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The crossing between absolute (L,) and secondary (~,) minima which 
occurs in Ge under the application of a hydrostatic pressure has been 
found to evidence the strong multi-valley interactions responsible of 
an anomalous pressure depe ndence of the A , level. Two alternative 
experimental investigations are suggested to evidence these expec­
tations. 

WE PRESENT in this paper a detailed analysis of 
the ground state levels of shallow donors in Ge 
when pluri-minima effects are considered . The 
valley-orbit and subsidiary minima interactions 
have been here accounted for the first time in the 
configuration of the conduction band structure of 
Ge which, under hydrostatic pressure, assumes the 
typical features of the GeSi alloys. 1 Our results 
evidence iinporta nt effects whe n the four L , minima 
and the six ~, minima (Si-like ) lie at about the 
same energy a configuration in which the multi­
valley interactions playa domina nt role . The non 
crossing rule (among states of the sa me s ymmetry) 
is here clearly evidenced and an anomalous pressure 
depende nce of the binding ene rgy of the A, leve l is 
predicted for the fir s t time. These re sults could 
suggest new expe riment a l inve sti gations to e vi­
dence the strong interactions arising from pluri­
minima configurat ions , he re theore tically predicted. 

At atmospheric pressure in Ge the shallow 
donors ground s tates is split into two levels of 
de ge ne ra nc ies 1 a nd 3 whose s ymmetries are A , 

and T, respecti ve Iy , a nd for the Si-like minima 
into three leve Is of degene rac ies 1, 2 and 3 whose 
s ymme tries are .4, , E and T, re spective ly . All 
these levels are he re computed taking into account 
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the valley-orbit 2, 3 and subsidiary minima 4 inter­
actions . Central cell correctionss were not in­
cluded, since the exact location in energy of the 
A, leve1 2 is not the aim of the present study . 

Following6 the complete formal treatment of 
Bassani, Iadonisi and Preziosi 7 we have started 
with the conduction band structure of Ge at atmos­
pheric pressure and separated the k-space in the 
extended zone scheme into ten subzones 
n (i =. 1, 10). Every subzone contains a minimum 
located at k 0 i , four for the absolute L, minima, 
and six for-the ~, subsidiary minima (Si-like), B 

which are about 0 .18eV above, located at ko = 

2 7T/a o(0.82, 0,00) , being a o the lattice parameter. 
The e igenvalues £ of the impurity states are so 
obtained from the solution of the secular deter­
minant 7 

Det I (£iO 
- E) Bi.i + V ij (1 - Oij) I = 0 (1) 

where V ii is defined by: 

Vij = f d!5, f d~' rb~*(/:) Uij (!5:., Ii) cD;~') (2) 
. Q i Qj 

being U'J (~, 15::) the Bloch matrix ele ments con­
necting states of different subzones through the 
impurity potential VCr) = -e 2 /rE. ,l.,O(k) and EO "fJt _ \ 

are the eigenfunction and eigenvalue respectively 
of the zero order solution for the ground state cal­
culated for each minimum i (considered as inde­
pendent) in the EMA.9 The q-dependence of the 
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Quantity 

E,iL, - L , ) 

ElaC~f - ~I)" 

E ,i~, - ~').1. 

E,s(L I - ~,) 

V'2 

V'3 
V'4 

V's 
[E (T,) - £ (.4, ) j L , 
[E(T,) - £(A,)]~, 

[E(£) - £ (I,)] ~, 

Iable 1. 

Value 

. 2.2* 

1.6* 

2.3* 

2.2* 
_ 0.184 t 

-0.512 1 

_0.713 t 

_O.472 t 

0.77 1 

3.86 t 

0.40 1 

Units 

meV 

meV 

meV 

meV 

meV 

meV 

meV 

* These values are deduced from Fig. 3 of 
Walter and Cohen .

lo 

. t Present work. 

dielectric constant E = E (k Oi - k Oi = q) has been 
taken into account followi;g the ~esults-of Walter 
and Cohen. 10 The ellipsoidal shape of the equi­
energetic surfaces about the minima have been 
taken into account through an appropriate average 
of the longitudinal and transverse effective Bohr 
radii. 9 The Bl9ch functions have been replaced 
with plane wave functions, a reasonable approxi­
mation for a slowly varying potential. The inte­
gration method was carried on with a delta function, 
as discussed by Callaway. II The values so ob­
tained for V,} are reported in Table 1 with the 
proper dielectric constant values used for calcu­
lations. The V I} listed refer to the following inter­
actions: V'2 to L I - L I' VI3 to ~, - !:l, (parallel 
valleys), V, 4 to !:l i - ~, (perpendicular valleys), 
and V, s to L, - 6. , . The calculated values for the 
energy splittings between the T, and A, levels 
associated with the L, minima, and the T, and 
A I, and E and T, levels associated with the ~, 
minima for Ge at atmospheric pressure are also 
reported in Table 1. 

The effect of an applied hydrostatic pressure 
P was then included assuming a rigid shift in energy 
of the L I and 6., minima with P, 12 and a dielectric 
constant E pressure independent. Using the pressure 
coefficients (respect to the valence band) 
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FIG.l. Pressure dependence of the ground state 
levels for shallow donors in Ge (broken lines). 
Full lines exhibit the pressure dependence of the 
L, and 6., minima. The energy is measured from 
the conduction band edge at atmospheric pressure. 
The insert evidences the anomalous pressure de­
pendence of the binding energy of the 1 s (A ,) 
level in the crossing region between L, and 6., 
minima. The binding energy is m.::asured from the 
conduction band edge at the given pressure. 

dE(L,)/dP = 5 1O- 6 eV/ atm, and dE(6.,)/dP 
- 1.5 10- 6 eV/ atm '2 the new energy locations of 
~, and 6. 1 minima have been calculated. Accord­
ingly the new solutions of the secular determinant 
(1) have been carried on. 

Results are reported in Fig. 1, where the strong 
interaction between the two A, leveh. associated 
with the L I and 6., minima respectively is evi­
denced, in accord with the non crossing rule. '3 This 
effect is maximum when the L, and 6., minima are 
approaching the same energy and causes the binding 
energy of the A, level to exhibit the anomalous 
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behaviour e vid e nced in the insert. On the contrary 
the T, and E levels follow with pressure the be­
haviour of the minima they belong to, as expected . 
The conduction band structure of the GeSi alloys 
varies with composition 1 in a manner similar to 
the variation of the Ge conduction band under 
hydrostatic pressure; at P = 28 103 atm and 

and/ or Ge Si alloys, may be devised to evide nce 
the theoretical predictions; (ii) the possibility of 
controlling to some extent the binding energy of 
a shallow donor is a priori feasible. 

Ge ,-xSi with x = 15% the ten L, + f., 1 minima 
lie in the crossing region. Consequently let us 
emphasize the following facts. (i) Two alternative 
experimental techniques, hydrostatic pressure 
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On evidence les fortes interactiones 'multi-valley' responsable d 'une 
dependance anomale de la pression du niveau d'impurite A parmi Ie 
croisement entre les minimes absolu (L,) et secondaire (f.,,) dans Ie 
Ge sous pression hydrostatiques. On sugger deux investigations 
expe rimentales en alternative pour donner evidence aux previsions 
theoriques. 
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