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Modcl Pseudopotential Calculations of the Electronic
and Bonding Properties of Group IV Elements

T

’ % *
" Carmen Varea de Alvarez ' and Marvin L. _Cohen
Department of Physics, University of California
and

Inorganic Materials Research Division, Lawrence Berkeley Laboratory

Berkeley, California 94720

ABSTRACT
We have calculated the band structure and electronic
charge densities as a function of position in thé unit cell for
| ~several two- ﬁarametér pseudopotential mociels foi' Group 'IV- -
elements. This was done in an attempt to understand the.rela-
ltionship between charge density and band structure in crystal-
line diamond structure semiconductors. We have found that
by char_lging oniy one parameter in the pseudopotential we can
simuLate the préperties of the column IV semiconductors.
I. INTRODUCTION
‘The group IV elements, c¢arbon, silicon, g.er!.naniuvm, gray tin and
lead form a very interesting series. The four atomic valence eie'ctrjons for
these elements are in the 32p2 electronic configuration. For the crystal-
line state, in the cases of C, Si, Ge and Sn (but not Pb), the formation of

4.sp3 hybrid orbitals gives the strongest bonding overlap and this is the most



-9-

stable configuration in the crystalline state. The sp3 orbitals give rise to
four equivalent tetrahedrally coordinated bonds and this bonding results in
the diamoﬁd structure for these crystals. In this group, the bond energy is
a decreasing function of the atbmic number; carbon has a véry strong bond
while gray tin is only stable at low temperatures and undergoes a phase
transformation aﬁ 292°K to metallic white tin. Lead'crystallizes in the fec

structure and is metallic.

The dptical properties of these crystals can be correlated to their |
bonding properties. The fact that Empirical Pseudopotential Method] (EPM)
calculatioﬁs on charge density2 predict the bonding trends in tetrahedrally
coordinates crystals sb well, indicates that trends in the imaginary part of
the dielectric function ez(w) (which is the input in EPM calculations) contain
the relevant information é.bout how these crystals are bonded. In diamond type
c.r'ys'tals ez(co) consists essentially of two main peaks, one at low energies
(energy EL) associatedlwith transitions at the L point of the Brillouin Zone (BRZ)
and aﬁother prominent peak at higher energies (energy EX) associated with a
region around the X point of the BZ. Phillips and Van Vechten3 have pointed
out that the largest bond is expected when all optical bscillator stfength‘s are
‘ concentrated at one energy gap. Furthermore, for 2 fixed average gap Eq,
if one part of the conduction band is close to the.va.lence baﬁd, appreciable
mixing of the valence band with the conduction band is expected. So that a
measure of the dehybridization of the wave function is given by EX/E whére F

is an average of E_ and the energy of the smallest direct gap.

L




Two important features come in when doing an EPM calculation:
(1) the nearest neighbor distance, which increases in going from .C to Pb
and (2) the pseucdopotential, which depends on}the elefnérit of interest. These
features raise an interesting question: is it the change in Inearest neighbor
distance, d, that is responsible for the marked differences between these
materials, or is it the different effective potential that the electrons feel
ouiside the core which produces such differences? A partial answer comes
from pressure experiments. The application of hydro_static pressu.fe is
expected prhﬁarily to change d. What one bbsérvés in thié case is an increaSe
in the average direct gapand a tr.end toward metallization. Because these are
contradictory, then based on pressure data only, changes in d from element

to element cannot explain the observed trends in the group IV materials.

To investigate the dependence of the properties on the potentials
used, we have célculated the band structures and electronié charge
densities in'the diamond structure for thrée model pseudopotentials using
only two parameters to specify the pseudopotentials. O.ne of these para- |
meters was kept constant Whilé the other was chosen to give the band
. structure of a one eV gap semiconductor like Ge; a zero gap semiconduc-
tor such as Sn; and a band structure with overlappirig' bands having fnetal—
lic properties. We have also calculated the band stfucture an;:i charge
density in the Fermi-Thomas approximation for a 'pseudo'potenti_al appropriate

to Ge. All through this work the lattice constant used was that of Ge.
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A similar approach has been taken by Heine and Jones4. They investi-
gated the dependence of the band structure of diamond type semiconductors
on the pseudopotential form factors v(~3) and v(V8) {the same ones used in
this work). From their calculations using pertu_rbatio'n theory, they suggest
that when the pseudopotential form factor v(~8) is zero, the bonding chzirge
is zero. Our charge density calculations show that both the criteria of Phillips

and Van Vechten (essentially E. -~ 0) and Heine and Jones (v(~8) = Q) are

L
equivalent and give complete debybridization. This explains in part why Pb does
not crystallize in diamond structure s_ince the Heine and Animalu v(~8) for
Pb is negative,
II. PSEUDOPOTENTIAL METHOD

In this approximation, the crystal is considered as a collection

of N spherically symmetric "ions" located at the lattice sites.. The ZN
except in a Hartree sense, and

valence electrons do not mteract with each other /they interact with the ions
through a weak local pseudopotential v(r). This pseudopotential includes
the Coulomb attraction with the ions, -Zez/r and a repulsive termnear the
core arising from the requirement.that the valence- eiectron wavefunctions
be ox"thogonal to the core wavefunctions (the highly localized core states are
not solutions of the pseudopotential Schr8dinger's equation, so the 'pseudo-
potential is much weaker near the core region than the actual potential).
The final contribution to the pseudopotential comes from the interaction

arising from the valence electrons which can be included by using a

screening function,



Once the pseudopotential is fixed, the energy bands and electronic
charge density can be obtained by solvi.ng for the eigenvalues and eigen-

vectors of the one electron Schrddinger equation
o2 e e
B v®]e® - @e® W

where K is the wavevector, n the band index and the pseudopotential is

given by
V() = E :v(F-?.) . (@)
: ion J :
sites

The crystal symmetry is easily taken into account when this pseudopoten-
tial is expanded in the reciprocal lattice In the diamond structure, with
two atoms per cell at p031t10ns + T where T = —(1 1,1), a is the lattice

constant, Eq (2) becomes

V(@) = g v(G) cos(c*;-?c’) R - (3
with
W@ = (@ [v)e Crge (@

where Q is the volume of the primitive cell and G is in units of 2n/a.
Usually, in EPM calculations only the form factors v(N3), v(N4), v(\B)

and v(N'11) are allowed to be nonzero but the et.ructure factor cos 8? =0
for IGI = 2 for diamond structure materials. Therefore this method uses
3 ]a(ﬁustab_le parameters to fit the known energy band features. In Fig. 1
- we show the 3 fbrm factors obtained by Cohen and Bergstr.e‘sser5 for Ge

together with the theoretical bseudopotential of Heine and Animalu6 and the



pafameéérs used in this work.

| The pseudopotential curves v(q) can usually be divided into two
regions separated by a point where v(qo) = 0; dy is related to the radius of -
the‘latomic core rd. | For q< Qg and | v(g) <0 and. this region represents
the screened aftractive coulomb' potential outside the ion cores; for the region
a >'q0, q Is positive and approximately represents the repulsive parL of the

potential arising from the orthogonalization conditions inside an effective

core radius. With this in mind, one would expect to obtain all the main
properties of the band structure and electronic charge density from only
two form factors each representing one of the two regions. Generally,

since q4 < «/'8-25, the parameters we choose are v(N3) < 0 and v(x/8) >0.

The actual values for the model potential we chose are in Ry given below.
For model potential I :

v(N3) = -0.25 , v(NB) = 0.071 ;
for model potential II

0.053 ;

v(N3) = -0.25 , v(NB) =
for model potential III
v_(~f3) = -0.25, v(N8) = 0.0 .

We have also investigated a Fermi-Thomas model with a cutoff

. . | A . ,
of the potential at q = 4'51 . The resulting form factors are (Ry)

V(N3 = -0.3004, v(NB) =-0.1688, V(N1 =-0,1338 .

For a given set of form factors, the Hamiltonian can be solved for the
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energy eigenvalues and wavefunctions % ‘k(r) at many
. b4

k points in the Brillouin zone. The charge density for each valence barid

is Lhen given by
onle) = 2 eliy I -

In the diamond structure there are a total of 8 valence electrons per
primitive cell and 2 valence electrons per energy band. The charge den-
given in the next section
sity results/are plotted in the form of contour plots in the (1,-1,0) plane,
which contains an atom and two of its nearest neighbbrs. The density is
plotted in units of (e/Q) where Q is the volume of the primitive cell.

III. RESULTS

Model potential I. In Figs. 2 and 3 we show the calculated enerqgy

band structure and electronic charge density, in the valence band, for

model potential L
Table I shows a.comparison between the main energy splittings
obtained by Cohen and Bergsi:’ress‘er5 (CB) using three form factof»s’ the
using two
present model/form factors, and the experimental val ues for Ge The
main difference between our results and those of CR 6ccurs in the first
indirect gap. The.re are smaller differences in the higher conduction bands
and even smaller differences in the valence bands. This model would predict
optical properties close fo those obtained by a CB potential, |

From the total charge den.nty for the four valence bands (Fig. 3)

the covalent bonding is apparent. 'l‘hn concentration of Lh'u.rge in the bond is



a little weaker than that calculated by Walter and Cohenz using a

CB poiential. 'I;his is not inconsistent with our model since the valence to
conduction band averagé energy gap for this model is smaller than _thé one
calculated by CB. .Thus a simple model pseudopotential thai uses 6n1y two para- .-
meters, one representing the s¢ree;1ed Coulomb aEtraction to the atoms (v(\N3)),
and another that represents the repulsive orthogonalization requireménts
(v(N8)), describes quite well the energy.band'stx.'ucture and bonding properties
of Ge. |

Model potential II. As the pseudopotential form factor v(v8) is re-

duced, the repulsive part of the atomic potential decreases and the s-like
levels which are mbre sensitive fo the potential near th‘e atoms become more
tightly bound. For a value pf 0.053 Ry for ¥WB the energy of the r25' and Lo
levels becomes equal giving.a band stru‘.cture.' similar to that of grey tin,
] In Fig. 4 the calculated energy band structure is given and in
F1g o the total charge density for the four valence bands for our second model
potential isv shown. The energy band structure is actually that of a semimetal
" with a small overlap of 0.07 eV from I‘25, to Ll; the first direct gap is zero
as in the case of a-tin. Table 1 shows the main energy splittings obtained
- in-model IO--all the4-5 splittings are smaller than those of model I. Inthe
next paragraph we show how the changes of the energy splittings with v(v/8)

are easily understood from the form of the wave functions at the bottom of

the conduction band.



Ina separated but related work7, we have calculated the charge

density for the I,,, L1 and X

| States in the conduction band of Si. Our

resﬁlts are as follows:

1) The charge density for states near 1"2, is highly peaked riear the atoms
and it is - very sensitive to changes of the pseudopotential in that region
in real space. I is therefore very sensitive to changes in v(N8). |

' 2) The charge density for states near L, is more "free like" but peaked

1

between the atoms and the antibonding site so they are less sensitivé to
changes in V8 than 1"2_,. |

3) The charge density for states near X1 is almost constant so that the
I‘25, - X1 is very little affected by changes in v(~/'8).,

Figs. 6 and 7 show the charge density contour plots‘ in the first

~.energy splitting

valence band for model pdtential I and II respectively; the reduction of v(V8)
from the first to the second model has caused a decrease in the ‘repulsive

‘part of the potential near the atoms, and the electronic charge tends

|

_ Vto pile up closer to the atomic sites; the same effect is obsemiéd in band 2.
Bands 3 - ‘ - :
/and 4 are almost identical for raodels I and II; p~like bands are quite insen-

sitive to the potential near the atoms. The only trend we observe in com-

,béring Ficjs. 5 and 3 is a small trend to pile up charge closer to the atoms
in model IT; this tendency is also 'preserit in the charge densit_iesl of Walter
and Cohe‘nz going from Sito Ge to a-tin. This is mé.inly caused by the
chargé density of the first two s-like valence bands aé a].ready discuss.ed.
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Model potential III. Figs. 8 and 9 show the energy band structure
and total charge density in the valence band for model potential III.- v(N8)
iIs zero in this model; the energy band structure is t'haf of a semimetal and
Table I includes the values of the main energy’s;l)ﬁttings. | |

Since v(N8) is now zero, the piling of the charge density closer to the
atoms is more'acckentuazed as shown in Fig. 9. The charge dénsity for
valence bands 1 ar;d 2 is completely s-like with no oveflap aall, 'whiie

“valence band 3 is affected slightly since it includes antibonding states near
L1 which is now m the valence band. The incluéipn of these stétés affects
the bonding charge for this band by about 6% compared with the third valence
band of model I. The charge for valence band 4 is again almosf unaffected
by the change in v(N8).

- The charge density given in Fig. 9 is not precisely the charge den-
sity that our model potential would have at OOK. The Fermi level is some-
Wh‘ére between the L3. and r2:;' 1evels so that a region around r2 5 in the
3rd and 4th bands is unoccupied. Since the wave functions near L3, are
very similar to those néa.r r25" we do not expect that Fermi-level correc-
tions will be very important.

It is interesting to compare the band structure of iead assuming it
could crystallize in the diamond structure with the results of model IIL.
To do this, we have calculated the band structure using the Heine-Animalu
| pseudo.potential foz_f lead. The lattice constant i- ~hosen so that the nearest

neighbor distance, d, in our hypothetical phase for Pb is the same as the

nearest neighbor distance in its fcc phase. The justification for this choice
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is that when Si and Ge underge a metallic phase transformation under pres-
sure the nearest neighbor distance is almost unchanged, The band structure

obtained in this manner is similar to that of model III.

Fermi-Thomas model. Inthe Fermi-Thomas approximation, the

pseudopotential is given by
| ' v . 2
- . 8Trezz - __2_.e ks

v(a) 2 . 2, PN
e’k P F e
Here Q) is the volume of the primit'ive'cell, z the number of outer elec-

trons per atom and for Ge 2 =0.57 Ryd. Since the Fermi-Thomas poten-

36
tial is attractive for regions even close to the cores, (no orthogonahzatlon
conditions '

/ have been imposed on the valence electrons) the electrons tend to plle up
in the core region. This is reflected in the energy band structure obtained
for this model shown in Fig. 10. The states inthe first two s-like bands
are separated by a gap of 20.5 eV from the rest of the states in the valence

core states
band. These states behave essentially like /. and are not available for the
formation of sp3 orbitals. The band structure is that of a semimetal(or
metal) w1th a large overlap. 'As in model III we have not computed the

the charge density shown in Fig. 11 is approximate.
effects of the overlap on the charge density, hence / Nevertheless, since

the charge distrib.ution in the first two bands is Ihighljy peaked around the
atoms, and bands 4 and 5 add an almost constaﬁt background to the total
cﬁarge density when compared to the first two., we exﬁ)e'ct that Fermi le\}el
corrections would not affect appreciably the total charge density. The main

- point is that the repulsive potential is too weak to keep the electrons outside
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the atoms and Ehe formation of 'sp3 orbitais islnot energetically favored. -
IV. SUMMARY AND CONCLUSIONS
With a simple two parameter model pseudopdtentidl with one variable
parameter it has been possible to simulate thé ‘variatiion observed in thev
group IV eleménts. A comparison between our results for model I and
model II, shows how a decrease in 'the repulsive part of the potential can take
into account the main differences in band structure .var}1d bonding properties
between Ge ahd gray tin. Of course, this model is too crude to include all
the band structure fe\ature‘s of these elements, but we believe that the main
trends going from Ge to gray tin are explained by a reduction in the contri-
butions from the repulsive orthogonalization requirements (v(V8)) to the
pseudopotential, |
As‘suniing that we could construct two diamond type crystals, one
of Ge and the other of Pb with the same interatomic distances, the major
, apart from screening effects
difference in their pseudopotentials vould come from the orthogonalization
’conditions imposed on the pseudowavefunctions from the two different cores
Qf Ge and Pb._ That is, the main difference in the pseudopot.entials w.ould

be inside an effective core radius r This repulsive contribution to the

0"
pseudopotential would be mostly affected by the form factors V(qg) for large
q which we have included in only one variable parameter v(N8). As the posi-

tive V(@) for large q decreases, the pseudopoteritial in real space becomes

less repulsive allowing the electrons to concentrate in a region between the
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real core and our "effective core", If the electrons ’lare too close to the
cores, there a{re fewer electrons to form the bond, hence the bonds formed
when the crystal is constructed are weak and the enérgj gain in the forma-
tion of the bonds might be smaller than the energy required to promote the
electrons from the 'szp2 ground state to the sp3 configuration.‘ The crystal | ,
would most likely changé to a more stable configu.ratioﬁ. . |

With .respect to the band stfucture a.nd electr‘icé.l prop‘.erties, since
states near I‘Z, and Li are concentrated close to the atoms, a decrease in
the repulsive part of the pseudopotential affects them fnost. Therefore,
decreasing the repulsive potential would d'ecrease.th.e potential energy of
these states, Consequently, the_ first direct as well as the first indirect gap
in the band structure would be decreased.

Because of this study using a two parameter model, which simu- |
lates the répulsive and attractive parts of the pseudopotential, we can
understand ahd roughly predict the dependence of the total electronic charc:;e

density on the pseudopotential without going through a calailation of the enej:'gy

band structu.ré.
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Table
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1 25! 1
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-3.08
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2.1
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3.4

0.8
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0. 41
- .07

-1.46

0. 34
0. 25
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1.74
1.24
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3.35
2.85
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