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Dangling bond in amorphous hydrogenated silicon: Anomalous spin relaxation

U. Vahalia, J. Ferrario, ' and E. A. Schiff
Department of Physics, Syracuse Uniuersity, Syracuse, ¹toFork 13244-1130

(Received 12 November 1985)

Spin relaxation of the dangling-bond defect in undoped plasma-deposited amorphous silicon has
been studied using several electron-spin-resonance methods based on finite magnetic-field-
modulation frequency effects. Spin-lattice relaxation ( Tl ) processes alone do not account for the
observations. Possible origins of the anomalous spin relaxation in spectral diffusion processes are
discussed. Anomalous relaxation gives an additional signature of the dangling-bond defect which
varies with deposition conditions. Solutions to Bloch's equations for inhomogeneous spin systems at
finite magnetic-field-modulation frequency are given, and a general relationship between

modulation-frequency effects in conventional ESR and electron-electron double-resonance measure-
ments is established.

INTRODUCTION

The dangling-bond defect in hydrogenated amorphous
silicon (a-Si:H) is the only defect observed by electron-
spin resonance (ESR) in undoped a-Si:H at 300 K and
above; it is thus the most plausible candidate to explain
many defect-related properties of the material. Recently a
surprisingly simple "standard" model invoking only the
singly occupied dangling bond (D ) and a doubly occu-
pied state (D ) lying a few tenths of an eV higher in the
forbidden gap has enjoyed considerable quantitative suc-
cess in accounting for deep-trapping effects in photocar-
rier transport' and even for the "Staebler-Wronski" ef-
fect. Although the descriptive range of this standard
model for bulk properties of a-Si:H is not fully defined,
the importance of the dangling bond in a-Si:H is convinc-
ingly established.

Three properties of the dangling bond can be explored
using ESR: the spectrum, the total density of dangling
bonds, and spin relaxation. In a-Si:H the dangling-bond
spectrum is attributed to inhomogeneous broadening by
rotational averaging of an anisotropic gyromagnetic ten-
sor and by random strain and hyperflne environments. In
the comprehensive experiments of Stutzmann and Biegel-
sen on dispersion-mode ESR in a-Si:H, relaxation was in-
terpreted in terms of spin-lattice relaxation alone; the
spin-lattice relaxation time Tl obtained was nearly ma-
terial independent, being only slightly affected by the
dangling-bond density, and at 300 K Tl was approxi-
mately 10 ps. Although still earlier investigators using
absorption-mode ESR had also concluded that spin-lattice
relaxation was dominant, smaller values for T, of the or-
der of 1 ps or less at 300 K had been given. '

In this paper we present results from a survey of
dangling-bond relaxation effects in a-Si:H using both
methods previously employed as well as a new technique
of our own. Our measurements show that the quantita-
tive discrepancy existing in the literature is not necessarily
due to the difference between the specimens involved, but
may instead be related to the different techniques em-

ployed. In particular, for a given specimen our estimates
of T~ from the two conventional procedures disagree by
approximately 1 order of magnitude. Related difficulties
in accounting for relaxation measurements in other ma-
terials have been attributed to spectra! diffusion process-
es. ' Spectral diffusion violates the assumption that in-
homogeneous broadening can be represented as a distribu-
tion of static, noninteracting spin packets having different
gyromagnetic ratios because of differing defect orienta-
tions, strain, or nuclear hyperfine environments.

One possible mcehansim for spectral diffusion in a
Si:H would be that changes in the hyperfine magnetic en-
vironment of the dangling bond occur on a time scale less
than T, . Such a change (which might be caused by a
nearby nuclear spin flip) shifts the dangling bond out of
resonance with the microwave field, and alters the
response of the dangling-bond system to strong ("saturat-
ing") microwave magnetic fields. Similar effects are re-
sponsible for electron-nuclear double resonance (ENDOR)
in a-Si:H due to "matrix" protons and Si nuclei. '

However, this model suggests that deuterated material, a-
Si:D, would show different dangling-bond relaxation
properties than a-Si:H. In fact a-Si:D appears quite sirni-
lar to a-Si:H in at least one study, and thus the origin of
the effe:ts reported here is unclear.

The present work primarily exploits the dependence of
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ESR signals upon the magnetic-field-modulation frequen-
cy. In the two appendixes we discuss such effects in gen-
eral. In Appendix A we give explicit solutions to Bloch's
equations at finite modulation frequency for Ti ——Tz, the
calculation describes spin systems in which a well-defined
spin-lattice relaxation time T& is the only significant spin
relaxation process. These solutions further illustrate our
contention that T& processes do not provide a comprehen-
sive description of spin relaxation phenomena in a-Si:H,
and they also help to establish a more general point of
view —not based on Bloch's equations —regarding
modulation-frequency effects. Specifically, in Appendix
8 we establish the close relationship between modulation-
frequency effects in ESR and electron-electron double res-
onance (ELDOR); ELDOR is an experimental technique
in which the effects of a saturating microwave field are
observed upon the microwave susceptibility of the
resonant system at a second microwave frequency some-
what removed from that of the saturating field. ELDOR
measurements are particularly useful in probing spectral
diffusion processes, and for this reason the establishment
of the connection between ELDOR and conventional ESR
techniques permits us to exploit the EI.DOR literature in
discussing our a-Si:H experiments.

EXPERIMENTAL

Specimens for this work were prepared using rf plasma
decomposition of Ar-SiH4 mixtures. The reactor is a
stainless-steel, "capacitive"-type and is pumped using a
trapped two-stage rotary pump. The typical operating
pressure of the reactor was 200 mTorr. Specimens were
deposited onto heated Al foil affixed to the rf-grounded
electrode; specimens were removed from the foils using
nitric acid and the remaining a-Si-H powder was
transferred into fused-quartz specimen tubes. ESR stud-
ies were performed using a Varian Inc. E-9 spectrometer
with dispersion capability; the spectrometer was modified
to permit the use of continuous magnetic-field-
modulation frequencies v . It is worth noting that low-
modulation-frequency dispersion-mode measurements us-
ing this spectrometer require a careful assessment of the
effects of the automatic microwave-frequency control
(AFC) circuit. The microwave magnetic field Hi inside
the cavity was computed from the incident microwave
power and the measured cavity g and dimensions. ' This
calibration agreed with an independent measurement of
Hi based on the broadening of the spectrum of diphenyl-
picrylhydrazyl (DPPH) at high H, .

The spectra recorded were attributed to the dangling-
bond (threefold-coordinated silicon) defect on the basis of
the g value of 2.0055 corresponding to the peak defect
response. The spectra reported here are from the low-
modulation-amplitude limit in which the spectrum was
proportional to the modulation amplitude 0 . This low-
amplitude limit was surprisingly easy to reach; deviations
from proportionality of less than 5% could be obtained
for H ~0.5 G for modulation frequencies v ~ IO kHz
and for H ~0.2 G at v =100 kHz. Such modulation
amplitudes certainly exceed the width of the "spin pack-
ets" of which the inhomogeneous line shape is composed;

however, studies of the proportionality between our ob-
served signal and the modulation amplitude showed no
deviations from proportionality at the lowest practicable
amplitudes 0 =0.01 G. Additional discussion of the
wide range of linearity is given at the conclusion of Ap-
pendix B.

The most complete previous study of dangling-bond
relaxation properties in undoped a-Si:H was done using
the dependence of the quadrature-detected (90' out of
phase), dispersion-mode ESR signal 19o upon the
magnetic-field-modulation frequency v . For a strongly
inhomogeneously broadened, saturated spin system, and
assuming Ti ——Tz, the peak of the signal versus frequency
curve yields 1/2~Ti."" In Fig. 1 we illustrate our
measured spectra for four levels of microwave power.
These data are substantially the same as previously report-
ed, and apparently yield T&

——5 ps.
From the point of view of instrumental sensitivity, an

easier method to obtain a relaxation time in a-Si:H at 300
K is simply to measure the dependence of the absorption
ESR signal ao upon the microwave magnetic field Hi. '

The method depends on deviations of the dependence of
ao from the value ai;„extrapolated from the low-Hi
linear regime (see Fig. 2). For later discussion it is con-
venient to use a "hole-depth" parameter k to measure the
suppression of ao due to saturation of the inhomogeneous
line:
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FIG. 1. Quadrature detected dispersion signal (d9O) as a
function of magnetic-field-modulation frequency at four mi-
crowave magnetic-field amplitudes. Specimen prepared at
130 C using 10% (molar} of SiH& in Ar; reactor operating at
100 kHz; spin density of specimen is 9&10' cm ' and thick-
ness is 5.5 pm.

A(Hi)=1 —oo/oi

The parameter A, is similar to the reduction factor 8 de-
fined in the ELDOR literature. ' If Bloch's equations
with T, = Tz are valid (cf. Appendix A), then for an inho-
mogeneous system T, is obtained from the value of Hi
for which
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FIG. 2. In-phase detected absorption signal (ao) as a func-
tion of the microwave magnetic-field ampbtude HI for the
specimen of Fig. 1 (a) and for an additional specimen (b) deposi-
tion temperature 260'C, using 50/o SiH~ in Ar, reactor operat-
ing at 13.56 MHz; spin density was 8)& 10' cm ' and thickness
was 11 pm. Signals were normalized by specimen volumes.

A,(HO/coTi ) =0.3,
where co is the microwave frequency and Ho is the static
magnetic field. In Fig. 2 we show the ao measurements
for two specimens. (a} is the specimen for the dispersion-
mode data of Fig. 1, and was prepared with the reactor
operating at an rf of 100 kHz. In order to permit the
dispersion-mode measurements of Fig. I it was necessary
to use a very defective specimen, but similar absorption-
mode data were obtained for lower spin-density specimens
prepared under the same rf conditions. The second speci-
men was prepared at 13.56 MHz rf frequency; again,
similar data were obtained for specimens with densities
varying over more than 1 order of magnitude of spin den-
sity. Data are displayed at several modulation frequen-
cies; to obtain an estimate of the relaxation time using the
hole-depth approach described above it is necessary to
operate in the limit of low v

The absorption-mode data for the 100 kHz rf specimen
yield a relaxation time of 0.7 ps, approximately an order
of magnitude shorter than the dispersion-mode estimate
for the same specimen. The estimate for the lower-spin-
density specimen (b) is 1.6 ps. The frequency dependence
of the saturation curves for this specimen is surprising
given this estimate for T&. Because the observed signal is
proportional to the magnetic-field-modulation amplitude,
we rule out the possibility that the enhancement of signal
at higher frequencies is simply due to reduction of the ex-
tent of spin-packet saturation due to rapid passage
through the packet's resonance.

The discrepancy between "modulation-frequency-
resolved" estimates of the spin relaxation rate and those
obtained using steady-state saturation is presented more
clearly in Fig. 3, in which the measured hole depth A, is

2p 4p 6p

Q~ (kHzj

FIG. 3. Hole-burning parameter A, as a function of
magnetic-field-modulation frequency. Theoretical curves (solid
lines) are obtained by direct solution of Bloch's equations for an
inhomogeneous spin system using T& ——T2 ——1.6 ps in Eq. (A3)
from the text. The labels of these curves indicate the values of
yH~ in units of T& . Experimental points are for specimen (b)
(cf. Fig, 2); the dashed lines are simply smooth curves through
the experimental data for the specified values of yH ~.

I i I I I

DISCUSSION

Figure 3 can be given a simple physical interpretation
in terms of electron-electron double-resonance experi-
ments. * ' In ELDOR a weak probe is applied at one
microwave frequency while a stronger, "hole-burning"
microwave field is applied at a nearby frequency. From
this point of view Fig. 3 displays the effects upon the
absorption-mode signal of a hole-burning field separated
in frequency by v~ from the probe. The similarity be-
tween EI.DOR and modulation-frequency experiments
originates in the equivalence of magnetic-field modulation
of the spin system and frequency modulation of the mi-
crowaves. Frequency modulation generates sidebands

plotted as a function of modulation frequency for several
levels of the microwave magnetic field yHi, the dashed
lines are simply smooth curves through this data. The
continuous lines are theoretical curves obtained from the
Ti ——Tr'solutions to Bloch's equations for inhomogeneous
spin systems and small modulation amplitude; the
preparation of this family of theory curves requires
knowledge of Ti, which was set to 1.6 ps using the pro-
cedure of Eq. (2}. The theoretical curves exhibit essential-

ly no frequency dependence, in contrast to the experimen-
tal behavior. This figure demonstrates that Bloch's equa-
tions do not account for absorption-mode relaxation for
our specimens of a-Si:H; we could not account for the
data of Fig. 3 within Bloch's equations either by relaxing
the T&

——T2 assumption or by invoking spin subsystems
with differing relaxation properties.
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separated by the modulation frequency from the carrier,
and is an alternate experimental implementation of
ELDOR; the primary difference between ELDOR and
magnetic-field-modulation experiments lies in the differ-
ing microwave detection schemes. The relationship be-

tween ELDOR and magnetic-field modulation is dis-
cussed further in Appendix B. An example of the value
of the ELDOR interpretation of magnetic-field-
modulation experiments is that it explains in a natural
way the otherwise surprising fact that low-H, (unsaturat-
ed) measurements are unaffected by modulation frequen-
cies exceeding 1/Ti. In the ELDOR point of view a suf-
ficiently weak "hole-burning" field does not affect the
sample's response to the probe field.

Anomalous relaxation has been studied in several ma-
terials using EI.DOR techniques, including the F-center
defect in Kcl (Ref. 6) and trapped electrons in aqueous
glasses. In these two cases magnetic nuclei proved to be
the origin of the anomalies. The magnetic riuclei give rise
to spectral diffusion processes because they generate a lo-
cal magnetic field which can fiuctuate on the time scale of
spin-lattice relaxation. It should be noted that conven-
tional nuclear magnetic resonance relaxation does not
directly address the problem of relaxation of a coupled
magnetic nucleus and paramagnetic defect; this problem
has been addressed with some success by phenomenologi-
cal models. ' The case of trapped electrons in aqueous
glass is illustrative of the possible role of magnetic nuclei;
protons were identified as the origin of the anomalous re-
laxation by a careful comparison of ELDOR observations
in deuterated and protonated material. Relaxation in the
deuterated material could be understood using the conven-
tional spin-packet approach. Interestingly, the absolute
differences in relaxation-time estimates between the deu-
terated and protonated material were not large.

In a-Si:H studies of relaxation using magnetic-field-
modulation effects upon dispersion mode give essentially
the same results for a-Si:H and a-Si:D. Although more
complete relaxation studies would be desirable, this work
indicates that magnetic nuclei may not be important in
spin relaxation for a-Si:H. The principal alternate spec-
tral diffusion mechanism appropriate for a dilute
paramagnetic system such as a-Si:H is actual motion of
the defect, either as tunneling between similar sites or dif-
fusion. Additional experimental work is required to
determine the origins of anomalous relaxation in a-Si:H
and the utility of ELDOR signature information as a
description of the dangling-bond's configuration.
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examined in the literature because of the utility of this ap-
proach in exploring spin relaxation phenomena. The most
recent work on "saturation transfer spectroscopy" is pri-
marily directed at understanding the consequences of ro-
tational diffusion, but it incorporates the earlier work in

other contexts, and the reader is referred to Ref. 14 for an
extended review of the technique. The customary point of
departure in efforts to account for spin relaxation phe-
nomena is Bloch's equations, and in this appendix we first
review the solutions to these equations obtained with the
following conditions: (i) The "single-spin" solutions for
which Ti ——Ti and (ii) small modulation amplitude. The
T, = Ti assumption is reasonable for dilute paramagnetic
systems such as defects in semiconductors. To apply the
solutions it is usually necessary to take into account the
inhomogeneity of the spin system. Neglecting spix:tral
diffusion processes, an inhomogeneous signal S;„h(H) is
obtained from the corresponding homogeneous solution
Sh, (h) by convolution with an envelope function e(H):

s,„„(H)=J" ash. (H H)~(H).

This expression assumes that inhomogeneity affects only
the resonant fields of otherwise identical spin packets.

%e consider the solutions to 81och's equations with mi-
crowave magnetic field H i cos(rot) and amplitude-
modulated magnetic field Ho+H~cos(co t); the signals
detected in a magnetic-field-modulation spectrometer are
the modulated components of the microwave magnetiza-
tion. We introduce the following dimensionless variables:
the modulation frequency, Z =co~ T; the microwave am-
plitude, Zi yHi T; the——magnetic field, h =y(H Ho)T;—
the modulation amplitude; A =yH T; and the satura-
tion factor, Sz ——1+Zi —Z~, where Ho co/y, a——nd y is
the spin system's gyromagnetic ratio. Solving Bloch's
equations for the sinusoidal absorption magnetization
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APPENDIX A: SOLUTIONS TO BLOCH'S EQUATIONS

FOR INHOMOGENEOUS SPIN SYSTEMS
AT ARBITRARY MODULATION FREQUENCY

The effects of magnetic-field modulation at finite
modulation frequency upon ESR have been extensively

FIG. 4. Absorption magnetization F;„1, of an inhomogeneous
spin system detected in-phase with magnetic-field modulation as
computed from Bloch's equations [Eq. (A3) of the text]. Y~„h is
plotted as a function of the normalized microwave amplitude
ZI ——yHI for several modulation frequencies Z =co Tl.
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response in phase with the magnetic-field modulation we

obtain

4Z) A Mob
Fh, (H)= (A2)

(Sd+h ) +4Z
where Mo is the nonresonant magnetization of the spin-
packet XoH.

These homogeneous solutions must be integrated over
an envelope of spin-packet g values to obtain the
spectrometer's response in an inhomogeneous spin system.
For extreme inhomogeneous broadening the envelope
function may be replaced by its power-series expansion.
The lowest term in the resulting expansion is zero, since

d Yh, ——0. The erst nonzero term can be evaluat-

ed using contour integration, and we obtain

Z~~m
Yi„h(H) =e'(H)

[S +(S2+4Z2 )I/2]1/2

where in utilizing this expression y =co/H.
These magnetization expressions are proportional to the

spectrometer signal ao, and Eq. (A3} was used to prepare
the theoretical curves of Fig. 3. In Fig. 4 ao is plotted as
a function of Zi for various Z . The solutions for low
microwave magnetic field are independent of modulation
frequency even when this frequency exceeds 1/Ti, the
homogeneous solutions, on the other hand, depend strong-
ly upon Z in this regime. This result means that low-

H, spin-density measurements are valid even for large
modulation frequencies (Z» 1). At least for a-Si:H, this
useful feature is often exploited in spin-density determina-
tions without discussion. The result is a straightforward
consequence of the ELDOR analogy discussed in Appen-
dix B.

The expressions for dispersion magnetizations detected
in quadrature with the modulation are obtained by the
same procedures used for absorption. The results are

2ZiZ /I Mo[(3+3Z Zi)h' —Sd 4Z—]-
Xh, (h}=

(1+Z )(1+Z, +h )[(Sd+h ) +4Z ]
(A4)

This complex expression generates a fairly simple curve which will be discussed further in Appendix B. The inhomo-
geneous expression is still more complex:

(K[1+[2(S+K)/(I+Zi )]'/
I
—3(1+Z~ )+Zi )

(1+Z' )(S+E)[ I +Z', +K+ [2(S+K)(1+Z', )]'/'I

where E =(S2+4Z )'/~, S=1+Zi, and the propor-
tionality constant is A ZiZ~e(H). These dispersion ex-
pressions are important in light of their relationship to the
method of obtaining Ti from the peak d9o signal as a
function of modulation frequency under conditions of sa-
turation of the resonance. "' X;„h has been plotted as a
function of modulation frequency in Fig. 5. The method

(which was based on the approximate calculation of
Portis" ) agrees with solutions of Bloch's equations. How-
ever, these solutions also predict another feature: a sign
reversal at sufficiently high modulation frequency, where
Zi ——Z . This feature is the rotary saturation of Red-
field' (see also Ref. 16).

APPENDIX 8: ELDOR AND
MAGNETIC-FIELD-MODULATION ESR

I I I I l

t0 )0 IO 10 10

MODULATION FREQUENCY Zm

FIG. 5. Dispersion magnetization X;„h of a very inhomogene-
ous spin system derived from Bloch's equations [cf. expression
(AS) of the text] for detection in quadrature with magnetic-fidd
modulation. X;„h is plotted as a function of normalized modula-
tion frequency Z =~ T& for several microwave amplitudes
11

—QHl ~

The close relationship between the effects of changes in
the longitudinal magnetic field and of changes in the mi-
crowave frequency of a spin resonance experiment is evi-
dent from the resonance relationship co =yH. The
equivalence of modulation of the microwave frequency
(fm) and of amplitude modulation of the magnetic field is
easily shown for Bloch's equations, and this equivalence
also appears to be generally valid. ' This equivalence per-
mits prediction of several features of the solutions to
Bloch's equations through examination of the conse-
quences of fm, and it also reveals the close correspondence
of absorption-mode ESR with finite modulation frequen-
cy and ELDOR.

Consider the magnetization expected for a frequency
modulated micro~ave source:

co( t) =co+ (5co}cos(ni~ t) .

For small frequency excursions Lo, the resulting mi-
crowave field has two opposing sidebands:
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H i (t) =H i (cos(cot) +(5to/2'~ ) I cos[(to+ co~ )t]

—cos[(to —co )t]) ) .

Three transverse magnetizations result from this field. In
complex notation and using complex susceptibilities at the
three frequencies co —co, co, co+ co

M(t)=H, IXe'"'+(5'/2a) )[X+e
—j[yp-co~ t)—X e ]].

The magnetization in the frame rotating at the instantane-
ous frequency to(t) has four sinusoidal components
representing the four spectrometer signals.

Absorption, in-phase:

0

-1.5-

(o)

-3

(X'+ —X" )(Hi5to/2oi ) .

Absorption, quadrature:

(8 la)
I I i

-12 -8 -4 0 4 8

MAGNETIC FIELD h

I

12

(2X' —X'+ X' )(H—i5co/2' ) .

Dispersion, in-phase:

(X'+ —X' )(H~&o/2' ) .

Dispersion, quadrature:

(Blb)

(8lc)

i 1

2, «1

(2X"—X'+ —X" )(Hi5to/2a) ) . (8ld)

The customary notation X=X'+iX" has been used. It is
important to note that X is a large-signal susceptibility,
whereas X+ and X are incremental (small signal) suscep-
tibilities. These expressions explain the primary features
of the solutions to Bloch's equations given in Appendix A.
Figure 6 shows the results of computations for the ao and

d90 signals from expressions (A2) and (A4) of Appendix
A in the limit of small Hi (where the distinction between
small- and large-signal susceptibilities is unimportant).
For both cases the computations agree with the expecta-
tions from the fm expressions (8 la)—(811), and in partic-
ular for large modulation frequency Z the signals con-
sist of separated components which can readily be identi-
fied with the terms of these expressions.

The correspondence between ELDOR and frequency
modulation for inhomogeneous spin systems is easily
demonstrated. In ELDOR the susceptibility X'+ is direct-
ly measured using a probe microwave field. In the fm ex-
periment a general expression for the relationship of X+
and X can be obtained in terms of the slowly varying, in-
homogeneous envelope function e(io):

X+/e'(to+to ) =X /e(to to ) . — (82)

ao ~X'+ —X" =X'+[2' e'(cu)/e(to)] . (83)

Hence, ELDOR and the fm response are both proportion-
al to 7+, the incremental absorption susceptibility at a
frequency co away from the main, "hole-burning" mi-
crowave field at co.

The ELDOR correspondence of expression (83) was de-
rived for the small modulation amplitude limit

Note that X itself need not be (and is not) slowly varying.
Exploiting this relationship in evaluating the ao signal
from expression (8 la) we obtain

Q

0

l I I I I 1 I

-l2 -8 -tI 0 4 8 l2

MAGNETIC FIELD h

FIG. 6. (a} In-phase absorption magnetization F~, and (b}
quadrature dispersion magnetization X~, derived from Bloch's
equations for a homogeneous spin system with magnetic-fie1d
modulation and small microwave fields. The magnetizations
are plotted as a function of the deviation h =y(H —Ho)T)
from the spin's resonant field Ho for several modulation fre-
quencies Z =co T~. The curves can be understood in terms of
the more general sideband argument given in the text.

Ro/5' =yH /to «1. One might reasonably exit
that the proportionality of the signal to H would break
down when this inequality is violated by experimental
conditions, and the simple ELDOR scheme outlined here
to become useless. In fact the assumption 5'/co «1
appears to be more convenient than appropriate as a cri-
terion for the breakdown of the ELDOR correspondence.
For example, for small co the signal is obviously propor-
tional to H subject to the much weaker restriction that
H be smaller than the Inhomogeneous envelope width.
Thus despite the fact that the sideband distribution is not
simple for 5'/5co &1 the susceptibihty obtained after
summation over the sidebands is the same as that obtained
by considering small modulation index 5co/co and a sin-
gle pair of sidebands. A similar result was obtained by
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Halbach' for H, nonsaturating: for sufficiently inho-

mogeneous lines, the signal is strictly proportional to 0
even for 5~ /cd &1. This result was obtained from expli-
cit summation over multiple sidebands. Thus the
ELDOR analogy proposed here provides a satisfactory

description of ESR on inhomogeneous systems well

beyond the limits of our derivation. A more general treat-
ment from which the breakdown of the proportionality
between the signal and H could be predicted for inho-
mogeneous lines would of course be desirable.
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