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Dangling-bond electron-paramagnetic-resonance spectra and relaxation rates have been measured

in the (0.3—4)-K temperature range on samples of amorphous silicon produced by sputtering, vacu-

um evaporation, and ion implantation of si1icon, argon, neon, oxygen, and nitrogen into crystalline

silicon. Intensity measurements of the dangling-bond resonance associated with silicon made amor-

phous by Si implantation suggest that the Curie temperature is essentially zero (0&8&0.03 K) for
temperatures down to 0.4 K. The relaxation rates follow unusual temperature dependencies that
cannot be explained on the basis of conventional spin-phonon interactions. Instead, the relaxation
rates obey a simple T" power law in temperature where n falls within two ranges: 2.09—2.36 and

3.26—3.47. A comparison of rates at microwave frequencies of 9.3 and 16.5 6Hz indicates no mag-

netic field dependence. A relaxation model involving spin coupling to a distribution of two-level

states is consistent with the observed T" dependence.

I. INTRODUCTION

An important series of electron paramagnetic resonance
(EPR) experiments on amorphous silicon (a-Si) has been
reviewed by Thomas et al. ' These and other studies
employing a wide variety of preparatory and depositional
techniques have shown that the g=2.0055 dangling-bond
paramagnetic center is always present unless large
amounts of hydrogen are deliberately incorporated into
the sample. This has led to the general belief that unhy-
drogenerated a-Si is intrinsically overconstrained' and
thus cannot be produced without dangling bonds.

While experimentalists agree that the g=2.0055 EPR
ZaMnan line in a-Si appears structureless and isotropic,
major disagreements have arisen concerning the spin den-
sity, linewidth, line shape, saturation power levels, and
behavior of the signal after annealing. To reconcile a
variety of confiicting results, Thomas et al. ' undertook
an exhaustive study of evaporated a-Si and the depen-
dence of the data on substrate temperature, deposition
rate, annealing temperature, ambient contaminants during
deposition, and exposure of samples to air. Using tightly
controlled ultrahigh-vacuum techniques, they obtained re-
sults that were independent of deposition rate and sample
thickness over a wide range and showed complete
equivalence between deposition at a given substrate tem-
perature and anneals at the same temperature of samples

generated on lower temperature substrates. The spin den-
sity for samples deposited at room temperature was found
to be approximately 5 X 10' cm . This density drops
monotonically for higher annealing or substrate tempera-
tures, dropping by a factor of 2.2 at 430'C, where crystal-
lites begin to form. Crystallization is complete at 630'C
where the spin density is undetectable. Thomas et al. '

conclude that there must be a variety of defect states asso-
ciated with the unpaired electron spins and that these an-
neal out at various temperatures. The distribution of de-
fect types must be nearly continuous, otherwise structure
would appear in the relationship between spin density and
annealing temperature.

The line shape of all unannealed, room-temperature
deposited samples is basically Lorentzian and symmetric.
Upon annealing, the linewidth at 9 GHz narrows from
about 8 to 5 Oe and the line shape tends slightly toward
Gaussian with some asymmetry. The complications of in-
cluding dipolar and possibly exchange interactions on an
inhomogeneous EPR line from a randomly distributed
spin system have thus far prevented conclusive statements
concerning the observed linewidth.

If large exchange interactions ( —JS~.S2) are present,
the strength of the EPR signal should deviate at tempera-
tures below

~

J
~

/k from a simple Curie law,
t h(agnp~H/2kT)-1/T. Thomas et al. ' found a Curie
law behavior between 5 and 120 K. The results of other
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researchers have been reviewed by Khokhlov' and these
data suggest a Curie-Weiss law 1/( T +8) at or above He
temperatures with 8 values in the range 1.1—5 K. Tho-
mas et al. ' put an upper limit on 8 of 1 K.

The picture of a-Si that emerges is one of an overcon-
strained material containing dangling bonds that result in
an isotropic, structureless, and inhomogeneously
broadened EPR line at g=2.0055. These dangling bonds
are associated with an unknown surrounding structural
heterogeneity. The spatial distribution of dangling bonds
in a-Si is also unknown. This study attempts to further
elucidate the microscopic nature of a-Si and its paramag-
netic states through the use of two additional experimen-
tal capabilities not applied by previous researchers: EPR
measurements of the line shape and intensity of the amor-
phous resonance to temperatures as low as 0.3 K, and
EPR pulse saturation and recovery measurements of the
spin-lattice relaxation rate between 0.3 and 4 K.

Two aspects of the a-Si spin system need to be exam-
ined at teinperatures below 1 K. The line shape is of in-

terest since reduced temperatures may alter averaging
and/or narrowing effects that could be obscuring underly-
ing structure of the EPR line. An investigation of the un-

saturated EPR signal strength below 1 K is needed to
better limit the value of 8 in the Curie-Weiss law. Mea-
surements in the He temperature range should be capable
of detecting 8 values as low as 0.1 K.

The second experimental technique is the direct obser-
vation of the spin system's return to thermal equilibrium
after a saturating pulse. These data yield the magnitude
and temperature dependence of the longitudinal relaxation
time, T&. Gourdon et al. ' have published relaxation
data on evaporated films of a-Si between 4.2 and 290 K
and reported relaxation rates, 1/T, , that varied as T
below 10 K, changing to a T dependence above 30 K.
They attributed this to a phonon bottleneck, ' but this
was shown to be in error in a preliminary report of our
work on a-Si. ' Stutzmann et al. have measured the
electron spin-lattice relaxation times using adiabatic pas-
sage techniques in doped and undoped a-Si:H and a-
Ge:H. They claimed that the spin-lattice relaxation times
for these materials is dominated by spin coupling to two
level states (TLS) of the network at all temperatures up to
at least 300 K. The results of our spin-lattice relaxation
measurements ' indicate that the relaxation rate in Si im-
planted o-Si varies as a simple T power law between
0.3 and 4 K. This temperature dependence is inconsistent
with conventional spin-lattice relaxation processes involv-
ing either the direct or Raman processes and suggests re-
laxation by a distribution of two level states.

II. EXPERIMENTAL DETAILS

A. Sample preparations

All of the samples used in this study started with
0.025-in. -thick, high-purity, c-Si wafers that were vacuum
float-zone grown, p type with room-temperature resistivi-
ties above 1000 Qcm, and had (110) faces. The wafers
were cut to flt the microwave cavity of our He probe and
then etched to remove saw damage. The broad faces were

polished with 30-IMm diamond grit and then 50 pm was
removed by etching. The samples were oriented in the
cavity such that the quantity Hi XHO did not vary by
more than a factor of 3 over the volume of the sample.
Here Hi is the microwave magnetic field and Ho is the
applied static field, parallel to [110]. Each side of the
wafer was amorphized separately in successive production
runs under identical conditions. The result was an amor-
phous region with a surface area of 3.2 cm and a depth
between 3600 and 13000 A, depending on the process.
Three different processes were used to prepare samples for
this study: various types of ion implantation into c-Si,
vacuum condensation of Si vapor created by electron-
beam heating and sputtering. In the last two processes the
wafers discussed above function only as substrates for the
amorphous films.

In this study, ion implantation was used as a tool for
producing very pure a-Si with consistent sample charac-
teristics and minimal H, C, and 0 contamination. Ion
implantation converts c-Si to a-Si by producing clusters
of highly disordered Si which coalesce to form a continu-
ous random phase if the dose is high enough. ' It is
possible, with careful manipulation of substrate tempera-
ture and orientation, and projectile energy, mass, and flu-
ence, to produce a thick and continuous amorphous layer
with a relatively small volume of clustered and defect rid-
den c-Si. In this work the ion beam was oriented 5' off of
(110) to avoid channeling. The samples were held at
room temperature by large heat sinks.

Methods for calculating the distribution of ion energy
deposition into atomic displacement have been developed
by Brice and VA'nterbon. These methods are derived
from the range-energy relations of Lindhard and others)7
which are reviewed by Gibbons. The calculations of
Brice~ include the contributions of recoiling target atoms,
are available in tabular form, M and were used in this
study. Because the ions produce the most atomic dis-
placement when their energy is below 50 keV, the damage
in the crystal is concentrated at a depth somewhat less
than the projected range but well in from the surface.
Various data indicate that the atomic displacement energy
density threshold for production of a-Si in room tempera-
ture c-Si substrates is about 2 &( 10 eV/cm or 2
eV/A . ' This threshold can be used to predict the
depth of the amorphous region. As the lattice damage ac-
cumulates during implantation, an amorphous region is
generated that spreads both inward and outward to the
crystal surface. In order to minimize the volume of the
damaged but nonamorphous region, sufficient fluence was
used to bring the ainorphous region out to the surface in
all but one (No. 3) of the implanted samples. Since it is
apparently impossible to ion damage a-Si, damage beyond
the threshold produces no distinguishable permanent ef-
fects.

Six different types of samples were prepared by ion im-
plantation and are described in Table I. The depths of the
amorphous regions were calculated from 8rice's
theory. ' ' As the mass of the implanted ion was de-
creased, higher fluences (at the same implantation energy)
were required to make the sample amorphous out to the
surface. Two results of this are a larger volume of dam-
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TABLE I. Preparation conditions for samples made by ion implantation.

Sample
no.

Implanted
ion

~Ar+
~Ar'+
28Si+

"Ne'+
16()+
14'+

Implantation
energy (keV)

240
250
250
240
250
240

Fluence
(cm )

4X 10"
5~ 10"
sx 10"

1.4X 1o'
2.0&&10"
2.3X 10"

Calculated depth of
amorphous region (A)

3600
7200
4500

13000
7900
8100

aged, but nonamorphous sample, and a less distinct transi-
tion from amorphous to crystalline regions. This trend
was observed in the spectroscopic data. The preparation
processes used for sample Nos. 1—3 were each repeated on
several occasions and consistent sample properties were
obtained. Sample Nos. 4—6 were individual preparations.
Theory predicts an amorphous region from 65 to 4600 A
for sample No. 3.

Previous studies have primarily used a-Si made by eva-

poration and sputtering. Sample No. 7 was produced by
evaporation from an electron-beam heated source under
standard deposition conditions: base pressure, 4)( 10
torr; substrate temperature, 25 K; electron bum, 2.6 mA
at 10 kV; deposition rate, 42 A/s; film thickness, 7000 A.
Film adherence to the c-Si substrate was good and there
was no visual evidence of spalling or cracking. Effects
from contamination have been observed' (probably due to
H, C, and 0) in samples made by evaporation at pressures
above 3)& 10 torr. This is one of the reasons for the use
of ion implantation as the principal preparation method in
this study.

Sample No. 8 was prepared by sputtering using a Vari-

an S-type sputter gun operating at 980 V dc and 1.0 A.
The base pressure was 1&10 torr and the Ar gas pres-

sure during sputtering was 3.5X10 torr. One of the
disadvantages of this method is that some of the sputter-

ing gas is incorporated into the deposited film. The main
motivation in producing this sample was to determine if
the unusual phenomena observed in the Ar implanted

samples were also present in the sputtered sample. The
fllm thickness of the sputtered sample was 5000 A (com-

puted from deposition rate monitoring) and it adhered

well to the c-Si substrate, showing no visible evidence of
spalling or cracking.

B. Spectrometers

Spin-lattice relaxation rates were measured in this study
at 16.5 GHz (Ku band) and 9.3 GHz (X band) using the
pulse saturation and recovery technique with superhetero-
dyne detection. Because of the use of pulsed microwave
power levels, the klystrons were frequency stabilized using
a Pound circuit with an external reference cavity manu-
ally tuned to the sample cavity resonance. The achievable
frequency stability was a few parts in 10 over a 15 min
time span. The sample cavity g was sufficiently high
(-20000) that changes in frequency larger than this pro-
duced an observable and undesired deviation in the detect-
ed output.

Power pulses were formed by microwave diode switches
(90 dB at Eu band, 50 dB at X band) shunted by two
crossguide couplers, a variable phase shifter, and a vari-
able attenuator, thus allowing independent control of the
saturating and monitoring power levels. The i.f. amplifi-
ers were centered at 60 MHz with a 10 MHz bandwidth.
The detected output from these amplifiers was dc shifted,
dc amplified, digitized, and then averaged. An analog
representation of the averaged signal was logarithmically
amplified and displayed on an oscilloscope, allowing the
relaxation rate, 1/Ti, to be determined directly. These
measured rates were later checked against computer-
generated exponential fits to the digitized data. With sim-

ple modifications the Ku band EPR spectrometer could
be converted into a reflectometer so that temperature-
dependent reflection coefficients could be measured over a
20-dB range in reflected power.

The Ku-band spectrometer incorporated a He refri-
gerator as the upper wall of a cylindrical TED» (wave-

meter) mode cavity. This wall was thermally isolated
from the other cavity walls by nylon spacers and a thin-
walled cupronickel He pumping line that produced tem-

peratures as low as 0.3 K with a 150 1/s diffusion pump.
Samples were inserted through the cavity bottom which
was then sealed with an indium o-ring gasket. Under
these conditions the remaining walls of the cavity were in
contact with liquid He at an approximate temperature of
1.2 K, allowing the EPR spectrum of samples at two tem-

peratures to be compared within the same cavity. This
feature was used to calibrate a germanium resistance ther-
mometer below 1.2 K using two samples of a known
Curie-law paramagnet (neodymium-doped lanthanum
magnetism nitrate, LMN:Nd). Temperatures were mea-
sured and controlled to within a few millikelvin using this
resistor, a 22 Q heater attached to the refrigerator, He ex-

change gas, and a feedback control system. All tempera-
tures were corrected for magnetoresistance effects (&15
mK). Microwave power levels incident on the cavity dur-

ing cw experiments were less than 50 pW. All of the
equipment used is described in more detail elsewhere.

C. Magnetization studies

The temperature dependence of a sample's magnetiza-
tion below 1.2 K could be checked in a manner similar to
the calibration of the temperature sensor. The sample
under investigation and the LMN:Nd standard were
placed in equivalent positions on the He evaporation pot
and their phase-sensitive-detected EPR signals were com-
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pared at three different temperatures. Within experimen-
tal error the ratio of peak-to-peak derivative signal heights
equalled the ratio of total area under the EPR absorption
curves. The latter were mechanically computed from the
first moments of the derivative spectra using an Amsler
mechanical integrator. The observed equality indicates a
temperature-independent line shape.

III. RESULTS

A. EPR spectroscopy

Table II lists the g factors, linewidths, and unpaired
spin densities of all eight samples obtained using a third
spectrometer that operated at 20.3 GHz and 20 K.
These samples, while not physically the same as those
used for the ECtt and X band studies, were prepared at the
same time and under the same conditions and are thus
equivalent. The g factors of the samples used at Eu band
were checked and found to be consistent with the 20.3-

GHz data of Table II. The linewidths of these samples
were measured at 16.5 GHz and various temperatures be-
tween 0.3 and 4 K and were approximately 5% smaller
than those in Table II. No temperature dependence was
observed and the 5% difference is thought to be due to a
frequency dependent component, since that is consistent
with the observations of others. ' The applied magnetic
field was parallel to [110]of the silicon substrate.

The spin densities listed here were obtained by compar-
ison of EPR signals with a well characterized sample,
prepared by Gere, of degenerate P-doped c-Si that was
crushed and embedded in polyethylene. The amorphous
resonance was least-squares fitted to a Lorentzian line

shape from which the area and spin density were calculat-
ed. Changes in cavity Q and filling factor were also taken
into consideration.

EPR spectra from all the samples were examined near 2
and 0.38 K. In all cases the structure of the

g =2.0055+0.0005 line remained the same at the two
temperatures. A detailed analysis of sample No. 3 at
T~0.452 indicated the spectrum was within a few per-
cent of having a symmetric Lorentzian line shape except
for a small interfering anisotropic line near g=2.0101.
This resonance could be due to a Si-P3 center (a I110}
planar four vacancy) ' associated with clustering
and/or damage in the c-Si region. Sample Nos. 1—4 ex-

hibited similar spectra. The interfering line was smaller
for the Ar implants and larger for the Ne implant. This
is consistent with the increasing fractional volume of
damaged but nonamorphous regions as the mass of the
implanted species decreases.

Sample Nos. 5 and 6, produced by 0+ and N+ implan-
tations, respectively, exhibited complex spectra charac-
teristic of molecular interactions between the implanted
species and Si superimposed on a normal a-Si spectrum.
The line near g=2.0101 was very large (40% of the
g=2.0055+0.0005 line amplitude) indicative of a large
fraction of damaged Si. Brosious has concluded that for
0+ implantation the atomic displacement energy density
threshold for the Mnorphization of Si is about 6 eV/A at
room temperature. This is a factor of 3 higher than other
investigators have found for Ar, Si, and Ne (Refs. 31—33)
and predicts the large fraction of damaged c-Si that was
observed. Amorphous Si made by N+ implantation has
not been investigated in detail; evidently a similar situa-
tion exists.

Sample No. 7 (electron-beam evaporation) exhibited a
Lorentzian line shape with no evidence of interfering rmo-
nances. Vhth its slight asymmetry taken into account
(high-field derivative peak=1.046Xlow-field peak) the
lineshape was within 2'Fo of Lorentzian. The peak-to-
peak derivative linewidth at 16.5 GHz was 10 Oe.

The sputtered sample (No. 8) had a line shape that was
intermediate between Gaussian and Lorentzian, with a
peak-to-peak derivative width of 13.8 Oe at 16.5 GHz.
The derivative peaks were 22% asymmetric. Contamina-
tions have been shown to account for these phenomena. '

B. Magnetization

Several research groups have reported that the EPR
spectrum in a-Si deviates slightly from a strict Curie-law
behavior [tanh( hv/2kT)] and have reported deviations in
teixxas of a Curie-Weiss law (tanh[hv/2k(T+O~)]) in the
high-temperature limit, 1/(T+8). Pawlik et al. ' re-
ported a 8 value of 1.1 K from bulk susceptibility data on
sputtered samples. Fritzsche and Hudgens report 8-5
K from similar measurements on sputtered samples. Tho-
mas et al. ' saw no deviations in the temperature range
5—120 K on evaporated and ion-implanted samples and
put an upper limit of —1 K on the value of 8. Khokhlov
et al. ' reported ferromagnetic ordering on a-Si with

TABLE II. Spectroscopic data for amorphous silicon. All measurements made at 20.3 GHz and 20
K with H parallel to [110].

Sample
no. Preparation

Ar+ implanted
~Ar'+ implanted

S1 implanted
Ne + implanted

' 0+ implanted
' N+ implanted
evaporated
sputtered

g factor
( +0.0001)

2.0058
2.0058
2.0059
2.0058
2.0061
2.0058
2.0057
2.0058

Linewidth

{+0.1 Oe)

6.1

6.3
6.3
6.0
6.2
6.0

10.2
13.8

Spin density

(cm )

4.2x 10"
2.2 X10"
1.7 ~10"
1.1&&10"
8.4X 10"
2.4~ 10"
1.1X10"
1.1X 1019
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transition temperatures in the (12—50)-K range.
Using the technique described in Sec. II, we report our

results on samples Nos. 1 (a-Si-:Ar+) and 3 (a-Si:Si+) in
terms of the following temperature-dependent signal am-
plitude ratios R (T):

ILMN:Nd(T) Ia-si(1 250 K)
R(T)—=

Ia-si( T) Ii.MD:Nd(1. 25Q K)

The results for sample No. 1 are R(0.700 K)
=1.075+0.016 and R(0.400 K)=1.152+0.013. These ra-
tios were measured at 150-p% microwave power but were
independent of microwave power between 50 and 500 pW.
Each ratio represents raughly 100 amplitude comparisons
and the distribution of results was Gaussian. These ratios
are consistent with a 8 value of 0.22+0.02 K. Alterna-
tively, for an isotropic exchange interaction, —JSi Si, the
ratios are consistent with a J/k value of —0.52+0.02 K,
indicative of an antiferromagnetic coupling.

By contrast, sample No. 3 exhibited only slight devia-
tions from a strict Curie law and these were strongly
dependent upon the microwave power level. Reduced mi-
crowave power reduced the deviation all the way down to
the lowest operating power level of 50 pW. With this in-
cident power, R(0.700 K) = 1.00+0.Q3 and R(0.400
K)= 1.02+0.02. Here again, each ratia represents approx-
imately 100 comparisons, normally distributed, with + ln
errors reported. The observed trend in the power-law
dependence strongly implies that R(0.400 K) would con-
verge to 1.00. However, the observed value of R{0.400 K)
is consistent with 0&8&0.03 K and —0.25 K &J/k &0.

C. Spin-relaxation measurements

Care was taken to ensure that the observed spin-lattice
relaxation rate was independent of the pulse duratian,
pulse power level, and monitor power level. The various
samples were analyzed under the following standard con-
ditions: 100-ps pulses, —40-dB monitor to pulse power
ratio, 0.6 s delay between pulses. Approximately 1 pW of
pulse power was used at I K. At other temperatures the
pulse power was scaled linearly vnth T. No changes in
the relaxation rates were observed for +3 dB changes in
the monitor power, +6 dB changes in the monitor to
pulse power ratio, or for different pulse durations within a
(50—400)-ps range.

The microwave signal recoveries reported here were not
exponential over their entire range of recovery. The rates
we report were determined from the last portion of the
recovery, where it appeared to be exponential within a few
percent. This range of exponential behavior varied some-
what with temperature. At 0.4 K, recoveries were ex-
ponential over the final 35%%uo, but this fraction dropped as
low as 20% with increasing temperature.

Initial nonexponential recoveries are the rule rather
than the exception, even in crystalline materials, although
seldom this prolonged. This may be due in part to the
fact that the EPR line is inhomogeneously broadened and
to the limitations on pulse power and pulse duration im-
posed by our He refrigerator. If the sample temperature
changes during recovery, an apparently nonexponential

recovery will be artificially induced even in a linear spin
system.

The relaxation rates from sample No. 3 (a-Si:Si+) at
Eu and X band frequencies are shown in Fig. 1.
Anomalous temperature and frequency dependencies are
apparent. A one-phonon relaxation process, expected to
dominate at these temperatures, should produce a relaxa-
tion rate with a cath(hv/2kT) temperature dependence if
the mechanism is not phonon limited; or a coth (It v/2kT)
temperature dependence in the limit of an extreme phonon
bottleneck. ' Both of these temperature dependences
are shown in Fig. 1 and are forced to ftt the datum near 4
K. In the case of a partial phonon bottleneck, the theoret-
ical curve would fall between these two limiting curves.
Furthermore, an ordinary one-phonon relaxation rate for
an ion with an odd number of unpaired spins should show
a v frequency dependence, i.e., the Ku band rates should
be 17.6 times faster than the X band rates at the same
temperature. In practice, a somewhat smaller frequency
dependence is observed at these lower microwave frequen-
cies, but never a complete frequency independence.
Separate power-law fits for the 9.3- and 16.5-GHz data
are (167+11)T ' +' and (169-+12)T +-, respective-
ly. The combined fit is (165+3)T s+-o oz and is
represented by the solid line through the data in Fig. 1.

Figure 2 shows similar data for sample Nos. 4
(a-Si:Ne +), 7 (evaporated), and 8 (sputtered) together
with the fit of sample No. 3 from Fig. 1. These rates were
measured only at 16.5 GHz. All these samples showed
simple power-law dependences: (118+10)T2's4+-o'os for
No. 8, {466+19)T' + ' for No. 4 and
(740+43)Ti 47+-o ~ far No. 7. The frequency dependence

io' ;
I

10' '

101
i t I l I I I i

0.3 0.4 0.5 0.6

TEMPERATURE (K)

FIG. 1. Electron-spin-lattice relaxation rates for amorphous
silicon made by Si+ ion implantation (sample No. 3}.
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FIG. 2. Electron-spin-lattice relaxation rates for amorphous
silicon made by various preparations {frequency=16. 5 GHz).

TEMPERATURE (K)

FIG. 3. Electron-spin-lattice relaxation rates for amorphous
silicon made by ~Ar+ and ~Ar + ion implantation (sample Nos.
1 and 2, respectively). These data cannot be fitted to Eq. {5)of
the text using a single value of E.

of the spin-lattice relaxation rate of sample No. 8 was
checked at 1.5 K and the rates at 9.3 and 16.5 6Hz dif-
fered by less than 1%.

Experimental results for two Ar-implanted samples
(Nos. 1 and 2) are shown in Fig. 3 along with the best fit
for sample No. 3. In contrast to the other samples, these
data display two different power-law dependences with a
sharp transition between the two near 1.2 K. Usually the
transition from one dominant relaxation process to anoth-
er takes place over a discernible temperature range. The
data of sample No. 1 are best fitted below 1.19+0.08 K
by (396+24)T +-' and by (497+23)T ' +-above
that temperature. The best fit of the data from sample
No. 2 is (277+ 14)T3'2 +-o' s below 1.23+0.06 and
(349+14)T2'i+-0' above that temperature. The latter fit
includes both Eu- and I-band relaxation data and no sig-
nificant frequency dependence is observed.

It is worth noting that while the Ar-implanted samples
both showed this transition at 1.2 K between two different
power laws, the sputtered sample (No. 8) showed no simi-
lar transition temperature. It is estimated the sputtered
sample contained 1—2 at. % Ar, while the Ar-implanted
samples contained 0.2 at. % in their amorphous regions.

Spin recovery profiles for sample Nos. 5 and 6 were
found to be badly nonexponential at temperatures above
0.45 K. Even when the recoveries approached exponential
near 0.3 K, the rates were strongly dependent on what
portion of the EPR spectrum was probed. Since these
samples also had interfering spectra, no further relaxation
data were taken.

For the six samples studied, the temperature exponents

fell into two narrow ranges: 2.09—2.36 and 3.26—3 47.
In addition, there appears to be an interesting correlation
between the spin-relaxation-rate prefactor and the devia-
tion of the exponent from 2. The relaxation rates from
sample Nos. 3, 4, 7, and 8 can all be fitted to within 18%
by

1/Ti 419k,T +——
IV. POSSIBLE RELAXATION MECHANISM

(2)

We are faced with finding a mechanism that predicts a
relaxation rate varying below 10 K as a simple power law
in temperature with an exponent slightly greater than
2.00, but reducing to a linear temperature dependence
above 30 K. This linear T dependence in the classical
limit of these higher temperatures eliminates the involve-
ment of more than one phonon. A simple one-phonon re-
laxation rate must follow a coth(hv/2kT) dependence,
while a phonon-limited direct rate varies as
coth (hv/2kT). As shown by Fig. 1, neither of these
dependences even approximates the observed temperature
variation.

A possible mechanism involving localized two level
states (TLS) and a single phonon was simultaneously sug-
gested by Stutzmann et al. and Askew et aI. Two lev-
el states are tightly coupled to the phonon system. There-
fore if a spin is coupled to a nearby TLS, it may relax
through it. Two different modes of spin relaxation via
TI.S have been independently proposed ' but they have
been shown to be closely related. It is the unpublished
mechanism proposed by I.yo and Orbach, which was
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later modified to explain the T temperature dependence
of the homogeneous optical linewidths in amorphous ma-
terials, that appears to explain these relaxation data in
a-Si.

Phillips has reviewed the use of the TLS model for in-
terpreting experimental data from amorphous materials.
The original form of this model was proposed indepen-
dently by Anderson et aI. and Phillips. ' They suggest-
ed that atoms or configurations of atoms tunneling within
a double-well potential might be responsible for the sys-
tem of TLS found useful in describing the low-
temperature data of amorphous materials. Thermal prop-
erties of a-Si:H (Ref. 52) and of hydrogen-free a-Ge (Ref.
53), for example, have been explained on the basis of two
level states.

We consider the following Hamiltonian operators to
describe the TLS-phonon interaction (P'T ~h) and the
TLS-spin interaction (4 z s ):

D M
T-ph ~ D (3)

C N
A T.s=8(S++S ) (4)

where e is a scalar approximation to the acoustic strain,
S+ and S are spin raising and lowering operators, and
8, C, D, M, and N are parameters. The TLS have ener-
gies of +E/2, assumed much larger than the spin-state
energies of +5/2. The reader is referred to Eqs. (7)—(10)
and Fig. 6 of Ref. 47 for a detailed understanding of the
computation that follows. The major changes from the
referenced calculation lie in the altered forms of 4 T ~h
and% T g.

If all TLS had an energy splitting E, the relaxation rate
of the spins would be

(1/T) BT+ I . dx,
min slnlUt

with x =E/kT. At high temperatures ( kT &E,„),
(1/Ti ) becomes linear in T in agreement with the experi-
mental data of Gourdon et al. ' The frequency indepen-
dence of our results requires that 8 be independent of the
applied magnetic field. Data from Ref. 22 imply 8 is
proportional to the spin-orbit coupling constant. Deville
et al. have observed electron-spin-lattice relaxation rates
of Vs+ in amorphous VzOs and found behavior described
by Eq. (7) with A, =O.

Although this model correctly predicts the observed
H T" dependence of the relaxation rates in a-Si, modifi-
cations are required for its use at the low temperatures
employed in this study. In previous calculations of this
type it has always been assumed that E;„»5 and
E;„~kT, but in these experiments 5=k T at 0.792 K.

The effects of two revisions must be considered. The
first is that 5/E is no longer negligible compared to unity
and the thermal factors that ordinarily sum to (sinh
E/kT) ' will no longer do so. The second involves a
reexamination of the phonon-induced transition (see Fig.
6 of Ref. 47) between a combined spin TLS of energy
(E —5)/2 and one of energy ( E+5)/2—when E is less
than or equal to 5. These corrections have been con-
sidered. The predicted temperature dependence is

1 128' CM ND E'
Ti(E) trh4pv' 5 E sinh(E/kT)

'
I
CO

Here p is the mass density and u is the velocity of sound.
If CM/5 »ND/E in Eq. (5), the mechanism proposed

by Kurtz and Stapleton ' results. If the inequality is re-
versed, the mechanism proposed by Lyo and Orbach
is produced. The observed spin-relaxation rate is now ap-
proximated by averaging 1/Ti(E) over the energy distri-
bution, P(E), of the TLS:

(1/T, )—f dEP(E)/T (E) f dEP(E) . (6)
llllll min

The TLS model assumes that P(E) is weakly dependent
upon E and is represented by an E power law within
some range E „&E&E,„, with A, small and positive.
Typically, glasses are characterized by E;„/k —10 K
and E,„/k —10 K. The mechanism proposed by Lyo
and Orbach then yields (1/Ti ) rates varying as T + in
the simplest case (E;„&kT,E »kT), whereas the
other term in Eq. (5) leads to T + under similar condi-
tions. Considering only the former, Eq. (6) becomes

&0'

L3 O. 4 {L5 K5

TEMPERATURE (K)

FIG. 4. Electron-spin-lattice relaxation rates for amorphous
si1icon made by various preparations [frequency=16. 5 GHz,
data fits are from Eq. (8}]. Curves 1 and 2 are discussed in the
text.
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TABLE III. Results of a modified analysis of a-Si relaxation data. Shown are prefactors for Eq. (8)

and the best fitting values of A, and E /k. Shown also are the corresponding simple power-law fits.

Preparation Power-law-fit Prefactor
Modified theory

E;„/k {K)

"Si+ implanted
"Ne'+ implanted
evaporated
sputtered

(165~3)T2.36+0.02

{466~19)T'"+'"
{740+43)T' "-+'~
(118410)T

16.8
27.0
38.1

12.2

0.32+0.08
1.10+0.13
1.22+0. 14
0.29+0.08

0.59+0.10
1.10+0.12
1.23+0. 14
0.58+0.11

( ) i+i ' x~ (x +y)(e' e")—
+min slilllx

(x —y)(e' —e «)
+ e"—v

where x =E/kT and y =5/kT. With x,„effectively at
infinity, certain combinations of A, and E;„result in rates
which very closely follow the T" power laws that describe
the data so well. For example, the best ftt of Eq. (8) to the
data from sample No. 8 (sputtered) resulted in the values
E;„/k=0.58 and A, =0.29. This function is shown in
Fig. 4 and deviates from the simple power-law fit, T
by no more than 1% between 0.3 and 3 K. The function
specified by Eq. (8) is sensitive to the value of E;„/kT,
particularly at temperatures below 1 K. Curves 1 and 2
of Fig. 4 show the result of changing E;„/k from 0.58 K
to 1.2 and 0.0 K, respectively.

Table III lists the values of A, and E;„/k that best fit
the data of sample Nos. 3, 4, 7, and 8. The resulting fits
to the data are not significantly better than the simple
power-law fits predicted by Eq. (7). It is puzzling that the
relaxation data follow strict power laws in this tempera-
ture regime. Equation (8) predicts such behavior only as a
special case involving anomalously large values of F. ;„.
Also not explained is the apparent correlation between the
prefactors and the amount by which the temperature ex-
ponent exceeds 2.0.

A complete TLS model of spin relaxation in a-Si would
spe:ify the nature of the TLS-spin interaction. We are
still unable to do so after additional electron-nuclear dou-
ble resonance and microwave frequency dielectric suscep-
tibility measurements, performed on a-Si:Si for this pur-
pose, failed to yield pertinent data.

V. CONCLUSIONS

Conventional spin-ghonon interactions cannot account
for the measured H T" temperature dependence of the
electron-spin-relaxation rates in various samples of a-Si
over a temperature range of 0.3—4.0 K. The n values for
six samples fell into two ranges: 2.09—2.36 and
3.26—3.47. Distinct differences in the spin-lattice relaxa-
tion rates, which are reasonably reproducible, are observed
among samples of amorphous silicon prepared by dif-
ferent methods. However, the specific features in the
atomic structure of amorphous silicon and/or the role of
impurities responsible for these effects remain as of yet
unknown. A phenomenological quantum-mechanical
model involving spin coupling to a distribution of two lev-
el states has been presented that is capable of representing
the temperature dependence of the spin-lattice relaxation
rate. The model does not predict the observed correlation
between the rate prefactor and n —2, nor does it explain
the sharp transition in the temperature exponent observed
for two Ar-implanted samples at 1.2 K. No new spectro-
scopic features appeared in the EPR spectra for tempera-
tures down to 0.3 K. Deviations from a Curie-law
paramagnetism were found for Ar-implanted a-Si, but no
significant deviation was found for Si-implanted samples
of a-Si. Thus, in the case of pure amorphous silicon, the
lack of any significant spin-spin interactions is consistent
with a dilute distribution of unpaired spins.
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