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Instantaneous diffusion effect on spin-echo decay:
Experimental investigation by spectral selective excitation
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The influence of the instantaneous diffusion process on spin-echo deEéyyaa!fnters in gamma irradiated
silica is experimentally probed by spectral selective excitation within their inhomogeneous resonance line. Our
results evidence the different effectiveness of this dephasing mechanism on varying the resonance field,
manifesting itself by a faster decay of the echo signal when generated by spin packets located in the central part
of the spectrum. It is shown that the dependence of the instantaneous diffusion rate on the spectral position of
echo-active spins reproduces the shape oEt)«-:enters resonance spectrum. These features are discussed in
the framework of theoretical models concerning the transversal spin relaxation in solid systems and point out
the correlation between the instantaneous diffusion rate and the concentration of echo-active spins located
within a spectral bandwidth of the order of the Rabi frequency.
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. INTRODUCTION second pulsé?~8101118pqor consideration has been given
to the dependence of ID on the spectral positiorAdpins
Among the electron spin resonan¢ESR techniques, within the inhomogeneous ling w). To this aim, we report
echo decay measurements have been proven to be one of there a study on both ESE time-decay curves and field swept
most useful tools to investigate the transversal relaxatiof=SE spectra performed on a spin systenE(;)fcenter%9 in
mechanisms due to the spin-spin dipolar interactionin  vitreous silica, in which ID is the main contribution to the
particular, much attention has been devoted to electron spif¢laxation mechanisms that affect the echo decay. This con-
echo(ESE experiments in solidé*~*In these systems, the dition, together with the limity<o in which our experi-
inhomogeneous distributiof(w) of the spin resonance fre- Ments are carried out, is suitable to analyze the ESE decay
quencies is rather broad and the Rabi frequepinduced by by the selective excitation of the spin packets withirf ().
the driving field is usually much less than the widihof

f(w). I.n this case, the echo _signal is genere_lted by .th.e pa.rtial Il. METHODS
excitation off(w) and the spins are conveniently divided in _
two sets: theA spins(echoactivé that are directly excited by A. Theoretical background

the radiation and th® spins that are the remainder of the  To outline our experimental investigation, we consider an
systemt? The distinction between tha and B spins, based inhomogeneous two-levelS& 3) spin system. In a static
on their spectral position within the inhomogeneous line, hasnagnetic fieldB=B,z the resonance frequenay of the
been experimentally tested by frequency-domain measurespins is distributed af w — wg) around the center frequency
ments that evidenced the contribution of the echo active wy,=yB,, wherey is the magnetogyric ratio. The echo sig-
spins located within a spectral bandwidth of the orderyof nal is generated by a sequence of two pulses of a microwave
around the frequency of the driving fiett*® field b(t) = 2b, cos )X, lastingt, andt,, respectively, and
The interactions of thé spins with each other and with separated by an interval We denote byA=w;— w, the
the B spins contribute in a different way to the attenuation ofdetuning of the driving field from the center frequency and
the ESE signal, through the instantaneous diffuglém and by 6= o — w, the detuning of the generic spin from the driv-
the spectral diffusioriSD) processes, respectivéty.1114-17 ing field. The first pulse rotates tfespins, located within a
The SD is associated with the randomization effect of thespectral bandwidth of the order of the Rabi frequency
precession phases Afspins caused by their interaction with =yb; about w;, by an angle§,=gt;, where B=(x?
the B spins, the latter changing their orientation both by spin-+ 622, from their initial orientation parallel t® and in-
lattice interaction and by mutual spin flip-flops. On the otherduces a transverse magnetization. During the interpulse time
hand, the ID arises from the modulation of tAespins fre- 7, the spins dephase owing to the inhomogeneous spreading
quencies resulting from the spin flips induced by the drivingof @ and the transverse coherence is reversibly lost. When
microwave field and it is effective only during the secondthe second pulse rotates these spins by an afgtest,, it
refocussing pulse. So, ID is a fingerprint of the dipolar inter-reverses their precession phases and at a tiraéer the
action strength among the excitédspins and it is related to second pulse the transverse magnetization is restored giving
the total spin concentratichUp to now, the ID contribution rise to the emission of the echo sigriake. However, the
to the echo decay dynamics has been observed mainly iimteractions between the spins, occurring in the time interval
experiments in which its effectiveness was externally cont;+ 7+t,+ 7, cause irreversible loss of transversal coher-
trolled by varying either the width or the amplitude of the ence so that refocussing is not complete. The ESE signal
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lesg(7) emitted by the spin system, for fixed values &f
and 6,, decreases on increasing the interpulse distance
following a single exponential law

lese(7)=lgexp —2b7), (1)

whereb expresses the decay rate of the ESE intensity caused
by the irreversible dephasing of spins. The role played by ID
and SD in the kinetics of the ESE, is taken into account by
the following expression of the decay raté:

E'Y center

Integrated CW-ESR signal

b:bSD+ b|D<Sin2( 02/2)>f y (2)
where the ratebgp is determined by the SD mechanism —— LT
whereashp is due to the ID effect and it is proportional to 2.002 2.001 2.000
the spin concentratiof according td g value
_4772 ) FIG. 1. Integral of the measured ESR signalEdf centers as a
b'D_gﬁ yhC. ) function of g values, revealed at 9.8 GHX band in the silica

samplel 301 irradiated byy-dose of 50 Mrad.
In Eq. (2) the angular brackets denote the average over the
inhomogeneous distributio o — wq):

: Xt Lt
<S|n2(02/2)>f=J —sm2<§\/57+xz

% 52+X2

with a microwave poweP =800 nW to avoid saturation and
a modulation field with peak-to-peak amplituBg=0.1 G at
f(6+A)do. 100 kHz. In Fig. 1, the integrated CW-ESR spectrunEgf
4) centers is shown. As knowfd,it results from axially sym-
metrical centers, randomly oriented within the amorphous
So, according to Eq4), the cqefficient that modulates the matrix, with maing valuesg,~2.0018 andy, ~2.0004.
ID rate depends on the Rabi frequengy on the second ESE experiments were carried out at liquid-helium tem-
pulse lasting time, and on th? detuning. _ perature(4.2 K), within the experimental configuration of
We note that in the Hahn's limit\>o), the function 4,4 photon excitation second harmonic detection, described
f(5+A) already Van'SheS wh_e|r5|<x and the integral in in previous papers, to which we refer for a thorough discus-
Eq. (4) reduces to sff{6,0/2) with 050=x-to; i.e., when all g o advantag®.In this configuration, we revealed the
the spins are excited, the weight bfp in Eq. (2) varies radiation emitted by the sample, at second harmdBi&
between 0 and 1 on varying the second pulse aggérom 0 GHz) with respect to the incident radiation frequen@:9

to . In the opposite limity<o, f(6+A) is a function - . . i
slowly variable with respect to the others and it can be ex-GHZ) of the driving field. The Rabi frequency was regu

tracted from the integral with the value that assume$ at !ated by adjusting the amplltud_e of the microwave field a_ct-
=0, i.e.,0=w;. Then Eq.(4) simplifies to ing on the sample and determined by revealing the oscilla-

tions of the nutational regime excited at the same power
. I - B level. The measurements reported below were takey at
(SiRP(0,12)) = f(A)J ﬁsmz(— \/5?+X?) dé, =2m7X200kHz andy=2mX 120 kHz.
—w Ot x 2 . .
Time-decay curves and field-swept ESE spectra were de-
) tected by measuring the echo amplitude as a function of the
that is, the averag(esinz(02/2))f, at a fixedd, reproduces the interpulse distance at a fixed field and as a function of the
resonance line on varying the detuniag static magnetic fieldB at fixed values of the input pulse
sequence, respectively. The pulse sequence was controlled
by a programmable pulse generator with a time resolution of
0.01 us. The signal e 7) was detected by a superhetero-
Our experiments were carried out in a systeniEqfcen-  dyne receiver, working at the intermediate frequency of 30
ters in vitreous Si@"° E/, centers(unpaired electrons local- MHz. The video signal output by the receiver, calibrated in
ized on a Si atomhaveS=3. They are particularly suitable dB with the accuracy of-0.5 dB, was acquired by a tran-
for the experiments described here, for their relatively longsient recorder and averaged over a number of successive ac-
relaxation times and their narrow and highly inhomogeneousjuisitions, typically 64, for improving the signal-to-noise
resonance liné° These defects were induced pyrradiating  ratio.
a sample of Infrasil 301, supplied by Heraétsn a ®°Co The longitudinal relaxation tim&, was previously mea-
source at room temperature with total dose of 50 Mdthe  sured in our work conditionsT(=4.2K) by the saturation
resonance curve cE’y centers was obtained by integrating recovery method. Its valueT{=0.9+0.2s) determined the
the continuous wavéCW) ESR spectrum detected at room repetition frequency used in echo experiments: indeed, the
temperature with a Bruker EMX spectrometer. These CW-conditionv-T;<<1 must be fulfilled to allow complete ther-
ESR measurements were performed at 9.8 GMzand mal relaxation between successive sequences.

B. Experimental details
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FIG. 3. Field-swept ESE spectra induced by different sequences

FIG. 2. Echo decay rateas a function of the second pulse area 120°-7120% 7=3 us, 7=20pus, 7=30us: 7=45us: 7=60us.

6,0. Dots are the experimental valuestpithe dashed line plots the

function defined in Eq(2), as described in the text. In the inset, the geneous distributiof(w — wg), contribute to the ESE decay.
theoretical curve sin?(6,/2)); is drawn. In this second set of experiments, the exciting pulse se-
quence was kept fixed{,= 6,0=120°), while sweeping the
magnetic field over the resonance line. Measurements were
taken at various values of the interpulse distanc€he ex-

In order to check the interplay between SD and ID, Weperimental field-swept spectra, obtained fop=2m
investigated the decay of the echo signal intensity as a funcx 120 kHz and at various values ofare reported in Fig. 3.
tion of the second pulse ardég,. These measurements were As shown, the profild esg(B) changes its shape on varying
performed using different pulse sequences, all wWily - for =3 us it is a bell-shaped curve, quite similar to the
=120°, and with second pulse area varied in the range fromesonance curve @&, centers, whereas, on increasinghe
25° up to 330°. _ _ _ central part of the curve decays faster than the wings and,

In the whole range 0_1920 mvestlgated the experlr_nental after nearly 45us, a dip appears in thiesg(B) spectrum.
datalese(7) were well fitted by a single exponential law  The dependence of the decay rate on the spectral position
over a dynamic range of at least 10 dB, as expected from Eyf the echo-activeA spins was evidenced by looking at the
(1). The decay rate could be measured with a typical accCuggg decay ensuing the same 120°-120° pulse sequence for
racy of £5% and was found to depend strongly 8. The gifferent values o, i.e., of the detuning\. Typical decay
experimental results are reported in Fig. 2, =27  cyrves are shown in Fig. 4 for three values of the detuning
X200kHz. As shownb has a maximumbp,=(43+2)  AB=A/y from the static magnetic fiel®, at which the
X10°s™! at ,~115° and a minimumby,,=(24=2)  pell-shaped curvégzs{B) has a maximunisee the curve

X10°s™* at 62p~=300°. In the inset of the same figure We optained at=3 us in Fig. 3: AB=0 G, AB=+0.5G, and
report the theoretical dependence(sir?(6,/2)); on 6y, as

calculated by numerical integration of E@) and using the
experimental values gf andf(5+A): this curve was used

to determine the corresponding extreme valags=0.144
anda,,;;=0.050. By comparing the excursiob{,,—bmin) t0

the theoretical one &ya—amin), We inferred the value of
bip = (Pmax—Brmin)/ (Bmax—8min) = (2.0£0.3) X 10°s™ Fi-

nally, we determinetbsp asbsp=bax—bip - @maxand we get
bsp=(1.3+0.3)x10*s 1. The obtained values df,5 and

bsp confirm that the ID is the dominant mechanism of spin-
echo decay in our spin system, at least by one order of mag-
nitude. The theoretical cuni€&qg. (2)], obtained by substitut- 30l
ing these values dbsp andbp, is drawn in the same figure L
and evidences the good agreement with our experimental 0 20 40 60 80 100 120
data. By the way, from the obtained valuelgf and from 5

Eq. (3), we are able to estimate the concentratiorE{;fcen— T (s)

ters in our sampleC=(2.5+0.3)x 10" spinscm®. This FIG. 4. Experimental echo decay curves, excited by the same
value agrees reasonably with the or@~(10''spinscm®)  two pulse sequencef{y= 5= 120°), at three different values of
obtained by comparison with the CW-ESR signal of a referthe detuningAB from the resonance conditiodB=0 G in (a),
ence ruby (Ct":Al,O;) sample. AB=-0.5G in(b), andAB=+0.5G in(c). The continuous lines

To further characterize the ID mechanism, we investi-plot the single-exponential functionssg7)=1,exp(—2b7) that
gated how different spin packets, located within the inhomo-best fit the experimental points.

Ill. RESULTS

0
c) AB=+0.5G

b) AB=-0.5G

ESE intensity (dB)

a)AB=0G
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cesses, were quantitatively determined by measuring the
echo decay ratb at various values of the second pulse area
0,0 (Fig. 2). In particular, we found that the ID effect is the

main contribution to the ESE decay for th‘s’y centers,
present in the investigated sample with a concentration of
~2.5x 10" cm™3. This study adds to previous experimental
observations obtained for other spin systémz1%11-2%and
confirms the validity of the theoretical model based on Egs.
(2) and(4) describing the interplay between SD and ID and
the dependence of the latter on the second pulse &gea
New aspects of the ID effect were evidenced both by the
field-swept echo profiles and by the dependenchk of the
detuningA of the driving field from the peak value of the
resonance line. Our experiments clearly show the different
decay kinetics of the ESE signal generated by Ahspins
Ay excited at distinct spectral positions. These features could be
taken into account by Eq2), according to which the depen-
FIG. 5. The echo decay rate measured as a function of detun- dence of the decay rateon the detuning (Fig. 5) results
ing A, expressed in unit of the Rabi frequengyThe dashed line from two contributions: a constant term, due to the SD, and
plots the best-fitting function defined in Eq2) in which  aterm related to the ID process whose weight depends on the
(sirP(6,/2)); is evaluated as described in the text. In the inset it isdetuning A via the function(sir?(6,/2));. Moreover, this
shown the integral of the CW-ESR spectrumEdf centers. analysis allows us to interpret the similarity of this curve
with the CW-ESR spectrum ﬁ’y centers. In fact, as derived
AB=-0.5G. All the curves are well-fitted by single expo- in Eq. (5), in the limit y<o, in which our experiments were
nential decay laws expressed by E@l), lesd7)=  carried out, the functioksir?(6, /2)); is proportional tof (A)
loexp(—2b7), but for the different values of the rate, which sq that the ID rate dependence sAmeproduces the shape of
is faster at the resonanceB=0 G [b=(2611)1>< 10°s  the E!, centers resonance line. It is worth noting that the
and slower on both S|deb=(2%1)>< 10°s™" at AB= agreement between our results and &jy.confirms that the
—0.5G andb=(12.8+0.5)x _1035 atAB=+0.5G. ID effectiveness is closely related to the concentration of
The different decay kinetics which affects the inhomoge-gcho-active spins and so it scales following their spectral
neous distribution of spin packets is evidenced in Fig. Sjistribution.
where we report the measured decay tates a function of At the same time, the different extent of ID rate on vary-
the detuningA of the driving field from the peak value of g the spectral position of the excitédspins is the cause of
f(o—wo), in units of . The decay rate is maximum for changes on the shape of echo field-swept profiles observed in
A/x=0 (i.e., for the spin packets located at the peak of thegyr experiments when the time intervabetween the micro-
distribution of E), center$ and decreases on increasitdy|.  wave pulses is increased. Indeed, during the second pulse in
In the same figure it is drawn the curve described by l. which ID is effective, the spin packets localized within
in which the function(sin’(6,/2)); was numerically evalu- around the frequency, lose their coherence more rapidly
ated by using the experimental values of the parameters than those detuned from, so causing a dip in the center

=2mx120kHz andf,,=120°, whilebsp andb, were ob-  part of the echo profile at long values of the interputse
tained by a best-fitting procedure. In this case we lgg$

~(0.9+0.3)x10*s ! andb,p~(2.3+0.3)x 10°s ! respec-
tively, i.e., in agreement with the values above repoftéd.
2) within the experimental uncertainty of our measurements.
We note that the envelope of experimental points on varying In conclusion, we have reported a detailed investigation
the detuning is quite similar to the shape of the CW-ESRon the echo generation of a spin system consistin@;in
spectrum ofE’, centers, also displayed in the inset of Fig. 5 centers in silica in which the ID is the main relaxation pro-
in the scaleA/y, apart from the vertical shift due to the SD cess. The selective excitation of spin packets within the in-
contribution. homogeneous resonance line allowed us to evidence the dif-
ferent extent of the ID dephasing rate on varying the spectral
position of the echo-active spins. This effect induces changes
in the field-swept echo spectra detected at different inter
Our experimental investigation, carried out in a highly pulses intervals. Moreover, we found that the dependence of
inhomogeneous spin syste(rE’y centers in glassy siligaal-  the ID decay rate on the detuning from the central frequency
lowed us to evidence two distinguishable contributions to theeproduces the shape of the ESR absorption. Our results con-
irreversible spin dephasing which causes the attenuation dirm the existing theory on the echo-decay dynamics in solid
the echo signal generated by a two-pulse sequence. Thespin system.
two relaxation mechanisms, recognized as SD and ID pro- The spectral related features of ID are particularly rel-
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