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Free-induction decay after saturation in dilute ruby
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The after-saturation free-induction-decay (FID) rate of an electron spin transition has been measured
in a dilute ruby sample, and a marked departure from the Bloch-like behavior has been found. The simi-

larity with the results obtained recently by Szabo and Muramoto [Phys. Rev. A 39, 3992 (1989)] in the
same system but for optical FID points out the close link between the non-Bloch behavior of the FID
emission observed in optics and in magnetic-resonance systems. Our results are compared with the
theoretical predictions of a statistical theory of the FID emission, but poor agreement is found.

PACS number(s): 42.50.Md, 42.65.Ky, 76.30.—v

Free-induction decay (FID) in impurity-ion solids has
been the subject of much theoretical and experimental
work in recent years. A reason is that FID experiments
have been used to demonstrate the restricted validity of
the phenomenological Bloch equations to describe the sa-
turated state of a system of two-level centers in a solid
matrix.

Experimental evidence of the failure of the optical
Bloch equations to account for the properties of the FID
emission in solids was reported first by De Voe and
Brewer [1] for the 'Dz line of Pr +:LaF2 and, more re-
cently, by Szabo and Muramoto [2] in Cr +:Alz03. Ma-
jor departures from the predictions of the Bloch equa-
tions were found in both cases as regards the order of
magnitude of the decay rate I of the FID signal (much
slower than expected) and especially its dependence on
the intensity of the saturating electromagnetic (e.m. ) field.

The anomalous (non-Bloch) behavior of the FID rate
in solid systems is generally ascribed to the fluctuations
of the resonance frequencies of the individual active
centers, randomly perturbed by the host environment.
Several statistical theories [3-9] of the FID emission
have calculated, for a wide variety of noise models, that
the resonance-frequency noise reduces the power
broadening of the hole burnt within the inhomogeneous
line with respect to a purely static inhomogeneous
broadening, thus causing a longer persistence of the FID
emission. This is in qualitative agreement with the
lengthening of the FID decay time observed experimen-
tally. However, the validity of the theoretical treatments
developed till now, and especially the specific stochastic
model to be used to model the frequency noise, are a
matter of current debate.

The non-Bloch behavior of the FID signal is not pecu-
liar of optical transitions and it has been observed as well
in magnetic resonance systems [10,11]. In a recent paper
[11] we reported an extensive experimental study on the
FID regime in magnetic resonance solid systems (E
centers in silica, [A10&] centers in quartz), where we

measured anomalies of the FID rate that closely resemble
those observed in optical transitions. In magnetic reso-
nance experiments these anomalies could be observed for
a much wider range of the field intensity than in optical
ones and„by using nonlinear-spectroscopy techniques,
data scattering was kept lower. Taking advantage of
these peculiarities, we could carry out a reliable compar-
ison with the results of the statistical theories and we
showed that, at least in those systems, the statistical
theories could not account for the qualitative features of
the power dependence of the FID rate.

In this Brief Report we wish to complete our previous
paper by reporting further measurements on the power
dependence of the FID rate as obtained in a magnetic
resonance line of Cr +:A1203, namely, the same active
center in the same host matrix as used in Ref. [2] for opti-
cal FID experiments. The comparison between the re-
sults reported here and those of Ref. [2] points out the
close link between between the non-Bloch behavior ob-
served in optical and electron spin transitions. In this re-
gard it is worth noting that in dilute ruby the dephasing
mechanisms of both transitions are of magnetic dipolar
origin [8,12]. Moreover, in our opinion, a further reason
of interest of the results reported here is that they make
apparent, perhaps more than previous results, that the
statistical theories of the FID emission fail to give a
quantitative account of the experimental data, even in the
high power limit.

As a general scheme, a FID experiment consists of a
preparative stage and of a monitoring one. During the
former the system is preliminarily prepared in a saturated
steady state by a long pulse ( —t0, 0) of resonant radiation
whose intensity is usually given in terms of the induced
Rabi frequency y. In the latter (t) 0), FID emission
occurs as caused by the coherences established within the
system at t &0 and that survive the trailing edge of the
driving field pulse. In particular, for a highly inhomo-
geneous resonance line, having a width o., the FID signal
consists of a fast growth from the steady-state response

546 1992 The American Physical Society



45 BRIEF REPORTS 547

toward a maximum at very short times (t «o '), fol-
lowed by a slower decay at longer times (t »o '}. Here
we are concerned with the decay part, usually described
as a single exponential decay with a rate I .

The experimental apparatus and procedure used for
the measurements reported below are essentially the same
as reported in our previous paper [11]and will not be re-
peated here. Here we limit ourselves to recall that in our
experimental setup the saturation of the resonance line is
accomplished by means of two-photon (TP) transitions:
during the preparative stage, the spin system, tuned to coo

by the static field Bo, is driven by a microwave field b, po-
larized at an angle a =45' with respect to the static field
and oscillating at frequency co

&

=coo/2. This config-
uration is often referred to as TP-excited second-
harmonic (SH) FID, as the system is prepared by a TP-
resonant field and the FID emission occurs in an e.m.
band centered at the SH frequency of the input field. Its
advantages stem from the large spectral distance between
the exciting field (co, ) and the system emission (coo=2co, ),
which saves the small FID signal from being buried un-
der the trailing edge of the much more intense input field.
From an experimental point of view, this property is cru-
cial for the system investigated here, where the FID sig-
nal decays to the noise level in a few ps. From a concep-
tual point of view, exciting the FID emission by means of
TP transitions is of little consequence. In fact, as shown
previously [ll], all the expressions calculated for the
standard one-photon-excited FID emission apply as well
to the TP-excitation case provided that the Rabi frequen-
cy g is given the meaning of the TP-Rabi frequency pyp
[13]:

1
Prp ( V" Vjj ) V~J,

and Bo=0.395 T, we get the following expression of pyp.

p
=0.48@ b I /coo (2)

We recall that the approximations y&&0 and eT2&)1

in terms of the amplitude b, of the microwave field at fre-
quency cu, acting on the sample. The labels TP will be
dropped hereafter.

Experimental data are reported in Fig. 1, where the
measured values of the FID rate I are plotted versus the
Rabi frequency g, both in frequency units. At each value
of the input power, y was determined by inserting the ap-
propriate value of b, into Eq. (2); b, was in turn deter-
mined by a preliminary calibration based on the detection
of the nutational wiggles of a reference sample (E'
centers in silica). This indirect determination of y was
necessary since the decay of the nutational regime in di-
lute ruby was too fast to allow a reliable direct measure-
ment of g. At each value of y, the rate I was measured
by fitting the time-dependent amplitude of the FID signal
S (t}to a single exponential law: S (t)=C exp( —I t).

The explored window of g ranges from 50 to 500 kHz.
The lower limit was fixed by signal-to-noise ratio condi-
tions. On the high-y side, the upper limit was fixed by
the bandwidth of the cavity mode, which makes unreli-
able the measurements of rates faster than 750 kHz.

Two theoretical curves are also reported in Fig. 1. The
curve labeled as B plots the theoretical power dependence
of the FID rate I z as obtained by solving the standard
phenomenological Bloch equations for the FID emission
in a highly inhomogeneous system [1]:

(3)

where V; (ij =1,2) are the matrix elements of the in-
teraction V = —yb&. S with the input field between the
states ~i ) and ~j ) involved in the transition and y is the
gyromagnetic ratio.

The measurements reported here were taken in a sam-
ple of Cr +:A1203 with nominal concentration 0.009
wt % Crz03, at T =4.2 K and with the static field Bo per-
pendicular to the c crystal axis, at the high-field reso-
nance line, usually indicated as

~

——', )~~ —
—,
' ) resonance

[14]. This line is centered at Bo=0.395 T at our working
frequency coo=(2n. )5.9 GHz and is inhomogeneously
broadened by the superhyperfine interaction of the elec-
tron spin of the Cr + with the nuclear spins of the neigh-
boring Al ions. The resonance line has a Gaussian
shape with a width EB =0.65 mT, corresponding to
cr = (2m )18 MHz. In the same experimental conditions as
for FID experiments, we measured the following values
of the relaxation times in our sample: T, =95+15 ms,
T2=7.5+0.7 ps. T2 was measured by spin-echo experi-
ments and T, by the saturation recovery method. The
value of TI is to be considered as indicative of the order
of magnitude as the experimentally observed recovery
was not exponential.

By using literature data [14] for the composition of the
states

~
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~

—
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FIG. 1. Experimental dependence of the FID rate I /2m. on
the Rabi frequency y/2m. in our sample of dilute ruby, for Bo
perpendicular to the c axis and B0=0.395 T. The full lines
marked B and R plot the theoretical dependence expected from
the Bloch and Redfield theory, respectively. The dashed line
marks the low-power limit I z(y =0) of the Bloch curve:
I z(y=0) =2/T2 ={2m.)42.4 kHz.
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are to be used to get Eq. (3) [11];both are well satisfied in
our experimental conditions where o T2 =0.85 X 10,
y/0. ~0.03. The dashed line in Fig. 1 points out the low-
power limit I ~(y=O) =2/T2 of Eq. (3).

Curve R in Fig. 1 represents the asymptotic high-
power limit of 1 (y), as obtained from the Redfield theory
[15]: I z =y. According to this thermodynamic theory,
the phase relaxation is slowed in the presence of a strong
resonant field and the transverse relaxation time T2 has
to be replaced by a power-dependent effective time T2,
with limiting values T2 (low power) and either T, (open
systems) or 2 Tt (closed systems) for yahoo. This limit
was derived by Redfield on the basis of thermodynamics
considerations, but it is as we11 obtained as a limit by all
the statistical theories [3-9]of FID emission. The curve
I z =y plotted in Fig. 1 is the asymptotic behavior for
g2T, T2 » 1 of the Bloch solution I s [Eq. (3)] with Tz
replaced by T, .

The experimental results reported in Fig. 1 indicate
clearly the extent to which the FID behavior in the mag-
netic resonance of our dilute ruby sample departs from
the Bloch-like behavior and tends to the Redfield limit.
Note that the distance of the experimental values of I
from the Bloch curve amounts to nearly 2 orders of mag-
nitude on the high-g side.

To make easier the comparison between microwave
and optical FID experiments, in Fig. 2 our experimental
data are redrawn in the more conventional plot of the sa-
turated linewidth y=I —1/T2 of the burnt hole versus

The comparison of our Fig. 2 with Fig. 4 of Ref. [2]
points out the close similarity between optical and mag-
netic resonance FID anomalies. In Table I we summarize
the values and the ranges of the relevant parameters
(T, T2, yT2, y T, T2, and y) in our experiments and in
the optical ones [2]. The main difference is that the y

TABLE I. Relevant parameters in optical and magnetic reso-
nance FID experiments.

Quantity

(T, T )' ' (10 s)
y/2m. (kHz)

X 1 2

XT2
y/2m (kHz)

Optical
(Ref. [2])

2.5
8.5 —85

(0.2-20}X 10'
0.8—8
15-40

Magnetic
resonance

(this work)

8.4
50—500

(0.7-70) X 10'
2. 3—23
170-600

window explored here is shifted toward the high side. So,
different parts of the transition from the Bloch limit to-
ward the Redfield one are visible in the optical and mi-
crowave cases. In fact, as discussed in Ref. [11], this
transition is controlled by the quantities g T, T2 and

gT2. So, the tendency of the experimental FID rate to
recover the Bloch behavior is more evident in the optical
case, where smaller values of the saturation parameter
can be explored. On the other hand, the magnetic reso-
nance data better attain the Redfield limit as gT2 reaches
higher values. However, even in the microwave case, the
distance of the high-power data from the Redfield limit is
still appreciable, as evident in Fig. 1.

Finally, we point out that the results reported here
were obtained for a perpendicular orientation of Bo,
whereas the optical experiments were carried out for a
parallel one. Our choice was motivated by signal-to-noise
considerations and by the fact that the decay of the FID
signal of magnetic resonance for Bo~~c is too fast to allow
us to explore in a reliable way the power dependence of I
over a reasonable range of g. We remark that it would be
of interest to carry out optical FID experiments also for a
perpendicular orientation, in view of the different dynam-
ics of the nuclear spins surrounding the Cr + in the two
orientations [16].

Now we compare the experimental results reported
here with the theoretical po~er dependence of the FID
rate calculated by Yamanoi and Eberly [3]. In this
theory the fluctuation oem(t) of the resonance frequency of
the generic active center is modeled by an Ornstein-
Uhlenbeck process, characterized by a mean square value
5 and a correlation time r, . There is no a priori reason
for preferring this Gaussian-Markov model to others and
we chose it for the sake of simplicity as it yields a rela-
tively simple approximate expression of y:

200

Rabi frequency (kHz)

y
—(P2+~2PT )1/2

where

1 &~c 1

Tp 1+y~~ T)

(4a)

(4b)

FIG. 2. Experimental values of the saturated linewidth y/2m
as a function of the Rabi frequency y/2n. . The full lines plot
the theoretical dependence of g as calculated from the
Gaussian-Markov statistical theory, for ~, =60 ps (a) and
~, =90 ps (b).

In Fig. 2 the experimental results are compared with the
theoretical power dependence calculated from Eqs. (4) us-

ing the experimental values of T, and T2. If the condi-
tion
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1 1 +5~,
T2 T]

(5)

is imposed, ~, remains the only adjustable parameter. As
shown in Fig. 2 the experimental points are enclosed by
the theoretical curves obtained for r, =60 p, s (a) and
r, =90 ps (b), so they seem to consistent with r, =75+15
ps. It is suggestive that this value is of the same order of
the flipping time of the bulk nuclear spins of Al nuclei
surrounding the electron spin [17]. However, this is no
more than a mere coincidence, since so long a value of ~,
apparently breaks the validity of the solution given in Eq.
(4). In fact, according to Eq. (4b), this value of r, implies
5~, =3.3, which violates the condition 5~, (1 used to
derive Eq. (4). On the other hand, if the value r, =7.5

)tts, which is a limit for the validity of Eq. (4), is assumed,
the corresponding theoretical curve falls out of scale of

Fig. 2 on the high-y side. This kind of discrepancy,
which holds as well for optical FID data [2], is not a no-
velty, since it is met whenever the experimental data
[1,2, 10,11] on the power dependence of the saturated
linewidth are compared with the theoretical results ob-
tained by the statistical theories, independently of the
specific model used to describe the frequency fluctua-
tions. The need of alternative interpretations of the
anomalous FID effect has often been claimed and several
possibilities have been suggested but not yet put into
complete theoretical treatments.
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