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Transient nutations decay: The effect of field-modified dipolar interaction
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The anomalous behavior of transient nutations is experimentally investigated in a set of two-level (S5
1
2 )

spin systems differing only in spin concentration. Our results show that the non-Bloch power dependence of
the decay rate of transient nutations is a concentration-dependent effect, which is more and more pronounced
in more and more concentrated samples. The experimental results are interpreted in the framework of the
recent theory by Shakhmuratovet al. @Phys. Rev. Lett.79, 2963~1997!# and support the hypothesis that the
anomalous decay of transient nutations in solids originates from radiation-induced changes of the dipolar field,
rather than from residual fluctuations of the nominally coherent field.@S1050-2947~99!03905-0#

PACS number~s!: 42.50.Md, 76.30.Mi, 76.90.1d
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I. INTRODUCTION

As is known, several aspects of the resonant interac
between a system of two-level centers~atoms or spins! and a
resonant field cannot be explained thoroughly by conv
tional Bloch equations. In particular, discrepancies betw
experimental results and theoretical predictions have b
reported in connection with free-induction decay~FID!
@1–5#, hole burning@6#, transient nutations~TN! @7#, and
echo@8,9#. The failure of the Bloch equations is ascribed
the fact that they describe the relaxation processes in
oversimplified way and do not include the frequency fluctu
tions of the active centers and of the field source.

In a recent paper@10#, Shakhmuratovet al. proposed a
new set of modified Bloch equations~MBE’s!, capable of
accounting for the decay properties of several coherent t
sients, and in particular FID and TN in low-temperature s
ids. The set of MBE’s proposed in Ref.@10# relies on the
assumption that each active center~atom or spin! experiences
not only the coherent driving field but also a stochastic fie
with the complex amplitude having both a real and ima
nary component. The two components are supposed to
pend linearly on the amplitude of the coherent field. F
instance, for a magnetic resonance system, the hypothe
driving field on the single spin center has the form

H1~ t !5H1@11u2~ t !1 iu1~ t !#exp~2 ivt !, ~1!

where u1(t) and u2(t) are random variables, uncorrelate
from each other, with zero mean values. In that model,
simultaneous presence of the two random fieldsH1u1 and
H1u2 causes theshorteningof both relaxation timesT1 and
T2 ,which, in the presence of the strong coherent field,
sumes valuesT1eff and T2eff , shorter than their equilibrium
values. This is the main element of this model with respec
all previous theories@11–24#, where the anomalous decay
the coherent transients was ascribed to thelengtheningof T2
caused by the field-induced quenching of the dephasing
PRA 591050-2947/99/59~5!/4087~4!/$15.00
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teractions. This is also the reason why the MBE by Sha
muratovet al. succeeded in explaining two apparently co
flicting anomalous behaviors: the decay of TN, which w
found experimentally to be much faster than predicted by
Bloch equations@7#, and the damping of the FID signa
which was found experimentally to be much slower th
expected@1–6#.

We are concerned here with the possible origin of
noise fields appearing in Eq.~1!. This was left as an open
problem in Ref.@10#, where two possibilities were put for
ward: ~i! the external driving field may modify, by som
mechanism, the random local field acting on the individu
spins and;~ii ! the nominally coherent field is actually a
fected by a residual stochastic modulation. To gain insi
into the physical nature of the hypothesized noise fields
have experimentally investigated the effect of varying t
local dipolar field ~by varying the concentration of activ
centers! while keeping the statistical properties of the exte
nal driving field unaltered. In particular, the experimen
results reported below refer to ‘‘non-Bloch’’ power
dependence of the TN decay in a magnetic resonance sy
at microwave frequency.

II. EXPERIMENTAL RESULTS

We consider here a system of two-level (S5 1
2 ) spins,

whose resonance frequencies are inhomogeneously sp
aroundv0 with a standard deviations. When the resonan
field H1exp(2 iv0t)is abruptly turned on, the ensuing tran
sient response of the system is described by a transv
v0-oscillating magnetization whose amplitude is modula
at the Rabi frequencyx5gH1 @25#. According to the con-
ventional BE, the slowly varying amplitudev(t) of the
v0-oscillating magnetization is proportional to

v~ t !}K~ t !J0~ t !, ~2!

whereJ0(t) is the zeroth order Bessel function and the dec
4087 ©1999 The American Physical Society
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function K(t) is a single exponential law
K(t)5exp(2GBt)with the constant rate

GB51/2T2 . ~3!

The above solution is valid forT1@T2 , in the underdamped
regime (xT2@1) and in the high-inhomogeneity limi
(sT2@1, s@x).

As previously reported@7#, at variance to this prediction
the decay of TN in impurity-ion solids at low temperatu
was found to proceed at a higher and power-dependent
G. The experimental data ofG were well fitted by a linear
dependence on the Rabi frequencyx:

G5a1bx, ~4!

wherea is equal toGB within the experimental uncertaintie
andb is a parameter of the order of 1022.

In the MBE proposed by Shakhmuratovet al. @10#, owing
to the presence of the random components of the driv
field, the TN decay rateGS is calculated to be

GS5
1

2T2

1S 1

2
u101u20Dx, ~5!

which relates the phenomenological parameterb to the noise
field

b5
1

2
u101u20, ~6!

whereu10 andu20 are the halfwidths of the distributions o
the random variablesu1 and u2 . In the experiments de
scribed below we investigate the dependence ofb on the
spin concentrationc, which, in the framework of this model
images the concentration dependence of the random fi
H1u1 andH2u2 .

The experiments described below were carried out
samples of high-purity glassy silica (a-SiO2) containingE8
centers@26#. E8 centers (S5 1

2 ) can be considered as a mod
spin system particularly suitable for this kind of experime
because of their narrow ESR line and their unusually lo
relaxation times (T2>100 ms, T1>1 s atT54.2 K!. More-
over, we note that the inhomogeneous resonance line oE8
centers is concentration independent in the range ofc con-
sidered here and, for our purposes, it can be approximate
a Gaussian line with a standard deviations/2p>1MHz so
the conditionssT2@1and s@x are well satisfied in our
experimental conditions.E8 centers can be generated by e
posing the silica glass tog rays and their concentration ca
be varied by varying the accumulated dose@27#. Here we
report the results obtained in three samples whose spin
centrations and relaxation times are summarized in Tab
The relaxation timeT2 and the concentrationc were deter-
mined in each sample by detecting the echo decay and
analyzing the decay data by the instantaneous diffus
model@28#; the relaxation timeT1 was measured by the stan
dard saturation recovery method.

The experimental apparatus and procedure for exci
and detecting the nutational regime were reported in a
vious paper@7#, to which we refer for a detailed descriptio
Here we limit ourselves to a brief outline of the aspects r
te

g

lds

n

t
g

by

n-
I.

by
n

g
e-

l-

evant to the present work. We used the two-photo
excitation-second-harmonic-detection scheme: the spin
tem is tuned at the frequencyv0 (v0/2p55.95 GHz! by the
external magnetic static field and irradiated by an inte
field at the frequencyv5v0/2, which couples the ground
and excited states of each center by two-photon~TP! transi-
tions. The nutational regime is monitored by revealing t
radiation emitted by the spin system at the frequencyv0 ,
namely, at the second harmonic~SH! of the driving field.

In view of the discussion below, we characterize the sp
tral properties of the exciting field in more detail. In th
experimental setup the source is a low-power~10 mW! cw
synthesized microwave generator. Its output signal is rai
to the required power level~20 W! by a traveling-wave-tube
amplifier ~TWTA!, whose output feeds the fundament
mode of the bimodal cavity where the sample is located. T
TP-effective driving field isH1eff5H1

2/H0 @7#, whereH0 is
the static field andH1 is the v-oscillating field on the
sample. In order to get a reliable representation of the sp
tral properties of the effective driving field, the output of th
TWTA was sent to a quadratic device~a diode! whose SH
response was examined by a microwave spectrum anal
~SA!. A typical result is reported in Fig. 1. As shown, th
spectrum consists of an intense coherent part~the central
peak! superimposed to a broad structure. The spectrum

TABLE I. Characteristic parameters~spin concentrationc and
transverse and longitudinal relaxation times! in our three samples
The last column reports the best fit values of the parameterb, as
obtained from the data in Fig. 3.

Sample
no.

Concentration
(1017 spins cm23)

T2

(1024 s!
T1

~s!
b

(1022)

1 0.7560.2 3.660.3 0.9 4.860.5
2 1.660.5 1.660.5 0.7 6.160.5
3 2.460.8 0.7560.07 1.2 10.660.5

FIG. 1. Spectral density of the TP-effective field driving the sp
system. The spectrum was measured by a microwave spectrum
lyzer tuned to the center frequency 5.95 GHz and operating with
minimum resolution of 10 Hz. The solid line smooths the noi
components which has a peak spectral density of2100 dB/10 Hz
and a spectral full width of nearly 50 kHz. The center peak
narrower than the resolution bandwidth and we can measure on
integrated power~220 dB!.
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detected by using the minimum available spectral bandw
of the SA ~10 Hz!, which is surely low enough to ensure
faithful representation of the broad structure. The solid re
lar line smooths the noise component, which has a spe
full width of nearly 50 kHz. Taking into account the resol
tion bandwidth of the SA, its integral power content
Pnoise5531027 mW. On the other hand the detection of th
central peak is limited by the finite bandwidth of the SA,
that its maximum value (1022 mW! represents the powe
area of the coherent part. The power ratio between the
herent component and the noisy one is of the order of 43
We verified that this ratio is nearly independent on the pow
level. This evaluation is relevant to the discussion below

All the measurements were carried out at the liquid
lium temperatureT54.2 K and with the spin system tuned
the exact resonance at the line center. In Fig. 2 we repo
typical TN signal as detected in sample No. 2 with a R
frequencyx/2p5113 kHz. As discussed in Ref.@7#, these
experimental TN curves are well described by the dam
Bessel functionsK(t)uJ0(xt)u. In the upper part of Fig. 2 we
report the experimental decay functionK(t), as obtained by
directly comparing the experimental curve to the functi
uJ0(xt)u, with the appropriate value ofx. As shown, the
decay functionK(t) is well described by a single exponenti
K(t)5exp(2Gt), over a dynamic range of more than 20 d

We measured, for each value ofx, the value of the corre-
sponding decay rateG. The results are reported in Fig. 3 fo
the three samples considered here. The dependence o
decay rateG on the Rabi frequencyx manifests the departur
of the actual TN regime from the Bloch picture and is w
described by the linear law given by Eq.~4! in all the inves-
tigated samples, with the values of the parameterb listed in
Table I. As shown,b increases on increasing the concent
tion c.

III. DISCUSSION

First we discuss the possibility that the non-Bloch beh
ior of the TN decay can be ascribed to the residual ba

FIG. 2. Typical nutational response as measured in our sam
No. 2 for x/2p5113 kHz. By comparing the experimental curve
the functionuJ0(xt)u we determine by points~m! the experimental
decay functionK(t), shown in the upper part of the figure and no
malized to initial value. The solid line plots the exponential fun
tion y5exp(2Gt) that best fits the experimental point,G/2p
56.860.5 kHz.
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width of the exciting field. As shown in Fig. 1, the field use
in our experiments consists of a sharp peak~coherent part!
that collects most of the incoming power~nearly 99.995%!,
superimposed to a much broader and less intense struc
which collects the remaining 0.005% of the power. Bo
values ~low power and narrow bandwidth! are in conflict
with the model considered in Ref.@10#. First, the small rela-
tive power of the noise ruins the advantage of the Lorentz
distribution of the noise amplitude, which provides the line
dependence of the calculated decay rate on the distribu
halfwidths and ultimately on the Rabi frequency. In th
framework of that model such low values of the noisy pow
requires us to cut the wings of the noise amplitude distri
tion at values much less than the halfwidthsu10H1 and
u20H2 ; in this limit Eq. ~5! is no longer valid and the depen
dence of the decay rate on the Rabi frequencyx is no longer
linear. Second, according to the model by Shakhmura
et al. @10#, when the Rabi frequency exceeds the halfwidth
the noise spectrum~nearly 25 kHz in our experiments! the
expected effect of the noise on the dephasing rate decr
due to the ‘‘motional narrowing’’ effect, which is not re
vealed in our experiments. So, we can conclude that the
sidual noisy modulation of the driving field is much less th
required for explaining the non-Bloch decay of TN at least
magnetic resonance systems.

On the other hand, the results reported in Fig. 3 indic
that the non-Bloch behavior of TN is a concentratio
dependent effect, which is more and more pronounced
more and more concentrated samples, as reported in Tab
This experimental fact suggests to ascribe the anomalous
cay to the modifications of the dipolar field induced by t
driving radiation. Hereby we outline a qualitative scheme
a possible mechanism.

Let us consider the generic spinSi and represent its dipo
lar interaction with its neighboring spinsSj by a local mag-
netic fieldHLi5( jHi j ,whereHi j is the field generated at th
site Si by the spinSj . The spin flips of the sourcesSj are
responsible for the random time dependence ofHLi(t). At
equilibrium, spin transitions ofSj are induced by the therma
bath andHi j (t), which collects the effects of many uncorre
lated transitions, is well approximated by a white noise. T

le

FIG. 3. Experimental dependence of the TN decay rateG on the
Rabi frequencyx in our three samples: No. 1~j!, No. 2 ~m!, and
No. 3 ~d!. In all the samples, the power dependence ofG is well
fitted by a linear law~solid lines!: G5a1bx. The best fit values of
b are listed in Table I.
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circumstance is on the basis of the applicability of the c
ventional BE in near-equilibrium conditions. To be concre
from the unperturbed values ofT2 , of the order of 1024 s,
we estimate that the mean square value ofHL ~HL>1/gT2)
is a few mG in our samples.

In the presence of the intense resonant fieldH1 the spins
Sj undergo forced precessions at the frequencyv0 , which
induce new spectral components inHLi(t). For instance, the
spin Sj with resonance frequencyv0 j5v01d j , has trans-
verse components oscillating at the field frequencyv0 but is
amplitude modulated at the precession frequencyb j5(x2

1d j
2)1/2. Because the local fieldHi j (t) depends on the stat

of the spinSj , the forced precession of the latter induc
new spectral components intoHLi(t). The local fieldHLi(t)
at the siteSi is the superposition of many contribution
Hi j (t), each one modulated at a different frequencyb j , so,
ultimately, it appears noisy. Moreover, as the precess
phase of the individual spinSj with respect toH1 depends on
its detuningd j , the driving field-induced dipolar fieldHi j
has both in-phase and in-quadrature components.

So, in the rotating reference frame, the fieldHLi(t) ap-
pears as a noisy field, with properties quite similar to tho
hypothesized for the stochastic field in the theory by Sha
muratovet al. @10#. In fact, it has bothx- andy-noisy com-
ponents. Moreover, the amplitude of each component is
pected to maintain a linear dependence onx, since each
contributionHi j (t) arises from theH1-induced component o
Sj . Finally, due to its dipolar nature,HLi(t) is expected to
increase with increasing concentrationc, in agreement with
the experimental results reported in this paper.
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IV. CONCLUSION

In conclusion, our experimental data show that t
anomalous decay of the TN is a concentration-dependen
fect. In the framework of the MBE recently proposed b
Shakhmuratovet al. @10# this fact supports the hypothes
that the stochastic field responsible for the anomalous de
originates from the dipolar interaction. On the other ha
the residual noise of the nominally coherent exciting rad
tion plays no relevant role in determining the TN dec
properties. The latter statement may be peculiar of magn
resonance systems, excited by highly coherent radia
sources; for optical resonances excited by laser sources
ditional contributions to the decay of coherent transients m
come from the intrinsic noise of the source. A further test
the validity of the new MBE proposed by Shakhmurat
et al. @10# can be obtained by investigating the concentrat
dependence of the anomalous FID emission. Experime
work is in progress.

ACKNOWLEDGMENTS

Technical assistance by G. Lapis and F. D’Anca is gra
fully acknowledged. Partial financial support has been giv
by the Italian Ministry for University and Scientific Re
search. R.N.S. expresses his thanks to the IUAP prog
P4-07 financed by the Belgian Federal Office for Scienti
Technical and Cultural Affairs, and sponsored by the R
search Fund K. U. Leuven, and to FWO-Vlaanderen.
.

R.

t-

cl.

z

@1# R. Boscaino, F. M. Gelardi, and G. Messina, Phys. Rev. A28,
495 ~1983!.

@2# R. G. DeVoe and R. G. Brewer, Phys. Rev. Lett.50, 1269
~1983!.

@3# A. Szabo and T. Muramoto, Phys. Rev. A39, 3992~1989!.
@4# R. Boscaino and M. V. LaBella, Phys. Rev. A41, 5171~1990!.
@5# R. Boscaino and F. M. Gelardi, Phys. Rev. A45, 546 ~1992!.
@6# A. Szabo and R. Kaarli, Phys. Rev. B44, 12 307~1991!.
@7# R. Boscaino, F. M. Gelardi, and J. P. Korb, Phys. Rev. B48,

7077 ~1993!.
@8# A. G. Yodh, J. Golub, N. W. Carlson, and T. W. Mossber

Phys. Rev. Lett.53, 659 ~1984!.
@9# R. Boscaino, F. M. Gelardi, and M. Cannas, Phys. Rev. B53,

302 ~1996!.
@10# R. N. Shakhmuratov, F. M. Gelardi, and M. Cannas, Ph

Rev. Lett.79, 2963~1997!.
@11# A. Schenzle, M. Mitsunaga, R. G. DeVoe, and R. G. Brew

Phys. Rev. A30, 325 ~1984!.
@12# M. Yamanoi and J. H. Eberly, J. Opt. Soc. Am. B1, 751

~1984!.
@13# J. Javanainen, Opt. Commun.50, 26 ~1984!.
@14# P. R. Berman and R. G. Brewer, Phys. Rev. A32, 2784

~1985!.
@15# K. Wodkiewicz and J. H. Eberly, Phys. Rev. A32, 992~1985!.
@16# A. R. Kessel, R. P. Shakhmuratov, and L. D. Eskin, Sov. Ph

JETP67, 2071~1988!.
.

,

.

@17# A. I. Burshtein, A. A. Zharikov, and V. S. Malinovskii, Sov
Phys. JETP69, 1164~1989!; Phys. Rev. A43, 1538~1991!.

@18# S. Ya. Kilin and A. P. Nizovtsev, Phys. Rev. A42, 4403
~1990!.

@19# T. Muramoto, Y. Takahashi, and T. Hashi, J. Lumin.53, 84
~1992!.

@20# I. S. Osad’ko, J. Lumin.56, 197 ~1993!.
@21# H. Wang, K. B. Ferrio, D. G. Steel, P. R. Berman, Y. Z. Hu,

Binder, and S. W. Koch, Phys. Rev. A49, 1551~1994!.
@22# V. S. Malinovsky, Phys. Rev. A52, 4921~1995!.
@23# E. Geva, R. Kosloff, and J. L. Skinner, J. Chem. Phys.102,

8541 ~1995!.
@24# H. Wang, H. Li, and S. Huang, Phys. Rev. A54, 3381~1996!.
@25# H. C. Torrey, Phys. Rev.76, 1059 ~1949!; A. Abragam,The

Principles of Nuclear Magnetism~Clarendon, Oxford, 1970!;
L. Allen and J. Eberly,Optical Resonance and Two-Level A
oms~Wiley, New York, 1985!.

@26# R. A. Weeks and C. M. Nelson, J. Am. Ceram. Soc.43, 389
~1960!; K. L. Yip and W. B. Fowler, Phys. Rev. B11, 2327
~1975!; D. L. Griscom,ibid. 20, 1823~1979!.

@27# R. Boscaino, M. Cannas, F. M. Gelardi, and M. Leone, Nu
Instrum. Methods Phys. Res. B116, 373 ~1996!.

@28# K. M. Salikhov and Y. D. Tsvetkov, inTime-Domain Electron
Spin Resonance, edited by L. Kevan and R. N. Schwar
~Wiley, New York, 1979!, pp. 231–277.


