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Natural abundance 17O and 33S nuclear magnetic resonance spectroscopy
in solids achieved through extended coherence lifetimes
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We have found that the NMR coherence lifetime T2 of the symmetric central (± 1
2 → ∓ 1

2 ) transition for 17O
nuclei through a π pulse train can be extended by over two orders of magnitude in a lattice dilute with NMR
active nuclei through the use of highly selective (low-power) radio-frequency pulses. Crucial to this lifetime
extension is the avoidance of coherence transfer to short-lived nonsymmetric transitions. For 17O in α-quartz, we
obtain T2 = 262± 1 s. This translates into enormous sensitivity gains for echo train acquisition schemes such
as Carr-Purcell-Meiboom-Gill (CPMG). By combining satellite population transfer schemes with a low-power
(2.73 kHz) CPMG on 17O in quartz, we obtain over a 1000-fold sensitivity enhancement compared to a spectrum
from a free induction decay acquired at a more typical rf field strength of 32.5 kHz. For 33S in K2SO4 the same
approach yields T2 = 8.8± 0.4 s and a sensitivity enhancement of 63. In both examples, these enhancements
enable the acquisition of NMR spectra at 9.4 T, despite their low natural abundance and spin-lattice relaxation
times of ∼900 and 25 s, respectively, with signal-to-noise ratios of ∼30 in 1 h.
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In a multipulse nuclear magnetic resonance (NMR) exper-
iment, an ensemble of nuclear spins is coherently evolved
while being transferred through a pathway of spin transitions
[1]. A critical factor in the success of most multipulse NMR
experiments is that the overall coherence lifetime through this
spin transition pathway is longer than the pulse sequence.
The overall decoherence through a given transition pathway
is a time-weighted average of the decoherence rates, 1/Tm−m′

2 ,
associated with each transition m → m′ in the pathway. In a
quadrupolar nucleus, it is well known [2–6] that transitions
experiencing the first-order quadrupolar interaction, e.g., the
satellite transitions, experience shorter T2 values than the
symmetric transitions, i.e., m → −m. This is a consequence
of transverse relaxation of the symmetric transitions being
unaffected by secular contributions which are proportional to
the spectral density function at zero frequency [3,7]. There-
fore, in the design and implementation of any multipulse
NMR experiments, the overall coherence lifetime through
the measured transition pathways can be extended if these
“killing” transitions, where strong decoherence occurs, are
avoided.

We have discovered a remarkable illustration of this ef-
fect in half-integer quadrupolar nuclei where the overall
coherence lifetime in a Carr-Purcell-Meiboom-Gill (CPMG)
echo train [8–10] can be significantly extended by avoid-
ing coherence transfer to any transition experiencing a
strong first-order (secular) quadrupolar interaction. This is
illustrated in Fig. 1, comparing the echo train coherence
lifetime of two 17O signals during magic-angle spinning
(MAS) in a polycrystalline sample of 17O-enriched (40%)
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coesite [12], a silica polymorph, using rf field strengths of
ω1/(2π ) = 72.5 kHz and 182 Hz, respectively. The lower rf
field strength makes the π pulses more selective to the sym-
metric central (m = ± 1

2 → ∓ 1
2 ) transition, reduces undesired

excitations of the satellite and other transitions experiencing
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FIG. 1. The 17O MAS CPMG nuclear spin echo train decay in
17O-enriched polycrystalline coesite (SiO2) at 9.4 T comparing rf
field strengths of (a) ω1/(2π ) = 72.5 kHz and (b) 182 Hz. The echo
train dimension is on the vertical axis and the frequency dimension
is on the horizontal axis. The echo trains follow a stretched expo-
nential decay [11] in (a) with T2 of 70± 5 ms and a Kohlrausch
exponent of β = 0.72± 0.03, and in (b) with T2 of 2.55± 0.01 s and
β = 0.542± 0.002. A T1 of ∼400 s was determined and a recovery
delay of 600 s was used. In both measurements 1024 π pulses were
applied with a spacing of τ1 = 8 ms and 64 scans were averaged.
The one-dimensional (1D) signals above and to the right of each
spectrum are the horizontal and vertical cross sections taken at the
highest intensity.
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FIG. 2. Comparison of the 17O MAS NMR spectra of polycrystalline coesite at 9.4 T from the first and 15th echoes obtained with CPMG
using square pulses for different rf field strengths as indicated above each spectrum. Echo 1 is depicted in blue, echo 15 is depicted in red,
the residual difference between the two after renormalizing intensities is depicted in green, and the sinc excitation profile full width at half
maximum (FWHM) is depicted in orange. For powers above ω1/(2π ) = 5.21 kHz, the excitation profile FWHM is wider than the plot’s
window. In (a) the π/2 and π pulse lengths of 1.8 and 3.4 µs, respectively, were determined from the first maximum and null of a nutation
measurement on the coesite 17O signal. In (b)–(l) the π/2 and π pulse lengths were then set to the theoretical values of π/(6ω1) and π/(3ω1),
respectively, for the central transition of the I = 5/2 nucleus. All π pulses had a spacing of 8 ms. Further experimental details are given in the
Supplemental Material [13].

the stronger first-order quadrupolar interaction, and, in this
comparison, extends the coherence lifetime by a factor of 30.

This behavior is systematically examined in Fig. 2 using
the 17O anisotropic central transition MAS line shapes in
coesite [12]. In Fig. 2(a) [and also in Fig. 1(a)], the π/2 and
π pulse lengths were determined from the first maximum and
null of a nutation measurement on the coesite 17O signal. In
Figs. 2(b)–2(l) [and also in Fig. 1(b)], the π/2 and π pulse
lengths were set to the theoretical values [14] of π/(6ω1) and
π/(3ω1), respectively, for the central transition of the I = 5/2
nucleus based on rf field strengths calibrated using the natural
abundance 17O resonance in liquid water. In Fig. 2 the higher-
intensity central transition spectrum is from the first echo
(blue) and the lower-intensity spectrum is from the 15th echo
(red). First of all, we note the slight sensitivity improvement
by setting the π/2 and π pulse lengths to the theoretical values
instead of the values determined by a nutation measurement
on coesite. More significantly, however, we find that the
amplitudes of both the first and 15th echoes increase from
Fig. 2(b) to Fig. 2(l) with decreasing rf power.

Additionally, one can see in Fig. 2 that the difference in
the first and 15th echo amplitudes decreases with decreasing
rf power, a reflection of the increasing overall coherence
lifetime through the transition pathway leading to the 15th
echo. The echo train coherence lifetime continues to increase
even as the π pulse bandwidth is less than the anisotropic
central transition linewidth, as seen in Figs. 2(k) and 2(l).
This is because the low-intensity anisotropic center band line
shape of the inner satellite transitions (indiscernible here)
is partially overlapping with the high-frequency side of the
central transition center band line shape. Thus, it is only when
the excitation pulse bandwidth is inside the central transition
line shape that the pulse can become truly central transition
selective.

The difference between the first and 15th echo amplitudes,
after renormalizing by minimizing the sum of the residuals,
is shown in green below the spectra for each rf field strength
in Fig. 2. Inspection of these residuals reveals no significant
anisotropy in the echo train decoherence at the rf powers
where excitation of the anisotropic line shape is not bandwidth
limited. Improved central transition selectivity without loss of
integrity of its anisotropic line shape can be obtained by using
Gaussian-shaped π pulses instead of square pulses.

The ultimate limit to the echo train coherence lifetime is
the intrinsic T2 of the central transition. In this polycrystalline
silica sample isotopically enriched to 40% 17O, however, the
echo train coherence lifetime is limited by homonuclear dipo-
lar couplings between 17O nuclei which create a homogenous
interaction that broadens all 17O transitions and cannot be
completely refocused by MAS and the π pulse train. At 17O
natural abundance levels of 0.037%, the limiting factor for
this coherence lifetime in a similar SiO2 material will be
a heteronuclear coupling to the 4.7% abundant 29Si nuclei.
Specifically, the many-body homonuclear couplings among
the 29Si nuclei make this interaction homogenous and not
fully refocused by MAS and the π pulse train [15]. At 17O
natural abundance levels, this latter homogeneous interaction
is typically orders of magnitude smaller than the former in the
17O-enriched samples. Thus, we can expect even greater echo
train coherence lifetime enhancements in a SiO2 material with
decreasing rf power at 17O natural abundance. This is nicely
illustrated in Fig. 3 with the 17O natural abundance echo train
decays of polycrystalline quartz, comparing the use of square
π pulses at an rf field strength of 32.5 kHz to Gaussian-shaped
π pulses with a maximum rf field strength of 2.73 kHz. In this
sample, where the spin-lattice relaxation time is T1 ≈ 900 s,
the reduction in rf power increases the echo train coherence
lifetime from T2 = 1.02± 0.08 s to T2 = 262± 1 s, i.e., by
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FIG. 3. 17O CPMG decay of polycrystalline quartz using high-
power square and low-power Gaussian pulses. The measured decays
are depicted in black while the best-fit stretched exponential decays
are depicted in red. The echo train acquisition employed a train
of 60 000 π pulses with a 6 ms spacing. An rf field strength of
ω1/(2π ) = 32.5 kHz was used for the square π pulse train while
ω1/(2π ) = 2.73 kHz was used for the Gaussian π pulse train. Both
decays (24 scan average) were filtered in the inverse (frequency)
domain with a top-hat filter using cutoffs of ±5 Hz. The best fit
to exponential decays give T2 = 1.02± 0.08 s for the higher-power
square π pulse train decay, and T2 = 262± 1 s for the lower-power
Gaussian π pulse train decay. This represents a 260-fold increase
in the echo train coherence lifetime. The sensitivity enhancement
associated with lowering the rf field strength, determined from the
ratio of the initial amplitudes obtained in the fits, is ηlp = 1.44.

a factor of 260. It should be remarked that this T2 increase
could be made more dramatic by comparing to higher rf
powers where the echo train coherence lifetimes are shorter.
The correlated loss of intensity at higher rf powers, however,
makes such measurements impractically long. That said, the
conventional wisdom [16,17] for selective excitation of the
central transition, ωq/ω1 > 4.5, leads to rf field strengths
on the order of the higher value used in Fig. 3(a) for the
17O central transition [18,19], with the corresponding and
significantly shorter echo train coherence lifetimes. Thus,
we conclude that it is always beneficial, and without any
disadvantage, to go to the lowest possible rf powers within
the constraints of the required excitation bandwidth.

As echo train acquisition is a common approach for en-
hancing sensitivity in solid-state NMR [20], such an increase
in coherence lifetime can translate into enormous sensitivity
gains. For a given π pulse spacing τ1, one expects a CPMG
sensitivity enhancement on the order of ηETA ∝

√
T2/τ1. In

the coesite study in Fig. 2, we find that the largest echo train
sensitivity enhancement with minimal line-shape distortion
is obtained using an rf field strength around 2.73 kHz. In
this case, we obtain ηETA = 8.6 compared to a free induction

decay at the same rf power. If experimental quantification of
ηETA cannot be obtained because the free induction decay
sensitivity is too low for observation, then ηETA can be nu-
merically estimated from a fit of the exponential decay. Addi-
tionally, we define ηlp, the sensitivity enhancement associated
with lowering the rf power, as the amplitude ratio of the first
echoes at the two rf powers. For coesite, we obtain ηlp = 1.6
by reducing the rf field strength from 32.5 to 2.73 kHz. The
initial magnetization associated with the central transition can
be further enhanced by using rotor assisted population trans-
fer (RAPT) to saturate the satellite transition magnetization
[21–23]. Combining the aforementioned enhancements with
that of RAPT, ηRAPT = 2.5, we obtain a total sensitivity en-
hancement of 34.4 relative to a free induction decay acquired
at 32.5 kHz.

A more impressive example of the impact of this extended
coherence lifetime is shown in Fig. 4(a). Here is an 17O
natural abundance spectrum of crystalline α-quartz acquired
with two scans of “soft” CPMG (116 000 echoes/scan) in
48 min giving a signal-to-noise ratio of 32. At an rf field
strength of 2.75 kHz, the echo train enhancement alone is
ηETA = 281 compared to a free induction decay at this rf
power. In this example, the soft CPMG is also prefaced
with RAPT, which by itself gives a sensitivity enhancement
of about ηRAPT = 2.5. Taken together with the enhancement
of reduced power, ηlp = 1.44, we obtain a total sensitivity
enhancement that is slightly over 1000 relative to a free induc-
tion decay acquired at 32.5 kHz, which of course translates
into a millionfold decrease in the signal averaging time. Anal-
ysis of the α-quartz 17O line shape, taking echo truncation
into account [24], gives quadrupolar coupling parameters of
Cq = 5.15 MHz, ηq = 0.21, and δiso = 41.7 ppm, consistent
with previously measured values by Larsen and Farnan [18]
on 17O-enriched quartz. Note that the 17O coherence lifetime
in α-quartz decreases from 262 to 170 s in the measure-
ments of Figs. 3(b) and 4(a) as the number of π pulses is
increased from 60 000 to 116 000, and the π pulse spacing
is decreased from 6 to 2 ms, respectively. This is likely the
result of cumulative loss from rf field inhomogeneities or
added excitation of short-lived nonsymmetric transitions, or
both. This suggests that further sensitivity gains may be had
by improving the rf field homogeneity of the transmitter
coil and employing shaped pulses with better bandwidth
selectivity.

Among the I = 3/2 nuclides in the periodic table 33S is
an example of a low natural abundance (0.75%) nuclide of
broad interest. Its NMR sensitivity is further limited by a low
gyromagnetic ratio. An example of a natural abundance 33S
NMR sensitivity enhancement using soft CPMG is shown in
Fig. 4(b) for K2SO4. In K2SO4 there is a single 33S site with
a Cq of ∼1 MHz. At an rf field strength of 2.76 kHz, we
obtain an echo train coherence lifetime of T2 = 8.8± 0.4 s,
which leads to ηETA = 36. Taken together with a RAPT en-
hancement of ηRAPT = 1.75, we obtain an overall sensitivity
enhancement of 63 relative to a free induction decay at the
same rf power. While this sensitivity is substantial, it is not
as large as what was obtained for 17O in quartz. This is
primarily due to the upper limit on T2 placed by the shorter
spin-lattice relaxation time of T1 = 25 s. Additionally, the
narrower anisotropic line shape requires longer echo spacings
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FIG. 4. Natural abundance MAS NMR spectra of (a) 17O in
α-quartz and (b) 33S in K2SO4 obtained using RAPT-soft-CPMG
echo train acquisition at a MAS spinning rate of νR = 14 kHz. In (a),
the soft-CPMG train of Gaussian-shaped π pulses with a maximum
rf field strength of ω1/(2π ) = 2.73 kHz and a spacing of 2 ms was
used to acquire 116 000 echoes. Two scans were performed for a
total of 48 min. In (b), the CPMG sequence, consisting of a train
of square π pulses with an rf field strength of ω1/(2π ) = 2.76 kHz
and a spacing of 6 ms, was used to acquire 2000 echoes. With 128
scans, this measurement required 68 min. Fits of the echo decays
give (a) T2 = 170± 20 s and (b) T2 = 8.8± 0.4 s. The echo train
acquisition signal was processed as described by Dey et al. [24]
to obtain the 1D spectra shown above. This combination of RAPT
and soft CPMG yields a sensitivity enhancement in (a) of over a
1000-fold relative to a free induction decay acquired at 32.5 kHz, and
in (b) of 64 relative to a free induction decay acquired at the same rf
field strength. Further experimental details for both measurements
are given in the Supplemental Material [13]. The dashed red line
represents the best-fit central transition line shape while the dashed
blue line represents the corresponding inner satellite transition center
band line shape with the amplitude scaling factor shown alongside.

for resolving spectral features, which also leads to a reduction
in the echo train enhancement.

The frequency offset between the central and satellite
transition MAS center bands and the low relative amplitudes
of the satellite transition center and sidebands are what make

selective central transition excitation possible. This is illus-
trated in Fig. 4 with simulated satellite transition center bands
(scaled up) shown in blue dashed lines. For I = 3/2 nuclei,
there is a fixed gap between the highest-frequency singularity
(edge) of the central transition center band and the lowest-
frequency singularity (edge) of the satellite transition center
band line shape, given by [1,25]

)ωgap =
(
ω2
q

/
ω0

)
(135 − 102η + 79η2)/756, (1)

making it somewhat easier to obtain selective central tran-
sition excitation of I = 3/2 nuclei. This center band gap is
)ωgap ∼ 1 kHz for 33S in K2SO4. For I > 3/2 half-integer
nuclei, however, the anisotropic center band of the innermost
satellite transition is always partially overlapping with the
central transition. Selective central transition excitation, how-
ever, is still aided by the considerably lower amplitude of the
satellite transition center and sidebands at low MAS speeds
[26,27].

Examples of long-lived echo train lifetimes are known in a
lattice depleted of NMR active nuclei [28,29] or under cryo-
genic temperatures [30]. Here, we have shown that similar
long-lived coherences are possible for the central transition of
half-integer quadrupolar nuclei in a lattice of NMR inactive
nuclei if the excitation can be made truly selective on the
central transition, i.e., avoiding any excitation and coherence
loss to short-lived nonsymmetric transitions. To our knowl-
edge, the T2 of 262 s in 17O in quartz is the longest nuclear
spin coherence lifetime measured under ambient conditions.
Clearly, the impact of this effect on NMR sensitivity enhance-
ments through echo train acquisition is profound. Beyond the
sensitivity enhancement for NMR structural studies, this un-
derstanding for extending coherence lifetimes could translate
into improved quantum information devices [31]. The needs
for a high T2/T1 ratio for the central transition and a lattice
dilute in NMR active nuclei present a clear limitation for
this approach. It would, for example, be less successful for
natural abundance 17O in organic solids due to the strong
decoherence from heteronuclear dipolar couplings to the bath
of coupled protons. In this sense, the soft-CPMG approach
to sensitivity enhancement is complementary to approaches
where enhanced polarization is transferred from hyperpolar-
ized magnetic centers via spin diffusion of abundant NMR
active nuclei [32,33].

The authors thank Prof. Jonathan Stebbins for the loan of
the 17O-enriched coesite sample. This material is based upon
work supported in part by the National Science Foundation
under Grant No. CHE-1807922.
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amTTH2K2Mi�`v J�i2`B�H, L�im`�H �#mM/�M+2 17P �M/ 33a Mm+H2�` K�;M2iB+
`2bQM�M+2 bT2+i`Qb+QTv BM bQHB/b �+?B2p2/ i?`Qm;? 2ti2M/2/ +Q?2`2M+2
HB72iBK2b

.�MB2H C�`/ƦM@�Hp�`2x-R J�`F PX "Qp22-R C�v >X "�HiBb#2`;2`-k �M/ S?BHBT CX :`�M/BM2iiBR
RV.2T�`iK2Mi Q7 *?2KBbi`v- P?BQ ai�i2 lMBp2`bBiv- Ryy q2bi R3i? �p2Mm2- *QHmK#mb- P> 9jkRy-
la�
kV.BpBbBQM Q7 L�im`�H a+B2M+2- J�i?2K�iB+b- �M/ Lm`bBM;- "2`2� *QHH2;2- "2`2�- E2Mim+Fv 9y9yj-
la�

aRX 1sS1_AJ1Lh�G .1h�AGa

h?2 +?2KB+�Hb K2�bm`2/ BM i?Bb bim/v BM+Hm/2 17P 2M@
`B+?2/ +Q2bBi2 Ub�KTH2 T`2T�`�iBQM ;Bp2M BM `27X RV- α@
[m�`ix UaB;K� �H/`B+?- NNXNN8WV- �M/ E2aP4 U6Bb?2`
a+B2M+2 1/m+�iBQM- NNXyWVX _QiQ`b r2`2 T�+F2/ mM/2`
BM2`i +QM/BiBQMb BM � MBi`Q;2M@}HH2/ ;HQp2 #Qt- �M/ r2`2
bTmM rBi? +QKT`2bb2/ �B` mT iQ 14 F>xX Lm+H2�` K�;@
M2iB+ `2bQM�M+2 K2�bm`2K2Mib r2`2 T2`7Q`K2/ �i `QQK
i2KT2`�im`2 �M/ �K#B2Mi T`2bbm`2X

�HH LJ_ K2�bm`2K2Mib r2`2 T2`7Q`K2/ QM � ?v#`B/
h2+K�; �TQHHQ@*?2K�;M2iB+b *Js AA LJ_ bT2+i`QK@
2i2` QT2`�iBM; �i � MQKBM�H K�;M2iB+ }2H/ bi`2M;i? Q7
9.4 h mbBM; � 4 KK *?2K�;M2iB+b J�a T`Q#2X �i
i?Bb K�;M2iB+ }2H/ bi`2M;i? i?2 G�`KQ` 7`2[m2M+B2b �`2
89Xk J>x �M/ jyXd J>x 7Q` 17P �M/ 33a- `2bT2+iBp2HvX
h?2 `7 }2H/ bi`2M;i?b- B1- �`2 ;Bp2M BM i2`Kb Q7 i?2 Mm@
i�iBQM 7`2[m2M+v BM i?2 ?B;? TQr2` HBKBik- BX2X-

ω1 = 2πν1 = −γIB1, URV

r?2`2 γI Bb i?2 ;v`QK�;M2iB+ `�iBQ Q7 i?2 Mm+H2mbX _�/BQ
7`2[m2M+v }2H/ bi`2M;i?b 7Q` 17P �M/ 33a r2`2 +�HB#`�i2/
mbBM; HB[mB/ >2P �M/ � b�im`�i2/ �[m2Qmb bQHmiBQM Q7
J;aP4- `2bT2+iBp2HvX h?2 `2TQ`i2/ `7 }2H/ bi`2M;i?b Q7
:�mbbB�M TmHb2b `272` iQ i?2 TQBMi Q7 i?2 TmHb2 Q7 H�`;2bi
BMi2MbBivX

h?2 b2H2+iBp2 Mmi�iBQM 7`2[m2M+B2b Q7 i?2 +2Mi`�H i`�M@
bBiBQM BM i?2 HQr TQr2` HBKBik �`2 ;Bp2M #v

ωR-+i = 2πνR-+i = (I + 1/2)ω1,

r?2`2 I = 5/2 7Q` 17P �M/ I = 3/2 7Q` 33aX lMH2bb Qi?2`@
rBb2 bi�i2/- π �M/ π/2 TmHb2 H2M;i?b mb2/ BM �HH K2�bm`2@
K2Mib r2`2 b2i iQ i?2 HQr TQr2` HBKBi p�Hm2b Q7 1/(2νR-+iV
�M/ 1/(4νR-+iV- `2bT2+iBp2HvX

h?2 *�``@Sm`+2HH J2B#QQK@:BHH U*SJ:V b2[m2M+2bjĜ8

2KTHQvBM; #Qi? b[m�`2 �M/ :�mbbB�M TmHb2b mb2/ BM i?Bb
bim/v �`2 /2i�BH2/ BM 6B;X aRX "Qi? b2[m2M+2b 2KTHQv
i?2 _QiQ` �bbBbi2/ SQTmH�iBQM h`�Mb72` U_�ShVeĜ3 b2@
[m2M+2 iQ 2M?�M+2 i?2 +2Mi`�H i`�MbBiBQM K�;M2iBx�iBQM
T`BQ` iQ 2+?Q i`�BM �+[mBbBiBQM- �b /2i�BH2/ BM 6B;X akX
_2+v+H2 /2H�vb Q7 600 b �M/ 1200 b r2`2 mb2/ 7Q` 17P BM
*Q2bBi2 UT1 = 400 bV �M/ α@[m�`ix- `2bT2+iBp2HvX 6Q` 33a
BM E2aP4- � `2+v+H2 /2H�v Q7 20 b r�b mb2/X 6Q` 17P BM
+Q2bBi2- _�Sh +QMbBbi2/ Q7 400 7`2[m2M+v brBi+?2/ :�mb@
bB�M TmHb2b Ur = 100- 105 µb 6q>JV rBi? � K�tBKmK `7
}2H/ bi`2M;i? Q7 ω1/(2π) = 5.2 F>x �TTHB2/ �i 7`2[m2M+v

Qzb2ib Q7 ∆νQz,1 = ±475 F>x �M/ ∆νQz,2 = ±150 F>x
7`QK i?2 +2Mi`�H i`�MbBiBQMX h?2 iBK2 #2ir22M _�Sh
TmHb2b- τ ′- r�b 10 µb �M/ τ0 = 16 µbX 6Q` 17P BM α@
[m�`ix- 200 7`2[m2M+v brBi+?2/ :�mbbB�M TmHb2b Ur = 50-
kk µb 6q>JV rBi? � K�tBKmK `7 }2H/ bi`2M;i? Q7
ω1/(2π) = 13.8 F>x r2`2 �TTHB2/ �i ∆νQz,1 = ±500
F>x �M/ ∆νQz,2 = ±400 F>xX �//BiBQM�HHv- τ ′ r�b
10 µb rBi? � τ0 iBK2 Q7 16 µbX 6Q` 33a BM E2aP4-
i?Bb +QMbBbi2/ Q7 20 7`2[m2M+v brBi+?2/ :�mbbB�M TmHb2b
Ur = 10- RyeXy µb 6q>JV rBi? � K�tBKmK `7 }2H/
bi`2M;i? Q7 ω1/(2π) = 13.3 F>x �TTHB2/ �i 7`2[m2M+v Qz@
b2ib Q7 ∆νQz = ±150 F>x 7`QK i?2 +2Mi`�H i`�MbBiBQMX �
τ ′ iBK2 Q7 100 µb r�b mb2/ rBi? τ0 = 16.1 µbX

akX .�h� �L�GuaAa

h?2 /2+�v Q7 i?2 i`�BM Q7 2+?Q2b �+[mB`2/ rBi? *SJ:
r2`2 }i iQ /2i2`KBM2 +Q?2`2M+2 HB72iBK2bX 6Q` α@[m�`ix
�M/ E2aP4- ;QQ/ }ib Q7 i?2 17P �M/ 33a 2+?Q i`�BM /2+�vb
r2`2 Q#i�BM2/ mbBM;

S(t) = S(0) exp (−t/T2) , UkV

r?2`2 S(0) Bb i?2 bB;M�H BMi2MbBiv BKK2/B�i2Hv �7i2` i?2
π/2 2t+Bi�iBQM TmHb2- S(t) Bb i?2 BMi2MbBiv Q7 i?2 ni? 2+?Q
�i t = nτ1- τ1 Bb i?2 π TmHb2 bT�+BM;- �M/ T2 Bb i?2

ν1fF>x iπfµb T2 fb β

72.5 2.2 0.085± 0.003 0.69± 0.02

50.8 3.2 0.086± 0.003 0.66± 0.01

32.5 5.2 0.107± 0.004 0.62± 0.01

18.8 8.8 0.144± 0.004 0.556± 0.007

13.0 12.8 0.184± 0.005 0.530± 0.005

8.04 20.8 0.230± 0.005 0.515± 0.005

5.21 32.0 0.296± 0.005 0.516± 0.004

2.73 61.0 0.425± 0.005 0.525± 0.003

1.27 131.0 0.777± 0.007 0.536± 0.002

0.391 427.0 1.88± 0.01 0.575± 0.002

0.182 916.0 2.55± 0.01 0.542± 0.002

h�"G1 aRX J2�bm`2/ 17P +Q?2`2M+2 HB72iBK2 T�`�K2i2`b BM
+Q2bBi2X >2`2- ν1 Bb i?2 `7 }2H/ bi`2M;i?- �M/ tπ Bb i?2 *SJ:
π TmHb2 /m`�iBQMX �HH *SJ: K2�bm`2K2Mib r2`2 T2`7Q`K2/
rBi? �M 2+?Q bT�+BM; Q7 8 Kb �M/ � `2+v+H2 /2H�v Q7 10 KBMX
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(A)

(B)

]]

]]RAPT

RAPT

6A:X aRX h?2 _�Shf*SJ: TmHb2 b2[m2M+2 mbBM; U�V b[m�`2 TmHb2b �M/ U"V :�mbbB�M b?�T2/ TmHb2bX h?2 TmHb2 b2[m2M+2
;Bp2b � irQ /BK2MbBQM�H /�i�b2i S(κ, t2) r?2`2 κ Bb i?2 2+?Q +QmMi /BK2MbBQM �M/ t2 Bb i?2 /B`2+i �+[mBbBiBQM U+?2KB+�H b?B7iV
/BK2MbBQMX .2i�BHb QM i?2 _�Sh #HQ+F �`2 ;Bp2M BM 6B;X akX hQ �pQB/ BMi`Q/m+BM; bTBMMBM; bB/2#�M/ �`iB7�+ib- i?2 bT�+BM;
#2ir22M i?2 +2Mi2`b Q7 �/D�+2Mi TmHb2b b?QmH/ #2 �M BMi2;2` KmHiBTH2 Q7 i?2 `QiQ` T2`BQ/c i?�i Bb- τ1/2 = mτRX h?2 MmK#2`
Q7 HQQTb 7Q` j = 1...n ;Bp2b � κ /BK2MbBQM rBi? 2n b�KTH2bX h?2 κ /BK2MbBQM Bb +QMp2`i2/ BMiQ i?2 2+?Q /2+�v /BK2MbBQM- t1-
�++Q`/BM; iQ t1 = κτ1X h?2 /2+�v Q#i�BM2/ 7`QK t1 Bb }i iQ � bi`2i+?2/ 2tTQM2MiB�H Q` 2tTQM2MiB�H /2+�v 7mM+iBQM /2T2M/BM; QM
i?2 b�KTH2X h?2 T�`�K2i2`b Q#i�BM2/ 7`QK }iiBM; �`2 mb2/ iQ �TTHv � K�i+?2/ }Hi2` �HQM; i?Bb /BK2MbBQMX amKK�iBQM Q7 i?2
2+?Q2b �HQM; t1 `2/m+2b i?2 /�i�b2i iQ QM2 /BK2MbBQMX � 7Qm`B2` i`�Mb7Q`K Q7 i?2 bB;M�H �HQM; t2 ;Bp2b i?2 2M?�M+2/ bT2+i`mKX

iBK2 +QMbi�Mi �bbQ+B�i2/ rBi? i?2 /2+�vX AM i?2 17P@
2M`B+?2/ +Q2bBi2 b�KTH2 � /Bbi`B#miBQM Q7 17P +Q?2`2M+2
HB72iBK2b r�b K2�bm`2/ �M/ � #2ii2` }i Bb Q#i�BM2/ mbBM;
i?2 bi`2i+?2/ 2tTQM2MiB�H 7mM+iBQM- ;Bp2M #v

S(t) = S(0) exp
(
− (t/T2)

β
)
, UjV

r?2`2 β Bb i?2 EQ?H`�mb+? 2tTQM2MiX � bi`2i+?2/ 2t@
TQM2MiB�H Bb � ?�HHK�`F Q7 � /Bbi`B#miBQM Q7 +Q?2`2M+2
HB72iBK2b- r?B+?- BM i?Bb +�b2- �`Bb2b 7`QK 17P BbQiQTB+
2M`B+?K2MiX h?�i Bb- �i �M 2M`B+?K2Mi H2p2H Q7 ∼ 40%-
i?2`2 Bb � `�M/QK /Bbi`B#miBQM Q7 16P ULJ_ BM�+iBp2V �M/
17P M2�`2bi M2B;?#Q`b �`QmM/ � ;Bp2M 17P bBi2X h?Bb- BM
im`M- H2�/b iQ i?2 /Bbi`B#miBQM Q7 ?QKQMm+H2�` /BTQH�`
+QmTHBM;b `2bTQMbB#H2 7Q` i?2 /Bbi`B#miBQM Q7 +Q?2`2M+2
HB72iBK2bX h?2 bi`2i+?2/ 2tTQM2MiB�H T�`�K2i2`b +?�`�+@
i2`BxBM; i?2 2+?Q i`�BM /2+�v Q7 17P BM +Q2bBi2 �`2 ;Bp2M
BM h�#H2 aR- �M/ �`2 THQii2/ BM 6B;X aj�X .2+�v iBK2
+QMbi�Mib r2`2 Q#i�BM2/ #v }iiBM; i?2 2+?Q i`�BM �KTHB@
im/2b Q#i�BM2/ �7i2` BMi2;`�iBM; i?2 6Qm`B2` i`�Mb7Q`K Q7
2�+? 2+?Q bT2+i`mK #2ir22M −260.42 >x �M/ 260.42 >x-
BX2X- +2Mi2`2/ �#Qmi i?2 +�``B2` 7`2[m2M+vX h?Bb M�``Qr
BMi2;`�iBQM rBM/Qr r�b mb2/ iQ KBMBKBx2 BMi2MbBiv HQbb

7`QK i?2 /2+`2�bBM; 2t+Bi�iBQM #�M/rB/i? �i i?2 HQr2` `7
}2H/ bi`2M;i?bX �b 2tT2+i2/ 7Q` � +QMiBMmQmb /Bbi`B#m@
iBQM Q7 iBK2 /2+�v +QMbi�MibN- EQ?H`�mb+? 2tTQM2Mi p�H@
m2b �`QmM/ β ≈ 0.5 �`2 Q#i�BM2/X 6B;m`2 aj" BHHmbi`�i2b
?Qr i?2 BMi2;`�i2/ BMi2MbBiv Q7 i?2 6Qm`B2` i`�Mb7Q`K Q7
i?2 }`bi 2+?Q BM+`2�b2b rBi? BM+`2�bBM; `7 }2H/ bi`2M;i?X
�;�BM- � M�``Qr BMi2;`�iBQM rBM/Qr Bb mb2/ iQ KBMBKBx2
BMi2MbBiv HQbb 7`QK i?2 /2+`2�bBM; 2t+Bi�iBQM #�M/rB/i?
�i i?2 HQr2` `7 }2H/ bi`2M;i?bX
RSX CX :`�M/BM2iiB- CX >X "�HiBb#2`;2`- lX q2`M2`- �X SBM2b- AX 6�`@
M�M- �M/ CX 6X ai2##BMb- CX S?vbX *?2KX NN- Rkj9R URNN8VX

k�X �#`�;�K- S`BM+BTH2b Q7 Lm+H2�` J�;M2iBbK UPt7Q`/ lMBp2`bBiv
S`2bb- Pt7Q`/- RNeRVX

j>X uX *�`` �M/ 1X JX Sm`+2HH- S?vbX _2pX N9- ejy URN89VX
9aX J2B#QQK �M/ .X :BHH- _2pX a+BX AMbi`mK kN- e33 URN83VX
8*X SX aHB+?i2`- S`BM+BTH2b Q7 J�;M2iB+ _2bQM�M+2 UaT`BM;2`@o2`H�;-
"2`HBM- RN3yVX

ewX u�Q- >X@hX Er�F- .X a�F2HH�`BQm- GX 1KbH2v- �M/ SX CX
:`�M/BM2iiB- *?2KX S?vbX G2iiX jkd- 38 UkyyyVX

daX S`�b�/- >X hX Er�F- hX *H�`F- �M/ SX CX :`�M/BM2iiB- CX �KX
*?2KX aQ+X Rk9- 9Ne9 UkyykVX

3LX JX h`2�b2- EX EX .2v- �M/ SX CX :`�M/BM2iiB- CX J�;MX _2bQMX
kyy- jj9 UkyyNVX

N6X .2p`2mt- CX SX "QBHQi- 6X *?�Tmi- �M/ "X a�TQp�H- S?vbX _2pX
G2iiX e8- eR9 URNNyVX

http://dx.doi.org/%2010.1021/j100032a045
http://dx.doi.org/10.1103/PhysRev.94.630
http://dx.doi.org/10.1063/1.1716296
http://dx.doi.org/10.1007/978-3-662-09441-9
http://dx.doi.org/%2010.1103/PhysRevLett.65.614
http://dx.doi.org/%2010.1103/PhysRevLett.65.614
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(A)

(B)

6A:X akX AM 7`2[m2M+v brBi+?2/ _�Sh- � i`�BM Q7 Qz `2bQM�M+2
:�mbbB�M b?�T2/ TmHb2b �`2 �TTHB2/ iQ b2H2+iBp2Hv b�im`�i2 i?2
b�i2HHBi2 i`�MbBiBQMb �M/ 2M?�M+2 i?2 +2Mi`�H i`�MbBiBQM K�;@
M2iBx�iBQMX U�V 6Q` bTBM I = 3/2 Mm+H2B U33a BM i?Bb bim/vV-
i?2 bB;M Q7 � bBM;H2 Qzb2i 7`2[m2M+v- ∆νQz- Bb �Hi2`M�i2/ BM �
i`�BM Q7 :�mbbB�M b?�T2/ TmHb2b �b BHHmbi`�i2/X U"V 6Q` bTBM
I = 5/2 Mm+H2B U17P BM i?Bb bim/vV- i?2 bB;Mb Q7 irQ Qzb2i
7`2[m2M+B2b- ∆νQz-R �M/ ∆νQz-k- �`2 �Hi2`M�i2/ BM � i`�BM Q7
:�mbbB�M b?�T2/ TmHb2b �b BHHmbi`�i2/X >2`2 τ ′ Bb i?2 iBK2
#2ir22M _�Sh TmHb2b- i Bb i?2 MmK#2` Q7 iBK2b i?2 _�Sh
TmHb2b �`2 `2T2�i2/ �M/ r Bb i?2 iQi�H MmK#2` Q7 _�Sh HQQTb
mb2/ 7Q` i?2 K2�bm`2K2MiX
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6A:X ajX U�V h?2 17P T2 p�Hm2b BM 17P@2M`B+?2/ +Q2bBi2 Q#@
i�BM2/ 7`QK � #2bi }i Q7 i?2 2+?Q i`�BM /2+�v iQ 1[X UjV �b �
7mM+iBQM Q7 `7 }2H/ bi`2M;i?X U"V AMi2;`�i2/ BMi2MbBiv Q7 i?2
bT2+i`mK 7`QK i?2 }`bi 2+?Q QM 17P@2M`B+?2/ +Q2bBi2 i�F2M
�+`Qbb � rBM/Qr Q7 ±260.42 >x +2Mi2`2/ QM i?2 +�``B2` 7`2@
[m2M+vX


