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The EPR properties of phosphorus-doped silicon are investigated in detail for impurity concentrations
5 X 10 < Np < 1.6 X 10'® donors/cm® and temperatures 1.1 < T < 35 K. Particular care is taken to
ensure that the inhomogeneously broadened spectra obtained correspond to well-defined experimental
“passage cases.” Rapid-passage and slow-passage spectra are converted into directly comparable
“absorption envelope” forms which are convolutions of Lorentzian spin packets and Gaussian envelope
functions. Spin-lattice relaxation times, spin-packet widths, and g values are presented for both the
hyperfine and broad-center-line (BCL) components of the spectra. The hyperfine-line spin-packet widths
exhibit a concentration dependence and have magnitudes which are larger than those expected from
spin-echo measurements of T,. A previously unreported concentration dependence is also observed for
the hyperfine-line g value. Although similar g-value and spin-packet-width concentration dependences
are noted for the BCL, the BCL parameters exhibit temperature dependences which are distinct from
those observed for the corresponding hyperfine-line quantities. A comparison of the fractional spin
susceptibility associated with the BCL and the results of a percolation calculation indicates that the
BCL can be attributed to clusters of three or more interacting donor atoms. Evidence is also presented
for a hyperfine-line spin-lattice relaxation process which proceeds through cross relaxation with fast
relaxing cluster (BCL) centers. This process is shown to be consistent with the experimental
temperature dependences of the BCL and hyperfine relaxation rates.

I. INTRODUCTION

A great amount of effort has been devoted to the
study of the EPR properties of n-type silicon at
low temperatures,! The observed characteristics
of samples with relatively small impurity concen-
trations (N,) are reasonably well understood in
terms of the isolated-donor or pseudo-hydrogen-
atom model, In this model the paramagnetic ex-
trinsic electrons are strictly localized to a given
impurity site, On the other hand, the properties
of very heavily doped samples can be interpreted
in terms of the formalisms usually reserved for
high-density delocalized-electron “metallic” sys-
tems. ~°

The present work is concerned with the relatively
more complex EPR properties of samples with
impurity concentrations intermediate to these ex-
tremes. In the case of phosphorus-doped silicon
(Si: P} this “intermediate concentration range”
can be considered to include samples with 1x 10
SN, < 2x10" donors/cm®, Some quantitative
understanding of the EPR spectra peculiar to the
lower end of this range has been obtained through
the “donor~pair” approach,®!® This model treats
the impurities as a collection of pseudohydrogen
molecules, each of which consists of a pair of
nearest-neighbor donors. However even at con-
centrations as low as Np=1,0X 10' donors/cm?,
some important aspects of the EPR and optical
data cannot be satisfactorily explained in these
terms, Specifically, several such problems are
associated with the “broad-background” EPR line
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[referred to as the “broad center line” {BCL) in
this work], which has been directly and indirectly
observed throughout the intermediate concentra-~
tion range, -7

Morigaki and Maekawa !7 have studied this BCL
for sample impurity concentrations Np = 1, 7% 10"
donors/cm?®, These authors reported asymmetries
in the observed line shapes and effective g values!®
and intensities that were strong functions of im-
purity concentration and temperature, On the
basis of these data the BCL was attributed to fer-
romagnetically coupled clusters of donor atoms,
The electronic donor-donor interactions within
each of these clusters were still assumed to be of
the expected antiferromagnetic form.®

The Morigaki-Maekawa data and interpretation?
are complicated by the very strong concentration
dependence of the spin-lattice relaxation time 7',
in intermediately doped Si: P samples.!® At low
temperatures (7 <10 K) and Ny, < 2x 10'7 donors/
cm® the values of T, are relatively large, which
entails that “rapid-passage” EPR spectra are ob-
served, whereas ‘“slow-passage” signals are
monitored for higher temperatures and/or impurity
concentrations, The different characteristics of
these two types of spectra have hitherto prevented
observation of signals which vary in a smooth and
interpretable manner over the whole of the inter-
mediate range. The anomalous line shapes report-
ed by Morigaki and Maekawa and, concomitantly,
the lack of distinction between rapid- and slow-
passage signals, introduce sufficient ambiguity in-
to their experimental data to prevent their com-
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plete acceptance. Some of the reported'” obser-
vations can, in fact, be interpreted as due to
violations of the rapid-passage conditions and/or
the mixing of absorptive and dispersive responses.
In this work we have studied, under rapid- and
slow-passage conditions, the inhomogeneously
broadened'® EPR responses of Si: P samples with
5x 10 =N, =1,6x 10 donors/cm?® at tempera-
tures 1,1=7T=35 K, Particular care was taken
to ensure that all spectra observed were directly
related to the so-called “absorption envelope”
which represents the inhomogeneously broadened
shape of the imaginary (x'’) part of the total mag-
netic susceptibility (x =x' - éx’’) of the sample,
An important result of this approach is that the
envelope spectra obtained vary smoothly with Ny,
and can be directly compared from sample to
sample over the entire intermediate concentration
range. In order to facilitate interpretation, these
envelope spectra are then decomposed into a small
number of distinct components, each of which can
be identified with a relatively well-defined sub-
group of the randomly distributed donor spin sys-
tem (i.e., “isolated” donors, donor pairs, donor
triples, etc.). The experimentally observed be-
havior of the shape, intensity, and relaxation pa-
rameters associated with each of these components
are used to justify this identification, evaluate pre-
vious models, and follow the spin-system dynamics.
Section II consists of a brief summary of the
EPR responses obtained from inhomogeneously
broadened spin systems, and is followed (Sec. III)
by a description of our experimental techniques.
Relaxation times, linewidth, and other data are
reported in Sec, IV prior to a discussion of these
results with respect to simple models in Sec, V,

II. PASSAGE CONDITIONS AND THE OBSERVED SPECTRA

A. Introduction

The most conveniently interpreted EPR signals
are obtained when the spectrometer is tuned to
monitor either the purely absorptive or purely
dispersive responses of the paramagnetic sample,
Slow-passage signals may be observed under
either of these tuning conditions. Rapid-passage
situations, on the other hand, require the spec-
trometer to be tuned to monitor dispersive re-
sponses, since the absorptive signal intensity is
appreciably reduced by the saturation of the spin
system., For an inhomogeneously broadened spin
system as obtains in Si: P, however, both the
rapid-passage dispersive and the slow-passage
absorptive responses can be simply related to the
absorption envelopes. We have therefore confined
our experiments to such signals, and the necessary
passage and spectrometer-tuning requirements
are discussed below, In particular, the meaning
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of such parameters as the spin-packet width, and
the spin-spin and spin-lattice relaxation times are
considered under these circumstances and the
relationship between the experimental signals and
the corresponding absorption envelopes are clari-
fied.

B. Slow passage

In the Bloch?® phenomenological description of
magnetic resonance, the slow-passage absorption-
mode response of an unsaturated homogeneously
broadened system is a Lorentzian profile of width
AH,,=2/yT,, where y is the electronic gyromag-
netic ratio, and T, is the Bloch spin-spin relaxa-
tion time, We consider the slow-passage response
of an inhomogeneously broadened system to be
described by the Portis “spin-packet” approach, #
as extended by Castner.?? Thenetprofile observed
is then thought of as a convolution of independent,
homogeneously broadened Lorentzian spin~packet
contributions of width AH,, with a distribution
function of width AH,. Most commonly en-
countered sources of inhomogeneous broadening
elicit a Gaussian distribution function?® and the
resulting absorption envelope is commonly des-
ignated as a Voigt profile, ?#'?® This envelope has,
respectively, Gaussian and Lorentzian character
in the AH, <AH; and AH, > AH limits. If mag-
netic field modulation of small enough amplitude
is applied, the first-harmonic signal monitored
is the derivative of this absorption envelope.

The spin-packet concept, which is central to
this approach, has no universally accepted def-
inition, In the original Portis formulation of in-
homogeneous broadening,?! the utility of the spin
packet was based on the assumption that spins
whose local fields differ by more than a packet
width can be independently treated. The inter-
action (or spectral diffusion) between spin packets
was also neglected in the Castner theory?? of the
saturation behavior of inhomogeneously broadened
lines. More recently, however, Wolf? and
Clough and Scott?” have included spectral diffusion
in their calculations only to obtain saturation be-
havior identical to that of Castner, Although
Clough and Scott?” consider this agreement to be
accidental, we believe that the two approaches may
be reconciled if the spin packet is viewed in dif-
ferent terms. We follow Klauder and Anderson, 2
who suggest that the group of constituent spins in
a spin packet takes on a “quasiparticle” status.

It is then the lifetime of these “effective” spins
that becomes shortened (with accompanying in-
crease of AH,) by the mutual spin-spin flips in-
herent to spectral diffusion. The Castner formu-
lation will then automatically include situations
where spectral diffusion occurs if the resonance
line shape of each of these effective spins (or spin
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packets) is Lorentzian., Calculation has shown this
to be the case for a randomly distributed spin sys-
tem with dipolar coupling, ?° and simple arguments
show a similar result when the interactions are
dominated by exchange, %°

In this work we take the Kiauder-Anderson?®
view of the spin packet and, further, will assume
that the packet spin-spin relaxation time in the
presence of spectral diffusion still satisfies the
usual expression:

2/T,= vAH, . (1)

This definition is consistent with the analogous
relationship for homogeneously broad lines (i.e.,
2/T,=yAH,) since, as shown in the Appendix,
AH,=AHy, in the rapid-spectral-diffusion or homo-
geneous limit, Spin-lattice relaxation processes,
on the other hand, must be treated slightly more
carefully, as the net rates of such processes are
dependent upon the degree of saturation when spec-
tral diffusion mechanisms are present, It is con-
venient to employ the results of Clough and Scott, #
in which a parameter, 1/7T,, is used to describe
the rate at which the spin system approaches in-
ternal thermal equilibrium (or restablishes a “spin
temperature”) through spectral diffusion. If the
system is saturated (as under rapid passage) and
T, < T,, the spin system will assume a spin tem-
perature in a time on the order of T;, from which
it will approach the lattice temperature with the time
constant 7, after the microwave radiation is
turned off, The spin-lattice relaxation time is
then given by T,. If, on the other hand, the spin
system is not saturated (slow passage), and 7,

« T,, the spin temperature and lattice temperature
are effectively the same, even in the presence of
microwave radiation, Thus the effective spin-
lattice relaxation time would be given by 73, Clough
and Scott obtain Ty =(T,T,/a)'/?, where a is their
version of an “inhomogeneity parameter,” Our
major assumption is that we can identify their a
with that of Castner (a=0.832 AH,/AH;). This
association is nonrigorous, but, as pointed out by
Clough and Scott, a does take the same numerical
values in both theories for similar “saturation
curves,” The net relaxation rate of a spin in the
presence of spectral diffusion for slow-passage
(nonsaturating) conditions can then be written as
1/7, where

5 I
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T, T, ° (2)

C. Rapid passage
A lucid and general discussion of the rapid~pas-
sage EPR responses of inhomogeneously broaden~

ed systems has been offered by Portis,® The sig-
nals observed in the dispersive mode of a spectrom-
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eter employing audio-frequency magnetic field
modulation and phase-sensitive first-harmonic
detection are of particular interest. We present,
in Table I, a compilation of the basic rapid-pas-
sage cases and the corresponding signal line
shapes, amplitudes, and phases (with respect to
the modulated magnetic field). The symbols used
are of conventional form. Those not previously
defined include H,, and w,,, which represent the
amplitude and angular frequency, respectively,
of the modulated magnetic field, The amplitude
of the microwave-frequency magnetic field is
given by H,.

Table I is a slightly modified version of the pre-
vious compilation of Portis.® Our alterations of,
and comments on, the original formulation are
detailed below,

(i) The Portis formulation employs a spin-re-
laxation time 7 which has no clear interpretation
in terms of T, or T,. It can be shown,?* however,
that this 7 may be replaced by the spin-lattice re-
laxation time T, (as we have done), if this spin-
lattice relaxation time is the same in the rotating
and laboratory frames of reference, As noted by
Clough and Scott, 7 this equivalence of the two
T,’s can be justified for rapid-passage EPR sit-
uations, similar to those encountered in the pres-
ent work, where spin-spin interactions are suf-
ficiently small to result in an inhomogeneously
broadened line,

(i) We have found, in the Si: P system, that
the passage condition T, dH,/dt <H,, common to
the original Portis cases 2A and 2B is overly re-
strictive. Experimentally it was found to be nec-
essary to violate this condition by at least two
orders of magnitude before line-~shape distortions
appeared which could be associated with those ex-
pected in the T, dH,/dt>H, limit (case 4). This
behavior is in accord with the observations of
Feher'® for the situation in which the inequalities
T, dH,/dt, AH, >H,, are satisfied. A possible ex-
planation of these results is suggested by the “loss -
of-magnetization” phenomena observed by Feher, '°
The condition T, dH,/dt<H, requires that the large
magnetic field H, (which is swept linearly with
time) remains at a given value of H,, sampling
spin packets within the range H,+ H,,, for a time
on the order of T,. This presumably guarantees
that a steady-state response is obtained. If the
loss-of-magnetization phenomenon occurs this
steady state could be achieved in a time appreci-
ably less than T, which would account for the in-
sensitivity of the case 2A and 2B signals to the
inequality in question,

(iii) As noted in Table I we have divided passage
case 2B into two parts, accordingto whether w,, T
is greater or less than H,/H,,. Portis® originally
considered only the situation where w,, Ty > H,/H,,,
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TABLE I. Rapid-passage conditions and the corresponding signal responses in the dispersion mode obtained from
inhomogeneously broadened systems. General conditions: H; >AH,, HiH,<AHg, dHy/di<w,AH, yHiTy>1 (saturation

condition), dHy/dt, w,H, <yH? (adiabatic condition).

Line shape
of first

Phase,

Amplitude of relative

Case Passage conditions first harmonic ¥’ harmonic -’ to modulation
0 Hy dHy H _H, dispersion
1 OmTi<gg <1 Hn<G F Tar < X0 2m,, AH,, derivative 0
dHy H H, absorption
2A w,Ty<1 H, <H, Ty = < Xo g w0, Ty ;I-;“ envelope /2
H. dH, H 2H, v, T. absorption
= a5 X0 en Elmtmod
2B 11,,,< “mTy<1 Hy > Hy at - Ol '0Hg ln( H; ) envelope ﬂ/zv
H, dH H 2 H, absorption
=1 oo Xo-—— 2 == 2
OmTy “H, > Hy ar < “milm OHg OnTy Hy envelope /
dHy H absorption
34 onTy>1 H <Hy g —d—t._(Hi Xol Hg % envelope i
: dH¢ xo A 24, broadened
——t, 0 —=rm &ilm
3B . w,Ty>1 H,,>Hy Ty p <H, A, 1n( 7 ) absorption T
: envelope .
dHy H_ H, 24AHg absorption Sign changes
! > ves _> X —i
4 “nTy>1 Ty >HuHe Xy 1"( H ) derivative = with rever-

sal of travel.

realizing that if this condition were not obeyed the
rapid-passage saturation and/or adiabatic condition
would be violated, As pointed out by Bugai, 3
however, violation of the adiabatic condition is
equivalent to violation of the saturation require-
ment from the passage-condition point of view.
The slow-passage response produced by such a
violation is invariably in phase with the modulated
magnetic field, Signals corresponding to case 2B
are, however, observed to be 7/2 out of phase
with the modulated field. A phase-sensitive de-
tector tuned to monitor such signals will therefore
be insensitive to violations of the saturation con-
dition as manifested by slow-passage effects, We
therefore calculated the result for w,, T; <H,/H,,
and obtained a response similar (except for a
factor 2/7) to that of case 2A,

Three further features of the case 2A and 2B
results are worthy of special note., First, the
signal height undergoes a transition from a linear
to a logarithmic dependence on H,, (corresponding
to a transition from case 2A to case 2B) when
H,~w, T H,;, This transition point is to be con-
trasted to the H,, = H, dividing line between cases
3A and 3B. Second, the linear relation that ex-
ists between the signal amplitude and T, for the
w, Ty <H,/H, section of case 2B offers a simple
and direct way of measuring relative spin-lattice
relaxation times, as a function of temperature,
for a given sample. Finally, if H,, <AH,, the
w, Ty <1 in-quadrature signals are nof broadened
by H, effects as are the w, Ty >1 7-out-of-phase
signals corresponding to cases 3A and 3B, %2

(iv) It can be shown?! (using the Klauder-Ander-
son concept of the spin packet) that the Portis 3!
formulation is strictly correct only when H; > AH,,
In situations where H; <AH, the passage cases
established by Portis become modified to the ex-
tent that H, is replaced by AH,. This substitution
has two consequences, First, the signal envelope
can be regarded as a convolution of spin-packet
contributions of width AH, with a Gaussian distri-
bution function, and thus is directly comparable to
slow-passage absorption-envelope signals. Sec-
ond, the transition from case 3A to case 3B noted
in point (iii) occurs when H, ~AH. The change
from a linear to a logarithmic dependence of the
signal amplitude on H,, can therefore be used to
measure AH, in such situations.

D. Absorption envelope and the slow- and rapid-passage

responses of intermediately doped Si:P

One of the main results of the Portis® work is
the unambiguous relationship established between
the rapid-passage dispersion-mode EPR signals
and the absorption envelope. This means that for
T% 10 K and Np< 2X 10" donors/cm® we can ob-
serve (using magnetic field modulation) EPR sig-
nals which represent the undifferentiated absorp-
tive (x’’) component of the complex magnetic sus-
ceptibility of the sample when H; < AH,. At high
temperatures and/or concentrations the slow-pas-
sage absorption-mode response is proportional to
the first derivative of this absorptive component
(dx'’/dH ) if magnetic field modulation is employed.
Integration of these derivative spectra therefore
gives representations of y’/(H) which can be direct-
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ly compared to the rapid-passage signals obtained
at lower impurity concentrations and/or tempera-
tures.

III. EXPERIMENTAL APPARATUS AND TECHNIQUES

A. Apparatus and general techniques

Our measurements were made using a standard
x-band reflection-type spectrometer which em-
ployed “narrow-band” phase-sensitive lock-in
detection to the variable-frequency (50 <w,, /27
=5x10* Hz) modulated magnetic field. A con-
stant microwave power level at the crystal de-
tector, independent of the power incident on the
resonant cavity, was required for uniform sen-
sitivity on our slow-passage saturation experi-
ments, This was provided by a “bucking-arm”
arrangement described by Wilmshurst, ** A TE,q
brass sample cavity, resonant at ~ 9,1 GHz, was
used which had a loaded @ of approximately 4000
at helium temperatures, allowing microwave mag-
netic fields of up to 1-G (peak to peak) amplitude
at maximum klystron power (55 mW). Critical
coupling of the sample cavity was achieved by an
externally adjustable variable coupler. The ex-
perimental methods used for temperature mea-
surement and control have been described in a
previous publication, ®

Our rapid-passage experiments, as previously
noted, required observation in the dispersion
mode of the spectrometer as the absorptive com-
ponent of the signal is saturated. In such situations
the klystron frequency was “locked” (via a standard
automatic-frequency-control unit) to an adjustable
wavemeter, The wavemeter frequency was set to
correspond to a point approximately one-third to
one-half way up the “dip” produced in the reflected
klystron mode by the cavity absorption, Slow-
passage experiments, on the other hand, were
generally made in the absorption mode of the spec-
trometer, where the klystron frequency was locked
to that of the resonant sample cavity. Distortions
due to the “mixing in” of dispersive responses
were minimized by this process.

The EPR signals obtained were recorded both
graphically and digitally, LiF: Li (Ref. 4) and
proton NMR marker techniques were used to es-
tablish the g values and linewidths associated with
the experimental spectra. In general, we at-
tempted to confine our measurements to signals
corresponding to one of the well-established pas-
sage cases,

Four methods of measuring the phenomenological
spin relaxation times T, and T, were employed,
Three of these are applicable to rapid-passage
EPR signals, while the fourth is strictly a slow-
passage technique, The methods are detailed in
the following subsections,
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B. Rapid—passage' recovery method of measuring 7',

In our version of this standard technique,* the
usual linear sweep of the static field H, was re-
placed by a low-frequency (0. 01 to 1 Hz) triangular
or sawtooth modulation of period T,,. The experi-
mental situation is depicted in Fig, 1 together with
sketches of the observed signals as a function of
time. As noted by Feher, on each single rapid
passage through the line, the magnetization ob-
served is appreciably reduced, In our situation,
during the time T, /2, the line is actually tra-
versed many times owing to the audio-frequency
magnetic field modulation, and we may therefore
expect the magnetization to be very appreciably
reduced by each single low-frequency pass' through
the line, If the magnetization is totally destroyed
(saturated) during each such pass through the line,
the ratio of two successive steady-~state signal
amplitudes S may be written as
1-¢ -Aty /Ty

= , (3)

1—¢ TuAiD7T]

S(A4)

A =
R(Ty,At) (T, — AZ)

assuming an exponential spin-lattice relaxation
process. It is easily shown that incomplete sat-
uration during each passage through the line leads
to reduced values of R for A¢;> T, /2. To allow
for this, we increased H, and/or the sinusoidal
modulation frequency w,, for a given A# until a
maximum ratio R(Ty,At#;) was achieved. The ratio’s
R were measured for various Af,’s by simply ad-
justing the mean static field value H,, Equation
(3) could then be fitted, using T, as the adjustable
parameter, to the experimental curve of R vs
At,, It was observed that the most accurate esti-
mates of T, were obtained when T}, ~4T;,, Owing
to response-time limitations, this method was
confined to situations where 7,2 0.5 sec.

e
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FIG. 1. Schematic representation of the recovery
technique used to measure Ty in rapid-passage situations.
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- C. Rapid-passage phase method of determining T',

It can be easily shown from the results of Portis®!
that rapid-passage signals observed when H,
>H,,AH, have maximum amplitude at a lock-in
amplifier phase setting ¢p such that

Prp—Po=0-7 , (4)

where 6 = cot Y w,, T,), 0=0=7/2, and ¢, is the
maximum-amplitude phase setting for signals
“in phase” with the modulation, The phases cor-
responding to cases 2A and 3A of Table I repre-
sent the w,, T; < 1 and w,, T, > 1 limits of Eq. (4),
respectively, ‘
In this work the phase setting ¢, was determined
by introducing an additional Si: P sample (N,
=2x 10" donors/cm?) into the cavity. This sample
exhibited only slow-passage, in-phase signals,
which therefore have maximum amplitudes at
phase settings ¢gp = ¢ o+nm, where n=+1, +2,
etc. The phase setting ¢pp corresponding to max-
imum amplitude of the rapid-passage signal can
then be measured, and the phase difference be-
tween the two signals written as

Prp—Po=NT=Prp—Po+T=0 , (5)

where we choose n=-1 and employ Eq. (4). Ex-
perimentally, to calculate 6 for a particular w,,,
the phase difference ¢pp — dgp is measured and
multiples of 7 added to or subtracted from it un-
til the angle # (between 0 and 7/2) is obtained,

The T, of the sample is determined from the slope
of the plot cotd vs w,,. With the available range
of modulation frequencies, it was possible to
make relaxation-time measurements over the in-
terval 102 =T,= 10" sec,

D. Rapid-passage "modulation-amplitude” method for
measuring AH,

This technique was discussed in Sec, IIC in
connection with the transition from case 3A to 3B
of Table I (as H,, is increased) when H, <AH,. The
breakdown of the linear relationship between H,,
and the signal amplitude when H,, ~ H, gives a
rough measure of AH,, Experimentally, we re-
duced H, until the values of AH, obtained became
independent of any further decrease of H;, Other-
wise this technique would serve only to measure H;.

E. Slow-passage saturation method for measuring
T, and AH,

We used a slight modification® of a method de-
tailed by Castner, %2 which entails measurement of
the relative absorption-envelope signal intensity
S(H,) at the center of the (integrated) slow-passage
EPR line. The resulting “saturation curves,”

S(Hy, Hy) vs H,, yield values of the spin-packet
width AHp and the relaxation-time parameter
(Tsz)” ¢ assuming a sufficient range of microwave
wave power is available, If Eq. (1) holds, T, and
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T, are determined by this method. It should be

realized, however, that the values of T, thus ob-

tained are inherently more uncertain than those
obtained for AHp, owing to the fact that the de-
termination of (T,T,)!/2 requires an absolute mea-
surement of the microwave magnetic field H,.

IV. EXPERIMENTAL RESULTS

A. General description of the observed spectra

We present in Fig. 2 a series of absorption-
envelope signals, obtained at 1,2 K, which il-
lustrate the gross concentration dependence of the
EPR spectra of Si: P samples in the intermediate
range. The traces given for samples with impurity
concentrations Np = 2, 2x10'7 donors/cm® were
obtained by a computer integration of the experi-
mental slow-passage absorption derivative re-
sponses. As discussed in Sec. IID, these curves
can be directly compared with the rapid-passage
dispersion-mode signals obtained for samples with
smaller impurity concentrations (N, =1.2x 10"
donors/cm?),

We observe that these envelope spectra may be
decomposed into thre¢ major components—the
two “hyperfine” lines, the central “pair” line, and
the “broad center line” (BCL). This decomposi-
tion ignores the distinct lines which arise from
clusters of three or four donors, These linesare
small features of the observed spectra, however,
and can be accounted for in a simple manner. The
characteristics of the three main EPR components
are discussed below,

(i) Hyperfine lines: These two lines are the
only signals directly observable for samples with
Np=1x10" donors/cm?® and for T=30 K. They
are centered at the resonant magnetic fields H™,
where

nr_1 3 éiﬁ_)

B =t (ﬁwizA 2w : ()
In this expression ug represents the Bohr mag-
neton, 7 is Planck’s constant divided by 27, and
w is the angular microwave frequency. The donor-
electron g value and hyperfine constant are de-
noted by g, and A, respectively, and the EPR lines
are regarded as Voigt profiles in both the rapid-
and slow-passage regimes (as long as H; < AH%),
The hyperfine lines exhibit a Curie-law suscepti-
bility®® and their intensity is observed to decrease
relative to that of the BCL as the impurity concen-
tration is increased from N~ 5x 10'® donors/cmS?,

(ii) Central pair line: At 1.1 K this discrete
line appears approximately 0.5 G below the mid-
way point between the two hyperfine lines for
samples with 3x10' =N, =1, 2% 10" donors/cm?,
This small shift has been interpreted as evidence
for the fact that this line originates from completely
delocalized electrons.®” The presently available




4190 P. R, CULLIS AND J, R. MARKO 11

(a) Mp- 16
(bM- 17

T
Wk
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FIG. 2. Absorption-envelope spectra for intermedi-
ately doped Si: P sample at 1.2 K. The sample number is
given in the upper right-hand corner of each figure. (a)
and (b) represent rapid-passage dispersion-mode re-
sponses. (c)—(f) give the slow-passage absorption-mode
derivative signals and the corresponding (integrated) ab-
sorption-envelope spectra. All spectra are plotted on
the same scale, the full sweep width being 150 G.

transport and EPR data do not, however, lend any
support to this hypothesis. The position and other
characteristics of this resonance are very satis-
factorily explained if one assumes that it arises
from the my = 0 (where m; is the z component of

the total nuclear spin) donor-pair transition,
provided the energy levels are calculated to sec-
ond order.® The shape and half-width of this line
are not noticeably different from the hyperfine

line values, Its intensity, relative to that of other
components, is temperature dependent and has been
discussed elsewhere. 3% Since these experimental
properties are all fairly consistent with the pre-
dictions of the pair model, this line did not receive
any further detailed investigation in the work pres-
ently under discussion.

(iii) Broad center line (BCL): As seen in Fig,.
2, a broad EPR line, underlying the other relative-
ly discrete spectral components, was directly ob-
served for samples with N, =5X 10*® donors/emS®,
The BCL shapes were always consistent with the
Voigt profile, We describe the position of this
line by an effective g value gz, which is defined
so that the BCL envelope has its maximum am-
plitude at a field

HB:CUﬁ/gBIlB . (7)

It was found that gz always exceeds g,, and ex-
hibits a temperature dependence which is in quali-
tative agreement with the previously reported 46-
GHz results. ! The disappearance of the BCL for
samples with N < 1. 5% 10'7 donors/cm® and T
>4,2 K can be attributed to rapid-passage effects,
and to the observation of slow-passage absorption
derivative spectra without subsequent integration.
The experimental behavior of this line strongly
suggests that it is the low-concentration precursor
of the single spectral line® observed in heavily
doped samples (N, 2 1. 5% 10'® donors/cm?).

In the following subsections we present and
briefly discuss the experimental data obtained for
the hyperfine and BCL spectral components.

B. Experimental data on the hyperfine lines

(i) Experimental observability: The two hyper-
fine lines were observed in samples with impurity
concentrations N, =1, 0% 10'® donors/cm?, For
samples with N =1.2x10'7 donors/cm?, these
lines remained in evidence at temperatures up to
35 K. As this upper temperature limit is ap-
proached, the hyperfine lines simultaneously broad-
en, move together, and subsequently disappear.
This behavior is similar to that reported by Lépine
for slightly less concentrated samples., The Curie-
law susceptibility of these lines and the increasing
importance of the BCL combine to limit their ob-
servability to 7S 30 K in more highly concentrat-
ed (N, 2 2.2% 10" donors/cm?®) samples. This
maximum temperature at which the hyperfine lines
may be detected falls to approximately 10 K as
Np is further increased to = 1, 0x 10 donors/cm3.

(ii) Hyperfine constant and g values: The split-
ting between the hyperfine lines (A= 41.6+0, 3 Oe)

40
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FIG. 3. Hyperfine-line g values (open circle) and
BCL (closed circle) as a function of donor concentration
(I'=1.2K).

was observed to be independent of the impurity
concentration, ** We detected, however, a pre-
viously unreported concentration dependence of the
hyperfine-line g value (g,) appropriate to Eq, (8).
Our experimental values of gy are plotted as a
function of Ny, in Fig, 3. The values of g, at the
low end of our impurity concentration range agree
(within experimental error) with the value reported
by Feher,'® However, it is seen that this experi-
mental quantity decreases smoothly with increas-
ing Np in the upper half of the intermediate con-
centration range, Although the accuracy of our
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FIG. 4. Hyperfine-line spin-packet widths at 1.2 K
as a function of impurity concentration.
line illustrates an N12, dependence, whereas the large~
dash line illustrates an N} dependence.
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measurements decrease with rising temperature,
no significant temperature dependence of g, was
observed,

(iii) Spin-packet widths: Our measured values
of the hyperfine-line spin-packet widths (AH%)
are shown as a function of N in Fig, 4. These
widths were obtained by either the modulation-
amplitude or slow-passage saturation techniques
depending upon the magnitudes of the spin-relaxa-
tion times. The observed values of AHE were
independent of temperature (up to at least 10 K) in
all samples. As noted in Fig, 4, our data indicate
that AH% is proportional to the second or third
power of the impurity concentration over most of
the intermediate range, Both this concentration
dependence and the experimental spin-packet-
width magnitudes are inconsistent with earlier
spin-echo measurements® of AH% if the observed
echo decay times are assumed equal to T,. Fi-~
nally it should be noted that AH% was equal to the
observed hyperfine linewidths for samples with
Np26x10'7 donors/cm®, In the latter cases, the
measured values of a were greater than 1, and
the nearly Lorentzian lines can be considered to
be homogeneously broadened,

(iv) T, measurements: The experimental spin-
lattice relaxation times (T%) associated with the
hyperfine lines are presented in Fig., 5, These
results were obtained using the rapid-passage re-
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FIG. 5. Hyperfine-line spin-lattice relaxation times
as a function of temperature for intermediately doped
Si: P samples. Included in this figure are the results of
Refs. 15 and 43 for a sample with Np=1,0x10® donors/
em®, Data are plotted for sample 5, 0~16 (open square),
sample 1,2-17 (open circle), sample 2.2-17 (closed tri-
angle), sample 3.0-17 (open triangle), and sample 6,0-17
(closed circle).
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covery and phase methods for samples with N,
=1.2x10" donors/cm®, and through the slow-
passage saturation technique for more highly con-
centrated materials., The relaxation times for
sample 2, 2-17 were such that both slow- and rapid-
passage signals could be observed for tempera-
tures 7510 K, and thus allowed the use of both
the phase and saturation methods in this sample,
It was found that these rapid- and slow-passage
techniques preferentially sample the slowest and
fastest relaxing spins, respectively, in the micro-
scopically inhomogeneous sample,® Some ambi-
guity does exist, therefore, in the quoted values
of T#for sample 2,2-17. For consistency we
have chosen to use only the slow-passage values
for samples with N, = 2, 2x 10" donors/cm?,
Figure 5 also includes T data obtained by Feher
and Gere!® and Castner®® for a sample with N,
= 1x 10 donors/cm? in which the relaxation is
dominated by intrinsic (concentration independent)
spin-lattice relaxation mechanisms, It can be ob-
served that extrinsic (concentration dependent) pro-
cesses control the relaxation rate at all experi-
mental temperatures in samples with N, =2, 2x 10'7
donors,/cmS3, Further, the temperature depen-
dence of this extrinsic mechanism would appear
to be described by the relation®*

T{eT™, (8)

where n=1.5+0.2. A similar temperature depen-
dence for the extrinsic process has been previously
observed® in samples at least as dilute as Np
=3,9x% 10 donors/cm3, The concentration-de-
pendent mechanisms remain dominant over in-
trinsic processes for temperatures 7'<T,,, where
T, is a maximum temperature which increases
with Nj.

C. Experimental data on the broad center line (BCL)

(i) BCL line shape: As indicated in Sec. IVA
our experimental absorption-envelope spectra could
always be decomposed in terms of symmetric,
inhomogeneously broadened, broad center lines
of the Voigt-profile form, A similar procedure
could not be applied to slow-passage dispersion-
mode dy ' /dH signals, because, aside from other
factors, it proved extremely difficult to totally
exclude “mixed-in” absorptive components. The
latter signal contributions introduce asymmetry
into the experimental line shapes and can be shown*
to be responsible for the distortions of the type
observed by Morigaki and Maekawa.” In the slow-
passage absorption mode any dispersive dy'/dH
components can be effectively eliminated by elec-
tronically locking the klystron frequency to that
of the sample cavity.

(ii) g values: Our experimental values of gg,
obtained at 1.2 K, are given in Fig, 3. These

P. R, CULLIS AND J,
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values tend smoothly with increasing N, toward
the so-called “conduction-electron” g value g,
=1,9988. This behavior of gz mirrors the con-
centration dependence of g, noted previously, and
it can be seen that gz — g, =0, 0014+ 0, 0002 for N,
=1,2x 10" donors/cm®, This value of gz - g is
consistent with the field shift of the BCL (relative
to the center of the hyperfine-line pattern) pre-
viously reported by Morigaki and Maekawa, ! Ab-
solute field positions were not measured in this
earlier work, however, and the possibility of a
concentration dependence in g5 was not examined,

A temperature dependence of g, was observed
in our work, and is illustrated in Fig. 6 for sam-
ple 6.0-17, The values of g5 decrease with rising
temperature, approaching the conduction-electron
g value at higher temperatures. This dependence
is again in rough accord with the results of Mori-
gaki and Maekawa. ¥ It is interesting to note, how-
ever, that in more concentrated samples (Np2 2
% 10'7 donors/cm?) the temperature independence
of g4 results in a significant deviation, g5 — g4, at
all experimental temperatures.

(iii) BCL widths and spin-packet widths: The
observed envelope linewidths (AHZ,;) of the BCL
are plotted as functions of concentration and tem-
perature in Figs. 7 and 8, respectively. It can be
observed that the BCL narrows appreciably with
increase of temperature or impurity concentration.
The BCL spin-packet widths (AHZ) for samples
2.2-17 and 3.0-17, as obtained by the saturation
technique, are plotted as a function of temperature
in Fig, 9. The interesting feature of these results
is that as the over-all linewidth AHZ,, decreases
with rising temperature, an increase is noted in
the packet linewidths AH%, This temperature de-
pendence was not restricted to slow-passage situ-
ations, as similar behavior was indirectly ob-
served in samples 5.0-16 and 1. 2-17 via a rapid-
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FIG. 6. Experimental temperature dependence of the
BCL g value for sample 6.0-17.
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FIG. 7. BCL linewidths as a function of temperature.
Data are plotted for sample 2.2-17 (open circle), sample
3.0-17 (closed circle), sample 6.0-17 (open triangle),
and sample 1.0-18 (closed triangle).

passage technique, % The temperature dependence
and magnitudes of the BCL spin-packet widths con-
trast strongly with the corresponding hyperfine-
line results.

(iv) T, values: Quantitative measures of the
BCL spin-lattice relaxation time 77 proved diffi-
cult to obtain for our more lightly doped samples
(N <1.2%x10' donors/cm®) because of the weak,
broad character of the BCL signals in this domain.
Strong indications as to the relative relaxation
times of the BCL and hyperfine spins were, how-
ever, noted. For example, when recovery mea-
surements of T{ were made, it was observed that
the BCL invariably recovered to its full amplitude
even for the shortest available delay time between
the successive passages. This behavior is consis-
tent with the inequality T2<T¥.

The slow-passage saturation method allowed us
to determine T% for samples with N, >2, 2x10'7
donors/cm® Our results are plotted as a function
of temperature in Fig. 10 for samples 2, 2-17 and
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FIG. 9. BCL spin-packet widths as a function of tem-
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Data are plotted for sample 2,2-17 (closed circle) and
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3.0-17, and in both cases T{ is roughly propor-
tional to the inverse temperature. A comparison
of these data with the corresponding T¥ results of
Fig. 5 indicates that little difference exists be-
tween the hyperfine and BCL spin-lattice relaxa-
tion rates at the lower end of the experimental tem-
perature range. Above 8 °K it would appear from
Figs. 5 and 10 that the hyperfine rates exceed
those of the BCL. As noted in Sec. II B, however,
this does not indicate that the mean or net spin re-
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FIG. 10. Experimental BCL spin-lattice relaxation
times as a function of temperature for sample 2.2-17
(closed triangle) and sample 3.0-17 {(closed circle). The
corresponding hyperfine-line spin-lattice relaxation
times (open squares and open circles for samples 2.2-17
and 3.0-17, respectively) are included in this figure
for comparison purposes.
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laxation rate (in the presence of spectral diffusion)
of the BCL spins is slower than that of the hyper-
fine spins.

D. Relative intensities of the spectral components

In the preceding subsections we have presented
quantitative measures of the characteristic param-
eters common to the dominant features of our spec-
tra—the hyperfine and broad center lines. We have
so far avoided detailed consideration of the relative
intensities of these lines, ox, equivalently, of the
fractional number of extrinsic spins which contrib-
ute to each spectral component. Such an identifi-
cation is straightforward in the case where all com-
ponents of the system contribute only slow-passage
(unsaturated) signals. A comparison of the area
under each of the (decomposed) absorption-envelope
components can then be used to find the “fractional
susceptibility” associated with each element of the
spin system. B m particular, the relative suscep-
tibility of the BCL at 1.2 K (xZ/x!°") can be obtained
by estimating the fraction of the area under the ab-
sorption-envelope spectra of Figs. 2(a), 2(c)-2(f),
which is associated only with the BCL. Such an
analysis could not be applied to the 1. 2-K rapid-
passage envelope spectra of sample 1. 2-17 because
of spectral-diffusion effects which artificially en-
hance the BCL intensity relative to that of the hyper-
fine lines.?* Instead, a measure of this ratio was
obtained (utilizing the observed Curie-law depen-
dences of the hyperfine and BCL components) from
an (integrated) unsaturated slow-passage absorp-
tion-mode signal obtained at 13 °K. Such spectral-
diffusion effects could be minimized for sample
5.0-16 and measures of the fractional susceptibility
were taken directly from the 1, 2-K rapid-passage
envelope data. -The resulting values of yZ/x!°! are
plotted as a function of Np in Figs. 11, It can be
observed that the fractional susceptibility of the
BCL rises monotonically with N, through the inter-
mediate concentration range.

The ratios xZ/x!°t obtained varied by less than
+ 5% over the temperature interval 1,2 Kx15 K for
samples with 2. 2x10'7 <N, <6.0x10'" donors/cm?.
(As previously noted, the hyperfine lines disappeared
at ~10 K in sample 1, 0-18.) Given the observed
Curie-law susceptibility of the hyperfine line, these
results would indicate a similar dependence for the
BCL spin susceptibility. At temperatures 7= 20 K,
these ratios begin to increase appreciably with tem-
perature.

V. DISCUSSION
A. Origin of the EPR spectrum components

In this section we attempt to construct a model
of the Si: P system which is consistent with the data
of Sec. IV, Such a model must establish a relation
between the spatial environment of a given extrin-
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sic spin and the form of its EPR contribution. As
indicated in Sec. I, some early success has been
achieved in this respect with the identification of
the origins of the hyperfine and central lines, The
BCL component, on the other hand, has been attrib-
uted!™!! to donor pairs having J ~A, and to some
of the EPR transitions in donor triples. ™% The
relatively large BCL linewidths are assumed to
arise in both cases from the fact that the resonant
transition energies depend upon the magnitudes of
the donor-donor exchange constants. The random
distribution of donors leads to spatial variations

in the magnitudes of these exchange constants, giv-
ing rise to a single-broad-line EPR spectrum.

In fact, however, the fractional susceptibilities
of Fig. 11 are too large to allow the BCL to be
understood in terms of the small fraction of donor
pairs in whichJ~A. On the other hand, a con-
vincing identification of the BCL as due to clusters
of three donors has been hampered by two difficul-
ties. First, the asymmetric BCL shapes previous-
ly reported are not easily reproduced by calcula-
tions of the cluster-of-three (donor triple) spec-
trum. This complication has been removed by our
results, which indicate a symmetric form for the
BCL. A second difficulty remains, however, in
that a satisfactory calculation of the donor-triple
EPR spectrum has not yet, to our knowledge, been
performed. Shimizu'! has made an attempt in this
direction, but his results are inadequate in at least
three respects. The most obvious difficulty with
his calculated donor-triple spectrum is that it is
not invariant under a permutation of the donor spin
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FIG. 11. Relative susceptibility of the BCL spectral
component as a function of impurity concentration (T
=1.2 K). The solid curve gives the fraction of donors
in clusters of three or more as computed from the re-
sults of Holcomb and Rehr (see text).
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indices. Second, it predicts significant discrete
EPR lines at the resonant fields H= (1/g yu g)(7fiw
+3 A), which have not been observed. A final crit-
icism of this work may be directed at its limitation
to energy-level terms which contain A only to the
zeroth and first powers. Second-order terms ap-
pear to be essential to detailed understanding of
the donor-pair spectrum, 8 and we see no reason
why this should not also be the case for the donor
triple.

We take a somewhat different approach, and note
that in any case the donor-triple BCL model will
be inadequate for more highly concentrated sam-
ples, where significant numbers of higher-order
clusters (i.e., of four, five, etc., donors) may be
expected. To account for this circumstance it is
useful to employ the results of the Holcomb and
Rehr*® Monte Carlo calculation to obtain the prob-
ability P3 (ENg/N,) that a given donor is a member
of a cluster of three o more impurity atoms. In
this model the cluster membership criterion re-
quires that a member donor must be separated
from at least one other member of the cluster by
less than a maximum distance R,,,. The solid
line in Fig. 11 is a plot of N3/N,, for a particular
value of R, (Rpax=132+6 A) which was chosen to
optimize the agreement between No/N,, and x2/x!°t.
This agreement is seen to be quite good except,
perhaps, for samples with impurity concentrations
near the upper end of the intermediate range, where
the relative BCL susceptibility does not increase
quite as rapidly as Ng/N,. Further, the 132-A
value obtained for R, is consistent with expecta-
tions®® on the basis of our earlier study of inter-
donor interactions. >3 We therefore feel that the
correspondence of Ny/Np and xZ/x!°* illustrated in
Fig. 11 provides considerable support for the pro-
posal that the BCL arises primarily from clusters
of three or more donors.

This proposal is similar in some respects to a
hypothesis offered previously by Morigaki and
Maekawa. }? The specifics of their model are dis-
cussed in the following subsections in connection
with our g-value and spin-relaxation data.

B. Discussion of g-value measurements

In Sec. IV important differences were noted be-
tween the g values associated with the BCL and
hyperfine lines, respectively. The BCL g values
& decrease toward the conduction-electron g value
g, as the temperature is raised from 1.1 K and/or
as the impurity concentration is increased through
the interval 1x10'7< N, < 2x10'® donors/cm®. The
hyperfine-line g value g, on the other hand, is
temperature independent and falls below g, when
the concentration is increased above Np~1x107
donors/cm?,

Morigaki and Maekawa'” have attempted to ex-
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plain the BCL g shifts in terms of an “effective-
field” approximation which entails a ferromagnet-
ic exchange interaction between neighboring clus-
ters. The interdonor coupling within a cluster
was still assumed to be of the usual antiferromag-
netic form and the predicted g-value shift written

asle

8p—8e= —fﬁ"/kT . (9)

In this expression f is a constant related to the
number of spins in a given cluster and F is an av-
erage exchange constant descriptive of the inter-
cluster coupling. This latter quantity must be neg-
ative (ferromagnetic) in order to account for the
positive experimental values of g5 - g,.

If we assume that f and § are temperature inde-
pendent, Eq. (9) offers a reasonably good descrip-
tion of the experimentally observed temperature
dependence of gz. The observed concentration de-
pendence, however, requires that the product fF
be a decreasing function of the impurity concentra-
tion when N2 2x10' donors/cm®. It is possible
that such behavior could arise from a decrease in
the importance of intercluster coupling as the av-
erage size of the clusters is increased. There is,
however, no other independent evidence for such
an effect. Completeness, within such a model,
would also appear to require that g5 - g, tends to
zero at low impurity concentrations where large
cluster separations may be expected to give neg-
ligible ferromagnetic coupling. Unfortunately, the
amplitude and width of the BCL signals in samples
with N, £1.2x10'7 donors/cm? are such that g-va-
lue measurements cannot be made to sufficient ac-
curacy to check this hypothesis.

Perhaps the most sensitive detectors of the in-
ternal effective fields postulated in the Morigaki-
Maekawa!” model would be the highly coupled donor-
pair spin transitions which contribute to the hyper-
fine and central-pair EPR lines. These pair tran-
sitions may be expected to respond in a similar
manner to the effective fields associated with the
intercluster coupling and contribute an appreciable
fraction of the observed hyperfine-line intensity in
our more highly concentrated samples. The g
shifts gy - g, of the hyperfine lines in such samples
can therefore be used to test the Morigaki- Maekawa
model. However in this case the observed g-value
shifts would indicate that & >0 and that fF increases
with increasing N,. These conclusions conflict
with the results previously inferred from the BCL
data. Further, the observed temperature indepen-
dence of g4 is inexplicable in terms of a relation-
ship similar to Eq. (9). We therefore conclude
that the observed behavior of g is not consistent
with the Morigaki-Maekawa model of the BCL. °

We believe that a better understanding of the
shifts observed in the position of the BCL may be
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achieved in terms of a more complete calculation
of the donor-triple spectrum. An indication of this
possibility may be found in the fact that the devia-
tions gp — g, exhibit behavior, as a function of N,
and T, very similar to that noted earlier [see Sec.
IV A (ii) for g,—g,]. The latter shifts are appar-
ently explicable in terms of the second-order J-
dependent energy-level Scheme, and hence an
equivalent shifting mechanism would appear likely
to exist in the case of the donor triples and larger
clusters, which, according to our thesis, are the
dominant sources of the BCL.

The observed concentration dependence of g
may be attributed to the enhanced electron delocal-
ization which obtains in the increasingly large clus-
ters which appear as N, is raised to 2x10® donors/
cm®. In large enough clusters, the collective be-
havior of the extrinsic electrons will produce
shielding effects that reduce the attractive potential
of any particular impurity site in that cluster. In
the limit of total shielding (no hyperfine interaction)
we expect to monitor a single EPR line with the
“free”-electron g value g,. In this view, the shift
of gy towards g, with rising N, reflects the in-
creasingly delocalized nature of the extrinsic elec-
trons responsible for the BCL.

The observed shift in hyperfine-line position in-
dicated by the concentration dependence of g5 would
appear to be a phenomenon entirely distinct from
the expected shifts due to the second-order (in A)
terms in the donor-pair transitions which occur
at or near the hyperfine-line frequencies.® OQur
only explanation for this result must be based on
the ideas of Sec. V C, in which it is argued that
the isolated (hyperfine line) spins relax via cross
relaxation to the faster relaxing clusters associ-
ated with the BCL. Some of the allowed transitions
corresponding to clusters of three and four donors
occur at or near the hyperfine-line frequencies,
and it is these transitions which may be respon-
sible for significant cross-relaxation effects. If
these transition frequencies are appreciably shifted
by second-order effects similar to those predicted
for the donor pair, we may expect the hyperfine
lines to exhibit a similar shift.  This is, of course,
providing the cluster transition is still within 1/T%
of the original hyperfine-line resonant frequency,
and the intrinsic hyperfine spin relaxation rates
are slower than those associated with cross relax-
ation. Such a mechanism would also be tempera-
ture independent within the above limitations,

C. Linewidths and relaxation times

In this section we first discuss the spin-packet
width and spin-lattice relaxation-time data per-
taining to both the BCL and hyperfine lines. Sub-
sequently, a model is suggested whereby (isolated)
spins contributing to the hyperfine lines relax to
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the lattice via intermediary “cross-relaxation”
processes® with faster-relaxing BCL spins. It is
shown that this model would account for the ob-
served concentration and temperature dependences
of the hyperfine spin-lattice relaxation time T%,

The magnitudes of the hyperfine-line spin-packet
widths appreciably exceed those values inferred
from either spin-lifetime calculations® (assuming
dipolar spin-spin coupling) or early measurements
of the decay rate of spin echoes.** The concentra-
tion dependence AHZxNZ%® which was observed
over most of the intermediate range, is also in
strong disagreement with the concentration inde-
pendence of the spin-echo results. ** These dis-
crepancies have been substantially resolved by a
recent publication, ** where it is argued that the
spin-echo experiments in question give an incor-
rect measure of the spin-spin interactions appro- -
priate to our EPR experiments. The large spin-
packet widths observed, and the correspondingly
fast spin-echo decays obtained in recent pulse ex-
periments® can both be understood in terms of
interdonor exchange interactions. (Even in a sam-
ple as dilute as N=5x10' donors/cm® approxi-
mately 80% of all donors have a nearest neighbor
close enough to realize an exchange interaction
JRYAHE.)

The BCL packet widths exhibit a strong concen-
tration dependence similar to that observed for
AHY, This dependence may be qualitatively under-
stood in terms of previously discussed® exchange-
narrowing arguments. Using the earlier notation,®
it may be observed that the exchange interaction
J between nearby effective spins A and B will even-
tually exceed Aw,z/27 as N, is increased. This
results in the formation of a new “exchange-nar-
rowed” effective spin with resonant frequency
(w, + wg)/4n. The observed increase of the experi-
mental packet width toward the observed linewidth,
as Njp is increased, indicates that we observe the
response of progressively larger clusters or ef-
fective spins, until the limiting high-concentration
case is reached where all donors in the sample may
be considered to constitute a single large cluster.

The hyperfine spin-lattice relaxation-time (7'f)
data of Fig. 4 illustrated the dominance of concen-
tration-dependent (extrinsic) spin relaxation mech-
anisms in our intermediately doped Si: P samples.
As indicated by earlier work, !° the rather weak
Ty concentration dependence [T{ < (N,)%/2] ob-
served for samples with N, < 4x10'® donors/cm?
becomes considerably stronger at larger impurity
concentrations. By way of example, the approxi-
mately fourfold increase of N, between samples
5.0-16 and 2, 2-17 results, at 1.2 K, in a reduc-
tion of T{ by a factor of approximately 10%, In
view of these large changes in the relaxation rates
we found it surprising that the low-temperature

0
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T# o T°%/2 dependence observed in dilute samples®
was obeyed throughout the rest of the intermediate
range. This continuity would, at first glance, ap-
pear to have important implications for the fast-
center models previously proposed9 to explain the
T¥ data. In these models it is assumed that most
of the “isolated” donors (which, for N, <6x10"
donors/ cms, contribute the major portion of the
observed hyperfine-line intensity) relax to the lat-
tice through a process which involves spatial spin
diffusion and cross relaxation with fast-relaxing
centers. The Yang-Honig® treatment of earlier
Si: P EPR data assumes the fast-relaxing centers
(FRC’s) to be strongly coupled donor pairs. Fast
relaxation rates in such pairs have been observed
experimentally®?* and are consistent with theoret-
ical expectations, ' Since the (pair) exchange in-
teraction is diagonal in the total electronic spin,
however, the pair relaxation mechanism is depen-
dent upon a mixing (by the hyperfine interaction)
of states of different electronic spin. This mixing
requirement is responsible for a considerable re-
duction in the size of the transition matrix ele-
ments relative to those associated with the donor
triple. In the latter case a simple modulation of
the isotropic exchange interaction by the lattice
vibrations can directly induce spin relaxation, 55
We may therefore expect that a cluster of n=3
donors would relax to the lattice at a rate signifi-
cantly faster than that of a pair, assuming com-
parable interdonor separations. This expectation
is consistent with our BCL T% data, and our pro-
posal that this line arises from clusters of three
or more donors. The continuity of the T§ o T73/2
dependence through the intermediate concentration
range cannot, however, be used to justify the dom-
inance of a donor-triple FRC mechanism in all of
these samples. It is possible, however, to con-
tend that the stronger concentration dependence of
TY observed when N, exceeds ~ 5% 10'® donors/
cma, is due to the increasing availability of donor-
triple FRC’s. In any case a fairly strong argument
may be made for a model in which the spin in the
BCL serve as fast-relaxing centers for the more
isolated hyperfine-line centers, This proposal is
discussed in the following paragraphs.

First, in order to qualify as fast centers, the
BCL spins must have spin relaxation rates which
are significantly faster than those of the isolated
spins contributing to the hyperfine lines. Our ex-
perimental results would, at first glance, appear
to present some difficulties in this respect since
it was observed that 7% may exceed T4 in samples
with Np= 2. 2x10"7 donors/cm® As noted in Sec.
II B, however, the relevant spin-relaxation param-
eter is the mean or net spin relaxation rate 1/7
defined in Eq. (2). Assuming that T3<T; (which
was satisfied in all experimental situations), the
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relevant fast-center BCL criterion is that 75 <T¥,
It was found that this inequality was satisfied by

at least an order of magnitude for all slow-passage
samples. This experimental fact can therefore

be taken as evidence for the fast-relaxing-center
capability of the BCL spins.

In the past, the possibility of significant spin
relaxation through donor-triple FRC’s has been
neglected in samples with N, <5% 10 donors/cm?,
since the number of such clusters was assumed to
be very small, However, on the basis of our clus-
ter-membership criterion, it would appear that
even in a 3x10' donors/cm® sample approximately
5% of all donors belong to clusters of three or
more impurities. Assuming that the BCL packet
widths are large enough to allow good cross-relax-
ation contact between the isolated hyperfine spins
and the BCL spins (as evidenced by the strong
spectral-diffusion effects, evidently responsible
for off-line saturation EPR phenomena'® %) we
contend that donor triples must be considered as
competitive fast centers for concentrations as low
as 1x10' donors/cm?®,

The relaxation of the isolated spins may then be
qualitatively understood in terms of the Yang-
Honig fast-center model, where the fast centers
are the BCL spins. Given that T§ < T{ in all cases,
isolated spins will experience relatively rapid spec-
tral diffusion until they encounter an FRC with
which they can cross relax. Assuming that the
cross-relaxation time is much shorter than the
BCL fast-center spin-lattice relaxation time, the
extrinsic spin-lattice relaxation rate of the iso-
lated spins will obey the proportionality®®

1 _Nege _1 (10)

TN, TR
where Nggpc is the number of BCL fast centers
available to a given isolated spin, and N is the
number of isolated spins. TEFC is the spin relax-
ation time of the BCL fast centers. The quantity
Nygre appropriate to a hyperfine-line spin at a res-
onant field H =H' would be expected to be fairly
well given by the number of BCL spins in the pack-
et of width AHS centered at H', As AHZ,, changes
only a small amount with increasing temperature
for T=<10 K, Ngpc would be proportional to AHZ,
The identification of T5"C with either T or T3
depends on the degree to which the BCL spin sys-
tem is saturated by the microwave radiation, as
discussed in Section II B. Given that 75 <T%, and
saturation (rapid passage) conditions, the fast-
center relaxation time would be given by T5%¢= T2,
The experimental proportionalities 78« 7™ AH2
o« 7%% and the assumption Nprc< AHS when sub-
stituted into Eq. (10) lead to the relation 7§ 7715,
in agreement with the results in rapid-passage
situations. Under nonsaturating slow-passage



4198

conditions, however, T3 describes the time taken
for a spin to relax to the lattice temperature and

is, therefore, the effective spin-lattice relaxation
time, Identifying T5°¢=T5=(T7T5/a)'/?, where
a=AHE/AHE ~AHE/AHE  (a<1), we obtain TEEC
T, which leads to the same T# « 7% relation
obtained in the rapid-passage case, and is in agree-
ment with our slow-passage experimental results,

It is impossible, however, to predict the concentra-

tion dependence and magnitudes of 7% in terms of
this model in the absence of a detailed expression
for the fast-center relaxation rate. Further pro-
gress in understanding these concentration-depen-
dent spin-lattice processes would appear to require
further theoretical studies of BCL and hyperfine
line-shape and relaxation parameters.
D. Summary

The primary aim of this work has been to clarify
the nature of the EPR spectra peculiar to Si: P
samples with intermediate impurity concentrations,
As most of the difficulties previously encountered
have concerned the “broad background” or “broad
center” line (BCL), much of our attention has been
devoted to this spectral component, This line is
observed to be of the standard symmetric form
associated with a convolution of a Gaussian en-
velope with Lorentzian spin-packet contributions,
Its behavior, with regard to field position and
linewidth as the impurity concentration and/or
temperature is raised, confirms that it is the
low-~concentration percursor of the single EPR
line seen in samples with N, 2 2X 10'® donors/cm?®,

Our measurements reveal that the relative sus-
ceptibility of this line correlates well with the ex-
pected fraction of donors which exist as members
of clusters of three or more impurity atoms, The
observed variation of BCL and hyperfine-line
parameters do not seem incongistent with the antic-
ipated results of a second-order calculation of
the EPR spectrum of a cluster of three donors.

The observed intensities, spin relaxation rates
and spin-packet widths associated with the BCL
suggest that clusters contributing to the BCL may
serve as important fast-relaxing centers for the
relatively isolated “hyperfine” spins, even in rel-
atively dilute samples. A simple mechanism is
suggested for this relaxation process based on a
correspondence between the number of effective
BCL fast centers and the width of the BCL spin
packets. Insufficient understanding of both spin-
spin and spin-lattice interactions do not presently
allow verification of this model or its extension
to a more quantitative form,
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APPENDIX: EXTENSION OF THE CASTNER
SATURATION-CURVE CALCULATION

An integral form of the inhomogeneously broad-
ened absorption-envelope line shape was derived
by Castner, # assuming a Gaussian envelope and
Lorentzian spin packets, and can be written as

X' @)= ZHI;EAXI(}Q,AHé

xfw He L Ho) /AHEI2 gy
Yo 1+[H"-Hy)/aHp] 7 +vPHIT, T,

(A1)
where AH}, =AH,/2 and AH =AH;/1,665, We
identify AH, as the full spin-packet width at half-
maximum, AH; as the full Gaussian-envelope
width at half-maximum, and y, as the “static”
magnetic susceptibility, Letting $%=1+y2H2T|T,,
y=(H'-Hy)/AH,, a=AH,/AH g and v=(H~-Hy)/
AH /S, and noting that H' varies slowly in com-
parison with other terms in the integrand of Eq.
(A1)(H,>AHp,AH;), we obtain

" _ XoH _1_[ f e’
X (H)—m s b b2+ (v—1y)? |,

(A2)
where b=as. At the line center v=0, and it is
easy to obtain the Castner saturation-curve result?

11252
%" (Fy) =xAQgH0 evs 1 —serf(as )] _ (A3)
G .

The parameters a and (T,T,)!/? may be obtained

in the manner described by Castner, %

The Gaussian half-width AH; is not necessarily
equal to the width of the experimentally observed
line, Given low microwave power so that the spin
system is not saturated (i.e., s=1), we have

2
rrgey . XoH e”
X (H)'w”zAH:; [afa3+(v—y)2 dy] - (ad)

The term in brackets is commonly called a Voigt
profile. Posener®” has determined the observed
half-width at half-amplitude (AH,,“) of this profile
as a function of a, and has shown that AH, is
related to the Gaussian half-width according to

AH,,=wAHg/0.832, (A5)

where the correction factor w is a computed func-
tion of a¢. It is easy to show that the spin-packet
width is related to AH,,, according to

AHp = (a/w)AH g (A8)

when a> 1, w ~a, and therefore AHp =AH, in
such situations.
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