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The steady-state free-induction decay (FID) has been investigated in samples of crystalline and

amorphous quartz containing paramagnetic two-level electron spin centers (S=—'). We report ex-

perimental data on the dependence of the FID rate on the Rabi frequency g induced during the

preparative stage. Our results confirm that the decay of the FID signal is much slower than expect-
ed on the basis of the conventional Bloch equations. The range of y investigated here is wide

enough to show the whole transition from Bloch-type behavior to the high-power Redfield limit, in

which the FID rate is determined only by y. The experimental data are compared with theoretical
results recently obtained by hypothesizing Gaussian-Markovian fluctuations of the resonance fre-

quency. Even if agreement is poor, the comparison suggests by itself the possibility that more than

one source of fluctuations may be effective. Other possible origins of the failure of the Bloch equa-
tions as well as of the stochastic theories are examined.

I. INTRODUCTION

The conventional Bloch equations (BE) provide a sim-

ple description of the resonance dynamics of two-level
systems in an e.m. field, both in magnetic resonance and
in optics. ' In these equations the generic center (atom or
spin) has a time-independent frequency coo; and its relaxa-
tion dynamics is described in terms of two parameters,
the longitudinal T, and the transverse T2 relaxation
times. Since the earliest studies of magnetic resonance, '

situations have been known in which the phenomenologi-
cal Bloch model fails to account for the observed
responses, especially in solids (T, » T2) and in the pres-
ence of a strong field. ' This failure may have several ori-
gins. First, the homogeneous contribution to the reso-
nance broadening may be non-Lorentzian. Second, the
resonance frequencies coo, may fluctuate in a time scale
comparable with the observational one. Moreover, the
microscopic relaxation mechanisms may be influenced by
the incoming radiation. Finally, for an inhomogeneously
broadened line, intraline spectral-diffusion mechanisms
(not allowed for by the BE) may play a relevant role.

More recently, departures from the behavior predicted
by the BE have been experimentally observed and
theoretically investigated in connection with free-
induction decay (FID), hole-burning, decay of nuta-
tional regime, ' and echo. " In particular, as regards the
FID effect, namely, the emission of radiation ensuing the
abrupt interruption of the pump field, it has been ob-
served that the FID emission in solid systems at low
tetnperature (T, »T2) decays much more slowly than
predicted by the BE. The observations of anomalous
FID have stimulated much theoretical work' ' in
which the non-Bloch power dependence of the FID rate
has been ascribed to the fluctuations of the resonance fre-
quency coo; of the single active center. In these theories
the fluctuations of coo;, responsible for the coherence loss
in the weak-field limit, are shown to become uneffective

in a strong field. The calculated FID rate I' tends to the
value I =2/T2 in the low-power limit, in agreement with
the Bloch model, and to the value I =g/V2 in the oppo-
site limit of strong fields (the field intensity is usually
measured in terms of the induced Rabi frequency y}. In
the intermediate power range the FID behavior is deter-
mined by the particular stochastic model assumed for
co(t}. So, the power dependence of I has been given
most attention when comparing experimental and
theoretical results obtained by hypothesizing several
kinds of stochastic processes for co(t }.

A quantitative and consistent account of the experi-
mental results of the y dependence of I has not been
given by the models developed until the present time.
Even if agreement has been found for limited ranges of
the radiation intensity, the best fitting value of the corre-
lation time r, of coo, (t) is often conflicting with the T2
value or with the single-exponential form of experimental
FID signals. ' The circumstance that the range of y in-
vestigated experimentally up to now is somewhat limited
and the large scattering of the experimental data make
more difficult a reliable comparison with theories and the
need for additional experiments has often been
claimed. ' ' Other problematic aspects of the FID emis-
sion concern as well the low- and the high-power regimes.
In fact, the question has been raised whether the low-
power FID behavior and the echo experiments should be
expected to yield the same value of T2. ' On the other
hand, it has to be noted that the existence of the high-
power limit (I =y/V2) implies that the rapid Rabi flip-
ping is capable of suppressing the effects not only of the
frequency fluctuations, but also of any other dephasing
mechanism effective in the unperturbed system.

In this paper we report experimental data on the shape
and rate of the FID signal in systems of S =

—,
' spins dilut-

ed in solid matrices at low temperature. A peculiarity of
the experiments reported here is the wide range of g
(nearly two decades) investigated; moreover, data scatter-
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ing is much reduced with respect to previous reports by
using nonlinear spectroscopy techniques. In the whole
investigated range of y, from the validity zone of the BE
to the high-power limit, we have observed that the FID
signal has a single-exponential shape over a wide excur-
sion (nearly 25 dB) with a power-dependent decay rate I .
Our data on the dependence of I on y are compared here
with the theoretical results obtained' ' by hypothesizing
a Gaussian-Markov process for too;(t). Even if we do not
find agreement, the comparison suggests by itself that
more than one fluctuation mechanism with different ~,
may be effective. Other possible origins of the failure of
the BE as well as of the stochastic theories are examined.

The paper is organized as follows. In Sec. II we briefly
recall the properties of the FID signal as calculated from
the BE and we examine the Redfield limit. Sec. III is de-
voted to experiments and the results are compared with
the stochastic theories in Sec. IV. In Sec. V we discuss
possible origins of the failure of BE and stochastic
theories.

II. THE BE SOLUTIONS AND
THE REDFIELD LIMIT

We briefly recall the main properties of the FID signal
emitted by an ideal inhomogeneous system obeying the
conventional BE. We consider a system of N spins S =

—,
'

whose frequencies ~o, are distributed about a mean value
too according to a Gaussian h (coo; —coo) with a standard
deviation o. At this moment we assume that (i) the fre-
quencies coo; are time independent (static inhomogeneous
broadening) (ii) the interaction between spins having
different coo; can be disregarded, and (iii) each isochromat
obeys the BE, all with the same relaxation times T& and
T2. This is by far the simplest picture of an inhomogene-
ous line.

During the preparative stage (t &0) a microwave mag-
netic field b(t)=2b~xcos(cut) perpendicular to the static
field B=Bz and tuned to the resonance co=coo saturates
the system. In the rotating reference frame (RRF),
within the rotating-wave approximation, the generic spin
packet, detuned by E'=No No from the line center and
then from the input radiation, is characterized by a
steady-state vector ( u, u, w):

u (e) =eyT, /D,

v,(e)= yTz/D, —

w (e)=(1+e Tz )/D,

(la)

(lb)

(1c)

with D =1+@Tz+y T, T2. Here u, U, and m are the
components of the spin-packet magnetization (normal-
ized to the thermal equilibrium value Mo), g=yGb& is
the Rabi frequency, and yG is the gyromagnetic ratio.

When the field is switched off at t =0, each spin packet
precesses in the RRF at frequency e damped by the relax-
ation interactions. For T2 « T, (as usual in low-
temperature solids) and in a time scale of the order of Tz,
the time evolution of the generic packet is given by

u (e, t) = —u (e)exp( t/Tz )[eTzcos(et)+—sin(et)], (2a)

v (e, t) = v (e)exp( —t /Tz)[cos(et )
—eTzsin(et)], (2b)

and w (e, t) = w(e) T. he transient regime of the whole sys-
tem [U(t), V(t), 8'(t}] is obtained by integrating the
above solutions over h (e). One gets ' U(t) =0 and

V(t)=(m' /2cr T z)(y/y)exp( t/—Tz)K(t)

with

K (t) =exp[(y /cr ) ][(yTz —1)exp( —yt)erfc(y 1 )

(3)

K(t)=K(0)+ycrTz[2m 'i +K(0)y/o]t

at short times t « (2y /o Tz )( T
~ /Tz )' and

K(t) =2(y Tz —1)exp( yt)—
(6)

(7)

at long times t ))o . Equation (6) shows that immedi-
ately after removing the field a sort of rephasing of the
packets occurs and yields a rapid growth of the trans-
verse magnetization of the whole system (often referred
to as linear FID regime); ' as this growth occurs in a time
scale shorter than our observational one, it will not be
considered here. In a longer time scale t »o. ' (non-
linear FID regime) K(t) [Eq. (7)] yields an additional ex-
ponential damping of V(t):

V(t) =m' (y/y )[(yTz —1)/y Tz ]exp( —I t)

with

I =1/Tz+y=l/Tz)[1+(I+yzT, Tz)'i ] .

Note that within the approximations used to get Eq. (7)
the reversible contribution to the decay of V(t) directly
images the saturated steady state, being merely the
Fourier transform of the saturated spin-packet line shape

—(yTz+1)exp(yt)erfc(yz)], (4)

y=(1/Tz}(1+y T, Tz)'

Here y&=y/o at/—2, y =zy/ rt+ ot/2, and erfc(y) is
the complementary error function. In the laboratory
reference frame (LRF), for t )0 the system exhib-
its a transverse magnetization [M„(t)+iM~(t)]
=MOV(t)exp(i coot) that emits radiation at frequency too
with a time-dependent intensity I(t) CC [ V(t)] (FID emis-
sion).

The exponential damping term in Eq. (3) is an irrever-
sible contribution to the decay of V(t), due to the coher-
ence loss of the individual packets during the FID re-
gime; its exponential form as well as the Lorentzian
shape of the spin-packet line is a consequence of the par-
ticular expression of the relaxation terms in the BE. On
the other hand, K (t) in Eq. (3) yields an additional (rever-
sible) time dependence of V(t), due to the superposition
of the oscillations at different frequencies; K(t) is a
consequence of the inhomogeneous broadening and it de-
pends on the steady-state properties of the system during
the preparative stage; in fact, physically y represents the
spectral width of the saturated packet line. Approximate
expressions of K(t) can be obtained ' if the resonance
line is highly inhomogeneous (o Tz ))1) and poor satura-
tion of the overall line (y/o « 1) is induced:
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III. EXPERIMENTS

A. The samples

We have observed anomalous FID signals in several
samples, including E centers in silica, [A104] centers in

quartz, dilute ruby (Cr +:ALzO&), Ce +:CaW04. Here
we report the results obtained in two samples of quartz
containing [A10&] centers with different concentration
(samples No. 1 and No. 2) and one sample of E' centers
in glassy silica (sample No. 3), as listed in Table I. Both
kinds of centers were obtained by y irradiating the sam-
ples in a Co source at room temperature with a typical
dose of 1000 Mrad. The different concentration of
centers in samples No. 1 and No. 2 is due to the different
content of Al impurities in the original nonirradiated
samples.

[A104] centers in crystalline quartz are hole defects
(S=—,') created by y rays near Al impurities. Their reso-
nance spectrum consists of six well-resolved lines separat-
ed by 0.6 mT due to the hyperfine interaction with the
nuclear spin I =

—,
' of Al nuclei. Each hyperfine line has

an inhomogeneous width of nearly 0.1 mT. The measure-

TABLE I. Samples and their relaxation times in our working
conditions (8 =0.2 T, T=4.2 K).

Sample
no. Centers

[A10,]
[A104]

El

Matrix

quartz
quartz
silica

T2

(ps)

75+8
600+50
115+10

TI
(ms)

5.0+0.8
45+5

200+30

[Eq. (lb)]. The possibility of investigating the saturation
behavior of the system by monitoring the FID emission
relies on this relationship. In fact, any departure of the
actual steady state from the Bloch model predictions is
expected to result in a g dependence of I different from
Eq. (9).

Finally we examine the high-power limit of the
Redfield theory. According to this model, the transverse
relaxation of a saturated spin system should be described
by an effective intensity-dependent T2, lengthening from
its low-power value T2 to T2, =2T, in the very-high-
power limit. So, posing T2=Tz, =2T, in Eq. (9), we get
the high-power asymptotic behavior of 1

r, =qw'z (10)

where the label denotes the high-power limit of the
Redfield theory. We recall that the Redfield theory is
concerned with an homogeneous system in which the
main dephasing source is the dipolar coupling among the
center. Explicit functional dependence of T2, on the field

intensities in the intermediate range have been theoreti-
cally calculated and experimentally investigated. '

In Sec. III we report measurements of the FID rate I
as a function of g and Eqs. (9) and (10) (henceforth re-
ferred to as Bloch and Redfield limit) will be used as
touchstones of the experimental results.

ments reported here were taken at the center of the high-
field line; however, similar results were obtained as well
on the other lines.

E' centers are hole defects (S=—,') created by y rays
near an oxygen vacation. In a glassy matrix their reso-
nance line is inhomogeneously broadened with a width of
nearly 0.2 mT. Due to the high purity of the original
piece of silica, no other absorption line of ionized impuri-
ties was observed in this sample after y irradiation.

These samples were chosen for their relatively long re-
laxation times at low temperature ( T =4.2 K); the values
of T, and T2 of our samples, measured by standard tech-
niques (spin-echo and saturation-recovery) in the same
conditions as for the FID measurements (8 =0.2 T,
T=4.2 K), are listed in Table I. In this regard we report
that in all the samples and conditions explored, the ex-
perimental echo-decay curves were found to be well fitted
by a single-exponential law.

B. Method and apparatus

As a general scheme, a FID experiment consists of a
preparative stage, during which the system is driven to a
saturated steady state by a long pulse of resonant radia-
tion and of a detection stage in which one monitors the
radiation emitted by the system after removing the field.
A peculiarity of our experimental procedure is that the
preparative stage is accomplished by means of two-
photon (TP) transitions. ' In our experiments, during
the preparative stage the system is driven by a microwave
field b=2b&cos(cot) polarized at an angle a with respect
to the z-directed static field B, b &=b&cosaz+b&sin(a)x.
When B is adjusted to tune the system frequency coo to
the TP resonance co0=2co, owing to the presence of both
a longitudinal and a transverse component of b(t), TP
transitions between the upper and lower levels of each
spin center are allowed, which induce saturation and es-
tablish a transverse coherence analogous to the one-
photon resonance case. The detection stage is performed
in a standard way: After switching off the field, we detect
the radiation emitted by the system in a narrow spectral
band centered at coo. It is worth pointing out that by this
procedure we detect one-photon FID and that TP transi-
tions are used only to establish the steady state. As
coo=2am, our experimental configuration is often referred
to as a TP-induced second-harmonic (SH) FID experi-
ment. The advantages of this procedure are related to
the large spectral distance between the exciting field and
the system response and have been thoroughly discussed
in connection with several coherent transient experi-
ments. ' Here we limit ourselves to recall that all the
considerations stated in Sec. II can be generalized in a
straightforward way to our TP-excited FID experiment.
En fact, , as previously shown, ' in a properly defined
double-rotating reference frame (DRRF) the steady-state
response of a S =

—,
' spin system for coo=2~ is given just

by the same Eq. (1) provided that g is given the meaning
of TP-Rabi frequency: ' y= —(yb, ) sin(2a)/coo.
After switching off the pump field, the transverse coher-
ence V(t) in DRRF manifests itself in the laboratory
frame as a transverse magnetization oscillating at coo with
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the time-dependent amplitude V (t) given by Eq. (3).
In the experimental apparatus the sample is located in

a bimodal cavity resonating at c0, =2m2. 95 GHz (pump
mode) and at r02 =5.9 GHz (detection mode) in a point of
the cavity where it is coupled to both modes. Both
modes have a relatively low quality factor, with a half
width of nearly 0.6 MHz. Fine tuning of the detection
mode to co2=2co, is obtained by inserting a quartz rod.
The output signal of a low-power cw microwave source,
tuned to the pump mode (co =co„),is first pulse shaped by
a fast modulator (nominal transition time: 20 ns), then
raised to the required power level (0.1 —20 W) by a
traveling-wave tube amplifier, and finally sent to feed the
pump mode. By a superheterodyne receiver we monitor
the time-dependent microwave signal emitted by the spin
system into the monitor mode of the cavity after the trail-
ing edge of the pump-field pulse. Two different receivers
have been used for the measurements reported below.
For the measurements taken at high input power, when a
fast-decaying FID signal was emitted, we used a receiver
whose i.f. amplifier has a bandwidth (BW) of 10 MHz; for
the measurements taken at low power, when the FID sig-
nal has low intensity and decays slowly, in order to im-
prove the signal-to-noise ratio (S/N), we used a receiver
(actually, a spectrum analyzer working in its receiver
mode) whose i.f. amplifier has a BW adjustable from 0.3
to 3.0 MHz. Both receivers output a logarithmic video
signal, calibrated with the accuracy of +0.2 dB, which is
sent to a digital transient recorder (time resolution: 0.2
ps). Further improvement of the S/N ratio is required
and accomplished by averaging over a number of pulses,
typically 256. Obviously, the repetition frequency f' is
low enough (typically 1 Hz) as to ensure complete
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FIG. 1. A typical experimental curve of the FID signal. The
curve was detected in sample No. 1 after a preparative stage
(t & 0) performed by a radiation pulse lasting 1 ms and including
a Rabi frequency y/2m=54 kHz. The dashed line is the ex-
ponential law y =[A exp( —I r)] with I =2m78 kHz, that best
fits the decay part of the experimental curve.

FIG. 2. Experimental dependence of the FID rate I /2m. on
the Rabi frequency g/2n. , as detected in our samples No. 1 (a),
No. 2 (b), and No. 3 {c). For the sake of clarity, only a selection
of the measured data has been reported. The solid lines marked
B and R plot the theoretical dependences expected from the
Bloch theory (B) [Eq. (9)] and from the Redfield one (R) [Eq.
(10)]. The dashed lines mark the limit of the Bloch curve (B)
for y=O: (a) 4.2 kHz; {b)0.53 kHz (out of scale); (c) 2.8 kHz.
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TABLE II. Relevant parameters in FID experiments. Values and investigated ranges in our work

and in previous reports.

Quantity

(Z y )I/2

(10 " s)

y/2m
(kHz)

X 1 2

XT2
y/2a
(kHz)

Pr' LaF3
(Ref. 6)

1.0

2.0/40

1.7/680

0.3/5. 5

10/40

Cr':A1203
(Ref. 8)

2.5

8.5/85

0.2/20

0.75/7. 4
13/40

No. 1

0.6

0.01/60
X 10'

1.5/95

Our samples
No. 2

52

3.0/200

0.01/40
X 10'

12.5/750
15/260

No. 3

48

0.01/40
X 10

16/145

thermal relaxation of the spin system between successive
pulses (fT, (&1). The repetitive operation, the acquisi-

tion, the average and storage for further off-line analysis,
is accomplished under the control of a microcomputer
system.

C. Experimental results

A typical experimental FID curve is reported in Fig. 1.
This curve was taken in sample No. 1 with a preparative
stage accomplished by a pulse of radiation inducing a
Rabi frequency y=0. 34X10 rad/s and lasting a time
t0=1.0 ms. Both the initial steep rise and the decay part
of the FID signal are visible in Fig. 1; however, as dis-
cussed above, the detection of the former part is probably
unreliable. We are concerned here with the decay part.
Figure 1 shows the extent to which this part of the exper-
imental curve (t R1.5 ps) is well fitted by a single-
exponential law with a rate I /2m =(78+4) kHz over a
large excursion (nearly 28 dB). This behavior is typical in
the sense that in the whole investigated range of y and in

any sample we never found reliable evidence of multiex-
ponential decay.

We have measured the dependence of I on the input
power level. In these measurements care was taken in

choosing the duration t0 of the preparative stage. Too
long pulses, especia11y at high power, cause undesired
effects connected with liquid helium bubbling within the
cavity, which breaks the tuning of the modes. On the
other hand, a preparative stage lasting a time not long
enough may leave the spin system far from its steady
state. According to our experience, this circumstance
may yield unreliable measurements of I . In fact, we have
observed that an insufFicient duration distorts the shape
of the FID signal and especially its decay part, where
small bumps appear; the consequence is an appreciable
increase of the value of I obtained by the fitting pro-
cedure. In view of the relevance of this quantity for the
considerations to be made later, we have retained only
those measurements that could be taken with such a
value of t0 that halving it did not yield appreciable
change in the FID signal. Moreover, only those measure-
ments where a decay of at least 10 dB could be observed
were considered as valid. These two requirements limited
the investigated range of y/2m from 3 to 200 kHz.

The results obtained in our three samples are reported
in Figs. 2(a) —2(c), where I is plotted versus y, both in

frequency units. The experimental values of I were ob-
tained by the fitting procedure outlined above and g was
measured by monitoring the TP-nutational regime ob-
servable at the leading edge of the pump-radiation pulse.
In each figure, we also report, for the sake of comparison,
the theoretical behavior of I versus y, as expected on the
basis of BE (Eq. (9)] and in the Redfield high power [Eq.
(10)]. As shown, on increasing g, the experimental I
values evolve from the Bloch limit toward the Redfield
asymptote. The transition is completely observable in
sample 1 [Fig. 2(a)], thanks to the particularly suitable
value of T, T2. The measurements taken in sample No. 2

[Fig. 2(b)] attain the Redfield asymptote on the high-y
side, whereas data taken on sample 1 maintain an appre-
ciable distance from this limit. The observed behavior in
sample No. 3 [Fig. 2(c)] is intermediate.

In Table II we summarize the range of the main pa-
rameters (y, yT2, y T, T2, and I ) explored in our experi-
ments and in those reported in Refs. 6 and 8. Data re-
ported in Table II suggests that the quantities y T, Tz
and pe control the range of y in which the transition
from the Bloch limit to the Redfield one occurs. In fact,
relatively low values of r, T2 (as in Refs. 6 and 8, and in
our sample No. 1) allow to detect in the low-y side a be-
havior quite similar to that predicted by the BE. On the
other hand, the Redfield theory seems to be valid at high
values of gT2, as in our sample No. 2. We note that the
experimental data previously reported maintain, even
at high power, a large distance from the limit I =y/&2.

IV. COMPARISON %'ITH STOCHASTIC THEORIES

In several recent theories the non-Bloch properties of
the FID signal are related to the time fluctuations of the
frequency co0, of the individual centers. In these models,
the stochastic nature of co0,.(t) is responsible for the
homogeneous linewidth ( Tz ') but its effects are
suppressed in the high-power regime g~, &&1 where ~, is
the correlation time of co0, (t). ' Several kinds of stochas-
tic processes have been used to model co0; ( t): The
Ornstein-Uhlenbeck (OH) processes, ' ' ' random-jump
processes, ' the Kubo-Anderson process, ' and non-



5176 R. BOSCAINO AND V. M. La BELLA

(T2, } '=(2T, } '+a r, /[1+(ar, ) ] . (12)

We recall that the expression of y in Eq. (11) was ob-
tained by neglecting the e dependence of the relaxation
matrix in the stochastic BE, which is equivalent to as-
sume that the saturated lineshape of the individual pack-
et keeps it original Lorentzian shape. By the way, we
note that Eq. (12) is the same as previously derived for
describing the power dependence of T2 in a dipolar-
coupled or exchange-coupled spin system.

In Fig. 3 the experimental data obtained in our sample
1 are compared with the theoretical dependence calculat-
ed from Eqs. (11) and (12) using the experimental values
of T, and of T2. In this figure, data are reported as y/2m
versus y/2n in linear scales to conform to a widespread
custom. If the condition T2 '=a r, is imposed,
remains the only adjustable parameter. As shown in Fig.
3 it is not possible to find a value of r, that fits the experi-
mental points, the discrepancy being well above the actu-
al data scattering. However, as shown in the inset, the
experimental points at low power (say, for y/2n &15
kHz) seem to be well fitted by the theoretical curve drawn
with r, =(50+5) ps. This value of r, implies ar, =0.8, if
a is derived from the experimental value of T2, which
saves the exponential shape of the FID signal.

The circuinstance that Eqs. (11) and (12) give account
of the experimental points only at low power suggests the
possibility that the theory by Yamanoi and Eberly' is
oversimplified in that it takes into account only one
source of fluctuations. In fact, a possible interpretation
of the fitting failure in Fig. 3 is that, on increasing g, a
fluctuation source with r, =50 ps is first made ineffective
leaving room, for g/2'�&20 kHz, to a different source
with a shorter r„which in turn will be suppressed at a
higher value of g. The effectiveness of more than one
fluctuation source might give an account of the kinks ex-

Markovian processes. ' None of the above theories suc-
ceeded to give full account of the experimental results re-
ported up to now and we confirm that the same is true
for the results reported here. So, the aim of this section is
not to single out the particular stochastic model or the
approximation sequence that best fits our data. Rather,
we will try to speculate about this failure and get sugges-
tions for alternative models or interpretations. Our con-
siderations are based on the comparison of our results
with the theories employing the OU process for coo;(t),
namely, a Gaussian process with an exponential correla-
tion function. In agreement with our observations, this
model yields a single-exponential FID signal for a wide
range of g, at least for ar, «1, where a is the standard
deviation of the frequency density function.

Using this model Yamanoi and Eberly' obtained a
simplified solution of the time evolution of the system
during the FID regime. They got for the reversible decay
rate y =1 —1/T2 (spectral width of the saturated packet
line) an expression formally similar to that derived by the
BE [Eq. (5)]

y=(T2, ) '(1+y T, T2, )'

but with T2 replaced by the effective T2„

50-

300-

T
z 2oo-t-
Ch

UJ
Z
-I 100-

0 20

0
0

Rabi frequency (kHz)

FIG. 3. The experimental values of the saturated linewidth

y = I —1/T& obtained in sample 1 are compared with the model
by Yamanoi and Eberly (Ref. 13). The theoretical curves are
calculated from Eq. (11j for a few values of r„as indicated in
the figure. Both y and g are reported in frequency units. The
low-power zone bounded by the dashed lines is expanded in the
inset.

perimentally observed in the power dependence of y.
However we did not succeed in describing the experimen-
tal points by a mere sum of terms as in Eqs. (11) and (12)
with different r, . A further indication comes from the
fact that the experimental data taken in samples No. 2
and No. 3 [Figs. 2(b) and 2(c)] could not be fitted by Eqs.
(11) and (12) in any power range. A reason for this may
be that the validity condition of Eq. (11) involves either
yT2 or y T, T2, which are quite low in sample 1, rather
than yr, .

The departure of the experimental results from the pre-
dictions of Eq. (11) may be caused by the approximations
used to solve the OU model in Ref. 13, namely, to neglect
e -dependent terms with o; & 2 in the stationary solution
of the stochastic BE. These terms have been taken into
account by Hanamura, ' who succeeded in getting piece-
wise analytical expressions of the saturated linewidth y in
limited ranges of g. In particular, in the intermediate
power range 1 &yw, &4(T, T2)'~ he found

y=(1/2r, )[A +(A —8 )' ] (13)

with A =1+3y2/2, 8 =y +(1 4T, /T2)y +1, —and

y =yr, . The comparison of this theoretical power
dependence with our experimental results on sample No.
1 is carried out in Fig. 4 for a few values of r, . As
shown, the theoretical expression in Eq. (13) seems to fit
the experimental points at intermediate values of y, with
a best fitting value of r, =(6.5+1.0) }Ms. This value of r,
yields ar, =0.3, so that the condition ar, « 1 is fulfilled.
However, as sho~n in the inset of Fig. 4, the low-power
experimental points once again seem to suggest the ex-
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istence of more than one value of ~, . Moreover, we note
that the best fitting value of 7., (6.5 )us) is consistent with
the experimental value of Tz, but not with the measured
decay times of the FID signal. In fact, we recall that to
get the solution reported in Eq. (13) time averages over a
time scale t »~, during the FID regime were used; on
the contrary, the experimental FID signal decays in a
time scale of a few microseconds. So, the agreement be-
tween experimental and theoretical results in the high-y
side of Fig. 4 is probably a coincidence rather than a
proof of the adequacy of the model.

V. CONCLUSIONS

We have reported experimental data on the FID effect
in a solid system containing two-level spin centers. In all
the samples and in the whole investigated range of y the
FID signal is found to exhibit a single-exponential decay
with a power-dependent rate. Our results confirm that
the power dependence of the FID rate cannot be ex-
plained by an inhomogeneous-line model in which the
generic spin packet obeys the conventional BE. In the
high-power limit, our data are consistent with the ex-
istence of the Redfield asymptote I =y/&2, the ap-

FIG. 4. The experimental values of the saturated linewidth

y = I —1/T2 obtained in sample 1 are compared with the model

by Hanamura (Ref. 12). The theoretical curves are calculated
from Eq. (13) for a few values of r„as indicated in the figure.
Both y and y are reported in frequency units. For each value of
v„ the curve is shown in its validity range. The low-power zone
bounded by the dashed lines is expanded in the inset.

proach to this limit being controlled by the condition
yTz »1, a condition which is not fulfilled in other exper-
imental reports, where a limited range of this parame-
ter was examined. On the opposite low-power limit, in
one of our samples it has been possible to confirm that
the experimental values of y agree with the power depen-
dence predicted by the BE using the same value of T2 as
measured by spin-echo experiments. This fact, together
with the exponential nature of both the FID and the echo
signals, seems to answer in the affirmative the question
whether at low intensities the Bloch theory is followed
and capable of relating different effects. ' We have shown
that recent stochastic theories fail to give a satisfactory
account for the observed power dependence. The
effectiveness of more than one fluctuation source with
different correlation times has been indicated as a possi-
ble origin of this failure. Other possibilities are connect-
ed with the inadequacy of the stochastic models con-
sidered up to now. Here we wish to mention that the
difficulties met in explaining the power dependence of I
may be related also to the oversimplified picture of the in-
homogeneous line. In this regard we emphasize that the
statement that the reversible decay part of the FID signal
is the Fourier transform of the saturated homogeneous
line shape, is somewhat misleading. In fact, the FID sig-
nal is in principle the convolution of the contributions
coming from the whole distribution of spin packets and
to relate it to the steady-state response of the generic
packet is correct only if all the packets have the same line
shape and width and are saturated only by the incoming
radiation. The effectiveness of intraline spectral diffusion
mechanisms, which may act on a given packet either as
relaxation or saturation channel depending on its spectral
position or a distribution of the packet line widths may
break the coincidence between the FID signal and sta-
tionary response of a particular packet. Further work is
in progress in this direction.

To conclude, in our opinion, in spite of recent
progresses, the coherence loss of strongly driven two-
level systems in solids appears to be still an open problem
which deserves further experimental and theoretical
work.
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