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Electronic structure of Na3Sb and Na2KSb
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The photoemissive materials Na3Sb and Na2KSb are widely applied as photocathodes in light detection
devices. Their application is purely electronic, therefore results from band-structure calculations are important
to understand the photon-electron conversion in the cathodes of these devices. This study reports results from
band-structure calculations for Na3Sb and Na2KSb. These calculations show that the monoalkali antimonide
has a small band gap with respect to the photon absorption onset. For the bialkali antimonide the discrepancy
between the band gap and the photon absorption onset is significantly smaller. Therefore the photoelectrons in
the monoalkali antimonide have a higher escape barrier than those in the bialkali antimonide. This is likely the
reason for the higher emission rates of the bialkali antimonide Na2KSb.
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I. INTRODUCTION

The alkali antimonides are compounds that are wid
used as photocathode materials. Their good characteri
regarding photon absorption and work function are the m
reasons for their successful use in electron emiss
devices.1,2 In order to obtain more understanding of the ele
tronic mechanisms in the application of these materials m
information is needed about their band structure.

A general overview of the band structure of alkali pn
tide compounds has been given by Tegze and Hafner.3 They
used the linear muffin-tin orbital~LMTO! method to calcu-
late the energy bands of various binary alkali pnictide co
pounds with different stoichiometries and crystal structur
Their results are discussed in relation to the phase diagr
of the compounds and the electrical transport propertie
the molten alloys. A more comprehensive study has b
given by Chulkov, Koroleva, and Silkin.4 They performed a
first-principles calculation based on pseudopotentials, inc
ing scalar relativistic effects and spin-orbit splitting, in ord
to obtain the band-gap values of several alkali antimon
and alkali bismuthide compounds. The calculated band g
are found to be underestimated with respect to the exp
mental values, but provide an overview of the order of m
nitude of the band gaps in various alkali antimonides. W
and Zunger5 calculated the band structures and total energ
for Li3Sb, K3Sb, and Cs3Sb by using the linearized aug
mented plane wave method. One of the results of their st
is that the band gap is determined by a balance of ioni
and relativistic effects. The covalent bonding in Li3Sb ac-
counts for the relatively high band gap. Also, Li3Sb is found
to have an indirect gap. The conduction-band minimum is
the edge of the Brillouin zone atX. The results for K3Sb and
Cs3Sb show smaller band gaps due to an increase in ionic
but Cs3Sb has a larger band gap than K3Sb whereas its ion-
icity is stronger. This countereffect is ascribed to relativis
effects, which are expected to be stronger in the heavie
ement Cs. The paper included some results on a cubic la
PRB 610163-1829/2000/61~15!/10035~5!/$15.00
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consisting of Sb32 ions on a positively charged backgroun
The influence of the lattice constant on the band gap
shown clearly. The Sb32 lattice with the Li3Sb lattice con-
stant has a band gap of the same magnitude as Li3Sb, the
Sb32 lattices with the lattice constants of K3Sb and Cs3Sb
have band-gap values close to zero, which is another ind
tion of the relativistic effects in the compound Cs3Sb. A
more recent band-structure calculation6 on the hexagonal and
cubic phases of K3Sb explained the discrepancy between t
band-gap values obtained from optical data and temperat
dependent conductivity measurements.

A good review of photocathode materials has been gi
by Sommer.7 The photoemissive properties of alkali an
monides are a consequence of the low work functions of
alkali metals and the related antimonide compounds. T
low work functions of these materials make it possible
fabricate even negative electron affinity devices.8 The escape
energy of the electrons from a semiconductor is gener
indicated by the electron affinity. Although the electron a
finity is the energy gained by adding an electron to the so
this energy is defined as the energy difference between
bottom of the conduction band and the vacuum level.
electron that absorbs a photon can be excited to the con
tion band. Emission of this photoelectron is therefore dep
dent on the escape barrier between the conduction-b
minimum and the vacuum level. For emission of a pho
electron in photoemissive devices, the band gap and the e
tron affinity are important energy parameters in relation
the red sensitivity and the quantum efficiency of the phot
electron conversion. A negative electron affinity device h
the vacuum level in the band gap of the semiconductor;
excitation of a valence-band electron to the conduction b
puts this electron in a state with an energy higher than
vacuum level. Upon emission the photoelectron gains kin
energy when it leaves the solid. It is obvious that this is
good property for a photocathode material. This property
been studied extensively for the alkali antimonides.9–11

In general, the alkali antimonides with stoichiomet
10 035 ©2000 The American Physical Society
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M3Sb ~with M an alkali metal atom! appear in two stable
phases.12 The hexagonal phase is most stable for compou
involving alkali metal atoms with relatively small polariz
abilities. The cubic phase is favored for compounds invo
ing heavier atoms with a larger polarizability. The crosso
occurs at K3Sb and Rb3Sb. Both compounds are relative
stable in both crystal structures. For K3Sb the hexagona
phase is slightly more favored and for Rb3Sb the cubic phase
is preferred. Li3Sb and Na3Sb are obtained only in the hex
agonal phase and Cs3Sb is cubic. The substitution of one N
atom by K in Na3Sb to form Na2KSb leads to a stable cubi
phase. It seems likely that the more polarizable K atom
bilizes the cubic structure of this Na-Sb compound.

In this paper, band-structure calculations are presente
the related compounds Na2KSb and Na3Sb. These calcula
tions are an extension of the work of Wei and Zunger5 in
relation to the application of alkali antimonide compounds
photocathodes. The absence of calculations on the ter
compound Na2KSb and the influence of the mixing of alka
metals on the band gap and the conduction-band minim
are a gap in the understanding of photoemissive mate
applied in photodetetctors.

II. CRYSTAL STRUCTURES

The coordination of the Sb atoms is very different for t
two crystal structures studied. In the hexagonal ph
(Na3Sb) the Sb atom is in a trigonal biprismatic coordinati
with five Na atoms as shown in Fig. 1~a!. The fivefold coor-
dination is slightly distorted by the elongation of the bo
distances along thec axis. The Na-Sb distances in the Na-S
plane is 3.09 Å and the Na-Sb distance along thec axis is
3.16 Å. The unit cell dimensions of this structure area
55.355 Å andc59.496 Å, the space group isP63 /mmc
~no. 194!, or D6h

4 in Schoenflies notation. The Sb atoms o
cupy the 2c Wyckoff position with coordinates6~1

3,
2
3,

1
4!,

the Na atoms in the Na-Sb plane occupy position 2b with
coordinates6~0, 0, 1

4!, and the Na atoms along thec axis
occupy position 4f with coordinates6~1

3,
2
3, u!; 6~2

3,
1
3,

1
2

1u! with u50.583.12,13

The face-centered cubic phase of Na2KSb consists of four
molecular units per unit cell. Each Sb atom is in an eightf
coordination surrounded by eight Na atoms@see Fig. 1~b!#.
The SbNa8 clusters are edge sharing and the K atoms fill
empty holes in the framework. The unit-cell axis of this c
bic structure is 7.74 Å. The Na-Sb distance in this struct
is 3.35 Å. The space group of this compound isFm3m ~no.

FIG. 1. The coordination of the antimonide atoms in the h
agonal Na3Sb ~a! and cubic Na2KSb ~b! phases. The black sphere
represent the Sb atoms and the gray spheres the Na atoms.
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4 in Schoenflies notation. The Sb atoms occupy

Wyckoff position 4a with coordinates~0,0,0!, the K atoms
occupy position 4b with coordinates~1

2,
1
2,

1
2!, and the Na

atoms occupy position 8c with coordinates 6~1
4,

1
4,

1
4!.

14,15,16,17

III. BAND-STRUCTURE CALCULATIONS

The band-structure calculations were done with the loc
ized spherical wave~LSW! method18 which is adapted from
the augmented spherical wave method.19 Electron exchange
and correlation were treated with the local spin-dens
approximation.20 Scalar relativistic effects were included.21

In the LSW program the radial parts of the wave functio
are described by a numerical solution of the Schro¨dinger
equation within the spheres and augmented by sphe
Hankel functions outside the spheres. On neighboring a
sites the Hankel functions are expanded in series of Be
functions centered in these neighboring spheres. Aro
each atom a cluster is formed with wave functions that
off rapidly with increasing distance from the central atom

The basis functions of the Na sites were composed os
andp Hankel functions representing the 3s and 3p valence
states. The overlapping wave functions of neighboring ato
were taken into account bys, p, andd Bessel functions. For
the Sb and K atomss, p, andd Hankel functions ands, p, d,
andf Bessel functions were included in the calculations. D
spite the higher packing density of the hexagonal phase
empty sphere had to be included for the calculations
Na3Sb. The input parameters are listed in Table I for Na3Sb
and in Table II for Na2KSb.

IV. RESULTS

The dispersion of the energy bands in Na3Sb is shown in
Fig. 2. The points in reciprocal space and the first Brillou
zone are drawn in Fig. 3. The most characteristic propert
the electronic structure becomes apparent when the dis
sive electron states of the conduction-band minimum
compared with the state densities shown in Fig. 4. This ba

-

TABLE I. Input parameters for the calculation of Na3Sb. ~ES de-
notes empty sphere.!

Atom Position
Start

configuration
Sphere radius

~Å!

Na 2b 6~0,0,1/4! @Ne#3s13p0(3d0) 2.0
Na 4f 6~1/3,2/3,0.583!

6~2/3,1/3.0.083! @Ne#3s13p0(3d0) 2.0
Sb 2c 6~1/3,2/3,1/4! @Kr#5s25p35d0(4 f 0) 1.9
ES 2a ~0,0,0!; ~0,0,1/2! 1s02p0(3d0) 1.0

TABLE II. Input parameters for the calculation of Na2KSb.

Atom Position
Start

configuration
Sphere radius

~Å!

Na 8c 6~1/4,1/4,1/4! @Ne#3s13p0(3d0) 1.6
K 4b ~1/2,1/2,1/2! @Ar#4s14p03d0(4 f 0) 2.0
Sb 4a ~0,0,0! @Kr#5s25p35d0(4 f 0) 2.4
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PRB 61 10 037ELECTRONIC STRUCTURE OF Na3Sb AND Na2KSb
consisting of Na 3s states, disperses strongly near the cen
of the Brillouin zone and involves only a small number
electron states. These states are sufficient in number to
termine the electrical conductivity properties of this co
pound. However, the density of these states is far too low
generate any appreciable optical absorption. The very
state density at the bottom of the conduction band has g
rise to a discrepancy in the band-gap values found fr
conductivity and optical absorption measurements. T
calculated energy, orbital character, and symmetry of
eigenvectors in the center of the Brillouin zone are listed
Table III.

The bands with the lowest energy are mainly compose
the Sb 5s states. The low energy and the small dispersion
these states indicate its localized character and small co
bution to the bonding. The valence bands are rather nar
with a width of only 2.5 eV. The lowest bands are nond
generate at theG point and have Sb 5pz orbital character.
These two bands also show considerable dispersion in
GA direction, leading to a twofold degeneracy at pointA of
the first Brillouin zone. The Sb 5px and 5py orbitals form
bands that are twofold degenerate atG and are dispersive in
the xy plane. The conduction-band minimum is a band fro
Na 3s states which are centered at the 4f positions. This
highly symmetric band is strongly dispersive in all directio
in k space and has its energy minimum just above
valence-band maximum atG. This dispersive behavior is th
reason for the very low density of states at the bottom of
conduction band. The second conduction band with ene
11.85 eV atG has its main contribution from the Na 3s
states located in the hexagonal Na-Sb plane. The Na 3p and
Sb 5d states have higher energies. The photon absorptio
the optical region is dominated by the Sb 5p to Na 3s tran-

FIG. 2. The dispersion curves for the electronic energy band
Na3Sb.

FIG. 3. The first Brillouin zone of Na3Sb and the high-symmetry
points of the irreducible part of this zone.
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sitions. Regarding symmetry, theG1
1 and G4

2 of the Na 3s
states in the center of the Brillouin zone, these bands
dipole-allowed final states from the Sb 5p valence-band ini-
tial states.

The dispersion of the electron bands of the cubic Na2KSb
structure is shown in Fig. 5, the high-symmetry points in t
first Brillouin zone of reciprocal space are drawn in Fig.
and the densities of states for the constituents in Fig. 7.
number of bands in the cubic structure is less due to
smaller primitive unit cell with only one Na2KSb unit. The
lowest band is an Sb 5s band with an energy of 7.9 eV below
the Fermi level atG. The valence bands are mainly Sb 5p
states and the three Sb 5p bands are threefold degenerate
the center of the Brillouin zone where the bands have th
highest energy. The conduction band has its minimum a
in the center of the Brillouin zone. This band of Na 3s and K
4s states is a dipole-allowed final state for optical excitatio
from the valence band. The other conduction bands are td
bands of Sb and K witht2g andeg symmetry. These band
are accessible from the valence band for dipole transition
the blue and~ultra!violet region of the optical spectrum.

The calculated energy, orbital character, and symmetr
the center of the Brillouin zone for Na2KSb are shown in
Table IV.

in FIG. 4. Densities of states for the constituents in Na3Sb. Na~1!
refers to the Na atoms in the hexagonal Na-Sb plane, and Na~2! to
the Na atoms that are on the top and bottom of the trigonal bip
mid.

TABLE III. Energy, symmetry~Ref. 22!, and main orbital char-
acter of the electron bands in the center of the Brillouin zone
Na3Sb between210 and15 eV binding energy.

Energy~eV! Symmetry Orbital character

28.04 G1
1 Sb 5s

27.87 G4
2 Sb 5s

22.24 G3
1 Sb 5pz

20.27 G2
2 Sb 5pz

20.16 G6
1 Sb 5pxy

20.02 G5
2 Sb 5pxy

10.05 G1
1 Na 3s

11.82 G4
2 Na 3s

13.92 G3
1 Na 3pz , 3s

13.96 G2
2 Na 3s, 3pz

14.05 G5
2 Na 3pxy

14.55 G6
1 Na 3pxy
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V. DISCUSSION AND CONCLUSION

The low density of states at the bottom of the conduct
band in hexagonal Na3Sb is very similar to that in the hex
agonal and cubic phases of K3Sb.6 The strong dispersion o
the lowest conduction band in Na3Sb and K3Sb is in good
agreement with the LMTO calculations of Tegze a
Hafner.3 This low electron state density led to a discrepan
in band-gap values determined from optical data a
temperature-dependent conductivity measurements.
though band-gap values calculated within the local den
approximation are often underestimated,23,24 the band-gap
values calculated for K3Sb are in good agreement with e
perimental data.6 From the dispersion curve of the lowe
conduction band~Fig. 2! in Na3Sb and the density of state
~Fig. 4! it becomes clear that Na3Sb also has a delayed op
tical absorption onset. Although conductivity data are n
available for Na3Sb the optical absorption data show an a
sorption onset at a photon energy of about 0.7 eV.1 This is in
fair agreement with the value of 0.9 eV derived from Fig.
The band gap determined from the energies of the eigen
tors atG is 0.07 eV, which is an order of magnitude less.

In contrast to the monoalkali antimonides, the bialkali a
timonide Na2KSb does show a much smaller discrepan

FIG. 5. The dispersion curves for the electronic energy band
Na2KSb.

FIG. 6. The first Brillouin zone of Na2KSb and the high-
symmetry points of the irreducible part of this zone.
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between the absorption onset and the band-gap value.
energy gap determined from the eigenvectors is 0.9 eV an
is 1.4 eV from the density of states. Unfortunate
temperature-dependent conductivity data are not availa
for this compound, but experimental photon absorption d
indicate a band gap of 1.0 eV.1

The smaller discrepancy in the band-gap values for
bialkali antimonide Na2KSb is likely the reason for its bette
performance with respect to the monoalkali antimonides a
photocathode in photoemissive devices. The conduct
band electrons generated by optical transitions in
monoalkali antimonides can lose much energy by phon
emission. The potential barrier for the photoelectrons to
cape from the bottom of the conduction band in the solid i
the vacuum therefore becomes larger. The bialkali a
monide Na2KSb has a conduction-band minimum with
higher energy. Electrons excited to this conduction band f
a lower escape barrier and are more easily emitted from
solid. This results in a much higher photoemission curr
for a similar irradiation.

Moreover, the K and Sbd bands witht2g andeg symme-
try are within the range of optical transitions in the blue a
~ultra!violet part of the spectrum. Valence-band electrons
cited to these final states can easily be emitted because
final-state energy is higher than the escape barrier~work
function! of the material. These bands are therefore very
portant in the photoemission process of photocathodes.

In conclusion, we have calculated the electronic ba
structures of Na3Sb and Na2KSb. The strong dispersive ban
above the Fermi level causes a discrepancy in the experim
tal band-gap values. In the bialkali antimonide Na2KSb this

in

FIG. 7. Densities of states for the constituents in Na2KSb.

TABLE IV. Energy, symmetry~Ref. 22!, and main orbital char-
acter of the electron bands in the center of the Brillouin zone
Na2KSb between210 and110 eV binding energy.

Energy~eV! Symmetry Orbital character

27.92 G1
1 Sb 5s

0.00 G4
2 Sb 5p

10.93 G1
1 Na 3s, K 4s

13.04 G5
1 Sb 5d, K 3d (t2g)

14.40 G3
1 Sb 5d, K 3d (eg)

16.09 G2
2 Na 3s

17.52 G4
2 K 4p

19.17 G5
1 Sb 5d, K 3d (t2g)
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PRB 61 10 039ELECTRONIC STRUCTURE OF Na3Sb AND Na2KSb
band is less dispersive and the conduction-band minimum
at a higher energy. Electrons excited to the conduction ba
in Na2KSb experience a much smaller barrier to overco
the vacuum level than do electrons that can relax by pho
emission to energies just above the valence band~as is the
case in the monoalkali antimonides!. This is a likely reason
why the bialkali antimonide Na2KSb is applied so success
fully in photoemissive devices.
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