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ABSTRACT 

LBL-7545 

High-resolution spectra of the lithium-oxygen donor 

ln pure germanium under uniaxial stress are reported for 

the first time. They can be unambiguously interpreted 

in terms of a diatomic-molecule donor with axis along 

the (111} directions and tunneling between all four 

possible orientations. 
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Lithium is a fast diffusing, interstitial, shallow 

donor in germaniu~ Lithium ions can get trapped in 

the Ge-lattice at low energy sites, e.g. acceptors~, 

point defects\Y, oxygen impurities, etc. The Li-0 complex 

is, as lithium itself, a shallow donor and is used in the 

lithium precipitation technique to determine the oxygen 

concentration in germanium crystals~ Early low resolu-

tion infrared absorption spectra of lithium doped 

germanium crystalW showed more lines than can be 

explained with Faulkner's "hydrogenic" donor mode:W'. 

Recent experiments using high-resolution Fourier Transform 

Spectrometers and photoelectric techniques~ indicate three 

sets of "hydrogenic'~. lines, one set consisting of 

extremely narrow, the other two of very broad lines. The 

suggestion that the broad line sets are due to inter-

stitial lithium while the narrow line set is due to the 

lithium-oxygen donor~ was disputed in the work of Bykova 

et al.~ 

We have investigated the Li-0 donor system using 

electron paramagnetic resonance (EPR) and high-resolution 

photoelectric piezospectroscopy.\VThe EPR measurements 

were performed with cylindrical samples acting as a 

dielectric microwave cavity with high Q (axis along <110); 
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diameter: 12 mm,length: 8 mm). A heterodyne EPR spectre-

meter operating at rv 24 GHz with the DC-magnetic field 

in the ( 110) plane was use~ The Ge-samples were cut 

from single crystals containing a net impurity concentra-

, I 11 -3 . 14 -3 tion N A -N0 < 10 em · and oxygen concentrat1ons N
0 

rv 10 em · 

After saturation of the samples with lithium via diffusion 

from the surface at 400°C, the lithium was out-diffused 

for prolonged times at 200°C until a donor concentration 

Of 'n·lo 13cm- 3 h d W"th d t t" -v was reac e.· 1 a onor concen ra 1on very 

much smaller than the oxygen concentration most of the 

lithium ions are bound in Li-0 complexes. The EPR spectrum 

shows four resonances which are magnetic-field-direction 

dependent. The dependence is very similar to the one 

reporte~ for the antimony donor 1n Ge. We find g 
11 

= 

0.85 +o.os and g = 1.91 + 0.03. It follows that the Li-0 
.L -

donors have a symmetry axis along a (111) direction. 

Photoelectric spectroscopy~ was performed using a 

Far Infrared Michelson Interferometer with a resolution 

of 8 ~eV. A spring and lever type sample holder in a 

helium cryostat allowed application of uniaxial stress 

between rvO and 3 x 10 9 dyn -2 em Germanium rods (a square 

cross section: 2 1.2 x 1.2 mm , length= 6.1 mm) were cut 

from thin lithium doped single crystal slices, with the 

long ax1s of the rods parallel to the {111] direction. 

Lithium doping was done following the process described 
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above. After saturation of a Ge slice with lithium at 

350°C, the surface source was removed and out-diffusion 

at 200°C was continued until the sample reached a resisti

vity indicating a donor concentration near 1o 13cm- 3 • Two tin 

contacts on one long face of the rods were made. 

Two typical spectra obtained at T = 6.5K are displayed 

in Fig.l(a) and (b). The lines observed below the photo-

conductivity continuum are due to transition of an electron 

from the ground state manifold of the Li-0 donor sy~tem 

to an excited state and subsequent promotion into the 

conduction band via absorption of a phonon. The sharp 

lines at zero stress (arising from the ground state, 10.34meV 

below the conduction band minima) do not change their po-

sitions under stress. The two broad sets shown in Fig. l(a) 

at zero stress (originating from levels ~9.85 meV and 

~9.29 meV below the conduction band) converge into two 

sharp sets at high stress (9.72 meV and 9. 63 meV below the 

conduction band) as shown in Figure l(b). The ratio of the 

corresponding lines in the three sets at high stress is 

1:2:1 when weighted by the proper Boltzman factors. 

A line produced by the lithium donor is visible in 

Fig.l(b) and labeled Li(2P+). The intensity of this line 

strongly increases when oxygen free crystals, grown in a 

graphite crucible are used. Such crystals exhibit oxygen 

concentrations $ 1o 12 cm - 3 . Also when the donor concentra-

tion equals or exceeds the oxygen concentration of quartz 

• 
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crucible grown crystals, ~e observe a strong increase in 

the Li-spectrti~~ Both observations support our assumption 

that the spurious spectrum is actually due to interstitial 

lithium. 

The analysis of our data is based on the following 

observations: 

(a) The EPR experiment indicates four different 

but equival~nt real-space orientations of the 

Li-0 complex donor, all along_ (111) axes. 

(b) The conduction band of Ge has four minima 

(valleys) at_ the (111) L-points of the Brillouin 

zone, i.e., all together there are sixteen dif

ferent hydrogenic spectra which could be constructed. 

(c) The application of sizeable uniaxial stress 

along the Llll] axis lowers appreciably the energy 

. . ~3,1y of the [111] valley Wlth respect to the other three ~ 

so that only four of the sixteen hydrogenic ground 

states ar~ thermally occupied. 

(d) In the absence of a dynamic Jahn-Teller effect 

(tunneling), the four equivalent real-space orien-

tations of the Li-0 complex remain uncoupled, but 

the application of a [111] stress makes them no 

longer equivalent; the four lowest states are not 

degenerate, but they split into a singlet and a 

triplet. No further splitting is possible in the 

absence of tunneling. 
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(e) The experimental observation Figure l(b) 

shows inequivocally a singlet-doublet-singlet 

structure. Such a structure can only appear 

if the various equivalent orientations of the 

Li-0 complex are coupled, i.e., there is tun-

neling between any two of the four equivalent 

orientations. 

Under these circumstances one can write a 16 x 16 

parameterized matrix which describes the ground state 

manifold. The parameters include: 

(i) a diagonal energy shift of (-3E) for the 

[111] valley and corresponding shifts (+E) for 

the other three valleys, 

(ii) a diagonal valley-orbit energy (-~ 1 )for 

each molecular-complex (real space) orientation 

and corresponding to the valley similarly 

oriented in k-space, 

(iii) a diagonal valley-orbit energy (-~ 0 ) for 

each Li-0 orientation and corresponding to the 

other three valley orientations, 

(iv) 6ff-diagonal valley-6rbit energies (-~ 2 ) 

and (-~ 3 ) connecting for each Li-0 orientation a 

pair of different valleys; (-~ 3 ) involves the 

valley at the L-point in the direction of the 

Li.:..o orientation, (-~ 2 ) is for matrix elements 

between any two of the other three valleys, 

j,.-: 
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(v) tunneling matrix elements (-t) Which cannot 

connect for each valley the various Li-0 orienta-

tions. 

The symmetry analysis of the matrix is straightfor-

ward and yields three representations crl-singlet, 

r 2-singlet and T
3
-doublet) for arbitrary stress, and 

five ~epresentations (singlets y 1 and y 2 , doublet y 3 and 

triplets y 4 and y5) for the e:=O case. 

Analysis of .the large-stress spectra yield values of 

t and ~ 0 -~ 1 uniq~ely. The other parameters can be 

obtained from small stress analysis~. In Figure 2 we 

show the eigenvalues as a function of e:, which correspond 

to ~O = ~ 2 = 94.6 ~eV, 

~ 1 = 750 ~ev, 

~2 = 0 ; . 

t =-27.1 ~eV. 

The following features are worth noticing: 

1. At zero stress, e:=O, there is an almost degenerate 

quadruplet (y
1 

+ y
4
), i.e., the tunneling does not 

affect appreciably the lowest four states. 

2. This almost degeneracy is responsible for the 

"lack of bending" of the lowest state as a function 

of stress and hence for the sharpness of the absorp

tion lines originating from it.~ 
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3. All other states are influenced by the dynamic 

Jahn-Teller effect; in particular the next higher 

set of states becomes the fi~st excited split 

doublet-singlet at higher stresses. 

4. The bending and near-crossing of the higher 

bands means that for £ ~ 300 11eV all lines arising 

from states other than the lowest one must have a 

considerable broadening caused by the lack of uni

formity in the stress and the residual strains in 

the crystal. As the stress increases to larger 

values these broad lines must evolve into the sharp 

"hydrogenic" lines arising from the doublet-singlet 

low-lying excited states. 

In conclusion we have observed by photoelectric 

spectroscopy and for the first time an electronic effect 

which is caused by the dynamic Jahn-Teller tunneling of 

the nuclei of Li-0, a diatomic donor complex in a very 

pure semiconductor. 

This tunneling effect gives rise to a fairly complex 

spectrum, which in itself explains most of the puzzling 

features discussed in previous paper~ and eliminates 

the discrepancies often encountered in interpreting the 

optical data of the Li and Li-0 donors in Ge. 

" ' 
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Figure Captions 

Figure 1 Photoelectric spectrum of the Li-0 donor 1n Ge 

at T = 6.5 K. 

(a, Lower figure) At zero stress. 

(b, Upper figure) At a stress of L 5 10
9 

dyn 
-2 

X em 

applied along the [lll]axis. 

Figure 2 The energy evolution of the lowest sixteen-fold 

electronic states of the Li-0 donor as a function of applied 

stress. The degeneracy of the levels (single, double or 

triple) is shown by the number of dots in the corresponding 

lines. The triple level is caused by an accidental 

degeneracy of r 2 and r 3 • All other single states are r
1 

and all double states are r 3 . 
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