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Pseudopotential C‘alciulétio‘ns' of Electronic Charge Densities
in Seven Senrlic:onchlctofs>k
by |
J o.hn P. Walter and Marvin L. Cohen
Depaftﬁlent of Physics and Inorganic Méterials Research Division,
Universitfy of Califprnia and Lawrence Radiation Labox;é'tory

Rerkeley, California 94720

Abstract

Electronic charge densities are calculated as a function of position in-

‘the unit cell for seven diamond and zincblende semiconductors using wave-

functions derived from psetidoﬁotential band structure calculations. Detailed

plots & the charge density are presented in the (1, - ]‘, 0) plane for each valence

' .band of Ge, GaAs, and ZnSe and for the sum of the valerice bands of Ge, GaAs,

ZnSe, o.—Sh, InSb, CdTe and Si. Trends in boriding and ionicity are discussed
in detail. The covalent bonding charge is also calculated for these crystals and
is plotted_ag&iinst the ionicity scales of Phillips and VanVéch_ten and of Pauling.

T is shown that an extrapolation to zero covalent bonding charge yields a:

:criti‘cal value of the ionicity which separates 4-fold coordinated and 6-fold

cOordinated diatomic crystals. This value is in agreement with the empirical

~ value obtained by Phillips and VanVechten.

* ' o o
. Supported by National Science Foundation Grant GP 13632.
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Introduction

We present1 here calculations of the electronic charge density for Ge,

GaAs, ZnSe, a-Sn, InSb, CdTe, and Si (each of which has either the diamond

or zincblende crystal structure). The results of the charge density calculations .
are used to analyze the bonding properties of these crystals. Studies of

bonding properties have recently receivedz_'7 a great deal of attention from

-, solid state physicists", and we hope the detailed calculations presented here
- will both aid'inclarifying the appropriateness of the current models used and

‘will result in calculations of properties of interest to solid state chemists and

physic ists; ’

The charge density was calculated using wavefunctions obtained from band
structure calculations for these materials. Theband structures were com-
puted using the pseudopotential m-ethod. 8 Since the WaVefunctions can be 'obtained
for each valence and conduction band 1nd1v1dually, the charge den81ty was cal-
culated band by band for each material Although the variation of the charge

distribution With band index or With changes in elements may not yield accurate

" quantitative results, observation of trends occuring in a series of crystals can

“yield a. physical picture for why crystals behave as they do. For some of the

ci'ystals the charge density for the first conduction band (assuming it were

» fllled Wlth carrlers) is given showing the free electron nature of this band

Finally to 1llustrate the bondmg nature of these SOlldS the charge den31ty

distributions are used to compute covalent bonding charges, .'whi'ch in turn _

“are used to 'cornpute the critical ionicity, £, which separates 4-fold coordinated

and 6-fold coordinated diatomic crystals.
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Calculations

The electronic wavefunctions used. in the charge density calculations were

“obtained from the band structure calculation based on the pseudopotehtial

method. 8 Brieﬂy the method mvolves ‘solving a secular equation for the pseudo-

potential Hamiltonian which has the form

B = -(E) Vv . N &

To take advantage of the crystal symmetry, the weak crystalline pseudo__potential

—

V(r) is expanded in the reéiprocai lattice

(g e T - ®

where G is a reciprocal lattice vector. For two atoms per cell (diamond and
zincblende structures) it is convenient to express V(G) interms of atomic
pseudopotential form factors Vl(ﬁ) and sz(‘_G)) in the follow ing way

—

5@ T A g% (3)

V@) = V°(@G) cos G- T + iV(G) sin

where VS(é) and vA(é) are the symmetric and antisymmetric parts of the
potential, the basis vector T = a/8 (1,1, 1), and a is the lattice constant. In

terms of atomic pbtentials



vA@) = Sv,@) - V@) ; (5)
v,@) = é—fv](F) SGT g (6
2 2

where Qis the volume of the unit cell. In these célc_ulations 6nly the six
pdeudopotential form factors Vo(v3), Vo(8), Vo(W11), VAW3), VA(2) and
VA('\/"II) are allowed to be non-zero; i.e. zero values are taken for G2 >12
- and for the cases where the structuré factors, cos G.T and sin 5? aré
Zero, Fof the diamond structure, vs(é) = vl(é) = vz(é’), and VA(é) = 0.
Once the pseudopotential form factors are choseng, the Hamiltonian |

(in Eq. (1))can be solved for the energy eigenvah_les and wavefunctions

an,E(?) | (band n, state K) ;Lt many points in the Brillouin zone. The resulting
' - wavefunctions can then be used to c”on‘ipute the charge density by noting that
the probability of finding an electron in a certain spatial region (va voiume

aQ is:éyiven by ]zpn’E(r) |2d£2, where n is the index of the energy eigenvalue
associated with the state k. When many different electro.nic states X are

| c_oﬁsidered, .it becomes meaningful Eo- speak of a charge distribution for the |
elegtrons.' In partiéular, the charge density for each valénce baﬁd may be

‘written

—

P (r) = e_lzﬁng(f)lz, N 8

o]



where the summation is over all states in the Brillouin zone. 10

'~ To obtain adequate convergence in calculating Iwn kl 2, it is necessary
to represent each zpn K in an expansion of about 90 planelwaves,_ 1 The

wavefunctions are evaluated on a grid of 3360 points in the Brillouin zone.

‘The coordinates of the grid points are given by (1/16)(2s+1, 2m+1, 2n+1)

units of (2w/a), where s, .m, and n are integers;

To illustrate the results and show the bonding characte_risticvs in detail,
the charge density ,pn(;) is evaluated at over 1500 points in a plane whic-h
intersects both atoms in the primitive cell. The plane chosen is a (1,-1,0) -

plane and a diagrarh of this plane and its orientation with respect to the

‘surrounding atoms is shown in Fig. 1. In the fo_lloWing discussion the values

of pn(?) will be shown in céntour and dot-density plots in this plane. The

density is plotted in units of (e/)) where Q is the volume of the primitive

cell, &= a3/4.

Charge Density Results
Si, Ge, and Sn occur in the diamond cfystal structure while GaAs, ZnSe,
InSb and CdTe occur in the zincblende crystal structure. It is i_mportarit to

recognize that for both classes of crystals, each atom has four nearest

- neighbors, arranged tetrahedrally. A (1,-1,0) plane intersecting an atom
also intersects two of its nearest neighbors (see Fig. _1). There are a total i

of 8 valence electrons per primitive cell and 2 valence electrons per enerqgy

band.
| 3 The results of these calculations are shown in both detailéd- contour maps
and dbt- density plots for the four valence and one conduction energy bands

of Ge, GaAs and ZnSe and for the sum of the valence bands of Ge, GaAs,
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7nSe, Sn, InSb, CdTe and Si (Figs. 2-23). The contour ' and dot-density plots
are striking and can be used to describe selected physical properties of crystals

to a more general audience. For example, tetrahedral covalent bonding can

be seen clearly in germanium and ionic trends in bonding are immediately

discerned by comparing Ge, GaAs and ZnSe. The tetrahedral structure is caused
by the structure factors in the Hamiltonian from Eqg. (3).
Firstwe shall examine the charge density distribution for each of the valence

bands of Ge, GaAs and ZnSe. The elements in these semiconductors are all in

the fourth row of the Periodic Table. Their lattice éonstants and ion cores are

. practically identical. This choice allows us to examine ionic trends in crystals

that are bthervvise expected to have nearly the same properties.

Ge: Inbandl (the valence band of lowest energy) most of the electronic charge

'is distributed around the atoms with a slight build-up between the atoms (Fig. 2).

Band 2 is almost identical to band 1, with only slightly more build-up between

the atoms (Fig. 3). A significant change occurs in band 3, where there is prac-

tically no charge at the atomic sites and a sharp increase in ch’arge density as -
the point halfWay between atoms is approached (Fig. 4). This concentration of
charge between néarest Ge atoms (the covalent bond) is the sharing of électrons
qaused by quantum m'echanical effec.ts. The concentrafion of bonding charge |
is moéf pronouﬁéed in band 4 (Fig. b). | - -

The charga diétribution is "s-like" in bands 1 and 2 (charge con‘c‘entr_atéd
near atorhs) and "p-like" in bands 3 and 4 (charge concentrated in the covalent
bondé); The trérid in going.'from band 1 to .band 4 is the increase of_chargé in
the covalent bonds.: Of cours“e’, this is consistént with the idea that those electrons
less tightly bound fo the Ge atoms are more likely to be engaged i.n'covalentv' |

I .
i
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bonding. Covalent bonding is seen to be an important faét_or in the total valence
charge distribution (Fig. 6). |

It is interesting to consider what the charge distribution would be if th.ere
W.ere enough electrons to fill band 5, the first conduction band (Fig. 7). The
result for Ge is that the fifth band has a nearly}» constant charge denéity distri-
bution. An exactly constant spatial charge distribution Would"signify a free

electron distribution, so the results for band 5 are consistent with éleCtrbns

- which are essentially free electrons.

-GaAs: Inband 1 a significant portion of the charge density is in the neighbor-

hood of the As ion (Fig. 8). The reason for this becoines clear if one considers
a hypothetic;al crystal of GaAs with the electrons removed. If enough ’e_lvectrons
are put into the crjstal to fill the first band, the electrohs will be attracted
more to the As+5 ion than to the Ga+3 ion, causing the As ion now to appear

as As+3. This distribution clearly has s-like c'haracter.. In band 2 the charge
dis't'ributio_ﬁ shows much more covalent character and is now displaced- toward the-
Ga ion slightly (Fig. 9). This distribution appears to be a mixture of s and p
character, i.e., there is charge at both the ion sites and the bonding sites. In

bands 3 and '4 the covalent charge build-up is even greater and the charge dis-

tribution clearly favors the As ion (Figs. 10, 11). This is clearly p-like

- bonding, since there is a negligiblé amount of charge density at the ion sites

“and a high charge density at the bonding sites. The sum of the valence bands

clearly shows the covalent bonding charges, displaced towards the As atom

(Fig. 12). Band 5 is free-electron- like, although it is not as pronowced as

* band 5 bf Ge. For both Ge and GaAs it is clear that band 5 shows no evidence

- of coValent bonding charge.
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ZnSe: The Zn and Se ions have a charge of +2 and +6, r_espectiveiy[ Coriseq'uently,.
the chargé distribution in ZnSe continues the.trend we have seen in going from Ge
to GaAs. Inband 1 almost all of the charge density is concentrated about the
Se ion (Fig. 14). We argue in the same rﬁarmer as for Ga.As,' except that now
_ Se has a greater positive charge. The distribution clearly has s-like character
with respe.ct‘x to Se. Bands 2, 3, and 4 (Figs. 15-17) are all’p—liké in character,
and the trend is to increase the charge density in the boﬂdMg regions. These
bending fegions are. much closer to the Se than to the Zn. For the sum of the
valénce bands .(Fig, 185, there is but little covalent bonding Charge noticeable
above the backgfound. The total charge density is noticeably concentrated
about the Se atom. The trend in Ge to GaAs to ZnSe is toward a more ionic
distribution of charge and less covalent bonding. There is also a trend for the
first band to be more s-like about the anion and the upper bands to become
more p-like. |

B_arid 5'of ZnSe is somewhat diffgérent than band 5 of Ge or G.a.,As. There
isa prono.uncéd concentration of charge in the lower left portion of _F‘ig.. 19}.
This is precisely in the oppbsite direction to the nor.‘mal bonding site. This-
is similar to the sb—callevd anti-bonding site predicted for excited states by
rhcﬁlec_ular orbital theory. 12 There is also a peak in the charge density at the |
site of the Se ion, but there is no concentration of charge at the covalent |
bonding sites. - N |

_ S_n, InSb, CdTe: The elements in this series of semiconductors are all in the

fifth row of the Periddic Table, and in addition, ﬁheir lattice constants and
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ion cores are practically identical. Because of their relative positions in the

f' Periodic Table, the physical and chemical properties of Sn, InSb, and CdTe .

respectively.

- are expected to closely resemble those of Ge, GaAs and ZnSe,/ However, since

spin-orbit effects have been neglected in our calculations and since spin-drbit
effects are relat‘ively lé.rge in the Sn series of crystals, the results for thié
series are not expec_:ted to be as géod as fqr the series 'Ge, GaAs and‘ znse.

A comparison of the' charge distributions for the sum of the valence bands of

Ge and 3n (Figs. 6 and 20), of GaAs and InSb (Figs. 12 and 21), and of ZnSe

. and CdTe (Figs. 18 and 22) showé that the differences between pairs is "'
* remarkably small. Since the trends are so similar, the plots for individual

bands-have been deleted for these three crysta-is.' However, all the discussion

for the series Ge, GaAs and ZnSe is also appropriate for this geries .of crystals.
Si:  The charge "’dens’ity distribution for the sum of the valence bands ‘of Si |
(Fig. 23) is inéluded for completeness. The discussion for Ge ié also
appropriaté for Si. |

Application to bonding

For the two series of crystals (Ge, GaAs, ZnSe and Sn, InSb, CdTe) we

have discussed, the most noticeable trend is the ’piling of charge on the anion
and-a corresponding reduction of the covalent bonding charge. Thus the covalent

bonding becomes weaker as the crystals become more ionic.

The covalent bonding chargé .Zb rriay be calculated' as follows:-

.IZb = 5 f (0,(T) - pp) &S, (8)
- | ‘
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whefe Po is the charge density at the outermost closed contour of the bonding
charge density for each valence band. 13 The integré,tion extends over the

- volume defined by this outermost contour; the integration Was done numerically
on a coarse grid. The values we 'Calcuiate for 2z (in units of e) are 0. 146 for
Ge, 0.080 for GaAs, 0.026 for ZnSe, 0.123 for Sn, 0.091 for InSb, and 0,027
for CdTe. Rackground problems are difficult and these reslultsva‘re only
approkimate, ' |

Since the bonding charge Z. is assoc\iate_deith the covalent properties

b
| of these crystals, it is interesting ‘to compare these results with estimates
of the covalency or ionicity of these crystals. We have compared our results
with the‘ionicity scales bf Phillips and Van Vechten and of Pauling. | Phillips
~and Van Ve.chten %3 define ionicity-fi using homopolar, heteropolar and éverage
v | enerqgy gaps, Eh’ C, and Eg’ respectively, where Eg2 = Eh2 + C2. Their
ionicity factor fl = C2/ Eg2 varies b:etwe}en zero and one: fi = 0 designates
a completely coValént-bonded crystal and fi =] designates a completely
ionic crystal. An important result is that for _Phillip_s' sample3 of 68 binary
crystaLs, the ionicity value fc = 0,785 + 0.01 neatly se_parateé the more covalent
crystals of 4-fold coordination (zincblende and wurtzite structures) from the
more ionic crystals of 6-fold coordination (focksalt structure)_. As Phillips
notes in his ré\.zi.ew a.r’cic'le,3 this critical value of the ibnic_ify fc is determined
completely émpirically_. , | -
Wé héve attempted fo obtain f’cv from our-é»alcula’tionl of bqndmg charge.

The idea 1s that the atoms in crystals of 4-fold coordination form tetrahedrally-

~directed covalent bonds through 'hybridiZation of (e.q. (sp3) in Ge) orbitals, -
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and that crystals‘f 6-fold Eoordinafion no longer form directed bonds but

are held togéther by electrostatic forces. For an homologbus series of
crystals of increaéing ionicity, the covalent bonding Weakehs as. the'ionic
bonding becomes stroﬁger. When the amount of charge in the covalent‘boﬁd '
approache.s zero, the configuration c.>‘f tet'rahedrally- directed bonds is nb ’
longer stable. Co’nsequéntly, it is reasonable to speculatg that a .phase transi-
tion to a different crystalline structure occurs as‘ the covalent bonding charge
is close to zero. :

To test this hypothesis we have plotted in Fig. 24 our calculated values

- of Z. versus the ionicity of Phillips and Van Vechten for the series of com-

b

pounds studied. The points of the series Ge, GaAs,; and ZnSe14 are connected
witha smooth curve, which when extrapolated gives zero bonding at an ionicity

of fc = 0.78. The points of the series Sn, InSb, and CdTe are also connected

. using a smooth curve, which when extrapolated gives zero bonding at an

~ lonicity of fC =0.79. These two values of critical ionicity (f(-3 =0, 79 and

£, =0. 78) should be compared with Phillips’ empirical value of the critical

ionicity, namely, £, =0.785+0.01.
_ - (Fig. 24)

is plotted/against Pauling's ionicity scale, 15

When the bonding charge Zb

the curve passing through the series Ge, GaAs, and ZnSe gives a zero-

covalent-bonding ionicity of 0.80, which is the 'v_alue empirically determined.

by Phillips for the c'riticavl ionicity using Pauling's scale, . The curve passing

through the series Sn, InSb, ‘and CdTe gives a criticali‘iohicity of 0.61 which

does not agree very well with the above value. We conclude therefore that for
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the crystals we have.studied it appears that the ionicity scale of Phillips
and Van Vechten is in better a’greemeﬁt with our ;esuits than the io‘nicity
~ scale of Pauling. |

The discussion above is based on the plot in Fig. 24 where we have
drawn what we believe to be a suitable curve between the calculated points.
A least squares fit to the points might be even more appropriate16. An
analysis of this type would give roughly the same fc value given above with
a wider range of uncertainty. We should aléo point out that thé_.transition
from_é—fold to 6-fold coordination is expected to occur in a region close to
the Zb = 0 point and not necessarily at this point.. Because of this and

~ the background problems in calculating Z._ we expect that our values of

b
fC are'approximate. It is encouraging that the values were so close to
those obtained empirically by Phillips.
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Figure Captions

Location of atoms in the primitive cells. A section of (1, -1,0) plane is
shown bounded by dashed lines. This bounded plane pé.sses thréugh both
atoms A andl B.."The extended plane passes through all of the atoms shown
in 'the diagram. Each atom has four néarest r.ieighborslb'cv)nded tetrahedrally.
Vélence electron density COntdﬁr map (in units of e péf primitive cell) and
dot-density’plot' for band 1 of Ge'in the (1,-1,0) plane. The radii of the
cores for Ge is 0. 20 of the Ge-Ge distance. This radius is thét of a sphere :
containing 80% of the outermos‘t shell of core electrons. |

G_e charge density-—band 2.

Ge charge density’--band 3. -

Ge charge density—-béndél;

_Gé charge density-;—SI,lm' of valence bands 1-4.

Hypothetical c"hbarg'e density for the first conduction band of Ge. B

GaAs charge.density;-band 1. Thé core radii for Ga and As are 0, 23

and O. 18 of the Ga-As distance. The radii are those of spheres containi‘ng

80% of the outermost shéll of core electrons.

. GaAs charge density--band 2.
.. GaAs charge density--band 3.

GaAs éharge’ density--band 4.

GaAs charge denéity——sum of valence bands 1-4..

Hypothetical charge density for the first conduction band of GaAs.
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ZnSe charge density--band 1. Thé core radii for Zn and Se are O; 24 and
0. 15 of the Zn-Se distance. The radii are those of spheres containing
80% of the outermost Shell of core electrons. |

7nSe charge density--band 2 x

ZnSe charge density--band 3.

ZnSe charge density--band 4.

ZnSe charge density--sum of valence bands 1-4.

Hypothetical charge density for th.e.first conduction band of ‘ZnS.e.

Sn charge density for the sum of valence bands 1-4.

InSb chargé density for the sum of valence bénds 1-4.

CdTe charge density fbr the sum of valence bands 1-4.

Si charge density for the sum of valence bénds 1-4. T.he cofe radii for Si
is 0. 16 of the S.i-Sif distance. The radii are those of- sbheres containing
80% of the outerinost shell of core élecfrons.

Bonding charge versus lonicity. The bonding charge is in units of e per

bond. The calculations do not include spin-orbit effects,
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resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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