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Oytical Detection of Magnetic Resonance for a Deep-Level Defect in Silicon

K. M. Lee, K, P. O'Donnell, J. Weber, ' B. C. Cavenett, and G. D. Watkins
Department of Physics, Sherman Fairchlld Laboratory, Lehigh University, Bethlehem, Pennsylvania ZBOZS
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Optical detection of magnetic resonance is reported for the 0.97-eV luminescence in
neutron-irradiated silicon. The resonance is of an excited triplet (S = 1) state of the
defect, which is not the radiative state, known to be a singlet (S = 0). The spectrum is
unusual in that it is characteristic of a statically distorted defect (from Ca„ to C&&),
but with residual dynamic tunneling effects where random strain stabilizes mixtures
of the static C&z distortions. Vacancy-related models previously suggested for the de-
fect are tentatively ruled out.

PACS numbers: 71.55.Fr, 61.80.-x, 76.70.Hb, 78.55.Ds

In this Letter, we report the first optical detec-
tion of magnetic resonance (ODMR) in crystalline
silicon. It has been detected in a luminescence
band, with zero-phonon transition at 0.97 eV,' '
which is one of the dominant bands produced by
electron or neutron irradiation in high-purity
silicon. There are several unique features ob-
served in this study: (1) Magnetic resonance is
not detected in the radiative excited singlet (S
=0) state but rather in a nonradiative excited
triplet (S=1) state of the defect. (2) The excited
triplet state reveals an ODMR spectrum charac-
teristic of a dynamic Jahn-Teller system in
trigonal symmetry (C,„), where random strain
produces a "powder-pattern" mixing between the
static distorted states of C» symmetry. To our
knowledge this is the first magnetic resonance
observation of this particular dynamic distortion
limit. (3) Finally, this observation of intense
well-resolved ODMR transitions for luminescent
defects in silicon provides the first demonstration
that this powerful technique can be applied to de-
fect problems in this important material.

The 0.97-eV luminescence system (and associ-
ated absorption bands) has been the subject of
numerous previous optical studies' ' and a great
deal is known about it: The band is associated
with a defect of monoclinic I(C») symmetry with
dipole transition moment perpendicular to its
(110}reflection plane."s Observation of a sharp
local mode due to carbon and an isotope shift of
the zero-phonon line due to silicon" reveals the
presence of a single nearby carbon-atom impurity,
but suggests that the electronic transition is be-
tween single-particle electronic states most
strongly localized on a single silicon atom. Mag-
neto-optic studies resolved no splittings of the
0.97-eV line up to 10 T which indicates a nonmag-
netic singlet-to-singlet transition. '" The micro-

scopic identity of the defect has not been estab-
lished, although several models have been sug-
gested 2, 4-6, 8-io

For the present study, oriented single crystals
of typical dimensions 4&2~0.5 mm', with long
axis parallel to a (110) direction, were cut from
a wafer of (thermal) neutron-irradiated (5X10"
n/cm') n-type silicon and mounted in a 35-6Hz
TE», microwave cavity having the form of con-
centric rings for easy optical access. Thp sam-
ple and cavity were immersed in pumped liquid
helium (T & 2 K) and luminescence was excited by
100-300 mW of the 514-nm line of an argon ion
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FIG. l. (a) ODMR spectrum with Bll[0111 at T =—1.7 K,
v= 35.0 6Hz. (b) Spectrum, same orientation, with
compressional stress of 30 MPa, Tll[0111, showing 2~Si

hyper fine satellites.
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laser. Magnetic fields up to 3 T mere supplied by
a pair of superconducting Helmholtz coils. The
35-GHz microwaves (= 50 mW) were chopped at
1.25 kHz by a ferrite modulator and synchronous
changes in the luminescence were detected by a
cooled high-sensitivity intrinsic Ge detector
(North Coast EO-817), lock-in detected, and re-
corded. Uniaxial compressional stress was ap-
plied. to the crystal via a stainless steel rod co-
axial with the TE yy cavity

The ODMR spectrum for B II [011]is shown in
Fig. 1(a). We note that it resembles a "powder-
pattern" spectrum with sharp singularities at the
extrema. In Fig. 1(b), we show the spectrum
when uniaxial compressional stress is applied,
T II [011]. The extrema sharpen up and the
"powder-pattern" intensity between them disap-
pears. Under stress, each of the sharpened
stronger lines reveals satellites arising from
hyperfine interaction with a single "Si nucleus
(4.7/0 abundant, I= —,'). Angular dependence stud-
ies with B in the (0$1) plane reveal that the spec-
trum (the sharp lines under stress, or the ex-
trema in the absence of stress) arises from a
single anisotropic (C») defect, S= 1, with spin
Hamiltonian
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2. Spin-Hamiltonian parameters for one of the
equivalent defect orientations of the 8 = 1 excited
D and A values are expressed in the unit of 10 4

H=p~B g S+S D SA I,
where the parameters for one of the twelve equiv-
alent defect orientations are given in Fig. 2.

The spectral features in the absence of applied

stress, Fig. 1(a), bear the characteristic signa-
ture of a dynamic Jahn-Teller system stabilized
by internal strains. "'" In such a case, the
"powder-pattern" shape results from the fact
that strain can mix and stabilize any combination
of the "pure" states represented by the singulari-
ties. In the present case, the "pure" states are
the three equivalent C,„static distorted states,
mhich in the ODMR spectrum share a common
(111)axis (i.e., g„D,). If the distortion is in-
deed of Jahn-Teller origin, "then this implies
that the electronic state is 'E for a defect in
(111)C, „symmetry before distortion and that
the Jahn-Teller coupling is to E modes of dis-
tortion. Except for the triplet spin state, this
is a common, much studied dynamic Jahn-Teller
system. Reynolds and Boatner" have classified
the various regimes for this system as "dynamic"
"quasidynamic, " "quasistatic, " and "static, "
depending upon the relative magnitudes of the
random strain splitting 6, and the dynamic
"tunneling" splitting 31". The commonly ob-
served cases have been in the dynamic and quasi-
dynamic regimes, &j3I' ~1, or the static regime,
5/3I'»1. We believe ours is the first clean ex-
ample of a system squarely in the "quasistatic"
regime.

This interpretation is confirmed by the change
in the spectrum under externally applied uniaxial
stress, Fig. 1(b). Here the stress-induced split-
tings exceed the tunneling splittings, stabilizing
the static distortions and removing the impure
mixtures. No stress alignment (as evidenced
by changes in the relative amplitudes of the spec-
tral components) was observed up to 100 MPa.
This implies that the reorientation time between
the static distortions exceeds the lifetime of the
excited state. The near equivalence of the inten-
sities of the I= + 1 =0 and M = -1= 0 transitions
shows further that the spin-lattice relaxation
time in the excited state also exceeds the life-
time of the state.

Preliminary studies at elevated temperatures
(T-30 K) indicate the onset of thermally activated
reorientation between the three C» distortions
for each defect. The powder pattern disappears
and a "motionally averaged" axial (111) ODMR
spectrum emerges at the average position of the
three statically distorted C» spectra. 'Si hyper-
fine satellites are also observed in this regime
at the average position of the corresponding
static C» "Si satellites. Their intensities rela-
tive to the corresponding central component re-
main the same as for the static spectrum, re-
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fleeting the 4.7% "Si abundance of a single silicon
atom. This means that the electronic spin den
sity remains on the same silicon atom as tA, e de-
fect reorients from one distortion direction to
tke other. This differs from the more frequently
observed dynamic case at low temperatures for
Jahn-Teller systems, where elect~oni c hopping
from one equivalent silicon site to another oc-
curs (for instance, around a vacancy-related
defect). " [In that case, the hyperfine interac-
tion is motionally averaged between the 4.7%-
abundant "Si nucleus (I= —,) at one site and the
major-abundance ""Si(I= 0) nuclei at the N —1
other equivalent sites. The motionally averaged
hyperfine interaction is therefore reduced by- I/N and the satellite intensity increased by -N
because the averaged wave function is now spread
equally over the N equivalent silicon sites. "J

The spectral dependence of the ODMR signal,
determined by inserting a monochromator before
the detector, confirms that the ODMR signal is
associated only with the 0.97-eV luminescence
system. In addition, a study of the dependence
of the ODMR spectrum on the polarization of the
emitted light reveals different relative ampli-
tudes of the spectral components for each polar-
ization. This demonstrates unambiguously that
the triplet state being studied is an excited state
of the same defect that is emitting the lumines-
cence.

Since previous magneto-optic studies have
shown that the luminescent state is a singlet, we
are led to the following conclusion: Magnetic
resonance is being observed in a nonradiative
excited triplet state of the defect giving rise to
the 0.97-eV luminescence. The C» distortion
which exists in the ground and excited singlet
states as evidenced by the previous luminescence
and absorption studies"" also exists in the
excited triplet state, but in this case it is par-
tially dynamic. Two possible models are demon-
strated in Fig. 3. In Fig. 3(a), the triplet state
is above the emitting singlet state and decays
spin selectively (preferentially either LM = 0 or
b,M=+I) into the radiative state. ODMR transi-
tions therefore cause an increase in the lumines-
cence, as observed, by emptying the bottlenecked
state. In Fig. 3(b), the triplet state is below the
emitting state and decays nonradiatively to the
ground state. GDMR transitions increase the
ground-state population as the bottlenecked triplet
state is depopulated, providing more defects for
luminescence. This second model has been pro-
posed for a previously studied organic molecular
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FIG. 3. Two models for triplet ODMH in the singlet-

to-singlet luminescence. (a) The triplet state is above
the radiative singlet state and ODMR 4M = + 1 transi-
tions enhance the decay to the radiative state by
emptying the bottlenecked triplet (I& state (b) .The
triplet state is below the radiative state and ODMR
enhanced radiationless decay to the ground state pro-
vides more defects in the ground state for excitation
to the emitting state.

system. " Work is in progress to distinguish be-
tween these two possibilities.

The ODMR studies therefore confirm in detail
many of the features deduced from previous opti-
cal studies. These include the C,„symmetry
and the strong localization of the excited electron-
ic state on a single silicon atom. In addition,
the ODMR studies provide the important new in-
formation that as the defect reorients from one
C» distortion to another, the excited electronic
state remains localized on the same silicon site.
We believe that this allows us to rule out the
vacancy-related models suggested for the de-
fect "' ' where hopping from one equivalent
silicon atom site to another around the vacancy
would have been predicted. Two suggested inter-
stitial-related models involving one or two '6

carbon atoms remain possibilities.
We have also detected ODMR signals associated

with other luminescent bands in silicon. [The
weak ODMH lines in the central region of the
spectrum of Fig. 1(b) arise from another lumines-
cence system, with zero-phonon line at 1.019 eV.
These ODMR signals dominate in samples where
this luminescence is strong and are currently
under study. j The prospects are therefore good
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that this technique may be generally applicable
to many of the important deep-level defects in
silicon.
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Observation of Electron Paramagnetic Resonances at Multiples of the
"Classical" Resonance Magnetic Field
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Observation of electron paramagnetic resonance signals at multiples (up to 7) of the
conventional magnetic resonance field are reported in the case of the system GaP:Cr+
at low temperatures. These signals are shown to be due to multiphoton transitions. The
physical reason for the observation of these resonances is a long relaxation time con-
sistent with the physical nature of this paramagnetic center.

PACS numbers: 76.30.Fc, 76.20.+q

Resonant multiphoton absorption in magnetic
resonances has been known to exist since the op-
tical pumping experiments of Margerie and Bros-
sel, ' which have been interpreted by Winter. " In

these experiments the amplitude 2H, of the micro-
wave magnetic field and the static magnetic field
H were of the same order of magnitude. To our

knowledge such resonances have never been re-
ported in nuclear magnetic resonance nor in elec-
tron paramagnetic resonance (EPR). In this Let-
ter, we report the observation of such multipho-
ton resonances in EPR experiments in which H, /
II is as low as 10 '. We will show that these reso-
nances can be observed because of the long re-
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