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The extended-muffin-tin orbital (EMTO) energy-band method has been made self-
consistent by fast-Fourier-transforming the non-muffin-tin charge density. The EMTO
method is used here to calculate self-consistent energy bands for Li-intercalated graphite.
The Li s and p states are found to be empty. The carbon 7 states near the Fermi energy
are found to be strongly distorted from that of pure graphite.

I. INTRODUCTION

The extended-muffin-tin-orbital- (EMTO)
energy-band method' has been applied non-self-
consistently to a variety of problems: (a) CO mol-
ecules interacting at a Ni(001) surface,! (b) poly-
mers with and without dopants,2 and (¢) Si-SiO, in-
terface.> The purpose of this paper is to present a
self-consistent version, which can be applied gen-
erally. This new scheme will be demonstrated with
Li-intercalated graphite.

The EMTO method is applicable to a wide
variety of problems because the complete potential
is treated. It is convenient to use even for very
complex geometries, because the potential is easily
divided into spherically symmetric muffin-tin po-
tentials and a non-muffin-tin part. The non-
muffin-tin part includes the nonspherical contribu-
tions to the potential throughout the unit cell, in-
cluding inside the muffin-tin spheres. The non-
muffin-tin potential is smooth everywhere, thus al-
lowing use of a fast Fourier* transform for repre-
sentation in plane waves. Self-consistency is facili-
tated by dividing the charge density into a spheri-

cally symmetric muffin-tin part and a non-
muffin-tin part that is smooth enough to be fast-
Fourier-transformed. The Coulomb potential is
easily obtained for the self-consistent iterations.
The simple forms for the charge density and po-
tential enable one to easily write an expression for
total energy.

Graphite and graphite-intercalation compounds
continue to be widely investigated.” In graphite in-
tercalated with alkali-metal atoms, it is thought
that the s electrons are donated to the conduction
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band. Holzwarth et al.® support this interpretation
with a non-self-consistent-field (SCF) energy-band
calculation for LiCs. They find the bands to be in
quantitative agreement with the corresponding
bands of undoped graphite. They also found the
Li2s band to be ~1.7 eV above Er. More recent-
ly, Holzwarth’ performed a self-consistent pseudo-
potential® calculation for LiCs. The Li2s band
was found to be ~1.0 eV above Er. Overall, the
pseudopotential results resemble the earlier non-
SCF calculations.

Our calculations on LiCg were carried out with
two different types of muffin-tin orbitals. The
first type is that used in the original formulation
of the muffin-tin-orbital energy-band method.’
These MTO’s are constructed from the radial solu-
tions of the muffin-tin potential and the spherical
Bessel function orthogonalized to the core states as
in the orthogonalized-plane-wave (OPW) method.
Andersen'® has since advocated a second type of
linearized muffin-tin orbital whereby the energy
derivative of the radial solution of the muffin-tin
potential replaces the Bessel function part of the
muffin-tin orbital. We will show that similar re-
sults are obtained with either type of muffin-tin or-
bitals. Finally, we will show that the techniques of
the EMTO method can be used to extend the aug-
mented spherical wave'! (ASW) method to non-
muffin-tin potentials.

The SCF-EMTO method is presented in Sec. II.
Our results for LiCq are shown in Sec. III. Section
IV contains the conclusions. The Appendix gives a
detailed derivation of the method with test results
for Si and GaAs.
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II. EXTENDED EMTO METHOD

The first step in using the EMTO method is to
construct a potential, which is divided into a
muffin-tin part Vyr(r) and a non-muffin-tin part
AV (T). Vyr(r) is spherically symmetric and de-
fined inside muffin-tin spheres centered at various
atoms, with radius S. AV(T) is defined through-
out the unit cell including the muffin-tin regions.
AV (T) is made continuous everywhere by adding
the value of the muffin-tin potential at the
muffin-tin radius, Vyrz inside the muffin tins.
Vmrz must then be subtracted from Vyyp(r).

The EMTO method requires the definition of
two types of muffin-tin orbitals. The first type
Xm(E1,&%,T,7) is constructed from the radial solu-
tion ¢y, (E,T,7) of the potential ¥y r(r) at fixed
energy E, for each atom 7 in the unit cell:

Ni[im(E1,1s7)+ 01011, ¥ <S

XIM(EI,K2,?,?)= (1)
—Klm(K,?,T), F'ZS

where ¢ is the derivative of ¢ with respect to ener-
gy and is orthogonal to ¢. A complete discussion
of linearized MTO’s has been given by Andersen.!®
K}, is the spherical Neumann function. N; and
o are chosen to give a continuous wave function
and first derivative. The spherical harmonics are
also contained in the definitions of ¢, ¢, and K.
The MTO’s could have been defined with a Bessel
function orthogonalized to the core states replacing

¢ as was done in earlier work.” We will show that
similar results are obtained with either type of
MTO. N

The second type of muffin-tin orbital, p,,],‘, (k,r,7),
is constructed from the spherical Bessel and Neu-
man functions, J; and K, respectively,

dJy (kr)
Ny [Ty 4oy — 2
= dk

Pim =

, r<S

()
—Kp(kr), r>S .

N, and o, are chosen to ensure continuity of the
MTO tail K}, and its first derivative at S. The
important properties of p;, are that it is (a) equal
to the MTO X}, outside the muffin-tin radius, (b)
smooth inside the muffin-tin spheres whereas X},
may have nodes, and (c) independent of the poten-
tial and need be evaluated only once.

A basis function W ¥ () is now formed from a
linear combination of MTO Bloch functions X% :

VKD =3 S ComXit (E 1,137, 7) (3)
2 Tim
A sum over k? is included since for open struc-
tures!? such as Si, it is necessary to use both short
range MTO’s (k? <0) and long range MTO’s
(k*>0) in the basis function. For close-packed
metals, only one K2 is necessary.

The complete derivation of an arbitrary matrix
element is given in the Appendix:

XK |H—E | Xf)=(pf |k3+AV + V12O —E | p3 Vupit cen+ X1 | =V2+Vyur—E | X5 Ymr

—(p* | K3+ VMrzO—E |p5 dwr - 4)

(This equation corrects misprints in earlier paper.')
1 and 2 represent two sets of parameters «”, l,m,
E, and 7 necessary to define the MTO, XX, pf

(f =1,2) denotes the Bloch function formed from
the smooth type of MTO. As indicated in the Ap-
pendix, integrations over the muffin-tin regions
(MT) are easily performed because of spherical
symmetry. The term involving integration over the
unit cell is evaluated numerically and requires a
full discussion. First, the unit cell is divided into
polyhedra by dividing the three unit-cell vectors
into sections roughly 0.35 A long. Next the Bloch
function p jk is evaluated at the same point in each
polyhedron. The function pjk is sufficiently

r

smooth that a fast Fourier transform (FFT) yields
a finite-series representation:
pjk (?—’?,S,KZ)ZEM’G’ e—i( g —?)‘(?—?) .

=3

G
(5)

The numerical integration over the unit cell in Eq.
(4) is then performed by choosing an appropriate
number of random pojnts in a given polyhedron.
The wave function pjk, is evaluated at these ran-
dom points and in all other polyhedra by using the
inverse FFT of Eq. (5). Furthermore, the inverse
FFT yields the wave function pjk for all atoms
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with the same muffin-tin radius. The function p}*
does not depend on the potential and is evaluated
only once and then reused during iteration to self-
consistency.

Poissons’s equation can be solved by putting the
charge density into a spherically symmetric part
and a Fourier series. The charge density can be
put in such convenient forms for self-consistent
1terat10n by addlng and subtracting the term

| 2Cip

2
JPJ

Z CJ!’X J
J

MT

=§l

+> ZCanJk ) (6)
n|j

where j represents 7, I, m, and k2. The sum over
occupied states is represented by #. C}' are the
coefficients of the wave function. The first two
terms provide a spherically symmetric charge den-
sity that goes to zero at the muffin-tin radius, S.
The last term is smooth everywhere in the unit
cell and is calculated on the same mesh of .
points as previously used to evaluate the MTO pjk.
Application of the FFT to this term yields a finite
Fourier series which when added to the muffin-tin
part gives the total charge density.

pE)=parl |7 N+ Zpge=' ST ™

It is now straightforward to solve Poissons’s equa-
tion and obtain a radial Coulomb potential due to
pmr(r), a Madelung term due to the constant back-
ground pg o, and a plane-wave term due to

S pgexp(—iGT) .
G+#0

The exchange potential is straightforward
enough to evaluate, even though it depends non-
linearly on the charge density. The exchange po-
tential is divided into a spherically symmetric part
that depends only on the true muffin-tin charge
density.

Ve (P)=Fpgn(r)) , ®

where

psph r)‘z zc Xk

sph av

where n is a sum over occupied states, and £ is
the exchange-potential function. To evaluate the
nonspherical part of the exchange potential, Eq. 7

is used to evaluate the total charge density at all
grid points in the unit cell.

AVHT)=fex(p(T)) — fex(pspn(7)) . ©

The above expressions for charge density and
Coulomb potential are in a convenient form to
derive an equation for total energy per unit cell:

E,=Y¢€— fP r)d"’f——:-z&(r—)—-
_;faVe,p(f')dH;z'—I—(— , (10)

where aV = —3a(3p/7)!/3, and ¢; are the band-
structure eigenvalues. These calculations are in
progress. The above derivation follows precisely
that of Ross and Johnson'® and is not repeated
here.

The above formalism is easily applied to mol-
ecules and thin films in conjunction with a super-
lattice.® In this model, molecules or films are
separated sufficiently from neighboring molecules
or films so that they do not interact. The main
advantage of the superlattice model is that three-
dimensional FFT’s can be used to calculate the
wave function and solve the nonspherical Coulomb
potential.

* The EMTO equations in Eq. (4) can be related
to those of the LMTO method'® by allowing the
muffin tins to overlap and setting AV =0. The
LMTO formalism'° is worked out only for k?=0.
However, by using the EMTO formalism and
FFT’s, one can generalize the LMTO equations to
any value of «* or even to two sets of MTO’s per
atoms. Furthermore, for AV =0, the integral over
the unit cell in Eq. (4) becomes a simple sum over
the reciprocal-lattice vectors G.

Our method for treating nonspherical potentials
and charge distributions could also be used to ex-
tend the augmented-spherical-wave (ASW) method
of Williams et al.,'! so that a general potential
could be treated. Currently, the ASW method ap-
proximates the true potential by overlapping muf-
fin tins as in the LMTO method. The wave func-
tion in the ASW method is defined as a linear
combination of augmented spherical waves. The
augmented spherical waves are defined in an
equivalent manner to our MTO?s in the interstitial
region as both have identical tails. Inside the muf-
fin tins, Williams et al. choose radial solutions at a
specific energy to obtain continuous wave func-
tions over the muffin-tin spheres whereas we have
chosen the radial function and its first derivative
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with respect to energy.
The first step in deriving their method for non-
muffin-tin potentials is to apply the variational -

principle and obtain an equation similar to Eq.
(A1) in the Appendix.

<hl? |H—E [hzk y={(h* | =V2+Vur—E 1h2k )M

+(h* | AV | by >MT’s+<hIk | -V2+AV —E ihzk Yinterstitial - (1)

h; denotes the augmented spherical wave, and j
denotes I, m, 7, and k%.. One adds and subtracts
the term in Eq. (A2). The rest of the derivation
proceeds exactly as for the EMTO method. The
Coulomb potential for the SCF procedure is also
solved similarly.

III. BAND STRUCTURE OF LiCq
A. Crystal structure and basis set

The crystal structure of LiCg consists of two-
dimensional hexagonal carbon planes separated by
Li intercalates.!* The carbon planes are dilated by
about 1% over that of pure carbon (hexagonal lat-
tice constant @ =4.85 A). The carbon layers are
stacked in direct registry with respect to each other
so that there is only 1 unit of LiC¢ in the primitive
cell. The distance between carbon layers (¢ =3.706
A) is 10% over that in pure graphite. Finally, the
Li atoms are arranged midway between the C
layers so that there are six C atom nearest neigh-
bors below and above each Li.

As discussed in the previous section, MTO’s are
defined by the energy at which the radial solution
of the muffin tin potential is calculated and also
by the energy «” of the Neuman function tail. The
energy parameter was taken to be —4.0 eV, which
is near Er. The k? parameter was chosen to be
—04, —0.1, 0.3, and 0.5 Ry. «?=0.3 Ry gave the
lowest eigenvalues. Only the s and p* MTO’s were
included in the basis set. Thus, at a general K
point, the matrix size is 28 X 28.

The crystal potential was obtained using the
Hedin-Lundquist'® X, exchange approximation.
The charge density was calculated using a 3-k
point-sampling scheme based on the special points

for a hexagonal film.'®

B. Band structure of LiCq

The energy bands for LiCg4 using the Hedin-
Lundquist exchange are shown in Fig. 1. The

I
bands have been labeled according to the conven-
tion of Holzwarth et al.® The carbon 7 and o
bands are represented by dashed and full lines,
respectively. Bands derived primarily from the Li
s and p states have been darkened to distinguish
them from C states. It is clear from Fig. 1 that
the Li s and p states are empty.

In Fig. 2, the non-self-consistent energy bands
are presented. The starting potential here was con-
structed by overlapping neutral atom charge densi-
ties. Comparison of Figs. 1 and 2 shows that the
major effect of iterating the non-SCF bands in Fig.
2 is to change the position of the Li states relative
to the C states. At the I" point, the Li s state is 4
eV above the 1 states for the non-SCF. For the
SCF results in Fig. 1, the Li s state is only 2.0 eV
above the 7 states. The dispersion of the bands in
k space and the positions of the C 7 and ¢ bands
are quite similar for the SCF and non-SCF results.

Eberhardt et al.'” have identified several features
of LiCg at the T point, using angle-resolved photo-
emission. In Table I, a comparison is made of
these experimentally identified features and our
SCF results. Because of the limited number of k
points used in sampling the Brillouin zone, the
determination of Er is approximate. The MTO
band structure compares well with experiment for
all levels.

Eberhardt et al.'’ also performed Li core-
threshold photoyield spectra. Two peaks were

E(eV)
! |
N »
T T 1 r7 T T T T T TT

FIG. 1. SCF energy bands of LiCq using parameters
k*=—0.1 Ry and E =—0.3 Ry.
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E (eV)
T

FIG. 2. Non-SCF energy bands of LiCs.

found at approximately 1.4 and 6 eV above Ep.
Inspection of Fig. 1 indicates a peak due to Li
states at 1.5 eV above Ef.

The Lip states hybridize very strongly with the
C states above Ep. Their energies depend strongly
on which «? is used in the basis set. We have not
displayed these unfilled states as we are not sure of
their positions.

Finally, we wish to compare the difference in re-
sults obtained with MTO’s formed with an ortho-
gonalized Bessel function as with an LMTO. In
Fig. 3, SCF bands using orthogonalized MTO’s are
shown along with SCF bands using SCF-linearized
MTO’s. The MTO parameters E and x* were
—0.3 and —0.4 Ry, respectively, for both basis
sets. The two sets of bands are too similar to say
which compares better with experiment.

TABLE 1. I'-point binding energies relative to Ey (in
eV).

Symmetry EMTO Expt.
label
1+ —-21.3 —22.54+04
6-,5+ —14.79 —15.240.5
—14.2
4-1% —12.9 —1340.5
—12.39
2- —9.49 —9.3+0.3
5+ —5.0 —5.0+0.4
57,6% —0.991 —0.5+0.03
—0.716
0.902 +1.45 eV

(a) (b)
SCF—MTO SCF—LMTO
K2 =-0.4Ry

K2=-0.4Ry

E(eV)
L
n
T T 1T 11T 1T 717 T T T 1 T

FIG. 3. Comparison of energy bands of LiCg using
orthogonalized MTO’s and linearized MTO’s both with
parameters E = —0.3 Ry and «*= —0.4 Ry.

We can see the effect of different choices of the
parameter x> by comparing Fig. 1 (k?=0.3 Ry)
with Fig. 3 (k*=—0.4 Ry). The positions of the 7
states are about 0.4 eV closer to the Li states for
the k*=0.3 Ry. This value is more in line with
experiment as discussed earlier.

IV. CONCLUSIONS

Self-consistent energy bands have been obtained
for LiCq which agree well with photoemission
data. In the future, our SCF computer programs
will be extended so that a double set of MTO’s on
each atom can be used as a trial basis function. A
double set of MTO’s will improve the agreement
between theory and experiment over a wider energy
range and allow us to calculate unfilled states more
accurately. Currently the programs are being
developed to calculate total energies.
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APPENDIX

The matrix elements of the Hamiltonian can be divided into integrations over the muffin-tin (MT) and in-

terstitial regions:

XF | =V Ve +AV —E [ X5 ) =X | =V 4+ Vyr—E | XS ) s
+ O AV [ X Y mps+ X | =V AV —E [ XS Vingerstitiat - (A1)

The notations 1 and 2 represent two arbitrary sets of MTO parameters /, m, k% E, and 7. The major obsta-
cle to solving the equation is that the interstitial integration is discontinuous. Thus, the muffin-tin term will

be added and subtracted,

(Plk | =V2+AV +Vyrz—E |P2k IMT

(A2)

so that the discontinuity is eliminated and the term (X | AV |X ZT" Ymr is approximately cancelled. Vyrz

is the value of ¥yr(r) at the muffin-tin radius.

The MTO pjk has been previously defined in Sec. II. We will only add thal pj =X ,k at the muffin-tin
radius and that this function is smooth throughout the unit cell. The MTO X behaves differently in that
it contains rapid oscillations introduced by solutions to the Schrédinger equatlon from which it is construct-

ed.
Equation (A1) now becomes

(XF I _V2+VMT+AV'"E IXZk >=(Xlk | _V2+AV—E |X2k )intersphere
+{p* | =V2+AV +Vmrz—E |5 dur
+XE | =V Ve —E | X5 e —p 1 | =V +Vmrz—E | P2 dmr

+ X AV X Ymr— (P AV |pS Dmr - (A3)

The ﬁrst two terms are combined and the last two terms are approximately equal and cancel. Further,

—V? pj =K pj so that

X | =V2+Vur+AV —E | X ) ={p{ |K5+AV + V12O —E | pf Vunit cen
+<X1k { ~V2+VMT'—E [sz )—(plk IK%'{-VMTZe—E {pzk )MT . (A4)

The function © is equal to unity inside the
muffin-tin spheres and zero outside. Vyrz© must
be added to AV which otherwise would be discon-
tinuous at the muffin-tin boundaries.

The integrals over the muffin-tin spheres have
been discussed in detail in previous work® and will
only be summarized here. One can reducg the
multicentered Bloch functions X jk and pjk to
single-center sums within a given sphere. For ex-
ample, the MTO at site 7, can-be expanded about
Ti:

X (F=F)=Ni[(T—7) +0,$(F—7:18;,

+2JLM(Y—T,')ALM,1 ’ (AS)
LM

where N and w; are normalization constants. Jy
is a Bessel function for » greater than the muffin-
tin radius S, and is a combination of ¢; and ¢; ap-
propriately normalized for  <S. Thus, Eq. (A5)
enables the integrals over the MT volumes to be re-
duced to radial integrals.
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The remaining integral is performed numerically
by dividing the unit cell into polyhedra and choos-
ing random points within a polyhedron. The wave
function pjk is evaluated at an identical point
within each of the polyhedra. Application of the
fast Fourier transform gives a finite plane-wave ex-
pression:

T L =iHG=K)(P-7)
p] —ZMGe .

The inverse FFT is used to generate all the re-
quired values of the wave function at the random
points.

The key approximation in the EMTO method is
that

XF AV | X Yr~(p i | AV [pf ) .

This approximation is valid near the muffin-tin ra-
dius even though AV has its largest value because
X is equal to p X. In the inner portion of the
muffin-tin sphere, X* deviates from pX, but AV
becomes very small.

In order to test the above approximation,
energy-band calculations were performed for Si
with the EMTO method and the LCMTO (Ref. 9)
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method for identical potentials. In the LCMTO
method, the potential is expanded in spherical har-
monics within atomic Wigner-Seity cells about
each atom. Thus, there are no approximations to
the potential. The two-band calculations agree to
within 0.01 eV,'® thus supporting our conclusion
that the approximation used in the EMTO method
is valid.

Finally, a self-consistent energy-band calculation
for Si is in close agreement with the linearized
augmented-plane-wave (LAPW) results of
Hamann.'” At the major symmetry points we ob-
tain in eV (Hamann’s results are in parenthesis):
y1 —11.87 (—12.02), 755 0.0 (0.0), v;, 2.44 (2.49),
Y5 3.38 (3.18), X| —7.88 (—7.84), X, —2.92
(—2.82), X, 0.57 (0.55), X4 10.18 (10.32), L
—9.69 (—9.64), L; —6.98 (—7.06), L; —1.27
(—1.16), L, 1.47 (1.40), and L3 3.25 (3.37). For
GaAs we obtain in eV: y; —11.87, 7,5 0.0, 7,
1.23, 715 3.98, X; —9.93, X3 —6.45, X5 —2.63, X,
1.54, L, —10.59, L, —6.38, Ly —1.15, L 1.43,
and L; 4.84. The above results suggest the high
level of accuracy obtainable with the EMTO
method.
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