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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 twﬁe\éel (
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 Shakhmurat@t al. [Phys. Rev. Lett79, 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 fi@#050-2947®9)03905-(

PACS numbes): 42.50.Md, 76.30.Mi, 76.96-d

I. INTRODUCTION teractions. This is also the reason why the MBE by Shakh-
muratovet al. succeeded in explaining two apparently con-
As is known, several aspects of the resonant interactioflicting anomalous behaviors: the decay of TN, which was
between a system of two-level centéasoms or spinsand a  found experimentally to be much faster than predicted by the
resonant field cannot be explained thoroughly by convenBloch equationg7], and the damping of the FID signal
tional Bloch equations. In particular, discrepancies betweemhich was found experimentally to be much slower than
experimental results and theoretical predictions have beeexpected1-6].
reported in connection with free-induction decdlfID) We are concerned here with the possible origin of the
[1-5], hole burning[6], transient nutation§TN) [7], and noise fields appearing in E@l). This was left as an open
echo[8,9]. The failure of the Bloch equations is ascribed to problem in Ref[10], where two possibilities were put for-
the fact that they describe the relaxation processes in award: (i) the external driving field may modify, by some
oversimplified way and do not include the frequency fluctua-mechanism, the random local field acting on the individual
tions of the active centers and of the field source. spins and;(ii) the nominally coherent field is actually af-
In a recent papefl0], Shakhmuratowet al. proposed a fected by a residual stochastic modulation. To gain insight
new set of modified Bloch equationBE’s), capable of into the physical nature of the hypothesized noise fields we
accounting for the decay properties of several coherent traritave experimentally investigated the effect of varying the
sients, and in particular FID and TN in low-temperature sol-local dipolar field (by varying the concentration of active
ids. The set of MBE’s proposed in Rdfl0] relies on the centerg while keeping the statistical properties of the exter-
assumption that each active cen@iom or spin experiences nal driving field unaltered. In particular, the experimental
not only the coherent driving field but also a stochastic fieldresults reported below refer to “non-Bloch” power-
with the complex amplitude having both a real and imagi-dependence of the TN decay in a magnetic resonance system
nary component. The two components are supposed to det microwave frequency.
pend linearly on the amplitude of the coherent field. For
instance, for a magnetic resonance system, the hypothesized Il. EXPERIMENTAL RESULTS
driving field on the single spin center has the form
We consider here a system of two-leved={3) spins,

Hi()=Hq[1+ 6,(t) +i6,(t) Jexp —iwt), (1) whose resonance frequencies are inhomogeneously spread
aroundwq with a standard deviatioo. When the resonant

where 6,(t) and 6,(t) are random variables, uncorrelated field Hiexp(—iwgt)is abruptly turned on, the ensuing tran-
from each other, with zero mean values. In that model, théient response of the system is described by a transverse
simultaneous presence of the two random fiettls); and wg-oscillating magnetization whose amplitude is modulated
H, 6, causes thehorteningof both relaxation timed, and  at the Rabi frequency=yH; [25]. According to the con-
T,,which, in the presence of the strong coherent field, asventional BE, the slowly varying amplitude(t) of the
sumes valued ;¢ and T, shorter than their equilibrium @o-oscillating magnetization is proportional to
values. This is the main element of this model with respect to
all previous theorief11—24, where the anomalous decay of v (1)K (t)Jo(1), (2
the coherent transients was ascribed tol#mgtheningof T,
caused by the field-induced quenching of the dephasing inwhereJy(t) is the zeroth order Bessel function and the decay
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function K() is a single exponential law TABLE |. Characteristic parametefspin concentratiort and

K(t) =exp(—I'gt)with the constant rate transverse and longitudinal relaxation timés our three samples.
The last column reports the best fit values of the paramgters
Ig=1/2T,. (3)  obtained from the data in Fig. 3.

The above solution is valid foF;>T,, in the underdamped sample Concentration T, T, B
regime (xT,>1) and in the high-inhomogeneity limit no. (10Y spins cm?) (10°% 9 (9 (1072
(oTy>1, o>y).

As previously reportedl7], at variance to this prediction, 1 0.75:0.2 3.6:0.3 09 4805
the decay of TN in impurity-ion solids at low temperature 2 1.605 1605 07  6.1-05
was found to proceed at a higher and power-dependent rate3 2.4+0.8 0.75:0.07 1.2 10.80.5

I'. The experimental data df were well fitted by a linear

dependence on the Rabi frequengy
evant to the present work. We used the two-photon-

I'=a+ By, (4)  excitation-second-harmonic-detection scheme: the spin sys-
tem is tuned at the frequenayy (wy/27m=5.95 GH2 by the
wherea is equal tol'g within the experimental uncertainties external magnetic static field and irradiated by an intense
and B is a parameter of the order of 18 field at the frequencyw= w/2, which couples the ground
In the MBE proposed by Shakhmurateval.[10], owing  and excited states of each center by two-phdf®) transi-
to the presence of the random components of the drivingions. The nutational regime is monitored by revealing the

field, the TN decay raté's is calculated to be radiation emitted by the spin system at the frequengy
namely, at the second harmor{8H) of the driving field.
r :i " E 0.t 0 5) In view of the discussion below, we characterize the spec-
S oor, 1271077 Xr tral properties of the exciting field in more detail. In the

experimental setup the source is a low-poWEd mW) cw

which relates the phenomenological paramg@tén the noise  synthesized microwave generator. Its output signal is raised
field to the required power levéR0 W) by a traveling-wave-tube
amplifier (TWTA), whose output feeds the fundamental
mode of the bimodal cavity where the sample is located. The
TP-effective driving field isH;.4=H?%/H, [7], whereH, is
the static field andH, is the w-oscillating field on the
where 615 and 6 are the halfwidths of the distributions of sample. In order to get a reliable representation of the spec-
the random variableg; and 6,. In the experiments de- tral properties of the effective driving field, the output of the
scribed below we investigate the dependencegadn the  TWTA was sent to a quadratic device diodeé whose SH
spin concentratior, which, in the framework of this model, response was examined by a microwave spectrum analyzer
images the concentration dependence of the random fieldsA). A typical result is reported in Fig. 1. As shown, the
H16, andH;6,. spectrum consists of an intense coherent ¢ central

The experiments described below were carried out irpeak superimposed to a broad structure. The spectrum was
samples of high-purity glassy silica{SiO,) containingE’
centerg26]. E’ centers 8= 3) can be considered as a model

1
B= > 0107 620, (6)

spin system particularly suitable for this kind of experiment 20+
because of their narrow ESR line and their unusually long .
relaxation times [,=100 us, T;=1 s atT=4.2 K). More- 40k

over, we note that the inhomogeneous resonance lirte' of
centers is concentration independent in the range odn-
sidered here and, for our purposes, it can be approximated by
a Gaussian line with a standard deviatief2m=1MHz so

the conditionsoT,>1and o>y are well satisfied in our
experimental condition€’ centers can be generated by ex-
posing the silica glass te rays and their concentration can
be varied by varying the accumulated dq4&5]. Here we
report the results obtained in three samples whose spin con-
centrations and relaxation times are summarized in Table I. o
The relaxation timeT, and the concentration were deter- Frequency deviation (kHz)

mined in each sample by detecting the echo decay and by rig 1. gpectral density of the TP-effective field driving the spin
analyzing the decay data by the instantaneous diffusioQystem. The spectrum was measured by a microwave spectrum ana-
model[28]; the relaxation timé'; was measured by the stan- jyzer tuned to the center frequency 5.95 GHz and operating with its
dard saturation recovery method. minimum resolution of 10 Hz. The solid line smooths the noisy
The experimental apparatus and procedure for excitingomponents which has a peak spectral density 860 dB/10 Hz
and detecting the nutational regime were reported in a preand a spectral full width of nearly 50 kHz. The center peak is
vious papef7], to which we refer for a detailed description. narrower than the resolution bandwidth and we can measure only its
Here we limit ourselves to a brief outline of the aspects relintegrated powef—20 dB).

60

Spectral signal (dB)
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FIG. 3. Experimental dependence of the TN decay Fate the
FIG. 2. Typical nutational response as measured in our samplBabi frequencyy in our three samples: No. (), No. 2(A), and
No. 2 for y/27=113 kHz. By comparing the experimental curve to NO. 3 (®). In all the samples, the power dependencd’a$ well
the function|JO(Xt)| we determine by p0|ntSA) the experimenta| fitted by alinear |a\l\(SO|id Iines): I'= a+ By. The best fit values of
decay functiork(t), shown in the upper part of the figure and nor- B are listed in Table I.
malized to initial value. The solid line plots the exponential func-

tion y=exp(-TI't) that best fits the experimental point/2m  width of the exciting field. As shown in Fig. 1, the field used
=6.8+0.5 kHz. in our experiments consists of a sharp péegherent pajt

; : 0
detected by using the minimum available spectral bandwidtrtlhat collects most of the incoming powgnearly 99.995%

of the SA (10 H2), which is surely low enough to ensure a superimposed to a much broader and less intense structure,

X . 0
faithful representation of the broad structure. The solid reguyvhICh collects the remaining 0.005% of the power. Both

lar line smooths the noise component, which has a spectré{ﬁlues (low power and narrow bandwidtrare in conflict

full width of nearly 50 kHz. Taking into account the resolu- V.V'th the mO(;ieLcons_lderepl in Edﬂg]' First, th? imall rela-_

tion bandwidth of the SA, its integral power content is tive power of the noise ruins the advantage of the Lorentzmn

P —5%10-’ mW. On thé other hand the detection of the distribution of the noise amplitude, which provides the linear
noise .

central peak is limited by the finite bandwidth of the SA, SOdependence of the calculated decay rate on the distribution

that its maximum value (TCF mW) represents the power halfwidths and ultimately on the Rabi frequency. In the

area of the coherent part. The power ratio between the Cd‘[amework of that model such low values of the naisy power

herent component and the noisv one is of the order of 43 d equires us to cut the wings of the noise amplitude distribu-
comp : o y ol fon at values much less than the halfwidthgH, and
We verified that this ratio is nearly independent on the power AP ) .
. o . . 0,0H 5 ; in this limit Eqg. (5) is no longer valid and the depen-
level. This evaluation is relevant to the discussion below.

All the measurements were carried out at the liquid he_dence of the decay rate on the Rabi frequejpéy no longer

lium temoeraturd — 4.2 K and with the spin system tuned to linear. Second, according to the model by Shakhmuratov
P : : pin sy et al.[10], when the Rabi frequency exceeds the halfwidth of
the exact resonance at the line center. In Fig. 2 we report fhe noise spectrurtnearly 25 kHz in our experimentshe

typical TN signal as detected in sample No. 2 with a Rabiexpected effect of the noise on the dephasing rate decrease
frequency x/27m=113 kHz. As discussed in Ref7], these @ue to the “motional narrowing” effect, which is not re-

experimental TN curves are well described by the dampe ealed in our experiments. So, we can conclude that the re-

rBessr(taltLunct)Lonﬁr(;)|r\]]t0(|x(;)|. In ;hﬁ l:ipp(ter part cgtFilr?' j \t/)ve sidual noisy modulation of the driving field is much less than
€po e experimental decay functiétt), as obtained by required for explaining the non-Bloch decay of TN at least in

et e e magnetc resonance ystms
do X f’ W;. K | PP Ilpdl \é clijb ot inal wn, tial On the other hand, the results reported in Fig. 3 indicate
ecay functiorK(t) is well described by a single exponential that the non-Bloch behavior of TN is a concentration-

K(:/)v: exp(—l“t)a ofver a dryl/narlnlc r?{]ﬁqe oflmoref man 20 dB. dependent effect, which is more and more pronounced in
g_megsure ' t(‘)ér ?I%C va ulf/g € va ute g . E. cog?— more and more concentrated samples, as reported in Table I.
sponding decay rate. The results are reported in =1g. 5101 ;¢ experimental fact suggests to ascribe the anomalous de-

Ejhe threetd§am;;rl1esRcobn'sfidered here. T?e tdetﬁenddean of t@sy to the modifications of the dipolar field induced by the
ecay ratd on e Rabi frequency manitests the departure driving radiation. Hereby we outline a qualitative scheme of
of the actual TN regime from the Bloch picture and is well a possible mechanism

described by the linear law given by Egj in all the inves- Let us consider the generic s and represent its dipo-

e e e I8 eracion wih i eighbonn Spi by  oca magy
tion G ' 9 netic fieldH ;=Z=;H;; ,whereH; is the field generated at the
' site S by the spinS;. The spin flips of the sourceS; are
responsible for the random time dependencéHpf(t). At
Il DISCUSSION equilibrium, spin transitions d§; are induced by the thermal
First we discuss the possibility that the non-Bloch behav-bath andH;;(t), which collects the effects of many uncorre-
ior of the TN decay can be ascribed to the residual bandlated transitions, is well approximated by a white noise. This
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circumstance is on the basis of the applicability of the con- IV. CONCLUSION
ventional BE in near-equilibrium conditions. To be concrete,
from the unperturbed values @%, of the order of 10% s,
we estimate that the mean square valuélpf(H, =1/yT,)

In conclusion, our experimental data show that the
anomalous decay of the TN is a concentration-dependent ef-
is a few mG in our samples. fect. In the framework of the MBE recently proposed by

In the presence of the intense resonant fleidthe spins Shakhmuratowet al. [10] this fact supports the hypothesis
S, undergo forced precessions at the frequemgy which that the stochastic field responsible for the anomalous decay
induce new spectral componentsHn;(t). For instance, the Originates from the dipolar interaction. On the other hand,
spin S; with resonance frequencyg; = wo+ J;, has trans- the residual noise of the nominally coherent exciting radia-
verse components oscillating at the field frequemgybut is ~ tion plays no relevant role in determining the TN decay
amplitude modulated at the precession frequeﬁ?y(f properties. The latter statement may be peculiar of magnetic
+87)Y2 Because the local fieldl;;(t) depends on the state résonance systems, excited by highly coherent radiation
of the spinS;, the forced precession of the latter inducessources; for optical resonances excited by laser sources, ad-
new spectral components inky ;(t). The local fieldH ;(t) ditional contributions to the decay of coherent transients may
at the siteS; is the superposition of many contributions come from the intrinsic noise of the source. A further test of
Hi;(t), each one modulated at a different frequertgy so, ~ the validity of the new MBE proposed by Shakhmuratov
ultimately, it appears noisy. Moreover, as the precessiogt al.[10] can be obtained by investigating the concentration
phase of the individual spi§; with respect tiH, depends on dependence of the anomalous FID emission. Experimental
its detuningé;, the driving field-induced dipolar fieltH;; work is in progress.
has both in-phase and in-quadrature components.

So, in the rotating reference frame, the figld;(t) ap-
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