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J .  Phys.: Condens. Matter 3 (1991) 8825-8839. Printed in the UK 

Stage disorder of random-mixture graphite 
intercalation compounds 

Itsuko S Suzuki and Masatsugu Suzuki 
Department of Physics and Materials Research Center. State University of New York at 
Binghamton. Binghamton. New York 13902-6000, USA 

Received 14 May 1991 

Abstract. The stage disorder of random mixture-GICs (RMGICS), stage 2 Co,M, .,CI,-crcs 
(M = Mn, Ni), has been studied by means of (OOL) x-ray diffraction. The (OOL) x-ray 
diffraction pattern shows the prominent feature that the stage-disorder induced peak shift 
and full-width at halfmaximum of the Bragg reflections oscillate as a function of the Bragg 
index of stage 2. We present a model calculation of the (OOL) x-ray scattering intensity for 
systems with a stage disorder. which shows that the fractional probability of each stage is 
uniquely determined from the Bragg index dependence of the stage-disorder induced peak 
shift and full-width at halfmaximum. 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 sire (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 form of U, = with (Y = 1 and 1.8 x IO-' rV < U" < 1.8 x eV. 

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 layers separating adjacent intercalate layers. Stage disorder is a 
random arrangement of packages with a different stage along the c-axis, where the 
package with stage i refers to an intercalate layer plus i graphite layers. The (OOL) x-ray 
diffraction pattern of GIGS 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 (ii) 
the peak shift (PS) of the Bragg reflections from that of the pure stage, which depends 
on the index L. Fuerst et a1 (1983) have done the (OOL) 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 FeCI,-Glc. 

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, (U) 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-iunit whichisapproximated byaGaussiandistributionwithapeakat thedominant 
stage ( i ) .  The width of the Gaussian distribution 

u(i) = [ ( k , T ) / ( N o x 2 ( ~ 2 u i / ~ i 2 ) i = ( , ~ ) ] " 2  = [(kBT(i)nt2)/(NOxZug(Y(LY + 1))11'* (1) 

is a measure ofstage disorder, where Tis temperature, No is domain size of the intercalate 
layer, i.e. the in-plane dimension of intercalate islands, x is the filling factor of domains, 
ui is the interlayer repulsive interaction of the form U, = u 0 P ,  where uo and LY are 
constants. The scaling law indicates the importanceof the repulsive interlayer interaction 
U;. The degree of stage disorder increases as stage (i) and temperature increase and as 
domain sue and filling factor decrease. The value of uo is a measure of charge transfer, 
so the degreeofstage disorder increasesascharge transferdecreases. The charge transfer 
of acceptor GlCs is smaller than that of donor GICS. The intercalate layers of acceptor 
CoCI2-GIC, MnCl,-cic and NiCI,-Grc 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 
G l a  such as alkali-metal ClCs (Misenheimer and Zabel 1985, Kim et al l986,  Huster et 
a1 1987, Cajipe ef 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 (OOL) x-ray diffraction on random mixture-crcs (RMGICS), stage 
2 Co,M,-,CI,-crcs (M = Mn, Ni) in which tw'o kinds of magnetic intercalants are 
distributed at random over the same intercalate layer (Yeh et a/ 1990, Suzuki eta1 1991). 
These compoundsare expected to provide amodelsystem forstudyingthe stage disorder 
of acceptor CICS. 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 (OOL) 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 (OOL) x-ray scattering intensity for C o ~ , ~ , C 1 , - ~ 1 c s  with 
stage disorder. The model calculation shows that (i) the oscillation of a stage-disorder 
inducedpeakshift and full-widthat half-maximum isoneofthemost noticeablefeatures, 
and that (ii) the fractional probability of stage i can be determined from the Bragg index 
dependence of the stage-disorder induced peak shift and full-width at halfmaximum. 
This method developed here is used to determine the fractional probability of stage 2 
C o , M , ~ c C I , - ~ ~ ~ s .  Finally, the form of the interlayer repulsion energy of these 
compounds, whichis responsible forstageorder? willbediscussed byapplyingthescaling 
law to experimental results of the fractional probability. 

I S  Suruki and M Suzuki 

2. Model of stage disorder 

2.1, Model calculation of x-ray scattering intensity wifh stage disorder 

Here we present a simple model calculation of the (OOL) x-ray scattering intensity for 
Co,M,~,C1,-crcs(M = Mn,Ni)withastagedisorder,basedon the theoryfirstproposed 
by Hendricks and Teller (1942). and subsequently modified by Kakinoki and Komura 
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(1952). We assume that Co&l,_,C12-crc has a c-axis stacking sequence as shown in 
figure 1, where 2c, is the distance between adjacent graphite layers with the gallery 
occupied by the Co,M,-,CI2 intercalate layer and c2 is the distance between adjacent 
graphite layers without the intercalate layer. The jth Co,Ml -$212 intercalate layer forms 
a three-layer structure where the Co,M, -~ layer issandwiched between upper and lower 
Cllayersandlocatedatr = RI - c l ( j  = 1,2 , .  . .),andthedistancebehveentheCo,M,_, 
layer and the Cl layer is z l .  There are nj graphite layers between the jth and j + l t h  
CO,M~-~CI, intercalate layers. Thejth Co,M, intercalate layer and the njgraphite 
layers form the jth package with stage number np The structure factor of thejth package 
with stage number n, is 

sj(Q) = v,,tQ) exp(iQRj) (2) 

Rj  = 2cl + {2cl + c2(ni - l)} R I  =2cl  (3) 

with 
j - I  

i =  I 

and 

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

Vc(Q) = ~ c b c ( Q )  ( 5 )  

VI(Q) = pc&m(Q) + P M ~ M ( Q )  + 2pnba(Q)cos(z1Q) (6)  

and 

where b,(Q) is the atomic form factor of the i-atom (i = CO, M, CI and C), and pi is the 
number ofi-atomsper unit area. For the system consistingof the first package with stage 
number n , ,  the second package with stage number n2, . . . .  the jth package with stage 
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number ni. and the Nth package with stage number nN, we find the x-ray scattering 
intensity given by 

I S  Suzuki and M Suzuki 

where 
N 

and (. , , denotes a configurational average expressed in terms off? and P, such that 

Here f, is the probability of a package having stage r ,  and P,, is the probability of a 
package, next to the package with stage r ,  haviiig stage s. Note that P,, =f, for a 
completelyrandom distribution. Theprobabilityof thejth package having the stage r is 
obtained by 

P I W  = c 2 . , , c P,+, P",- ,",.? . . . P,,*,f"l = f,. (10) 
"I., ti,-? " 1  

Then the x-ray scattering intensity can be described as 

in terms of the matrices V, F, P and @ whose elements are defined by 

where 91, = exp(iQd,), d, is a repeat distance of pure stage r Glc, and V,$ = V l  V , .  In 
the thermodynamic limit of large N ,  l , , , (Q) /N becomes 

2.2. Effect of stage disorder on (OOLJ x-ray Bragg reflection 

For simplicity we consider the x-ray scattering intensity of a system having a stage 
disorder with Ps, = h, which is described as 

for2,q,f, # 1, where x ( Q )  is the structure factor and defined by 

x(Q) = [Zf,f@.V: V r ] .  
s.1 

Figure 2 shows a typical example of the calculation on the x-ray scattering intensity 
of the COCI,-CIC system along (OOQ) where the probabilities fz  and f, are valid as 
parameters(fz >f3andf2 f f3 = l).Thelatticeparameterd, = 12.789 A , d ,  =16.139 8, 



Stage disorder of random mixture-acs 8829 

Figure 2. hlodel calculation of (COL) x- 
ray diffraction profiles for the CoCI,-c!c 
system with a stoichiometry of 
C,os5coC12ia, where packages of stage 2 
(fJ with d ,  = 12.789A and stage 3 (fa) 
with d, = 16.139 8, are randomly distri- 
butedalongthec-axis; f2 t f3=1 andz,  = 
1.39A. (a ) f2=0 .9 .  ( b ) f 2 = 0 . 8 .  (c)f*= 
0.7. (d) f2 = 0.6, and (e)  f2 = 0.5. 

and z, = 1.39A are assumed. The stoichiometry of this system (C,,,,,CoCI,) 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 (f2 = 1) described by Q = (2x/d2)L 
where L is an integer and the Bragg reflection index of pure stage 2. The peak shift (E) 
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 Lis a 
measure of the stage disorder. The RYHM at L = 2 is larger than that at L = 4 even for 
the case of f2 = 0.9 and f3 = 0.1. The FWHM at L = 2 monotonically increases with 
decreasingf,, while the FWHM at L = 4 remains almost unchanged. For the case off? = 
f3  = 0.5 theBraggpeakat L = 2splitsintotwobroadpeaks. Thesefeaturesarecommon 
to the (OOL) x-ray diffraction pattern of the Co,M, -,CI2-G1c system (c # 0) because the 
atomic factors bMn(Q) and bNi(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,hl, _,CI,-GIC systems has sharp Bragg peaks around 

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

J(Q) = 

where 

QV) = 2xh/d. (h: integer) (16) 

2 r(Q) Re(x(Q)) - (Q - Qk') - W e ) )  Im(x(Q)) 
(Q - QV) - x(Q))* + (VQ))' (17) f, I V ,  I' + fd 

" U  
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and 

(19) 
1 

r (Q)  =fazfr[l - cos(Qd,)l. 
” U ,  

The stage-disorder induced FWHM and PS can be calculated in the approximation that 
Z(Q), r(Q), x(Q) and 1 V,I2 are expanded around Q = QP). Noting thatf, %f, (U # r )  
and the hrst 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 
Braggreflectionfrom Q!$ andthepsoftheBraggreflectionaround Qt’can bedescribed 
by 

AFWHM = W Q P ’ )  andAPS = E ( Q P )  (20) 
which are independent of the structure factors. The higher order corrections of M’HM 
and PS are also calculated by incorporating the higher order terms of Z(Q), r(Q), x(Q) 
andIV,lzin(17). 

Now we consider the case when stage 1, stage 2 and stage 3 packages with the 
probabilities of f l  , fz and f3 (f2 f, + f3 and f l  + f2 + f3 = 1) are randomly arranged 
along the c-axis. The FWHM and PS to the second-order approximation can be given by 

AFWHM = 2[(fi + f3)/fidzlIl - co~(QP’~z)l  - ( l / fM) ( f !  +f:)d2 

+ ( 2 / f X ) ( f ?  - f k  4 Q f ) c d  + (l/f?d%(f: + f:)d2 

- 2(f: - f j ) ~ Z )  COS(ZQ~)CZ) (21) 

and 

Aps = -f3)/fzd21 s i n ( Q f b )  - [(f~ +fd/2f:d%(f1 -fdd2 
+ (fl + f 3 ) 4  sin(Qf’c2) + (1/4f:d:){ -U? - f : )4  

+ (3fT + 3f: - 2flf3)c2Isin(2Qf)c~) + U(VI, V2, V,) (22) 

where Qp) = (2n/d2)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 
valuesof the FWHM and PS which are calculated for the following three examples. Figure 
3 shows (a) FWHM and (b)  PS for the CoCI,-~lcsystem consisting of packages with stage 
1 (fl = 0.2) and stage 2 (fz = 0.8), as a function of the B r a g  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 f )  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) FWm and ( b )  Ps for the COCIZ-GIC system consisting of 
packages with stage 2 (fz = 0.8) and stage 3 (f3 = 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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L L 

Figure 3. Model calculations of (a )  FWHM and (b) PS for the CoCI,-Glc system with a random 
mixture of stage 1 (IL) and stage 2 ( f2), as a function of the Bragg index of stage 2, L: f 2  = 
0.8 and J ,  = 0.2. The exacl values of FWHM and PS are denoted by closed circles and the first 
order approximation is denoled by full curves. 

10 3 

2 
8 

- 1 
- 

- A* - 
y 0  - k 

7 0  = - 
Y y1 

Q 2 -1 

2 
-2  

'0 2 L 6 8 1 0  -30 2 L 6 8 10 
L L 

Flgurr3.Modelcalculationsof(a) n v ~ ~ a n d ( b ) ~ s f o r  theCoClrGICsystem witharandom 
mixture of stage 2 ( f2) and stage 3 (f,), as a function of the Bragg index of stage 2, L : f2 = 
0.8 and f, = 0.2, The exact values of FWHM and PS are denoted by closed circles and the first 
order approximation is denoted by full curves. 

figure 3(6) by n. This result can be generalized as follows: the phase of the PS oscillation 
for the system consisting of majority stage n and minority stage n - 1 is different from 
that for the system consisting of majority stage n and minority stage n + 1 by n. In fact, 
such a phase shift of the PS oscillation has been reported for the stage 7 K-GIC by Fischer 
et a1 (1983). Figure 5 shows ( U )  FWHM and (6) PS for the COCI,-GIC system consisting of 
packages with stage 1 (f, = O.l) ,  stage 2 ( f2 = 0.8) and stage 3 ( f3 = O.l) ,  as a function 
of the index L of pure stage 2. Forfi = 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 
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L L 

FigureS. Modelcalculationsot (a)FWH~and(b)PsfortheCoCI,-clcsystem witharandom 
mixtureofstage 1 (f,),stageZ(f3andstage3(f,),asahrnclionoftheBraggindexolstage 
2,L:f, = f3 =O.landf,= 0.8.Theexactvaluesof~~~Mandpsaredenotedbyclosedcircles 
and the first order approximation is denoted by full cuzves. Note that the full cun'e of the ps 
coincides with the Am = 0 line. 

from figures 3 , 4  and 5 that the exact values of the !WHM and PS 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 PS in figures 3 ,4  and 5 
agree very well with the first order approximations for the case off2 = 0.8. This result 
indicates that the oscillation of the FWHM and PS induced by the stage disorder depends 
only on (i) probability, (ii) c-axis repeat distance and (iii) distance c2. Since the first 
order approximation is completely independent of the structure factors, it may be 
applicable to the analysis of the (NIL) x-ray diffraction data of GIC systems having a 
dominant stage number and stage disorder. Asf2 decreases further (f, + f 2  t f 3  = l) ,  
the second order approximation gives a better approximation for the exact values of the 
FWHM and PS. 

3. Experimental procedure 

The CO,M,-,CI~-GIC (M = Mn, Ni) samples were synthesized by heating a mixture of 
single crystal Kish graphites (scKG) and single crystal CoJvll-,C12 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 K. the stage of these samples 
was examined by (OOL) x-ray diffraction. The fraction of stage 2 is found to be much 
larger than that of theother stagesin these compounds. For convenience hereafter 'stage 
2' refers to these samples. The characterization of the stage 2 CoJvfM,_,CI2-~ln (M = 
Mn, Ni) is listed in table 1. The CO concentration of samples used here was determined 
from the DC magnetic susceptibility measurements (Yeh etall990, Suzuki eta1 1991). 

The (OOL) x-ray diffractionof the stage2 Co,Mn, -,C12-c~cs andstage 2 Co,Ni, -cC12- 
~ 1 a w i t h 0  < c < 1 wasmeasuredat300 KbyusingaHuberdoublecirclediffractometer 
with a MoKax-ray radiationsource (1.5 kW)and ~ H O P G  monochromator. Anentrance 
slit of 2 x 2 mm2 was placed between the monochromator and the sample. The x-ray 
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Table 1. Characterizationofstage2Co,Mn.,CI,-clcs(#c~: C.Co,Mn,-,CI,,,) andstage 
2Co,Ni,.,Cl,Glcs(#CN: C$ocNil.cC12+J, whered,isthec-axis repeat  distance,^, isthe 
distance between the CI layer and the Co,M,., layer (M = Mn, Ni), and the diameter of 
islands D,is given by (24) with &A = 3.07. 

Sample c 

#CMW 0.0 
# c ~ 0 5  0.05 
#CM10 0.10 
#CM20 0.20 
# c ~ 2 5  0.25 
#CM40 0.40 
#CM50 0.50 
# c ~ 7 0  0.70 
# c ~ 8 5  0.85 
# c ~ 9 0  0.90 
#CM100 1.00 

#cN10 0.10 

# c ~ 4 0  0.40 
#c~524 0.524 
# c ~ 6 3  0.63 
# a 8 0  0.80 

#CN19 0.19 

4 (A) 2, (A) 
12.893 f 0.036 1.40 
12.848 f 0.058 1.40 
12.847 -C 0.027 1.40 
12.878 2 0.064 1.40 
12.871 fO.034 1.40 
12.809 f 0.036 1.37 
12.833 2 0.066 - 
12.796 2 0.058 - 
12.792 f 0.036 1.38 
12.787 2 0.026 1.38 
12.789 C 0.013 1.39 

12.774 f 0.440 1.34 
12.76620.197 1.35 
12.779 f0.171 1.40 
12.T21 20.352 1.37 

12.750 f 0.416 1.39 
12.766 0.145 1.35 

n d 

16.28 1.69 
11.65 0.43 
15.90 0.64 
16.69 1.03 
10.32 0.51 
11.43 0.51 
- - 
- - 
11.67 0.41 
10.84 0.49 
10.85 0.48 

13.62 0.89 
13.70 0.72 
12.35 0.47 
14.35 1.26 
15.26 1.05 
16.27 1.40 

D2 (a) - 
51 

144 
132 
86 

107 
119 
- 
- 
151 
1 I7 
120 

81 
101 
140 
61 

62 
n 

beam diffracted by the sample was collimated by the exit slit of 1 x 1 mm2 and detected 
by a Bicron photomultiplier tube. 

4. Results 

4.1. (OOL) x-ray diffraction 
The integrated intensity of the (OOL) x-ray scattering for our sample of the Co,M, -$I2- 
GICS (M = Mn, Ni) dominated by the stage 2 fraction is assumed to be the same as that 
for pure stage 2 described by 

(23) 2 -B(Q/4z)2 ~ ( Q ) = A I { ~ V C ( Q ) C ~ ~ ( Q ~ I )  + V,(Q)}\ e 
where the exponential factor with aconstant BisaDebye-Waller factor. Thesame type 
of equation (23) is used by Baron et a1 (1982) to determine the stoichiometry of stage 1 
MnCl,-Glc from the (OOL) x-ray diffraction data. The numbers of C, C1, CO and M atoms 
per unit area which are included in V,(Q) of (23) are given by pc = n/2, pcl = (2 + 6)/ 
2, pco = c and pM = 1 - c for the stoichiometry C n C o ~ , _ , C I 2 + ~ .  Figure 6 shows a 
typical example of the (OOL) x-ray diffraction pattern for c = 0.4 (#CM40) with d, = 
12.809 * 0.036 %, as a function of Q. We observed sharp Braggpeaks around Q = (Zn/ 
d2)L for pure stage 2. The least squares fit of the inte rated intensity of Bragg reflections 

By using the same procedure, we determined the values of z l ,  n and 6 of our stage 2 
Co,MnI-,CI,-~ics and stage 2 Co$4il _,C12-Grcs with different CO concentrations, these 
are listed in table 1. Here we assume that the intercalate layer of the CO,M,-~CI,-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 er 

with L = 1-12 to (23) yields the values of zI = 1.37 1 , n = 11.43, 6 = 0.51 and B = 11. 
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0 ( A . ’ )  

Figure6. X-ray diffraction pattern ofstage 2Co,Mn,..CI,-GtCwithc = O , J O ( # c ~ 4 0 , d ,  = 
12809t0,036Aandz, = 1,37A)at3MlKalongihe(OOQ)direction. 

ul 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, -,C12-~ic having the stoichiometry of C,Co@, -cCI,+6 
can be estimated as 

~~ ~ ~~ 

D2 = 4t‘3(u,)Z/A6 = 2 f i ( u L / A ) ( n 2 / 6 )  (24) 
with ni = n / i  by using the relation that the ratio of C1 atoms inside the island and on the 
periphery of the island is equal to 2/6 ,  where (U,} = (n,/2)”* at is the average in-plane 
lattice constant inside the island, aG (= 2.46A) is the in-plane lattice constant of the 
graphite layer, and A is the distance between nearest neighbour CI atoms on the 
periphery. Note that (a j )  increases as the intercalate coverage becomes incomplete. The 
value of (&/A) is estimated as 3.07 by using the results of Baron et QI (1982): D ,  = 
130 A, 6 = 0.46 and n l  = 5.63 for the stage 1 MnC12-Gic. The island diameter can be 
calculated by using the relation D2 = 5.32 (n/6) for the stage 2 Co,Mn,-,Cl2-Gics and 
stage 2 Co,Nil -$1Z-GlCs (table 1) .  

4.2. Stage disorder-induced FWH~U and PS 

The FWHM and peak position of each Bragg peak ( L  = 1.2.. . . , 12) was determined 
from the least squares fit of the (OOL) x-ray intensity data of the stage 2 Co,Mnl-cCIZ- 
GiCsandstage2CocNi, -,Cl,-acstothe theoreticalcurveexpressedbyasumofGaussian 
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 CoJvfn, - , C I 2 - ~ ~ c  with c = 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 c2 = 3.35 8, and the value of dZ 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 E is 
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Fiwre 7. (a) L-dependence of FWHM at 300 K for the s1ae.e 2 Co,Mn, .,CI,-olcs with c = 0 

0 2 & 6 8 10 0 2 L 6 8 10 
L L 

. .  
~ O ~ . U . ~ ~ ~ A ~ . O . ~ ~ ~ O I . O . ~ ~ ~ C I . O . ~ S ~ ~ J ~ ~ ~  I (31.s;here L irthc B r a g g i n d c r ~ l p ~ r c  
s 1 3 g  2 ( b J  L-dependence o l  Ps at 300 K lor the bi3ge 2 CO hln .,C~:.CICI with c = 0 10). 
0.05 (A).O.IO (01.0 20 ti). 0..10(.) 3nd0.70(0) where L IS the Br3ggmdc~oi 2 

TableZ. Fractional probability ofstage number instage 2Co,Mn, . c C 1 2 - ~ i ~  (#cM) and stage 
2Co,Ni,.,Cl,Glcs(#cN), wheref,,f,andf,are the probabilityof findingstage 1,2and 3, 
respectively. in samples. 

0.0 
0.05 
0.10 
0.20 
0.25 
0.40 
0.50 
0.70 
0.85 
0.90 
1.00 

0.10 
0.19 
0.40 
0.524 
0.63 
0.40 

0 86.0 14.0 
0 91.0 9.0 
3.2 85.7 11.1 
3.3 81.1 15.6 
1.6 91.5 0.9 
1.0 90.7 8.3 
1.5 86.7 11.8 
3.5 78.6 17.9 
4.9 84.3 10.8 
2.6 88.2 9.2 

12.5 87.5 0 

5 76 19 
0 84 16 

20 56 24 

17 57 26 
5 61 34 

- - - 

independent ofL: E = 4(1 - fz)/f2d2.Thevalue tisexpected toincrease withdecreasing 
fz. 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 k’), then the fractional 
probability f2 in each sample can be estimated by comparing the peak value of the 
intrinsic WHM with the value 5 (table 2 ) .  
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Figure 8. L-dependence of (Q) ~ W H M  and (b )  PE at 300 K for the stage 2 Co,Ni, .cCI1-GICS 
with c = 0.10 (0), 0.19 (01, 0.40 (A),  0.524 (0). 0.63 (A) and 0.80 (U), where L is the 
B r a s  index of stage 2. 

Figure 7(b) shows the L-dependence of the PS of the (OOL) Bragg reflection from 
the average position Q = (2n/dz) L for the stage 2 Co,Mn,-,C12-crcs with c = 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 c = 0.25 and 1 is not shown in figure 
7(b),  the phase of the ps oscillation for c = 0.25 and 1 is different from that shown in 
figure 7(b) by n, indicating that the samples with c = 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 6 = (fl - f3)/f2dZ, we can calculate the values offt and f, for each sample (table 2) 
by using the value off2 obtained from the FWHM. 

Figure 8(a) showsthe L-dependence ofthe FWHM at 300 Kfor the stage2 Co,Nit - $I2- 
GIB with c = 0.10,0.19,0.40,0.524,0.63, and 0.80, where Lis the B r a g  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 WHM is assumed to correspond to the observed W H M  at L = 2 
minusa minimum value of the FWHM (- 0.061 A-]), then thefractionalprobabilityf, in 
each sample can be estimated by comparing the peak value of intrinsic FWHM with the 
value 5 (table 2). 

Figure 8(b) shows the L-dependence of the peak shift (ps) of the (OOL) Bragg 
reflection from the average position Q = (23t/d2) L,  for the stage 2 c o ~ i , ~ , c ~ 2 - G l C s  
with c = 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 probabilityf, is larger thanf, for the samples with c = 0,O. 1, 
0.4.0.7 and 0.85. When we assume that the peak value at L = 3 can be expressed by c, 
we can calculate the values offi andf3 for each sample (table 2) by using the value offz 
obtained from the FWHM. The noticeable feature is that the degree of stage disorder in 
stage 2 Co,Ni1-,CIz-~ics is much higher than that in the stage 2 Co,MnI-,CIZ-GICS. 



Stage disorder of random mixture-cics 8837 

5. Discussion 

As described in section 1, Kirczenow (1985) has proposed the scaling law that the 
fractional prohahilityf,of stage-i units is approximated by the Gaussian distribution with 
centre (i) and width U(;) given by (l) ,  whenf, is a smoothly varying function of stage i so 
that i can be regarded as a continuous variable. This scaling law may provide a novel 
method for determining the interlayer repulsion energy ui (= uoi-") which plays an 
important role in the stage order. Here we estimate the order of magnitude of uo and (Y 

for the stage 2 Co$lMn,-,Cl,-cln and stage 2 CocNil - c C 1 2 - ~ ~ ~ ~  by applying the scaling 
law to the experimental results on the fractional probabilityf,,f, andf3. To thisend we 
may rewrite the normalized fractional probability as a scaling function of p/uo 

fdf;) = exp{-[r/uo - (e + ~ ) / ( i ) e l * / 2 ~ $ j J  

U t , )  = k,T(Y(a + l ) / (Nouo( i )") .  

(25) 

(26) 

with the width 

Here the chemical potential p is measured relative to the in-plane interaction energy 
corresponding to w = (- &z/2) + y in the theory of Kirczenow (1985), and is related to 
the stage i by the approximation 

p - ( p i )  = -x(i)[~a'u;/ai');,,,I(i - (i)) 

( p i )  = [ui - (au,/ai)i&.(;) = u o ( a  + l)(i)-=. 

(27) 

(28) 

and ( p i )  is given by 

It may be derived from the form of (25) that the fractional prohabilityf, is described by 
a scaling function Y of p / u 0  

f i / ( f i )  = W / u o ;  A, 01, (i)) 

Efi  = 1 (30) 

(29) 
with 

i 

for any p, where A (= kBT/Nouo) is a scaling factor, and the scaling function Y is the 
Gaussian distribution function in the immediatevicinityofp = ( p i ) .  The scalingfunction 
has apeak at p/uo = (a + l)/(i)"for stage i. The width of the peak is determined by the 
scaling factor A ,  and increases as temperature increases and as No and uo decrease. The 
numerical calculations off, versus p have been made by Kirczenow (1985) with (Y, T, No 
and uo varied as parameters. By using the scaling relation of (29) these numerical 
calculations can be classified by the value of I :  (i)f, in figures l(a) and (b), figures 2(a), 
(b), ( c ) ,  (d) and figure 4 of his paper (Kirczenow 1985) corresponds to (29) with a = 1 
forI = 3.33 X 10-4,5.0 X W5,1.67 X 10-3,5.56 x W3,5.56 X 10-*,5.56 x 10-',and 
1.33 x respectively, and (ii)f,in figures3(a) and (b) of his paper (Kirczenow 1985) 
corresponds to (29) with a = 4 for I = 3.33 X low4 and 3.33 x 

Here we make use of these figures with (Y = 1 to estimate the order of uo for our 
compounds consisting of majority stage 2 and minority stage 1 and stage 3. The shift in 
the peak position of stage 1 (p/uo = (Y + 1) to the small side of the p/uo-axis becomes 
larger than that of stage 2 (p/uo = (a + 1)/2") as (Y decreases, indicating that the 
probability of overlapping in stage 1 and stage 2 becomes large for small (Y. Thus, our 
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choice of CY = 1 is consistent with the experimental results that f ,  is relatively smaller 
than that of f 2  but is not negligibly small (table 2). The temperature chosen here 
correspondstothatofthesamplepreparation: T =  773 K ( k , T =  0.07eV). Thenumber 
N o  is determined from the relation No = ( h / 4 d 3 )  (D2/u)’ with a typical value of D2 (= 
100A)andthein-planelatticeconstanta = 3.56Aofstage2CoCI2-~~c: N o  = 700.Then 
the value of A is calculated as A = k,T/Nouo = 1.0 X 10-4/uo where uo is measured in 
units of eV. 

As is seen from figures 1 , 2  and 4 of the Kirczenow’s paper (Kirczenow 1985), the 
degreeofstagedisorderincreaseswithincreasingA. ForA lower than 1.67 x lO-’(figures 
l ( 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 p / u o : f r  = 1 at p/uo = 2,f2 = 1 at p/uo = 1, 
andf? = 1 at p/uo = 213. For A = 5.56 X (figure2(6)), the transition between stage 
2 and stage 3 becomes broader. There still exists a wide region of pure stage 2: f, = 1 
at p/uo = 2, f2 = 1 at p/uo = 1, and j 3  = 0.99 and f4 = 0.01 at piuo = 213. For A = 
5.56 X (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 p/uo = 2, f l  = 
0.43,f2 = 0.53, andf, = 0.04 at p/uo = 1, andf, = 0.07,f2 = 0.57,f3 = 0.28, andf, = 
0.08 at p/uo = 213. Note that the fractional probability of figure 2(c) seems not to be 
described by a scaling function of p/uo.  

We observe two types of the fractional probability for the stage 2 Co&inl-,C12- 
GICS: (i)f2 %f3 >fl (typically,fz = 0.843,f3 = 0.108, andf, = 0.049 for # c ~ 8 5 ) .  and 
fz Bfl >f3 (typically, f2  = 0.915, f l  = 0.076, andf, = 0.009for # c ~ 2 5 ) .  We alsofinda 
little different type offractional probabilityfor thestage2Co,Ni,-,CI,-~ics,f, >f3 >fl 

(typically, f2 = 0.57, f 3  = 0.26, and f l  = 0.17 for #~~63). We assume that (i) these 
experimental values of fractional probability coincide with the theoretical values at p,/ 
uo  = 1 for pure stage 2, and that (ii) the value off2 at p/uo = 1 decreases monotonically 
from fi = 1 to 0.57 as the value of A changes from A = 5.56 x lo-’ to 5.56 x lo‘? in 
spite of the lack in numerical calculations of fractional probability for 
5.56 x loM3 < A < 5.56 x < A(C0- 
Mn) < A(Co-Ni) < 5.56 x lo-?, which is rewritten as 1.8 X eV < uo(Cc-Ni) < 
o,,(Cc-Mn) < 1.8 x 10-2eV by using the relation A = 1.0 X 10-4/u0. Here A(Co-Mn) 
and A(Cc-Ni) are the values of A ,  and oo(CwMn) and uo(Co-Ni) the values of uo for 
the stage 2 Co,Mn,-,CI2-c;~cs and stage 2 Co,Ni1-,CI,-cics. The values of uo(Cc- 
Mn) and uo(Co-Ni) are much smaller than that of donor GICS (oo = 0.3 eV for K-GIC) 
(Nishitani et a/ 1983), indicating that the charge transfer of our compounds is much 
smaller than that of K-GIC. The range of p for the stability of stage 2 and stage 3 can be 
calculated as Ap(2) = 2u0/3, and Ap(3) = 3u0/12, respectively, from the thermo- 
dynamic potential at zero temperature (Safran 1988). For our systems these ranges are 
extremelynarrow becauseofthesmallvalueofu,. Thevapourpressureoftheintercalant 
at the stage transition from stage 1 to 2 (PA) is almost that same as that at the stage 
transition from stage 2 to 3 (PE) since Ap(2) = kJln(PA/PE). This situation makes it  
difficult to obtain pure stage 2 for our compounds. 
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Then there may exist the relation 5.56 x 

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 (OOL) 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 
Co,Mn,-,CI,-Gics and stage 2 Co&Vi,-,CI,-G~cs has been determined by using this 
method. We have discussed the degree of stage disorder in these compoundson the basis 
of the scaling hypothesis that the fractional probability for each stage is described by a 
scaling function of p/uo with a scaling factor k = kBT/Nou,,. Note that this scaling 
hypothesis is theoretically proved to be valid for small h and high stage number. We 
have estimated the form of the interlayer repulsion interaction as ui = u 0 i P  with LY = 1 
and u0 = 1.8 x 10M3-1.8 X lo-* eV by assuming the scaling hypothesis. The degree of 
stage 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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