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X-ray evidence on a stage-1I potassium-graphite crystal indicates that below the upper
critical temperature, Ty =123 K, the disordered unregistered potassium layers order and
rotate with respect to the graphite. We postulate that the alkali ordering is accompanied
by both a static displacement and charge-density modulation of the adjacent graphite
planes in which the potassium periodicity is impressed. We then make preliminary esti-
mates of these modulation amplitudes. A simple E—space geometrical argument relates
the rotation angle to the alkali ion size in K, Rb, and Cs compounds, and a universal
curve is thereby generated which fits well the available data.

I. INTRODUCTION

From previous x-ray studies of stage-II
potassium-intercalated graphite (C,4K) we know:
(a) the high-temperature disordered state shows an
l-independent scattering!? (I is the reciprocal-
lattice index normal to the graphite basal plane; A
and k are in the basal plane) characteristic of un-
correlated potassium layers; (b) the two-
dimensional (2D) in-plane disorder scattering
shows liquidlike behavior,>? similar to the observa-
tion of Clarke et al.* on disordered C,,Cs, which
cannot be fit with a simple lattice-gas model® and
is indicative of a potassium 2D liquid unregistered
with the graphite; (c) at an upper phase
transition,>> Ty =123 K, the potassium layers or-
der, giving rise to new 3D Bragg peaks whose inten-
sity grows continuously as in a second-order phase
transition; above Ty there remains some critical
scattering at the reciprocal-lattice points (relpoints)
of the low-temperature structure, which is 2D in
character; (d) at T; =95 K, a first-order transition
occurs,"’ associated with a new potassium stacking
sequence. At T; < T < Ty, the intercalated potas-
sium stacking is afBy/aBy with a complete
graphite-potassium stacking of
AaABBBCYC. . .,etc. It is generally agreed that
each potassium layer is always confined by two

carbon layers directly over each other.
Relevant x-ray and neutron data from other sys-

25

tems with which these results may be compared in-
clude observations on ordering in single-crystal
CCs (Refs. 4 and 6) and highly oriented pyrolytic
graphite’ (HOPG) and single-crystal® Co,Rb.

There are also electron diffraction data’ on the or-
dered structures in these three stage-II compounds
which show similar effects. (The designation C,yX
is used interchangeably with stage II; if the inter-
calation does not result in a registered structure,
there is no requirement of exact stoichiometry.) In
the most recent of these related studies*®~% (see
also Ref. 10 for a review and preliminary an-
nouncement of the present findings), it has been
noted that the planar ordered alkali lattice is in-
commensurate with its graphite host and is rotated
with respect to the graphite lattice. In addition, in
analogy, for example, with rare-gas overlayers on
graphite,!! the diffraction patterns of the ordered
stage-II compounds demonstrate a modulation pat-
tern initially attributed®’ to the modulation of the
alkali layer by the neighboring graphite potential.
Difficulties in this interpretation were raised by the
present authors as quoted in Ref. 10, and by Ya-
mada et al.,’ and will be discussed presently. It
remains true that a complete description of the
disordered (liquidlike) state has yet to be given
which properly includes graphite-intercalate pertur-
bations. A proper structural analysis of the or-
dered state, including positions and intensities of
the new or extra reflections, has also yet to be made.
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There seem, however, to be some basic features
which should be stressed and which any analysis
must ultimately account for. In the first place
there appears in the (hk.0) plane of the ordered
state a set of 12 alkali spots (6 pairs, each split by
a rotational angle 26 about [10.0] directions). The
alkali spots form a ring about the origin of re-
ciprocal space at the same wave vector as the first
strong diffuse peak of the liquidlike disordered
structure. It is assumed that they develop out of
this diffuse peak as indeed seems to be the case.! ™’
Any of these 12 peaks can properly be called an al-
kali 10.0 reflection (or the /=0 extension of a 10./
reflection). There are also alkali peaks which may
be indexed as 11.0, 20.0, etc., although these peaks
fall off rather quickly in intensity. Finally, the en-
tire pattern about the origin in the (hk.0) plane is
repeated about each graphite reciprocal-lattice (rel)
point. (These aspects are reiterated in the next sec-
tion because, to our knowledge, this is the first
place where they have been discussed in detail oth-
er than in Ref. 10.)

Because there appears both a graphite lattice and
an ordered alkali lattice incommensurate with it,
together with the aforementioned repeat or modu-
lation structure, only a few possibilities for the or-
dered state exist. One might be the analogy with
the rare gases noted above.” Another involves a
“registered” alkali lattice in which the alkali atoms
are moved from their own lattice sites to nearby
graphite hexagon centers. This is attractive be-
cause it represents an amplitude modulation of the
graphite lattice by the alkali atoms, together with
displacements of these atoms from their own lat-
tice which would tend to attenuate the alkali Bragg
peaks as observed. This model has been proposed
by DiCenzo.!? An extension of this idea, proposed
earlier by Yamada et al.® involves, in addition, in-
plane displacements of the graphite atoms as each
alkali tries to center itself in a graphite hexagon.

We present here the C,4K single-crystal results
referred to earlier,'® together with both a geometri-
cal interpretation and a quantitative estimate of the

" intensities of the observed modulation satellite
peaks in HOPG C,,K. We also present new
HOPG data on ordered C3;sK. The model we
develop for the measured intensities is based sim-
ply on the modulation of the graphite sandwich by
the intercalated potassium lattice which has rotated
with respect to it; each graphite hexagon is de-
formed here to an extent determined by the posi-
tion of the alkali atom in it. Accompanying this
proposed mass-density wave in the graphite is a

charge-density wave which tends to pile up the
charge donated to the adjacent graphite layers in
the region between the potassium ions.

II. RESULTS AND GEOMETRICAL
INTERPRETATION

Figure 1(a) shows an x-ray photograph and its
tracing taken at ~ 100 K, of a small (~2.3 mm?)
stage-1I potassium-graphite single-crystal flake
kindly provided by S. A. Solin and co-workers who
prepared it by the 2-bulb Herold method. Careful
x-ray scans verified both the stage index (II) and
stage purity (instrumentally narrow peaks). (The
crystal was in a thin glass tube whose first diffuse
maximum unfortunately dominates the low-angle
portion of our photograph.) The x-ray source was
a 12 kW Rigaku Rotaflex with a Mo anode and
point focus geometry. A vertically bent graphite
monochromator was used to bring the beam onto
the pinhole collimator of our camera, followed by
the crystal-in-glass aligned with the flat face ap-
proximately normal to the beam. The flat film
holder with a beam stop was placed ~7 cm behind
the crystal. The temperature was achieved by
flowing cold N, gas over the sample through a
double cone arrangement of Mylar sheets which
were warmed with a blower from the outside to
prevent ice formation.

We take advantage in Fig. 1(a) of a large mosaic
spread about ¢* =27/7¢ to effectively rotate the
crystal onto a Ewald sphere. Using the measured
mosaic spread and the radius of the MoK« sphere,
we calculate that effects at least out to the graphite
10.0 position are thus observable. The pattern,
however, becomes more distorted with increasing
angle due to the flat-film geometry. Distances es-
timated on the film and its tracing are therefore
inaccurate, becoming, in general, increasingly in-
valid with increasing angle. This effect is addi-
tionally complicated by the presence of a large
amount of c-axis stacking disorder which extends
certlaisn reciprocal-lattice points into rods parallel to
¢*b

The tracing in Fig. 1(a) shows the following dif-
fraction features summarized above: (a) A sixfold
distribution of split spots about the origin where
the spot splitting, 6, is about 7—7.5° off the gra-
phite [10.0] direction. (b) The reproduction of this
pattern of six pairs of split spots about each gra-
phite { 10.0} relpoint. (c) The extension of a part
of the single-crystal pattern in (a) out from the ori-
gin without seeming reference to the graphite re-
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FIG. 1. (a) Transmission x-ray photo of single crystal CJK with MoKa at ~100 K. The intense diffuse ring
comes from the glass holder. In the tracing, the out-of-plane 10.1 and 01.1 are indicated as dotted circles (10.0), (01.0);
(11.0) is shown as a closed circle. (b) Schematic interpretation of (a) with HOPG Debye rings indicated as q, b, c, etc.,

and with the first-order modulation circles indicated.

ciprocal lattice. In other words, the ordered potas-
sium appears to have its own reciprocal lattice—
again suggestive of a separate unregistered inter-
calant structure.*”1% (d) A/2 effects coming from
the graphite monochromator at positions halfway
to the appropriate graphite reflection [with a
Ge(111) monochromator, as in Fig. 2, these peaks
disappear]. The above features are all present, as
well, in Fig. 4 of Parry,® including a real 22 or-
dered phase accompanying them in C,4Cs. Parry
also shows an intriguing room-temperature pattern
of C,4Cs, recently described, as well by Yamada

et al.® in C,4Rb, in which the slightly orientation-
ally ordered liquidlike diffuse pattern is reproduced
about each graphite relpoint.

Our interpretation of Fig. 1(a) is schematically
presented in 1(b). The principal idea behind this
figure is the previously stated suggestion that the
graphite (G) planes bounding or sandwiching a po-
tassium (K) layer are modulated by it. It is, of
course, also possible that the graphite remains rela-
tively rigid and modulates the potassium,’ as with
the rare-gas overlayers.!! If, however, one imposes
a small sinusoidal modulation of K on G or G on
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FIG. 2. (hkO0) scans of HOPG intercalates. (a) CpK
(Ref. 2) and (b) C36K at 100 K and 90 K, respectively.
(b) was collected with a 12 kW rotating anode supply
and graphite monochromator; sample holder was similar
to that in Ref. 2.

K, the principal consequences of the two cases are
distinguishable as noted in Ref. 10. Imposing a
modulation larger than the fundamental period (K
modulates G) places first-order optical ghosts'® or
sidebands about each G relpoint. Imposing a
modulation considerably smaller than the funda-
mental lattice period (G modulates K) is physically
equivalent to a longer wavelength displacement and
places first-order sidebands about each K relpoint
for which the wave vector must be umklapped
back from an outer zone.

Ultimately, however, the argument of which
modulates which can only be resolved by intensity
measurements since the complete set of allowed
ghosts or sidebands of all orders come at
{ GX+G®} where { GX} and { G°} are the set of
potassium and graphite reciprocal-lattice vectors,
respectively. It is also true that if K pushes on G,
G must push back, with the important restriction
that because the bounding G layers are directly
over each other, there can be no component of the
modulation of K out of the layer. It should also
be understood that if K modulates G, there will be
satellites about each graphite relpoint for which

the diffraction vector (K) may be approximately
normal to the modulation wave vector and thus to
the displacement vector (d) of the (mainly) longitu-
dinal displacement field. If graphite modulates po-
tassium, the diffraction vector is nearly parallel to
all the modulation vectors. Because in the scatter-
ing by lattice displacement waves the intensity

I « (K-1)? in the latter case one should expect a
fairly uniform intensity variation in the 12 spots
about a graphite relpoint. In the former case, one
can expect rather dramatic variations about the
ring, depending on the rotation angle 6. This fact,
noted also by Yamada et al.,} is an important clue
to our qualitative understanding.

We postulate here that the principal features in
Fig. 1(a) arise as a consequence of the ordering of
the incommensurate or unregistered potassium lat-
tice with stacking afy/aBy. This lattice has its
own Bragg peaks at positions { 10.1}, { 11.0}, and
{20.1}. In addition it modulates the graphite to
produce potassiumlike reflections about each gra-
phite reciprocal-lattice point. In Fig. 1(b), the po-
tassium reflections are labeled 10.0, 11.0, 20.0 sim-
ply to indicate their positions in the (hAk0) plane.
They and the graphite reflections, of course, obey
structure factor rules with the proviso that stack-
ing fault streaking may bring an hkl reflection into
the (hk0) lane.s_’Two potassium wave vectors are
labeled Gy and Gflo, and the rotational separation
20 is indicated. Potassium peaks beyond 20.1 were
not observed, although the sharpness of the first
three indicates that a well-defined K lattice exists.
In addition it appears that all second-order peaks,
including the potassium { 11.0} and the second-
order modulation peaks, lie on the first-order
modulation circle about a graphite relpoint. This
implies a simple relationship between the lattice
periods of K and G and the rotation angle 6,
which we will discuss later.

Neglecting for the moment which of the diffrac-
tion peaks in Fig. 1(b) occur in the (hk0) plane and
which occur at a nonzero / index, we may repro-
duce the peak positions in our earlier C,4K (Ref. 2)
HOPG pattern by constructing Debye rings about
the origin and labeling then a, b, ¢, d, etc. as
presented in Fig. 2(a). It is clear that some Bragg
peaks (10.1, 11.0, 20.1) arise from a pure potassium
lattice while others seem to be essentially pure gra-
phite modulation side bands. The entire set of ob-
served peaks from the HOPG can be indexed in
this way, as indicated in Table 1.

To illustrate this further we present the low-
temperature C;cK (stage-I1II) HOPG pattern in
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TABLE I. The indexing of the HOPG diffraction pattern based on Fig. 1(b).
(hk.0)$(1,2,3) means (first-, second-, third-) order modulation peak of hkl graphite reflections

on (hk.0) plane.

@ q(hk0) HOPG Laue film
| Gioo |
Index (hk.0) (A-Y [Fig. 2@)] [Fig. 1@)]

a (10.0)¥ 0.425 1.250 1.24 1.25

b (10.00%, 0.581 1.709 1.70 1.74

c (11.0)% 0.736 2.165 2.18 2.22

d (10.0)¢, 0.814 2.394

e (10.0)¢ 4 0.829 2.438 242 242

f (10.00¢ 0.925 2.719 2.75 2.74

g (10.0)¢ 1 2.94 2.94 2.99

h (10.00S, 1.162 3.416 3.43

i (10.0)¢, 1.227 3.608 3.64 3.56

j (10.008, 1.303 3.831 3.85 3.74

k (11.0¢, 1.349 3.967 3.99

i (11.08, 1.419 4.171

m 4.19

m (10.0)¢, 1.422 4.182

n (10.0)¢, 1.646 4.840

0 (11.0)¢ 1.732 5.092 (5.63)
Fig. 2(b) for comparison. In this case, as at room
temperature,’ G Kol < GXo(ID). The rotation an- ) )
gle appears to accomodate to the change in . ~
potassium-ion size and can be calculated from the e = )
HOPG data.!'° The HOPG pattern can then be in- : J J
terpreted in a similar way to C,4K and is indexed aE—
in Fig. 2(b) (note the reversal of d, e and I, m). We : """""" """"""""

may now assign the ordering peak?’ in C,uK to
the first-order modulation of graphite which van-
ishes directly with the loss of 3D potassium order.
It appears also that the proposed graphite modula-
tion may induce 3D order by stacking the adjacent
potassium layers in a pseudocubic close-packed
way [see Fig. 3(a)] to minimize the elastic energy.

III. DIFFRACTION THEORY

To account for the diffraction effects in Figs. 1
and 2, as well as similar observations of other
workers on C,4Rb (Ref. 7) and C,4Cs (Refs. 4 and
6) we have developed a model for the ordered
structure in the regime 7T} < T < Ty whose model
parameters are illustrated in Fig. 3(a). The ensuing
diffraction equations are rather complex but the
idea is outlined here for clarity:

(1) In a fashion identical to Suzuki et al.,” we
postulate a 3-layer structure for the c-axis potassi-
um stacking (afy) in each layer of which the po-
tassium forms an unregistered 2D triangular lat-

& Observed (HOPG C,4K)
Calculated: |Gy /GSho|=0.425; 6=7.5
-O- best estimate a(=3)
x w/o charge modulation
O w/0 c-oxis modulation
1.0} [
_ 1o
- (10)g
‘e
b=
g
S
>0.5r
‘»
[=4
2
£
(6}

m [o]

FIG. 3. (a) Left: Model parameters for a modulated
graphite plane; Right: the modulation stacking se-
quence. (b) Relative intensity of several peaks in 2(a)
compared with calculations (see text).
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tice. The in-plane positions of K atoms in 8 and y
layers are related to those of K atoms in the a
layer by the fundamental translation vectors
AK—(Zal—az)/?a and @, and @, are fundamental
vectors of the K layer. | Ag|=5.81 A and the
in-plane structure of the graphite remains nominal-
ly the same as in the original graphite. The in-
plane positions of the graphite atoms in the B and
C layers are related to those of the graphite atoms
in the A layer by the fundamental translatlon vec-
tors AG and 2AG w1th A —(2b1—b2)/3

| Ag| =246 A. b, and b2 are graphite cell vec-
tors.

(2) The potassium ordering described above
within the graphite sandwiches proceeds either via
or accompainied by a rotation and an attendant
periodic deformation of the graphite.

(3) Along with this periodic lattice modulation
of graphite will be a charge readjustment or
charge-density wave of the same period. A single
charge-density wave (for one potassium reciprocal-
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lattice vector, GK) is of the form

o= oocos[G (T +710)] (1)

where Tj; denotes the jth atom of the ith graphite
cell; (—T) is the position of the potassium lattice
from the center of the Oth cell as in Fig. 3(a).

(4) The magnitude of the expanding of the ith
cell in our deformation-modulation model is decid-
ed by the distance between potassium and the
center of the cell. In other words, each graphite
hexagon is deformed by the alkali atom which is at-
tempting to center itself therein. In this respect our
model is different from a simple longitudinal dis-
placement model and represents a point of view
midway, so to speak, between an unregistered al-
kali lattice and a fully registered alkali lattice. The
planar static displacement (distortion) wave is
evaluated at each of the two atoms of the 2D gra-
phite cell and contains at each the contribution of
the three adjacent cells in a single layer. For each
atom (1 and 2) we have

Klz > Af ?lcos[G “(T;+ o) ]+ (— T+ Fp)cos[ GK- (T;+a+Ty)]
=K

G

+(—T,)cos[ GK+(

A{ Fycos[ GX+(

B>
I
*M

+(F, = T)eos[ GX-(F; + b+ To)] } -
Also,

A+B A—B

2

cosA —cosB = —2sin sin

and therefore,

1= > AT cos[ GK+(T; 4 Tp)] —cos[ GK(
Gk

g

Fi+3+b+7p]},

(2)

i +To)]+(—T)eos[GX(T; +F+ b +Tp)]

T +a+70]]}

+To{ cos[GX(F; + 8+ Fo)] —cos[GX+(F; +d+ b +To)] })

= 3 241 7sin5(GX-@)sin | GX |7+ Tot
?}’K
— . "K — — _6
+rzsm (GX-b)sin | GX- r,~+r0+a+—2— , (3)
ie.,
. O 3 - R
A= [dlsm GK- r,+r0+% +d,sin r;+ 0+a+7 H “)
a](
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Similarly,

GX-

cK

[Elsin

Kz= 2
G

Here the fact that we are dealing with a complex set of
< o 12K o Bessel funcitons (exponentials of sums over cosine
=2ATsin5 (G2 . . .
d,=247sin7(G™3), functions). The expressions were therefore simpli-

32=2 Af’zsini(éx-_ﬁ) ) fied through the familiar assumption of small dis-
2 placements'® where only the linear term in the ex-
T; refers to the ith unit cell, T} and T, are basis pansion of the exponential is kept. If the displace-
vectors with components along 3 and b of ments are large this assumption is bad. Further-
2 1 1 2 . . . . . .
(3,3,0) and (5,7,0), and A is a displacement am- more, the resulting expression will only give
plitude in A. reasonable estimates of the intensities of the first-
(5) Finally, as sketched in Fig. 3(a), we have order satellites or ghosts. The higher-order satel-
along [()Ol] a static disp]agement wave (transverse lite intensities, as pictured in Flg 2(b), are not cal-
to the basal plane): culated properly here even though the derived
selection rules for their presence are, of course,
A= > A :COS[GK'(T},‘+?0)] . (5) correct. The scattered intensity S(K) is given by
Eh S(K)=58(K —GO)FZ(HKL)+8(K —GX)FL (MNL)

Introducing these displacement and charge-density

2 AK, AG\)p2
waves into the diffraction equations for the undis- +3(K—(G"+G")Fy (HKLMN) ,

turbed C4K and accounting, as noted above, for where the 8’s denote the separate Bragg peaks for
the stacking of potassium (afBy) and thus the the G (graphite) lattice, K (potassium) lattice, and
modulation stacking of graphite requires further M (modulation) lattice. The F’s are the structure
simplification to be tractable. This is clear from factors given by

|

FG(HKL)=8fG(K)COSZﬂL% cos%(H—K)[cos%ﬁ(2H+K +L)++],

Fy(HKLMN)=8[cos>m(2H +K +L +2M +N)+~] aocosvac? —fe(K)K- K,sinzﬂL% cosg—(H —K)
— fo(RIK-{ dicos~[2m(H —K)+GX-a +2GX-B]
- 1 2K - RK.T ¢’
+djcos¢[2m(H —K)—2G™d—G™+b] }cosZ'nL? , (6)
) VG = 2 1
FK(MNL)-——Z—V—K—fK(K)[cos;ﬂQM +N +L)+5]+Fy(OOLMN) .
]

HKL are indices of the graphite reciprocal lattice In Egs. (6), both F; and F, have similar selec-
and MNL are the corresponding potassium indices, tion rules QH +K +L=3M or 2H +K +L +2M
VG/VK is the unit-cell volume ratio, ¢’ is one-half +N =3m’) that produce reflections either in the
the graphite plane spacing of those planes with a (hk0) plane or out at, say, =L =+1 (+ included
potassium layer, and c is the ¢-axis unit-cell due to twinning). These predictions have been in
dimension. Fy(OOLMN) is included with detail confirmed with scans in both HOPG and on
Fx(MNL) because in first Brillouin zone the two the single crystal of Fig. 1. For example, peak a is
amplitudes add at the same relpoint. From either out-of-plane at /= +1, peak b is in-plane (/ =0), d
Fig. 1 or Fig. 2(a), we have the values for and f are out at /=+1, i and j are in, and m is out
|GX| =125 A" and the angle between G* and (I=+1) as predicted. For detailed comparisons of

G% 6=1.5". intensity we have, however, used selected HOPG
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data for the graphite peaks (normal and first-order
modulation) corrected for powder averaging and
polarization and including a careful evaluation of
in-plane and out-of-plane effects. This was reluc-
tantly done because the temperature control in the
single-crystal experiment was not good enough to
guarantee that we were measuring at Ty < T

< Ty. We have chosen not to fit the potassium re-
flections although, were we successful, it would af-
ford an important check. There are only three of
these [10.1(a), 11.0(c), 20.1(e *)], and one of them
(10.1) has a graphite modulation contribution while
another (20.1) is too weak.

Our objective is to account very roughly for the
first-order modulation peaks. Because the intensity
estimate is uncertain, we are interested only in the
rough features of this comparison. For example,
modulation peaks b (10010) and f (10111) are both
first-order satellites about G %y. But (10010) is in-
plane while (101 11) is out at /= —1. Furthermore,
K ~||G¥ while K~l§}l . The latter fact nearly
cancels the structure factor for peak f because the
diffraction vector is nearly perpendicular to the
largely longitudinal in-plane displacement vector.
The sequence of intensity should therefore be
F} (10010) > F (101 11)d > F4(101T1)f. d and f
are the same peak merely rotated by 26. If they
have very different intensities, then it is quite like-
ly that the graphite lattice is modulated by the po-
tassium. The displacement field, represented by
Egs. (2)—(4), is not purely longitudinal for which
the displacement vector U in graphite would be
parallel to each modulation wave vector. In fact,
were it purely longitudinal, peak j would have to
be greater than peak i, which it is not. Our cell-
expanding model gives the correct variation. If, on
the other hand, the graphite modulation of potassi-
um were the principal effect here, the observed
variation could not be reproduced for reasons
essentially the same as those noted earlier. In ad-
dition, if we had solely an amplitude modulation
of graphite by alkali which is produced by alkali
decoration of graphite hexagons without displace-
ment effects,'? all pairs of spots about each gra-
phite relpoint would have the same intensity for
the two members of each pair.

IV. RESULTS AND DISCUSSION

The final result for peaks b, d, f, g, i, J, m, and
o is shown in Fig. 3(b). Our best estimate is
A=—-0.06 A; o= —0.108 electrons; and
|A;| =1.5 A. Because A, is so large (it is the am-

plitude along ¢ of the planar modulation), a static
attenuation factor was applied to the peak g (the
graphite 10.1 or 10.1). This attenuation factor is
analogous to a static Debye-Waller factor. Even
including the c-axis displacements, a value of
A,=1.5 A is too large—both to be reasonable and
to permit the approximation (K- A, ;)<< 1. In fact,
recent single-crystal measurements, both of modu-
lation peaks and 00./ reflections'* (where the effec-
tive attenuation factor has a contribution from the
proposed rumpling of the graphite basal planes)
suggest that A, is closer to 0.30 A.

In summary, certain aspects both of our prelimi-
nary fit and the model that motivated it should be
emphasized. In the first place, the indexing of all
peaks in Fig. 2 and the agreement in Table I are
encouraging. The ordered structures of all the
Stage-II intercalated materials have proven rather
elusive to date, and the intensity and position of
the peaks, other than (00.]), have yet to be com-
pletely accounted for.>!? In addition we would
note the following:

(1) The charge-density modulation seems to be
required although its estimate, based mainly on
peaks 7 and j, is uncertain; it is larger by ~2.5
than the value of the excess charge per layer donat-
ed by K (~% electron per 12 carbon atoms or
09=—0.04). The charge density buildup in gra-
phite is, as we would expect, between the potassi-
um atom positions, hence the negative value at the
potassium site og= —0.108.

(2) The in-plane graphite expansion of
A=—-0.06 A is in phase with the charge buildup;
i.e., at the potassium site the graphite axes are con-
tracted.

(3) A; >0 means, of course, that the graphite is
expanded along c at the potassium site and con-
tracted between, as in Fig. 3(a).

(4) A large value of A,/A is expected from the
measured elastic stiffnesses of graphite which con-
trol the in-plane (C,;) and out-of-plane (Cy,) dis-
placements (Cyy/C 44 ~300)."

(5) The proposed rumpling or modulation of gra-
phite by the incorporated alkali should be viewed
as an inherent tendency of graphite planes (in
glassy or polymeric carbon,'®!” for example) to
bend on their own. As in (4) above, graphite is
mainly stiff with respect to in-plane stretching.

Finally, returning to the relationship between 8
and atom size, we note that in all cases reported,
including C,;Rb (Refs. 8, 18, and 19), C,,Cs (Ref.
4), and the present C,K and C;3¢K, there appears a
connection between the rotation angle 8 and the
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FIG. 4. The rotation angle 6 versus lattice mismatch
ratio z=ag/a, for several stage-II compounds, where
ag, 4 are in-plane lattice parameters of graphite (G) and
alkali (4). The solid curve is from the expression
cos(30—6)=(2z2 + 1)/(2V3z).

lattice mismatch ratio | GX/GS, | =z. If we re-

quire, as appears in Fig. 1(c), that G{(IO lie always
on the modulation “circle” (of radius | Gy |) of
about, say, 61600, the simple trigonometric relation-
ship follows: cos(30—6)=(2z% 4 1)/(2V'3z). The
above quoted results, plotted in Fig. 4, appear to
lie on this curve (=0 at z=0.5 is the commensu-
rate registry for 2 X2 structure), permitting a cal-
culation of rotation angle without (initial) regard to
the elastic properties of either alkali or graphite.
The reported results on C,4Rb are noteworthy in
that they all lie on the curve although they
disagree with each other. This may be due to a
temperature dependence of rotation angle*? with,
presumably, a concomitant change in z. It may
also arise from slightly different in-plane concen-
trations in the three (stage-II) compounds which
lead, in these unregistered phases, to different dis-
tances of closest approach and thus different

values of z.

Note added in proof. Two additional references
have come to our attention which bear comment.
The first by Ohnishi and Sugano [Solid State Com-
mun. 36, 823 (1980)] is a calculation of the elastic
interaction between intercalant atoms which
proceeds through the distortion field in the gra-
phite induced by the intercalant. It is similar in
spirit to the work of Safran and Haman [Phys.
Rev. Lett. 42, 1410 (1979)] but includes interac-
tions in the X-Z plane rather than soley along Z (¢
axis). The relation to the present problem lies in
the importance of the elastic deformation of gra-
phite by intercalated alkali in understanding stag-
ing. The second reference is to Clarke, Gray,
Homma, and Winokur [Phys. Rev. Lett. 47, 1407
(1981)] in which a model of registered commen-
surate domains with discommensurations is pro-
posed for the incommensurate ordered state in
stage-II alkali intercalates. It is difficult to assess
this picture because the position of only a few of
the many observed ordering peaks in Ref. 6 are
discussed and the intensities are not calculated. It
is, however, reasonable to assume that the final
(ground) state of an incommensurate structure will
involve commensurate registry. How and at what
temperature this is achieved remains an open ques-
tion.
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FIG. 1. (a) Transmission x-ray photo of single crystal C,;K with MoKa at ~100 K. The intense diffuse ring
comes from the glass holder. In the tracing, the out-of-plane 10.1 and 01.1 are indicated as dotted circles (10.0), (01.0);
(11.0) is shown as a closed circle. (b) Schematic interpretation of (a) with HOPG Debye rings indicated as g, b, ¢, etc.,

and with the first-order modulation circles indicated.



