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ELFCTRONIC STRUCTURE AND STABILITY 0F ATBIICY FILLED TETRAREDRAL COMPOUNDS
INVITED PAPER

D. M. WOOD, S.-H. WET, and ALEX ZUNGER, Solar FEnergy Research Institute,

Golden, CO 80401

ABSTRACT

The familiar zineblende structure of III-V and TI-VI semiconductors
has, as one traverses the [111] body diagonal, a cation at ¥1=(”,0,0)a and
an anion at ?2=(1/ﬁ,1/f-’c,1/4)a, where a is the conventional unit cell lattice
constant. "Filled tetrahedral” compounds result from ocecupying, in addit-
ion, one of the tetrahedral interstitial sites (unoccupied 1in conventional
ITI-V's or TI-VI's) at %3=(l/2,1/2,l/2)a or %4=(3/4,3/4,3fb)a with another
atom type. Such compounds exhibit a large range of physical properties,

from metals and semiconductors to

"half-metallic" magnetic _compounds.

Structural and electronic properties of an interesting class of AIRIIp com—
pounds, e.g. LiZnAs, are discussed using first-principles pseudopotential
and Full-Potential Linearized Augmented Plane Wave caleculations., Simple mo-
dels are given to understand the observed relative stahility of distinct

possible phases and the electronic str

ucture 1s interpreted in the light of

a simple rule developed to understand distortions of a zinchlende band
structure induced by interstitial insertion.

INTRODUCTION

Zinchlende, wurtzite, and carborundum~type binary crystals are the most
loosely packed of all §pace groups consistent with tetrahedral coordination
for both types of atoms [1]. Their openness is highlighted by the Ffact that

for the homopolar members the ratio of

® ® <111>

000) | (12,1/2,1/2) |
(1/4,1/4,1/4) (3/4,3/4,3/4)

Fig. 1. Crystal structure of the
Nowotny-Juza compound V.ZnNLi,

unusual in these structure types[2-6].
interstitial impurities (e.g., the 3d

* 1987 Materials Research Society

the volume of touching atomic spheres
to that of the unit cell is 34, less
than half that for the close-packed
element structures, 0,74, They may
be characterized (see Fig. 1) by the
existence of four vacant (V) lattice
sites (holes) at the tetrahedral in=-
terstitial sites nearest the anion A
(sites VA) and four nearest the cat-
ion C (sites Ve), both at the normal
nearest-neighbor tetrahedral distance
d=/3a/4 with a the lattice con—
stant. Hence as we traverse the
<111> body diagonal in the zinchlende
CA crystal, with the origin, sav, at
the cation site c=1, (0,0,0)a, we en-
counter the anion A at T, (1/4,1/4,
l/8)a, the V, site at %, (V. /2,
1/2)a, and the Ve site at %J‘ (3/4,
3/4, 3/4)a, the Tatter both unoceu-
pied in normal tetrahedral strue-
tures. We may structurally designate
this arrangement as VCCAVA. While
this minimal packing fraction ri_
flects the effectiveness of pure sp

tetrahedral bonding in forming stable
compounds with low coordination num

ber, denser packing is by no means
This can he effected by diffusion of
impurities[2a] or in silicon[2b], oc-
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cupying the V=V, sites), by stotchiomet}'ic substitution of one type of va-
cant site, e.g., the Nowotn% Juza cLIAY Vs compounds[3] with V}f Li, Cu, Ag,
el = Be, Mg, Zn, Cd, and AV=N,P,As,Sb, Aol Ri, the antifluorite compounds-
[4] MgAVMg with A,v = 81, Ge, Qn), or by substitution of hoth types of vacant
sites (e.g., the B32 Zintl compounds[S5] LiAl, NaTl, or the L2, Heusler al-
loys[6a,h,c] VcMnAV,, with V,=Vo=Co,Ni,Cu,Pd and A=Al,In,Sh,Sn We refer
to the structures with partially or completely occupied VA and VC sites as
"filled tetrahedral structures” (FTS).

NOWOTNY-JUZA COMPOUNDS

The Nowotny-Juza compounds|[3], henceforth denoted alBIIcY  (e.g,
LiZnAs), comprise a
special class of -6.5 b Site ()
such FTS; they can Y-LiZnAs ( ) Aan 111]
be viewed structu- g
rally (Fig. 1) as
consisting of a bi-

8eq= 5.702 A
Ec= 7.05eV

!

N

o
T

nary zincHeGde " cYA g"
lattice (B-te¥y™

with RII at th @) (8)(4)
igin %1 and C' at

12, interpenetrated

b¥ a lattice of -7.5 p"c’ o"
closed-shell ions

(ADY* at the tetra- (4) (%)

hedral interstitial
sites Va at 1,--,} or
at 1:4 . We de-
sggnate the under-
lying zinchlende
compound as
v B ICW\Ia (where Ve
and V are empty
interstitial sites)
and the two filled
tetrahedral struc- Ec
tures that result
from occupying
sites V, or V,,
rese%csi?ﬂv, as -9.0 | L L L L | S N O N T |
(which we 54 55 56 57 58 59 60 -3-2-101234

will call the a Lattice Constant (A) Atomic Positions

phase) and b a
ABRIICYy  (the [Units ofiﬂ, 1, 1)]

phase). The third

distinet way in Fig. 2(a) Atomic positions along the [111] body

which we can dis- diagonal for a«, B, and y phases of LiZnAs. MNumbers in
tribute three dif- parentheses are coordination mumbers; squares are
ferent atoms along empty sites; (b) cohesive energies.

the hody diagonal,

denoted B[[AICV, we will term the y phase (Fig. 2). The a and B phases are
analogous to the III-V zinchlende semiconductors in the sense that they can
be viewed conceptually as resulting from a "nuclear disproportionation” of
the column ITI cation (e.¢., Ga in GaAs) into a B cation (e.=., Zn) at rl
and an A" cation (e.g., Li) at ¥, or %,. Many members of this interesting
class of materials (e.g., LiMgN, LiMgP, LiMgAs, LiZnN, LiZnP, LiZnAs, LiCdP,
11CdAs and AgMgAs) were synthesized over 35 years agol[3] but were character-
ized only in terms of their crystal structures and colors. UWe have recently
investigated the properties of some of these compounds theoretically[7-9].

In this paper we first present results of the first electronic struc-
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y members of this interesting

LiZnN, LiZnP, LiZnAs, LiCdP,
rs ago[3] but were character-
and colors. We have recently
ipounds theoretically[7-9].

the first electronic struc—
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ture_calculation of the three possible ordered phases of a prototypical
algllc compound (TiZnAs, Ref. 9), including cohesive and structural proper-—
ties. We also give semiclassical arguments which provide an intuitive un-
derstanding of the first-principles results for the relative stahility of
these phases. Second, we discuss the great resemblance of the bands of the
two competing most stahle phases to those of a ILI-V zinchlende compound and
to those of the fictitious "parent” compound (B1¢Y)™ [7-8]., 1t 1s shown
how the details of the electronic structure of the ordered ternary compounds
may be semiquantftatively ?redicted from the bands and interstitial charge
contents of the binary (! ey~ using a recently-developed "interstitial in-
sertion rule”[8] to understand the distortions induced in a zinchlende ITI-
V-like bhand structure attendant upon inserting He or Li+—11ke atoms. [we
refer the reader to Refs. 7-9 for details.] Finally, we discuss trends for
other AlgIIgV and interpret via the FTS analogy recently-calculated proper-
ties of LiA1Si [5], a member of the closely-related AIBLIICIV jags.

STRUCTURE AND COHESION OF LiZnAs

Figure 2b [9] depicts, as a function of lattice parameter, the calcu-
lated cohesive energies[10] of the «, B, and y forms (Fig. 2a) of LiZnAs,
together with that of the hinary analog GaAs, showing also the equilibrium
lattice constant 2,4 and equilibrium cohesive energy F.. The calculated a,
for a-Li7nAs and GaAs (5.815A and 5.69A[11]) are close to the observed val
lues (5.92A[12] and 5.65A[11], respectively), and so {s the bulk modulus of
GaAs (76,2 GPa[ll1l]), relative to its measured value (78.9 GPa[11]).

Wel and Zunger[9], using the General Potential LAPW method[12] find the
o phase to be the stablest among the «, B, and y forms (Fig. 2b). This can
be understood semiclassically both in terms of the electrostatic configura-
tional (Madelung) energies, and in terms of bond strain energy models[13].
First, considering the classical Madelung ion-ion electrostatic energy of
these cubic phases with point-ion chazges dps 9qp and qgp, (where qp + qg =
|qc\) and interatomic distances d = ¥3 a/4, we find

a_ _1 2 2 B_ _1 2 wa

Ey g [ofay * o) + o, auq] , By 7 [ogpag + 75 agya,ta, + )],
Yy _ _ 1 2 .3
By = = lagg 9 + 7 a9y (o, +ap)] 1

Here, azp = 1.6381, ag; = 1.7476 and agy = 1.762 are the Madelung constants
for the zincblende, Rl (NaCf-1like) and B2 (ysCl—type) structures, respec-—
tively and By for the ZB structure is -, q;/d. Assuming the polarity of
the A, B and C_ atoms to he approximately struéture“independent, we find from
Eq. (1) % ¢ EB <EY » 1l.e., the correct order of stability « > 8 > y. Se-
cond, sem%classica! valence force field models[13] relating the stability of
a structure whichohaf bond lengths 5A§2 and Rpe to the strain-inducing size
mismateh (R c - R P) and (R__ - R c (where RY are the "ideal" tetrahe-
dral bond lengths?'also indicate the 'stability of the a phase. Compared with
the ideal average bond lengths RgnA = 2.47R (2.453K, 2.489R, and 2.471& in

5
[14] ZnSiAs ZnGeAsy, and ZnSnAs,, respectively) and RO, = 2.53-2.5984 (in
2 2 2 1

LiqAs [15]), the a« phase has both Zn-As and Li-As hond lengths {RZnAs =
Riias = Y3 a/k; see Fig. 2a) closer to the ideal values than the B phase
(RZnAs = 2.56A, RriAs = a/2 = 2.96A) or the y phase (RZnAs = a/2 = 2.96 A,
Lias = 2.56 A). Since the two-electron Zn-As bond is stronger than the
one-electron Li-As bond, this argument also predicts the correct order of
phase stability ad>p>y.

Nespite the Ffact that the III-V structure is strain-free (Ryo= Rgc) and
that its classical point-ion Madelung energy is considerably more negative
(even at the same lattice constant) than that of the I-TI-V structure [16],
we find that the cohesive energy of LiZnAs considerably exceeds that of GaAs




(Fig. 2b)., We highlight this point by considering the (fictitious) transmu-
tation of GaAs 1into its isovalent LiZnAs analog in a two-step process.
First, dilate GaAs from its calculated equilibrium lattice constant (a; =
5.69R) to that calculated for LiZnAs (aj = 5.818). We find that this re-
quires an investment of an elastic volume-deformation §VD) energy AEyp =
0.04 eV (Fig. 2b) [proportional to the strain ~ B(az—al)'f. Second, trans-
mute the Ga nucleus into "Li + Zn", placing Li at its interstitial lattice
site in LiZnAs. According to Fig. 2b, this releases a chemical (C) ener-
gy AE; (partially[16] an electrostatlc effect). The predominance of AE; ov-
er AEyn suggests that the excess stability of LiZnAs over GaAs is a chemical
(i.e., bonding), not a bulk elastic effect. To clarify this bhehavior we
show in Fig. 3 the calculated ground state valence charge densities in the
(110) plane of the different phases of LiZnAs and GaAs at the same lattice

'“fxgﬁ—_—w %kijT‘”"IE?&;’ E%g;V*‘*'—TQFT7“‘

“|(b) ‘
B-LiZnAs \@/ Y-LiZnAs

a-=592A} | a- 5924

S e

Fig. 3. Calculated valence charge densities (omitting Zn 3d band) of «, %, Y
phases of LiZnAs, (a)-(c); of GaAs, (d). Contour interval 0.005 elec/a.u.

constant. Notice the following features: (i) the Zn-As bonds in the a and 8
phases of LiZnAs (Fig. 3a,b) are remarkably similar to the covalent Ga-As
bond in GaAs (Fig. 3d, all exhibiting lncal maxima along the honds), whereas
the Li-As bond is almost purely ionic (with no maxima anywhere along the
bond direction). This material can hence be characterized as strongly ionic
and strongly covalent at the same time. The ionic contribution to this
structure stabilizes it over the purely covalent III-V zinchlende struc-
ture. (1i) Fxamination of the charge density differences at the same lat-
tice constant Ap(¥) = p(LiZnAs) - p(GaAs) reveals a small directional accu-
mulation of charge ("residual covalency”) on the Li-As bond in the a phase
(far weaker in the B phase), indicative of additional stahilization of this
structure. The stability of the a over the B phase is hence a consequence
both of 1its superior electrostatic stabhility and the existence of residual
Li-As bonds. (iii) Examination of the source of extra charge on the Li-As
bond relative to the GaAs structure reveals that it originates from the re-
sidual valence charge of Li. TFollowing a transfer of most of 1its valence
electron to the Zn-As hond, the (screened) 1Li sublattice remains weakly at-
tractive to electrons. Tt then forms an additional weak bond with the As
neighbors. (iv) The y phase forms no covalent honds (Fig. 3c); 1its eight-
fold coordinated Li suhlattice gives rise to a charge distribution which can
be hest characterized as metallic.

ELECTRONIC STRUCTURE OF ORDERED PHASES AND "PARENT ZINCBLENDE" COMPOUNDS

Despite the substantial partial ionic character of « and B LiZnAs (or,
to be precise, because the ionic character 1is spatially separated from the
strong covalent [II-V-like bond), Wei and Zunger[9] predict these phases to
be semiconducting. Calculated band structures of the a and B phases (Fig.
4a,b) show great overall similarity to that of GaAs (Fig. 4e), whereas the y
phase as indicated above is metallic (Fig. 4c). The heteropolar Lj,-Lj, and
X1y~X3y gaps separating the lower from the higher valence bands are substan-
tially larger in LiZnAs (5.30 eV and 5.34 eV, respectively, for the a-phase)
than in GaAs at the same lattice constant (4.52 eV and 3.67 eV, respective-
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ly), testifying to the larger polarity of LiZnAs. We may regard the fact
that the « and B phases are direct-gap as a measure of the similarity of
LiZnAs to its binary analog GaAs, also a direct gap material,

The great similarity between the band structures of the two semicon-
ducting phases and that of a IIT-V deserves further comment. The strongly
ionic character of the Li atom in LiZnAs suggests that, more generally, the

Energy {eV)

r a
Fig. 4. Calculated band structures of LiZnAs phases at a=5.92 R, (a)-(c);
(d), GaAs at the same lattice constant and (e) GaAs at 1its equilibrium,
a=5.656 A. Band labels take origin at As [19]. Band gap is shaded.

band structure of a- or B—AIBIICV should be close to that for the fietitious
compound (BIICV)_, in which the 1loosely-bound valence electron of A' has
been freed to participate in formation of the ITI-V-1ike covalent bond, but
in which the remaining (AD)* ion (for LiZnAs, Li+, isoelectronic with the
simple closed-shell atom He) 1is completely omitted. Work of Carlsson, Zun-
ger and Wood[8] demonstrates that this is in fact the case for another No-
wotny-Juza compound LiZnN,. They find a strong “family” resemblance hetween
the @ and B phases and the “parent zineblende” compound, (ZaN)~ [shown in
Fig. 5]; systematic distortions, however, are induced in the band structure
(especially the conduction bands) of (ZnN)™ upon insertion of the Li* ion.
It 1s obvious from inspection of Fig. 4 (for LiZnAs) or Fig. 5 (for LiZnN)
that the perturbation associated with Li+, though relatively weak, has an
important effect in particular at the X point of the Brillouin zone for the
conduction bands. For yet another ALRIIgY compound, LiZnP, Wood, Zunger and
de Groot[7] found the ternary compound to be a direct hand gap semiconductor
despite the fact that its parent zinchlende compound (ZnP)~ and its "binary
analeg” (GaP) were strongly indirect-gap materials! The moral of this ob-
servation 1s that "weak” perturbations can have profound effects on the el-
ectronic structure since, e.g., the direct vs. indirect nature of a semicon-
ductor is a delicate matter which nonetheless has important technological
consequences.,

How should we understand the small but potentially important perturba-—
tions in the conduction bands of (BIICY)™ or other zincblende-1ike compound
when (A")" or another 1interstitial atom is inserted to make a real ternary
compound? The ground state charge density of the binary analog (e.g., GaAs
for LiZnAs) or the parent (BIICV)_ compound provides no clue to band modifi-
cations upon interstitial insertion since interstitial ground state charge
densities are very low; see Fig. 3. We wish to emphasize that conduction
hand states of both real zincblende semliconductors and those of hypothetical
(B1IcYY)~ are classified most naturally according to the wavefunction charac-
ter on the vacant interstitial V, and V. sites, rather than on the occupled

substitutional sites, simply because the conduction bands have most of their

amplitude on or near the interstitial sites[7,17]. 1In Figure 6 (from Ref.
7, using the first principles non-local pseudopotential total energy method
[181) ve display for GaP the partial (pseudo) charge density png(?) =
’¢nE(?)i (band index n, wavevector % in the Brillouin zone) in the zinc-

hlende (110) plane for the lowest conduction hands at the X point of the
face-centered cubic Brillouin zone (XBC and X;. for GaP, taking the origin




on the cation site [and hence interchan

ging X5 and X; labels with respect to

Fig. 4]). 1In all cases regions of high charge density are indicated by dot
shading; diagonal shading indicates low charge density. This figure sug-
gests the lowest conduction bands will show extreme selectivity with respect
to insertion of closed-shell atoms: the X130 (xlc) band density has maxima
(minima) at or near V; and minima (maxima) at or near Vs whereas the Ty
band (not shown) has a much smaller Vo=Ve charge density disparity. This
emphasis on the interstitial sites departs from the more traditional prac-
tice of classifying the extended conduction band states according to their
character relative to the substitutional sites—-a tight-binding viewpoint

useful for the more atomic-like val-
ence band states. For example,
whereas the lowest conduction band at
X for GaP (X4, 1f the origin is on
the cation[19]) has most of 1ts am—
plitude on Ve and is said, in analogy
to the behavior of atomic wavefunc-
tions about their origin, to be s-
like around V. (p, d-like, etec., a-
round V,), the next higher conduction
band at X (Xl), as well as the lowest
conduction band at L (L;), are com-
plementary: they are s-like around V
(p,d=1ike around V.) and have most o
their amplitude on V,. Notice that,
classified from the traditional sub-
stitutional sites %; and *2, X3(X)
is formally characterized as cation-
(anion-)11ike[19], although little am-—
plitude actually resides on these
substitutional sites. In contrast,
the conduction band state ry is anti-
bonding s-1like around both V, and V,
and can have amplitude on both sites
(in a proportion reflecting the rela-
tive ionicity of the two atoms in the
cell, e.g., residing mostly on the C1
site in CuCl[20]). Insertion of a
closed-shell atom or ion (e.g., We,
1Y) 1ato the sites V, or V. then
leads via the orthogonality require-
ment to a Pauli repulsion of conduc-
tion electrons® and an upward shift
of the energy of the conduction band
having largest s amplitude on that
site. Insertion of He into the in-
terstitial sites of GaP or Si was
shown by Wood et al. to have profound
effects on the electronic structure
of the resulting compounds; the same
principle was applied to LiZnP, where
it was shown[7] that it is a direct
gap material since insertion of Li

Energy (eV)

Q,=0.11 Qc=0.10
Qc=0.36 X

(isoelectronic with He) into the in Fig. 5 Calculated bands of a)y a
terstitial site of (ZaP)”™ (isoelec- and (c), B phases of LiZnN; ) of fic-
tronic and isostructural with GaP) titious zincblende (ZnN)~ phase, all

pushes upward the conduction bands at a=9.2162 a.u.

at X more than T;.

With this background we may return to Fig.
tronic structure of the a and B phases of LiZnN.
dicate the total charges 0, and 0. (including s, p, and d components) en-

5 to understand the elec-—
Note that in Fig. 5 we in-




| 529

closed within spheres of radius 2.2689 a.u. about the V, and v sites, res—

X) labels with respect to pectively, in each conduction hand state at I', X, and L. We find the hypo-

sity are indicated by dot thetical zincblende compound (ZnN)~ (Fig. 5b) to be a direct band gap semi-
nsity. This figure sug- conductor, in analogy with its binary
selectivity with respect compound (aN, Inspection of the

band density has maxima
near V,, whereas the Plc
density disparity. This
he more traditional prac-
states according to their
lght-binding viewpoint |

charges Q, and Q. for the conduction
bands of (ZnN) at high symmetry
points (Fig. 5b) reveals that X3 has
most of 1ts charge at the V. site and
Xl has mueh of 1its charge at the Va
site. Insertion of TiT at vV, (Fig.
5a) hence raises the energy of X3
insertion at V. (Fig. 5¢) raises the
energy of X3. “Since the '} state has
significant amplitude at both V, and
Vo> substitution at either site raig-
es the energy of I‘l. However, since
the conduction bhands at X for zinc-
blende compounds have relatively much
more interstitial charge than do
those at T, the former are more
strongly perturbed by interstitial
substitution than are the latter. As
a result the "degree of hand gap di-

Fig. h. Partial hand pseudo charge rectness” (i.e., the amount by which
densities (electrous/primitlve cell, the lowest conduction band at X is
normalized to 8) for GaP, for (a) higher than at T) 1increases by
lowest and (b) next conduction bhand closed-shell atom substitution of,
at X point of Brillouin zone. say, the V. site,

INTERSTITIAL INSERTION RULE

The rule governing the distortion of the conduction bands of a zine-
blende system through interstitial substitution of a closed shell species
can be further refined by considering the angular momentum decomposition of
the interstitial charges N, and O(b ‘}nto s-1like (Og, ng) and non-s-like
(i.e., p and d character, denoted Q5% and Ocp’d) components about the res—
pective interstitial sites. The results can be summarized in the form of a
rule: “substitution of the tetrahedral interstitial sites in a zincblende
semiconductor by He or Lit-1ike species (i.e., repulsive s core potentials,
attractive non-s core potentials--see Ref. 21 for trends) raises (lowers)
the energy of the conduction hands that have s (non-s) character on these
sites™. For example, referring to Fig. 7, one notes that X3 has strong s
character at V [03(X3)=51.5‘2’,], so that substitution of this site raises the
energy of Xi Sramatlcally (by 2.17 ev). X, has strong s character at V
i0§=18.821, hence substitution of this site raises its energy [by 0.83 eV,
in proportion to 0:(’(1)/0(5:()(3)=0.37, close to 0.83/2.17=0.38], Ly, like-
wise, has strong s character at v, 105(L1)=20.7Z], leading to an upward
shift of this state (by 0.94 eV) upon su stituting the V, site (again, fol-
lowing approximately linearly the interstitial charge 0%), The T'y state has
s character at both V, and V., hence its energy shifts upwards upon substi-
tution of either site. On the other hand, 1L, and X, have substantial non-s
character on the V. site, leading to a lowering of these energies upon sub-
stitution on V.; conversely, X4 has substantial non-s character on the oppo-

L T X WK

ted bands of (a), a

: ; e (]
ses of LiZnN; ) Dfliic site, V, site, leading to a lowering of the energy of this state upon sub-
znde (ZnN)~ phase, a stitution of V,+ This general rule is also obeyed by the results of Wood et
B al. (nsing the self-consistent pseudopotential method as described in Ref.

_ 18) for HeGaPV, and V.GaPHe: they observed the same response of the X3, Xy,
» to understand the elec and T} conduction bands of GaP to insertion of He into the N A
fotw Thet tu Fas wf s sites as was found for (ZnN)” in response to insertion of Li*. wNote that p-
p, and d components) en-
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1ike conduction states (e.g., rlS) respond more weakly to substitution since
their assoclated charge densities are more uniformly spread throughout the
cell. This rule directly illustrates the utility of classifying conduction
band states with respect to their angular character about the interstitial

Li on'V, site No Li Li on Vc site He on V, site No He He on V,site
V.ZnNLi| |V.ZnNV, Li ZnNV; V.GaPHe| [V. GaPV, HeGaPV;
>
¢ Q% = 5.3% (a) B (b) 41
v 75 %o j rp—
& s Q29 8.9% al - 18.8% s ~. DNy r 4.0
s X, N, Qi 0% aYsiEan T k= —_— Y1139
- s 5 =
— L L aPd:9.7% Qf = 0% | w X ) X;‘
s | —_— 0P | T !
- aj = 12% 1 v
> | oo K ; J
© 0 QPe- 18, : 5 T = \ 1 |
E 5.0 L‘ 2= 18.4% :;E i 2?,1 e ’ﬂ_ 4 ) i 25
B I % 2 = on /9 - 402w 4 3 |
H H R R T X afd= 6% 3 ! r
s | D: - o \—\VJ — i ' 1
o Qf - 4a7.1% £ 05 - o% i g
E! 250x apd- 17.6% . ~ —'—'a: s "W 0P%: 25.7% \ )
g : 3 at - 51.5% Lii g r ’? —2.0
i aPd-12.6% 1 0 -y —
: e . /1 al - u,n%ﬂ_ L v X H
0 AT SN 0 or 2 | (s X
o} = 35.6% " — A 1
Qb = 12.1% g Xy
0.0} at - 326% 1 L Xs i 1.5

Fig. 7 Variation of energies of conduction-band states of (a) (ZnN)~ and
(b) GaP, upon insertion of Li" and He, respectively; band and site charges
for m=a,c and %=s,p,d are also indicated.

gites: it would have been impossible to deduce the rule from the convention-

al substitutional site classification.
It 1s natural to express this rule in terms of the effective lX-depen-

dent potentials vy of the inserted atom (e.g., non-local ;;»seudopcsf1 ntials)
’

and the angular momentun-resolved electron density(18] n a(r) =

ll)(i)P (R )% D of given band state 1 around the interstitial site a=V, or
e a

Vc[zzl. [Here ¢ is a band wavefunction and PK(R ) is the angular momen—
tum projection operator with respect to = T OF = ?‘b; note the differ-
ence from the non-projected quantity pnﬁ(ﬁ'] The ff‘rst row elements He and

141+ have "repulsive” (i.e., non coulombic) s core potentials but attractive
(i.e., coulombic) nom—-s core potentials[21] (since no non-s states are a=
vailable in the core for pseudopotential cancellation). States i which have
substantial s amplitude at the interstitial site a (e.g., X5 at ?=<i or X
and T, At x=a) will bhe hence be raigsed in energy by an amount A€ 1) & Jdr
vo(r)n6 a(r) (and resulting in a reduction in their s content when non-1i-
near effects are taken into account; see Ref. 8, Fig. 3), whereas states i
having substantial non-s amplitude at sjite « (e.g., X3 a =a or Xj and L
at a=c) will be lowered in energy by Ae 1) « rat "HD(”“I;O u{r) (resulting
in an enhancement of their non-s character [8]). This suggests that as we
move to heavier group IA alkali atoms, having more repulsive s and p poten—
tials than does Li (c.f. Fig. 5. in Ref. 12), the raising (lowering) of the
conduction bhands will increase (decrease). Insertion of hydrogen {(a core-
less atom) into site a will result in a lowering of all conduction states
having amplitude at «, since “'l(r) for hydrogen is attractive for all & va-
lues[17}. Note that the {nterstitial insertion rule cannot be simply des-
cribed in terms of a raising of the (antibonding) conduction hands in res-
ponse to interaction with the orbitals of the interstitial atom: whereas
both H and He have occupiled s orbitals far below the conduction bands of the
host, the latter are lowered {raised) by H (He) insertion.

For the ordered phases of LiZnAs this simple but powerful perturbative



laboration in part of the work described in this paper.
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