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Instantaneous diffusion effect on spin-echo decay:
Experimental investigation by spectral selective excitation

S. Agnello, R. Boscaino, M. Cannas,* and F. M. Gelardi
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The influence of the instantaneous diffusion process on spin-echo decay ofEg8 centers 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 of theEg8 centers 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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I. INTRODUCTION

Among the electron spin resonance~ESR! techniques,
echo decay measurements have been proven to be one
most useful tools to investigate the transversal relaxa
mechanisms due to the spin-spin dipolar interaction.1–3 In
particular, much attention has been devoted to electron
echo~ESE! experiments in solids.2,4–11In these systems, th
inhomogeneous distributionf (v) of the spin resonance fre
quencies is rather broad and the Rabi frequencyx induced by
the driving field is usually much less than the widths of
f (v). In this case, the echo signal is generated by the pa
excitation of f (v) and the spins are conveniently divided
two sets: theA spins~echoactive! that are directly excited by
the radiation and theB spins that are the remainder of th
system.12 The distinction between theA and B spins, based
on their spectral position within the inhomogeneous line,
been experimentally tested by frequency-domain meas
ments that evidenced the contribution of the echo activA
spins located within a spectral bandwidth of the order ox
around the frequency of the driving field.11,13

The interactions of theA spins with each other and wit
theB spins contribute in a different way to the attenuation
the ESE signal, through the instantaneous diffusion~ID! and
the spectral diffusion~SD! processes, respectively.2,5–11,14–17

The SD is associated with the randomization effect of
precession phases ofA spins caused by their interaction wit
theB spins, the latter changing their orientation both by sp
lattice interaction and by mutual spin flip-flops. On the oth
hand, the ID arises from the modulation of theA spins fre-
quencies resulting from the spin flips induced by the driv
microwave field and it is effective only during the seco
refocussing pulse. So, ID is a fingerprint of the dipolar int
action strength among the excitedA spins and it is related to
the total spin concentration.5 Up to now, the ID contribution
to the echo decay dynamics has been observed main
experiments in which its effectiveness was externally c
trolled by varying either the width or the amplitude of th
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second pulse.2,5–8,10,11,18Poor consideration has been give
to the dependence of ID on the spectral position ofA spins
within the inhomogeneous linef (v). To this aim, we report
here a study on both ESE time-decay curves and field sw
ESE spectra performed on a spin system ofEg8 centers19 in
vitreous silica, in which ID is the main contribution to th
relaxation mechanisms that affect the echo decay. This c
dition, together with the limitx!s in which our experi-
ments are carried out, is suitable to analyze the ESE de
by the selective excitation of theA spin packets withinf (v).

II. METHODS

A. Theoretical background

To outline our experimental investigation, we consider
inhomogeneous two-level (S5 1

2 ) spin system. In a static
magnetic fieldB5B0ẑ the resonance frequencyv of the
spins is distributed asf (v2v0) around the center frequenc
v05gB0 , whereg is the magnetogyric ratio. The echo sig
nal is generated by a sequence of two pulses of a microw
field b(t)52b1 cos(v1t)x̂, lastingt1 andt2 , respectively, and
separated by an intervalt. We denote byD5v12v0 the
detuning of the driving field from the center frequency a
by d5v2v1 the detuning of the generic spin from the dri
ing field. The first pulse rotates theA spins, located within a
spectral bandwidth of the order of the Rabi frequencyx
5gb1 about v1 , by an angleu15bt1 , where b5(x2

1d2)1/2, from their initial orientation parallel toB and in-
duces a transverse magnetization. During the interpulse
t, the spins dephase owing to the inhomogeneous sprea
of v and the transverse coherence is reversibly lost. W
the second pulse rotates these spins by an angleu25bt2 , it
reverses their precession phases and at a timet after the
second pulse the transverse magnetization is restored g
rise to the emission of the echo signalI ESE. However, the
interactions between the spins, occurring in the time inter
t11t1t21t, cause irreversible loss of transversal coh
ence so that refocussing is not complete. The ESE sig
©2001 The American Physical Society23-1
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I ESE(t) emitted by the spin system, for fixed values ofu1
and u2 , decreases on increasing the interpulse distanct
following a single exponential law

I ESE~t!5I 0 exp~22bt!, ~1!

whereb expresses the decay rate of the ESE intensity cau
by the irreversible dephasing of spins. The role played by
and SD in the kinetics of the ESE, is taken into account
the following expression of the decay rate:5,7

b5bSD1bID^sin2~u2/2!& f , ~2!

where the ratebSD is determined by the SD mechanis
whereasbID is due to the ID effect and it is proportional t
the spin concentrationC according to5

bID5
4p2

9)
g2\C. ~3!

In Eq. ~2! the angular brackets denote the average over
inhomogeneous distributionf (v2v0):

^sin2~u2/2!& f5E
2`

1` x2

d21x2 sin2S t2

2
Ad21x2D f ~d1D!dd.

~4!

So, according to Eq.~4!, the coefficient that modulates th
ID rate depends on the Rabi frequencyx, on the second
pulse lasting timet2 and on the detuningD.

We note that in the Hahn’s limit (x@s), the function
f (d1D) already vanishes whenudu!x and the integral in
Eq. ~4! reduces to sin2(u20/2) with u205x•t2 ; i.e., when all
the spins are excited, the weight ofbID in Eq. ~2! varies
between 0 and 1 on varying the second pulse areau20 from 0
to p. In the opposite limitx!s, f (d1D) is a function
slowly variable with respect to the others and it can be
tracted from the integral with the value that assumes ad
50, i.e.,v5v1 . Then Eq.~4! simplifies to

^sin2~u2/2!& f> f ~D!E
2`

1` x2

d21x2 sin2S •t2

2
Ad21x2Ddd,

~5!

that is, the averagêsin2(u2/2)& f , at a fixedu2 reproduces the
resonance line on varying the detuningD.

B. Experimental details

Our experiments were carried out in a system ofEg8 cen-
ters in vitreous SiO2.

19 Eg8 centers~unpaired electrons local
ized on a Si atom! haveS5 1

2 . They are particularly suitable
for the experiments described here, for their relatively lo
relaxation times and their narrow and highly inhomogene
resonance line.20 These defects were induced byg irradiating
a sample of Infrasil 301, supplied by Heraeus,21 in a 60Co
source at room temperature with total dose of 50 Mrad.22 The
resonance curve ofEg8 centers was obtained by integratin
the continuous wave~CW! ESR spectrum detected at roo
temperature with a Bruker EMX spectrometer. These C
ESR measurements were performed at 9.8 GHz~X band!
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with a microwave powerP5800 nW to avoid saturation an
a modulation field with peak-to-peak amplitudeBm50.1 G at
100 kHz. In Fig. 1, the integrated CW-ESR spectrum ofEg8
centers is shown. As known,23 it results from axially sym-
metrical centers, randomly oriented within the amorpho
matrix, with maing valuesgi'2.0018 andg''2.0004.

ESE experiments were carried out at liquid-helium te
perature~4.2 K!, within the experimental configuration o
two photon excitation second harmonic detection, descri
in previous papers, to which we refer for a thorough disc
sion on its advantage.24 In this configuration, we revealed th
radiation emitted by the sample, at second harmonic~5.8
GHz! with respect to the incident radiation frequency~2.9
GHz! of the driving field. The Rabi frequencyx was regu-
lated by adjusting the amplitude of the microwave field a
ing on the sample and determined by revealing the osc
tions of the nutational regime excited at the same pow
level. The measurements reported below were taken ax
52p3200 kHz andx52p3120 kHz.

Time-decay curves and field-swept ESE spectra were
tected by measuring the echo amplitude as a function of
interpulse distancet at a fixed field and as a function of th
static magnetic fieldB at fixed values of the input puls
sequence, respectively. The pulse sequence was contr
by a programmable pulse generator with a time resolution
0.01 ms. The signalI ESE(t) was detected by a superheter
dyne receiver, working at the intermediate frequency of
MHz. The video signal output by the receiver, calibrated
dB with the accuracy of60.5 dB, was acquired by a tran
sient recorder and averaged over a number of successiv
quisitions, typically 64, for improving the signal-to-nois
ratio.

The longitudinal relaxation timeT1 was previously mea-
sured in our work conditions (T54.2 K) by the saturation
recovery method. Its value (T150.960.2 s) determined the
repetition frequencyn used in echo experiments: indeed, t
conditionn•T1!1 must be fulfilled to allow complete ther
mal relaxation between successive sequences.

FIG. 1. Integral of the measured ESR signal ofEg8 centers as a
function of g values, revealed at 9.8 GHz~X band! in the silica
sampleI301 irradiated byg-dose of 50 Mrad.
3-2



we
n

re

ro

l
w
E
c

e

in
a

n

er

ti
o

.
se-

ere

g
e

nd,

ition
e
e for

ing

ea

e

ces

me
f

INSTANTANEOUS DIFFUSION EFFECT ON SPIN-ECHO . . . PHYSICAL REVIEW B64 174423
III. RESULTS

In order to check the interplay between SD and ID,
investigated the decay of the echo signal intensity as a fu
tion of the second pulse areau20. These measurements we
performed using different pulse sequences, all withu10
5120°, and with second pulse area varied in the range f
25° up to 330°.

In the whole range ofu20 investigated the experimenta
data I ESE(t) were well fitted by a single exponential la
over a dynamic range of at least 10 dB, as expected from
~1!. The decay rate could be measured with a typical ac
racy of65% and was found to depend strongly onu20. The
experimental results are reported in Fig. 2, forx52p
3200 kHz. As shown,b has a maximumbmax5(4362)
3103 s21 at u20'115° and a minimumbmin5(2462)
3103 s21 at u20'300°. In the inset of the same figure w
report the theoretical dependence of^sin2(u2/2)& f on u20 as
calculated by numerical integration of Eq.~4! and using the
experimental values ofx and f (d1D): this curve was used
to determine the corresponding extreme valuesamax50.144
andamin50.050. By comparing the excursion (bmax2bmin) to
the theoretical one (amax2amin), we inferred the value of
bID5(bmax2bmin)/(amax2amin)5(2.060.3)3105 s21. Fi-
nally, we determinedbSD asbSD5bmax2bID•amax and we get
bSD5(1.360.3)3104 s21. The obtained values ofbID and
bSD confirm that the ID is the dominant mechanism of sp
echo decay in our spin system, at least by one order of m
nitude. The theoretical curve@Eq. ~2!#, obtained by substitut-
ing these values ofbSD andbID , is drawn in the same figure
and evidences the good agreement with our experime
data. By the way, from the obtained value ofbID and from
Eq. ~3!, we are able to estimate the concentration ofEg8 cen-
ters in our sample:C5(2.560.3)31017 spins cm23. This
value agrees reasonably with the one (C;1017spins cm23)
obtained by comparison with the CW-ESR signal of a ref
ence ruby (Cr31:Al 2O3) sample.

To further characterize the ID mechanism, we inves
gated how different spin packets, located within the inhom

FIG. 2. Echo decay rateb as a function of the second pulse ar
u20. Dots are the experimental values ofb; the dashed line plots the
function defined in Eq.~2!, as described in the text. In the inset, th
theoretical curvêsin2(u2/2)& f is drawn.
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geneous distributionf (v2v0), contribute to the ESE decay
In this second set of experiments, the exciting pulse
quence was kept fixed (u105u205120°), while sweeping the
magnetic field over the resonance line. Measurements w
taken at various values of the interpulse distancet. The ex-
perimental field-swept spectra, obtained forx52p
3120 kHz and at various values oft are reported in Fig. 3.
As shown, the profileI ESE(B) changes its shape on varyin
t, for t53 ms it is a bell-shaped curve, quite similar to th
resonance curve ofEg8 centers, whereas, on increasingt, the
central part of the curve decays faster than the wings a
after nearly 45ms, a dip appears in theI ESE(B) spectrum.

The dependence of the decay rate on the spectral pos
of the echo-activeA spins was evidenced by looking at th
ESE decay ensuing the same 120°-120° pulse sequenc
different values ofB, i.e., of the detuningD. Typical decay
curves are shown in Fig. 4 for three values of the detun
DB5D/g from the static magnetic fieldB0 at which the
bell-shaped curveI ESE(B) has a maximum~see the curve
obtained att53 ms in Fig. 3!: DB50 G, DB510.5 G, and

FIG. 3. Field-swept ESE spectra induced by different sequen
120°-t-120°: t53 ms, t520ms, t530ms: t545ms: t560ms.

FIG. 4. Experimental echo decay curves, excited by the sa
two pulse sequence (u105u205120°), at three different values o
the detuningDB from the resonance condition:DB50 G in ~a!,
DB520.5 G in ~b!, andDB510.5 G in ~c!. The continuous lines
plot the single-exponential functionsI ESE(t)5I 0 exp(22bt) that
best fit the experimental points.
3-3
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DB520.5 G. All the curves are well-fitted by single exp
nential decay laws expressed by Eq.~1!, I ESE(t)5
I 0 exp(22bt), but for the different values of the rate, whic
is faster at the resonanceDB50 G @b5(2661)3103 s21#
and slower on both sidesb5(2161)3103 s21 at DB5
20.5 G andb5(12.860.5)3103 s21 at DB510.5 G.

The different decay kinetics which affects the inhomog
neous distribution of spin packets is evidenced in Fig
where we report the measured decay rateb as a function of
the detuningD of the driving field from the peak value o
f (v2v0), in units of x. The decay rate is maximum fo
D/x50 ~i.e., for the spin packets located at the peak of
distribution ofEg8 centers! and decreases on increasinguD/xu.
In the same figure it is drawn the curve described by Eq.~2!
in which the function^sin2(u2/2)& f was numerically evalu-
ated by using the experimental values of the parametex
52p3120 kHz andu205120°, whilebSD andbID were ob-
tained by a best-fitting procedure. In this case we getbSD
'(0.960.3)3104 s21 andbID'(2.360.3)3105 s21 respec-
tively, i.e., in agreement with the values above reported~Fig.
2! within the experimental uncertainty of our measuremen
We note that the envelope of experimental points on vary
the detuning is quite similar to the shape of the CW-E
spectrum ofEg8 centers, also displayed in the inset of Fig.
in the scaleD/x, apart from the vertical shift due to the S
contribution.

IV. DISCUSSION

Our experimental investigation, carried out in a high
inhomogeneous spin system~Eg8 centers in glassy silica!, al-
lowed us to evidence two distinguishable contributions to
irreversible spin dephasing which causes the attenuatio
the echo signal generated by a two-pulse sequence. T
two relaxation mechanisms, recognized as SD and ID p

FIG. 5. The echo decay rateb, measured as a function of detun
ing D, expressed in unit of the Rabi frequencyx. The dashed line
plots the best-fitting function defined in Eq.~2! in which
^sin2(u2/2)& f is evaluated as described in the text. In the inset i
shown the integral of the CW-ESR spectrum ofEg8 centers.
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cesses, were quantitatively determined by measuring
echo decay rateb at various values of the second pulse ar
u20 ~Fig. 2!. In particular, we found that the ID effect is th
main contribution to the ESE decay for theEg8 centers,
present in the investigated sample with a concentration
;2.531017cm23. This study adds to previous experiment
observations obtained for other spin systems,2,5–8,10,11,25and
confirms the validity of the theoretical model based on E
~2! and ~4! describing the interplay between SD and ID a
the dependence of the latter on the second pulse areau20.

New aspects of the ID effect were evidenced both by
field-swept echo profiles and by the dependence ofb on the
detuningD of the driving field from the peak value of th
resonance line. Our experiments clearly show the differ
decay kinetics of the ESE signal generated by theA spins
excited at distinct spectral positions. These features could
taken into account by Eq.~2!, according to which the depen
dence of the decay rateb on the detuningD ~Fig. 5! results
from two contributions: a constant term, due to the SD, a
a term related to the ID process whose weight depends on
detuning D via the function ^sin2(u2/2)& f . Moreover, this
analysis allows us to interpret the similarity of this cur
with the CW-ESR spectrum ofEg8 centers. In fact, as derive
in Eq. ~5!, in the limit x!s, in which our experiments were
carried out, the function̂sin2(u2 /2)&f is proportional tof (D)
so that the ID rate dependence onD reproduces the shape o
the Eg8 centers resonance line. It is worth noting that t
agreement between our results and Eq.~5! confirms that the
ID effectiveness is closely related to the concentration
echo-active spins and so it scales following their spec
distribution.

At the same time, the different extent of ID rate on var
ing the spectral position of the excitedA spins is the cause o
changes on the shape of echo field-swept profiles observe
our experiments when the time intervalt between the micro-
wave pulses is increased. Indeed, during the second puls
which ID is effective, the spin packets localized withinx
around the frequencyv0 lose their coherence more rapid
than those detuned fromv0 so causing a dip in the cente
part of the echo profile at long values of the interpulset.

V. CONCLUSIONS

In conclusion, we have reported a detailed investigat
on the echo generation of a spin system consisting inEg8
centers in silica in which the ID is the main relaxation pr
cess. The selective excitation of spin packets within the
homogeneous resonance line allowed us to evidence the
ferent extent of the ID dephasing rate on varying the spec
position of the echo-active spins. This effect induces chan
in the field-swept echo spectra detected at different in
pulses intervals. Moreover, we found that the dependenc
the ID decay rate on the detuning from the central freque
reproduces the shape of the ESR absorption. Our results
firm the existing theory on the echo-decay dynamics in so
spin system.

The spectral related features of ID are particularly r

s
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evant for its connection with the interpretation of expe
ments based on field-swept echo measurements to di
guish spin species with different transversal relaxation tim
T2 overlapping in the CW-ESR spectrum. This distinctio
would be prevented owing to the ID effect of single sp
species, as evidenced in the present work and also sugg
in previous papers for experiments performed on gla
states in biological objects.26
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