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Electronic structure of KHNC4 and related materials
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We report the results of self-consistent calculations of the electronic structure of the ternary

graphite intercalation compound KHgC4 and of the structurally related amalgam material NaHg2.
Using the local-density approximation and mixed-basis pseudopotential calculational techniques, we

are able to evaluate the energy bands, the densities of states, and the valence charge distributions for
these materials. In contrast to other graphite donor intercalation compounds, we find that for
KHgC& the intercalate layer retains a significant carrier concentration. The amalgam bands are
aligned within the complex of the graphite m bands. The bottom of the Hg 6s band lies 2.8 eV above
the bottom of the graphite n bands and the bottom of the Hg 6p bands lie a few tenths of an eV
above the degeneracy point of the graphite m bands. A very rough estimate is that the conduction
electrons consist of 1.5 electrons associated with the amalgam layer and 0.5 electrons associated
with the graphite m. bands for each K2Hg2CS unit ce11. Our results for KHgC4 are consistent with

some of the experimental results described in the literature.

I. INTRODUCTION

The ternary graphite intercalation compound KHgC4
has been studied by a number of experimental tech-
niques. ' In contrast to many other donor compounds,
the metallic properties of this material are thought to be
due to charge carriers in the intercalant layers as well as
in the graphite m bands. There has been some theoretical
work' on the second-stage material KHgCS.

In this paper, we report the results of a self-consistent
calculation of the electronic structure of KHgC4 and of
the structurally related pure-amalgam material NaHg2.
We use the local-density approximation"' and mixed-
basis pseudopotential methods of calculation. ' The pa-
per is divided into the following sections. In Sec. II, the
calculational details are presented. In Sec. III, the results
for the electronic structure of NaHg2 are presented. The
results for the electronic structure of KHgC4 are present-
ed in Sec. IV. Discussion and conclusions are given in
Sec. V.

II. METHODS OF CALCULATION

A. Band structures

Self-consistent, first-principles band-structure calcula-
tions were carried out in the framework of local-density
theory" in the local-density approximation' using
mixed-basis pseudopotential techniques. '

The details of this calculation are similar to that de-
scribed in our earlier work on the electronic structure of
graphite, ' with the following changes. The functional
form of the pseudopotential was that of Kerker, '

modified to include relativistic effects other than that of
the spin-orbit interaction' ' and to include the
exchange-correlation effects of the approximate core den-

sity. ' The pseudopotential radii were chosen to be 1.4,
2.5, 4.0, and 3.1 bohrs for C, Hg, K, and Na, respectively.
This choice enabled us to achieve reasonable basis-set
completeness and reciprocal-lattice sum convergence by
including all plane waves for

~

k+G
~

& 3 Ry and carry-
ing out all reciprocal space sums for

~

k+G
~

& 25 Ry.
The matrix elements of the Hamiltonian involving the

nonlocal (I-dependent) contributions to the pseudopoten-
tial' were evaluated using a separable form similar to
that described in a previous work. ' However, the
specific separable form was based on a Gaussian quadra-
ture approximation to the plane-wave matrix element of
the nonlocal pseudopotential 54,t (r) of site r and angular
momentum I:

NL«+G k+G') = X ~.tnf, tMn(k+G)
~, I, M, n

xf;«„(k+G'),
where

f,iM„(k+G)=exp(—t G ~) &tsttt~+Gjt( ~
k+G

~
«„),

ttz+G denotes a unit vector along k+ G, and

(477) rsl

In this expression, R„and r„denote, respectively, the
Gaussian weights and abscissas for evaluating the plane-
wave matrix element of 5@,t(r) in the range 0&r &r,t.
Typically, the order of the Gaussian quadrature could be
chosen to be 10—30 for high accuracy. In the above ex-
pression, k denotes the wave vector, 6 represents a
reciprocal-lattice vector, and 0 is the unit-cell volume.
We believe this method to be quite eScient and generally
applicable to mixed-basis pseudopotential calculations.
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B. Densities of states

(3)

where Hz denotes the Hamiltonian evaluated in the
plane-wave basis. In these terms, the gradient of each en-
ergy band can be evaluated according to

VE= A U VHpUA+A V'U (Hp E)UA—
+A U (Hp E)VUA . — (4)

In the above expression, V denotes the gradient with
respect to k. Once the energy-band gradients were calcu-
lated for all of the bands at each of the midpoint wave

One of the challenges of performing a self-consistent
calculation of a multicomponent metallic system is ade-
quate k-space sampling and calculation of the density of
states. Because of the proximity of a large number of
bands in these materials, methods based on local interpo-
lation' are likely to yield spurious results. The method
of Gilat and Raubenheimer ' ' based on extrapolation
using band energies and their gradients is preferable.

In order to implement the Gilat-Raubenheimer scheme
for our materials, we used the parallelepiped form of the
unit cell formed from the three translation vectors T&, T2,
and T3. Each translation vector T; was then divided into
n; equal segments to form n&Xn&)(n3 small paral-
lelepipeds. For both the density of states and the
charge-density evaluations, the energy bands and their
gradients were evaluated at the midpoints of each non-
equivalent small parallelepiped. For KHgC4, n &, n2, and
n 3 were chosen to be 6, 6, and 2, respectively, corre-
sponding to 21 nonequivalent k points. For NaHg2, they
were chosen to be 6, 6, and 6, corresponding to 36 non-
equivalent k points. We estimate that these choices yield
density-of-state results which have an error of at most
20%. The parallelepiped geometry can be mapped into a
rectangular solid geometry in order to use the general
density-of-state formulation of Gilat and Kam. '

The energy-band gradients were calculated in two
steps. First the energy bands were calculated as de-
scribed in Sec. II A, and the eigenvalues and eigenvectors
were stored in a file. The gradients were then calculated
in a separate program based on the Feynman-Hellman
theorem modified for contributions from the nonortho-
gonality of the mixed-basis wave functions. ' For each
wave vector k, the mixed-basis eigenvalue problem can be
written in the generalized form'

(H ES)A =0, —
where H is the Hamiltonian, S is the overlap matrix, E is
the energy-band eigenvalue, and A is the corresponding
eigenvector of plane wave and linear combination of
atomic orbital (LCAO) coefficients. In order to calculate
the gradients with respect to k, it is convenient to express
these quantities in terms of a plane-wave basis. For this
purpose, there exists a rectangular matrix U such that

H =U HpU

and

vectors, they were used for calculating the density of
states according to the Gilat-Raubenheimer-Karn ' ' al-
gorithm.

For some of the calculations in this study it was impor-
tant to calculate the partial densities of states. For this,
we took advantage of the layer geometry and used the
charge within a layer associated with each state as a
weight factor, neglecting its gradient contribution. ' For
the calculations of the partial density of Hg states
presented in Sec. IV, the layer was centered in the Hg
plane and its thickness was taken to be 2.84 A, which is
the distance between Hg atoms in a layer.

III. ELECTRONIC STRUCTURE OF NaHg2

The sodium-amalgam compound NaHg2 has intriguing
structural similarities to the graphite intercalation com-
pound KHgC4. It forms in the hexagonal A1B2 structure
having P3m1 (D3d) symmetry with lattice constants
a =5.0290 A and c =3.2304 A. The hexagonal ar-
rangement of Hg atoms in a layer of this compound is the
same as the hexagonal arrangement of Hg atoms in
KHgC4 except for a 2% dilation of the lattice constant a.
The arrangement of the alkali-metal atoms with respect
to the Hg hexagons is also similar to that in the inter-
calant layer of KHgC4. On the other hand, NaHg2 has a
substantial amount of interlayer bonding between Hg
atoms; the nearest-neighbor distance between the A-A
stacked Hg layers being only 10% larger than the
nearest-neighbor Hg distance within a layer. Another
difference is that in NaHg2, each layer of Na is shared by
two layers of Hg so that there are half as many alkali-
metal atoms for each Hg atom as in the intercalation
compound.

The structure of the potassium-amalgam compound
KHg2 has also been determined. Apparently, its struc-
ture is similar to that of NaHg2, but the Hg layers are
buckled in order to accommodate the larger K atoms.
The potassium amalgam compound KHg has also been
characterized, but its structure is even more complicat-
ed. Hence, for purposes of comparison with the simplest
possible structure of alkali-metal-amalgam graphite inter-
calation compound KHgC4, we chose to study the elec-
tronic structure of NaHg2.

We have determined the electronic structure of NaHgz
using the methods described in Sec. II. The pseudopoten-
tial approximation is ideal for Na and introduces negligi-
ble errors. However, for Hg some limitations should be
noted. Not included in this calculation are the Hg 5d
states which lie approximately 3—5 eV below the valence
bands. Also not well determined are the Hg 5f states
which are unoccupied and lie approximately 0.5 eV above
the 6p states in atomic Hg. Since the pseudopotential
represents the relativistic spin-averaged interaction, the
splitting between the Hg 6s and 6p states is well deter-
mined. However, the spin-orbit interaction has not been
included. In atomic Hg this results in a further splitting
of the Hg 6p states of approximately 1 eV which, al-
though not negligible, is less than the bandwidths of this
material.
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The valence-band structure and density of states of
NaHg2 are shown in Fig. 1, where the zero of energy is
taken to be the Fermi level. The lowest valence bands of
this material are due to the Hg 6s states. These bands are
nearly completely filled except for a relatively small re-
gion centered at the A point of the Brillouin zone. The
Hg 6p states lie at higher energy and are partially filled.
Due to the strong interlayer interaction, the band disper-
sion along the c axis is comparable to that within the a
plane. Because of the hexagonal structure, the Hg 6pa
states and m states form separate bands, the bottom of m

band lying 1.0 eV lower than that of the o. band. The Hg
6@~bands overlap with the 6s bands in the vicinity of the
A plane of the Brillouin zone.

The density of states shows two main structures. The
lower-energy structure, lying between —8 eV and —4 eV,
is mainly due to states of Hg 6s character. The higher-
energy structure, lying between —1 eV and + 3 eV, is
mainly due to states of Hg 6p character. The fermi sur-
face has three sheets. One is due to Hg 6pcr contribu-
tions having a band minimum at the K point of the Bril-
louin zone. A second sheet is due to Hg 6pm. contribu-
tions having a band minimum at the A point. The third
sheet is due to a small, nearly spherical, hole contribution
from the Hg 6so' band centered at the A point. The
value of the Fermi-level density of states is 1.3 states
eV ' (NaHgz unit)

The Na 3s states contribute throughout the band struc-
ture where allo~ed by symmetry. Because of the extend-
ed range of the Na 3s wave function, it is difficult to
quantify its contribution. However, based on the magni-
tude of the Na 3s coefficient in our mixed-basis represen-
tation, a large contributions occur at the I point at the
bottom of the Hg 6so band at —8.5 eV and at the A
point at the bottom of the Hg 6pm band at —2.0 eV. A
more obvious contribution of Na is to add a valence elec-
tron in each unit cell of the system. In a simple rigid-
band picture, removing the Na electron would lower the
Fermi level by 1.2 eV. This would remove most of the

Hg 6p occupancy except for a small contribution of states
near the bottom of the ~ band and substantially lower the
Fermi-level density of states. In the graphite intercala-
tion compound KHgC4, there are twice as many alkali-
metal atoms per Hg atom as there are in NaHgz. In a
simple rigid-band picture, adding a second Na electron to
each unit cell (Na2Hg2) would raise the Fermi level by 0.8
eV, increasing the Hg 6p occupancy and decreasing the
Fermi-level density of states.

Contour plots of valence pseudodensity for NaHg2 in
three different planes are shown in Fig. 2. The peak
valence pseudodensity of 0.18 electrons/A occurs in the
Hg planes along the Hg—Hg bond direction. The peak
position is determined by the last peak in the Hg 6s
valence wave function which occurs at 80% of the mid-
point of the Hg—Hg bond. A somewhat lower peak den-
sity occurs along the Hg—Hg bond direction along the c
axis. The density in the Na plane peaks at 0.13
electrons/A and the shape of the contours reQect the
projections of Hg in the parallel planes.

IV. ELECTRONIC STRUCTURE OF KHIC4

The crystal structure of KHgC4 has been determined
from x-ray diffraction by Lag range, Makrini, and
Herold. The layer sequence of this compound is C-K-
Hg-K-C-K-Hg-K-C- . . The potassium layers form a
triangular lattice as in the binary compound C8K. In the
simplest interpretation of the x-ray results, the Hg layers
form a plane hexagonal lattice twice as big as the hexago-
nal graphite layers. In the present work, we consider
only this simple planar structure for the Hg layers.
Furthermore, to reduce the computation to manageable
size, we simplified the stacking sequence of the K-Hg-K
registry with respect to the graphite lattice. The x-ray
analysis suggests that KHgC4 has a stacking sequence of
AaAPAyA5Aa. . . . By simplifying this stacking se-
quence to A a A p A a A p. . . , the unit cell is reduced, by
a factor of four, to 12 atoms (eight C atoms, two Hg
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FIG. 1. Band structure and density of states for NaHg2. Bands are shown along various directions in the hexagonal Brillouin
zone. The density of states is given in units of states eV ' {NaHg2 unit) '. The zero of energy is chosen to be the Ferfni level.
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Na plane c axle Hg plane

FIG. 2. Charge-density contours for NaHg& shown in three connected planes. Left panel, in a plane containing only Na atoms;
central panel, in a plane containing the c axis and passing through Hg and Na atoms; right panel, in a plane containing only Hg

0
atoms in a hexagonal structure. Atomic positions are denoted by solid circles. Contour labels are in units of 0.01 electrons/A . Con-

0 3
tour levels are equally spaced in intervals of 0.02 electrons/A .

atoms, and two K atoms) while the nearest layer
geometry is preserved. This structure has eightfold sym-
metry, including an inversion center at the center of a
C—C bond. A similar simplification in the treatment of
the electronic structure of KC8 by Tatar and Rabii
yielded results consistent with calculations for the actual
structure by DiVicenzo and Rabii. Furthermore, neu-
tron scattering results by Kamitakahara and co-workers
suggest that the stacking sequence A a APA a AP. . . may
be present, at least in some samples of KHgC4.

A diagram of the simplified unit cell is shown in Fig. 3.
The lattice parameters determined by the x-ray analysis
are c =10.16 A for the c axis and a =

~
T, —Tz

~

=4.92
A for the a axis. From the translation vectors defined in
Fig. 3, the corresponding reciprocal-lattice vectors G&,
G2, and G3 were formed. For analysis of the band disper-
sions, the electronic structure was plotted along the fol-
lowing directions (see Fig. 4):

x (Gt —G2) for 0 & x & —,', labeled I -K,

x (G& —Gz) for —,
' &x & —,', labeled IC-M,

G ] G2 +x G3 for 0 &x & —,', labeled M-M'

x (G&+G2+G3) for —,
' )x )0, labeled M'-I

x G3 for 0 &x & —,', labeled

For convenience, we have labeled the Brillouin-zone
directions for the KHgC4 structure with the same sym-
bols used for similar directions in the hexagonal Brillouin
zone of NaHg2. We have used the symbol M' to denote

both (G, —Gz+G3/2) and (G, +Gz+G3i2), which are
equivalent in this structure.

Our treatment of Hg in KHgC4 is subject to the same
limitations described in our treatment of NaHg2. We ex-
pect that our semirelativistic pseudopotential treatment
of C and K is quite accurate. X-ray photoemission mea-
surements' for KHgC4 have observed the Hg 5d core

Nr Nv Nr
C: + z=O

K: z=+0.2618c
and z=+0.7618c
z=-0.2618c
and z=—0.7618c

Hg: o z=+0.5c
~ z=—0.5c

T,= —,
'

(T,+T,)+c%

FIG. 3. Diagram of the c-axis projection of the
AaAPAaAP. . . unit cell for KHgC4 used in this study. T,
and T2 denote the layer translation vectors shown originating at
the inversion center of the unit cell in the z =0 layer. Layer po-
sitions are indicated on the right-hand side of the diagram in
terms of the c-axis repeat distance as determined in Ref. 6. The
thin rectangle in the diagram outlines regions shown in the con-
tour plots of Figs. 5, 8, 9, and 10.
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FIG. 4. Self-consistent band structure of a hypothetical ma-

terial having only Hg atoms in the KHgC4 structure. The zero
of energy is the Fermi level corresponding to two valence elec-
trons for each Hg atom. The Brillouin-zone labels are as de-
scribed in Eq. (5).

states at 8-10 eV below the Fermi level and K 3p core
states at 18-20 eV below the Fermi level. These core lev-
els overlap with the graphite valence states, but are not
treated in our calculations.

In preparation for the study of the intercalation com-
pound, we first studied the self-consistent electronic
structure of a hypothetical material having only Hg
atoms in the KHgC4 structure. The band structure for
this hypothetical Hg material is shown in Fig. 4, where
the zero of energy is the Fermi level, corresponding to
two valence electrons per Hg atom (four valence elec-
trons per unit cell. ) The similarities between the bands of
this hypothetical Hg and that of NaHg2 shown in Fig. 1

are apparent. One major difference is that the strong c-
axis dispersion in NaHg2 is missing in the hypothetical
Hg, where the occupied bands are essentially dispersion-
less along the c axis. Another difference is that NaHg2
has an additional electron per unit cell compared with
the hypothetical Hg. The lowest-energy bands in the hy-
pothetical Hg are those derived from the Hg 6s states
which are nearly filled except for a small cylindrical re-
gion near the I -A axis. The Hg 6pm. states have minima
at I and A just above the Fermi level. This structure
corresponds to the m bands in NaHg2 centered at the A

point of that Brillouin zone. The Hg 6pa states in hy-

c axle Hg plane

FIG. 5. Charge-density contours for hypothetical Hg shown
in two connected planes. Left panel, in a plane containing the e
axis and passing through Hg—Hg bonds; right panel, in a plane
containing a hexagonal Hg layer. Atomic positions are denoted

0

by solid circles. Contour labels are in units of 0.01 electrons/A;
contour levels are equally spaced at intervals of 0.02

0 3
electrons/A .

pothetical Hg form a band having a minimum at the K
point, very slightly below the Fermi level. The analogous
band in NaHg2 also has a minimum at the E point of that
structure. A few eV above the Fermi level, a large num-
ber of Hg bands are shown. This qualitative feature
seems to be characteristic of Hg in a variety of crystal
structures. A contour plot of the valence charge densi-
ty for this material is shown in Fig. 5. There is a very
close similarity in the valence charge density in the Hg
plane for this material and that of NaHg2 shown in Fig.
2; the density of NaHg2 having higher peaks than that of
hypothetical Hg in this plane.

The band structure and density of states for KHgC4
are shown in Fig. 6. To a first approximation, the results
can be described as a superposition of graphite and Hg
bands having relatively weak hybridization. The graphite
bands of KHgC4 are very similar to those of KCS.
The Fermi level lies 21.9 eV above the bottom of the C
valence bands, similar to that found in self-consistent
treatments of other first-stage donor graphite intercala-
tion compounds.

Within the complex of graphite bands, it is possible to
pick out the Hg bands of KHgC4 which are very similar
to those of the hypothetical Hg material shown in Fig. 4.
Some of the Hg band extrema are compared in Table I.
From this table it is apparent that except for small rela-
tive shifts of the bands, the major difference between the
materials is that in the hypothetical Hg material, the Hg
6p bands are essentially unoccupied, while in KHgC4 the
Fermi level lies approximately 1 eV above the Hg 6p
minima. From this point of view, the Hg layers of
KHgC4 are negatively charged, similarly to their charg-
ing in NaHg2.

Another important consideration is the relative align-
ment of the Hg bands with those of graphite in this ma-
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FIG. 6. Band structure and density of states for KHgC4. The Brillouin-zone labels are as described in Eq. (5). The zero of energy
is the Fermi level corresponding to 38 valence electrons per unit cell. The density of states (solid line) is given in units of
states eV '

(K2Hg2C4 unit) '. The partial density of Hg states are indicated in the same graph with a dotted line.

terial; specifically those of the graphite ~ bands. Table I
also lists some of the band extrema of the graphite ~
bands found in KHgC4. In graphite, the Fermi level lies
near the band-degeneracy point at the K point in the Bril-
louin zone. In KHgC4, this feature is also located at the
K point in its Brillouin zone and is found below the Fer-
mi level at —1.4 eV, corresponding to substantial charge
transfer to the graphite m bands. This shift of the Fermi
level with respect to that of graphite is slightly less than
that found for KCS. Comparing the graphite ~ band

extrema with those of Hg, we find that the Hg bands lie
within the graphite m band complex. The bottom of the
Hg 6s band lies 2.8 eV above the bottom of the graphite n.
and the bottom of the Hg 6p bands lie a few tenths of an
electron volt above the graphite m degeneracy point at E.

Because of the large spatial extent of the K atom, the
contribution of K states to KHgC4 is diScult to quantify.
However, based on the amplitude of the K 4s localized
orbital in our mixed-basis wave functions, we are able to
identify states which have substantial K 4s character.

TABLE I. Comparison of band energies for KHgC4 and hypothetical Hg material. (Band energies
measured in eV with respect to Fermi level of each material. )

Band type

Hg6so (band minimum at I )

6so (band maximum at I )

Hg6p~ (band minimum at I )

6po (band minimum at K)

C 2pm (band minimum at I )

(bands at I; derived from
M point in graphite)

(band degeneracy point at E)
(bands at I; derived from
M point in graphite)

KHgC4

—6.8
+ 1.3

—1.0
—0.8
—9.6
—4.0
—3.9
—1.4

+ 0.2
+ 0.3

Hg in

KHgC4 structure

—6.4
+ 1.5

+ 0.3
—0.1
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TABLE II. Band energies (in eV) KHgC4 for states having

significant K 4s amplitude in their mixed-basis eigenvectors (in-

cluding states at I and A with E(5.0 eV).

Description of state

C 2p~+K 4s (bonding)

Hg 6so. +K 4s (bonding)

Hg 6pm+K 4s (bonding)
C 2p~+K 4s (bonding)

Hg 6so. +K 4s (antibonding)

Hg 6pm+K 4s (antibonding)

Band energy
at I

—9.6
—6.8
—1.0
+ 0.2
+ 0.3
+ 0.7
+ 5.0

Band energy
at A

—9.6
—6.8
—1.4
+ 0.4

+ 2.0
+ 3.0

I~r~--

~rrrr &rrrs a

~rrrrrrr
tr

r

rrrrrrr' ~

~ ~ re err

iarrl 'rrr~

The band energies for these states at the I and A points
in the Brillouin zone are listed in Table II. The K 4s hy-
bridizes most strongly with the Hg 6pn. states. The bond-
ing combination occurs at —1.0 to —1.4 eV and the anti-
bonding combination occurs at + 5.0 to + 3.0 eV along
I -A in the Brillouin zone. The K 4s also hybridizes with
the Hg 6so states, resulting in a bonding band at —6.8
eV and an antibonding band at + 0.7 to + 2.0 eV along
I -A. Potassium 4s hybridization also occurs with the Hg
6pcr at —1.2 eV at the K point of the Brillouin zone.
Many of these structures are also present in NaHgz. A
notable exception is the antibonding combination of the
Hg 6so and alkali s state which is shifted in NaHg2 by
more than 10 eV above the Fermi level due to strong in-
terlayer Hg interactions. As in KC8, the K 4s states
also interact significantly with the graphite 2pm bands,
forming bonding configurations at the bottom of graphite
m at —9.6 eV and at the m bands located a few tenths of
an eV above the Fermi level. The latter structure corre-
sponds to the M point ~ bands in the original graphite
Brillouin zone.

The occupied states of KHgC4 are essentially disper-
sionless along the c axis, which is not surprising due to
the very large c-axis lattice parameter. Thus, we would
expect the Fermi surfaces to be cylindrical. A very rough
guess of the Fermi surface structure, based only on the
band structure results shown in Fig. 6 and on the as-
sumption of approximate hexagonal symmetry, is
sketched in Fig. 7 in the two-dimensional Brillouin zone
of the K-Hg-K layers. This figure indicates the c-axis
cross sections of the four main contributions to the Fermi
surface. For simplicity, we have shown the various con-
tributions as overlapping, although in a realistic treat-
ment this is not correct. The partially filled graphite ~
band contributes triangular cross sections centered at the
zone corners, sixnilarly to KCS. ' Also at the zone
corners are surfaces due to the partially filled Hg 6po.
band. At the zone center there is a small cross section
due to the Hg 6s holes and a larger cross section due to
the partially filled Hg 6pm band. From a very rough esti-
mate of the areas in each of these cross sections, we can
say the following about the charge transfer. The graphite
~ band and the Hg 6po band each accommodate 0.5 ex-
cess electrons. The Hg 6p~ band accommodates 1.1 ex-

FIG. 7. Very rough guess of Fermi-surface structure of
KHgC& based on band-structure results shown in Fig. 6. The
cross sections of the Fermi surfaces are shown in the hexagonal
Brillouin zone of the Hg and K layers. Graphite ~ band contri-
butions are indicated with solid curves; Hg contributions are in-
dicated with dotted curves, including a small hole contribution
(Hg 6s) at the zone center, a large electron contribution (Hg
6pm) at the zone center, and an electron contribution (Hg 6po )

centered at the zone corners. For clarity, we have shown the
Fermi surfaces as interpenetrating.

cess electrons, while the Hg 6s hole surface accounts for a
deficit of roughly 0.1 electrons. In this picture, the two
excess K electrons per unit cell are distributed with 0.5
electrons in the graphite ~ band and 1.5 electrons in the
amalgam bands. We stress that this distribution is highly
speculative since it is sensitive to details of the band
structure beyond the accuracy of our calculation. In par-
ticular, the effects of spin-orbit interaction, which have
not been included in the present analysis, probably shift
the Hg 6p bands by a few tenths of an electron.

On the right-hand side of Fig. 6 the total density of
states of KHgCr (solid line) and the partial density of
states of the Hg layers (dotted line) are shown. Some of
the interesting features of the density of states results are
as follows. The bottom of the graphite m band at —9.6
eV marks a general increase in the density of states. The
graphite m band degeneracy point at the E point of the
Brillouin zone at an energy of —1.4 eV marks a dip in the
density of states. The Hg partial density of states has an
onset at —6.8 eV and goes to zero at —4.3 eV at the de-
generacy point for the Hg 6so point at the K point in the
Brillouin zone. There is a peak in the partial density of
states of 1.1 states eV ' (unit cell) ' at —0.6 eV due to
the onset of the Hg 6p bands, slightly above its value at
the Fermi level. This peak is slightly less than the corre-
sponding peak value of the density of states per Hg atom
found for NaHg2 shown in Fig. 1.

The total density of states at the Fermi level of this ma-
terial is 2.7 states eV '

(K2Hg2Cs unit) ', or 0.23
states eV ' atom. ' Our partial density-of-states analysis
estimates that the Hg contribution to this density of
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states is 1.0 states eV '
(K2HgzCs unit)

The integrated charge within the Hg layer can give
some indication of the spatial distribution of charge.
There are a total of 38 valence electrons in our system.
Using the same layer thickness as in the partial density-
of-states analysis, we find that the Hg layer contains 4.3
electrons, leaving 33.7 electrons distributed in the C and
K layers. One interpretation of this result is that the two
electrons available from K are distributed such that the
Hg layers receive 0.3 extra negative charges while 1.7
electrons are donated to graphite or remain in a K layer.
This result is highly sensitive to the choice of the Hg lay-
er thickness, which we have taken to be equal to the Hg
intralayer bond length of 2.84 A, perhaps too small to
adequately take into account the extended Hg 6p~ states.
The charge distribution indicated by the Fermi surface
analysis above suggests the opposite picture; that a larger
portion of the excess charge is associated with the amal-
gam layer.

In order to get a better idea of the spatial distribution
of charge in this material, it is helpful to consider the
charge-density contours shown in Figs. 8 and 9. The
charge density in the C plane is shown in Fig. 8 in rela-
tion to the density along the c axis and in the Hg plane.
The area shown in the C and Hg planes is that outlined in
the unit-cell diagram of Fig. 3. The C contours look very
similar to those found in graphite and other intercalation
compounds. ' ' ' The density in the Hg plane is consid-
erably less& the peak density in the Hg plane of 0.18
electronslA is 11 times smaller than the peak density in
the C plane of 2.09 electrons/A . In Fig. 9, a higher-
resolution plot of the valence pseudocharge density for
KHgC4 is shown, using the same contour levels as shown

in Figs. 2 and 5 for NaHg2 and hypothetical Hg, respec-
tively. From this figure, it is apparent that the charge
density in a Hg plane of KHgC4 is generally smaller,
especially along Hg—Hg bond directions than in both
NaHg2 and in hypothetical Hg. In order to examine this
feature in greater detail, we have evaluated the difference
between the density of KHgC4 minus that of hypothetical
Hg and plotted the result in Fig. 10. In this higher-
resolution plot, we see that charge has been polarized to-
ward the K+ ions at the expense of charge along the
Hg—Hg bonds. This is similar to charge redistribution
in the graphite layer studied in other intercalation com-
pounds. ' Since the charge donation has occurred largely
to states of m character which have zero density in the
Hg plane, the combination of the electrostatic polariza-
tion by the K+ iona and the charge donation are able to
result in a charge deficit in the Hg planes in the difference
density plot. In contrast to the situation in the C planes,
however, some of the charge donation results in the occu-
pation of Hg 6po states as well as ~ states. Although we
did not specifically study it in this work, the K+ ions
probably also polarize the graphite charge density simi-
larly to the polarization found in other donor intercala-
tion compounds.

V. DISCUSSION AND CONCLUSIONS

An approximate calculation of the electronic structure
of the second-stage compound KHgCS has been carried
out by Senbetu, Ikezi, and Umrigar. ' They carried out a
self-consistent calculation for an isolated film of the amal-
gam K-Hg-K, with results very similar to states of the

C plane c axis Hg plane

FIG. 8. Contour plot of the valence pseudodensity for KHgC4 shown in three connected planes —a C plane (left panel); a plane
containing the c axis and passing through intralayer C—C bonds and Hg—Hg bonds (middle panel); and a Hg plane (right panel).
Atomic positions are denoted with solid circles. Contour levels are given in units of 0.1 electrons/A and are given in uniform inter-

0 3 o 3
vals of 0.2 electrons/A, starting at 0.1 electrons/A .
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c axle Hg plane

FIG. 9. Higher-resolution contour plot of the valence pseudodensity for KHgC4 shown in two connected planes at closer contour
spacings than in Fig. 8. Contour values are in units of 0.01 electrons/A and are given in uniform intervals of 0.02 electrons/A ex-

cept in the high-density region near the C atoms where they are omitted.

hypothetical Hg presented in Fig. 4. However, they were
unable to accurately address the question of charge
transfer between the graphite and amalgam layers.

Specific-heat measurements for KHgC4 were carried
out by Alexander ef al. Assuming a value of zero for
the electron-phonon enhancement factor A,~, they infer

the fermi-level density of states to be 0.40 stateseV
atom '. Later work by Iye and Tanuma suggested a
value of A,z ——0.38, which would reduce the Fermi-level
density of states inferred from the specific-hest measure-
ments to 0.29 stateseV 'atom ', in good agreement
with our calculated result of 0.23 states eV ' atom

c axle Hg plane

+5

+15 +5

+5 5

FIG. 10. Contour plot of the difference density of KHgC4 minus that of hypothetical Hg shown in two connected planes as in Figs.
5 and 8. Contour values are in units of 0.001 electrons/A and are given in intervals of 0.01 electrons/A starting at —0.005
electrons/A . Contours in the dense region near the C atoms have been omitted. Negative contours, corresponding to lower density
in KHgC4 relative to that of hypothetical Hg, are shown with dotted curves.
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We can speculate from our density of states as a func-
tion of energy (Fig. 6) on the interesting comparison be-
tween stages 1 and 2 for this material. It has been sug-
gested that although the Fermi-level density of states for
KHgC8 is lower than that of KHgC4, the amalgam con-
tribution to the density of states must be greater for the
second-stage material. To a first approximation, one ex-
pects the band structure of KHgC8 to be similar to that
shown in Fig. 6 with the addition of an extra set of graph-
ite layer bands for each unit cell. If the band alignments
in KHgCS are similar to that of KHgC4, the main effect
of this extra set of bands is to lower the Fermi level. In a
simple rigid-band model, lowering the Fermi level of
KHgC4 does lower the total density of states, but in-

creases the amalgam contribution until the Fermi level
passes below the peak in the partial density of states due
to Hg 6p contributions.

Fermi-surface extremal orbits for KHgC4 have been
measured by the Shubnikov-de Haas technique by Timp
et al. For two-dimensional Fermi surfaces, the Shubni-
kov- de Haas frequencies are simply related to the
charge associated with each sheet of the Fermi surface.
From the very approximate results shown in Fig. 7, the
four main sheets of the Fermi surface is expected to result
in approximately three Shubnikov-de Haas frequencies.
The two types of contributions from the Brillouin-zone
corners (from the graphite m bands and from the Hg 6pcr
bands) result in nearly equal extremal areas, each corre-
sponding to approximately 0.25 electrons and a frequency
of 2500 T. The hole surface at the zone center due to Hg
6s states corresponds to roughly 0.1 electrons and a fre-
quency of 1000 T. The large-electron surface due to Hg
6pm states would have a frequency of 11000 T. Except
for this high-frequency contribution, these results are re-
markably close the results of Timp and coworkers who
quote measured frequencies for KHgC4 of 2490, 1090,
and 52 T.

Various spectroscopic measurements have been made
on samples of KHgC4. X-ray photoemission measure-
ments by DiCenzo et al. ' and electron energy-loss mea-
surements by Preil et al. indicate that there is an appre-
ciable amount of K 4s character in the occupied states.
This is consistent with our results listed in Table II.
Since the K 4s states strongly hybridize with the valence

states of Hg, it is not surprising that the K 4s occupation
in KHgC4 is greater than in KC8. Optical reflectivity
measurements for KHgC4 by Preil and Fischer indicate
that the threshold for interband absorption is 1.3 eV. Al-
though we have we have not attempted to calculate the
joint densities of states or optical matrix elements, from
the form of the band-structure results in Fig. 6, one ex-
pects a substantial contribution to interband absorption
at a photon energy of 1.2 eV due to (Hg 6pm) ~(graphite
sr) band transitions ( —1.0 eV~+0. 2 eV) near the I'-A
axis. Our results also indicate that interband transitions
at lower photon energies are also possible. In particular,
along the I -E direction in the Brillouin zone, the weak
interaction between the Hg 6pm. and graphite m bands re-
sult in a very small band gap near the Fermi level.

In summary, we report the results of self-consistent
electronic-structure calculations for NaHg2 and KHgC4.
We find that in both of these materials, the Hg 6s bands
are nearly filled and the Hg 6p bands are partially filled.
In KHgC4, the amalgam bands are aligned within the
manifold of the graphite m bands, resulting in an approxi-
mate charge transfer of 0.5 electrons to the graphite m

bands and an approximate amalgam carrier charge of 1.5
electrons for each K2Hg2C8 unit cell. The charge
analysis is very approximate because of its sensitivity to
the detailed band shapes beyond the accuracy of calcula-
tion. The valence charge density contours show that the
Hg layer charge is very similar in NaHg2 and in KHgC4.
With the help of a difference density contour plot for
KHgC4 we see that the K+ ions polarize the Hg charge
density, the K 4s state hybridizing significantly with the
Hg 6pm band. Our results are in qualitative agreement
with specific-heat measurements, ' ' ' oscillatory mag-
netoresistance measurements, and spectroscopic mea-
surements. ' ' '
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