensional
arrangement of atoms within the unit cell of the in-
tercalant. The nature of intercalated graphite has
usually precluded analysis to the level normally
permitted by these highly-developed techniques.

The host material most commonly used to make
graphite intercalation compounds is highly-oriented
pyrolytic graphite (HOPG), a synthetic polycrystal-
line material with a crystallite size of about one
micron within the graphite layers.”?> At best the ¢
axes of the crystallites in HOPG are aligned to
within 0.1° of each other, while the a axes within
the layers are randomly oriented. The reciprocal-
lattice points for general reflections (hkl) are ac-
cordingly distributed in rings about ¢, while the
(00I) reciprocal-lattice points, corresponding to dif-
fraction from the layers, remain discrete points as
in a single crystal.

The present work applies full crystallographic
analysis to the information contained within the
sharp (00/) reflections produced by HOPG inter-
calates. The results are analogous to those which
may be obtained through full three-dimensional
analysis of a structure except that, as is well
known, analysis of diffraction effects along a single
direction in reciprocal space provides information
on the projections of the structure onto the corre-
sponding axis of the crystal. This limitation is not
without some advantage in the study of intercalates
since the presence of layer disorder and stacking
faults will not influence the results. Many of the
features of interest (for example, the spacing of the
layers and the configuration and occupancy of the
intercalated layers) can be obtained without ambi-
guity from analysis of the projected structure.
Specifically, the present work is concerned with (1)
the length of the c axis, and hence the stage, on the
basis of either location of the (00/) maxima, or the
location of the maximum intensity within a derived
“envelope function”; (2) the extent of stage infideli-
ty through the intensity of maxima identified with
the secondary stage; (3) stage inhomogeneity as
determined by the half-widths of the (00/) reflec-
tions; (4) the average in-plane intercalate density
through a least-squares fit to measurement of the
(00/) integrated intensities; (5) the separations of
graphite-graphite and graphite-intercalate layers
through a least-squares fit of the projected atomic
coordinates; (6) Fourier synthesis of the structure
of molecular intercalants as projected onto the ¢
axis; and (7) the ¢ axis component of the mean-
squared thermal displacement and the Debye-
Waller factor.

The projected structures of a number of atomic
and molecular intercalation compounds have been
analyzed and are presented along with a summary
of some preliminary work which has been previous-
ly reported.?>?* The structures are generally found



to deviate from the assumed perfect stoichiometry.
The implications of this result are discussed along
with possible extensions.

II. EXPERIMENTAL DETAILS AND ANALYSIS

Samples were prepared in a two-zone furnace us-
ing graphite HOPG as the host material. Because
of the instability of most of the samples in air, the
crystals were encapsulated in pyrex ampoules with
either a round or square cross section. The surface
of the planar graphite sample was positioned as
closely as possible across the diameter of a round am-
poule or across the diagonal of the square ampoules.

The x-ray measurements were performed on a
G.E. diffractometer gsing Mo Ka radiationo
[AMKa;) =0.70926 A, AMKa,) =0.71354 A] to
minimize absorption by the glass ampoule.
Transmission through the ampoule was neverthe-
less only about 25%. The ampoule was mounted
in a goniometer head to allow positioning of the
surface of the graphite sample and alignment of the
¢ axis in the plane of the incident and diffracted
beams. Diffracted (00/) intensities were measured
in a 6—20 scan using an Si(Li) drifted detector and
a single-channel analyzer to separate the Mo Ka
peaks from the continuum. The same experimental
arrangement could have been used to measure
(hk 0) reflections by rotating the crystal 90° and
averaging around a diffraction ring (e.g., by spin-
ning the sample!).

All diffraction patterns were recorded at room
temperature. A number of representative (00/) dif-
fractograms have already been published, including
those obtained from graphite—alkali-metal com-
pounds with K, Rb, and Cs (Refs. 23 and 25) as
intercalants, for graphite-FeCl; compounds,?® and
for graphite-AICl; compounds.?’

The experimentally measured integrated intensi-
ties, Iy, Were converted to structure factors, Fy,
using the relation

Toor = SCL.C,Cq | Foor %, §))

where S is a scale factor and C; is the combined
Lorentz and polarization correction which, for an
experiment in which radiation is normally incident
on a rotation axis lying in the diffraction plane,
takes the form C; = (1 + c0s?28)/sin26. The
correction for x-ray absorption by the planar gra-
phite sample is C; = exp(— 2ut /sinf), where pu and
t are the linear absorption coefficient and thickness
of the sample, respectively. The factor C, is neces-
sary to correct for absorption by the glass am-
poule.” For the ampoules with square cross section
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Cy =exp[ — 2u,d,/sin(0 + 7/4)] ,

where p, and d, are, respectively, the linear
absorption coefficient and wall thickness of the
glass. In the case of a cylindrical ampoule C,
~ exp (—2u,d,), and the angular dependence of
the correction was neglected for the small range of
angles pertinent to our measurements. Departure
of the position of the graphite sample from its ideal
location within the ampoule is a potential source of
error in this correction. Several runs were made for
each sample to ensure that such effects were minimal.
The structure factor Fy;,; is given by the sum of
the diffracted amplitudes contributed by each of the
atoms in the unit cell.?> ~3° When one considers
(00!) reflections only, the structure factor reduces to
the simpler form

Foo = 3, fiexp(2milz;) , ' (2)
J

and contains information on the structure projected
onto the ¢ axis. Here z; denotes the coordinates of

- the jth layer within the unit cell, the scattering fac-

tor for layer j is given by
fi=f, joexp( —Bjsinze/ A2)
= flexp(—87*(Z?)sin’0/A%) ,

where f}o is the scattering factor for the layer at rest,
B; is the Debye-Waller temperature factor, and
(Z?) is the mean-squared thermal displacement of
the layer normal to the diffracting planes.

As no information on the ordering or periodicity
within the layers is available from (00/) data, we
have found it convenient in this work to use a struc-
ture factor F defined as a structure factor scaled to a
single carbon atom per layer, that is, F = F /€,
where £ is the number of carbon atoms per layer in
the cell of the intercalate. Moreover, it is reason-
able to assume that the structure of the intercalate
when projected onto the ¢ axis is centrosymmetric
about the intercalated layers. Upon selection of the
origin at the intercalate layer denoted by X, Eq. (2)
becomes, for even stages of a monatomic intercalant,

_ fx n/2
Foy = I + 2fc Y, cos(2mlz;) , (3)
j=1 .
and for odd stages
_ fx (n=1)72
Fooy = = + fccosml+ 2fc Y, cos(2mlz;) ,
£ j=1 !

4)

in which fy and f¢ refer to the intercalate and car-
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bon layers, respectively. For polyatomic inter-
calants the intercalate layer will consist of an odd
number of constitutive layers which will remain
centrosymmetric upon projection. The scattering
contribution fy in Egs. (3) and (4) may then be re-

placed by
(ny+1)/2

fx=1/fx,+2 22 fx;cos(2mlz;) , (5
j=

where ny is the number of constituent intercalate
layers (e.g., ny = 1 for the alkali-metal compounds,
but ny = 3 for FeCl; or NiCl,).

The stage of a given intercalation compound
may be deduced from the length of ¢, the repeat
distance in the z direction, as determined from the
angular positions of the (00/) maxima. The (00/)
intensity distribution specified by Egs. (3) and (4)
may also be used to this end in a qualitative
fashion.”* If fy ~ f, the trigonometric terms in
Egs. (3) and (4) define an envelope function for the
intensity distribution whose utility lies in the fact
that the relative intensities for all intercalants of a
given stage can be related by a single plot. For in-
tercalate layers of thickness comparable to the in-
terlayer separation ¢, in graphite, the most intense
(00!/) diffraction maxima occur for / =n + 1. In
general, for intercalants with sandwich thickness dj
(the distance separating two graphite layers
between which the intercalant is sandwiched), the
maximum intensity occurs at (00n + m), where m
is the nearest integer which approximates
(dy — ¢g)/cq, where ¢y = 3.35 A. Values of
m =0, 1, and 2 have been found for the inter-
calants Li, K, and FeCl;, respectively.3"?32¢ The
approximation is-valid for intercalants with low
atomic number, or for cases in which the number
of intercalate atoms per cell is small compared
with the number of carbon atoms. The [ values for
the reflection with maximum intensity may then be
used as a rapid method for stage identification.

The least-squares structure refinement program
RFINE4 (Ref. 32 ) was used to obtain precise values
of the layer positions within the intercalate
sandwich, the average occupancy of the intercalate
layers, and the mean-squared thermal displacement
along c by adjusting the values of the parameters in
Egs. (3) and (4) to provide a least-squares fit
between the observed and calculated structure fac-
tors. The standard measures used to assess the

agreement are the residual®’

RZZHFobs! _ |Fcalc| |/2|Fobs| ,

or the weighted residual’3

172
sz Ew( |F°bs’— |Fcalc[)2/EWIFObSIZ] ,

where w is a weight defined for each observation in
terms of the variance, 02, such that w = o2 In
normal structure analysis R < 0.1 indicates a satis-
factory model and R ~0.05 a well-refined structur-
al model.

Direct representations of the distribution of
scattering density projected onto the ¢ axis were ob-
tained from the Fourier summation

o
p2) =1 3 Foyexp(—2rilz) , (6)
Cr=— ©

in which the unknown phases of Fy were obtained
from the model structure. As the phases are con-
strained to one of two values (0 or 7 for the cen-
trosymmetric projections of this study), they are in-
sensitive to small changes in the assumed structure.
The summation could accordingly be evaluated in
all instances without ambiguity.

III. RESULTS AND ANALYSIS

The use of 6—26 diffractograms for sample
characterization is illustrated in Fig. 1 for graphite-
FeCl; compounds. Secondary peaks indicating
small admixtures of other stages are apparent in the
diffractogram labeled as stage 1, where peaks due to
pure graphite regions are found. The stage-3 sample
shows small admixtures of stage 4, and the stage-4
sample shows small stage-3 regions. These spectra
are in agreement with results found by other work-
ers*® showing that stage-1 graphite-FeCl; com-
pounds of large size are very difficult to grow and
almost always contain regions of pure graphite
within the sample. It has been our observation that
it is easier to grow single-stage compounds with
AICl;, Br, and the alkali-metal intercalants>2>2527
than with FeCl;.

Evidence for stage homogeneity and stage fidelity
other than the absence of secondary peaks in the
diffractograms comes from the analysis of the full
width at half maximum (FWHM) of the diffraction
peak. Metz and Hohlwein*> have shown that a
random spacing between intercalate layers, shifts the
position of the diffraction peaks and increases the
FWHM of the corresponding peaks relative to the
single-stage material. In Fig. 2 we have plotted the
FWHM for HOPG, and for the stage-1 and -2
graphite —alkali-metal compounds in units of
A(sinf/A) vs sinf/A. It can be seen from the figure
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FIG. 1.. X-ray stage characterization for stages
n =1, 2, 3, and 4 graphite-FeCl; compounds. The in-
tercalate repeat distance ¢ and stage indices are given on
the right . Reflections due to admixed stages are indi-
cated by (00/*). The peaks labeled (00/gg) in the stage-
1 trace refer to the pristine graphite reflections.

that the FWHM of the reflections for the intercala-
tion compounds is not significantly different from
those for the parent material (HOPG). By compar-
ing the FWHM of the intercalation compounds to
that of pristine graphite (HOPG), one can conclude
not only that the samples are single staged but also

that there is little statistical disordering of the layers.

Furthermore, according to Metz’s model, stage 1 is
a pure-stage compound. Since the FWHM points
for our stage-2 compounds fall on top of the curve
for that of the stage-1 compound, we conclude that
our stage-2 compounds are also pure-stage com-
pounds (i.e., not randomly staged). The results
shown in Fig. 2 further point out that upon inter-
calation, the mosaic spread of the graphite intercala-
tion compounds does not deviate much from that of
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FIG. 2. Plot of the full width at half maximum
(FWHM) of the (00/) diffraction lines in units. of
A(sin@/A) vs sinf/A for stage-1 and -2 graphite —
alkali-metal compounds and for HOPG. The diffracto-
grams on which this analysis was made are given in
Refs. 23 and 25.

pure graphite.

By analyzing the peak positions of the (00/) dif-
fraction peaks we can obtain an accurate measure-
ment of the unit-cell length ¢ along the ¢ axis, by
making a chi-square, X*> minimization of A(26);)

= 2(6; — 6;), the angular difference between each
pair of (00/) and (00!’) diffraction lines . This
difference technique is used to eliminate zero-point
calibration errors.**

The structure of the intercalant layer can be ob-
tained from the (00/) diffractometer scans using the
analysis of Egs. (1)—(5). As an example of the type
of information that can be obtained, we have con-
sidered the internal layer structure of the intercalant
in graphite-AlCl; with regard to whether it is the Al
or the Cl layer that is adjacent to the graphite-
bounding layer.?* The (00!) integrated intensity
measurements show a much better fit to Cl;-Al,-Cl,
layers than to Al-Clg-Al layers.* Our best fit to
the Cl3-Al,-Cl; structure is for the chemical formu-
la Cy,AlCl; and an Al-Cl layer separation of
~ 1.40 A, which is (within experimental error) in
agreement with the chemical formulas Cg 4, AICl,4
(Refs. 35 and 36) and C,, AlICl; (Ref. 37 ) given in
the literature. The Al-Cl layer separation found in
the intercalation compound is also very close to the
value of 1.35 A for pristine AICI;.*®

Further support for this identification of the
sandwich structure of the AICl; intercalant comes
from a Fourier synthesis of the integrated intensities,
and this approach is more quantitative than the
model calculation of Ref. 24. Figure 3 shows the
electron charge distribution as obtained from the
Fourier synthesis of a stage-2 AICl; compound us-
ing 11 (00]) diffraction lines. The figure is con-
sistent with the assignment of the Al to the center of



3510 S. Y. LEUNG et al. 24

% Co Cb

5

3

2

S cl Cl

2

I3

S Al

©

[}

e

i=}

F ~

(&}

-c/2 (o] c/2
Distance z

FIG. 3. Charge density along the ¢ axis from a
Fourier synthesis of the (00/) integrated intensities for
11 lines in a stage-2 graphite-AlCl; sample. The peaks
labeled Al, Cl, and C, represent the aluminum, chlorine,
and graphite-bounding layers, respectively. Note the tri-
ple peak of the intercalant indicating a three layer inter-
calate structure. The diffractograms on which this
analysis was made are given in Ref. 27.

the intercalant sandwich and the Cl in between the
Al layer and the graphite-bounding layers C,. This
identification is made considering the relative heights
of the peaks in the charge distribution, where in the
ideal structure the Al layer has 13q electrons, the Cl
layer 3 X 17g = 51q electrons, and the graphite
layer 9 X 6g = 54q electrons, where q is the
number of in-plane unit cells. From the location of
the peaks of the charge distribution, one can directly
measure the various layer separations in the inter-
calation compound. Such a tabulation for stages 1,
2, 4, and 8 graphite-AICl; is given in Table I.

The small satellite peak adjacent to the strong
maximum at the carbon location is a series-
termination effect which arises form the finite

number of terms (11) available for the Fourier sum-
mation of the charge distribution. In a one-
dimensional summation, the distance from the atom
location to the first maximum in the “Fourier rip-
ple” about the image is 1.24d i, (] ,.,), Where
d min(! max) is the minimum spacing of the Bragg
planes for which a term is included in the summa-
tion.® The observed separation of the satellite form
the carbon atom location in Fig. 3 is 3.67 A, which
is in excellent agreement with the expected value
1.24d,;,(11) = 3.71 A, thus confirming our inter-
pretation of this peak. The one-dimensional nature
of the summation makes termination effects espe-
cially pronounced in our synthesis of the charge
density. The amplitude of the ripple increases, and
the wavelength of the oscillation decreases as one
moves from a three-dimensional to a one-
dimensional summation of terms truncated at a
given dmin(lmax)-39

In Fig. 4, we show the c-axis charge density from
the Fourier synthesis of the measured integrated in-
tensities for stage-4 graphite-K, a compound having
an atomic intercalant. In contrast to the results for
graphite-AlCls, this figure shows a single peak cen-
tered on the intercalant and corresponding to the
center of the graphite-intercalant-graphite sandwich.
The peaks labeled C, and C; correspond to the
graphite-bounding and interior layers, respectively,
where the graphite-bounding layers are adjacent to
the intercalant and the graphite interior layers are
not. Application of the Fourier synthesis method to
a molecular intercalant has also been carried out for
a stage-4 graphite-Br, sample using the data of Sasa
et al.,’ and the results are shown in Fig. 5. The

TABLE I. Interplanar layer separations® in graphite-AlICl; from the peaks in the c-axis
charge density obtained from the Fourier synthesis of the (00!) reflections.

Stage index

Various interplanar 1 2 3 4
layer separation (A)

c 9.49 12.91 19.67 32.88
d; 9.49 9.52 9.60 934
d(Al-Cl) 1.47 1.30 1.44 1.32
d(Cy — C)) 3.40° 3.35 3.36
d(C; —C)) 3.36 3.36

? ¢ refers to the c-axis repeat distance and d; refers to the graphite-intercalant-graphite

sandwich thickness.

® For a stage-2 compound, d(C, — C;) refers to the separation between the two adjacent

graphite-bounding layers.
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FIG. 4. Charge density along the c axis obtained
from a Fourier synthesis of the (00/) integrated intensi-
ties for 23 lines in a stage-4 graphite-K sample. The
peaks labeled K, C,, and C; denote maxima in the
charge density associated with the potassium, graphite-
bounding, and graphite interior layers, respectively.
Note the single intercalate peak in contrast to the triple
peaks in Fig. 3.

single peak at the center of the intercalant sandwich
is consistent with the interpretation that the Br,
molecule lies co-planar in the intercalate layer.2
Both Figs. 4 and 5 also display weak maxima as-
sociated with Fourier termination effects. The ob-
served separation between a given atom location and
the adjacent satellite again agrees well with the loca-
tion computed from the minimum spacing which
was employed in the synthesis: 0.70 A as compared
with 1.24d ;;,(23) = 0,83 A for stage-4 graphite-K
(see Fig. 4), and 0.95 A, as compared with
1.24d 1, (21) = 1.01 A for stage-4-Br, (see Fig. 5).
~ To obtain more precise values for the structural
parameters, we have analyzed the (00!) structure
factors using the least-squares structure refinement
program RFINE4.32 The results of the analysis for
the in-plane intercalate density, the fractional inter-
calate site occupation, the graphite-intercalant-
graphite sandwich thickness, the graphite bounding-
bounding or bounding-interior layer separations, the

Brp

Co Ci

Charge density (arb units)

c/2
Distance z

FIG. 5. Charge density along the ¢ axis obtained from
a Fourier synthesis of the (00/) integrated intensities for
21 lines in a stage-4 graphite-Br, sample. The peaks la-
beled Br,, C;, and C;, respectively, denote maxima in the
charge density associated with the bromine, graphite-
bounding, and graphite interior layers. Note the single
intercalate peak, indicating the co-planar structure of the
Br, molecule in graphite-Br,.

graphite interior-interior layer separations, and the
Debye-Waller temperature factors are shown,
respectively, in Tables II—VII for a number of
graphite-alkali-metal compounds. In Table VIII, we
have listed the weighted residual indices and the
number of (00/) line used in the analysis.

The results for the reciprocal in-plane densities
[£ in Eqgs. (3) and (4)] shown in Table II imply that
the in-plane densities of the intercalation com-
pounds are not consistent with the stoichimetry
Cen X for a stage-n compound, in which £ is an in-
teger. The “accepted” values have been £ = 8 for
stage 1, and § = 12 for stage 2 and higher-stage
graphite —alkali-metal compounds.! For stage-1
graphite-K, -Rb, and -Cs compounds, we obtain,
respectively, Cg 33K, Cy.g)Rb, and Cy ;(Cs instead
of CgX (see Table II). These results apply to the
specific samples that we measured. In this connec-
tion it is believed that one can change the in-plane
density by changing the growth and staging condi-

TABLE 1I. Reciprocal in-plane density (£) for graphite —alkali-metal donor and graphite-
Br, acceptor compounds resulting from the RFINE4 analysis.?

Stage index

Intercalant 1 2 3 4 5
K 6.88 +0.11 9.84 + 0.50 10.31 + 0.67
Rb 7.82 +0.03 11.72 + 045 10.04 + 0.40
9.90 + 0.14
Cs 9.10 +0.17 15.06 + 0.70
Br, 73 +0.1 8.0+0.2 7.0+0.2 9.5+0.3

* The in-plane density is given by 1/£, and the (00) intensity data used for the analysis for the
graphite-Br, compounds were obtained from Ref. 3.
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tions. It has been shown by Wada et al.!”* that
the application of pressure can also change the in-
plane density of graphite-alkali-metal compounds.

One can interpret the deviation from the accept-
ed stoichiometry of the compounds in Table II by
one of the two following explanations: (1) The
compounds consist of a single in-plane structural
phase but have a large vacancy or interstitial con-
centration. For this interpretation, our results im-
ply a 16% and 2% interstitial concentration for
the K and Rb compounds, respectively, and a 12%
vacancy concentration for the Cs compound if the
CgX stoichiometry is assumed. Or (2) there is a
multiphase coexistence within these compounds
(e.g., the K compound can have coexisting regions
with C¢K and CgK superlattices and discommen-
suration regions between them). Using the current
interpretation of electron diffraction experi-
ments,' 24! the evidence seems to indicate that
the multiphase coexistence explanation is more
probable. Furthermore, Evans and Thomas** have
reported both the C¢K and the CgK superlattices
for a stage-1 graphite-K compound. Kambe
et al.'~2! have also observed different superlattices
in different portions of the same samples of low-
stage alkali-metal compounds.

The in-plane densities for stage 2 and for higher
stage compounds also show deviations from the ac-

cepted C;y,X stoichiometry. For example, for the
case of stage-2 graphite-Rb, there seems to be evi-
dence for sample dependence of the in-plane densi-
ties which would indicate that growth conditions
significantly alter the in-plane density. If an incom-
mensurate intercalate ordering or only short-range
intercalate correlations are assumed for the stage-2
alkali-metal compounds at room temperature, the
site occupation should scale as the ratio of the
square of the ionic radii (rf(+ :rlibJr :r és+)
=(1.00:1.22:1.61). Our results show that the fraction-
al site occupation for K:Rb:Cs is in the ratio
(1.00:1.19:1.53) so that an incommensurate in-plane
structure or a disordered structure with only short-
range correlations for the stage-2 graphite-alkali-
metal compounds cannot be ruled out on the basis
of the (00/) integrated intensity measurements of
Table II. One further point of interest is that the
stage-4 graphite-K and graphite-Rb compounds fol-
low the same general trend as the stage-2 com-
pounds with regard to the in-plane densities, but the
correlation of the fractional intercalate site occupa-
tion to the ionic radii cannot be made.

It is to be stressed that the values obtained for the
in-plane densities are for the specific set of single-
stage samples that were used in the present studies.
Furthermore, the results only apply to the well-
staged portions of the sample which contribute to

TABLE III. ‘Fractional intercalate site occupation (v) for several possible commensurate
orderings for the graphite —alkali-metal compounds used in this study.

Chemical®
Stage formula Superlattice® w(K) v(Rb) v(Cs)
1 CeX, p(V3 X V3)RIO® 0.87 0.77 0.66
1 CeX, p(2X2) 1.16 1.02 0.88
1 CisXov h(3X3) 1.31 1.15 0.99
2 CseX 3y h(3x3) 0.91 0.77¢ 0.66
- 0.91°¢
2 CysX oy h(V12 X V'12)R30° 1.22 1.02°¢ 0.80
1.21¢
2 CasX, p(VT X VT)R19.1° 1.42 1.19° 0.93
1.41°
4 CnXsy h(3x3) 0.87 0.90
4 CoeXa h (V12 X VI2)R30° 1.16 1.20
4 CseX, p(V71X VT)R19.1° 1.36 1.39

 The primitive superlattice has one X atom/unit cell (hence X, in the chemical formula) and
the honeycomb superlattice has two X atom/unit cell (hence X,, in the chemical formula).
® The primitive and honeycomb hexagonal in-plane unit cells are specified by p and h, respec-

tively.

¢ Two different values for v are listed for Rb stage 2 because of the different in-plane densities

found for the two samples in Table II.
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the (00]) diffraction lines that are used in the
analysis. If the intercalate material is preferentially
located in grain boundaries, surfaces, etc., it does
not give a coherent contribution to the (00/) lines
and thus will not be included in this characteriza-
tion method.” An analysis based on the (00/) dif-
fraction lines will not give information concerning
the in-plane intercalate structure, which must be de-
duced from other techniques such as electron dif-
fraction or (hkl) x-ray diffraction lines. In Table
III, we have listed the fractional intercalate site oc-
cupation factor v for several possible commensurate
orderings if a pure phase is assumed for the inter-
calate layer.

Other information that can be obtained from the
analysis of the (00!) reflection lines using RFINE4 is
the Debye-Waller temperature factors for the Z dis-
placement, which are tabulated in Table IV. The
temperature factors must be interpreted with caution
since no correction for the x-ray absorption by the
glass ampoule was made for the case of round am-
poules, and the temperature factor will absorb any
systematic angular-dependent errors. However, for
the case of the stage-1 graphite —alkali-metal com-

pounds, the results are consistent and significant, in-
sofar as the temperature factor of the alkali-metal
decreases as a function of intercalant mass in the ra-
tio (1.00: 0.50: 0.05). The temperature factor for each
material is expected to scale with its inverse mass,

_and the ratio of the inverse masses for K:Rb:Cs is

(1.00: 0.46: 0.29). While the Debye-Waller tempera-
ture factors for K and Rb scale like the inverse
mass ratio, the behavior for Cs is anomalous and is
about a factor of six too small. Furthermore, the
temperature factors for the carbon atoms in the
stage-1 compounds are fairly constant within experi-
mental error. On the basis of the Debye-Waller
temperature factors, we can compute the mean-
square displacement (Z?2) (in A?) and we obtain for
our stage-1 graphite-alkali-metal compounds the fol-
lowing values:

(Z?)g = 0.0416 + 0.0076 ,
(Z*)gy = 0.0208 + 0.0010,

(Z*)cs = 0.0019 + 0.0037 ,
(Z?*)c = 0.0124 + 0.0085 .

(7)

TABLE IV. Debye-Waller temperature coefficients B for the Z displacement of the inter-
calant (By), graphite-bounding layers (Bcb ), and graphite-interior layers (Bci ), obtained

from analysis of the (00/) reflection lines in graphite —alkali-metal donor compounds and the
graphite-bromine acceptor compounds using RFINE4.

Intercalant Stage By B¢ A B c

K 1 3.24 + 0.60 0.81 +0.26
Rb? 1 1.62 + 0.08 0.99 + 0.09

Cs 1 0.15+0.29 0.87 +0.61

K 2 4.68 +2.04 3.98 + 0.55

Rb 2 6.02 + 1.76 2.89 + 0.80

Rb 2 525+0.61 1.17 + 0.31

Cs 2 —3.44 4+ 1.05° —3.04+091°

K 4 4.67+2.74 0.51+0.36 0.34 + 0.35
Rb 4 2.08 + 1.42 —0.28 +0.57° —0.68 + 0.49°
Br, 2 1.19 + 0.40 —0.25 + 0.56°

Br, 3 1.02 + 0.30 0.44 +0.51 0.99 + 0.82
Br, 4 0.26 + 0.35 —1.17 + 0.58° —0.81+0.51°
Br, 5 0.17 +0.37 —0.48 + 0.50° —0.11 + 0.49°

—0.75 +0.63°

% For Rb stage 1 there is a large correlation between By and Bcb, which are therefore minim-

ized separately.

® Negative temperature coefficients for By, Bcb, and BCi are not physical and may be related
to an improper correction for the absorption by the glass ampoule.
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TABLE V. Graphite-intercalant-graphite sandwich thickness (d;) values in A from
analysis of the (00/) reflection lines in graphite—alkali-metal donor compounds and

graphite-Br, acceptor compounds using RFINE4.

Intercalant 1 2 3 4 5
K 5.32+0.02 5.38 +0.02 5.40 +0.04
Rb 5.65 +0.01 5.66 + 0.01° 5.72 £ 0.05
5.72 £ 0.01*
Cs 5.95+0.01 6.02 + 0.02
Br, 7.00 + 0.02 7.02 +0.02 7.02 +0.03 7.01 £ 0.02

# Results obtained for two different stage-2 graphite-Rb samples.

Values for the mean-square c-axis displacements
(Z?) and for the Debye temperature corresponding
to these displacements ®; (in K) have been reported
for carbon and cesium atom displacement at 4.2 K
in CgCs by Campbell et al.*® using Mdssbauer spec-
troscopy techniques, yielding

(@_L)C = 800 >
(8)

(Z*)c=0.00376,
and

(@)= 145,
)

(Z?)s=0.00189,

for the carbon and Cs atoms, which we extrapolate

to-room temperature (300 K) by the formula*

2 eyr

3 1 T x dx
Z) =2 | = = AL
(2% =0 |21 |6 Jo 1
(10)
to obtain
(Z?)¢ =0.0157,
(11)

(Z*)c = 0.0067 .

The extrapolated value for (Z*), is about one or-
der of magnitude greater than our value for (Z2) ¢,
which we noted above is anomalously small. The
extrapolated value for (Z?) ¢, on the other hand,
within the error of our value for (Z?).

TABLE V1. Graphite-graphite interplanar layer separation® values in A resulting from
analysis of (00/) reflection lines in graphite —alkali-metal donor compounds and graphite-Br,

acceptor compounds using RFINE4.

Stage
Intercalant 2 4 5
K 3.36 + 0.02 3.34 +0.02
Rb 3.39+0.01 3.34 + 0.03
3.34 + 0.01
Cs 3.34+0.02
Br, 3.39 +0.02 3.36 + 0.02 3.36 + 0.02 3.39 +0.02

* For stage-2 compounds, the graphite-graphite interplanar layer separation is the distance
between two adjacent bounding layers d (C, — C,) not across the intercalant. For stage 3 and
higher, the distance is the graphite bounding-interior layer separation d (C, — C;).
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Ellenson et al.®’ have measured the acoustic branch

of the phonon spectrum for CgRb with neutron dif-
fraction. Extrapolation of their result gives a value
of v; = 3.61 X 10° cm/sec for the velocity of sound
propagating in the z direction at room temperature
(290 K). One can relate the velocity of sound v; to
the Debye temperature @ if we assume that the
velocity of sound is not temperature dependent. At
low temperature, the relation between v; and ®|
takes the form*

ﬁl)[

1= kB

1/3
6mN

12
v (12)

A rough estimate for (®)g;,, can be made if we as-
sume that &N is the number of intercalate atoms per
unit cell and V the volume of the unit cell. We
thus obtain value of 219 K for (®))g;, in CgRb.
We note that the determination of the Debye tem-
perature from specific-heat measurements gives an
average over the contributions for the longitudinal
and transverse velocities of sound, and because of
the highly anisotropic nature of graphite, ®, cannot
be obtained from specific-heat data unless both v,
and v, are known. Using Eq. (10) we obtain,
respectively, the zero-temperature and room-,
temperature mean-square displacement (in A ?) as

(Z*)go{T =0 K) = 0.00194 ,
(13)
(Z*)go(T = 300 K) = 0.0108 .

The room-temperature value is about a factor of 2
smaller than our value, but is considered to be con-
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TABLE VII. Values for graphite interior-interior layer
separation d (C; — C;) in A resulting from analysis of the
(00!) reflection lines for several compounds using
RFINEA4.

Stage
Intercalant 4 5
K 3.35+0.03
Rb 3.36 + 0.04
Br, 3.35+0.03 3.314+0.02

sistent (within experimental error) with our result,
in light of the approximations used to get ©).

The interpretation of results for the Debye-Waller
temperature coefficients for the higher stage alkali-
metal compounds is more difficult in that these ma-
terials have no single definitive in-plane structure,
and that in some cases the temperature factor even
goes negative, which is an unphysical result. Un-
physical Debye-Waller temperature coefficients were
also obtained for some of the graphite-Br, com-
pounds in Table IV.

Tabulated in Tables V, VI, and VII.are the vari-
ous layer separations that were obtained for the
graphite-alkali-metal compounds and graphite-Br,
compounds in this work. In Table V are listed
values for the graphite-intercalant-graphite sandwich
thickness d; obtained RFINE4, showing an increase
in d; with increasing stage index for donor com-
pounds. The bonding of the intercalate to the

TABLE VIII. Weighted residual index R,, obtained by analysis of (00/) reflection lines us-

ing RFINE4.

Intercalant Stage R, Number of (00!) lines
K 1 0.018 6
Rb 1 0.006 8
Cs 1 0.047 8
K 2 0.047 8
Rb- 2 0.057 7
Rb 2 0.023 7
Cs 2 0.077 7
K 4 0.077 23
Rb 4 0.157 23
Br, 2 0.072 12
Br, 3 0.075 17
Br, 4 0.099 21
Br, 5 0.082 25
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TABLE IX. Fit of observed and calculated (00/)
structure factors for a stage-4 graphite-K sample using
RFINE4. The in-plane density corresponds to Cyg ;K.
The residual is R = 0.108 and the weighted residual is
R, = 0.077 (see Table VIII).

I | Foof' | | F&or |
1 97 95.6
2 117 123.8
3 179 185.0
4 470 474.9
5 693 714.6
6 182 180.8
7 67 75.4
8 9 9.3
9 487 411.8
10 266 213.4
11 147 129.5
12 124 105.0
13 148 137.4
14 307 290.3
15 21 13.0
16 57 413
17 70 59.2
18 187 209.8
19 125 166.2
20 38 52.7
23 144 210.5

graphite-bounding layer is expected to weaken the
bond between the graphite-bounding layer and the
interior layers. Thus the d; value is smaller in the
low-stage alkali compounds, where the higher inter-
calate density gives the strongest intercalate-graphite
bonding (see Table V), in agreement with previous
work, which was based on assuming stage indepen-
dence for the graphite-graphite interplanar layer
separation.”*® Evidence in support of the validity of
this assumption is given in Table VI, where values
are listed for the graphite-bounding — graphite-
interior d (Cy, —C;) interplanar layer separation
based on RFINE4, and in Table VII, where the cor-
responding values for the C; — C; layer separations
are given. A determination of these graphite-
graphite interplanar layer separations is also provid-
ed by EXAFS measurements on the graphite-alkali-
metal compounds,16 and their results are in agree-
ment with the present work to within experimental
error.

To evaluate the goodness of fit of the model to
the experimental results, we list in Table VIII the
residual indices obtained from the RFINE4
analysis. The lower the value for the residual R,

TABLE X. Fit of observed and calculated (00/)
structure factors for a stage-4 graphite-Br, compound
using REFINE4. The in-plane density corresponds to
C14.4Br;. The residual is R =0.154 and the weighted
residual is R, =0.099 (see Table VIII).

! |F&P | P
1 0? 56.5
2 60 61.7
3 64 69.7
4 112 90.9
5 399 420.8
6 52 35.7
7 68 61.0
8 80 74.4
9 80 99.5

10 291 279.6

11 16 26.0
12 32 54.7
13 80 68.5
14 116 94.5
15 255 216.9
16 0* 4.8
17 40 39.7
18 44 57.5
19 72 89.3
20 179 189.4
21 28 ' 26.7

2 No line was observed above the noise level.

the better the fit to the experimental data. A com-
parison of the experimental structure factor to the
best fit to the data is shown in Tables IX and X,
respectively, for a stage-4 graphite-K donor com-
pound (R,, = 0.077) and a stage-4 graphite-Br, ac-
ceptor compound (R,, = 0.131). The good fit in
Tables IX and X is indicative of a homogeneous
sample.

The Hamilton significant.test is applied to our
model fit to test the significance of the various dis-
tance parameters used in fitting our result. The
Hamilton significant test is a linear hypothesis test
that relates the change of the weighted residual in-
dex to the addition of parameters in the model.>**’
The result of the test for stage-2 and stage-4
graphite-alkali-metal compounds with respect to the
addition of a parameter for the graphite-graphite in-
terplanar layer separation is shown in Table XI.
The application of the Hamilton significant test indi-
cates that the graphite-graphite layer separation does
not significantly deviate from 3.35 A when these
separations are treated as adjustable parameters.

The results of Table XI show that the parameter a
in all cases is found to be about 0.5, which means it
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TABLE XI. The Hamilton significant test of the significance of including the interplanar
layer separations as parameters in RFINE4. The definitions of p as “the addition of the new
distance parameter,” and R = R, (without p)/R, (with p) are given in the text.

Intercalant K Rb Cs K Rb
Stage 2 2 2 4 4
Number of lines (gq) 8 7 7 23 23
Number. of lines (m) 5 5 5 7 7
R, (with p) 0.047 0.057 0.077 0.077 0.157
R, (without p) 0.047 0.071 0.077 0.078 0.162
R 1.0 1.25 1.0 1.013 1.032
Number of distance parameters (b) 1 1 1 2 2
Degrees of freedom (¢ —m) 3 2 2 16 16
Significance level (a) 0.5 0.5 0.5 0.5 0.5
Rygma 1.093 1.155 1.155 1.044 1.044

is equally probable that the distances are as calculat-
ed or that they remain unchanged relative to their
pristine graphite unadjusted values.

We have also fit our data using an ionic scattering
factor for the alkali metal in the graphite-alkali-
metal compounds. This fitting gives no significant
reduction of the residual index or changes in the
values of the other parameters. This distinction
between atomic and ionic scattering factors could be
especially important in the stage-1 graphite-alkali-
metal compounds because of the possibility of using
x-ray diffraction measurements to test whether or
not there is complete ionization of the alkali metal
in the intercalate layer. The results for the ionic
scattering factors are shown in Table XII. As we
can see, the fit is insensitive to whether one uses an
atomic or an ionic scattering factor for the analysis.

The inclusion of puckering of the graphite-

TABLE XII. Comparison between the use of atomic
and ionic alkali-metal scattering factor for determination
of the fractional intercalate site-occupation values (v in
CgX,) for various stage-1 graphite —alkali-metal scatter-
ing factors in terms of the weighted residual R,,.

bounding layer as an additional parameter was also
considered. Our analysis shows that the inclusion
of puckering of the graphite-bounding layers by as
much as 0.5 A does not give any statistically dif-
ferent results to the fit. Such a puckering effect for
one of our phases would also have given rise to an
anomalously large apparent Debye-Waller factor for
the projected layers, if one had assumed planar
sheets. This effect was not observed.

IV. CONCLUSIONS

In this paper, we have obtained structural infor-
mation on staging, in-plane densities, structure of
the molecular intercalant, and various layer separa-
tions from analysis of the measured angular posi-
tions, linewidths, and integrated intensities of (00/)
reflections. The results are significant in that we
have found that the in-plane densities deviate from
accepted stoichiometries and this conclusion is con-
sistent with the interpretation of multiphase coex-
istence of different in-plane superlattice structures.
Furthermore, we can determine the layer structure
of molecular intercalants such as in graphite-AlCl;
and graphite-Br, by calculating the c-axis depen-
dence of the charge density using the Fourier syn-

Atomic or ionic species v R, thesis method. A full structural determination of a

single-crystal intercalation compound using many

K 1.162 + 0.019 0.018 (hkl) lines remains a major goal for a definitive x-

K+ 1.166 + 0.019 0.018 ray study. The in-plane density and lattice con-
stants can be useful parameters to monitor structur-

Rb 1.023 + 0.003 0.006 al transitions. Thus temperature-dependent x-ray

Rb* 1.024 +0.003 0.006 measurements could provide a useful tool for ex-
tracting further structural information on these com-

g:+ gg;(g) i ggi; 88:; "pounds. A key experiment suggested by the present

work is the correlation of the in-plane intercalate
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density with the growth conditions of the intercala-
tion compounds.
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