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NMR proton spin dynamics in thermotropic liquid crystals subject to multipulse excitation
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~Received 27 June 2003; published 22 October 2003!

Previous experiments of NMR spin-lattice relaxation times as a function of the Larmor frequency, as
measured with the field-cycling technique~FC!, were shown to be very useful to disentangle the various
molecular motions, both local and collective, that dominate the relaxation in different time scales in liquid
crystals. However, there are many examples where the known theoretical models that represent the molecular
relaxation mechanisms cannot be fitted to the experimental trend in the region of low fields, making it difficult
to obtain reliable values for the spectral densities involved, especially for the cooperative motions which
dominate at low frequencies. In some cases, these anomalies are loosely ascribed to ‘‘local-field’’ effects but,
to our knowledge, there is not a detailed explanation about the origin of these problems nor the range of
frequencies where they should be expected. With the aim of isolating the dipolar effects from the influence of
molecular dynamics, and taking into account the previous results in solids, in this work we investigate the
response of the proton spin system of thermotropic liquid crystals 4-pentyl-48-cyanobiphenyl~5CB! and
4-octyl-48-cyanobiphenyl~8CB! in nematic and smecticA phases, due to the NMR multipulse sequence
90y

+ -(t-ux-t)N . The nuclear magnetization presents an early transient period characterized by strong oscilla-
tions, after which a quasistationary state is attained. Subsequently, this state relaxes towards internal equilib-
rium over a time much longer than the transverse relaxation timeT2. As occurs in solids, the decay time of the
quasistationary stateT2e presents a minimum when the pulse widthux and the offset of the radiofrequency are
set to satisfy resonance conditions~spin-lock!. When measured as a function of the pulse spacingt in ‘‘on-
resonance’’ experiments,T2e shows the behavior expected for cross relaxation between the effective Zeeman
and dipolar reservoirs, in accordance with the thermodynamic theory previously developed for solids. Particu-
larly, for values oft comparable withT2, the relaxation rate follows a power lawT2e}t22, in all the observed
cases, for the resonance conditionsux5p/3 and equivalent frequencyve5p/3t. When t is similar to or
greater than typical dipolar periods, the relaxation rate becomes constant and fort much shorter thanT2, the
thermodynamic reservoirs get decoupled. These experiments confirm that the thermodynamic picture is valid
also in liquid crystals and the cross relaxation between the reservoirs can be detected without interference with
spin-lattice relaxation effects. Accordingly, this technique can be used to estimate the frequency range, where
cross-relaxation effects can be expected when Zeeman and dipolar reservoirs are put in thermal contact with
each other and with the lattice, as in FC experiments. In particular, the present results allow us to associate the
anomalies observed in low-field spin-lattice relaxation with nonadiabatic energy exchange between the reser-
voirs.

DOI: 10.1103/PhysRevE.68.041705 PACS number~s!: 61.30.2v, 76.60.Es, 77.84.Nh
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I. INTRODUCTION

Thermotropic liquid crystals are molecular mesopha
with a high degree of molecular orientational order, but ha
no complete positional order. Consequently, the proton s
tem in liquid crystals presents considerable residual dip
interaction energies within the molecules, while their int
molecular dipolar interactions are averaged to zero due to
rapid individual molecular motions as rotations and se
diffusion @1#.

Nuclear spin relaxation plays an important role in t
study of molecular dynamics in these systems. Experime
of spin-lattice relaxation times as a function of the Larm
frequency T1(v) as measured with the fast field-cyclin
technique~FC! were shown to be very useful to disentang
the various molecular motions, both local and collective, t
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dominate the relaxation in different time scales in liqu
crystals.

It is well known that the collective mechanism called o
der fluctuations of the director~OFD! drives the spin relax-
ation in the low-frequency domain, while in the convention
megahertz range the individual molecular motions domin
@2#. However, in the region of low fields some problems s
remain in the analysis of data. There are many example
the literature where the known theoretical models that rep
sent the molecular relaxation mechanisms cannot be fitte
the experimental trend, being difficult to obtain reliable va
ues for the spectral densities involved, especially for the
operative motions. In the nematic phase, the well kno
T1}n1/2 Larmor frequency dependence is observed gener
in the Larmor frequency range 103–53105 Hz. However, it
is frequently observed that as the Larmor frequency
creases from about 30 kHz,T1 data decrease noticeab
faster than expected due to the OFD and the individual m
tions @2–6#. The Larmor frequency range where the slo
motions predominate inT1 experiments is narrower in th
smectic phases than in nematic phases, making it even m
©2003 The American Physical Society05-1
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difficult to disentangle the relevant relaxation mechanism
this frequency range@2,6#.

In some cases, these ‘‘anomalies’’ are loosely ascribe
‘‘local-field effects’’ @7# but, to our knowledge, there is ne
ther a detailed explanation about the origin of these effe
nor the range of frequencies where they should be expec
Since in the FC experiments the evolution of the magnet
tion is observed after a rapid lowering of the external m
netic field, for some range of final fields, near the local fie
the spin system could be unable to maintain a state of in
nal semiequilibrium of the whole system during the cycli
of the field. In such a case, effects of cross relaxation
tween Zeeman and dipolar reservoirs could be superimpo
to spin-lattice relaxation during the free evolution of the s
tem, appearing as an extra source of relaxation.

In order to avoid the local-field effects and to be able
detect only the dynamic aspect of the relaxation at low fie
in thermotropic liquid crystal polymers, experiments
transverse deuteron spin relaxation time were performed
ing a quadrupole echo pulse train 90y

+ 2t2(90x
+ 22t)N , as a

function of the pulse spacing@8#. Alternatively, an experi-
ment on protons that yields a direct estimate of the Larm
frequency range where the local-field effects have noticea
influence, might be helpful in interpretingT1 data in nematic
and smectic phases.

In this work we investigate the response of the pro
system of liquid crystals, under the application of the mu
pulse sequence 90y

+ 2t2(ux22t)N , also called generalized
Ostroff-Waugh sequence~OW! @9,10#. This kind of experi-
ment was performed in the past in simple crystalline soli
and then it was demonstrated that the experimental res
can be properly described by means of a theoretical fra
work based on a thermodynamic approach. After a sh
transient period, the spin system attains a quasistatio
state consisting of effective Zeeman and dipolar quasiinv
ants. When the effective field is sufficiently low, but st
higher than the local fields, the overlap of the dipolar lev
corresponding to neighbor Zeeman levels permits that t
energy-conserving transitions between the Zeeman le
cause transfer of energy between the Zeeman and se
dipolar reservoirs. Then, the long-time decay of the mag
tization was explained in terms of the cross relaxation
tween effective Zeeman and dipolar quasiinvariants. T
theory predicts, and it was experimentally observed, that
decay timeT2e as a function of the pulse spacingt follows a
power lawT2e}t2k, where the exponent depends on spec
resonance conditions of the experiment@11–14#. By modify-
ing the pulse spacing, it is possible to control the modulus
the effective Zeeman field sensed by the spins. Then, exp
ments ofT2e(t) are useful to investigate the frequency ran
where cross relaxation takes place.

Due to the occurrence of strong residual dipolar couplin
and the complexity of the frequency spectrum, proton NM
transverse relaxation behavior of thermotropic liquid cryst
is very similar to that found in solids. Then, it is meaningf
to inquire if in mesophasesT2e(t) would respond in the
same way. In case of a positive answer, this experim
would allow one to isolate cross-relaxation effects from sp
lattice relaxation.
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We present the results ofT2e as a function of the pulse
spacing, in liquid crystalline samples of 4-penty
48-cyanobiphenyl ~5CB! and 4-octyl-48-cyanobiphenyl
~8CB! in the nematic and smecticA phases. The experimen
tal results show that the thermodynamic picture used for
ids is also consistent with the behavior ofT2e in liquid crys-
tals, and that the effects of the dipolar interactions domin
the response of the spin system in a wide range of pu
separation times. Accordingly, it is shown that these exp
ments can provide useful information about the many-s
processes, which are noticeable also in NMR experiment
low Larmor fields in liquid crystals.

In Sec. II we outline the theoretical framework that lea
to theT2e}t22 dependence developed for solids. Section
describes the experimental setup. In Sec. IV we present
acquisition of the echotrain and show that the strobosco
resonance condition can be met for the nematic phase
5CB. In this section we also analyze the dependence ofT2e
on t in different phases of 5CB and 8CB.

II. THEORETICAL BACKGROUND

In this section we summarize aspects of the theoret
background existing for solids which are necessary to in
pret the experimental results. The presentation does no
tend to be exhaustive; the full reasoning can be found in
literature.

The time behavior of the magnetization in the OW expe
ment depends strongly on the many-body nature of the d
lar spin interaction as well as on the parameters of the ex
nal fields. The observed long-time decay of t
magnetization contradicts the standard average Hamilto
theory~AHT! @15,16# according to which, after the transien
period the magnetization would remain constant until
effects of the spin-lattice relaxation become observable.

By applying the Floquet theory, Maricq showed that it
possible to adapt the laws of statistical thermodynamics
describe systems with Hamiltonians that depend explicitly
time, and that the apparent paradox about the long-time
cay can be solved by adopting a generalized version of
AHT @13,14#. Using these ideas, the problem of pulsed s
locking in solid CaF2 was described in detail in terms of th
effective Hamiltonian. It was shown that the effective Ham
tonian is the sum of two~or more! commuting observables
~quasiinvariants! plus small off-diagonal terms, and accor
ingly that in the quasistationary state the situation can
described in terms of weakly coupled thermodynamic ba
which finally relax towards a common temperature with
characteristic decay timeT2e . The relaxation rate was calcu
lated combining the Provotorov saturation theory@17# with
the average Hamiltonian. In this perturbative approach,
rate of the thermal mixing of the reservoirs is controlled
nonsecular terms of the effective Hamiltonian, considered
perturbations to the quasi-invariants. The theory predict
dependence of the signal decay time on the pulse spacit
in the form of a simple power lawT2e}t2k, with the expo-
nent determined by particular resonance conditions satis
by the time dependent fields, without connection with t
specific relaxation mechanism. This ‘‘universal’’ macr
5-2
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NMR PROTON SPIN DYNAMICS IN THERMOTROPIC . . . PHYSICAL REVIEW E68, 041705 ~2003!
scopic behavior is associated with the multispin characte
the dipolar Hamiltonian, which determines the influence
the microscopic events occurring in the intervals betwe
pulses.

The Hamiltonian for the system under the periodic ex
tation 90y

+2t2(ux22t2)N in the rotating frame is

H~ t !52v~ t !I x1DI z1H20
d , ~1!

where I x and I z are components of the angular momentu
operatorI ; D is the frequency offset from the proton res
nance,H20

d is the secular part of the dipolar interaction an

v~ t !5u(
k51

`

d„t2~2k21!t… ~2!

represents the pulse sequence. The rf pulses have a nu
angleu, phasex, and are separated by a time 2t.

The HamiltonianH(t) is periodic, with periodt, H(t
1t)5H(t). According to Floquet’s theorem@18#, the peri-
odicity implies that the evolution operator takes the form

U~ t !5P~ t !e2 iH̄ t, ~3!

whereP(t) is a unitary periodic operator with periodt, sat-
isfying P(0)5U(0)51, andH̄ is a time independent Her
mitian operator~‘‘effective’’ Hamiltonian!.

SinceP(nt)51, under stroboscopic observation the sp
system appears to evolve under a time independent Ha
tonian, the effective Hamiltonian playing a role similar to t
energy in time independent systems. This is the result of
AHT @19# used to interpret the spectra in high resoluti
experiments in solids. This formalism successfully descri
the response of the spins under multipulse sequences fo
cling times much shorter thanT2. In the Floquet formalism,
P(t) and H̄ are obtained as series expansions and it can
demonstrated@13# that the lowest-order term in the series f
H̄ is the average ofH(t) over one period. The other contr
butions are equal to those obtained in the usual derivatio
the AHT by means of the Magnus expansion. The evolut
of the spin system between stroboscopic observation
taken into account viaP(t), which allows one to distinguish
the real time dependent problem from an effective conse
tive one. In this way the AHT can be generalized to exte
its validity for long times.

Under general conditions for the parametersu, D, andt,
a rapid convergence of the Floquet series forP(t) and H̄
cannot be assured. Then, another frame, thetoggling frame,
is introduced in such way that the terms2v(t)I x1DI z do
not appear in the Hamiltonian of the spin system. The ac
of the offsets and pulse on the magnetization over a periot
are considered as an effective rotation by an angleve2t

around the effective axisn̂, whereve andn̂ depend onu, t,
and D @12,13#. Therefore, an ‘‘interaction frame’’ is intro
duced through the unitary operator

U0~2t!5e2 iven̂•I2t5e2 iDI zteiuI xe2 iDI zt. ~4!
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The former equation imposes the following conditions to
satisfied byve and n̂:

cos~vet!5cos~Dt!cos~u/2!, ~5!

and

n152
sin~u/2!

sin~vet!
, n250, n352

cos~u/2!sin~Dt!

sin~vet!
.

~6!

For a given value oft the effective frequency must satisf
the additionalresonancecondition

ve5np/mt, ~7!

for n andm integers, in order to keep the periodicity of th
Hamiltonian. This condition means thatn complete rotations
are made inm cycles of 2t each. Under these conditions th
interaction-frame Hamiltonian is periodic, and the evoluti
operator is that of Eq.~3!. When the parametersu andDt are
set to satisfy theresonanceconditions, observation of the
system at times which are integer multiples ofm2t will
show a component of the magnetization fixed along the
fective axis, which implies a state of pulse spin locking@20#.
After a time of the order of fewT2 the component of the
magnetization lying in the plane perpendicular to the eff
tive axis decays to zero, and a quasistationary state is
tained, which can be represented with a diagonal ‘‘therm
dynamic’’ density operator involving effective Zeeman a
dipolar reservoirs. In this state a difference between
populations of the energy levels of spins along the direct
of the effective field is established, which tends to disapp
while the spin system absorbs the quanta of the dipole-dip
interaction modulated by the rf@11,12#.

The quasistationary state established in the early t
scale evolves towards a new equilibrium state with a de
time T2e . The existence of nonsecular mixing terms in t
effective Hamiltonian, which arise due to the discrete nat
of the pulses, makes the two reservoirs to equalize their t
peratures. Since the interaction between the two bath
weak, thet ~or ve) dependence ofT2e can be obtained by
means of the Provotorov theory@17#. The reasoning, base
on the perturbation theory, considers that the Zeeman
dipolar reservoirs are weakly coupled by the first correct
term to the average Hamiltonian that does not commute w
the unperturbed Hamiltonian in the tilted toggling fram
@14#. The order involved depends on the resonance co
tion; for example, form53 andn51 ~three spin process!,
the relaxation is governed by second order terms, which
linear in t. Since the main contribution to thet dependence
of the relaxation rate comes from the quadratic depende
on the strength of the mixing term, in this case it is predic
that T2e}t22, when the experiment is performed ‘‘on res
nance.’’ This last condition can be met, for instance, by va
ing t and D for a fixed value ofu in order to satisfy both
Eqs.~5! and ~7!.

It should be realized that in thermotropic liquid crysta
the proton distribution within the molecule can be conside
as a system of weakly coupled spin pairs. According to t
5-3
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ACOSTA, ZAMAR, AND MONTI PHYSICAL REVIEW E 68, 041705 ~2003!
fact, there are two dipolar reservoirs, associated with the
trapair and interpair dipolar interactions@21,22#. Therefore,
in experiments performed in liquid crystals it should be e
pected that the long-time evolution will not show an exp
nential decay.

III. EXPERIMENT

The measurements presented in this work were perfor
in a Bruker MSL300 spectrometer operating at 300 M
using a standard proton probe, thep/2 pulse length was se
between 4.5 and 4.75ms. Samples were packed without pr
vious purification in 4 mm outer diameter ZrO sample ho
ers fitted with Kel-F end caps. The samples were heated u
they reached their isotropic~I! phase and then cooled dow
in presence of the magnetic field to the desired tempera
corresponding to the nematic~N! or smectic A ~Sm A)
phases. Due to the considerable amount of heat transfe
the rf pulses@23#, the following procedure was implemente
The sample temperature was set just below theN-I transition
temperature (TNI) and a burst of 4096p pulses with 10ms
spacing was applied with a repetition time of 10 sec,
signal was acquired after the last pulse. A transition from
N to the I phase could be observed in the NMR linesha
The repetition time was varied until the transition was
longer induced; this situation corresponded to a delay of
sec. All the experiments shown were performed with a r
etition time of 50 sec. As the sequence used to probe
sample heating by rf pulses was the most disadvantag
one ~due to the long rf trains used and the short spac
between pulses!, we can assure that the temperature of
samples was not appreciably affected by the irradiation d
ing the actual multipulse experiment.

IV. RESULTS AND DISCUSSION

In this section we describe the results obtained by
application of the generalized Ostroff-Waugh sequence
different liquid crystals in theN and SmA phases as well a
the verification of the resonance condition.

A. Decay of the magnetization

The relaxation ratesT2e were determined by direct obse
vation of the amplitude decay of successive echoes durin
pulse train employing a four step phase cycling scheme.
acquisition was taken in the center of the interval defined
two subsequent pulses. Figure 1 shows the evolution of
magnetization fort517 ms and u5p/3; the offset fre-
quency was set to 8.94 kHz, according to the resonance
dition corresponding tom53. The transverse magnetizatio
lasts for a time much longer thanT2 (40 ms estimated by the
Hahn echo sequence!. The inset shows the transient perio
in which the quasistationary state is established after a t
period of severalT2. The occurrence of oscillations is an
other common feature with solids. Such behavior could a
be ascribed to oscillations of the magnetic energy back
forth between the Zeeman and dipolar reservoirs@24#.

Contrary to the experiments in solid CaF2, where the time
dependence of the magnetization can be represented w
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single decaying exponential function, in liquid crystals t
long-time evolution of the signal can be fitted as a sum
two exponential functions with different decay constants.
mentioned in Sec. II, this feature could be associated w
the presence of more than one dipolar quasiinvariant in
uid crystals. In fact, we verified that a combination of tw
exponential functions perfectly fits the long-time evolutio
of the magnetization, with decay constants differing nea
by a factor of 5. Form53 andt510 ms, we obtain values
of 24 and 5 ms for the relaxation times. We could obse
that the behavior of the two relaxation times as a function
t is qualitatively the same, showing the two parameters
dependencet22. The short relaxation time exhibits a notice
able experimental dispersion for high values oft, being
rather difficult to determine its value accurately in this rang
Hereinafter we refer only to the longer relaxation time
T2e .

B. Resonance condition

We now analyze the situation in which the resonance c
dition is met. We study the resonance form53, which de-
fines an effective resonance frequencyve5p/3t. If a pulse
u5p/3 is used, we obtain from Eq.~5!

cosDt5
cos~p/3!

cos~p/6!
. ~8!

We denoteDR the radiofrequency that satisfies Eq.~8! for an
arbitrary value oft. Thus, a departured of the irradiation
frequency from the resonance condition can be expresse

d5D2DR . ~9!

When the effective Larmor frequencyve is greater than a
typical dipolar frequencyvD , under resonance condition
the whole energy from the external fields is transferred to
Zeeman bath, and a minimum in the decay time of the q
sistationary state is to be expected@11,12#. To verify the
existence of the minimum of the decay time, we varied s

FIG. 1. Evolution of the magnetization for the resonance con
tion m53 with t517 ms, u5p/3, andD58.94 kHz for nematic
5CB at 303 K. The data correspond to 16 scans of the point in
center of the interval defined by theu pulses. The inset shows th
transient period in which the quasistationary state is establis
after 0.6 ms. The results can be described by a two expone
decay with characteristic times of 1.9 and 7.9 ms.
5-4
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tematically the irradiation frequency aroundDR in order to
obtain a measure ofT2e(d). For ve5p/3t andt520 ms a
valueDR57.6 kHz is obtained from Eq.~8!. The results of
this experiment for 5CB in the nematic phase at 303 K
shown in Fig. 2~a!. The presence of a minimum inT2e(d) is
clearly observed ford50. The resonance condition for th
nutation angle can be verified in similar way. Figure 2~b!
shows the result of different experiments in which the ir
diation frequency is fixed atD57.6 kHz and the pulse lengt
is varied for the same sample at the same temperature. A
a minimum ofT2e(u) is obtained foru5p/3.

C. Evolution of the quasiequilibrium state

In Fig. 3 we show the dependence ofT2e on the pulse
separationt for 5CB in the N phase at 303 K when th
resonance condition~8! is met for m53 and u5p/3. For
each value oft, the offset in the irradiation frequency wa
adjusted in order to satisfy Eq.~8!, namely,Dt50.955. The
behavior T2e}t22 is observed over the wide rang
10–40ms of values oft, which corresponds to effectiv
frequencies in the range 1.03105–2.63104 rad/s. For t
;40 ms a departure from the square law in the relaxat
rates occurs,T2e becoming constant fort>70 ms (ve<1.5
3104 rad/s). A feature like this should be expected taki
into account that when the effective frequency is similar to
smaller than a typical dipolar frequency, the rate of the cr
relaxation should not depend onve . Then, a plateau shoul
be expected forve;vD , i.e.,

ve5p/3tD;vD . ~10!

FIG. 2. Determination of the stroboscopic resonance condi
for m53 in nematic 5CB at 303 K. Forve5p/3t and t
520 ms, a valueDR57.6 kHz is obtained from Eq.~8!. ~a! T2e(d)
shows a minimum whend50 for fixed values oft and u. ~b!
T2e(u) also shows the expected minimum whenu5p/3 for fixed
valuest andD.
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Note that the dipolar part of the unperturbed effective Ham
tonian is the secular dipolar Hamiltonian relative to the lab
ratory frame scaled by the factor1

2 (3 cos2a21), wherea is
the angle between the directions of the effective field and
external magnetic field, namely, tana5n3 /n1 according to
Eq. ~6! @12–14#. In our experiment this factor is 0.5. In 5CB
the dipolar coupling betweenortho protons in the core is
2.463104 rad/s, and 3.093104 rad/s for the proton pair cor
responding to thea-carbon in the alkyl chain, at 300 K
@25,26#. Taking into account the factor 0.5 of the effectiv
dipolar Hamiltonian, the dipolar frequency associated w
the cutoff effective frequency is about 33104 rad/s, which is
in agreement with the values of the reported dipolar c
plings for different bonds in the molecule. In Fig. 4~a! we
show theT2e(t) dependence for 8CB in theN phase at 310
K for the same resonance condition as in nematic 5CB. T
same behavior is obtained as in the preceding case for
T2e}t22 power law with a similar value oftD .

The results for 8CB in the SmA phase at 299 K are
shown in Fig. 4~b!. While the presence of the square law c
be clearly identified for a wide range of values oft, two
different aspects can be separately addressed with respe
the nematic phase. First, the departure from the square
for long times occurs at a smaller value oftD , which seems
most reasonable taking into account that the most orde
phase has a bigger dipolar coupling. From Fig. 4~b!, using a
value of t.45 ms the frequency plateau can be estimat
giving 4.63104 rad/s. The dipolar couplings for the SmA
phase can be estimated from the order parameters,S, via the
relation

vD~TSmA/TNI!5vD~TN /TNI!
S~TSmA/TNI!

S~TN /TNI!
, ~11!

where the reduced temperatureTSmA/TNI50.952 corre-
sponds to 299 K andTN /TNI50.975 corresponds to 306 K

n

FIG. 3. T2e vs t for nematic 5CB at 303 K at the resonanc
condition withm53 ~effective frequencyve5p/3t) and nutation
angle u5p/3. The irradiation frequencyD is varied in order to
satisfy the stroboscopic resonance condition,d50. The solid line
shows the dependenceT2e}t22 for 10 ms<t<40 ms. T2e is con-
stant for aboutt.70 ms (ve,1.53104 rad/s). Taking into ac-
count the scaling factor of 0.5 of the effective dipolar Hamiltoni
~see the text!, the frequency cutoff is in agreement with typic
dipolar couplings of the 5CB molecule.
5-5
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ACOSTA, ZAMAR, AND MONTI PHYSICAL REVIEW E 68, 041705 ~2003!
at this temperaturevD is nearly the same as for nematic 5C
at 300 K. The values for the order parameter were taken f
the literature@27#. The dipolar couplings obtained are 2
3104 rad/s for theortho pair and 3.63104 rad/s for the pro-
ton pair corresponding to thea-carbon in the alkyl chain.
Second, it is observed to be a faster relaxation of the qu
equilibrium state. Presumably this fact is related to
former feature.

The existence of three regimes ofT2e as a function oft
~or ve), clearly shown in Figs. 3 and 4, can be understo
resorting to the thermodynamic picture. When the effect
Zeeman frequency becomes similar to or lower than the
polar frequency,ve<vD , the probability of transitions
which conserve the total energy becomes independent o
effective field. In this range, the process is governed by
dipolar transitions. In the opposite limit,ve@vD , the pro-
cess of thermal mixing between the reservoirs becomes i
fective because of increasing effective field, transitions
which a Zeeman quantum is compensated by a dipolar t
sition become less and less probable as they involve the
arrangement of a high number of spins. In this range of
fective frequencies, the reservoirs get decoupled, and
processes involving energy exchange with the lattice co
become appreciable in the behavior ofT2e . In the limit of
t→0, it can be expected thatT2e→T1r @28#. Finally, the
process of cross relaxation is dominant in the intermed
range, where a clear dependenceT2e}t22 is observed.

FIG. 4. ~a! T2e vs t for nematic 8CB at 310 K at the resonan
condition withm53 and a nutation angleu5p/3. The irradiation
frequencyD is varied in order to satisfy the stroboscopic resona
condition,d50. In concordance with the results of nematic 5C
the dependenceT2e}t22 is verified for 10ms<t<40 ms, and a
similar behavior for values oft.40 ms is observed.~b! T2e vs t
for smecticA 8CB at 299 K for the same resonance condition as
the nematic phase. The departure from the square law occurs
value of 25ms, and the plateau corresponds tove;4.6
3104 rad/s, which is consistent with the dipolar couplings in th
phase.
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Another way to interpret the limits in the behavior of th
magnetization as a function oft is by comparing the pulse
spacing with the characteristic microscopic decay tim
which is associated with the dipolar dynamics. When
pulse spacing is much shorter than the characteristic tim
the ‘‘time correlation function’’ corresponding to the cros
relaxation process, which is of the order ofT2, the evolution
of the many-body spin interactions in the intermediate int
vals between pulses has a small effect on the general be
ior of the magnetization. In terms of the Floquet theory,
this limit the operatorP(t) does not play a role in the long
time evolution of the magnetization. For these values oft,
T2e becomes sensitive to the spectral distribution of the
pole reservoir, especially in the wings@24,29#. For increasing
values oft, the many-spin dynamics begins to play a role
the intervals between pulses, as a consequence of which
behavior of the magnetization presents thermodynamic c
acteristics, such as the cross-relaxation between the re
voirs. For t going to zero the dipolar interactions do n
evolve in time between the pulses, and the thermal baths
not exchange energy. In this limit, the problem can be c
sidered as a conservative one, except for the influence
spin-lattice relaxation. By a similar reasoning, whent is
longer than the correlation time, it can be expected that
cross-relaxation rate will not depend on the length of
interval between pulses.

Due to the possibility of detecting cross relaxation
means of the pulsed spin-lock experiments in liquid crysta
this technique can be used for determining the freque
range where cross relaxation is likely to occur when Zeem
and dipolar reservoirs are put in thermal contact~between
them and with the lattice!, as can happen within the low
magnetic field range in fast field-cycling experiments. Co
sidering the scaling of the dipolar Hamiltonian in the mul
pulse experiment, the power lawT2e}t22 is observed in the
‘‘equivalent’’ frequency ranges 8 –30 kHz and 13–30 kHz
the nematic and smectic phases, respectively. As alre
mentioned, the literature shows many examples where
T1(n) data fall below the profiles predicted by any molecu
motional driven relaxation mechanism for Larmor freque
cies lower than about 25 kHz@2–6#. The coincidence of this
range with the frequency interval where the cross-relaxa
is observed in pulsed spin-lock experiments suggests tha
anomalies ofT1(n) are due to nonadiabatic energy exchan
between the spin reservoirs. This effect could become not
able in the Larmor frequency range, where the energy tra
fer between the Zeeman and dipolar reservoirs takes plac
a lower rate than the cycling of the magnetic field@30#. Since
the experimental technique involves the rapid lowering a
raising of the external magnetic field applied to the samp
the possibility exists that at low Larmor frequencies~but still
higher than the dipolar frequencies!, the mechanism of inter-
nal equilibration of the whole spin system is not efficie
enough to maintain a state of semiequilibrium during t
cycling of the external field. In such a case, the effects
cross relaxation between Zeeman and dipolar reserv
could be superimposed on spin-lattice relaxation during
free evolution of the system, appearing as an extra sourc
relaxation.
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Summarizing, our experimental results clearly show t
the response of the proton spin system to the OW pulse
quence in liquid crystals is consistent with a thermodynam
view. In particular, the characteristic dependence ofT2e
}t22, clearly observed in ‘‘on-resonance’’ experiments,
dicates that the long-time evolution of the spin system can
associated with cross relaxation between the effective Z
man and dipolar reservoirs. The fact ofT2e(t) being inde-
pendent of the molecular dynamics, makes pulsed spin-
a useful technique to investigate the frequency range wh
cross-relaxation should be observed in studies of spin-la
relaxation in low magnetic fields.

Though we verified the existence of multispin proces
that are responsible for the solid-like behavior of the s
G
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system due to the pulse spin locking experiment, the na
of these mechanisms still remains unknown. The long-liv
molecular motions, which are characteristic of liquid cry
tals, could have important effects on the evolution of the s
coherences in these systems.
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