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Stage disorder of random-mixture graphite
intercalation compounds
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Binghamton, Binghamton, New York 13902-6000, USA

Received 14 May 1991

Abstract. The stage disorder of random mixture-Gics (RMGICs), stage 2 Co M, . Cly-GICs
(M = Mn, Ni), has been studied by means of (00L) x-ray diffraction. The (00L) x-ray
diffraction pattern shows the prominent feature that the stage-disorder induced peak shift
and full-width at half-maximum of the Bragg reflections oscillate as a function of the Bragg
index of stage 2. We present a model calculation of the (00L) x-ray scattering intensity for
systems with a stage disorder, which shows that the fractionat probability of each stage is
uniquely determined from the Bragg index dependence of the stage-disorder induced peak
shift and full-width at half-maximum. The fractional probability of these compounds is
determined by this method, and is discussed in terms of the scaling law relating the stage
disorder to domain size (island size), charge transfer and temperature. The interlayer
repulsion energy of these compounds which is the key for the stage order is shown to have
the formof i, = pyi*withae=land 1.§ X 107" eV < 0, < 1.8 x 1072eV.

1. Introduction

Recently, stage disorder of graphite intercalation compounds (GiCs) has received both
experimental and theoretical interest (Kirczenow 1990). The staging structure of graph-
ite intercalation compounds (GiCs) is characterized by the stage number which refers to
the number of graphite iayers separating adjacent intercalate layers. Stage disorderis a
random arrangement of packages with a different stage along the c-axis, where the
package with stage { refers to an intercalate layer plus i graphite layers. The (00L) x-ray
diffraction pattern of GICs with stage disorder is characterized by (i) the full-width at
half-maximum (FwHM) of the Bragg reflections, which depends on the index L, and (i)
the peak shift (ps} of the Bragg reflections from that of the pure stage, which depends
on the index L. Fuerst ef af {1983) have done the (00L) x-ray diffraction of a donor K-
GIC sample consisting of a random mixture of 76% stage 7 and 24% stage 8 packages,
and have found that the peak shift of the Bragg reflections from its ideal stage 7 as a
function of the index L shows an oscillatory behaviour. Hohlwein and Metz (1974) and
Metz and Hohlwein (1975) have also found a characteristic stage disorder-induced
broadening and peak shift of x-ray Bragg reflections for an acceptor FeCl;-GIC.
Kirczenow (1985) has proposed a scaling law which provides a framework for under-
standing the stage disorder of donor and acceptor Gics. The scaling law indicates that
the degree of stage disorder is related to (i) domain size in intercalate layers, (i) charge
transfer, (iii) filling factor and (iv) temperature. The in-plane order of the intercalate
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layer is not related to stage disorder. The stage disorder is measured as the fraction of
stage-funit which is approximated by a Gaussian distribution with a peak at the dominant
stage (i). The width of the Gaussian distribution

o = [(ka T)/(Nox?(8%1;/8i%);c (3 )17 = [(kp TKi}**)/(Nox? voa(er + 1))]*" (1)

isameasure of stage disorder, where T'is temperature, Npis domainsize of the intercalate
layer, i.e. the in-plane dimension of intercalate islands, x is the filling factor of domains,
u; is the interlayer repulsive interaction of the form u, = vyi™%, where vg and o are
constants. The scaling law indicates the importance of the repuisive interlayerinteraction
u;. The degree of stage disorder increases as stage (i) and temperature increase and as
domain size and filling factor decrease. The value of v is a measure of charge transfer,
sothe degree of stage disorder increases ascharge transfer decreases, The charge transfer
of acceptor GICs is smaller than that of donor Gics. The intercalate layers of acceptor
CoCl,y-cic, MnCl,-Gic and NiCl,-GiC are known to be formed of small islands whose
periphery provides an acceptor site for the charge transferred from the graphite layers.
The size of these islands is much smaller than the domain size of donor Gics. The scaling
law explains well the experimental evidence that the acceptor GICs exhibit more stage
disorder than donor GICs.

Most experimental studies on the stage disorder have, until now, dealt with donor
GICs such as alkali-metal Gics (Misenheimer and Zabel 1985, Kim et a/ 1986, Huster et
al 1987, Cajipe et al 1989). In contrast to these compounds, there have been few
systematic studies on the stage disorder of acceptor GICs. In this paper we report the
experimental results of (00L) x-ray diffraction on random mixture-GICs (RMGICs), stage
2 Co M, _ . ClyGics (M = Mn, Ni) in which two kinds of magnetic intercalants are
distributed at random over the same intercalate layer (Yeh ez af 1990, Suzuki er af 1991).
These compounds are expected to provide amodel system for studying the stage disorder
of acceptor Gics. In these systems, the alternation between graphite and intercalate
layers is no longer periodic and statistical analysis of the x-ray data is required to obtain
a detailed microscopic description of the stacking sequence. We find from the (00L) x-
ray diffraction pattern of these compounds that the peak shift and full-width at half-
maximum of the Bragg reflections oscillate as a function of the Bragg index. We present
a model calculation of the (00L) x-ray scattering intensity for Co M, _ Cl,-Gics with
stage disorder, The model calculation shows that (i) the oscillation of a stage-disorder
induced peak shift and full-width at half-maximum is one of the most noticeable features,
and that (ii) the fractional probability of stage / can be determined from the Bragg index
dependence of the stage-disorder induced peak shift and full-width at half-maximum.
This method developed here is used to determine the fractional probability of stage 2
CoM,_ Cly-Gics. Finally, the form of the interlayer repulsion energy of these
compounds, which is responsible for stage order, will be discussed by applying the scaling
law to experimental results of the fractional probability.

2. Model of stage disorder

2.1. Model calculation of x-ray scattering intensity with stage disorder

Here we present a simple model calculation of the (00L) x-ray scattering intensity for
CoM, . Cl,-Gics (M = Mn, Ni) with a stage disorder, based on the theory first proposed
by Hendricks and Teller (1942), and subsequently modified by Kakinoki and Komura
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f I €z axis for the CoM,_ Cl-Gics (M= Mn, Ni):

(1952). We assume that Co M, _Cl,-GIC has a c-axis stacking sequence as shown in
figure 1, where 2c, is the distance between adjacent graphite fayers with the gallery
occupied by the Co M, _ Cl; intercalate layer and ¢, is the distance between adjacent
graphite layers without the intercalate layer. The jth Co M, - .Cl,intercalate layer forms
athree-layer structure where the Co M, _ . layer is sandwiched between upper and lower
Cllayersandlocatedatr = R, — ¢, (j = 1, 2, . . .}, and the distance between the Co. M, _,
layer and the Cl layer is z,. There are n; graphite layers between the jth and j + 1th
CoM, _ Clyintercalate layers. The jth CoM, _ Cl, intercalate layer and the n; graphite
layers form the jth package with stage number #;. The structure factor of the jth package
with stage number #; is

5,(Q) = V., (Q) exp(iQR;) ' (2)
with

R, =2c, +I§ {2¢; + caln; ~ 1)} R, =2¢, (3)
and
V, (Q) = exp(—iQe, {V(Q) + V(@) kZ expiQle; + (k — e, ]}, (4)

Here, Vc(Q) and V1(Q) are the structure factors of each graphite layer and intercalate
layer respectively, and are expressed by

V(@) = pcbc(Q) (5)
and
ViI(Q) = peobeo(Q2) + pubm(Q) + 200bq(Q) cos(z, Q) (6)

where b,(Q) is the atomic form factor of the i-atom (i = Co, M, Cl and C), and p;is the
number of i-atoms per unit area. For the system consisting of the first package with stage
number ), the second package with stage number n,, . . . , the jth package with stage
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number #;, and the Nth package with stage number ny, we find the x-ray scattering
intensity given by

(@) = (S(2)5"(QDw 7

where
N
S(Q) = 21 $,(Q) (8)

and{. ..},  denotes a configurational average expressed in terms of f, and P,, such that

2f=1 2P, =1 2 Pyf, =f. (9)

Here f, is the probability of a package having stage r, and P,, is the probability of a
package, next t¢ the package with stage r. having stage s. Note that P, =f; for a
completely random distribution. The probability of the jth package having the stage r is
obtained by
Pi=2 2 ... 2Py Pu oy Papifa, =7 (10)
Mt Hy=2 "
Then the x-ray scattering intensity can be described as
N-| N-1
I(Q) = NTH(FV) + X (N — ) TH{FV(P®)'} + 2 (N — k) Te{FV* (P®*)*}  (11)
k=1 ket
in terms of the matrices V, F, P and @ whose elements are defined by

(FV)rS :fl’vﬂ‘ (P¢)PS = Pf-iq’.! (FV*)G‘ =fFV:S (P(I’*)FI = Pl‘swilz)

where @, = exp(iQd,), 4, is a repeat distance of pure stage r GIc,and V,, =V *V,. In
the thermodynamic limit of large NV, I,(Q)/N becomes

X0) = lim I—"’%: 'rr{(FV)(-l-_LN;)} + Tr{FV*(l - L@*)} STeEV),  (13)

2.2. Effect of stage disorder ont (00L) x-ray Bragg reflection

For simplicity we consider the x-ray scattering intensity of a system having a stage
disorder with P, = f,, which is described as
s 1
Q)= 2f,|V.[F +2Re[ > #(Q) (14)
r 1- .1

r

for = @,f. # 1, where x{(Q) is the structure factor and defined by
Q) = [She.viv.) 1s)
5.t

Figure 2 shows a typical example of the calculation on the x-ray scattering intensity
of the CoCl,-GIC system along (00Q) where the probabilities f, and f; are valid as
parameters (f; = fzandf, + f; = 1). The lattice parameterd, = 12.789 A, d; =16.139 A
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and z;, = 1.39 A are assumed. The stoichiometry of this system (Cy,g4CoCl;) and the
Q-dependence of the structure factor V, (r = 1, 2 and 3) described by (4) are taken into
account in this calculation. We find from figure 2 that the peak position of the Bragg
reflections shifts slightly from that of pure stage 2 (f, = 1) described by @ = (2%/dJ)L
where L is an integer and the Bragg reflection index of pure stage 2. The peak shift (ps)
of the Bragg reflection from that of pure stage 2, in fact, oscillates with index L. We also
find that the full-width at half-maximum (FwHM) of the Bragg reflections oscillates with
index L. These results indicate that the degree of oscillation of FwHM and ps with Lisa
measure of the stage disorder. The FwHM at L = 2 is larger than that at L = 4 even for
the case of f, =0.9 and f; = 0.1. The FWHM at L = 2 monotonically increases with
decreasing f, while the FWHM at L = 4 remains almost unchanged. For the case of f; =
f3 = 0.5the Bragg peak at L = 2 splitsinto two broad peaks. These features are common
to the (00L) x-ray diffraction pattern of the CoM, _ .Cl,-GIC system (¢ # 0) because the
atomic factors by, (Q) and by (Q) are assumed to be almost the same as b (Q).

From the above example we find it suitable to assume that the x-ray scattering
intensity of the Co M, _ .Cl,-GIC systems has sharp Bragg peaks around

O =2xh/d, (h: integer) (16)

for the system in which f, is larger than the other f;(f, ~ 1 and f, = 0 (s # u)), where d,
is a repeat distance of pure stage-u GIC. Then the x-ray scattering intensity around
Q1% can be written as

2 T(Q) Re(x(Q)) — (2 — 0¥ —Z(Q)) Im(x(Q))
fudu (Q - eru) - E(Q))z + (r(Q))2

KQ)=2f |V, + (17)

where
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1
fudu

2(Q) = = 2 f, sin(Qd,) + (2 — Q) (18)

and
r(Q) = ﬁzml - cos(Qd,)] (19)

The stage-disorder induced FWHM and Ps can be calculated in the approximation that
3(0), T(Q), x(Q) and | V,|? are expanded around Q = Q). Noting that f, > f, (u #r)
and the first term of (17) appears only in the third order approximation, (17) is reduced
to a simple Lorentzian form in the first order approximation. Then, the FwHM of the
Bragg reflection from Q {! and the ps of the Braggreflection around Q) can be described
by

Apwnm = 2r(Qfa"’} and Aps = Z(Q Lu)) (20}

which are independent of the structure factors. The higher order corrections of FwHM
and ps are also calculated by incorporating the higher order terms of 2(Q), I'(Q), x(Q)
and |V,}]?in (17).

Now we consider the case when stage 1, stage 2 and stage 3 packages with the
probabilities of f), f; and f3 (fa 2 fi + fyand f, + f, + f3 = 1) are randomly arranged
along the ¢-axis, The FwHM and Ps to the second-order approximation can be given by

Arwnm = 2[(f1 + f3)/f2d:]{1 — cos(QPcr)} = (1/f3d3)(f1 + 3)d,

+ (2/F3d3)(f1 — ez cos(QPey) + (1/F2d3N(fT + f)da

— 2(f3 = 1o} cos(20Pcy) @1
and
Aps = [(fi = F3)/fads] sin(@Pc2) = [(fs + £:)/238 0 fr — f2)d2

+ (fy + fr)ea} sin(@Pe,) + (1/4f3dIX - (f1 - f3)d,

+ (37 + 33 — 2f1f3)ea} sinRQPer) + UV, V2, V3) (22)

where Q¥ = (27/d, )L (L; integer), and the first terms of (21) and (22) correspond to
the first order approximation of the calculations. The ps becomes dependent on the
structure factor V, through a function U(V,) which is not shown in an explicit form here.
The FwHM remains independent of the structure factor V,.

Here we show that the first order approximation gives a good approximation for the
vatues of the FwnmM and ps which are calculated for the following three examples. Figure
3 shows (@) FwHM and (b) Ps for the CoCl,-GIC system consisting of packages with stage
1 (f, = 0.2) and stage 2 (f, = 0.8), as a function of the Bragg index L of pure stage 2,
where the exact values of FWHM and ps are denoted by closed circles. For comparison
the values of the FwHM and Ps described by the first terms of (21) and (22) are plotted by
full curves as a function of Q for any L, in spite of the fact that these equations are
valid only for integer L. The closed circles are found to be located on the full curves at
integer L. Figure 4 shows (a) FwHM and (b) es for the CoCl,-GIC system consisting of
packages with stage 2 (f; = 0.8) and stage 3 (f» = 0.2), as a function of the index L of
pure stage 2. While the oscillation form of FWHM with L in figure 4(a) is similar to that
in figure 3(a), the phase in the oscillation of ps in figure 4(b) is different from that in
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Figure 3. Model calculations of (a) FwHM and (b} ps for the CoCl,-GIC system with a random
mixture of stage 1(f,) and stage 2 {f,). as a function of the Bragg index of stage 2, L: f; =
0.8 and f, = 0.2. The exact values of FwHM and ps are denoted by closed circles and the firse
otder approximation is denoted by full curves.

Bewrn (102 AT -

(b)

Figure 4. Model calcutations of (a) FwiM and (&) #s for the CoCl-GIC system with a random
mixture of stage 2 (f,) and stage 3 ( f3), as a function of the Bragg index of stage 2, L. f; =
0.8 and f, = 0.2, The exact values of FwHM and ps are denated by closed circles and the first
order approximation is denoted by full curves.

figure 3(b) by 7. This result can be generalized as follows: the phase of the ps oscillation
for the system consisting of majority stage # and minority stage n — 1 is different from
that for the system consisting of majority stage n and minority stage n + 1 by x. In fact,
such a phase shift of the ps oscillation has been reported for the stage 7 K-GIC by Fischer
et al (1983). Figure 5 shows (a) FwHM and (b) Ps for the CoCl,-GIC system consisting of
packages with stage 1 (f, = 0.1), stage 2 (f, = 0.8) and stage 3 (f3 = 0.1), as a function
of the index L of pure stage 2. For f; = f3 the Ps to the first order approximation is zero,
and the oscillation of the ps is obtained in the second order approximation. It is found



8832 IS Suzukiand M Suzuki

w1
{a) {b)

-
-}

Brwm 002 A7Y

L6 8 o

Figure 5. Model calculations of (2) FwHM and () ps for the CoCl,-GIC system with a random
mixture of stage 1 (f,), stage 2 ( f;) and stage 3 (f3), as a function of the Bragg index of stage
2,L:f, = f; = 0.1 and f; = 0.8. The exact values of FWHM and ps are denoted by closed circles
and the first order approximation is denoted by full curves. Note that the full curve of the pS
coincides with the Aps = Oline.

from figures 3, 4 and 5 that the exact values of the FwHM and s denoted by the closed
circles is in good agreement with the full curves described by the first terms of (21) and
(22). Thus, it is concluded that the exact values of the FwHM and s in figures 3, 4 and 5
agree very well with the first order approximations for the case of f, = 0.8. This resuit
indicates that the oscillation of the FwHM and s induced by the stage disorder depends
only on (i) probability, (ii) c-axis repeat distance and (jii) distance c,. Since the first
order approximation is completely independent of the structure factors, it may be
applicable to the analysis of the (00L) x-ray diffraction data of GIC systems having a
dominant stage number and stage disorder. As f, decreases further (f, + f> + f3 = 1),
the second order approximation gives a better approximation for the exact values of the
FWHM and ps.

3. Experimental procedure

The CoM, _ Cly,-Ggic (M = Mn, Ni) samples were synthesized by heating a mixture of
single crystal Kish graphites (SCKG) and single crystal CoM,;_.Cl; in a chlorine gas
atmosphere with a pressure of 740 Torr. The reaction was continued at 773 K for 20
days. After the samples were quenched from 773 K to 300 X, the stage of these samples
was examined by (00L) x-ray diffraction. The fraction of stage 2 is found to be much
larger than that of the other stages in these compounds. For convenience hereafter ‘stage
2’ refers to these samples. The characterization of the stage 2 Co M, _ Cl,-GICs (M =
Mn, Ni) is listed in table 1. The Co concentration of samples used here was determined
from the DC magnetic susceptibility measurements (Yeh et af 1990, Suzuki er al 1991).
The (00L) x-ray diffraction of the stage 2 Co Mn, _ [Cl,-GiCs and stage 2 Co Ni, - .Cl,-
GIcs with 0 = ¢ = 1 was measured at 300 K by using a Huber double circle diffractometer
with a MoK x-ray radiation source (1.5 kW ) and a HOPG monochromator. An entrance
slit of 2 X 2 mm? was placed between the monochromator and the sample. The x-ray
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Table 1. Characterization of stage 2 Co.Mn, _ Cl,-6ICs (#cm: C,CoMn, _ Cl,, ,) and stage
2 Co Ni,_ ClyGics (#eN: C,Co.Ni| _ Cl,, ), where d; is the c-axis repeat distance, z, is the
distance between the Cl layer and the Co M, _, layer (M = Mn, Ni), and the diameter of
islands D, is given by (24) with a3/A = 3,07,

Sample ¢ d,(A) 2 (A) n & D (A

#em00 0.0 12.893 £0.036 1.40 1628 1.69 51
#CM05 0.05 12.848 £0.058 1.40 11.65 0.43 144
#cmll 0.10 12,847 £ 0.027 140 1590 0.64 132
#eM20 0.20 12.878 = 0.064 140 16.69 1.03 86
#CM25 0.25 12.871 £0.034 140 1032 051 107
#cmd0 0.40 12.809 £0.036  1.37 11.43 051 119
#CM50 0.50 12.833 £ 0.066 — —_ — —

#eM70 0.70 12.796 = 0.058 — — — —

#CMmB5 0.83 12792 £0.036  1.38 11.67 0.41 151
#oM80 0.90 12787 £0.026  1.38 10.8¢ 049 117
#cm100 1.00 12789 20013 139 [0.85 048 120

#CN10 0.10 12774 £ 0.440  1.34 13.62  0.89 81
#CN19 0.19 12.766 £ 0.197 135 1370 072 101
#cn40 0.40 12779 0.171  1.40 1235 047 140
#CNS24 0.524 12.721=(.352  1.37 1435 126 61
#CNGS 0.63 12.766 = 0.145  1.35 15.26 105 i
#Cn80 0.80 12.750 = 0.416  1.39 16.27  1.40 62

beam diffracted by the sample was collimated by the exit slit of 1 x 1 mm? and detected
by a Bicron photomultiplier tube.

4. Results

4.1. (00L) x-ray diffraction

The integrated intensity of the (O0L) x-ray scattering for our sample of the Co M, _ Cl,-
Glics (M = Mn, Ni) dominated by the stage Z fraction is assumed to be the same as that
for pure stage 2 described by

H(Q) = A2V (Q) cos(Qey) + V((@)}]? e~ B (23)

where the exponential factor with a constant B is a Debye-Waller factor. The same type
of equation (23) is used by Baron et al (1982) to determine the stoichiometry of stage 1
MnCl,-G1c from the (00L) x-ray diffraction data. The numbers of C, Cl, Co and M atoms
per unit area which are included in Vi{(Q) of (23) are given by pe = n/2, pq = (2 + 8)/
2, Pco = ¢ and py = 1 — ¢ for the stoichiometry C,CoM,_.Cl;.s. Figure 6 shows a
typical example of the (00L) x-ray diffraction pattern for ¢ = 0.4 (#CM40) with 4, =
12.809 = 0.036 A as a function of Q. We observed sharp Bragg peaks around Q = (2/
dy) L for pure stage 2. The least squares fit of the integrated intensity of Bragg reflections
with L = 1-12 to (23) yields the valuesof 2, = 1.37 A, n = 11.43,6 = 0,51 and B = 11,
By using the same procedure, we determined the values of z;, n and & of our stage 2
CoMn, _ Cl,-GICs and stage 2 Co Ni, _ Cl,-GICs with different Co concentrations, these
are listed in table 1. Here we assume that the intercalate layer of the Co M, _ Cl,-GIcs
consists of small islands. The excess chlorine atoms on the periphery of islands provide
acceptor sites for charges transferred from the graphite layer (Wertheim 1981, Baron et
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Figure 6. X-ray di{fraction pattern of stage 2 Co.Mn, . .Ci;-GIC with ¢ = 0,40 (#cMd0, 4, =
12.809 = 0,036 A and z, = 1,37 A) at 300 K along the (004Q) direction.

al 1982). When the islands are assumed to have the form of a circle, the diameter D, of
the islands for the stage i Co,M, .. .Cl,-GIC having the stoichiometry of C,CoM,_ Cl,. 4
can be estimated as

D, = 4V3{a) /A = 2V3(ak [A)(maf8) T | (24)

with #; = n/i by using the relation that the ratio of Cl atoms inside the island and on the
periphery of the island is equal to 2/8, where {a) = (n;/2)'/? a, is the average in-plane
lattice constant inside the island, ag (= 2.46 A) is the in-plane lattice constant of the
graphite layer, and A is the distance between nearest neighbour Cl atoms on the
periphery. Note that (a;} increases as the intercalate coverage becomes incomplete. The
value of (a3 /A) is estimated as 3.07 by using the results of Baron et af (1982): D, =
130 A, 6 = 0.46 and n, = 5.63 for the stage 1 MnCl,-cic. The island diameter can be
calculated by using the relation D, = 5.32 (n/6) for the stage 2 Co.Mn, _Cl,-GIcs and
stage 2 Co.Ni, . .Cl,-GICs (table 1).

4.2. Stage disorder-induced rwanm and ps

The FwHM and peak position of each Bragg peak (L =1, 2...., 12) was determined
from the least squares fit of the (00L) x-ray intensity data of the stage 2 CoMn,_ Cl,-
cicsandstage 2 Co Ni, _ Cly-GICs to the theoretical curve expressed by asum of Gaussian
distribution and quadratic background. Note that this FWHM is not an intrinsic FWHM
which can be obtained from a deconvolution of the measured x-ray intensity with the
instrumental resolution function. Figure 7(a) shows the L-dependence of the FWHM at
300 K for the stage 2 Co Mn, _ .Cl,-Gic with ¢ = 0, 0.10, 0.40, 0,50, 0.85 and 1, where L
is the Bragg index of pure stage 2. Most of the FWHMs clearly show local minima at L =
4 and 8, and local maxima at L = 2 and 6. These results can be explained well in terms
of the first term of (21). In fact it shows local minima at L = 4, 8, and 12, and local
maxima at L = 2, 6, and 10 for ¢, = 3.35 A and the value of d, listed in table 1. We also
find that (i) the height of the local maxima is strongly sample dependent, and that (ii)
the height of the local maximum at L = 2 is lower than those at L = 6 and 10. The
latter result seems to be inconsistent with our prediction that the maximum value £ is
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Figure 7. (a) L-dependence of FwHM at 300 K for the stage 2 CoMn, _ Cl,-GICs with e =0
(0),0.10(A), 0.40 (@), 0.50 (A), 0.85 (M) and 1 (3O), where L is the Bragg index of pure
stage 2. {(b) L-dependence of s at 300 K for the stage 2 CoMn, _ Cl-Gics with ¢ = 0 (3,
0.05(A),0.10(®),0.20 (A), 0.40 (W) and 0.70 (13) where L is the Bragg index of stage 2.

Table 2. Fractional probabitity of stage number in stage 2 CoMn, _ Cl-GICs (#CM) and stage
2 Co.Ni, . Cl-GICs (#CN), where fi, f; and fy are the probability of finding stage 1, 2and 3,
respectively, in samples.

Sample c Fi(%) f2 (%) f+(%)
#CM00 0.0 0 86.0 14.0
#cm05 0.05 0 91.0 9.0
#CeM10 0.10 32 85.7 111
#cM20 0.20 33 81.1 15.6
#CM25 0.25 7.6 91.5 0.9
#om40 0.40 1.0 90.7 8.3
#eMa0 0.50 1.5 86.7 11.8
#cM70 0.70 35 78.6 17.9
#CMB5 0.85 4.9 84.3 10.8
#cM90 0.90 2.6 88.2 9.2
#cM100 1.00 12.5 B7.5 (]
#CN10 0.10 5 76 19
#CN1D 0.19 0 84 16
#CNd0 0.40 20 56 24
#CN524 0.524 — — —
#CNG3 0.63 17 57 26
#CNBO 0.40 5 61 4

independentof L: £ = 4(1 — f,)/fad,. The value £ is expected to increase with decreasing
f2. When a typical value of the intrinsic FWHM is assumed to correspond to the observed
FwHM at L = 2 minus a minimum value of the FwHM (=~ 0.055 A~"), then the fractional
probability f; in each sample can be estimated by comparing the peak value of the
intrinsic FwHM with the value § (table 2).
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Figure 8. L-dependence of (&) FwHM and (&) s at 300 K for the stage 2 Co,Ni,_ Cl,-GICs
with ¢ = 0.10 (0), 0.19 (@), 0.40 (A), 0.524 (O}, 0.63 (A} and 0.80 (M}, where L is the
Bragg index of stage 2.

Figure 7(b) shows the L-dependence of the ps of the (00L) Bragg reflection from
the average position Q = (2x/d,) L for the stage 2 CoMn, _ Cl,-Gics with ¢ = 0, 0.05,
0.10, 0.20, 0.40, and 0.70. The ps has local minima at L = 5 and 9, and local maxima at
L =3 and 7. This periodicity can be explained well by the first term of (22}. The phase
of the ps oscillation indicates that these compounds consist of majority stage 2 and
minority stage 3. Although the ps oscillation for ¢ = 0.25 and 1 is not shown in figure
7(b), the phase of the ps oscillation for ¢ = 0.25 and 1 is different from that shown in
figure 7(b) by x, indicating that the samples with ¢ = 0.25 and 1 consist of majority stage
2 and minority stage 1. When we assume that the peak value at L = 3 can be expressed
by & = (f; — f2)/f2d5, we can calculate the values of f, and f; for each sample (table 2)
by using the value of f; obtained from the FWHM.

Figure 8(a) showsthe L-dependence of the FwHM at 300 K for the stage 2 Co Ni; _ [Cl,-
Gics with e = 0.10, 0.19, 0.40, 0.524, 0.63, and 0.80, where L is the Bragp index of stage
2. The FwHM shows local minima at L = 4 and 8, and local maxima at L = 2 and 6. The
peak value of the local maxima at L = 2 is strongly sample dependent. When a typical
value of the intrinsic FWHM is assumed to correspond to the observed FWwHM at L =2
minus a minimum value of the Fwnm (= 0.061 A~7), then the fractional probability f; in
each sample can be estimated by comparing the peak value of intrinsic FWHM with the
value & (tabie 2).

Figure 8(b) shows the L-dependence of the peak shift (rs) of the (00L) Bragg
reflection from the average position Q = (2/d,) L, for the stage 2 CoNj; _ Cl,-GICs
with ¢ = 0.1, 0.19, 0.40, 0.524, 0.63, and 0.80, where L is the Bragg index of stage 2.
The ps in figure 8(b) shows local maxima at L = 3 and 7, and local minima at L = 5 and
9, indicating that fractional probability f; is larger than f, for the samples with¢ = 0, 0.1,
0.4, 0.7 and 0.85. When we assume that the peak value at L = 3 can be expressed by ¢,
we can calculate the values of f, and f; for each sample (table 2) by using the value of f,
obtained from the FwWHM. The noticeable feature is that the degree of stage disorder in
stage 2 Co Ni, _ Cl,-GICs is much higher than that in the stage 2 Co Mn, _ Cl,-GICs.
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3. Discussion

As described in section 1, Kirczenow (1985) has proposed the scaling law that the
fractional probability f; of stage-i nnits is approximated by the Gaussian distribution with
centre (i) and width o, given by (1), when f; is a smoothly varying function of stage i so
that / can be regarded as a continuous variable, This scaling law may provide a novel
method for determining the interlayer repulsion energy u; (= vgi™®*) which plays an
important role in the stage order. Here we estimate the order of magnitude of vy and &
for the stage 2 CoMn, _ .Cl,-GIcs and stage 2 Co,Ni, _ Cl,-GICs by applying the scaling
law to the experimental results on the fractional probability f,, f> and f;. To this end we
may rewrite the normalized fractional probability as a scaling function of u/vg

Fillf:) = expl=[ufoo — (o + D01 /20%,} (25)
with the width
0%y = kTl + 1)/(Novoli)®). (26)

Here the chemical potential ¢ is measured relative to the in-plane interaction energy
corresponding to @ = (—£z/2) + y in the theory of Kirczenow (1985), and is related to
the stage { by the approximation

= ) = —x{D{(8°u;/087) = (i = () (27)
and (u;) is given by
(i) = [u; — (Bui /8] iz = voler + 1)) (28)

1t may be derived from the form of (25) that the fractional probability f; is described by
a scaling function ¥ of /v,

with
2fi=1 (30)

for any p, where & (= kgT/Nyvy) is a scaling factor, and the scaling function ¥ is the
Gaussian distribution function in the immediate vicinity of ¢ = {u,}. The scaling function
has a peak at u/vy = (a + 1)/(i)* for stage i. The width of the peak is determined by the
scaling factor A, and increases as temperature increases and as Ny and v decrease. The
numerical calculations of f; versus 4 have been made by Kirczenow (1985) with &, T, ¥
and vy varied as parameters. By using the scaling relation of (29) these numerical
calculations can be classified by the value of A: (i) £, in figures 1(a) and (b), figures 2(a),
(b), (c), (d) and figure 4 of his paper (Kirczenow 1985) corresponds to (29) with ¢ = 1
ford =3.33 x 1074,5.0 x 1073,1.67 X 1073,5.56 x 107%,5.56 x 107%,5.56 x 10!, and
1.33 x 1073, respectively, and (ii) f; in figures 3(a) and (b) of his paper (Kirczenow 1985)
corresponds to (29) with @ = 4 for 4 = 3.33 X 10~*and 3.33 x 1076,

Here we make use of these figures with & = 1 to estimate the order of v for our
compounds consisting of majority stage 2 and minority stage 1 and stage 3, The shift in
the peak position of stage 1 (u/vy = a + 1) to the small side of the u/vy-axis becomes
larger than that of stage 2 (u/ve = (@ + 1)/2%) as « decreases, indicating that the
probability of overlapping in stage 1 and stage 2 becomes large for small @. Thus, our
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choice of & = 1 is consistent with the experimental results that f, is relatively smaller
than that of f, but is not negligibly small (table 2). The temperature chosen here
corresponds to that of the sample preparation: T = 773 K (kg T = 0.07 ¢V). The number
Nyis determined from the relation Ny = (2/4V/3) (D,/a)? with a typical vatue of D, (=
100 A) and the in-plane lattice constant a = 3.56 A of stage 2 CoCl,-Gic: Ny = 700. Then
the value of A is calculated as A = k3T/Ngvg = 1.0 X 1074/v, where vg is measured in
units of eV,

As is seen from figures 1, 2 and 4 of the Kirczenow’s paper {Kirczenow 19853), the
degree of stage disorder increases withincreasing A. For A lower than 1.67 X 1073 (figures
1{a), (b) and 2(a)), both the transitions between stage 1 and 2, and between stage 2 and
stage 3 occur within very narrow ranges of u/vg: fy = lat pufvg =2, fr=latu/vg =1,
andf; = 1at /vy = 2/3.For A = 5.56 X 1073 (figure 2(b)), the transition between stage
2 and stage 3 becomes broader. There still exists a wide region of pure stage 2: f; = 1
at ufve=2, f,=1 at p/vy=1, and f;=0.99 and f, = 0.01 at p/vy=2/3. For 1=
5.56 X 1072 (figure 2(c)), the region of pure stage 2 disappears. The regions of stage 1,
stage 3 and stage 4 are superimposed on the region of stage 2: f; =1 at u/vg =2, f, =
0.43, f,=0.53, and 5 = 0.04 at u/ve =1, and f; = 0.07, /, = 0.57, f3=0.28, and f, =
0.08 at /vy = 2/3. Note that the fractional probability of figure 2(c) seems not to be
described by a scaling function of u/v,.

We observe two types of the fractional probability for the stage 2 CoMn, _ Cl,-
Gics: (i) 2> f3 > f) (typically, f, = 0.843, f; = 0.108, and f; = 0.049 for #cMm85), and
fa = fi > f3 (typically, f, = 0.915, f; = 0.076, and f; = 0.009 for #cM25). We alsofind a
little different type of fractional probability for the stage 2 Co Ni, _ Cl,-Gics, f, > f3 > f;
(typically, fo = 0.57, f3 = 0.26, and f, = 0.17 for #cN63). We assume that (i) these
experimental values of fractional probability coincide with the theoretical values at g/
vy = 1for pure stage 2, and that (ii) the value of £, at u/v, = 1 decreases monotonically
from f; = 1 to 0.57 as the value of A changes from A =5.56 X 1072 t0 5.56 x 10~ in
spite of the lack in numerical calculations of fractional probability for
5.56 x 107* < A < 5.56 x 1072, Then there may exist the relation 5.56 x 107 < 1(Co~
Mn} < A(Co-Ni) < 5.56 x 10~ which is rewritten as 1.8 x 107%eV < pg(Co-Ni) <
vo(Co—Mn) < 1.8 X 1072 eV by using the relation 4 = 1.0 x 107%/p,. Here A(Co-Mn)
and A(Co-Ni) are the values of A, and v¢(Co-Mn) and v (Co-Ni) the values of v, for
the stage 2 CoMn, _.Cl,-Gics and stage 2 Co.Ni,_Cl,-Gics, The values of vy(Co-
Mn) and vy(Co-Ni) are much smailer than that of donor GiCs (vq = 0.3 eV for K-GIc)
(Nishitani er af 1983), indicating that the charge transfer of our compounds is much
smaller than that of K-Gic. The range of u for the stability of stage 2 and stage 3 can be
calculated as Au(2) = 2v¢/3, and Au(3) = 3v,/12, respectively, from the thermo-
dynamic potential at zero temperature (Safran 1988). For our systems these ranges are
extremely narrow because of the small value of vy, The vapour pressure of the intercalant
at the stage transition from stage 1 to 2 (P,} is almost that same as that at the stage
transition from stage 2 to 3 (Pg) since Au(2} = kT In(P,/Pg). This situation makes it
difficult to obtain pure stage 2 for our compounds.

6. Conclusion

We have developed a simple method to determine the fractional probability from the
stage-disorder induced peak shift and the full-width at half-maximum of the Bragg
reflection in the (00L) x-ray diffraction pattern. This method is applicable to donor
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GICs as well as acceptor Gics. The fractional probability for each stage in the stage 2
CoMn; . Cl>-Gics and stage 2 Co.Ni; - Cl,-GICs has been determined by using this
method. We have discussed the degree of stage disorder in these compounds on the basis
of the scaling hypothesis that the fractional probability for each stage is described by a
scaling function of u/vy with a scaling factor A = kgT/Nyvy. Note that this scaling
hypothesis is theoretically proved to be valid for small A and high stage number. We
have estimated the form of the interlayer repulsion interaction as i, = vgi * with o = 1
and vy = 1.8 X 10~*-1.8 x 1072 ¢V by assuming the scaling hypothesis. The degree of
stape disorder in these compounds occurs because of small charge transfer as well as
small island size. In these compounds the elastic interaction may be also responsible for
the stage order.
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