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| Pseudppotential Study of Ronding in thé Z'mcblende and Rocksalt Structures*
Y. W. Tsang and Marvin L. Cohén |
De?artment of Physics, Uvniversity of C.aliforvnia.v
| 'and |
jﬁorganie Matefials Resear_ch}D_ivision, LaWrence Be_rkele_y'v‘Laboratory

Rerkeley, California 84720

) The‘b‘osnding hature of zincblende and :'ockéalt.crgfsﬁal
_ '_struc.ltures are studied using pseudopotentia.ls. ‘NaCl and GaAs
’:‘a,re .u'sed as protétypeé and the cﬁaracteristics ofNa..C:L'a_ssu.med
to be in both .crys_tal structures are studiéd.. It is vshown thaf ”
'. the properties Qf the pseud.opbte'ntial can be used to help predict |
crystal 'stru.cture.' | B
_This Ipa,pér reports an attempt to gain some.understanding of the _
-~ basic bonding properties of solids. It is well known thét the covalent
materials prefer tetrahedrally bonded stru.cture.s Whereas the more ionic
compounds tend to crystallizé in sixfold coérd.i}natéd struc.tures. Howe{)ér
th'e.-cohesive enerqgy giifferences are small. FQf example we éan take an
" alkali halide, like sodium ch_lQrid.é and calculatel.the c‘ohesive enerqgy Of:
‘the crystal in the sixfold coordinated structufe, including "the. short ra'nge" '

.'r/,Ro)

repulsive energy (A\e only between nearest neighbors (RO) and the

<

Made’lu'ngd energy' for the long range coulomb interaction. Using the 'samé_'

repulsive constants A and r to calculate the cohesive energy of the crysta.l‘



‘or ar assumed tetrahedrally bonded zincblende struct.ure, the resultvshov'&.ls
that the .eohesive energies differ by enly 2% (the sixfold coerdinated. etrticture .
being the larger). If we had chosen potassium chloride, ‘the cehesive energy |
Weuld have been larger in the sixfold coordinated structure by about 1%. |
The theoretical calculation of the cohesive energies of Ehe alkali’halivde"s |
in the sixfold c.oordina.ted structure by the above ‘melthed aq;;ee with -
experimentélly determined values.to within about. 2%1 Ffom this eoeeideratioﬁ'
of cohesive energies alone, it is hot at all ob\}ieue why .the ’ioi_l.ic ialka}li}_hal‘id.eé .
pr_'efe'r the sixfold coox'd,inated. structure end. not the Eetrahedrélly bo,rivdv,ed | .
structure. . | A

Recently, using the empirical pseudbpotentiel'methedl(EPM) ,.v cherge'i'
densities in real. space heve been computed.v fof eevefél eemic'o.nd‘uctor."s‘. 3
_These results appear to yield. considerable inforrﬁétibn ebout trends in the :
bonding behav.ior of the column v, III~V, and II-VI s'em.ieond.uctors. The
success of the above Wefk has motivated us to fmvestviga't.e N_aCi in a’ sir‘niléi"
fashion. |

Our calculations and discussion hinge on _the{idea_ef sw‘it:c‘hing._baék '
"and. fo_rfh between the pseud.opotential form"factor's‘in xiiecflprocai spaee,
V(G), and the crystal pseud.opotential in the real space, Vp(r) . ffhe felévmg g
d.efihi_tions and the algebra of the pseud_opetent‘ial meﬁhod 'W ill be reviewed,b _' |
here to make the subsequent discussions more tranéparent. fhe total
pseud.opotential Vp(f) is assumed to be overlapping spherical atoms situ.éted
at»the sites _Rjo.’ W_here j and. a are respectively the léttice and basis _ind.ex.‘ _

Therefore,
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| where vy is the atomic potential and To, is the basis vector. In a crystal

the pseudopotentlal may be expandao in rec1procal lattice Vectors G,

v,(©) SSvEeE
Ehen E
G)— fv<>e G
:L -lG %ZJ ( 1)e Wi r d3£|
O’ .
. where
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is the pseudopotential form factor connected to the ath atom,  is the
 primitive cell volume. The real space pseud.opo_tential in equation (3)‘ :

then becomes,

V=) S @V @Rt LM



i al. the diamond, zincblende, and rocksalt Stfuctureo, there is a basis -
of two atoms per lattice site; often it is convenient to express equation’(’?) -
in terms of symmetric and anticymmetric Structu.re fact.ors (SS(Q), S (Q))’
and form factors V (G) V G)) The eymmetrm terms are Smely a sum
of the structure factors for each a and the antloymmetrlc terms are the
difference. Only a few discrete form factors Va(g) are needed_ to flt t_}:1e
ba.nd structure ef a pérfect crystal. Ifa s.mooth curve is dreWn thfouqh
the discrete .po‘mts VQ(Q), one lobta.ins the eontinuous Fourier tfaris'fer;xh._of

the atomic pseudopotential,
)*'- fv (r'e g r dBr' L (8) o

Equation (8) is particularly useful if one is concerned Wlth inter polatlng»
v (q) between the points of V (G) | With the further asaumpuon that the
atomic ps eudopotentlal va(r—R ) in equatlonu (6) and (8) is invariant to

changes in crystal structure, the above al_gebra .prov1d_es us with e simple :
scheme of obtaining the crystal pseudopotential in r‘e‘a.lr speee for any o o
crystal structure and lattice desired. This is previdved one-‘has a set Qf: |
fo‘rm fac-ters, Va(g)'(alternately', VS(G), VA(JQ{)) aqd the 1a§tice cenetant_' '

for the ci'ystal of interest.

" The band structure of NaCl has been calculated by the EPM. 4

In
Figure 1 we plot the crystal pseudopotentiai Vp(r) in real space along"a
{1001 direction in the rocksalt structure; V‘p(f,) is expressed in eV and ]rl :

is expressed in units of lattice constant a. If NaCl were to crystallize

in the zincblende structure, an important question to ask is: what d.oes_':



the gotential Vp( r) look like along the direction of a tetrahedral bond
(M11]axis)? |

To explore the above question, we need the lattice consta,nt for
the vvz’mcblende phase. Minimizing the short range repulsion plus .Made-lu_nq'
e.nergy will give the equ.ilibriurn ‘n.earest neighber distance Ro - 2.673 A
| for the Zincblende NaCl. This implies a lattice censtant a = a/N3 RO = 6. 173 A
The nearest neighbor distance and lattice constant in rocksalt NaCl are -
2.8156 A and b.63 A resp‘ectively. The éolid. line in Figure 2A c"iis'plays o
the_Vp(};) for the iﬁlaginery zincbl.eride NaCl a.long the (1111 directiori
If d were the body diagonal of the unit cell; i.e. d = ra, then the sodmm
- will be situated at o-and d and th_e ch_lor'me atom at d/ 4. The distance I,{Z‘ in
| Figure 2A is exvpressved in units of the body diagonal, d.;', Asa rei.fer__en_ce
~ for the discession of Vp(r) in the zincblende strtict\ire, | the Vp(f,) fdr GaAs_,_ -
: which actually crystalizes in the zincblende structure (w1th a lattice |
: -constant of H.64 A) is also computed The EPM form factors for GaAS
are obtained from Zucca, et al. 0 The V (r) for GaAs along the [111]
direction is shown in Figure 2B.

The potentml at and very near the atom ehe arlses from pseudo- :
potential form factors having ldrge G values, and therefore 1t is very
sensitive to the behavmr of the tail of V ( ) in equation (8). For aband
otructure calculatlon Wthh deals with the propertles of the upper valence
bands and the conduction bands, the inner core region is of little mterest
2

~and the form factor is usually cut off at high G (i.e. V(G ;_16)’= 0), both.

to facilitate computation and to give a more uniquely defined set of



pseudopotential form factors. The cut off has some consequences for the’
present calculat.iOrl. Since the reciprocal lattice vect_br /g is 'mverseiy |
oroportional to the lattice constant, the tail recﬁon of Va(gu),is sensitive to
the lattice constant chosen. 7o illustrate this, Vp(}:) for the imaginary
zincblende NaCl with a lattice constant identical to ifs rockéalt éounterpartv
| (a = 5.63 1&) is aiso computed, this Vp(}:) is plotted as the d.ashe_d c.u‘rve in "’
Figure 2A. Note the change in shape at the inner cores of 's'odiu:m‘and:’ '
chlorine for the two lattice constants; note also the rés-erﬁb'lanc‘e of vthi_s’ 'A
dashed curve to Figure 1, the Vp(f) for the régksait stz*uct’.ure;. in thév
inner core regions. Despite the absence of this Stfticture ‘fo'r l_argef
lattice éonstants we don't expect this reg.ion to affect the co‘nc}lu:sio'ns
about bonding andwe a‘ss.ume that for vour purposes, We can néglect the.,, .
region very close to the core in discussing the bonding of thésé crys'tal_s'._,'
The charge d.enSity, 'p(/:s), for the sum of the v‘alenc.e el.e:ctrons'_ =
follows the potential Vp(,{'). Figure 2B for GaAs theréfore‘ predic!j.s a
piling up of valence electrons between Ga at 0 and Aé at-d/ 4, '_S‘lightly ‘
displaced towards As. On_ the othver side of As, t_he po_ten'vtial rises,
reaching a maximum barrier at 5/8d, the mid-point bétwe’eri As at d/ 4
_aﬁd the next Ga at d along the body diagonal. This is Ché;i“éc:teristic‘ of
the diarmond and zincblende crystals. One thus obtaips a 'pict-ure frofr_l_
the potential shown here that the valence electrons will tend i:(_) avoid the
region between As (at d/4) and Ga (at d) and they will prefer to stay | '
between As (at d/ 4 and Ga (at 0). In other words, the pote_ntiél fbr GaAS; _

favors a zincblende structure which is characterized by (1) tetr_ahedralv :



bonding and (>2) an asymmetric positiening of As relative to the Ga atom
| in_ its own primitive cell (d/4 awaj) and the Ga atom in the next prixﬂitive
cell along the body diagonal (3.d./ 4 away).
On the other hand (Figure 24), the potenti.etl for NaCl is seen to be
generally nOL very repulswe between Cl at d/ 4 and Na at d by comparison
cto that of GaAs. The h.lghest potential barrier moves from 5/ 8d to approxi- _
mately 9/ 10(3., i.e. very near the Na at d. The sha.pe of_ the potentiel_ |
_ Figufe 2A suggests that the upper valence electrons W.Ol'_lld fend to stépy in
the region near d/ 2 and this potentiei would not favof th'e "asslfmmetric”‘
,' zincblende structure. The potential pushes eharge to the C‘l and glves an
elef'tx onic corlflguratlon more conmstent with the rocksalt structure.
Another way of saying this 1—3:‘ GaAs bonds in the zmcblend.e structure
but NaCl antibonds in the'zimcblende stfuctai‘e. This can-be eeen bsr the
: charge plle up along the line from d/ 2 to d. |
To understand the cause for the qualitative change vm shape of the
' petential in going from GaAs to NaCl in the zincblend.e structure, we did,'
the follewing calculation. Starting again with the EPM fo;"m factors; W.e
forced VC (G ) and vNa,(g) _to» vanish }separately. The resuﬂ:ant Vp(fx;) for
each case is plotted respectively in Figures 3A and 4A. We then vdid a
similar c_alcalatien for V J and V Q) these V ,.) are plotted in
~ Figure 3B and 4B. For NaCl, a.rocksalt lattice constant for the'zmcblerid.e
structure of 5 63 & rather than the calculated equilibriurﬁ value 6. 172 &
is used. This choice of 5.63 & is almost the same as the GaAs lattice

constant 5.64 &. This is conveniént in a comparison of Figures 3A and B,



sigurss 4A and B. The features in ’Vp(}g)‘that give.rvise td bOndi_ngp‘?op'erties
_aré not sensitive to the lattice constant chosen. | | |
Figures 4A and 4B indicate what the crystal zpoteh_tial \.;vivllv look iike
if one were to leave the Na and Ga sites vacant respectively in thé uSual_
zincblend.e configuration. The two potentials have similar qu,alitai*;i{lé
features. Figures 3A and B show the crystal potent_iél if Q'ne Wduldf remove _.-‘ _
the C‘l and As respectively from NaC_l and GaAs. A s’triking ‘.feature of |
Figure 3A is | the extremely large size of the sodium 'psélidopotential» ’
re. The Na pétentlal becomes negative at and beyond its nearest nelghbor,'
i.e. at the empty chlorine site. Ga has a much smallar pseudopotentlal |
core, The potential is negative near the bond site and becomes repulswe ‘
at and beyond the empty As site. The V (J of NaC‘l in Flgure 2A may be
thouqht of as a superposition of Figure 3A and Flgure 4A (see equatlon (1))
N Similarly, the V (/\) of GaAs in Figure 2B may be thought of as a super— v'
position of Figure 3R and Figure 4B. It is then clear from quure 4A |
that the extent of the sodium core plays a crucial role in. givinq rise to the .
antibonding character of NaCl in the zincblende s.tr'ucltur'e..-- . | .
In the rocksalt structure, a Cl. ion has txﬁo syinmetﬁc‘a_lly s.itiiat‘ed .' .
nealrest neighbbr Na ions. Hence the negative Na potentiai, ét the chlo‘rir;e
site results in a d@flmte minimum - poLentLal at the chlorine co.re gwmg rlsé
- to an ionic crystal. Inthe zincblende structure,‘ a Cl: lon_ has its nearest
: neighbor Na ion at a distance of d/ 4 on one side; it also'has. anbther Né -
neighbor at a distance 3d/ 4 on the other side lboking along a fetrad.ed;al '

bond (body diagonal) direction. The large repulsive core of the Na vnearest.



‘to Cl makes the potAent.ial between these nearest neighbors more repulsive
than on the opposite side of the v;fbond'.. " In f.act_the oﬁierall.potén.tial shows
a dip on the opposite side of the ”bond, "or right side of the Cl in Figure 2A.
Electrons will want to localize in this dip. The.res_ult will be an ant‘ibondingv |
configuration. | ) |

| The ghape of a typiéal ps.evu,d.opotential in Fourier. Space, VQ(%) ,
 usually resembles the potehtial shown in Figure 5" The value of l%l, '
where the curve crosses the zero potential; denoted by'.q.o, glves some -
v_in‘dication of the size of the pseudopotential core.’ Ih 'Téb)é I,‘ we rvépr.vo'du.ce -
Cohen and Her'me’s tabtilation6 bf a, der'ived from both j;nod.el and fitted |
_- pseudopoteritiéls for elements ranging from co lurﬁn I to column VII in the

' pério_dic table_é. Thé aikali metalvai and Né 'ind.eed have éxCeptiona,lIy"r"__
small qo-compéred. w»ith.elemvents in all other éolumﬁs. The érﬁa.ll éo'
imp"li‘es a large_. 'pseud.o'_potential core. The pseudobdt_vential‘ core is physically
different than_ the actual ionic core radius; these are 0.98 & for Né}+ and-. : : '
1.81 AforCl’. It iS nore appropriate to think of thé pse.ud.opo'_tential

core as being reiated. t.o the "electronegativity, ”lwhich Péuiing d_éfines as
ﬂthebpower of av.vn atom in a moleculé to attract electrons to itself; " In Ehis '
sensé, "crystal" wou.ld. substitute for "molecule" in the present context.

In Figure 3, the gallium and the bsodium. corevpotential are repulsivé. in the |
réspe’ctive GaAs and NaC‘l crystals, Wheréaé (Figuré 4) the Far.senic and
chloriﬁe poteﬁtials have an attractive core region crystals of GaAS and
NaCl indicating that As and Cl are thé ndo‘re eléctronegativv.e atoms in

each crystal. The exceptionally large core size of the sodium pseudopotential



relative to atoms in all the other columns of thé periodic ta.bié‘ is relaf.ed
to the fact that the sodium atom has little affinity for valence electrons. - o
This pséud_opotential then gives rise to a metal in the Na elémeni, butv an
insulator in the compounds like NaCl when it is codpled. With'the very o
electronegative chlorine. |

Based on this invesﬁigation, we are led_:to c’ohcludé that the pseudb—
potential coré size in' the alkali metals is importanﬁ t'ov the favorin.g of the | R
.rocksalt ‘crystal structure in the ionic aikali halid.,es.. Our cbnclus’;on i>s
strengthened also by the following obsérvatibn. ‘The _iholecu_l:ar'_:.ofbital -
theory for chemical bonding8 says an ANBS_N Crystval will have..four.fvoila_. -
coordination when the s and p valencev eleétrons hjrbrid.iz-e té form_sp |
directed valence orbitals. Hybridization does ot oécilf in thé»more _ibz:nibcl |
sixfoid coordinated. structure. If one Wefe to iook at thé ‘b.anvd,' stfructtife Q'f:'_
NacCl, 4 indeed one finds the s band is well separé,ﬁed. frdm the thre’é p bands
and all valence bandwidths are narrow. When NaCl is éssumed to'be in"t'hé |
zincblend.e structure and its energy bands are calculated. u‘sing .th.e EPM,
the above features of the‘ bands remain. there is a .h.E-L:rOW s band .W_ellj
_sepafated from the three narrow p bands, i.e. little hybri.diza.tion oc_éursf' , |
when thve change in crystal structure is imposed. ;

In conclusion, it appears that it is pos~svible to iﬁvestigate th‘e bondiné :
propertiés of compoundé through studies of the pseudbpotef;tiais of the - R
elements. making up the compounds. Since the charge d.ensity.ref.lec_:t.s |
the properties of the potential, it is possible to préd_.ict qua_litétively the

bohdinq nature of the charge density without calculatinqxthe charge density."
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This latter idea was checked by direct computation in several cases ar.ld_‘
found to be true. The scheme presented here indicates that it is possibie v
to use a catalogue of real space pseudopotent.ial curves extracted. frorﬁ
experlme}nt for elements to make some predictio'ns of t.h‘e crystal structure

of compounds made from these elements,.
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“Table Caption

‘Table[ Values of g, in atomic units for the Model Potentigis"'ﬁ'ahd the |

Fitted Pseudopotentials.
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Figure Captions

Pseudopotential Vp(/x:) along the [100]axis for NaCl m the
rvocksalt crystal structure. | |
Pseudopotential _Vp(/l;) along the [1_11]axis for (A) NaCl a_nd_ |
(R) GaAs in the zincblende crysta'_l structur'e}. The solid line
in (A) cox*x;espond.s to a lattice constant of 6.172 A, the dashed
line is for a latticé constant of 5. 83 R. n 2B the Ga potential
isat O and‘ d. | | | | | |
Ps eudopotentlal Vp(N) along the [111 laxis for (A) NaCl (settmg
VC = 0) and (B) GaAs (settmg VA

crystal structure

= 0) in the zmcblende

Poeudopotentlal Vp( r) along the [111 laxis for (A) NaCL (settmg

Vg = O and (B) GaAs (setting V

structure,

Ga :_ 0) in the zmcblende crystal
Schematlc shape of a typlcal pseudopotenhal V(q) , showmg the
limit at g = 0, the 94 Where it crosses the ax1s, the maximum
point at Uy and the characteristic tail off to zero at - In
fitting band structure data it is often desirable to use a form

cutoff at q-
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