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Electronic structure of Na;Sb and NgKSb
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The photoemissive materials b and NaKSb 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 &b and NgKSb. 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 antimonidégSk.

. INTRODUCTION consisting of S ions on a positively charged background.
The influence of the lattice constant on the band gap is
The alkali antimonides are compounds that are widelyshown clearly. The Sb lattice with the LiSb lattice con-
used as photocathode materials. Their good characteristigsant has a band gap of the same magnitude g8bl.ithe
regarding photon absorption and work function are the mairst’~ lattices with the lattice constants of,;8b and CgSb
reasons for their successful use in electron emissiohave band-gap values close to zero, which is another indica-
devices:? In order to obtain more understanding of the elec-tion of the relativistic effects in the compound 456. A
tronic mechanisms in the application of these materials morenore recent band-structure calculafiem the hexagonal and
information is needed about their band structure. cubic phases of §Sb explained the discrepancy between the
A general overview of the band structure of alkali pnic- band-gap values obtained from optical data and temperature-
tide compounds has been given by Tegze and Hdffitley  dependent conductivity measurements.
used the linear muffin-tin orbitalLMTO) method to calcu- A good review of photocathode materials has been given
late the energy bands of various binary alkali pnictide comby Sommer. The photoemissive properties of alkali anti-
pounds with different stoichiometries and crystal structuresmonides are a consequence of the low work functions of the
Their results are discussed in relation to the phase diagramsgkali metals and the related antimonide compounds. The
of the compounds and the electrical transport properties dbw work functions of these materials make it possible to
the molten alloys. A more comprehensive study has beefabricate even negative electron affinity devi&he escape
given by Chulkov, Koroleva, and SilkihThey performed a energy of the electrons from a semiconductor is generally
first-principles calculation based on pseudopotentials, includindicated by the electron affinity. Although the electron af-
ing scalar relativistic effects and spin-orbit splitting, in order finity is the energy gained by adding an electron to the solid,
to obtain the band-gap values of several alkali antimonidehis energy is defined as the energy difference between the
and alkali bismuthide compounds. The calculated band gapsottom of the conduction band and the vacuum level. An
are found to be underestimated with respect to the experilectron that absorbs a photon can be excited to the conduc-
mental values, but provide an overview of the order of mag+ion band. Emission of this photoelectron is therefore depen-
nitude of the band gaps in various alkali antimonides. Weident on the escape barrier between the conduction-band
and Zungesrcalculated the band structures and total energiegninimum and the vacuum level. For emission of a photo-
for LisSh, KsSb, and CgSb by using the linearized aug- electron in photoemissive devices, the band gap and the elec-
mented plane wave method. One of the results of their studiron affinity are important energy parameters in relation to
is that the band gap is determined by a balance of ionicitythe red sensitivity and the quantum efficiency of the photon-
and relativistic effects. The covalent bonding in;®b ac-  electron conversion. A negative electron affinity device has
counts for the relatively high band gap. Alsogéb is found  the vacuum level in the band gap of the semiconductor; the
to have an indirect gap. The conduction-band minimum is aexcitation of a valence-band electron to the conduction band
the edge of the Brillouin zone & The results for KSb and  puts this electron in a state with an energy higher than the
Cs;Sbh show smaller band gaps due to an increase in ionicityacuum level. Upon emission the photoelectron gains kinetic
but CgSb has a larger band gap thag3 whereas its ion- energy when it leaves the solid. It is obvious that this is a
icity is stronger. This countereffect is ascribed to relativisticgood property for a photocathode material. This property has
effects, which are expected to be stronger in the heavier ebeen studied extensively for the alkali antimonide's.
ement Cs. The paper included some results on a cubic lattice In general, the alkali antimonides with stoichiometry
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TABLE I. Input parameters for the calculation of }&b. (ES de-
notes empty sphere.

Start Sphere radius

Atom Position configuration A)
Na  2b+(0,0,1/4 [Ne]3s*3p°(3d°) 2.0

Na  4f +(1/3,2/3,0.583
+(2/3,1/3.0.088 [Ne]3s'3p°(3d°) 2.0
(@) (b) Sb X *(1/3,2/31/4 [Kr]5s%5p35d°(4f°) 1.9

. 05,0 0

FIG. 1. The coordination of the antimonide atoms in the hex-ES 2(0,00;(0,0,1/2 1s72p°(3d’) 1.0

agonal NaSb (a) and cubic NgKSb (b) phases. The black spheres

represent the Sb atoms and the gray spheres the Na atoms. ) . .
225 or Oﬁ in Schoenflies notation. The Sb atoms occupy the

. . . Wyckoff position 4a with coordinateq0,0,0, the K atoms
M;Sb (with M an alkali metal atomappear in two stable gccupy position & with coordinates(s, %, 1), and the Na

phased? The hexagonal phase is most stable for compounds . X . 11
involving alkali metal atoms with relatively small polariz- ?t?Tlsg,,le(?l%CUpy position @& with coordinates (3, &,
abilities. The cubic phase is favored for compounds involv-4)'

ing heavier atoms with a larger polarizability. The crossover

occurs at KSb and RESb. Both compounds are relatively lll. BAND-STRUCTURE CALCULATIONS

stable in both crystal structures. For3b the hexagonal  The band-structure calculations were done with the local-
phase is slightly more favored and for {8 the cubic phase jzed spherical wavéLSW) method® which is adapted from
is preferred.  LiSb and NaSb are obtained only in the hex- the augmented spherical wave metfiddlectron exchange
agonal phase and ¢3b is cubic. The substitution of one Na and correlation were treated with the local spin-density
atom by K in NaSb to form NaKSb leads to a stable cubic approximatiorf® Scalar relativistic effects were includétl.
phase. It seems likely that the more polarizable K atom stam the LSW program the radial parts of the wave functions
bilizes the cubic structure of this Na-Sb compound. are described by a numerical solution of the Sdimger

In this paper, band-structure calculations are presented @quation within the spheres and augmented by spherical
the related compounds M&Sb and NagSb. These calcula- Hankel functions outside the spheres. On neighboring atom
tions are an extension of the work of Wei and Zuriger  sjtes the Hankel functions are expanded in series of Bessel
relation to the application of alkali antimonide compounds infunctions centered in these neighboring spheres. Around
photocathodes. The absence of calculations on the ternagach atom a cluster is formed with wave functions that fall
compound NgKSb and the influence of the mixing of alkali off rapidly with increasing distance from the central atom.
metals on the band gap and the conduction-band minimum The basis functions of the Na sites were composed of
are a gap in the understanding of photoemissive materialgndp Hankel functions representing the and 3 valence

applied in photodetetctors. states. The overlapping wave functions of neighboring atoms
were taken into account kg p, andd Bessel functions. For
Il. CRYSTAL STRUCTURES the Sb and K atoms, p, andd Hankel functions and, p, d,

o _ _ andf Bessel functions were included in the calculations. De-
The coordination of the Sb_ atoms is very different for thespite the higher packing density of the hexagonal phase an
two crystal structures studied. In the hexagonal phasempty sphere had to be included for the calculations on

(NagSb) the Sb atom is in a trigonal biprismatic coordinationNa;Sb. The input parameters are listed in Table | forSta
with five Na atoms as shown in Fig(a. The fivefold coor-  and in Table Il for NaKSb.

dination is slightly distorted by the elongation of the bond

distances along theaxis. The Na-Sb distances in the Na-Sb IV. RESULTS
plane is 3.09 A and the Na-Sb distance along ¢hexis is _ _ _ _ _
3.16 A. The unit cell dimensions of this structure axe The dispersion of the energy bands inySh is shown in

=5.355A andc=9.496 A, the space group B6;/mmc  Fig. 2. The points in reciprocal space and the first Brillouin
(no. 199, or Dgh in Schoenflies notation. The Sb atoms oc-zone are drawn in Fig. 3. The most characteristic property in
cupy the  Wyckoff position with coordinates (3, 2, 1), the electronic structure becomes apparent when the disper-
the Na atoms in the Na-Sb plane occupy positidn\gith ~ Sive electron states of the conduction-band minimum are

coordinates+(0, 0, %), and the Na atoms along theaxis  compared with the state densities shown in Fig. 4. This band,

occupy position 4 with coordinates*(3, 3, u); (3, 3, 3

+u) with u=0.5831213 TABLE Il. Input parameters for the calculation of M&Sb.
The face-centered cubic phase of,K&b consists of four

molecular units per unit cell. Each Sb atom is in an eightfoldAtOIm Position confiStf}:ation Sphe(rAe) radius
coordination surrounded by eight Na atofsee Fig. 1b)]. 9

The SbNg clusters are edge sharing and the K atoms fill thena 8c +(1/4,1/14,1/4 [Ne]3s*3p°(3d°) 1.6
empty holes in the framework. The unit-cell axis of this cu- g 4b (1/2,1/2,1/2  [Ar]4s'4p®3d°(4f0) 2.0

bic structure is 7.74 A. The Na-Sb distance in this structuresy, 4a (0,0,0 [Kr]5s25p35d°(4£°) 2.4

is 3.35 A. The space group of this compoundFi:m3m (no.
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FIG. 2. The dispersion curves for the electronic energy bands in FIG. 4. Densities of states for the constituents inSta Nd1)
NasSb. refers to the Na atoms in the hexagonal Na-Sb plane, arig) Xa
the Na atoms that are on the top and bottom of the trigonal bipyra-

consisting of Na 8 states, disperses strongly near the centefid-
of the Brillouin zone and involves only a small number of
electron states. These states are sufficient in number to d

termine the electrical conductivity propertie; of this Com'dipole-allowed final states from the Slp ¥alence-band ini-
pound. However, the density of these states is far too low t?ial states

generate any appreciable optical absorption. The very low The dispersion of the electron bands of the cubigh®b

state density at the bottom of the conduction band has given . - : 2
. ; : structure is shown in Fig. 5, the high-symmetry points in the
rise to a discrepancy in the band-gap values found fron?irst Brillouin zone of reciprocal space are drawn in Fig. 6
conductivity and optical absorption measurements. The - P P : vn N 9. ,

. and the densities of states for the constituents in Fig. 7. The
calculated energy, orbital character, and symmetry of the

) . L . . iumber of bands in the cubic structure is less due to the
eigenvectors in the center of the Brillouin zone are listed in L . . )
Table Il smaller primitive unit cell with only one N&Sb unit. The

The bands with the lowest energy are mainly composed Olpwest band is an Sbssband with an energy of 7.9 eV below

the Sb 5 states. The low energy and the small dispersion ofrt]et Ferm:jlﬁ:/eltr?ﬂ“. 'ghegﬂ\)/alednce bazﬂds ?rlz r(‘jnamly Sbt 5.
these states indicate its localized character and small contifo c> and the three lp)_ ands are threetold degenerate in

bution to the bonding. The valence bands are rather narro he center of the Brillouin zone where the _band_s have their
with a width of only 2.5 eV. The lowest bands are nonde- ighest energy. The conduction band has its minimum also

generate at thé' point and have Sb b, orbital character. in the cen.ter of_the Brillouin zone. This hand qf Naa!nq K.
These two bands also show considerable dispersion in t s states is a dipole-allowed final state for optical excitations

oo . the valence band. The other conduction bands ard the
I'A direction, leading to a twofold degeneracy at ponof rom .
the first Brillouin zone. The Sb g and 5, orbitals form bands of Sb and K withy, ande, symmetry. These bands

bands that are twofold degenerateaand are dispersive in are accessible from the valence band for dipole transitions in
the xy plane. The conduction-band minimum is a band fromthe blue andultraviolet region of the optical spectrum. .
Na 3s states which are centered at thé gositions. This The calculated energy, orbital character, and symmetry in

highly symmetric band is strongly dispersive in all directionsthe center of the Brillouin zone for MESb are shown in
in k space and has its energy minimum just above theTable V.
valence-band maximum &t This dispersive behavior is the  TABLE II. Energy, symmetry(Ref. 22, and main orbital char-
reason for the very low density of states at the bottom of thecter of the electron bands in the center of the Brillouin zone of
conduction band. The second conduction band with energyna,Sb between-10 and+5 eV binding energy.

+1.85 eV atl’ has its main contribution from the Nas3
states located in the hexagonal Na-Sb plane. The Nar&l Energy(eV) Symmetry Orbital character

Sh & states have higher energies. The photon absorption in

sitions. Regarding symmetry, tHe, andI', of the Na 3
§fates in the center of the Brillouin zone, these bands are

the optical region is dominated by the Sp & Na 3s tran- —8.04 Fli Sb 5
-7.87 r; Sb 5
, —2.24 ry Sb 5p,
i -0.27 r, Sb 5p,
-0.16 I Sb 5p,y
-0.02 Ty Sb 5p,y
A +0.05 ry Na 3s
H 5T <3 +1.82 I, Na 3s
1= =, +3.92 rs Na 3p,, 3s
o K M y +3.96 T, Na 3s, 3p,
+4.05 I's Na 3p,y
FIG. 3. The first Brillouin zone of Ng&Sb and the high-symmetry +4.55 Tg Na 3p,y

points of the irreducible part of this zone.
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FIG. 7. Densities of states for the constituents inpH\&gb.
-8 | -
between the absorption onset and the band-gap value. The
[ E— energy gap determined from the eigenvectors is 0.9 eV and it
is 1.4 eV from the density of states. Unfortunately,
10 temperature-dependent conductivity data are not available
r X W K r L K for this compound, but experimental photon absorption data

_ _ _ “indicate a band gap of 1.0 €V.

FIG. 5. The dispersion curves for the electronic energy bands in  Tha smaller discrepancy in the band-gap values for the

NaKSb. bialkali antimonide NgKSbh is likely the reason for its better
performance with respect to the monoalkali antimonides as a
V. DISCUSSION AND CONCLUSION photocathode in photoemissive devices. The conduction-
r,Iband electrons generated by optical transitions in the
monoalkali antimonides can lose much energy by phonon
emission. The potential barrier for the photoelectrons to es-
cape from the bottom of the conduction band in the solid into

agreement with the LMTO calculations of Tegze andthe vacuum therefore becomes larger. The bialkali anti-

. : . ide NaKSb has a conduction-band minimum with a
Hafner? This low electron state density led to a d|screpancymom . ; .
in band-gap values determined from optical data an(Jngher energy. Electrons excited to this conduction band face

temperature-dependent conductivity measurements. AR Iqwer escape barrier and are more easily emitt.ed from the
though band-gap values calculated within the local densit (?r“g.s-irrzli?arr?rs;:gisalir:)r? much higher photoemission current
approximation are often underestimatéd? the band-gap Moreover. the K and SH bands witht..- ande. svmme-
values calculated for §Sb are in good agreement with ex- o . 29 ANCE, Sy
perimental datd. From the dispersion curve of the lowest try are 'W|th|n the range of optical transitions in the blue and
conduction bandFig. 2 in NasSb and the density of states (ultra)violet part of the spectrum. Valence-band electrons ex-
(Fig. 4 it becomes élear that &b also has a delayed op- cited to these final states can easily be emitted because the
9. X e y P final-state energy is higher than the escape baxmeark

tical absorption onset. Although conductivity data are not, ; . .
available for NaSb the optical absorption data show an ab_funcuon} of the materlal_. T.hese bands are therefore very im-
sorption onset at a photon energy of about 0.7-aWis is in portant in the photoemission process of photocathodes.

fair agreement with the value of 0.9 eV derived from Fig. 4 In conclusion, we have calculated the .electrgnic band
The band gap determined from the energies of the eigenveg'-trUCtures of Ng&b and NaKSb. The strong dispersive band

tors atl’ is 0.07 eV, which is an order of magnitude less. fflok;/:n?_e gervrgllgjee\gelI?&?Egﬁ;?fﬂﬁ%gxigetlﬁsixfhﬁgmen_
In contrast to the monoalkali antimonides, the bialkali an- 9ap ) 2

timonide NgKSb does show a much smaller discrepancy

The low density of states at the bottom of the conductio
band in hexagonal N&b is very similar to that in the hex-
agonal and cubic phases o£3b° The strong dispersion of
the lowest conduction band in hgb and KSb is in good

TABLE IV. Energy, symmetryRef. 22, and main orbital char-
acter of the electron bands in the center of the Brillouin zone of
NaKSb between—10 and+10 eV binding energy.

Energy(eV) Symmetry Orbital character
-7.92 ry Sh 5
0.00 T, Sb 5p
+0.93 ry Na 3s, K 4s
+3.04 r: Sb &d, K 3d (ty)
+4.40 ry Sh &, K 3d (&)
+6.09 T, Na 3s
+7.52 r, K 4p
FIG. 6. The first Brillouin zone of N&KSb and the high- +9.17 rs Sb &d, K 3d (ty)

symmetry points of the irreducible part of this zone.
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