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The first observation of EPR of electrons at dislocations in Ge is reported. Under
optical excitation two sets of lines are detected: four lines about the (111) axes with gy
=0.34 and g, = 1.94, and 24 lines with g, = 0.73 and g, = 1.89 about (111) axes with a six-
fold 1.2° distortion. The lines persist for hours after excitation and are inverted in sign.

PACS numbers: 76.30.Mi, 61.70.Le, 71.55.Fr, 72.20.Jv

In contrast to the case of Si, reports of EPR in
Ge have been few, restricted to group-V donor
atoms® 2 and the Li-O complex.? We report here
two new sets of EPR lines® in optically excited
dislocated n-type Ge at liquid He temperatures.
We associate these highly anisotropic lines with
electrons at dislocations. The lines appear after
optical excitation and persist for hours, indicat-
ing an extraordinarily long-lived excited state,
as in Si (Ref. 6); they have opposite sign from
normal EPR absorption of donors. In fact, we
believe that the negative absorption is actually
due to a decrease in sample conductivity detected
by the cavity electric field rather than to the usu-
al EPR magnetic dipole absorption.”

The apparatus used was a He-cooled microwave
(22-26 GHz) superheterodyne spectrometer with
an optical port and a He-cooled shutter. Magnetic
field modulation and lock-in detection were used
to record the derivative of the absorption signal.
Samples were cut from nine different Czochral-
ski-grown Ge single crystals supplied by W. L.
Hansen and E. E. Haller. The crystals were »
type, with a net donor (As and/or P) concentra-
tion ranging from 5x 10° to 8x 10*® em™2, and dis-
location etch-pit densities between 10° and 10°
cm™2%, None of the new lines were observed in a
dislocation-free crystal. A typical sample was
cut in the shape of a right circular cylinder,
12,5 10 mm?, polished, etched, mounted in the
spectrometer cavity, and cooled to liquid He tem-
peratures, with the optical shutter closed. At T
=< 4 K the Ge sample itself becomes a microwave
resonant dielectric cavity with a large quality
factor, @ = 10°.® This makes the present experi-
ment possible, with signal/noise ~30:1. Two
modes of excitation were used: (1) broadband
light from a Hg-vapor arc lamp, which produced
EPR signals after but not during excitation; and
(2) arc lamp through a 2-mm-thick RT Ge filter
which together with Dewar windows limited the
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excitation to sub-band-gap energies 0.3<E <0.7
eV, and produced EPR lines both during and after
pumping. In all cases the lines are undetectable
before shutter opening, and persist for at least

4 h after closing.

Two new sets of lines are observed: 24 narrow
lines (14-G peak-to-peak derivative width), and
four broad lines (40 G peak to peak). When the
magnetic field is along a (100) axis, all 28 lines
converge to the simple spectrum centered at g
= 1.6 shown in Fig. 1, adjacent to the As donor
hyperfine structure. Crystals grown in a hydro-
gen atmosphere gave lines reversed in sign with
respect to the shallow-donor hyperfine structure.
Those grown in argon or vacuum gave nonre-
versed lines.

When the magnetic field was rotated approx-
imately in the (110) plane, we observed the com-
plex spectrum of the narrow lines shown in Fig,
2. It consists of four main branches: two with
six resolved lines each, and two branches which
appear to have only three lines but actually be-
come resolved into six when the magnetic field
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FIG. 1. Derivative curves of EPR in As-doped Ge
(Np — Ny =8x10'% em™3). Magnetic field is oriented
along a (100) direction. T =2 K, f=25.16 GHz. Note
the sign reversal of the new lines as compared to the
As hzyperfine structure. Dislocation density~ 2 x 104
cm”e,
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FIG. 2. Angular dependence of the § tensor for the
narrow new lines in a sample of P-doped Ge (N, — N,
=10'2 cm™3) as the magnetic field is rotated in a plane
tilted ~ 3° from a (110) plane. Inset shows the contin-
uation of the lines for low values of g near (110). No
data were taken for g<1, corresponding to H> 19 kG,
the limit of the magnet used. 7' =2 K, f =26.06 GHz,
dislocation density ~ 1x 10% cm™%. The dashed line
shows a portion of one of the four broad lines.

is rotated in a different plane. The overall sym-
metry of the four branches is that of the four
(111) axes, so each (111) axis contributes six
narrow lines. Had the magnetic field been exact-
ly in the (110) plane, the two branches with six
resolved lines each would have become super-
posed. The line intensity from one of the (111)
axes is typically five to ten times that of the oth-
ers; this behavior is explicable for a distribu-
tion of spins on line defects, but not point de-
fects. Figure 2 also shows, for comparison, one
of the broad lines (dashed); they have no resolved
structure and have symmetry axes along the (111)
directions.

The observed EPR spectra can be described by
the effective spin Hamiltonian = z;H-5 -5,
where up is the Bohr magneton, H the magnetic
field, & the spectroscopic tensor, and S the spin.
For the four broad lines, S=% and g is axially
symmetric about the four (111) axes with

£,=0.336+0.005; g, =1.939+0.005, (1)

For the 24 narrow lines, S= 3 and ¢ is axially
symmetric about the 24 directions

(111);+ a(110),, i=1to4, j=1to6,  (2)
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FIG. 3. Projection of the Ge crystal structure onto
the (111) plane. The heavy labeled lines are the {110)
axes in that plane. The six arrows, not to scale, are
projections of six of the symmetry directions of the g
tensor for the narrow new lines.

such that (111),-(110),=0. The parameter « is
a measure of the deviation, along a (110) direc-
tion, of each symmetry direction away from a
given (111) axis. The data yield o =0.02, which
corresponds to a 1.2° distortion. The principal
g values for the narrow lines are

£1=0.730£0.005; g,=1.889x0.005. (3)

In Fig. 3 we illustrate the six EPR symmetry
directions associated with a particular [111]
axis. Since dislocation lines run along (110)
directions,® we see that a symmetry axis is tilted
along a dislocation line perpendicular to the [111]
axis. If the EPR signal is due to dislocation
dangling bonds (DDB), then the g-tensor sym-
metry axis will be along the direction of the DDB.
Our results indicate that the type of dislocation
responsible is one in which the DDB are nearly
perpendicular to the dislocation line. The famil-
iar 60° dislocation of the shuffle set, Fig. 4, is
of this variety.'°

The 1.2° tilt of the DDB could be an intrinsic
distortion characteristic of the dislocation or it
could be the result of a Peierls-like instability.
In the case of intrinsic distortion, there are sev-
eral geometries which are consistent with the
data: (1) All DDB in a given dislocation are tilted
in the same direction, and along the dislocation
line. (2) The DDB are tilted alternately in
opposite directions along the dislocation line.

(3) The DDB are tilted in the direction of the



VOLUME 47, NUMBER 25

PHYSICAL REVIEW LETTERS

21 DECEMBER 1981

FIG. 4. Ge crystal structure including one 60° dis-
location line, d, with its row of DDB, and Burgers
vector b. See Ref. 10.

Burgers vector. In principle, one could test for
this possibility by selectively inducing disloca-
tions in one direction and then observing the tilt
direction in the EPR g -tensor axis.

Alternatively, the distortion may be the result
of an instability with respect to dimerization of
a linear chain of charges and/or spins. For
example, Pincus'' has demonstrated the spon-
taneous distortion of a uniform antiferromagnetic
chain into an alternating antiferromagnet. Evi-
dence of such a spin-Peierls transition has been
observed'? in some physical systems.

For normal EPR magnetic dipole absorption
lines, as detected by the magnetic field of the
cavity, sign reversal could result from spin
population inversion created by spin-dependent
relaxation processes in the optical pumping cycle.
In our case, however, this interpretation cannot
explain the persistence of the lines for hours
after removal of optical pumping and after re-
peated passage through spin resonance. It is
also difficult to account for the size of the signal,
given the small number of DDB in the samples.

The signal reversal can instead be explained
as a decrease in the conductivity of the crystal
as sampled by the cavity electric field, but under
microwave spin resonance conditions, The drop
in conductivity due to spin flips appears as an
increase in cavity @, and hence a reversed sig-
nal. A conductivity decrease on passage through
spin resonance has been observed by Grazhulis,
Kveder, and Osip’yan'® in He-cooled dislocated
Si under constant illumination. They interpreted
the spin-dependent photoconductivity as a spin-
dependent scattering of free carriers by disloca-
tions. Wosinski, Figielski, and Makosa’ also

observed spin-dependent photoconductivity in dis-
located Si under steady illumination and showed
that it gave rise to a reversed EPR signal; they
explain this through spin-dependent recombina-
tion of free carriers. In our experiments on Ge,
however, we observe the reversed EPR lines
even after the light has been switched off and long
after the decay of all free carriers. We propose
that, in Ge, photoexcited electrons can become
trapped for hours in a dislocation band with a
nonzero conductivity which depends on their spin
orientation relative to spins at DDB, Conductiv-
ity changes would occur each time either the ex-
cited electrons or the DDB electrons undergo
spin flips. Presumably their § tensors would
not be the same, i.e., the four broad lines may
be those of the excited electrons, the 24 narrow
lines those of the DDB electrons. The differ-
ence in sign between a hydrogen-grown crystal
(Q increases) and a vacuum-grown crystal (@
decreases) is very likely due to the presence of
hydrogen at dislocations.'® Spin-dependent in-
creases in conductivity have been observed by
Szkielko'® in dislocated Si p-n junctions. He
attributed his results to spin-dependent genera-
tion of carriers at dislocations.

In summary, using the ultrasensitive technique
of high-@ self-resonant samples and electric
detection of magnetic resonance, we have been
able to study Ge crystals of low dislocation densi-
ties. A wealth of new electric detection of mag-
netic resonance lines emerged which through
their symmetry yield evidence of a small well-
defined distortion within dislocations. At the
same time, their sign reversal and excitation-
decay properties indicate the possibility of a long-
lived dislocation conduction band with spin-de-
pendent mobility.
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ERRATA

NONSTATIC SPIN-ISOSPIN ORDER IN LIGHT
NUCLEI. N. Lo Iudice and F. Palumbo [Phys.
Rev. Lett. 46, 1054 (1981)].

We have used Weisskopf units for the B(M2) in
Table I without distinction between absorption and
decay. The conversion factor 1 W.u.=15.2u,2
fm? should therefore be used. It would have been
more appropriate to use Weisskopf units for ab-
sorption, which are five times larger. '

MEASUREMENT OF THE ANGULAR DISTRIBU-
TION OF TENSOR POLRIZATION IN PION-
DEUTERON ELASTIC SCATTERING. R. J. Holt,
J. R. Specht, K. Stephenson, B. Zeidman, J. S.
Frank, M. J. Leitch, J. D. Moses, E. J. Stephen-
son, and R. M. Laszewski [Phys. Rev. Lett. 47,

472 (1981)].

Square-root signs were inadvertently omitted
from the expression for ¢,, in the laboratory
frame. The correct expression is

too'?P =51,,5™ (3 cos?a - 1)

+ @), ™ sin2a + ()2, ™ sina.

This correction does not affect any of the results

presented.
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