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‘High Resolution Band Structure and the E2 ‘Peak in Ge*
James R. Chelikowskyt and Marvin L. Cohen
Department of Physics, University of v'California
‘and
Inorganié Materials Research Division, Lawrence Berkeley Laboratory

Berkeley, California 94720

Abstract
We f'md evidencev.that the E, optical péak. in Ge arises
from tran'sitiOns in a well-defined, | limited region inside the
,Brillouin zone, This conclusion is coﬁmtibie with the recent
: eil{p.elrimaltal results of Aspnes. The region of interest is
not on symmetry lines, but it is close to the (3/4, 1/4,
1/ 4) ‘special point determined by Chadi and Cohen. The
calculated modulated reflectivity, density of states, and
interband masses are in good agreement with expex:iment.
' Recentiy ‘Aspnesl has proposed that the E2 reflectivity peak, Ehe mést
prpm’ment peak, in Ge appears to arise from a localized region in the
Brillouin zone (BZ) in apparent contradiction to previous theoretical

calculations. 2,3,4,5,6

By using a non- locallpseudopotential scheme,
we are ablé to determine that the iriterband transitions of interest arise
from a specific BZ region;.these conclusions are not at variance with the

expérimental results. Analysis of the calculated reflectivity reveals that

the E2 peak arises from a well defined, limited regibn insid.e the RZ which



is not along lines of hlgh symmetry. ThlS region lies near the specvlal point
(3/ 4, 1/ 4, 1/ 4) determined by Chadi and Cohen 8,9
tent with previous theoretical calculations and with Aspnes' 'suggéstibn that the
»observe_d. s.tructur'e can arise from a sét of equiVal_ent critical points.

We al.so obtain an interband mass for the E2 region 1n reasonably .

good accord with the _experim'entally determined value.

Ih addition, our non-local pseudopotentiai calcuiation yields a derivative
reflectivity speétrum and density of States 1n excel_lént é.greement with |
experiments on modulated reflectivity, X-ray photbemission spectroscopy
- (XP8), and ultraviolet photoemission spectroscopy (UPS).

The band structure was calculated using the Empirical Pse'udeo.tential'
7,10

Method (EPM)}which has been discussed extensively elsewhere. For

the atomic pSeudopotential we took a non-local pseudopdtential of the form,

VNL(,;;) = VL(r) + Azf(r)dp2 . | | ' (1)‘

where VL(r) is the usual local atomic pseudopotential, f(r) is given by
f(r) = exp(-rz‘/ 'Rz), and @2 pi'ojects out theg =2 angtil‘ar momentum
component.» | |

This non-local pseudopotential is quite similar to the one used recently
by Phillips and Pandey. 1 It has been noted by them, and elsewhere12 that
such a non-local d-well potential is necessary to obtai‘ri_agreeme nt with
both the optical reflectivity and the densit;lr of states as determined by
experiment. However, unlike the Phillips- Pandey calcu'la‘ttion w_é have

not used a square well for f(r), but rather a gaussian well. The gaussian

These results-are consis-

N
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well probably resembles more closely the true po'}tehtial, and is
cdmputationallj simpler. As can. be noted in Table 1, We obtain
com'parable agreem ent With ex;ﬁerimehtally known f’ransitions. 'The
local form factor‘s ﬁsed. were those of Phillip_s‘and Pa.ndey with minor
modification, 13 and the gaussiah well fad.ius, R, (1 e. the l/.e value)
was also chosen io coincide with their squaré well radius. For the well
height we have‘used A, =0.55 Ryd. | |

Once the‘ band structure has been obtained the imaginary part of the
dielectric _function, ez(w) , is calculated using the 'G_ilat-'Rauberiheimer
technique. 14 The real part of the dielectric ‘functiorll, e_l(w), can then be
éalculated by the Kramers- Krénig }dispérs.ion relations, and a reflectivity,
R(w) obtained. | |

In Figure 1 the experimental and theoretical modulated reflectivity

is given for Ge, and as can be obsefved, the agreeme nt is excellent.
‘In Table 2 identification of the important reflectivity' structure is tabulated.
‘Since we have not included spin-orbit interactions in our calculations, the

- usual E, doublet does not appear in the theoretical reflectivity in Figure 1.

We also have not included. exciton effects which accentuates the experime ntal
El double‘t.‘ It is inferesting to note that the usual A3 - A1 critical innt 3
has been effectively _disp]_acéd to L3' - L1 in our calculatién. " Hence, no
Lg' = Ly M, critical .poi.nt exists. It is péssible, however, that the usual
L3_' - Ll M, critical point can be reinstated with a smali change in the

potentials and the experimental situation has yet to be clearly resolved. 15



The EO' structure near 3.3 eVcomes from alg -4, -1\/Ib1 critical point.

While the r2 5 5

a _s’mall volume and does not contribute significant‘l'y,to this feature. This

_'("— I‘l Mo .criti.cal point occurs at this energy, it occupies
is the usuc.l case in band structure calculations; hcwéver, experimentally
it is possible that exciton effecté could enhance the 1“25' - Tyg transiticn. |
In analyzing the E2 peak we find that it driginates from a specific
region of the I'-X-U-L plane. Figure 2 indicates the energy contours of
interest in th_‘is region. This very flat plateau region has large dipole
matrix elements and because it is not a point of high symmetry there are
48 equival'ent. regions in the full Brillouin zcne making up a large volume.
5,6,10

Further, we find no critical point along X, and as noted elsewhere®

the X, - X1 critical point is of little consequence d'ue' to its small volume.

4
vSuch a plateau} feature has been noted before in zincblende compouirld_s6
and Ge3, where it usually, but not always, is accompé.nied. by a = critical
point,

The plateau itself, consiS:s of a nearly, if not completely, degenerate
M1 - M2 pair of critical points, and while it is not a "localized" region 1r1 _
the sense of a critical padnt at a symmetry point, it. is still a well-d_efine"d
and limited region. The dipole matrix elements and enerqgy differéhce
-of bands 4 a.nd 5 are nearly constant over the entire plateau. Andas
will be mentioned in more detail below, the interband mass in this region

is also nearly constant. Finally it has been noted that the E2 peak in the

ez(w) appears to arise from just such a combination, 15,and Aspnes_ has

.;\»



determined that at least one interband mass component should be negative
in this region. 1 Both of these results are coméatible with our calculations.
The'Ei' stfucture in our theoretical modulated reflectivity éomeé from
an L3’ - L1 critical'point, and, again, no doublet occurs in the theory due
to the absence of spin-orbit interactions.
In Qrder to compare the interband masses as experine ntally détermined

by Aspnes to our resulting band structure, we have calculated some inter-

band masse_é from vthe following expression:

9 «—' p, 2 p 2
1 2l L(E E ‘ElE ) (2)
i T 2 B B W A |

where m, is a measure of the interband mass size for the ith and jth bands,

and Pi is the gradient matrix element. We have calculated m 45 for

£
several poinés in the plateau region with a range of 0.09m to 0. 11m, -

with the latter value closer to the center of the region. Our results for

~ the interband masses are compared with the experirrmtal results of

Aspnes in Table III, and the results are in reasonably‘good agreement.
Finally we note a possible relationship between the plateau region

and. the special point (3/4, 1/4, 1/4 of Chadi and Cohen, who have developed

a scheme for evaluating sums over wave véctor in the Brillouin zone of a

periodic function. 8 They have found that by choosing special poinﬁs in

k-space, rapid convergence of the sum can be achieved (e.q. for charge

density calcuiations).

In particular, if we have |
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Sty e® ®
they have shown that the ’b'evst two point approximation_which can be made is

£ gl + 2 glk,) | W

where 1,«;‘1 ¥(1/-4',_ 1/.4, 1/4) and ,\k'z =f(3/ 4, _1/'4, 1/ 4). It is interesting'that
sueh a two point € 2(0_3) would pick up a contribution to .-the El and _El' peaks
from k1 and a c;ontrib'u.tio:n to the E2 peak frofri 1«:2 | Of course, it is just
‘these peaks'which d.ominaie the structure. T'hiswo'.uld seem to indicate
such a schemevfnight be applicable in evaluating the sum over Wave vector.
needed for dielectric function calculations;‘ furthe‘r 'inve_s_tigations are -‘

| under way. |

In cohclusion we have found a specific limited reg.ion in the Brillouinv

zone giving rise to the E2 structure in‘ the optical speetrum in accordance
with the results of Aspnes. Further by using a non-local pseudopotential
scheme we are able to obtain excellent agreement with the experimental
reflectivity and density of states, anci fairiy good agreement with the
measured interband masses. We have also noted fh_e possibility of applying

the Chadi-Cohen special point scheme to evaluating the dieiectric function.

Acknowledgement

One of us (J.R. C.) expresses his gratitude to D. J. Chadi and C. Varea
de Alvarez for helpful discussions on the special point scheme. Part of

this work was done under the auspices of the U.S. ‘Atomic Energy Commission.



Reference.s =

¥ Supported in part, by the National Science Foundatmn Grant GH 35688.
T Supported by a Natlonal Sc1ence Foundatlon Predoctoral Fellowshlp

| 1. D. E. Aspnes, Phys. Rev. Letters 31, 230 (19’73).
2. G. Dresselhaus and M. S. Dresselhaus, Phys. Rev. 160, 649 (1967).
3., M. Cardona and Fred H. Pollak, Plys. Rev. 142, 530 (1966).
4. L. R. Saravia and D. Brust, Phys. Rev. 176, 915 (1968) and D. Brustk,

Phys. Rev. 134, A1337 (1964).

5. F."Herinan, R. L. Kortum, D. C. Kuglin and R. A. Short in Quantum

Theory of Atoms, Molecules and the Solid State, edited by P. O. Léwdin
(Aéademic Press, New Yofk, 1966) .
6. For the E, peak in Ga Sb, R. Cahn, and M. L. Cohen, Phys. Rev.
| B1, 2569 (1970). |
7'7. M. L. Cohenand T. K. Burgstresser", Phys. Rev. 141, 789 (1966).
8. D. J. Chadi and M. L. Cohen, Phys. Rev: (in press).

9. Calculations using special points for the chalcopyrite structures have
also led to the special point (3/4, 1/4, 1/4) as being a good repre-
sentative point for charge dgnsity calculatioﬁs. C. Varea dé Alvarez
and M. L. Cohen, to be published. o

10. M. L. .Co'hen and V. Heine, Solid State Physics 24, 37 (1970). |

- 11, J C. Phil_lips and K. C. Pandey, Phys. Rev. Letters 30, 787 (19'73).
12. 7. ;CheliKOWSky., D. J. Chadi and M. L. Cohen, Phys. Rev. (in pressj.
13. We have increased their value of W3) by 0.001 Ryd.

14. G. Gilat and L. J. Raubenheimer, Phys. Rev. 144, 390 (1966).



15.
16.
17.

18.
19.
20.

21,

22.

-8-

M. Welkowsky and R. Braunstein, Phys. Rev. B5 497 (1972). | :

W. D. Grobman and D. E. Eastman, Phys. 'R_ev'. Letters 29, '1'508,(1972)- N
W; 'E. Spicer and» R. C. Eden in Proceedings of thé Ninfh International '\
Conference on the Physics of Semiconductors, Moscow, 1968 (Na‘uka,
Len'mgrad, USSR, 1968), Vol. 1, p. 61. | |

D. E. Aspnes, Phys. Rev. Letters _2_§, 913 (1972).

7. Halpern and B. Lax, J. Phys. Chem. Sol. 26, 911 (1965).

R. R L. Zucca and Y. R. Shen, Phys. Rev. Bl, 2668 (1970).

The experimental values are fr\om‘ the XPS Work of L. Ley, S. Kowalczyk,
R. Pollé.k, and D. A. Shirley, see Ref. 12, and Plys. Rev. Letters

29, 1103 (1972).

J. E. Fischer, in Proceedings of the Tenth International Conference

on the Plysics of Semiconductors, Cambridge, Massachusetts, 1970,

edited by S. P. Keller, J. C. Hensel, and F. Stern, Cont. - 700801
(U.S. AEC Division of Technical Information, Springfield, Va., 19’70)

p. 427.

Val



Table Captions

Table I. Comparison' of theoretical and experimental transitions for Ge.
‘ : Spin-orbit interactions have been subtracted out from the
‘- '  experine ntal values.
Table II.  Theoretical aﬂd-experﬁnental reflectivity ‘St.ructu.re at 5°K
(from Ref. 2_0), and their id.entiﬁcatiohs, ‘/includ'mg the location
in the Brillouin zone, energy and symne trylof the calculated
critical points. |
.Table 111, | Comparisdn of the theoretical int;eband mass, mij’ from Eq. (2),
with the experimental values, = o Absolute values

are tabulated, and the notation is from Ref. L

Figure Captions

- Figure 1. A comparison of theoretical (solid line) and experimental
(dotted line) modulated reflectivity for Ge. (The experimental
results are from Ref. 20.) ‘

Figure 2. Energy cbntours for the 4-5 transitions for the region of t‘he

Brillouin zone which contributes to the,E peak. The part of

2
. the r-X-U-L plane displayed is indic'atedby the shaded region.-

N .

. v - The contours are drawn in 0.01 eV steps. (Contours below

~ 4.30 eVand above 4.43 eVare not included.)



Table I.
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Transition Experiment l 'I‘heo'ry"
(eV) (e
ro-r. 12,6405 12.840.4° | 12.56
: 1 25 ' . . | ’ . ‘v . ‘ .-
L, - Ly,'  10.6 +0.4%, 10.5 £0.4° | 10.30
. | | a b e
Ll-l"25 , '7.'7»:&0.2 , 7.4 £0.2 , 7.52
min a ' b | :
T 4.50.2% 4.540.3° | 4.55
1 L i . C g .
L' - Tyg 1.4 £0.2 L Lag
' ' v a. | '
I‘25 - I‘2 0.98 | 0. 99
1 _— € - o
1 of ’ Q5"
Lo’ - Ly 0.87 } 0.85
— | g |
Tye le ; 1.2 | 1.25
: ! . i C "
ryg -Lg | 4.3 430
a) See Ref. 16 (UPS).
b) See Ref. 21 (XPS).
c) See Ref, 17. -
d) See Ref. 22.
e) See Ref. 18.
f) See Ref. 19.
g) See Ref. 5.
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| - a) Spin-orbit splitting.

Table II.
.,Reflectivi_ty |  Associated ! Symmetry ' Critical
Structure i Critical Points P - Point -
(e . Location in Zone L v Energy (eV)
_Theory | Experiment | R
2.28 2.22% 111 (0.50.50.5 | M ©2.28
' . 2.42 Hg TR P B9 1 .
3.25 3.20 | A.-4,(0.1,0.,0.) M, 3.25
‘ 1 ' ) .
 Tpg Ty (0.,0.,0.) M, 3.25
4.50 | 4.49 | Bands (4-5 Near | M-M, 4.38
- (0.75,.25,.25) |
5.03 | 5.01 ~ Vol. (4-5) near -- --
; o (.7,.25,.1) o
5.38 | -- A4, (.5,0.,00) | M, . 535
| 5. 65% | L
: . ! T .
5,78 o 55  Lg'-Lg (.5,.5,.5) M 5.73

—'['[-
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Interband Masses

Mass Component

Transition ‘!
! (field [110 1)
B, iy 8L1T0]
EQ+AO vuso'
By | My
Bty 1 oHg
|
E' | pebo1l
E '+a ' | u,al170]
o "o |
E'+A +A | u,8[001]
o "o i
!
Eg . Hp(D)

a) See Ref. l.

Expt. Va_luea |

(inm)

0.036640.013

0.0269

0.045£0.004 -

0.042+0.005

0.034+0. 005
0. 048+0, 009

0.062+0.006

0.139+0.015

|
)

Thedr. Valueb
- (my5)

0.022
0.050

1 0.047°

0.11

b) Spin-orbit interactions have not been included.
c) The EO' interband mass is from I‘25'-1“15. '
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~ 4-5 TRANSITIONS
(4.30-4.43eV)

06,0303  430eV

— NGO |
‘ ‘iu

435eV

-

(06,0100) - - (10,0101)

Fig. 2
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