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Decay of highly correlated spin states in a dipolar-coupled solid: NMR study of CaF,

HyungJoon Cho,* Paola Cappellaro,” David G. Cory, and Chandrasekhar Ramanathan*
Department of Nuclear Science and Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 28 August 2006; revised manuscript received 3 October 2006; published 27 December 2006)

We have measured the decay of NMR multiple quantum coherence intensities both under the internal dipolar
Hamiltonian as well as when this interaction is effectively averaged to zero, in the cubic calcium fluoride
(CaF,) spin system and the pseudo-one-dimensional system of fluoroapatite. In calcium fluoride the decay rates
depend both on the number of correlated spins in the cluster, as well as on the coherence number. For smaller
clusters, the decays depend strongly on coherence number, but this dependence weakens as the size of the
cluster increases. The same scaling was observed when the coherence distribution was measured in both the
usual Zeeman or z basis and the x basis. The coherence decay in the one-dimensional fluoroapatite system did
not change significantly as a function of the multiple quantum growth time, in contrast to the calcium fluoride
case. While the growth of coherence orders is severely restricted in this case, the number of correlated spins
should continue to grow, albeit more slowly. All coherence intensities were observed to decay as Gaussian
functions in time. In all cases the standard deviation of the observed decay appeared to scale linearly with

coherence number.

DOLI: 10.1103/PhysRevB.74.224434

I. INTRODUCTION

While there have been several proposals put forward for
scalable quantum computing architectures, experimental re-
alizations have been limited to a handful of qubits at most.
Maintaining coherence as the size of the system Hilbert
space increases remains extremely challenging. It is essential
to understand how decoherence rates in different physical
systems scale as a function of system size. There have been
a number of theoretical investigations on the scaling behav-
ior of decoherence.'"® These general models have typically
been based on the spin-boson model of Leggett and
co-workers.” System-specific scaling behaviors have also
been investigated for a few physical implementations (e.g.
Refs. 8—13).

Palma et al.” showed that for a multiqubit quantum regis-
ter, the decay of particular off-diagonal elements of the sys-
tem density matrix depended on the Hamming distance f
between the two states. In the case of independent, uncorre-
lated noise, the decay was of the form exp[—fT'(¢)] while for
the case of correlated noise the decay was exp[—f°I'(¢)]
where I'(¢) corresponds to the single qubit decay.

Suter and co-workers recently published an experimental
study of the decay of multispin states using nuclear magnetic
resonance (NMR).'* They used multiple-quantum (MQ)
NMR experiments to create correlated multispin states in a
powdered sample of the plastic crystal adamantane, and ob-
served the rate at which these states decay during evolution
under the internal dipolar coupling of the spins. They ob-
served that the decay rate increased as a square root of the
estimated number of correlated spins in the cluster.

A theoretical analysis of their experimental results has
been published recently by Fedorov and Fedichkin.!> Ne-
glecting the flip-flop (XY) terms of the dipolar interaction,
they obtained the following expression for the decay of mul-
tiple quantum coherence states, in the short time, large spin
limit:
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S,.(1) =p exp(— an’t?) + (1 —p)exp(— %]at2>, (1)

where p:(Ejdik)z/ (NEdeZ-k) is a correlation parameter, « is
proportional to the second moment of the line shape, n is the
coherence number, and N is the number of correlated spins.
The first term depends strongly on the coherence number and
indicates that the spins in the multiquantum state experience
a correlated mean field. The second term does not depend on
the coherence number, but only depends on the number of
spins in the cluster, and indicates that the fields experienced
by the different spins are uncorrelated from each other.

These equations agree well with the measured data at
short times, but deviate at longer times. The correlation pa-
rameter p appeared to remain constant with increasing spin
system size. However, since adamantane is a plastic crystal
in which the molecules are undergoing rapid rotational mo-
tions, the intramolecular dipolar couplings are averaged to
zero, and the only residual couplings are motionally aver-
aged intermolecular dipolar couplings. This motional averag-
ing modulates the contributions in Eq. (1), making the ex-
perimental results obtained peculiar to this class of samples.

In this paper we expand on these preliminary studies. Our
test systems are the cubic lattice of 100% abundant '°F spins
in a single crystal of calcium fluoride, and the pseudo-one-
dimensional spin chains of fluoroapatite (FAp). These are
both rigid crystals, and molecular motions will not affect the
results obtained. We have previously characterized the mul-
tiple quantum dynamics of the free induction decay in these
systems.'® In addition to characterizing the decay of the sys-
tem under the dipolar Hamiltonian, we measure the decay
rates obtained when we suspend evolution under the dipolar
Hamiltonian. We also repeated the experiments, encoding the
multispin coherences in a different basis, and observed the
resulting scaling behavior.

The standard MQ NMR experiment is shown in Fig.
1.!7-18 Assuming that the system is closed, the final density
matrix is given by
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FIG. 1. A generic MQ NMR experiment. A 77/2 pulse is applied
at the end of the pulse sequence for signal acquisition.

pi(#) = UpoU o Ud ) UpppiUpoUH ) UL Upg, — (2)

where each of the terms is described below.

The spin system is initially in equilibrium and p; is given
by the thermal density matrix. Assuming the spins are in a
strong external magnetic field aligned along the 7 axis, we
can use the high-temperature approximation to get piOCE,-oé.
The propagator Upp=exp(-itHpp) represents evolution un-
der the double quantum (DQ) Hamiltonian given by

1 _
Hpo=—=2 D{ojof + gj i}, (3)
25k

where o*=0,%i0,, the dipolar coupling constant Dj, be-
tween spins j and k is

hZ
Dy ="—=-(1 -3 cos’ 0 (4)
Tk
v is the gyromagnetic ratio, rj is the distance between spins
J and k, and 6 is the angle between the external magnetic
field and inter-nuclear vector rj. This effective DQ Hamil-
tonian is created by multiple-pulse NMR techniques that
toggle the dipolar Hamiltonian to create the appropriate ze-
roth order average Hamiltonian.
Following evolution under Hp, the density operator of
the spin system in the Zeeman basis contains off-diagonal
terms of the form

1 r+1 +s __r+s+1 +5+1
U+0'-2+"'0{r0- e AR AR A

1 2 r+1 r+s _r+s+1 r+s+t
+o_os-olo, ol el ol (5)

We are interested in the properties of such coherences in the
system. In the experiments here, we create a distribution of
states with different coherence orders n=(r—s), and spin
numbers N=r+s+t. After this step, we either allow the spin
system to evolve under the internal dipolar interaction or
suspend evolution of the spin system by applying a time
suspension sequence. In the first case, U,,=exp(—iHpt),
where the dipolar Hamiltonian is

1
HD=EDjk{O'jZO'kZ—Z((Tj+(7k_+0'j_0'k+)}. (6)

i<k

The multiple quantum dynamics of this experiment have
been explored numerically by Munowitz and Mehring for a
system of 21 spins.!” Beyond the shortest evolution times,
their results are strongly influenced by the small size of the
spin cluster used. In the second case U,,=Z, the identity
operator, if the time suspension sequence is perfect and the
system is completely isolated. Decays observed during this
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time could be the result of errors in the control, or couplings
to an environment.

The encoding of the coherence orders is performed by the
collective rotations Uy¢)=exp(~ipX;0;;), where ¢ is the
phase angle and {={x,z} is the rotation axis. Since the mag-
netization is the only observable in the NMR experiment,
these multiple quantum coherences need to be refocused
back to single-spin single-quantum terms. In Eq. (2) above
we have assumed that the experimental implementation of
—Hpg is perfect. The observed signal as a function of the
MQ evolution time in U,,=exp(—iHpt) is given by the over-
lap

S(t,¢) = Tr p()pi] (7)

=T pP%(¢)pP2). (®)

where  pP%()=U, U $p’°ULHU], and  p?
=UDQp,»UBQ. The experiment is repeated for values of ¢
sampled from O to a multiple of 27, and the measured signal
is Fourier transformed with respect to ¢ in order to obtain
the coherence distribution S(z,n) [=S,(¢) in Eq. (1)] in the
corresponding basis.

The experiments were performed at room temperature at
2.35 T (94.2 MHz, '°F), using a Bruker Avance spectrometer
and homebuilt probe. The samples used were a 1 mm? single
crystal of CaF, with T;~7 s, and a crystal of fluorapatite
(FAp) with T, ~200 ms. The FAp crystal is a mineral crystal
specimen from Durango, Mexico. High power 0.5 us /2
pulses were used. The rotation U, (¢)=exp(-idZ ;o) was
used to encode coherence number in the Zeeman or z basis
while the rotation U,(¢)=exp(-i¢Z;0,;) was used to encode
coherence orders in the x-basis.’->> The phase (¢) was in-
cremented from O to 27 with Ad):% to encode up to 32
quantum coherences for every experiment. A fixed-time
point corresponding to the maximum intensity signal was
sampled for each ¢ value, and then was Fourier transformed
with respect to ¢ to obtain the coherence order distribution,
as seen in Fig. 2.

As the evolution time 7 under the DQ Hamiltonian in-
creases (also referred to as the MQ growth time), progres-
sively more spins are correlated into the MQ states. Table I
shows the size of the spin system for each MQ growth time,
as estimated by the method of Baum e al.,'” and used in Ref.
14. A log-log fit indicates that the number of spins is increas-
ing as N=n+m+q~1°.

II. EVOLUTION UNDER THE SECULAR DIPOLAR
HAMILTONIAN

The MQ states are not stationary under the internal dipo-
lar Hamiltonian of the spins and evolve as a function of the
dipolar interaction time. This uncompensated evolution leads
to imperfect refocusing during —Hp,. Figure 3 shows the
intensities of various coherence orders in the z basis as a
function of dipolar evolution time for two different MQ
growth times. The signal intensity appears to decay as a
Gaussian function in time. We have fit the data to exp(—#>/
ZTLZJ) to extract the effective decay times (7;=standard devia-
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FIG. 2. Zeeman basis coherence order distribution in CaF, with
t=0, for an MQ growth time 7=303.8 us.

tion) for each coherence order. The Gaussian shape of the
decays indicates that the underlying process is consistent
with a time-invariant dispersion of fields (due to the spins)
having a normal distribution.??

Figure 4 shows the decay times T, of the different z basis
coherence orders as a function of the MQ growth times. Four
features are evident in the data: (i) the T, are seen to depend
linearly on the coherence number; (ii) for short 7, the T, are
seen to depend strongly on the coherence number; (iii) this
dependence on coherence number weakens significantly with
increasing 7; and (iv) the incremental change in 7,; with in-
creasing 7 decreases.

We performed a linear fit of 7,; versus coherence number
for each of the MQ growth times as

Td = Td(()) — Kn, (9)

where T,4(0) is the decay of the zero-quantum intercept, and
K is the slope. Figure 5 shows the dependence of In(7,(0))
and In(—«) on In(N) the size of the spin system from Table I,
as well as the best linear fits obtained. We get In(7,(0))
=3.94-0.57In(N) and In(-k)=2.75-1.211n(N). Thus
T,0)~A/\N and x=~-B/N, where A=51.4 and B=15.6.

TABLE 1. Effective size of the spin cluster as a function of the
MQ growth time, using the model in Ref. 17.

MQ growth time (us) System size (N)

43.3 6
86.8 8
130.2 12
173.6 28
217 36
260.4 66
303.8 96
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FIG. 3. Decay of intensity for the different coherence orders for
MQ growth times 7=130.3 and 303.8 us in CaF,. The solid lines
are Gaussian fits to the data.

We can therefore express the scaling behavior of 7 as

A B
= _ = (10)

T,= .
“CIN N

We have repeated the experiment encoding the coherence
orders in the x-basis instead, and obtained identical scaling
behavior. The decays were once again observed to be Gauss-
ian. In Fig. 6 we show the results of a multidimensional
experiment in which we correlate the z and x basis decay
times for an MQ growth time 7=217.2 us. It should be noted
that the dipolar Hamiltonian in a strong external magnetic
field is anisotropic [see Eq. (6)], but this is not reflected in
the observed decay times.
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FIG. 4. Effective decay times under the dipolar Hamiltonian of
the various coherence orders for different MQ growth times in
Can.
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FIG. 5. (Color online) Dependence of In(T,(0)) and In(—«) on
In(N) the size of the spin system, as well as the best linear fits
obtained.

III. EVOLUTION UNDER A TIME SUSPENSION
SEQUENCE

We then attempted to suppress evolution of the dipolar
Hamiltonian using a time-suspension pulse sequence that
implements (approximately) the identity operator on the spin
system.?* In the ideal experiment, we should see no decay of
the spin coherences due to dipolar couplings within the spin
system. The cycle time of the 48-pulse time suspension se-
quence used here was 132.48 us. The change in intensity of
the z-basis coherence order was measured as a function of
the number of loops of the 48-pulse sequence.

Once again we observed Gaussian decays as a function of
time for the coherence intensities, indicating that the under-
lying noise has a long correlation time. We fit the data to a
Gaussian and extracted the 7,; decay times. Figure 7 shows
the effective 7;’s of the z-basis coherence orders, under the

S4=D172)s h

Decay time (us)

4
¢ 2 Z coherence number

FIG. 6. (Color online) Effective decay times under the dipolar
Hamiltonian for correlated x and z bases coherence orders in CaF,.

Multiple quantum coherences

FIG. 7. Effective decay times under the 48-pulse sequence of
the various coherence orders for different MQ growth times in
Can.

time-suspension sequence. We see that the data is qualita-
tively identical to that obtained in the case of dipolar evolu-
tion, showing the same features discussed above. This corre-
spondence was repeated in the x-basis data, as well as in the
correlated z and x basis encoding experiments.

Figure 8 shows the ratio of the z-basis multiple quantum
T,;’s during evolution under the 48-pulse time suspension se-
quence to the 7;’s measured during dipolar evolution. The
ratio was measured to be around 70, and appeared to be
independent of the size of the spin correlations involved.
Given the uniform scaling obtained, we did not repeat the
linear fits. However, it is clear from the uniform scaling that
both A and B are scaled by the same factor of around 70.

IV. QUASI-1D FLUOROAPATITE SYSTEM

We also measured the decay of multiple quantum coher-
ences under the dipolar Hamiltonian in fluoroapatite. Floroa-
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FIG. 8. Ratio of decay time under the 48-pulse sequence to
decay time under the dipolar evolution in CaF,.
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FIG. 9. (Color online) Effective decay times under the dipolar
Hamiltonian in fluoroapatite for MQ growth times 7=480 and
1200 us.

patite is a quasi-one-dimensional spin chain, as the distance
between spin chains is about three times larger than the dis-
tance between adjacent spins in the chain.’> The one-
dimensional spin chain with nearest neighbor double quan-
tum Hamiltonian is exactly solvable,”®?” and it has been
shown that starting from a thermal equilibrium state, only
zero and double quantum coherences are produced, even as
higher order multispin states are created. The presence of
higher order coherences indicates the importance of next-
nearest neighbor and other distant couplings. Consequently it
has been observed that higher order coherences grow very
slowly in this system.?

Consistent with the one-dimensional nature of the spin
system, the growth of the spin clusters is much slower in this
case as seen in Fig. 9. More importantly, we see that the
character of the decays does not change as a function of the
MQ growth time. A strong dependence on coherence number
is observed for both short and long MQ growth times. How-
ever, even at long times, the number of correlated spins is
still small in this system.

V. DISCUSSION

It is important to ensure that the observed decays are not
an artifact of the encoding used to make the measurement.
For example, we need to examine if the phases introduced
into the system by the encoding Ug/¢) lead to imperfect
refocusing in our experiments. We measured the decay time
for the particular situation where U g(d)):UZ(d)):I, as a
function of the MQ growth time. The observed scaling for
the case of dipolar evolution was T,~22.7/YN and T,
~2276/\N for the 48-pulse time suspension sequence.
These times are slightly shorter than the corresponding val-
ues of T,4(0) for the zero quantum coherence. This is reason-
able as we are measuring the aggregate decay of all the MQ
states here, and suggests that the encoding step is not respon-
sible for the decay rates observed.
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The similarity between the dipolar evolution and the time
suspension data suggests that the dominant source of noise in
the time suspension data are residual dipolar coupling terms
that are not effectively averaged out, as these would be ex-
pected to scale identically in the two cases. However, it is
worth examining an alternative model in which the decay is
due to coupling to an external environment. Fedorov er al.
have also calculated the effect of a large, bath coupled to the
multiple quantum states, and get a similar solution to that
obtained under an inter-spin Ising coupling. Thus both theo-
ries, residual dipolar errors and the presence of external
spins, yield identical scaling behaviors and it is not possible
a priori to distinguish between theses two models on the
basis of the data here. However, we can examine the physics
of the system under study to understand the origin of the
decays.

In principle the environment that the '°F nuclear spins are
coupled to could be lattice phonons or other spins—both
electron and nuclear—that are present in the system. In order
to effectively relax the nuclear spins, the phonons would
need to be resonant with the Larmor frequency of the spins (
94.2 MHz in these experiments). The Debye temperature of
calcium fluoride is 510 K, so it can be assumed that the spins
are fixed in a rigid lattice in these room temperature mea-
surements and that phonons do not play a significant role in
the relaxation of the spins. In addition to sparse paramag-
netic impurities (responsible for T relaxation), we know that
the CaF, system contains **Ca which has spin 7/2 and is
0.13% abundant. There could possibly be other spin defects
in the crystal such as protons—albeit at much lower concen-
trations.

A. Paramagnetic impurities

We also measured the decay rates under the dipolar evo-
lution in a second crystal with a longer 7 relaxation time
~110 s, corresponding to a smaller concentration of para-
magnetic impurities, and found no difference in the experi-
mentally observed 7,’s. In Mn-doped CaF, with a 7| of
700 ms, Tse and Lowe estimated that the concentration of
impurities (N,) was approximately 5.6 X 107 cm™3, yielding
an average impurity separation of 15 nm.?® Since 1/T;*N,,
a 7s T, corresponds to an impurity concentration of 5.6
X 10'® cm™ and an average separation of 32.4 nm, while for
T,=110 s, we get a concentration of 3.56 X 10'> cm™ and a
separation of 81.3 nm.

The magnetic moment of a §=5/2 paramagnetic impurity
is about 3500 times larger than that of the fluorine nucleus.
The dipolar coupling between such an impurity and a '°F
nucleus becomes comparable to the strongest '’F-'"F cou-
pling (a=2.73 A) at a distance of about 4 nm. This corre-
sponds to an interaction strength of about 15 kHz, and dipo-
lar correlation time of about 66 us. This is approximately the
size of the frozen core of fluorine spins around each impurity
site, in which the “flip-flop” or XY terms of the dipolar
Hamiltonian are suppressed. The electron-nuclear interaction
further drops to 10% of the internuclear coupling at a dis-
tance of 8.9 nm. Thus, assuming Mn impurities, for a 7T
=7 s crystal, 84% of the nuclear spins experience a hyperfine

224434-5



CHO et al.

field that is less than 1.5 kHz. The correlation time of the
hyperfine field seen by the bulk of the nuclear spins is much
too long to explain the observed decays.

B. ¥Ca spins

The magnetic moment of the calcium spins is about half
that of the fluorine spins, and the Ca-F spacing is about
2.36 A, just a little shorter than the F-F distance. Thus we
expect the strongest Ca-F coupling to be 11.6 kHz. However,
given the low natural abundance of the Ca spins (0.13%),
very few nuclear spins see a Ca coupling of this strength.
Another possibility is that the Ca-Ca dipolar coupling leads
to mutual spin flips that reduces the efficiency of the 48-
pulse time suspension sequence. The mean separation be-
tween “Ca spins is 4.1 nm, and the average BCa-*Ca cou-
pling is about 2.2 Hz. Since the Ca-F coupling is decoupled
on the time scale of one cycle of the 48-pulse sequence,
which is about 44 us, the 2 Hz Ca-Ca coupling is too weak
to affect the efficiency of the decoupling sequence. Thus we
do not expect the **Ca spins to be the source of the observed
decays.

C. Errors in control

We have assumed to this point that the implementation of
all the pulse sequences has been perfect. The propagators
Upg and UBQ are idealized propagators for the NMR pulse
sequences used, and typically correspond to the zeroth order
average Hamiltonian of the sequence. In reality the presence
of higher order terms in the Magnus expansion result in
Uf;‘gszé” # 7. More importantly, errors in the implementa-
tion of the two sequences, the presence of phase transients
during the leading and falling edges of the pulses, as well as
errors in the setting of the 77/2 pulse lead to imperfections in
the refocusing. This imperfect refocusing is, however, un-
likely to be the source of the observed decay in either ex-
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periment. In the dipolar evolution experiment, the strength of
the dipolar coupling is much stronger than any residual error
terms in the propagator, and it is these couplings that deter-
mine the decay rate.

In the time-suspension experiments, the 48-pulse se-
quence averages the dipolar interaction to zero to second
order in the Magnus expansion. Assuming perfect implemen-
tation, the leading error terms are likely to be the second-
order dipolar-offset term and the second order offset term.
Our results indicate that the source of the observed signal
decay in the time suspension experiments is the residual er-
ror in the zeroth-order average Hamiltonian, which is propor-
tional to Hp, rather than second-order terms like
[H (1)), Hp(t,)], or other higher-order terms. The configura-
tional space accessible by a single spin-flip is much smaller
than that accessible by two spin-flips, especially at larger
spin numbers. This suggests that we should expect signifi-
cantly different scaling of decay rates for the two types of
processes. Given the identical scaling behavior observed in
the two cases, we can conclude that the dominant error in the
time-suspension sequences has the form of Hj, (possibly
toggled about some arbitrary axis). The more likely source of
error in the control is imperfect implementation of the se-
quence. Phase transients during the pulses, or small errors in
the setting of the /2 pulse, can accumulate over the hun-
dreds of pulses that are applied in this experiment, and the
residual error terms will look like modulated dipolar interac-
tions, and consequently will scale the same way, though with
a reduced strength.3°

ACKNOWLEDGMENTS

This work was supported in part by the National Security
Agency (NSA) under Army Research Office (ARO) Contract
Nos. DAAD19-03-1-0125 and W911NF-05-1-0469, and by
DARPA DSO and the Air Force Office of Scientific Re-
search.

*Present address: Schlumberger Doll Research, Ridgefield, CT
06877, USA.
Present address: ITAMP, Harvard University, Cambridge, MA
02138, USA.
*Author to whom correspondence should be addressed. Electronic
address: sekhar@mit.edu
'W. G. Unruh, Phys. Rev. A 51, 992 (1995).
2G. M. Palma, K.-A. Suominen, and A. K. Ekert, Proc. R. Soc.
London, Ser. A 452, 567 (1996).
3L.-M. Duan and G.-C. Guo, Phys. Rev. A 57, 737 (1998).
4]. H. Reina, L. Quiroga, and N. F. Johnson, Phys. Rev. A 65,
032326 (2002).
SP. Zanardi, Phys. Rev. A 56, 4445 (1997).
SP. Zanardi, Phys. Rev. A 57, 3276 (1998).
7A.J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher, and
W. Zwerger, Rev. Mod. Phys. 59, 1 (1987).
8P. Zanardi and F. Rossi, Phys. Rev. Lett. 81, 4752 (1998).
°F. Meier, J. Levy, and D. Loss, Phys. Rev. B 68, 134417 (2003).

10B. J. Dalton, J. Mod. Opt. 50, 951 (2003).

D, V. Khveshchenko, Phys. Rev. B 68, 193307 (2003).

12B. Ischi, M. Hilke, and M. Dube, Phys. Rev. B 71, 195325
(2005).

BE. dePasquale, G. L. Giorgi, and S. Paganelli, Phys. Rev. A 71,
042304 (2005).

“H. G. Krojanski and D. Suter, Phys. Rev. Lett. 93, 090501
(2004).

I5A. Fedorov and L. Fedichkin, J. Phys.: Condens. Matter 18, 3217
(2006).

16H. Cho, T. D. Ladd, J. Baugh, D. G. Cory, and C. Ramanathan,
Phys. Rev. B 72, 054427 (2005).

17]. Baum, M. Munowitz, A. N. Garroway, and A. Pines, J. Chem.
Phys. 83, 2015 (1985).

18M. Munowitz, A. Pines, and M. Mehring, J. Chem. Phys. 86,
3172 (1987).

19M. Munowitz and M. Mehring, Solid State Commun. 64, 605
(1987).

224434-6



DECAY OF HIGHLY CORRELATED SPIN STATES IN A...

20C. Ramanathan, H. Cho, P. Cappellaro, G. S. Boutis, and D. G.
Cory, Chem. Phys. Lett. 369, 311 (2003).

2I'H. Cho, D. G. Cory, and C. Ramanathan, J. Chem. Phys. 118,
3686 (2003).

227, D. van Beek, M. Carravetta, G. C. Antonioli, and M. H. Levitt,
J. Chem. Phys. 122, 244510 (2005).

23 A. Abragam, The Principles of Nuclear Magnetism (Oxford Uni-
versity Press, Oxford, 1961).

2D. G. Cory, J. B. Miller, and A. N. Garroway, J. Magn. Reson.

PHYSICAL REVIEW B 74, 224434 (2006)

(1969-1992) 90, 205 (1990).
2SM. Engelsberg, 1. J. Lowe, and J. L. Carolan, Phys. Rev. B 7, 924
(1973).
26E. B. Fel’dman and S. Lacelle, Chem. Phys. Lett. 253, 27 (1996).
27E. B. Fel’dman and S. Lacelle, J. Chem. Phys. 107, 7067 (1997).
28G. Cho and J. P. Yesinowski, J. Phys. Chem. 100, 15716 (1996).
2D. Tse and 1. J. Lowe, Phys. Rev. 166, 292 (1968).
30L. Viola and E. Knill, Phys. Rev. Lett. 94, 060502 (2005).

224434-7



