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Shear strains, which change the donor wave functions, greatly affect impurity conduction, which depends 
sensitively on the wave function overlap of neighboring impurity states. The change of impurity conduction 
of germanium containing 5.2X1015 antimony atoms per cc and about 3 % compensation was measured at 
1.9°K as a function of shear strains produced by uniaxial tension and compression along [110]. It is shown 
that the anisotropy and the saturation of the conductivity changes observed at stresses larger than 4X108 

dynes/cm2 can be understood from the strain-induced changes of the donor state wave functions. 

ELECTRON spin resonance experiments on shallow 
donors in silicon1 and germanium2 have determined 

the magnitude of the donor wave function in the 
neighborhood of the donor. Kohn3 and Luttinger con­
structed a theory of the donor wave functions which 
agrees with the experiments except for some unresolved 
complications in germanium. Here we describe a method 
of studying the shape of the donor wave functions at 
large distances from the donor atom by means of the 
effect of shear stress on impurity conduction.4 

Impurity conduction depends sensitively on the 
overlap of neighboring impurity states.5 Shear strains 
which lift the degeneracy of the conduction band 
valleys also lift the corresponding degeneracy of the 
donor levels and change the donor wave functions. The 
resultant change of the overlap strongly affects the 
electron transfer between neighboring donor sites and 
gives rise to a stress dependence of impurity conduction. 
The anisotropy of this piezoresistance effect enables 
one to deduce the anisotropy of the strain-modified 
donor wave functions. 

As an example let us consider ^-type germanium 
subjected to pure shear produced by uniaxial stress6 

along [110]. Price7 calculated for this shear the splitting 
of the ls-multiplet of shallow donors in germanium on 
the basis of the deformation potential theory.8 Treating 
the chemical shift7 4AC and the shift of the valleys as 
perturbations, and labeling the four lowest-lying donor 
states from 1 to 4 in the order of decreasing energy, one 
obtains the following donor wave functions modified 
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by the strain 

^r(i) = 2-^(( |> 1 -$ 2 ) , 

* ( 2 ) = 4 E [ l+*/(4A f l*+€/)*]**y , 

7 = 1 

*(8) = 2 - * ( $ 8 - $ 4 ) , 

CD 

^(4) = i E [ l - ^ / ( 4 A c
2 + 6 / ) * ] % . 

3 = 1 

Here $(r) = Fj(r)<pj(t) where the envelope function 
F3(t) is the solution of the effective mass equation3 for 
the jih valley and <pj is the Bloch wave at the jih 
valley. The valleys are labeled from j=l to j = 4 
according_to the direction of their axes along [111], 
[111], [111], and [111]. The deformation potential 
theory yields for the shear-induced shift of the valleys 
€i = €2 = — e3 = — €4=E2SuX/6, where E2=deformation 
potential for shear, Su= elastic shear constant, and 
X= uniaxial stress along [110], taken positive for 
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FIG. 1. Surfaces ^ ( 4 ) = constant for donor ground state in the 
limit of large uniaxial stresses along [110], 
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FIG. 2. Ratio of the resistivities of stressed and unstressed 
w-type germanium for the principal directions as a function of 
stress. 

tension and negative for compression. For compression 
interchange ^ ( 1 ) and ^ ( 3 ) in Eq. (1). 

Two effects contribute to the piezoresistance of 
impurity conduction, (1) the redistribution of electrons 
as the Is donor states split under shear strain, and 
(2) the change of the wave functions according to Eq. 
(1). The redistribution effect is negligible when 
kT<^2Ac. This condition is satisfied below 4°K for 
arsenic and phosphorus donors for which 2AC=2.1 
milliev9,10 and 2AC=1.45 milliev,10 respectively. In 
these cases only the ground state \I>(4) is occupied. For 
strains large enough so that | ey|»4Ac, all ^ ( i ) become 
strain independent and hence the piezoresistance of 
impurity conduction saturates. In this limit ^ ( 4 ) ap­
proaches the form >Er;r(4) = 2-*($3+<$4) for uniaxial 
tension and \J>_x(4) = 2~*(<f>1-|-(i>2) for uniaxial com­
pression. 

Figure 1 shows schematically the two forms ^ ± x ( 4 ) . 
Only the envelope functions F(r) are shown since they 
determine the electron transfer between donor centers. 

At large distances from the donor F (r) = (wa2b)-^ 
Xexp— [(x2+y2)/a2+z2/b2y, where for germanium 
a=64.5 A and 6=22.7 A and the particular valley axis 
is chosen as z axis.3 

The principal axes of the resistivity tensor are 
indicated by C, D, and E, Since the shear strains caused 
by tension and compression along [110] are identical 
except for a rotation around [001] by 90°, the following 
relations are required by symmetry 

pD(X)=pc(-X), pE{X) = pE{-X), 

Pc(X) = pD(—X). (2) 

(4)), it Because for zero strain \F0
(4) = 2-*(\I^(4)+>l!r_x 

follows from the reduction of the wave function in the 
various directions that 

pD(X)>pE(X)>Pc(X). (3) 
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The change of impurity conduction of germanium 
containing 5.2X1015 Sb atoms per cc and about 3 % 
compensation was measured at 1.9°K as a function of 
uniaxial tension and compression along [110]. Anti­
mony was chosen as donor impurities because its small 
chemical shift, 4AC=0.57 milliev,11 enables one to 
reach saturation of the piezoresistance at relatively 
small stresses. Figure 2 shows the resistivity ratios of 
the strained to the unstrained sample for the three 
principal directions. The relative magnitudes of the 
piezoresistance in the principal directions agree with 
Eq. (3). The symmetry conditions, Eq. (2), are 
fulfilled by the saturation values but not by the piezo-
resistances at smaller stresses. This discrepancy may 
partly be caused by experimental difficulties with the 
transverse piezoresistance measurements at small 
stresses. 

For Sb donors the magnitude of the piezoresistance 
is affected by the redistribution effect. A rough estimate 
of pc{—X)/po at saturation based on Twose's theory 
yielded the value 4, the experimental value is 5.05. 
Experiments on As-doped germanium and with different 
strain orientations are in progress. 
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