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Graphite intercalation compounds: exchange 
parameters and self-consistent analytical potentials 

D Fristot, A Charlier, M FCharlier, L Lang and S Doyen-Lang 
Labratoire de Physique du Solide, Institut de Physique et d’Electronique, TechnopSle 
Metr ZWO, 1 boulevard Arago. 57070 Metz Cedex, France 

Received 4 September 1990, in final form 28 January 1991 

Abstract. We determine the exchange parameter 01 which occurs in the X, local statistical 
exchange approximation. An 01 = a(Z) law is proposed. The effective charges for the 
different atomic numbenare compared with the valuesobtained by Slate rand by Clementi 
and Raimondi. Transition Slater state energies are tabulated. 

Crystal exchange parameters are proposed for graphite intercalation compounds. 

1. Introduction: the binary compounds of graphite [I]  

First, we recall information on a series of the first-stage intercalation compounds of 
graphite with alkali metals M. The different graphite intercalation compounds (GIG.) 
are MC, or MC, (M = Li. Ba, Sm, Sr, Ca, Eu, Yb for MC, and M = Cs, Rb, K for 

Graphite (figure 1) is composed of graphitic sheets called ‘graphene’ for which the 
MCd. 

Figure 1. Graphitic planes. 
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Figure 2. Slacking phenomenon 

gap is zero. This confers to it an amphoteric character with zero-energy requirements 
either for donating electrons to electron acceptors such as halogens (Fe, CI,, Br, and I*) 
or for abstracting electrons from alkali-metal atoms (Li, Na, K, Rb, Cs, etc). 

GTC~ are also classified by a stage n denoting the number of graphite layers between 
adjacent intercalate layers as is illustrated in figure 2 for potassium graphite. 

After insertion, for the binary compound ofgraphite, the stackingof graphiticplanes 
has changed from d 93 SP 93 s4 to SP d SP d SP (figure 1); the carbon atoms of the closest 
graphitic planes superpose exactly one above the other (this is not the case for pure 
graphite or the parent material). 

The inserted atoms, located between the graphitic planes, will be referred to by 
Greek letters a, p, y and 6 according to the binary compounds studied. Figure 3 shows 
the a, p, y and 6 sites in the case of KC, compounds for the first stage. 

For each compound, HCrold [Z] and collaborators have shown (table 1) that the 
carbon-carbondistancein thesame planeg, and the distance between twoneighbouring 

Figure 3. Notation n. @. y ,  6. 
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Table 1. Binarycompounda 

Compound Symmetry dcc dP,*,-?< 

Graphite d % d %  1.419 3.348 
1.433 3.706 

&~@&, 4.60 1.439 
1.437 

.%&@.d, 5.255 1.434 

EuC, dA@A, 1.437 4.871 

KCs dA@@6 
R E 8  d&@@6 

4.94 

4.58 

LiC6 
CaC, 
SrC, 
BaC6 
SmC, &+sa,.% 1.449 

YbC6 &%d..% 1.440 4.573 
1.432 5.35 
1.431 5.65 
1.430 5.92 d&#d@., 

graphite planes change. According to the compounds studied, we see (figures 4-7) that 
the stacking of the inserted atoms are different. 

We have four types of structure for the series studied: a stacking d&&&,for the 
Li compounds, a stacking d&&,dB, for the Ca, Sr, Sm, Ba, Eu and Yb compounds, a 
stacking d&dPd&. for the Cs compounds and at least a stacking d&8d&6 for the Rb 
and K compounds. 

Figure 4. Type ~.,SI,~A~. Figure 5. Type d&d& 
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2. De Launay method 

The de Launay [3] method [4] enables one to construct a potential W(r) applicable to 
lattice dynamics calculus: 

w(r) = wal(r) + Wwo-body(r) (1) 

is the self-consistent Hartree-Fock atomic potential and 

W""obodY(r) = A l ( r -  r$exp(-r/p) 4Az(r-re)'exp(-r/p) (3) 

The atomic force constants a,, a*. q, e; and a; are related to the first and second 
is a two-body potential ('modified Born-Mayer [5] potential'). 

derivatives of potential W. 

ai = (a"/ar*)r=,, (4) 

a: = (l/r)(aW/dr),=,,. (51 
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The phonon dispersion curves for graphite, particularly the vibration frequencies at 
the r point (the centre of the Brillouin zone), are used to determine the values of a; and 
a;. 

The five coefficients r,, r,, A , ,  A, and p appearing in (3), are fitted in a way that the 
analytical expression (1) gives the 'experimental' values of a; and ai when we consider 
equations (4) and (5). 

If one uses for the atomic potential the values uV, published by Schwarz [6] ,  the 
stability parameters r, and r, differ from the in-plane carbon-carbon distance dcc in 
graphite and from dpi.P,+, ,the distance between two successive graphitic planes (cf table 
2); a better correlation is obtained for our a-value. 

3. The (Y statistical exchange parameter [S-ZS] 

When one uses the self-consistent Hartree-Fock method for obtaining wavefunctions 
and potentials, an exchange term is introduced. This negative term improves the stab- 
ility. 

The X ,  method ordinarily used [26] is a statistical approximation and is well estab- 
lished. Schwarz [6] gave a table of a-values satisfying the vinal theorem. 

Another possibility is given by the 'local-density approximation' to the density 
functional method which approximates exchange and correlation. Least-square fits to 
potentials and wavefunctions can be made for 'local-density approximations [27]. 

We use an equivalent method of determining the a-parameter of the X, Slater 
theory. This method determines for a given atom (or 2-value) and for agiven value of 
a the X ,  potential W t ( r )  using Hartree-Fock self-consistent wavefunctions. 

Then, we obtain a polynomial approximate expression for rWQ) by performing a 
best fit. Finally we require that this polynomial has the first term equal to -2 and we 
determine afrom such a condition [28]. 

4. Optimal value of the exchange parameter 

The technique used is derived from the method of Lafon and Lin [29]. The resolution of 
single-electron Hartree-Fock equations, is performed by means of a FORTRAN program 

The computed potentials are obtained as a function of the distance r in the form of 
[301. 

a table of 251 values (the distance scale is logarithmic). 

TableZ. Stability parameters. 

Gupta 171 1.33 3.18 
a m w a n  [61 1.35 3.32 
~*"r"d"r 1.417 3.339 
Graphite 1.419 3.349 
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Table 4, Exchange parameters, 

5329 

n 0.992 10 
He 0.97440 
Li 0.750 57 
Be 0.90322 
B 0,88531 
C 0.864 99 
N 0.846 14 
0 0.832 38 
F 0.81722 
Ne 0,80076 
Na 0.80429 
Mg 0.78456 
AI 0.76690 
Si 0.750 29 

0.978 04 Ca 
0.772 36 SC 
0.780 87 Ti 
0.767 56 V 
0.764 52 Cr 
0.758 47 M" 
0.751 18 Fe 
0.743 67 CO 
0.736 51 Ni 
0.729 97 c u  
0.730 44 zn 
0.728 50 Ga 
0.727 95 Ge 
0.72696 AS 

P 0.737 52 0.725 69 Se 
S 0.727 38 0.724 26 Br 
cl 0.71884 
Ar 0.711 10 
K 0.70407 

0.72277 KI 
0.72131 Rb 
0.72072 Sr 

0.69790 0.71941 Y 0.653 86 0.704 40 
0.693 67 0.71793 Zr 0.653 28 0.703 98 
0.690 16 0.71648 Nb 0.65318 0.70357 
0.687 0% 0.71506 MO 0.65344 
0.683 87 0.712 96 Tc 0.65402 
0.681 78 0.71228 Ru 0.65505 
0.679 48 0.710 94 Rh 0.65633 
0.67709 0.70966 Pd 0.65729 
0.67554 0.70843 Ag 0.65956 
0.66684 0.706 35 Cd 0.66133 
0.66496 0.70619 In 0.66303 
0.67033 0.70644 Sn 0.66467 
0.66799 0.70645 Sb 0.66520 
0.665 62 0.706 30 Te 0.667 60 
0.663 17 0.70606 I 0.668 87 
0.6M175 0.705 76 Xe 0.66998 
0.658 42 0.705 44 cs 0.672 20 
0.656 39 0.105 25 Ba 0.67109 
0.65490 0.70480 

A least-squares fitting transforms these results into a polynomial 
N 

rWal(r) = 2 a,r". 
" = O  

A value of N = 7 is sufficiently satisfactory to obtain a good x2 criterion [31] (precision 
of around Hartree). 

In order to fulfil the preceding condition, o is varied until the coefficient a. is identical 
with the -2-value (table 3). This leads to table 4 which provides exchange parameters 
ofor different atoms. 

L 
e ti ie 24 30 36 42 48 w 

Atomic number Z 

Figure 8. Exchange parameters as a function of Z. 
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TableS. Physical propertiesof alkali metals. 

Li Na K Rb cs Mx 

r.,.. (nm) 0.123 0.157 0.203 0.216 0.23 0.136 
(nm) 0.068 0.097 0.133 0.147 0.167 0.066 

Two" W) 180.54 97.83 63.65 39.00 28.45 651 
T ~ . ~ ~ ~ ~  rc) 1330 881.3 757 696 670 1107 

(760 mm Hg) 

The equality (6) must validate the vinal theorem and verify the following condition 
when we are very close to the nucleus [32] (i.e. r+  0): 

lim [rWa'(r)] = -Z. (74 
-0 

This last condition isnot verified when the valuesof thestatistical exchange parameter 
(Y take for respective values those determined by Slater or by Schwarz [6]. 

The coefficients a. satisfying the virial theorem and associated with different poly- 
nomials representing the atomic potential of carbon atom are -6.007 320 4, inferior to 
-6 for cu,,,, = 1 and -5.995 667 0, supenor to -6 for aSehwarz = 0.758 47. 

The new statistical exchange parameters (Y satisfying 

tim [rWat(r)] = -ao (76) 
I+ 0 

are represented in figure 8 as a function of atomic number Z of different atoms 
considered. They are classified according to atomic levels. Except for the lithium atom, 
CY vanes with the atomic number Z. This can be explained by the common (physical and 
chemical) properties of magnesium and lithium atoms [33]. The atomic and ionic radii 

Table 6. Transition-state energies. 

Atom IS 2s 

H 
ne 
Li 
Be 
B 
C 
N 
0 
F 
Ne 
Na 
m 
Al 
Si 
P 
S 
CI 
Ar 
K 

-0.500 OOO 0 
-0.849 486 1 
-1.913696 1 -0.195 4998 
-4.2085692 -0,2851145 
-6.9839106 -0.4324529 

-10.407454 -0.598688 8 
-14.496987 -0.7824002 
-19,268473 -0.985 953 2 
-24.709796 -1,207I920 
-30821 524 -1.445 8983 
-38.227508 -2.1584867 
-46.493 087 -3.033 1728 
-55.653294 -4.0669634 
-65.645354 -5.2039844 
-76.489 602 -6.452 646 0 
-88.187355 -7.816865 1 

-100.73699 -9.2980306 
-114.135 69 -10.896349 
-128.653 34 -12.876787 

ZP 35 3P 
. -  

-0.2239892 
-0.294954 6 
4 3 6 9  889 0 
-0.4498769 
-0.532933 1 
-0.618 674 0 
-1,146203 5 
-1.841 1309 
-2.691 8396 
-3.641 8920 
-4.699 669 2 
-5.869 224 5 
-7.1520158 
-8.548268 1 

-10.323730 

-0.182279 3 
-0.226 072 3 
-0.3243445 -0.1534177 
-0.4343698 -0.1973162 
-0.547 636 5 -0.246 548 4 
-0.6648939 -0.2996073 
-0.786 847 1 -0.356 107 9 
-0.9137719 -0.415802 1 
-1.273 395 3 -0.684 669 4 
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for these two a t o m  are very close (table 5). To sum up, it does not seem surprising that 
the exchange parameter value (Y for Iithium is close to the value for magnesium. 

The exchange parameter CY as a function of Z is replaced by the expression a(Z) for 
2-values between 1 and 56 inclusive. 

a(Z) = 1.022733 8 - 3.134 406 3 X Z + 1.079 068 9 Z2 

- 1.805773610-5Z3 + 1.27233171O-’Z4 -9.197432210-”Z5. 
(8) 

This relation has no physical meaning but is interesting for systematic evaluations. 
The energies associated with the different electrons of these atoms are slightly 

different from those given by Herman and Skillman (34). This is normal; the orbital 
energies reported in table 6 should not be interpreted as ionization energies but in terms 
of Slater’s transition-state calculations in which half an electron is removed from the 
respective orbital. 

5. EPFeetive charges 

The program used also provides a table of the values of the radial part of the wave- 
functions of the 251 different values of position r. A fitting to a Slater form, by x2 
minimization, provides us with the values of the effective charges. Let us recall that, for 
example, 

RI, = 2Z*3/2 exp(-Z*r) (9) 

is the radial part of the wavefunction for a 1s electron, where Z* is the effective charge 
based on Slater’s [35] rules. Clementi and Raimondi [36] proposed other values. Table 
7 enables us to compare the respective values; for K our value is Z* = 18.5086. 

Table 7. Effective Z:, charges: &, Slater’s values: Zc.R, values obtained by Clementi and 
Raimondi; Z,,, our values. 

H He 

1.70 
1.6875 
1.6815 

Li Be B C N 0 F Ne 

2% 2.70 3.70 4.70 5.70 6.70 7.70 8.70 9.70 
2,. 2.6906 3.6848 4.6795 5.6727 6 .661  7.6579 8,6501 9,6421 - .. 
Z,, 2.6615 3.7179 4.6971 5.6766 6.6572 7.6403 8.6235 9.6067 

Na Mg AI Si P s CI AI 
~ ~ 

Z, 10.70 11.70 12.70 13.70 14.70 15.70 16.70 17.70 

ZGF 10.5973 11.5814 12.5673 13.5542 14.5431 15.5333 16.5245 17,5163 
z,, 10.6259 11.6089 12.5910 13.5745 14.5578 15.5409 16.5239 17.5075 
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6. Exchange parameters for graphite intercalation compounds 

We used these results to build [28] a crystal potential for the GIB [37] LiC,, KCs, etc. 
On using Divincenzo's [38] proposal to construct approximate values of the crystal 

exchange parameters CY,,,,, a crystalline exchange parameter is calculated for different 
graphite intercalation compounds using 

01crysra1 = (6aaiomirC + 0 1 a " n i ~ ) / 7  (10) 

a c c y n a ~  (801atomicc -t 0 1 a t a m i c ~ ) P .  (11) 

Table 8. ~icexchange parameters. 

Compound aWuI Compound em., 
~ -. ~ -~ , ~~ 

Graphite 0.864 99 EuCa 0.84961 
tic; 0.84863 YbC, 0.863 04 
CaC, 0.841 12 KCs 0.843 34 
SIC, 0.834 98 RbC, 0.841 81 
Bach 0 83729 csc, 0.843 SI 
SmC, 0.848 30 

Equation (10) is valid for MC6 compounds and equation (11) for MC, first-stage GICS. 
Table 8 summarizes the results for the series of alkali GIG studied by our group and 
enables one to evaluate the exchange contribution to the potential of intercalation 
compounds. 

I .  Conclusion 

For any atom other than those listed here, we can send, on written request, the values 
of 01 and the analytical equations of the atomic potential and of the radial part of the 
atomic functions. 

The major interest in those results is to provide, for band calculation by the tight, 
binding method, wavefunctionsand atomic potentialsin an analytical andnot atabulated 
form. 

The electronic properties of graphite are fairly well known. Since the planar hex- 
agonal arrangement of atoms is preserved in the binary GICS (figure 4), albeit with a 
change instackingsequence andtheinsertionofplanesofintercalate atoms, it iscertainly 
of interest to begin with the electronic properties of graphite [39]. 

This approach is perhaps of even greater relevance to the properties of dilute 
compounds. In this case, one can initially conjecture that many properties of the crystal 
are controlled by the 'graphite regions', far from the filled layers of intercalate atoms. 
These regions can then be treated within the 'rigid-band theory'. 

Intercalation produces charge transfer [40]; the in-plane carbon-carbon distance 
varies from one GIC to another obtained with different alkali metals (table 1). 

These considerations are sufficient to consider, at least provisionally, each first-stage 
GIC as a new material and to perform complete band calculations with the help of our 
preceding exchange parameter evaluations. 
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