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Resonance-field dependence of signal intensity in electronically
detected magnetic resonance (EDMR) has been investigated both
theoretically and experimentally. Theoretical expressions present-
ing the field dependence of EDMR signal intensity are obtained
from a quantum mechanical treatment of the Kaplan-Solomon—
Mott model, where it is assumed that recombination only occurs
through recombination pairs in the singlet spin state. In this study,
effects of the exchange interaction in the recombination pair are ex-
plicitly taken into account. The resulting expressions show that the
EDMR signal intensity is proportional to the square of the resonance
field in alow-field region, whereas it becomes constant in a high-field
region, which well explains literature experimental results. This
paper also presents experimentally obtained variable-frequency
(300-900 MHz) EDMR results for light-illuminated crystalline sil-
icone. The experimental data have been analyzed in light of the
present theoretical results, and the upper limit of the exchange in-
teraction has been estimated. © 2001 Academic Press

Key Words: EDMR; recombination; photoconductivity; silicon
crystal; exchange interaction.

INTRODUCTION

revised December 12, 2000

One advantage of EDMRis that it observes changes in curre
or voltage. In general, detecting current or voltage is easier th
detecting microwave absorption or dispersion, where the latt
is made in usual ESR methods. Another advantage lies in t
mechanism of recombination. In fact, it was a surprise in ear
studies that the intensities of observed EDMR signals are larc
than that expected from a simple thermal equilibrium mode
(1). Kaplan, Solomon, and Mottl) proposed a model (often
referred to as the KSM model) which accounts for these une
pectedly large conductivity changes. The KSM model assum
that transient electron-hole pairs (or another type of spin—sp
pairs depending on the type of recombination) are formed pri
to the recombination and that the pairs should be in the sing|
spin state for the recombination to proceed. Since the triple
singlet spin conversion is not efficient under nonresonance cc
ditions, the spin pairs in the triplet state will not participate
in the recombination. When the system is brought to the res
nance condition, on the other hand, the ESR transition induc
the singlet—triplet conversion and thus the triplet spin pairs a
allowed to participate in the recombination, which leads to a
increase of the recombination rate. Kapédal. (15) formulated

Electrically detected magnetic resonance (EDMR) is a vehis model according to a classical treatment and demonstra

sion of electron spin resonance (ESR) which detects resonafiggential agreements between the theory and experimental
signals as changes of conductivity. This method allows selecti®##lts. A more rigorous and quantum-mechanics-based treatm
detection of defects and paramagnetic centers that are relev4as made by Lvowet al. (3). Their study confirmed the results
to conductivity. Furthermore, its sensitivity has been shown & the classical treatment and demonstrated the validity of tt
be much higher than that of conventional ESIR These ad- KSM model. Recently, Lip®t al. (16) investigated the KSM
vantages make this technique particularly suited to studiesmd@del more quantitatively and showed that the model reasc
semiconductor materials and devices, whose electric properféy explains the EDMR results of a-Si: H.
largely depend on the natures of recombination centers such aEDMR experiments have so far been performed with va
defects and paramagnetic centers. Numbers of materials andiges microwave frequency-resonance field settings. These ¢
vices have so far been studied by EDMR, including not only v&eriments have revealed that the intensity of the EDMR sign
rieties of Si samples such as plastically deforme@S3), amor- exhibits quite different field dependence from usual ESR. F
phous hydrogenated Si (a-Si: H), ), and iron-contaminated e€xample, Brandeét al. (4) performed EDMR experiments with
Si (6), but also diverse devices such as Si dioded.(), p-i-n microwave frequencies of = 0.434, 9, and 34 GHz and con-
type solar cells11), SiC and llI-V semiconductor devicesd), Cluded thatthe EDMR signalintensity (under microwave field c
and light-emitting diodesi@, 14. the same strength) does not depend on the microwave frequel
employed. Barabanost al. (17), on the other hand, examined

1 To whom correspondence should be addressed. much lower frequencies of 2—-10 MHz and obtained differer
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type of field dependence, i.e., the EDMR signal intensity is afb, 19-21). For Si samples, it was shown that the tunneling
proximately proportional to the square of the microwave frérom a band-tail state into a dangling-bond orbital dominates th
quency. We have recently performed an EDMR study with miecombination 16), and thus the two spins in the KSM model
crowave frequencies in an intermediate range of 300-900 MMmpuld be electron spins in the band-tail state and the danglin
(18). Our results reveal a saturation-type field dependendmnd orbital. Nevertheless, it should be noted that variation
where, although the EDMR signal intensity increases with tlie the natures of the two spins do not affect the frame of the
increase of the resonance field, the increasing rate decreakesry, but only influence the values of the paramet@f. (
gradually. This finding strongly suggests that the two types #kcordingly, in the theoretical formulation below, we do not
field dependence reported previously are in fact consistent wipecify the natures of the two spins.
each other and that they only reflect the difference in the fieldWe consider an exchange-coupled spin—spin pair, where ot
range investigated. spin is denoted aSe and the other spin &S,. When a static
The next subject would be to clarify the origin of thismagnetic fieldBy is applied along the axis and a microwave
saturation-type field dependence, which is expected to proviild B; is applied in thexy plane with an angular frequency of
valuable insight into further details of the mechanism of spim, the spin HamiltoniarHspi, for the spin—spin pair is
dependent recombination. In this study, we attempt to derive
theoretical expressions for EDMR which are applicable to a
wide field range. In previous theoretical studies, a low-field or
high-field approximation is often made, so that no reported equa- Ho = —hJSe - Sh+ (Qerte S + ghits ;) Bo, [1]
tions seem to be applicable to both regions simultaneously. Fur- it it
thermore, there is a notable discrepancy between the previous Hi = GensBy(S'e _ +3e _)
theoretical results) and our experimental results in field depen- +0husBI(S€ ot 4 Sn‘e*"”t), [2]
dence of the linewidth of the EDMR signal. According to the the-

ory by L'vov et al.(3), the splitting due to thg difference must where§ and S (= +i ) are spin components f&, and
exceed the (intrinsic) linewidth in the high-field region wherez 4,4 Srﬂf(=3§ +i5’) are components o8, The sym,boIJ
the EDMR signal intensity is independent of the resonance ﬁe%presents the exchange interaction paramgteandgs repre-

Hence., one.must observe a splitting_of the EDMR signql Uent theg values of the spirS. and Sy, respectively, and other
more likely, inhomogeneous broadening duggtspread. This gy 615 have their usual meanings. For later calculations, it

indeed applies well to their experimental results, which shoyyenjent to express the equations in the angular frequency ui
an increase of the linewidth with the increase of the resonange

field (3). On the contrary, this theoretical result does not accord

with our experimental results, which show no evidence of such , )

broadening (or splitting)1®). This discrepancy is most likely Ho/h = —JSe- S + @eS + on§;, (3]
due to the fact that their theory does not explicitly include theq, /n — n(Sfé“t + Se et + pu(STe“ + Sre '), [4]
exchange interaction that must be present in the transient spin—

spin pair. Effects of the exchange interaction have been partl . . .
considered in previous studiesd( 20, and the presence of aVNeré@ = GineBo/h andn = gugBi/h (I = e h). In our

small exchange interaction in the recombination pair has bet (tegments, thte rl;“(ir OW?IYr? f'eldt IS nr?t Str:%r:agr’ez(()j'tlhito\l,vic\j,v”
expected. In this study, we formulate the effects of the exchan gatriias aperturbation. the ma o/ cal ry solv
d the following eigenenergies are obtainedX9, 20, 22,

interaction on EDMR signal intensity according to the quantu
mechanical spin density formalism. To our knowledge, this is

the first EDMR theoretical study that presents a quantum me- wp = —J3/44 (we + wn)/2, [5-1]
chanical spin—Qensity—pased t.reatment _that explicitly includes wa= /44 k)2, 5-2]
the exchange interaction. This theoretical treatment has pro-
vided useful equations which well explain the saturation-type wp = J/4—«/2, [5-3]
field dependence and enable an estimate of the strength of the

Hspin = Ho + Ha;

. . _=-J/4— 2, 5-4
exchange interaction. @ /4= (@eton)/ [5-4]
THEORY where
Preparations. In the KSM model, it is assumed that two k= (3% + Awd)Y2, [6-1]
spins form atransient pair prior to the recombination. As a matter
of fact, there has long been controversy about the identities of the Aw = we — wn = (Ge — Gn)is Bo/h. [6-2]

two spins, and this is correlated with the question of which step
is most responsible for the spin dependence of the recombinatitre eigenstatel§ ) expressed in terms of the bases for the tota
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spins,|T1), [To), IT_1), and|S), are as follows: Second, we take the recombination term as
[4+) = 1T1), [7-1] (dpmn/dt)rec = —rs(M|S)(SIN) pmn, [11]
|a) = «|S) + BITo), [7-2]

where|S) is the pure singlet state, amglis the rate parameter
by = B|S) — | To), [7-3] forthe recombination from the pure singlet state. It is clear frot
Egs. [7] that|a) and|b) are the only eigenstates which have ¢

=) =1T-1), [7-4] nonzero product withS), so that only the equations g, onp

andpap+ ppa have a nonzero recombination term. Third and las

where the pair-dissociation term and the relaxation term are taken a
a = sgn@o)[(x — J)/(2)]"? [8-1]  (dpmn/dt)dis + (Aomn/dt)el = —pmn/ Ty form=n, [12-1]
B = [(x + 3)/(2)]*2. (8-2] = —pmn/T2 form#n, [12-2]

In order to relate quantum quantities with classical quantitieghere T, represents the lifetime of the pair afid the well-
we must calculate the density matrix. For this calculation, known spin—spin relaxation time. Here we have omitted th
is convenient to take the rotating coordinate system which gpin—lattice relaxation ternT({ term) to avoid unnecessary com-
rotating about the axis at the angular frequency identical withplexity (23). The spin-lattice relaxation timg is usually in the

that of the microwave fieldy. Then, using the new basgs)’ = order of 106 (1)-10"" s (2), being much longer than typical
e“!|4),]a) = |a), |b)’ = |b), and|—)’ = €!|—), we have the values for the pair lifetimd, ~ 2.5 x 108 (16)-5x 10% s (2).
following equation for the density matri2p); Thus the pair will be dissociated before the spin state reach
its thermal equilibrium, which means that the effectsTpfire
do i , dp dp not important here. Finally, collecting all the terms together, w
dat ﬁ[p’ Hepinl + <a>gen (a)rec can obtain the equations for the density matrix elements, whi

are shown in Egs. [A2].

+ (d_p) 4 (d_'o> , [9] Recombination rate. On the basis of the above model, the
dt / gis dt /e recombination rate. can be expressed in terms of density
matrix elements as
where H, is the spin Hamiltonian expressed now in the ro-
tating coordinate system. Its explicit form is given in Eq. [A1].
The second, third, fourth, and fifth terms on the right-hand side

represent the changes ofdue to the pair generation, electronyence, our goal here is to dedyeg and s, from Egs. [A2]. In

hole recombination, pair dissociation, and the spin relaxatiofyger to do this, we take a perturbation approach by regardi

respectively (Fig. 1). These terms are taken as follows. First, tpg/h as a small perturbation (thi's in Egs. [A2] are small

pair-generation term is taken as spin-independent as in Iiteratgfﬁ)ugh)_ With this approach, the nonperturbed density mat

studies 8, 19 elements (denoted?, ) can be obtained using the steady-stat
approximation domn/dt = 0) as

lrec = rs(azpaa+ ﬁzpbb)~ [13]

(dpmn/dt)gen = (I’g/4)8mn, [10]
ply =2 =rgTp/4, [14-1]
1,1 . %= rgTy/[4(1+ @2 2Ty)], [14-2]
T orh) A° Poo = TgTp/[4(1+ B7r2Ty) . [14-3]
g

and p?,, = (m##n). Next, we consider the changes of the den
sity matrix elements induced by the spin resonangey,, (=

lrrec , G omn — 02,), under the condition that these changes are sm:

' : hv enough. Because of this condition, (1) we limit the terms to tt
:Sh¢ : second order ob);, (2) we approximate the terms liké?ppm
" 'spin pair asU?p?,, and (3) we ignore the small quantify — nn, which
¥ is proportional to ¢ — gn) By, and thus we take = e =

Oh+ nh. Furthermore, we assume that the separations of the re

vant transitions are small enough or their intrinsic linewidtt
FIG.1. Scheme of the recombination processes. is large enough to have these transitions occur simultaneou
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(i.e., all Awmn appearing in Eqgs. [A2] can be set at zero 05
simultaneously). This approximation is based on the experi- T|a 15T, =100
mental fact that, as described below, we did not observe either y 10
a splitting or an inhomogeneous line broadening in the EDMR
signal, which strongly suggests that the separations of the rele-
vant transitions are smaller than their intrinsic linewidth in the
field range. With these approximations, we obtain the following
equations from Eqgs. [A2]: 01

korec
1
—

(Tp_l + Olzrs) Apaa= 4132772T2(p3+ + 109— - Zpg . [15-1] Awld
(Tp_l + ﬁzrs) Appp = 4-()[27721—2(,09r+ + ,09, - ngb)- [15-2]

ib
Substituting Egs. [14] into Egs. [15] yields a theoretical expres- " 1sTp =100
sion for the recombination ratg,. Since the resulting expres- - 10
sion shows thate is proportional to the pair-generation raje 1
itis convenient to introduce a new quantty. = rec/rg. By use 0.1
of this quantity, the following expressions are finally obtained: ]
0 T T T T —T
0 1 2 3 4 5
lrec = krecrg = (k?ec+ Akrec)rg» [16'1] Awld
2 2 FIG. 2. Theoretically obtained dependence of the nonresonant spin
k?ec = ﬂ . 2"+ (22+ IsTp) A L [16-2] dependent recombinatiokf,. on Aw/J for rsT, = 0.1, 1, 10, and 100.
2 4(1+ rsTp)J + (2 + I'sTp) Aw (@)k%ec— Aw/J curves in their original scales. (b) The same curves normalizec

432 4 @2+ rSTp)ZAa)Z with their respective variation rangé€yec(Bo = o) — k%ec(Bo = 0)|.

[4(1+rsTp)I2 + (2 + rsTp)2Aw?]?’
[16-3]

Akrec = 2n2r52Tp3T2 Aw?

rsT, =100
wherekZ, is the recombination rate (normalized hy) under
nonresonance conditions and.. is the change of the recom-
bination rate (normalized by) induced by spin resonance. It
is important to note thak®. and Ak are independent af;.
In Figs. 2 and 3, Egs. [16-2] and [16-3] are respectively plotted
versusAw/J for variousrsT,, though, as shown later, only the
curves forsT, < 1 will be relevant to actual systems. Figures 2a
and 3a show thdt?ec and Akec increase with the increase of
Aw/J for smallAw/J, and that, forAw/J > 1, they approach
a constant value that is strongly dependentdp. Fork?,, the T 17
value atAw/J = 0 is also dependent agT,, whereas the cor- =5
responding value foA k¢ is invariably zero. In Figs. 2b and 3b, Y
the curves for various; T, are normalized to have the same vari- s
\%
N

1 T, =100
ation range. It is important to note that the shape of the curve 7 10
does not change remarkably in the rangl = 0—1 despite the
wide variation of its scale.

Very small values have been reported toward the prodiligt
in actual systems. For example, and T, were estimated as 0 A S SRS R
rs ~ 25 x 10 st andT, ~ 5 x 10°® s for a plastically AwlJ
deformed Si 2), andrs ~ 10°~1C° s~ (depending on defect
density) andTp ~ 25x 108 s for undoped a-Si: H](G) (Tp in FIG. 3. Theoretically obtained dependence of the resonant spin-depende

) ; recombinationAkrec (equivalent to the EDMR signal intensity) akw/J for

the present paper Cgrresgonds fa 1n ,Ref' 16). These .valu.es rsTp = 0.1, 1, 10, and 100. (& Krec/ (712 TpT2) — Aw/J curves in their original
giversT, ~ 25x107"-10"“. Hencc_a, itis a good approximationscaes. (b) The same curves normalized with their respective variation rang
to expand Egs. [16-2] and [16-3] in termsr@l, and take only  Akeed(Bo = o).

0.1
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small-order terms as dependence of the recombination rate without microwave fiel
) ) which is known as nonresonant spin-dependent recombinatic
KO — sTp (rsTo)? 2J°+ Aw [17-1] Previous studies for a-24, 29 show that the magnitude of this
e 4 SP8(32 + Aw?) effect is typically in the order of 1-10-2 when expressed as
2 a ratio to the total photoconductivity. From Egs. [17-1] and [20]
Koo = 12 2_Ao his rati 0 or less th
AKree = 5” ToTo - (rsTp) 1 Aa? [17-2] this ratio must be equal to or less than
We will use these simplified equations instead of Eqgs. [16-2] |opn(Bo = 00) — apn(Bo = 0)|/opn = rsTp/2. [22]

and[16-3] for further formulation below.

Conductivity. As a final process of the theoretical formulatsing the values reported by Ligs al. (16), rs ~ 10*~1¢° s71
tion, we will connect the recombination rate to the conductivitydepending on defect density) afigl~ 2.5 x 108 s, one can
Essentially following Lipset al. (16), we can obtain rate equa-estimate the ratio as1.25 x 10-4~1072. This value is in agree-
tions with respect to the conduction electron concentration ment with the previous experimental resug (25.

and the spin—spin pair concentratibinas Equation [17-2], on the other hand, represents the change
the recombination rate due to application of microwave fielc
dng/dt =G — fne+ N/Tp, [18-1] resonant spin-dependent recombination. The order of this effe

as determined by EDMR is typically 16-10-2 (16) when ex-
pressed as a ratio to the total photoconductivity. The expressi

wheref is the coefficient for the pair-generation rate (irg.+ Z)brsfgli {:t\l/(;lr;aesol;eﬂelg ?z;\t/i?)r}én Eg. [21], and the maximum of tr

fng), G is the generation rate of the conduction electron due

to photoillumination (Fig. 1), and we have used our definition )

Frec = Kred'q (S€€ EQ. [16-1]). It should be noted that we do not | Aoph(Bo = 00)/0ph| = 27" TpT2 - IsTp. (23]
need to distinguish the spin state of the pair because this effect is

already included ik in the above subsection. Equations [18Unfortunately, the magnitude of the microwave fi@dis usu-

dN/dtz fne_ N/Tp_krecfne, [18'2]

can be solved with the steady-state approximation as ally not specified in literature papers, so that #i&,T, values
in previous experiments are not clear. Therefore, here we u
Ne = G/(fkreo). [19] the value in our experimenBf = 39.2 1 T), which will not be

very different from literature values. Then, also usingrihend
Since the conductivity is proportional 1@, and we have ne- T, values given above ar = 2.6 x 10-8 (from the linewidth

glected the intrinsic carrier concentrations, we obtain ABpp ~ 0.25 mT, see below), we can estimaiel, T, = 0.03.
This leads to an estimate of the ratid.5 x 10-°-10"3, which
Oph X Krec L. [20] is again in agreement with the previous experimental results.
Consequently, the change of the photoconductixity, due to RESULTS AND DISCUSSION
the microwave field is expressed as a ratio to the total photocon-
ductivity oph as In the previous study, we performed EDMR measurements f
a light-illuminatedn-type Si crystal in a frequency range 300-
Acpn/oph = —Akrec/ Krec 900 MHz (18). The study showed that the increase of the res

5 S 5 nance field causes no changes in linewidth of the EDMR sign:

= —2n"TpTz - 1sTp - Aw®/(I° + Aw®), [21] |nthese measurements, however, we employed a relatively la

amplitude of field modulation (0.4 mT) for the lock-in detec-

where we have used the actual relatikec < Krec. EqUa-  tion, which may have obscured a possible change of linewidt
tion [21] predicts thatopn/oph is proportional toAw?® in the  \we have therefore reinvestigated the field dependence of |
weak-field region fw <« J), whereas it becomes constant irEDMR signal using a smaller field modulation (0.13 mT). Rep
the strong-field regionfw >> J). The former behavior agreesresentative spectra are shown in Fig. 4, where the upper pa
with the EDMR results by Barabanet al. (17), showing that (Fig. 4a) shows field-derivative spectra originally recorded o
the EDMR signal intensity is proportional to the square of thyr apparatus and the lower panel (Fig. 4b) shows the numeri
microwave frequency. The latter behavior, on the other hangiegrals of the field-derivative spectra. Figures 5 and 6 displ:
agrees with the results for higher microwave frequencies shoe resonance-field dependence of the EMDR signal intens
ing that the EDMR signal intensity is almost conste#4). and the peak-to-peak linewidth, respectively. The present rest
Quantitative consideration. Now we estimate Egs. [17-1] coincide with the previous ones within experimental errors. Irr
and [17-2] and compare them with literature values as a testpafrtant parameters are listed in Table 1, where some literatt
the theory. The second term in Eq. [17-1] represents the fidldld-dependence EDMR data are also included for comparisc
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-3 -2 -1 0 1 2 3 FIG. 6. Resonance-field dependence of the EDMR signal linewidth (the

peak-to-peak linewidth). The solid circles represent experimental results for
photoilluminatedh-type Si crystal at microwave frequencies of 300, 400, 500,
600, 700, 800, and 900 MHz. The bars represent the standard deviations frc
three independent recordings. Experimental conditions are given in the leget
of Fig. 4.

n?TpT2 - 15Ty = 1.2 x 1072, [24-1]
J/[27 - 10e — gn]] = 1.3 x 107 MHz. [24-2]

—Acph/ Gph

500

Equation [24-1] can be used to estimate the recombinatio
00 rate parameter for the pure singlet statg,In our settings,
3 2 1 o0 1 2 3 B1 = 39.2.T, which corresponds tp= 27 x1.1x10°s™1. The
AB o/ mT spin—spin relaxation time may be estimated from the linewidtt
ABp, ~ 0.28 mT asT, = 2.6 x 1078 s, where the relation
FIG. 4. EDMR spectra of a photoilluminatetttype Si crystal measured (gus/h) - ABpp = 2(3)—1/21'2—1 for the Lorentzian lineshape

with microwave frequencies of = 300, 500, 700, and 900 MHz. (a) Field- ; ; _ 8
is used R2). Thus, also usindgl, = 2.5 x 10°° s (16), we
modulated spectra. Conditions: frequency and width of the field modulation 2 ) I ( )

365 Hz and 0.13 mT; field sweep rate, 10 /210 s, time constant, 1 ms; ac- obtain r? = 1.6 x 10* s™*. This Valu? is reasonable for the
cumulation, 256 times: temperature, room temperatBie= 39.2 . T: bias €combination-rate parameter of the singlet state, compared wi
current, 10uA. (b) Numerical integrals of the spectra, where nonresonant efvith literature values such as®x 10* s~ (W in Ref. 2) and
fects appearing as a slanted baseline are subtracted. 10* s for Si of low defect densityX6). Equation [24-2], on

. . . trle other hand, can be used to estimate the exchange-interact
Asis clear from comparison between Figs. 3and 5, the theoret- : .
arameter]J. To estimateJ, however, we must know the dif-

ical and experimental results exhibit the same field dependenpe.

Thus one can estimate some parameters in the theory from 1 gnee of they values. Unfortunately, thg difference is not

o ) . . clear from our data. Nevertheless, we can estimate its upper lin
fitting of the data to Eq. [21]. A least-squares fitprovides ¢ 0 inewidth. The linewidth observed at= 900 MHz is

0.28 mT (Fig. 6), from which we can estimated— gn| < 0.01.

25 We can therefore obtaid/2r < 1.3 MHz (26). This J value
] is smaller than the observed linewidtk { MHz in the fre-
@ 20 . L . . .
=) guency unit), which is consistent with the fact that we did not
=157 observe a splitting due to the exchange interaction. Jhiglue
\oﬁ i is also in accordance with a previously estimated upper limit o
bﬁw J < 30 MHz (20). The magnitude of exchange interaction is
= 5 strongly dependent on the distance between the two sp@)s (
Thus this relatively small value seems to indicate that the two
T o 15 20 25 a0 a5 recombination centers are separated by a large distance.

BymT In the theoretical study by L'voet al. (3), the field depen-
dence of the signal intensity was attributed to the change in th
FIG. 5. Resonance-field dependence of the EDMR signal intensity. Thelation betweerw (o« Bg) and time parameters (which we may

solid circles represent experimental results for a photoilluminatéghbe Si denote as temporary) The time parameters include the spir
crystal at microwave frequencies of 300, 400, 500, 600, 700, 800, and 900 MHz )

The bars represent the standard deviations from three independent recordiﬁ%‘é)'(auon .tlmes and the pair !Ifetlm.e. ACCOI’dIng to thelll’ theory,
Experimental conditions are given in the legend of Fig. 4. The solid curve i€ intensity of the EDMR signal increases with the increas

obtained from the least-squares fit to Eq. [21]. of static field in the weak-field casé\p <« 1/T), whereas it
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TABLE 1
Resonance-Field Dependence Data for EDMR of Silicone Samples
Microwave | Aoph/ophl Linewidth Temp
Sample g Value freq(GHz) (1032 (mT)2b (K) Ref.
Single crystal 2007+ 0.002 9.3 0.001 1.5 (1/2) 300 1
Single crystal 2005+ 0.003 0.300-0.900 0.013-0.022 ~0.25 (pp) RT This work
@By =39.2uT)
0.890 0.041 (@saturation) RT 18
Dislocated Si NA 0.005-0.009 0.09-0.24 ~0.2 (1/2) RT? 17
Deformed Si NA 0.030 ~0.02 (@saturation) ~0.2 (1/2) 300 3
2.4 ~0.1 (@saturation) ~0.8 (1/2)
9.4 ~0.1 (@saturation) ~1.6 (1/2)
a-Si:H NA 0.434 ~0.0015 @By = 10uT) ~0.2 (pp) 300 4
~0.01 (@saturation)
9 ~0.005 @By = 10uT) ~0.75 (pp)
~1 (@saturation)
34 ~0.004 @By = 10uT) ~2.5 (pp)

2 Some values are directly read from figures.
b (1/2) indicates the full-width half-magnitude linewidth and (pp) indicates the peak-to-peak linewidth.
©NA, not available; RT, room temperature.

becomes constant in the strong-field casa (> 1/T). Since single-turn coil (8 mm in diameter), at the center of which :
the time parameters determine the (intrinsic) linewidth of theample to be measured was placed. The magnetic flux den:
signal, the strong-field case corresponds to the case whege tled the microwave field at the center of the coil was estimate
difference exceeds the linewidth. Hence, one can expect a spi¢ing Eq. [3] in Ref. 18), and adjusted to a constant amplitude
ting of the signal under high magnetic field. As a matter of factf B; = 39.2 uT. The voltage between the two electrodes at
they did not observe such a peak splitting but a remarkable tached to the sample was measured with a PARC Model 52
crease of the linewidth. They therefore concluded that a sevérek-in amplifier. The magnetic field was modulated at 365 H
inhomogeneous line broadening duagtepread occurs in their with a modulation coil for the lock-in detection. In this study,
system and that this obscures the expected splitting of the dige amplitude of the field modulation was taken as 0.13 m’
nal. In contrast to this, our sample showed no field-dependevtiich is smaller enough than the linewidth of the EDMR sig
changes in linewidth over the field range 10-35 mT (Fig. 4jal studied here. All the measurements were carried out
despite the substantial change of the signal intensity. Thesen@m temperature. The sample used was a rectangular-sh
sults cannot be understood from the previous theory. On thkosphor-doped-type silicon crystal, where the phosphor con:
contrary, these results are not surprising from the viewpoint oéntration is~10*/cm?® and the dark resistance is S2kcm.
our theory because the field dependence of the signal intenditye crystal had dimensions of 15 mm 2 mm x 0.5 mm

is due to the change in the relation between and J, not be- with the largest face being the (100) face. The crystal was |
tweenAw andT . Interestingly, thd, value T, = 2.6 x 108s) luminated with a light bulb (1 W) and given a bias curren
estimated from the linewidth of our sample is comparable to tleé 10 ©A (which caused a voltage 6£0.693 V between the
Tp value (T, = 2.5 x 1078 s). This strongly suggests that theslectrodes) during measurements. More details of our EDM
observed linewidth comes mainly from the intrinsic linewidtlspectrometer and experimental setups were described previol
and that there are no or negligible contributions from inhom@18).

geneous line broadening at least in the field raa§8 mT. Fur-

thermore, as Table 1 shows, the smallest linewidths in previous

variable-frequency EDMR studies are all around 0.2 mT, being APPENDIX 1

very similar to the linewidth obtained in this study@.25 mT).

This also Supports the idea thaB = ~0.2—0.25 mT corre- The Spin Hamiltonian in the rOtating coordinates is

sponds to the intrinsic linewidth.

EXPERIMENTAL I+) & b [—)

wy —w U]_ U2 0
Variable-frequency EDMR measurements were performed on U o 0 U
a spectrometer constructed in our laboratory. Briefly, the mi- Hépin/h - 1 a 8
crowave generated by an Anritsu MG3633 oscillator and am- Uz 0 wp Us
plified by an R&K A1000-1050 power amplifier was led to a 0 Us Us o-+o

. [A]]
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where

Ui = Qne— Pnn,  Uzx=Pne+ Qnp,
Uz = —Pne+ Qnn, Us= Qne+ P,

and

P = —sgn@)[(k + Aw)/(2c)]Y2,
Q = [(x — Aw)/(2c)]M2.

APPENDIX 2

The equation of the density matrix can be written as

dp+/dt = —iU1(oar — p+a) — 1U2(0b+ — p+b)
— P44/ Tp+1g/4, [A2-1]
dpag/dt = iU1(par — p1a) — 1Us(p—a — pa-)
— paal Tp — @%rspaa+Tg/4,  [A2-2]
dopn/dt = iU2(opt — p1b) — 1Ua(p—b — pb-)
— pob/ Tp = B*rspob + g/4, [A2-3]
do__/dt =iUs(p_a — pa) +iUs(o_b — pb-)
— Ty 4 1g/4, [A2-4]
d(par — p+a)/dt = 2iU1(paa— p1+) +1U2(0ba + pan)
+iAwia(par + p+a)

— (par — p+a)/ T2, [A2-5]
d(par + p1a)/dt = —iU2(oba — pab) + i Awya(par — p1a)
— (par + p+a)/ T2, [A2-6]

d(pot — p+b)/dt = 2iU2(pob — p4+) + 1U1(pba+ pab)
+i Awip(obt + P4b)

= (po+ — p10)/ T2, [A2-7]
d(pot + p4b)/dt = 1U1(oba — pab) + 1 Aw1b(pbt — p+b)
— (oot + p4b)/ T2, [A2-8]

d(pba— pap)/dt = 1U1(op+ + p+b) — iU2(pat + p+a)
+iUs(p-b + ppb-) — 1Us(p-a+ pa-)
+ 1 wan(ba + pab)
— (pba— pab)/ T2, [A2-9]
d(pba+ pap)/dt = 1U1(oo+ — p+b) +1U2(pat — p+a)
—iUsz(p-b — pp-) —1U4(p-a — pa-)
+ i @an(oba — Pab) — (Pba+ pabn)/ T2
—aprs(pba+ pab), [A2-10]

d(p-a— pa-)/dt = 21U3(0—— — paa) — IUa(pba+ pan)
+iAwa (p-a+ pa-)

—(p—a—pa)/ T2, [A2-11]
d(o—a+ pa_)/dt = —iU4(pva — pab) + i Awa(p—a — pa-)
—(p—a+ pa)/ T [A2-12]

d(p—b — po-)/dt = 2iU4(p—— — ppb) — IUs(pba+ pab)
+iAwp-_(o-b+ pb-)

— (b = pp-)/ T2, [A2-13]
d(o—b + pp-)/dt = iU3(opa — pab) + i Awn_(0-b — pb-)
— (o= + pp-)/ T2, [A2-14]

wherewmn = wm — wn and Awmn = omn — . In the equa-
tions, the componengs_, andp. _ are omitted because they are
not important when the single-quantum transitipas, |—) —
|a), |b) are concerned, as in this case.
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