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NMR Loschmidt echoes as quantifiers of decoherence in interacting spin systems
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In this work we present solid-state nuclear magnetic-resonance experiments to study decoherence in the
dynamics of many-spin systems. We characterize the global Loschmidt echo and the distribution of multiple-
quantum coherence orders during the evolution under dipolar and double-quantum Hamiltonians. To study an
infinite 'H system and a closed cluster of nuclear spins we use polycrystalline adamantane and the liquid
crystal SCB in the nematic mesophase, respectively, as model systems. The infinite or finite nature of the
system is clearly manifested through spin counting measurements. Comparison between experimental and
numerical results gives insights on the decoherence mechanisms in these systems. Contrastingly, the dominat-
ing mechanism in 5CB affects all coherence orders in the same way, while in adamantane higher orders of

coherence decay faster than the lower ones.
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I. INTRODUCTION

The study of generation, evolution, and control of coher-
ent quantum dynamics in large Hilbert spaces has drawn
much theoretical and experimental attention over the last
years due to the direct application on, for instance, quantum
information processing [1-3] and spintronics [4]. The main
drawback on the implementation of quantum registers arises
from the degradation of the correlation between states due to
interactions with the environment. This process is generally
known as decoherence and it determines how much informa-
tion can be transmitted from one quantum manipulation to
the next [5-9]. In particular, solid state nuclear magnetic
resonance (NMR) is a very suitable technique to study deco-
herence during the dynamics of open quantum systems con-
stituted by dipolar coupled nuclear spins. Then, the loss of
information due to interaction with uncontrolled degrees of
freedom can be characterized [10-14]. In particular,
multiple-quantum NMR experiments can be used to create
correlated multispin states. By monitoring the creation and
evolution of the different multiple-quantum coherences
(MQC) a great deal of information ranging from cluster
sizes, Hilbert space connectivity, and decoherence processes
can be obtained [15-22]. Nevertheless, the NMR signal at-
tenuation arises not only from the system decoherence, but
also from pulse sequence imperfections that are inherent to
every experiment. The most general approach is to optimize
the pulse sequence design in order to minimize its influence
on the observation of the quantum evolution of the system.
This often leads to long unitary blocks of radio frequency
(rf) pulses to generate the desired average Hamiltonian, as in
the case of the Baum-Pines sequence and further corrected
schemes [17,23,24]. This may be a drawback on the study of
strongly dipolar coupled systems, where the evolution at
very short times contains relevant information, as in the
cases to be treated here.

In this work, we focus on experimental implementation of
Loschmidt echoes (LE) as quantifiers of decoherence in
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many-body spin systems. The LE are generated by reversing
a given time evolution of the system through a change in the
sign of the Hamiltonian [25]. Implementations with different
Hamiltonians and systems can yield information to distin-
guish intrinsic decoherence induced by the own interactions
of the system, from that arising on experimental imperfec-
tions [13,14].

We probe the spin dynamics with two different Hamilto-
nians: a rotated dipolar Hamiltonian, H,,.> 2l — L~ L),
and a double-quantum Hamiltonian H oo (I;1; +1;1;), on
two well differentiated spin systems. One of the systems
is polycrystalline adamantane, which involves an infinite
spin 1/2 network where there are only intermolecular di-
polar interactions. The other one is the liquid crystal
4-n-pentyl-4’-cyanobiphenyl (5CB), in the nematic phase
where only intramolecular dipolar interactions survive giving
rise to a closed system of a finite number of spins. The spin
system dynamics are analyzed by comparing the evolution of
MQC for each situation [15].

II. DIPOLAR AND DOUBLE-QUANTUM EVOLUTIONS

The multiple-quantum coherence characterization of spin
dynamics was analyzed by performing an evolution of the
system under the secular dipolar, H,,, and double quantum,
Hpg, Hamiltonians. We follow the usual MQ encoding based
on a preparation and mixing (or reversion) periods, com-
bined with phase-shift incrementation of the radiofrequency
pulses [15-17].

In a strong magnetic field B, in the z direction, an N
spin-1/2 system has 2V stationary states. These can be clas-
sified according to the magnetic quantum number M,
=2,m,; where m_;= = 1/2 is the eigenvalue of the ith spin in
the system. For nondegenerate stationary states there are
22N-1 possible transitions of finite energy between any two
levels. The difference in M, values between the coupled
states is referred to as the coherence number. On the other
hand, when the state is expressed in the eigenbasis of the
Zeeman system, the presence of a nonzero density-matrix
element (r|p|s) indicates the presence of a n quantum coher-
ence, where n=M_(r)—M_(s). Then, a rotation around the
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FIG. 1. Schematic representation of the pulse sequences used in
this work. (a) 7is the evolution time under dipolar Hamiltonian H.,,
and (b) 7p¢ is the evolution time under double-quantum Hamil-
tonian Hp.

axis of quantization, Z, with an angle ¢ characterizes the
order of coherence because (rlexp(—i¢lF)p exp(idFF)|s)
=exp(i¢gn){r|p|s) [26]. Here, I* with a=x,y,z represents the
components of the total angular momentum.

The multiple-quantum encoding of the different coher-
ence orders on the dipolar evolution was made through a
modified multiple-quantum NMR magic echo sequence, as
schematized in Fig. 1(a). A similar approach was recently
implemented by Cho er al. [18] for the investigation of
many-spin dynamics of the NMR free-induction decay. Our
preparation period, 7, is an evolution under H,, while the
magic echo used for the mixing period is an evolution with
[—%]Hm. For a system of spins initially in equilibrium with
the external magnetic field, the density matrix is p(0) oI~
The propagator for the preparation period is written as

Uy(7) =exp(- iqblz)exp(igI)’)exp(iWZ)

Xexp[— iT(H,+ H_.)2]exp(— ipIF)
X exp(— iml*)exp(ipl)expl— iT(H,+ H..)/2h]

Xexp(— id)Iz)exp(— igly)exp(idﬂz),

where H, is the Zeeman Hamiltonian of the spin system and
H..=2;hdy 2L - LI- ) is the secular dipolar term.
The dipolar coupling-constant d;; between spins j and k is

_ woyVh[1-3 cosz(ﬁjk)]

d. =
k 47TV;-k 2

J

Here, vy is the gyromagnetic ratio, rj is the spin-spin dis-
tance, and ¢, is the angle between the internuclear vector r
and the external field B,,.

The 7 pulse around the x direction has the effect of refo-
cusing the Zeeman term Hj. Then, the propagator at the
preparation time 7 involves the dipolar evolution under H,,
=exp(im/2P)H,, exp(—iw/2P), rotated by ¢ around the z
direction, as can be seen from the following lines,
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U 4(7) = exp(- id)lz)exp(igly)exp(— iTH,/2h)
Xexp(— i7H../2h)exp(+ iTH z/2h)exp(— iTH../2h)
Xexp(— iﬂ'I")exp<— igl}’)exp(i¢lz),
Uy(7) = exp(= ipF)exp(+iTH,/h)
s m ,
Xexp(izly)exp(— iﬂ'F‘)exp<— i51y>exp(i¢l‘),

U 4(7) = exp(= ipF)exp(iTH ../ h)exp(ipl)exp(— iml).

Since the operator U 4(7) is applied to p(0) >, the factor on
the right is irrelevant because it commutes with /°. The refo-
cusing of the dipolar dynamics takes place during 7" ~27,
under the presence of a spin-lock radio frequency field ap-
plied along +x and —x axis. Then, the effective dipolar
Hamiltonian is given by [—%]Hxx [27]. The final density ma-
trix is
pp(T+ 7)) = UL(7'+ LU 7+ 7'),
with the propagator
Uy(t+ 7)) =exp(— it H,,/2h)exp(— ip[)exp(iTH /).

Then, the initial condition evolves under the dipolar Hamil-
tonian H,, and afterwards a ¢ rotation around z encodes the
multiple-quantum coherences created during this evolution
in the Zeeman basis. The spin-lock field refocuses the
multiple-spin terms back to observable single-quantum co-
herence terms. To acquire a signal, a final lecture pulse is
applied after a time 7 that allows for decoherence in the
plane. The observed signal, S,(7), is a function of the prepa-
ration time 7 and the phase angle ¢,

Sy(7) = Tr[IZU;(7'+ T)FU 47+ 7')] = > exp(ign)S,(7),

where S,(7) is the coherence order distribution in the Zee-
man basis, which can be obtained by Fourier transformation
with respect to ¢.

In order to encode quantum coherence orders during the
evolution with a double-quantum Hamiltonian (DQ), we
have used the well-known eight-pulse sequence shown in
Fig. 1(b) [10,16,17], where the effective Hamiltonian is

1
Hpp=— 52 hdy (LT + ITY). (1)
]<k
The encoding and observation of the different coherence
orders, S,,(TDQ), follows the same procedure as described be-
fore. The dipolar evolution under H,, has a period that is 3/2
times shorter than the corresponding to ‘Hpg. Thus, in order

to compare evolutions we refer all data to 7, with T=§7‘DQ
[28,29].

II1. MATERIALS AND EXPERIMENTAL SETUP

The experiments were performed using a Bruker Avance
I spectrometer operating at a 'H resonance frequency of
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300.13 MHz under static conditions. Experiments in ada-
mantane were performed at room temperature while 5CB
was maintained in the nematic mesophase at 300 K.

Adamantane forms a plastic crystal in which the nearly
spherical molecules tumble rapidly and isotropically in the
solid phase. The motion averages all the intramolecular di-
polar couplings to zero but does not eliminate intermolecular
couplings. However the motion leaves only one distinct cou-
pling between every pair of molecules, reducing the adaman-
tane molecule to a point-dipole source containing 16 spins
packed into a face-centered-cubic lattice. The compound be-
haves as an infinite spin-pair system with an effective dipolar
coupling d/27=5.7 kHz [30].

Liquid crystal 5CB is composed by a cyano group, two
aromatic rings, and an aliphatic chain of five carbons. In the
nematic mesophase the molecular director is mostly aligned
with the external magnetic field. Rotations and diffusion of
the molecules eliminates intermolecular dipolar interactions
[31]. For the purpose of MQC encoding, this compound can
be considered as a finite system composed by 19 protons
[17]. The main dipolar interactions occur between protons in
the same aromatic ring where d/2m7=3.9 kHz and between
protons in the first methylene group of the chain, with
d/2m=4.9 kHz [32].

In all the experiments, an free induction decay (FID) was
recorded for each value of ¢ and 7. Each spectrum was in-
tegrated to give S(7) and finally Fourier transformed to give
the coherence distribution S,(7), at each preparation time 7.
Signal S,(7) was normalized to a reference FID obtained by
the application of a single pulse, w/2=2.2 us. The phase ¢
was incremented with A¢=27/32 for 5CB and A¢
=2m/64 in adamantane, encoding up to 16 and 32 orders,
respectively. In the pulse sequence corresponding to dipolar
Hamiltonian [Fig. 1(a)], the power during the rf spin lock
was set to w,y/2m=33 kHz, in order to maximize the sig-
nal. In this sequence the preparation time 7 ranged between
10 to 600 ws. Each corresponding echo time was 7/ =27
+¢&, where & was optimized to obtain the maximum refo-
cused signal. The short delay 6=~1 us, between preparation
and reversion blocks, was inserted to minimize pulse tran-
sients. In the sequence corresponding to double-quantum dy-
namics [Fig. 1(b)], the time delay between pulses was varied
from 3 to 50 us to increase the preparation time, 75, from
36 to 600 us, using only one cycle (k=1), yielding the
Hamiltonian M0, [19]. In adamantane these results were
compared with two other groups of measurements, where the
effective double-quantum Hamiltonian, Hpp, was gener-
ated by repeating k times a block with a fixed duration,
Ti)yge=60 s and TCDyge=120 us, respectively. Decoherence
loss time before the lecture pulse was 7=1 ms for all cases.
Both pulse sequences develop only even coherence orders.

IV. RESULTS
A. Loschmidt echoes

In a multispin system, high coherence orders develop at
the expense of lower ones and, as the evolution time in-
creases, the system becomes highly correlated [10,20]. As
the single quantum coherence is the only directly observable,
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FIG. 2. (Color online) Loschmidt Echo, S;z(7), for dipolar and
double-quantum pulse sequences in 5CB, normalized with a refer-
ence FID recorded after a 7/2 pulse.

the spread of information to higher orders leads to a decay of
the NMR signal [16-18]. Nevertheless, if at a given time the
information contained in the different coherence orders is
accumulated, the information at 7=0 should in principle be
recovered [33]. The Loschmidt echo in the pulse sequences
used in this work can be defined as S;z(7)=5 4-o(7). In fact,
Sie(1)=2,S,(7), then the decay of this signal, is an ideal
quantifier of the overall decoherence in a particular pulse
sequence. Note that in the absence of decoherence S;;(7)
=1 for all times 7.

The decoherence affecting the evolution of a spin system
is dependent on the chosen Hamiltonian, for instance a LE
under a single-spin Hamiltonian, e.g., a Hahn echo, is differ-
ent from the LE under a many-body Hamiltonian. In our
experiments, we have an additional difference because we
compare two many-body Hamiltonians, H,, and Hp, re-
versed by different techniques. The sequence to refocus H,,
includes a spin-lock yielding —H,,/2+3,, where 2 represents
nonsecular terms of the order d?/w;y. In contrast, the se-
quence to measure the LE under H, is exactly the same
(unless a phase) for the forward and backward dynamics.

Figure 2 displays the LEs as functions of 7 for 5CB under
H,, and Hpg ;. The decay of the LE under H,, shows two
well-defined temporal regimes, where the slope changes
drastically. A short-time regime (7<<50 us) characterized by
a fast decay and a long-time regime with a decay rate one
order of magnitude lower than the first one. The short-time
behavior can be assigned to the dipolar interactions in the
molecular core, i.e., the biphenyl group including the « car-
bon of the aliphatic tail. There are two main observations
that lead us to this assumption. First, the effective dipolar
couplings in the core are much stronger than those in the
aliphatic tail [32,34]. Second, we show on Sec. IV B that at
times on the order of 50 us, only half of the spins of the
molecule are correlated, (see Fig. 8). We should emphasize
that the motion of the nuclei in the tails is too fast (7.
~107s) compared with the relevant times of this experiment
(1-100 us) and consequently the motionally averaged dipo-
lar interactions during the forward and backward dynamics
are the same. In contrast, the collective motions that produce
the director fluctuations are much slower with a characteris-
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FIG. 3. (Color online) Loschmidt Echo, S;£(7), for dipolar and
DQ pulse sequences in adamantane, normalized with a reference
FID recorded after a /2 pulse. Note the logarithmic time scale to
emphasize the short-time behavior.

tic time 7ypp that range from 1-100 ws [31,35], and they
are likely to produce different average couplings during the
forward and backward dynamics. This difference is appar-
ently enhanced by the effect of the rf during the spin-lock
because this liquid crystal has a large electric dipole that
tends to orient with the electric field of the rf producing heat
dissipation [36]. The slow decay observed for long times is
associated with the finite size of the SCB molecule that pre-
vents the growth of high coherence orders, which are more
fragile toward decoherence.

On the other hand the evolution of S, under the Hp
dynamics presents a smooth sigmoidal curve. It should be
emphasized that the long-time behavior of this sequence 7
>150 ws is not reliable, as the long interpulse duration
starts to violate the assumptions of the average Hamiltonian
construction. The LE under Hp ; falls to 50% of its initial
value for times 7=~ 100 us while the corresponding time for
H,. is 7=50 us. The short-time behavior of the LE under
Hpg,1 is slower than that of the LE under H,,, probably due
to the effects of the spin-lock mentioned above (noninverted
nonsecular terms and heating).

Figure 3 shows the LEs for adamantane in the dipolar and
double-quantum cases. It can be observed that the evolutions
under Hamiltonians ,, (filled squares) and Hp,; (open
circles) are similar. The behavior is smooth with a sigmoidal
shape, falling to 50% of each initial value at 7=200 wus. In
this compound we also measured the LE under a double-
quantum Hamiltonian generated by repeating k blocks of
7'i)yge=60 us, Hpo k- This Hamiltonian is suitable to observe
the long-time behavior, while the Hamiltonian using a single
block of variable interpulse times, Hp ;, is only useful to
study short times but offers the possibility to acquire inter-
mediate points in this regime. LEs obtained from both ex-
periments superimpose up to 7= 120 wus, corresponding to
k=2 blocks of Hp . For longer times the LE obtained with
Hpo,1 decreases more quickly than the other.

Finally, we observe that no long tail appears for any of the
Hamiltonians implemented in adamantane, as occurs in SCB
for H,,. This characteristic can be probably assigned to the
infinite character of the coupling network in adamantane. In
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FIG. 4. Coherence order distribution S,(7) for n=0,2,...,14, as
a function of 7 corresponding to: (a) dipolar and (b) DQ dynamics
in adamantane. The inset in (b) shows coherence orders for Hp x
with 755°=120 us.

this case, as we will show below, very high orders of coher-
ences are generated.

B. Coherence order evolution and spin counting

Figure 4 shows the evolution of the different coherence
orders, S,(7), with dipolar and DQ Hamiltonians for adaman-
tane. As mentioned before, normalization was performed
with a reference FID recorded after a 7r/2 pulse. Figure 4(a)
shows low coherence orders for H,, including in the inset
orders ranging from Se(7)—S4(7). Note that as the evolution
time 7 increases, higher order coherences build up at the
expense of the lower ones. As can be observed, the maxi-
mum intensity in the S,(7) curves decreases with the coher-
ence order n. A short-time oscillation between Sy(7) and
S,(7) is marginally observed, corresponding to single and
two spin correlations [18]. Figure 4(b) shows coherence or-
ders from 0 to 4 for Hp,; while the inset shows the same
coherence orders for Hpg  with Tf)yge= 120 us. Notice that
the initial gap in the evolution under Hp ; [Fig. 4(b)] is due
to the minimum block duration in the eight-pulse sequence,
i.e., 7pp=36 us. The usual procedure of increasing blocks
instead of increasing separation between pulses, usually used
for studying long-time regimes, masks the oscillating behav-
ior observed in Fig. 4(b), as compared with its inset. Addi-
tionally, by comparing Figs. 4(a) and 4(b), it can be seen that
the short-time behaviors of S, are similar for the dipolar and
DQ evolutions.

Figure 5 displays the evolutions of the coherence orders
under dipolar and DQ Hamiltonians corresponding to SCB.
The short-time oscillations in Sy(7) and S,(7) occurring un-
der both dynamics are evidence of single- and two-spin cor-
relations corresponding to strongly coupled spins in the mol-
ecule [32]. In the case of the dipolar Hamiltonian, the
maximum in S,(7) occurs around 7=40 wus, while the local
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FIG. 5. Coherence order distribution S,,(7) for n=0, 2, and 4, as
a function of 7 corresponding to (a) the dipolar and (b) DQ dynam-
ics in 5CB.

minimum for Sy(7) is at 70 ws [see Fig. 5(a)]. In contrast,
under ‘Hpp evolution, S, and S, reach their local minimum
and maximum at the same time [see Fig. 5(b)] leading to a
smooth sigmoidal shape for the LE in this case.

One noticeable difference between the two analyzed
Hamiltonians (H,, and Hp,) is that the pathways through
Liouville space are more limited for Hp,, than for H,, [37].
This fact can be associated with the time for the development
of new coherence orders that is shorter for H,, than for Hp,.
This is clearly observed in adamantane, an homogeneous and
infinite system, where coherence orders 8 to 16 show a delay
when evolving under Hp, as compared with M, (see Fig.
6). In contrast, this is not observed in 5CB due to the small
number of interacting spins.
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FIG. 6. Coherence orders 8 to 16 develops easily in evolution
under H,, Hamiltonian than under Hp,.

PHYSICAL REVIEW A 80, 012328 (2009)

500 T T T T T T
1.0 [ ]
2 4004 08 °© A, 1
ol 06 o H, "=120ps
n 3004 0.4 ’ i
o] 0.2
i) 0.0
®© 2004 -20-10 0 10 20 ° B
[ Coherepce order
=
8 100 O. 4
“— co®% 1.0
o 0dooo OOeOO 0.8 i
—
5 o
a .
[S -100 0.2 B
S 0.0]
pZd -200 . . . . -20 —1? 0 10I20
0 100 200 300 400 500 600
© (us)

FIG. 7. Effective number of correlated spins, Ng(7) for ada-
mantane during dipolar and DQ evolution. The insets show ex-
amples of the distribution of the signals into different coherence
orders.

The number of correlated spins at a particular evolution
time 7 determines the shape of S,(7) as a function of n. In
particular, the distribution becomes wider when higher co-
herence orders are excited. The cluster size of correlated
spins can be determined from the assumption that the differ-
ent coherence orders are excited with the same probability
[16,17]. For a finite cluster of size N the integrated spectral
intensity per order can be related to the number of multiple-
quantum transitions within that order. From combinatorial
arguments, the number of n quantum transitions in an N spin
system is 2N!/(N—n)!(N+n)!. For N> 6, the distribution of
coherence orders at a given time 7 approaches a Gaussian
S,(7) ~exp—n?/N(7). Then, the effective number of spins
N(7) correlated during the evolution period 7 can be
roughly associated with the variance of the distribution.

Figures 7 and 8 display the effective number of correlated
spins Neg(7) during the evolution under H,, and Hp, for
adamantane, and under H,, for SCB, respectively. The insets
show the distribution of the signal into different coherence
orders for a couple of arbitrary times. The functional forms
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FIG. 8. Effective number of correlated spins, Ng(7) for 5CB
during dipolar evolution. The insets show the distribution of the
signals into different coherence orders.
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of the growth of N(7) are clearly different among the two
systems, reflecting the extent of each interaction network.
The effective spin cluster size in adamantane grows uni-
formly under both evolutions, dipolar and DQ. On the other
hand in 5CB under dipolar evolution N{7) grows in two
steps: an initial fast increase during the first 50 s that leads
to Neg~ 8 spins, then a slower regime reaching a saturation
value of N~ 16 after approximately 400 us. This evi-
dences a hierarchy in the set of dipolar couplings, i.e., the
first part of the dynamics is due to the thermalization be-
tween protons in the aromatic rings and at long times the
connection with all the molecule is taking place. The fact
that Ny(7) stabilizes at N~ 16 instead of N=19 may be
due to an almost self-decoupled methyl group or to an arti-
fact in the determination of the width of the distributions.
Notice that for the long times where all the spins of the
molecule should appear, the signal-to-noise ratio is approxi-
mately 10 times weaker than in the short-time regime.

C. Numerical simulations for the 5CB core

In order to compare with the experiments, we performed
numerical calculations of the evolutions under dipolar and
double-quantum Hamiltonians for the 5CB molecule. We
considered the evolution of 10 spins, eight of them belonging
to the biphenyl group and the other two belonging to the first
methylene group in the aliphatic chain. Motional averaged
dipolar couplings for SCB have been taken from literature
[32,38]. The time dependent density matrix was calculated as
p(t)=exp(—-iHt/h)p(0)exp(iHt/h), where the initial condi-
tion was p(0) « I, Then, p(z) follows the evolution under the
Hamiltonians H,, or Hpg . The different coherence orders
were calculated considering S,(1)=X, (r|p(t)|s) where the
sum runs over the pairs r,s such that M_(r)—M_(s)=n [15].

If decoherence is not introduced ad hoc in the numerical
calculations, the LE at different times are built using unitary
evolutions leading to conservation of the total signal,
S;e(7)=1. Then, in order to compare numerical and experi-
mental results, we normalize the measured coherence orders
with the global decoherence given by the LE, leading to

S,(7)=S,(7)/S, (7). Figures 9 and 10 display the experimen-
tal and simulated S,(7) for SCB under dipolar and double-

quantum evolutions, respectively.
In Fig. 9(a) the experimental data corresponding to dipo-

lar evolution show that the minimum and maximum in S,

and S,, respectively, occurs at 50 us. In quite good agree-
ment with this result, our numerical calculations show that
the first oscillation in the lowest coherence orders appears at
7~35 us [see Fig. 9(b)] although none of the oscillations
observed here survive the experimental decoherence. Never-
theless, there is an excellent agreement in the asymptotic
behavior after 7~300 wus. This fact indicates that the dipolar
dynamics in 5CB is dominated by the strong interactions
occurring in the two biphenyl rings and the first methylene
group of the aliphatic chain.

In Fig. 10, corresponding to double-quantum dynamics, it
is possible to see that the experimental and numerical short-

time evolutions of S, and S, show a coincident oscillation at
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FIG. 9. Comparison between (a) experimental and (b) simulated

normalized coherence orders S,(7) for dipolar dynamics in 5CB.

approximately 7~33 us. On the other hand the experimen-

tal behavior for S, at long times can be understood consid-
ering that the effective Hamiltonian theory is not appropriate
when the separation between pulses is greater than A
=20 us. For 7>300 us there is a collapse of all coherence

orders into the S,. Then numerical and experimental results
for DQ dynamics cannot be compared at long times by our
approach.

V. CONCLUSIONS

In this work we studied the decoherence processes for
nuclear-spin systems under different experimental conditions
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FIG. 10. Comparison between (a) experimental and (b) simu-

lated normalized coherence orders S,(7) for double-quantum dy-
namics in 5CB.
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by inspection of the evolution of the LE. This is a simple tool
that has the advantage of being acquired as a single one-
dimensional experiment, in contrast with the usual two-
dimensional experiment needed to obtain different coherence
orders. Then, it is possible to obtain a direct idea on the pulse
sequence performance and on the decoherence produced
from the interaction between the quantum system and its
environment. Additionally, the LE can provide an insight
about the set of interactions of the studied systems.

We observed that the normalization with the LE unmasks
the actual evolution of the different coherence orders, in par-
ticular for long times. Simulations in 5CB with a 10-spin
system, in which the aliphatic tail has been disregarded, pro-
vide a very accurate description of the experimental results
validating both, our numerical approach and the performance
of the pulse sequence for dipolar evolution at long times. The
agreement of the coherence order intensities between simu-

PHYSICAL REVIEW A 80, 012328 (2009)

lation and experiments for long times leads to the conclusion
that the decoherence mechanism in this system affects in the
same manner all the coherence orders. As a consequence, the
information of the distribution of correlations of the different
states is proportionally conserved even when the overall sig-
nal has decayed to 10% of its initial value. This fact is in
contrast with the behavior of an infinite system, as adaman-
tane, where the higher coherence orders are more sensitive to
the decoherence effects than the lower ones.
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