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•^^.-r-i^irjION EPR AND PIEZOSPECTROSCOPY STUDIES OF THE 
:::]:.:\v.-?v:c,Y}i DONOR IN GERMANIUM 

E E H a l l e r and L M Fa l i cov _ + 

Lawrence Berkeley Laboratory*and Department of Physics 
U n i v e r s i t y of C a l i f o r n i a , Berke ley , C a l i f o r n i a 94720 USA 

Lithium-oxygen donors in germanium were s t u d i e d a t 
low c o n c e n t r a t i o n (<10 1 ' < cm" 3 ) by means of E l e c t r o n 
Paramagnet ic Resonance and P h o t o e l e c t r i c P i ezospec -
t r o s c o p y . We f ind unambiguously four e q u i v a l e n t 
r e a l - s p a c e p o s i t i o n s wi th <111> symmetry, which t o g e 
t h e r wi th the f o u r - v a l l e y conduct ion band l ead to a 
16- fo ld ground s t a t e . The system e x h i b i t s dynamic 
t u n n e l i n g between the four e q u i v a l e n t o r i e n t a t i o n s . 

Lithium - - a t e c h n o l o g i c a l l y impor tan t impur i ty in germanium 
1 2 - 3 

dev ices ' - - has y i e l d e d r e s u l t s in IR Absorpt ion and 4 P h o t o e l e c t r i c Spect roscopy exper iments which have been 
c o n t r o v e r s i a l . The L.i and Li -0 donors in S i , on t h e o t h e r 

3 5 hand, ' a re we l l unde r s tood . 

We have s t u d i e d t h e L i -0 -donor in Ge us ing improved EPR 
t echn iques and h i g h - r e s o l u t i o n P h o t o e l e c t r i c Spec t roscopy. 
The i n v e s t i g a t e d Ge samples o r i g i n a t e d from ul r a - p u r e 
S ingle c r y s t a l s ( | N A - N D | < lO"1-1- c m - 0 ) which were doped 
with l i t h i u m v ia d i f f u s i o n a t t empera tu re s between 200°C and 
400 C. The c r y s t a l s c o n t a i n t y p i c a l l y 10 oxygen atoms/cm . 

The EPR s t u d i e s were performed with a 24 GHz heterodyne 
7 spec t rome te r a t o p e r a t i n g t empera tu re s ~2K. Modes with 

Q > 5 • 10 , i n s e n s i t i v e t o t u n i n g and ext remely s t a b l e 
13 were used. As few as 10 L i -0 -donors could be observed 

wi th s i g n a l t o n o i s e r a t i o of -100 . 

The spectrum for magnet ic f i e l d s in the ( l lO) p lane c o n s i s t s 
of one double and two s i n g l e l i n e s . A t y p i c a l exper imen ta l 
curve i s shown in Figure 1. The g - f a c t o r s fo r H (110) 
a re shown in Figure 2 . A t h e o r e t i c a l f i t t o t h e da t a y i e l d s 
donors wi th <111> type symmetry, and with g =1.9040±0.0010. 

* Work supported by the Division of Biomedical and Environmental 
Research of the Department of Energy under Contract No. W-7405-ENG-48. 

t Work suppor ted by the Na t iona l Science Foundation through 
Grant DMR78-0 340 8 
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Figure 1. Typical EPR spec
trum of the Li-0 donor in Ge 

and g = 0.8585 + 0.0010. 

Attempts to saturate the 
Li-0 EPR lines failed due 
to ionization of the donors; 
this is seen by a rapid 
increase in the free-

Tt.a electron cyclotron line 
intensities. Under these 
circumstances END0R exper
iments are impossible. 

Photoelectric piezospectroscopy was performed using a 
Fourier transform IR-spectrometer. High resolution was 

13 -3 achieved by keeping the Li concentration below 10 cm 
Tigure 3 shows two spectra at T = 6.5K with and without 

8 stress. Both spectra show "hydrogenic" character . 
A series of spectra at intermediate stress shows that the 
broad features at "62 and 6 7 cm in the zero stress spec
trum develop continuously into the two sharp lines at 
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Figure 2. The g-factors of the Li-0 donor in Ge. 
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Figure 3 (above, left). 
Photoelectric spectrum of 
the Li-0-donor in Ge at 
T = 6.5K. 

-65 and 66 cm in the 
high stress limit. The 
sharp line at -70.5 cm 
does not change its po
sition under stress. 

The weak line at -6 7 cm 
at high stresses and its 
hydrogenic partners are 
the only ones due to free 
Li donors: they are very 
sensitive to total Li and 
0 concentrations and they 
increase rapidly when 
NT . > N_. At low stresses Li 0 _, 
the 6 7 cm line blends 
into Li-0 broad lines. 

100 200 
Stress, /teV 

300 

The EPR and IR spectra of 
Li-0 can be interpreted 
unambiguously in terms 
of donors with axial sym
metry along <]11> --
e.g. a diatomic complex 
oriented along <111> 
axes -- which tunnels 
between all four possible 
real space orientations. 

Figure 4 (below, left). 
The energy levels of the 
Li-0-donor ground mani
fold as a function of 
stress. Degeneracy is 
shown by the number of dots. 
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Figure 4 shows the eigenvalues of the 16-fold ground-state 9 multiplet as a function of stress . This degeneracy arises 
from the 4 real-space orientations and the 4-valley degen
eracy of the Ge conduction band. 

In summary we have observed an electronic effect caused by 
a dynamic tunneling of the nuclei of the Li-0 complex. 
This model, including the high multiplicity and the tun-

3 4 neling, explains the puzzling features of previous work ' 
and eliminates the discrepancies found in the interpretation 
of the data. 
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