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NMR experiments in C60 reveal the origin of the “pseudocoherence” that leads to long tails in some
Carr-Purcell-Meiboom-Gill �CPMG� sequences in contrast with the decay of a standard Hahn echo. We showed
in a previous work �M. B. Franzoni and P. R. Levstein, Phys. Rev. B 72, 235410 �2005�� that under certain
conditions these CPMG sequences become spoiled by stimulated echoes. The presence of these echoes evi-
dences that the long tails arise on the storage of magnetization in the direction of the external magnetic field �z
polarization� involving spin-lattice relaxation times of several seconds. Hole burning experiments confirm the
presence of a highly inhomogeneous line and show that the flip-flop processes are able to homogenize the line
in times agreeing with those obtained through a Hahn echo sequence. As expected, the decay of the stimulated
echoes is not sensitive to the quenching of the dipolar interaction through an MREV16 sequence, while the
Hahn echo decay increases by a factor of 20. CPMG sequences with hard pulses and different temporal
windows clearly show the relevance of the dipolar interaction in between the pulses for the generation of the
long tails. In particular, the more time the flip flop is effective �longer interpulse separation�, the amplitudes of
the long tails decrease and their characteristic times become shorter.
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I. INTRODUCTION

Electron and nuclear spins in the solid state are good qubit
candidates in order to implement gates for quantum informa-
tion processing. As a consequence, many groups are nowa-
days working on decoherence on several kinds of spin sys-
tems. Some of the investigations point directly to the
coherence time of the nuclear spins,1–5 while others involve
decoherence of electron spins because of the presence of a
fluctuating nuclear-spin lattice.6,7 Observation of very long
tails in measurements of spin coherence times T2 using
some variations of the Carr-Purcell-Meiboom-Gill �CPMG�
sequence8–10 in samples as 29Si,1 C60,

4 and Y2O3 �Ref. 5�
created great expectation. This is because the viability of
quantum devices and quantum processors relies on long co-
herence times to perform the engineered operations.11–13

Several pulse sequences, besides the standard Hahn
echo14 � �

2 �X−�− ���Y −�−echo have been used to measure
spin-spin relaxation times T2 denoted as

CP1: ��

2
�

X

− �� − ���X − � − echo�n,

CP2: ��

2
�

X

− �� − ���X − � − echo − � − ���−X − � − echo�n,

CPMG1: ��

2
�

X

− �� − ���Y − � − echo�n,

CPMG2: ��

2
�

X

− �� − ���Y − � − echo

− � − ���−Y − � − echo�n. �1�

Indeed, we emphasize that none of these measurements of T2
yields the “true decoherence time” because the dipolar evo-
lution itself is reversible. However, as it has been reported,
even when the dipolar interaction is reversed the observed
decay time still depends on it.15–18 Then, we are still very
interested in the “decoherence” times given by these spin-
spin relaxation measurements.

The spin-spin relaxation time, i.e., the dipolar limited co-
herence time measured for C60 using the Hahn echo se-
quence was T2HE=15 ms and similar results were obtained
for CP1 and CPMG2. On the other hand, for the CPMG1 and
CP2 the decay times were in the order of seconds. Under
these striking results, an effort to distinguish between coher-
ence and pseudocoherence times must be done.

In a previous work,4 we proved that these long times are a
consequence of the formation of stimulated echoes, after two
� pulses, that are not analytically expected. In the proof, two
conditions were necessary for the formation of these echoes:
�1� a rf field inhomogeneity or a highly inhomogeneous line
able to produce different tilting angles in different sites of the
sample and �2� the absence of spin diffusion �noneffective
flip-flop interactions�. In this work, we show new experi-
ments that confirm that both conditions are satisfied in C60,
verifying our previous hypothesis.

Besides a hole burning experiment, a careful study to dis-
tinguish between coherence and pseudocoherence times ob-
tained for the CPMG1 and CP2 sequences was made by
isolating the stimulated echoes and measuring their charac-
teristic decay times under several conditions. Also, the effi-
ciency of the dipolar interaction in order to avoid the
stimulated-echo formation was studied by allowing enough
time for the operation of the flip-flop dynamics, emphasizing
the importance of condition �2�.

Our results do not agree with the interpretation of the long
decay times reported recently by Li et al.5 They assign the
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long tails to the dipolar evolution that occurs during the
pulses. Indeed, one could substitute condition �1� by using
very long pulses. In this case, the one flip terms produced by
the dipolar interaction during the pulse are similar to those
produced by the off resonance or the H1 inhomogeneity.
However, condition �2� is still necessary and if the dipolar
interaction is important during the pulse, it will be during the
interpulse times unless these intervals are too short compared
with the duration of the pulses. This last situation is not usual
in CPMG measurements in the solid state.

In summary, in Ref. 5 the origin of the long tails is as-
signed to the dipolar effect during the finite duration of the
pulses, regardless of the evolution in between pulses. For us,
the slow spin diffusion in between pulses is responsible for
the tails, something being also necessary �H1 inhomogeneity,
differences in chemical shifts, different dipolar evolutions
during the pulses� that generates nonperfect � pulses in dif-
ferent regions of the sample.

In order to decide which is the correct approximation or if
they are both partially right, one should perform a couple of
relevant experiments: �a� A measurement of the tails as a
function of pulse length tp and �b� a measurement of the tails
as a function of the interpulse time �. The experiment �a� was
performed by Li et al.19 and indicates that for typical solid-
state NMR conditions �H1 /2��FWHM �full width at half
maximum�, the tails are independent of H1. For the inter-
pulse analysis, we study here the amplitude and characteris-
tic times of the tails as a function of �. Besides, we applied
the MREV16 decoupling sequence to observe its effects on
the long tails.

II. EXPERIMENTAL METHODS AND RESULTS

The experiments were performed in a Bruker Avance II
spectrometer and in a Bruker 300-MSL operating at 75, 45
MHz for 13C and in a Bruker Avance under a 11.75 T magnet
�125, 75 MHz for 13C�. The probes were Bruker high power
cross polarization magic angle spinning �CPMAS� used un-
der static conditions. The rotor sizes were 18 mm long and 4
or 3.2 mm outer diameter. All the experiments were con-
ducted on resonance at room temperature. Typically, for al-
most every experiment the �

2 pulse was set as 5 �s.
A commercial sample of polycrystalline C60 at 99.5% pu-

rity was used without further processing. The T1 observed for
the sample was T1=37 s at the 7 T magnet and T1=24 s at
the 11.75 T one. In Secs. II A, II C, and II D, a detailed
description of the experiments we performed is provided.

A. Hole burning in C60

The inhomogeneity of the C60 line is well shown through
a hole burning experiment.10 The experiment consists of two
�
2 pulses, the first a selective one of duration tp. After exci-
tation of a portion of the line with the first pulse, free evo-
lution is allowed during a time � until a nonselective pulse is
followed by acquisition �Fig. 1�. If the line is inhomoge-
neously broadened, the portion of the line excited with the
first pulse will form a hole. In contrast, a homogeneously

broadened line will collapse as a whole, i.e., its magnitude
will diminish but no hole will be observed.

Indeed, a measure of the inhomogeneity of a line may
arise from the minimum time between pulses needed to cross
from the hole formation to the collapsed line situation. We
performed the experiment in polycrystalline C60 and ob-
served the formation of holes, manifesting that the line is
inhomogeneously broadened. The width was calculated by
fitting each spectrum to a Lorentzian line and the hole width
as a function of the selective pulse duration was studied. As
can be seen in Fig. 1 the hole width is not inversely propor-
tional to tp as ideally expected. Indeed, an exponential rela-
tionship was obtained whose characteristic time, similar to
T2HE, indicates that the dipolar interaction is starting to be
operative during the selective pulse.

For two different durations of the selective pulse tp, we
studied the recovery of the hole by varying the evolution
time between pulses, � �see Fig. 2�. The quantification of the
depth of the holes is fairly straightforward because the holes
do not change shape as they recover. Following Kuhns and
Conradi20 to measure the hole depth, the line shape is mul-
tiplied by a rectangular function which is +1 in the middle of
the holes �in a frequency interval as wide as the holes full
width half maximum�, −1 on the shoulders of the hole, and
zero elsewhere. The total area of this function approaches
zero; the rectangular function is slightly adjusted so that an
unburned line shape multiplied by the rectangular function
has zero area. The total area of the product �experimental
line shape times rectangular function� is taken as a quantita-
tive measure of the hole depth.

As shown in Fig. 2 the results obtained for tp=20 ms and
tp=30 ms are almost coincident for every evolution time �.

FIG. 1. Top: Hole burning sequence and spectra with holes for
different selective pulse durations tp. Bottom: The Lorentzian
widths as function of pulse durations fit an exponential decay with
characteristic time tc=9 ms.
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The hole area as a function of � is well fitted to a Gaussian,
yielding a characteristic decay of approximately 13.9 ms
similar to the coherence time T2HE obtained with the Hahn
echo. This is another confirmation that T2HE is the coherence
time associated with the dipolar interaction.

B. Stimulated echo

We developed a sequence of three pulses which provides
the stimulated-echo decay time. As shown before,4 in the
stimulated-echo �SE� sequence,

SE: ��

2
�

�1

− tf − ����2
− tv − ����3

− tf − acq , �2�

the stimulated and the normal echoes have the same phase if
the pulse phases are taken as in the CPMG1��1=X ;�2
=Y ;�3=Y� or as in the CP2��1=X ;�2=X ;�3=−X� se-
quences. On the other hand, for the CPMG2��1=X ;�2
=Y ;�3=−Y� or the CP1��1=X ;�2=X ;�3=X� sequences the
echoes appear in opposite phases because the phase of the
stimulated echo is inverted. Thus, by applying the SE se-
quence �2� as in the CPMG1 and then as in the CPMG2
sequence, multiplied by 1 and −1, respectively �by inversion
of the detection phase�, we get rid of the normal echo.

By fixing tf =8 ms and varying tv, we built the
stimulated-echo decay curve �see Fig. 3�. The curve mani-
fests two-time regimes that, fitted with a double exponential
decay, yield a short decay time tsSE

=130 ms and another of
tlSE

=4.9 s. The long decay time is in the same order as those
observed in the CPMG1 and CP2 sequences.4

The long time obtained for the stimulated echo �tlSE
� is

well understood since it brings back magnetization preserved
in the z axis to the plane. As we have proved,4 the cause of
the long tails in the CPMG1 and the CP2 sequences in C60 is
the constructive interference between normal and stimulated
echoes. Now, we are showing that, as expected, the stimu-
lated echoes are the ones with long decay times. We per-

formed SE sequences with �=� and �=� /2, and both of
them yielded the same decay times. In Fig. 3, we show the
SE sequence with three � /2 pulses which gives the maxi-
mum signal to noise ratio.

C. Long decay times vs flip-flop dynamics

We performed the CPMG1 and the CP2 experiments for
different temporal windows � �in fact, 2� between the �
pulses�. For each � we observed that the magnetization
shows a double exponential decay with a characteristic short
time �ts� and a long one �tl�. For all the experiments, the
obtained ts was very well approximated by T2HE so we fixed
ts=T2HE and we calculated tl. In Fig. 4 we show a CPMG1
experiment with �=3.5 ms fitted with a double exponential
with ts=15 ms.

After doing the same analysis for every �, we plotted tl vs
� for the CPMG1 and CP2 sequences �Fig. 5�. It is noticeable

FIG. 2. Line recovery, measured through the hole area, as a
function of evolution time between the pulses for two selective
pulse durations. The curve fits a Gaussian with a characteristic time
of 13.9 ms. In the inset, the spectra of the intermediate times indi-
cated by arrows in the curve are shown.

FIG. 3. Stimulated echo as a function of tv, applying the three-
pulse sequence with �=� /2 and tf =8 ms. The curve is fitted with
a double exponential decay; the characteristic times obtained were
tsSE

=130 ms and tlSE
=4.9 s. Inset: comparison of the stimulated-

echo sequence with and without MREV16 decoupling. No differ-
ence is observed.

FIG. 4. CPMG1 experiment for �=3.5 ms. Double exponential
decay behavior fitted with ts=T2HE yields a long decay time tl

=570 ms.
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that tl decays as a function of � with a characteristic time
which again resembles T2HE! Besides, one can observe that
the amplitudes of the long tails decay as a function of �,
almost disappearing for ��8 ms.

These experiments are in very good agreement with our
hypothesis and some numerical results. They show that the
stimulated echoes and consequently the long tails are mani-
festations of the slow flip-flop dynamics: a shorter � �no flip
flop� leads to a longer decay time tl.

D. Dipolar decoupling

The MREV16 sequence21,22 consists of sixteen properly
phased and separated � /2 pulses of duration ��/2 , with a
minimum separation time �MREV. A single MREV16 cycle
lasts 24�MREV+16��/2. As can be seen from average Hamil-
tonian theory,23 the MREV16 sequence averages out the zero
and first orders of the dipolar interaction.

We performed a Hahn-MREV16 echo measurement by
applying c times the MREV16 sequence before and after the
� pulse in the Hahn echo sequence. That is, the dipolar de-
coupling was operative all the time after the � /2 pulse, up to
the formation of the echo where signal acquisition starts. To
build the magnetization decay curve as a function of time
shown in Fig. 6 we used �MREV=0.1 ms and �MREV

=0.2 ms and varied c from 1 to 80. We obtained T2HE
MREV

=300 ms, instead of T2HE=15 ms obtained with the stan-
dard Hahn echo.

Another revealing experiment performed in the C60
sample was the CPMG1-MREV16. The CPMG1-MREV16
sequence is a CPMG1 with a variable number �c� of
MREV16 cycles applied between the � pulses. In this case,
�=c�24�MREV+16��/2�, where 2� represents, as before, the
temporal window between the � pulses of the CPMG1 se-
quence. As shown in Fig. 6, by applying the CPMG1-
MREV16 for �MREV=100 �s, c=4 and so �=9.92 ms �2�
�20 ms is longer than T2HE� we observed long tails in the
magnetization, even longer than those obtained for the

CPMG1 sequence without MREV16. The magnetization
manifested two different decay times: a short one that could
be fixed as tsMREV

=T2HE
MREV�0.3 s and a longer one of

tlMREV
=5.3 s. This is almost three orders of magnitude

longer than T2HE�15 ms, as was also reported for silicon
when this sequence was applied.3

Evidently, these long tails in C60 do not yield decoherence
times, but in analogy with the situation without decoupling,
they are a consequence of the stimulated echoes. Indeed, as
in the pure CPMG1 sequence, we were able to identify a
short decay time which agrees with T2HE

MREV and a long one in
the same scale of times than the stimulated-echo decay.
Moreover, we repeated the stimulated-echo decay time ex-
periment by applying the MREV16 sequence between the
intermediate � /2 pulses and varying �MREV between 0.1 and
1 ms and c between 1 and 90. As expected, no difference was
observed when compared with the plain SE sequence �see
inset in Fig. 3�.

III. CONCLUSIONS

The experiments shown in this work confirm the two hy-
potheses made in our previous work.4 We have proved that
the C60 line is inhomogeneously broadened. This condition is
the key ingredient for the formation of the stimulated echoes.
In this inhomogeneous sample, the differences in resonance
frequencies are larger than the dipolar couplings, making in-
effective the flip-flop mechanism. Consequently, the different
deviations from � pulses �regardless of origin� cannot be
averaged out through dipolar interactions, as would occur
with homogeneous samples.

It was also verified that the decay time obtained through a
Hahn echo experiment T2HE is the time which characterizes
the flip-flop process while the long tails are pseudocoher-
ences, a consequence of the stimulated echoes. Another re-
markable fact is the importance of the absence of the flip flop

FIG. 5. The CPMG1 and CP2 experiments were repeated for
many time windows �. For each train of echoes a double exponen-
tial decay was fitted and setting one characteristic time as T2HE, a
longer one tl, was obtained. tl is plotted as a function of �.

FIG. 6. Long tail obtained through the CPMG1-MREV16 se-
quence for �MREV=0.1 ms and c=4. The curve is fitted with a
double exponential decay; the shorter characteristic time is fixed as
tsMREV

and the longer decay is tlMREV
=5.3 s. In the inset the Hahn-

MREV16 experiment fits an exponential decay with T2MREV

=0.3 s.

FRANZONI et al. PHYSICAL REVIEW B 78, 115407 �2008�

115407-4



in the formation of the long tails, observed for the CPMG1
and CP2 sequences: the more time we allow for the flip-flop
process to become effective, the shorter are the characteristic
times of the long tails, as can be seen in Fig. 5. These ex-
periments are a very strong demonstration that the long tails
are a manifestation of the slowness of spin diffusion.4

Our explanation contrasts with the argument espoused by
Li et al.5 They claim that the delta pulse approximation is not
valid and the long tails are a consequence of dipolar interac-
tions during the pulses. Indeed, the theoretical model pro-
posed by Li et al. to reproduce qualitatively the experimental
results can be explained with the stimulated-echo picture. By
considering the finite duration of the pulses evolving under
an artificially increased dipolar interaction one spin flip, two
spin flips, and three spin-flip terms appear that can account
for the phenomenological “difference in the tilting angle”
with respect to a perfect � pulse. Thus, they build a distri-
bution of different pulses in different sites of the sample, and
consequently, the formation of stimulated echoes with mag-
netization stored in the H0 axis. But still, the long tail forma-
tion requires the absence of spin diffusion. Clearly, a strong
flip-flop mechanism during the interpulse delay will be effi-
cient to average out the differences of the tilting angles
quenching the stimulated echoes.

With regard to the effect of the finite duration of the
pulses, as can be seen in Fig. 13 of Ref. 19 the CPMG1 tail
height is insensitive to large changes in pulse strength. In the
mentioned experiment the authors obtained the same tail
height for pulses strong enough to excite from 4 to 450 times
the FWHM so, as all the pulses set in C60 or in 29Si excite
more than 200 or 300 times the FWHM, the delta pulse
approximation is correct and the long tails cannot be a con-
sequence of finite pulse durations. Moreover, from average
Hamiltonian calculations,5 one can see that as soon as the
interpulse time � is longer than the pulse duration tp, the

latter will have a negligible effect. This is effectively ob-
served in their experiments in 29Si as a function of tp for �
=1.096 ms, where as soon as tp�300 �s there is no depen-
dence on tp. Everything points to the fact that the important
ingredient for the long tails is a chemical shift distribution or
equivalent.

From the stimulated-echo decay sequence developed here,
it was evident that its decay time is in the order of seconds as
the long tails are. Moreover, it was proved that the charac-
teristic SE decay is independent of the dipolar interaction:
i.e., it is the same regardless of the application of the
MREV16 sequence that averages out the dipolar interaction.
As a consequence, after the constructive interference be-
tween the normal and the stimulated echoes, long tails in the
decay of the magnetization are found not only for the
CPMG1 and CP2 sequences but also for the CPMG1-
MREV16.

In summary, the lines of the three samples �Si, C60, and
Y2O3� that have manifested the presence of long tails have in
common FWHMs at least 1 order of magnitude larger than
their respective dipolar couplings k=

�0

4�
�2	

2�d3 . Besides, the
stimulated �anomalous� echoes have also been observed in
silicon.1 This leads us to think that the conclusions obtained
from our experiments in C60 might be generalized to these
other systems, which should be revised under the light of
these new findings. Moreover, caution should be taken in any
system satisfying the conditions of the hypothesis before
talking about “coherence.”
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