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The presence of charge and spin stripe order in the La2CuO4-based family of superconductors
continues to lead to new insight on the unusual ground state properties of high Tc cuprates. Soon af-
ter the discovery of charge stripe order at Tcharge ' 65 K in Nd3+ co-doped La1.48Nd0.4Sr0.12CuO4

(Tc ' 6 K) [Tranquada et al., Nature 375 (1995) 561], Hunt, Singer et al. demonstrated that
La1.48Nd0.4Sr0.12CuO4 and superconducting La2−xSrxCuO4 with x ∼ 1/8 (Tc ' 30 K) share nearly
identical NMR anomalies near Tcharge of the former [Phys. Rev. Lett. 82 (1999) 4300]. Their
inevitable conclusion that La1.885Sr0.115CuO4 also undergoes charge order at a comparable tem-
perature became controversial, because diffraction measurements at the time were unable to detect
Bragg peaks associated with charge order. Recent advances in x-ray diffraction techniques finally
led to definitive confirmations of the charge order Bragg peaks in La1.885Sr0.115CuO4 with an onset
at as high as Tcharge ' 80 K. Meanwhile, improved instrumental technology has enabled routine
NMR measurements that were not feasible two decades ago. Motivated by these new developments,
we revisit the charge order transition of a La1.885Sr0.115CuO4 single crystal based on 63Cu NMR
techniques. We demonstrate that 63Cu NMR properties of the nuclear spin Iz = − 1

2
to + 1

2
cen-

tral transition below Tcharge exhibit unprecedentedly strong dependence on the measurement time
scale set by the separation time τ between the 90◦ and 180◦ radio frequency pulses; a new kind
of anomalous, very broad wing-like 63Cu NMR signals gradually emerge below Tcharge only for
extremely short τ . 4 µs, while the spectral weight INormal of the normal NMR signals is progres-
sively wiped out. The NMR linewidth and relaxation rates depend strongly on τ below Tcharge,
and their enhancement in the charge ordered state indicates that charge order turns on strong but
inhomogeneous growth of Cu spin-spin correlations.

I. INTRODUCTION

The mysterious properties of the hole-doped CuO2

planes in copper-oxide high Tc superconductors continue
to pose a major intellectual challenge three decades after
their initial discovery. The non-trivial nature of the inter-
play between the charge and spin degrees of freedom in
cuprates was vividly displayed by the early discovery of
the so-called 1/8 anomaly1,2. The superconducting tran-
sition temperature Tc in La2−x−yNdySrxCuO4 as well
as La2−xBaxCuO4 is strongly suppressed for the doping
concentration near x ∼ 1/8, and these materials enter
into an incommensurate spin density wave (I-SDW) or-
dered phase3,4.

In 1995, Tranquada et al. used neutron scattering
techniques to demonstrate that La1.48Nd0.4Sr0.12CuO4

undergoes successive phase transitions into a charge and
spin ordered stripe phase5–7: the low temperature or-
thorhombic (LTO) to low temperature tetragonal (LTT)
structural phase transition at TLTT ∼ 70 K is followed by

charge order at Tcharge ∼ 65 K, then an I-SDW order at
Tneutronspin ∼ 50 K. Due to the glassy nature of the spin or-
der, however, Cu spins continue to fluctuate slowly below
Tneutronspin and µSR techniques detect the static spin order

only below TµSRspin ∼ 35 K4. This is because the measure-

ment time scale of µSR (∼ 10−7 s) is slower than that of
elastic neutron scattering (∼ 10−11 s).

The charge order in cuprates is rather subtle, and
proved to be elusive. For example, if one conducts 63Cu
NMR measurements on La1.48Nd0.4Sr0.12CuO4 and re-
lated materials with the pulse separation time τ = 10 µs
or greater between the 90◦ excitation and 180◦ refocus-
ing radio frequency pulses, as was usually the case in
the late 1980’s or 1990’s, one can easily overlook any
hint of charge order8. In 1999, Hunt, Singer and co-
workers identified NMR anomalies at charge order tran-
sition in La1.48Nd0.4Sr0.12CuO4

9–13. The most striking
feature was that 63Cu NMR signal intensity measured
in zero magnetic field using the nuclear quadrupole res-
onance (NQR) techniques with τ & 10 µs is gradually
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wiped out below Tcharge, as reproduced in Fig. 1(a)9,10.
The partial disappearance of the 63Cu NMR signal im-
plies that, in some segments of the CuO2 planes, the
relaxation times of the 63Cu nuclear spins become too
fast and/or their resonant frequency shifts outside the
observation window9, but the details of the mechanism
behind the intensity anomaly remained unknown because
one cannot characterize unobservable signals.

Hunt et al. also observed analogous 63Cu
NMR intensity wipeout in La1.88Ba0.12CuO4 and
La1.68Eu0.2Sr0.12CuO4 in the LTT phase, as reproduced
in Fig. 1(b-c). These intensity anomalies are accompa-
nied by the enhancement of the low frequency Cu spin
fluctuations averaged over the entire volume of the sam-
ple, as reflected on the 139La nuclear spin-lattice re-
laxation rate 1/T1

11,14. Moreover, the transverse spin
echo decay loses the Gaussian component and becomes
Lorentzian (i.e. exponential) for longer values of τ9–11.

Interestingly, Hunt et al. found nearly iden-
tical NMR anomalies even in the superconducting
La1.885Sr0.115CuO4

9,14, although it does not undergo
the LTO-LTT structural phase transition. The com-
monalities of the NMR anomalies inevitably led us to
conclude that La1.88Ba0.12CuO4, La1.68Eu0.2Sr0.12CuO4,
and even the superconducting La1.885Sr0.115CuO4 un-
dergo a charge order transition with comparable Tcharge
as La1.48Nd0.4Sr0.12CuO4. Our unexpected findings sur-
prised the high Tc community15.

Subsequently, Abu-Shiekah et al. also reported very
similar 139La NMR anomalies in La2NiO4.17 below the
charge order temperature that was independently de-
termined by Bragg scattering16. (139La NMR could
probe the charge and spin order in NiO2 planes quite
effectively, owing to strong hybridization between the
Ni2+ 3d3z2−r2 orbital and La sites. But 139La NMR
is less effective in cuprates, because Cu2+ 3dx2−y2 or-
bital extends only within the CuO2 planes.) Despite
the clear links established between the NMR anoma-
lies and charge order known for La1.48Nd0.4Sr0.12CuO4

and La2NiO4.17, our conclusion for the presence of
charge order in La1.885Sr0.115CuO4, La1.88Ba0.12CuO4

and La1.68Eu0.2Sr0.12CuO4 later became controversial,
because the world-wide effort to search for the Bragg
scattering signals associated with charge order failed at
the time in these three materials.

Fujita et al. were the first to detect the
charge order Bragg peaks of La1.88Ba0.12CuO4 suc-
cessfully below Tcharge ∼ 54 K based on neu-
tron diffraction measurements17. More recently, a
new generation of x-ray scattering experiments fi-
nally led to confirmation of charge order also in
La1.8−xEu0.2SrxCuO4 (T x−raycharge ' 80 K)18 and supercon-

ducting La1.885Sr0.115CuO4 (T x−raycharge ' 80 K)20–22. In
Fig. 1, we compare Tcharge as determined by diffrac-
tion measurements with the temperature dependence
of the 63Cu NMR signal intensity wipeout we re-
ported two decades ago. The agreement is very
good for La1.48Nd0.4Sr0.12CuO4, La1.88Ba0.12CuO4, and
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FIG. 1. (a) The temperature dependence of the integrated
intensity of 63Cu NMR lineshapes in La1.48Nd0.4Sr0.12CuO4,
measured in zero magnetic field using the nuclear quadrupole
resonance (NQR) techniques9,10. The intensity is corrected
for the Boltzmann factor, and for the transverse spin echo de-
cay measured for 2τ > 24 µs. The arrow marks the onset of
charge order at Tneutron

charge ∼ 65 K, whereas the dashed arrow
marks the spin order at the fast measurement time scale of
elastic neutron scattering, Tneutron

spin ∼ 55 K, both as deter-

mined by Tranquada et al.5–7. (b - c) The NQR results for
La1.88Ba0.12CuO4

9,11 and La1.68Eu0.2Sr0.12CuO4
9,11, com-

pared with Tneutron,x−ray
charge subsequently determined by neu-

tron and x-ray scattering technique, respectively17–19. The
signal intensity begins to recover toward the base temperature
when the hyperfine magnetic fields arising from the ordered
spins become static far below Tspin (this feature is missing
in (a) due to the influence of Nd3+ spin order). (d) Open
circles (◦): the 63Cu NQR intensity of La1.885Sr0.115CuO4 re-
ported in 19999, which underestimated the onset of charge
order20. Filled circles (•): the new single crystal NMR re-
sults of the spectral weight of the normal 63Cu NMR cen-
tral peak, INormal, reported in this work (from Fig. 7). The
structural transition to the LTT phase (not shown in the
panels) takes place at TLTT = 70 K, 54 K, and 135 K
in (a) La1.48Nd0.4Sr0.12CuO4, (b) La1.88Ba0.12CuO4 and (c)
La1.68Eu0.2Sr0.12CuO4, respectively.

La1.68Eu0.2Sr0.12CuO4. It turned out, however, that
charge order in La1.885Sr0.115CuO4 sets in gradually,
starting at as high as T x−raycharge ' 80 K20–22, whereas the
original powder NQR data by Hunt et al. suggested a
much sharper charge order transition at Tcharge ' 50 K9.
Clearly, Hunt et al. overlooked the gradual onset of the
charge order transition.

These new developments motivated us to revisit
NMR signatures of charge order in superconducting
La1.885Sr0.115CuO4 (Tc = 30 K) based on 63Cu NMR
techniques, using a single crystal with a known charge
order temperature Tcharge ' 80 K that we determined
independently by x-ray scattering experiments20. As ex-
plained in detail in section II, advances in digital elec-
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tronics technologies have enabled routine NMR measure-
ments possible with extremely short τ = 2 µs, effortlessly.
In what follows, we will demonstrate that the main NMR
peak begins to lose the spectral weight INormal precisely
below Tcharge ' 80 K, because very broad, anomalous
wing-like NMR signals gradually emerge in the charge
ordered state. The wing-like signals are observable only
when we conduct NMR measurements with a very fast
“shutter speed” set by τ ' 2 µs. From the measurements
of the NMR linewidths and relaxation rates, we will show
that Cu spin-spin correlations are enhanced strongly but
inhomogeneously below Tcharge in a growing volume frac-
tion of the CuO2 planes.

II. EXPERIMENTAL

We grew a single crystal of La1.885Sr0.115CuO4 with
traveling solvent floating zone techniques at Tohoku. We
aligned the crystal with Laue techniques at Stanford, and
cut it to a rectangular shape with the approximate di-
mensions of 2.5 mm × 2.5 mm × 1mm. Susceptibil-
ity measurements using a superconducting quantum in-
terference device (SQUID) showed a sharp bulk super-
conducting transition at Tc = 30 K, which is known
to coincide with the onset of spin order at the time
scale of elastic neutron scattering, Tneutronspin ' 30 K23.
An analogous crystal cut from the same boule was used
for high precision x-ray diffraction experiments at the
SLAC, and exhibited a gradual onset of charge order be-
low Tcharge ' 80 K20.

We conducted all the NMR measurements at Mc-
Master using a state-of-the-art NMR spectrometer built
around the Redstone NMR console acquired from Tec-
mag Inc. The metallic single crystal inside the NMR
coil strongly damps the Q-factor of the tank circuit, and
hence the tail end of the high voltage radio-frequency
pulses decays in less than 1 µs after we turn the radio
frequency pulses off, as monitored in-situ using a pick-up
antenna. The inherently low Q was useful in suppress-
ing the saturation of the preamplifier for signal detection.
We applied the radio-frequency pulses (H1) along the ab-
plane of the crystal. This ensures that the joule current
would have to loop along the c-axis as well as within the
ab-plane, and the resistivity along the c-axis is three or-
ders of magnitude larger (and increases with decreasing
temperature)24. This geometry is known to work well
for the NMR intensity measurements25. In fact, within
the experimental uncertainties, the integrated intensity
of the NMR lineshape measured with the extremely short
delay time τ = 2 µs is conserved except near Tneutronspin

(Fig. 7(a) below), although the in-plane resistivity ρab
decreases with temperature24.

We used the model LN-2M acquired from Doty Inc.
as the preamplifier for spin echo detection. The recovery
time of the preamplifier after high voltage saturation is
∼ 1 µs. The duration of the overall spectrometer dead
time, tdead, caused by the ring down from the saturated
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FIG. 2. A schematic representation of the spin echo mea-
surement using the 90◦ excitation and 180◦ refocusing radio-
frequency pulses separated by a delay time τ . The typi-
cal duration of these pulses in this work is t90 = 2.5 µs
and t180 = 5 µs, respectively. A spin echo appears at
τ ′ = τ + t180/π after we turn the 180◦ pulse off26. (a) If
τ ′ is shorter than the spectrometer dead time tdead, we are
unable to observe the spin echo signal. (b) If τ ′ > tdead, we
can observe a spin echo signal after the dead time. (c) Even
if τ ′ > tdead, the spin echo intensity is suppressed when the
transverse relaxation time T2 � τ .

preamplifier is as short as tdead . 2.5 µs after we turn
the 180◦ pulse off.

Such a short tdead of our modern NMR spectrometer is
a major advantage over the previous generation of NMR
spectrometers built in the 1990’s around the Aries console
(also from Tecmag inc.); the typical spectrometer dead
time was tdead = 8 ∼ 12 µs for high field NMR measure-
ments at ∼ 100 MHz and tdead = 10 ∼ 12 µs for NQR
measurements at lower frequencies (30 ∼ 40 MHz) for
our Aries based spectrometers. In the 1990’s, the longer
tdead prevented us from detecting 63Cu NMR signals aris-
ing from the charge ordered segments of the CuO2 planes
below Tcharge. This is because when the NMR relaxation
times become shorter than tdead, we lose the NMR sig-
nals, as schematically explained in Fig. 2. A major thrust
of the present work is that we successfully detected and
characterized a new kind of anomalous 63Cu NMR signals
that emerges below Tcharge only for τ . 4 µs.

III. RESULTS AND DISCUSSIONS

1. 63Cu NMR spin echo signals

In Fig. 3, we present the typical time traces of the
63Cu NMR spin echo signal observed at 135 K for various
delay times between τ = 2 µs and 30 µs. As explained
in Fig. 2, the peak of the spin echo signal appears at
τ ′ = τ + t180/π after we turn the 180◦ pulse off. In order
to detect the peak of the spin echo signal in the time
domain properly without suffering from the non-linearity
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FIG. 3. Representative time traces of the spin echo signal
observed at 135 K for the delay time τ = 2 to 30 µs at the
peak of the 63Cu NMR lineshape, fo = 102.74 MHz. The
pulse width is t180 = 5 µs in these measurements, and hence
the maximum of the spin echo appears at τ ′ ∼ (τ+1.7) µs for
a given τ . The region marked with gray shade represents the
time domain inaccessible in our NMR experiments due to the
spectrometer dead time, tdead ∼ 2.5 µs, whereas the yellow
shade marks the longer dead time tdead ∼ 12 µs encountered
in our earlier 63Cu NQR experiments in the late 1990’s9.

during the spectrometer dead time (marked with grey
shade), we need to maintain τ ′ > tdead. Since t180 ' 5 µs
and tdead & 2.5 µs, we were able to reduce τ to 2 µs.

We determined M(2τ), the magnitude of the spin echo
signal at its peak for a given τ , by integrating the spin
echo signal around its peak in the time domain. In Fig. 4,
we summarize the spin echo decay M(2τ) as a function of
2τ for representative temperatures. We normalized the
overall magnitude of M(2τ) by multiplying temperature
T , to take into account the effect of the Boltzmann factor
on the signal intensities. The extrapolation of M(2τ) to
τ = 0, M(0), is proportional to the number of nuclear
spins detected from the sample. M(0) appears to de-
crease even below 295 K down to Tcharge ' 80 K, simply
because the width of the NMR lineshape broadens in the
frequency domain.

2. 63Cu NMR lineshapes

In Fig. 5(a), we show the 63Cu NMR lineshapes of
the nuclear spin Iz = +1/2 to −1/2 central transition
observed at 135 K (> Tcharge) using various values of τ in
an external magnetic field of Bext = 9.0 T applied along
the crystal c-axis. In general, the resonant frequency fo
of the central transition may be written as

fo = γn(1 +K(c))Bext + ∆ν
(2)
Q , (1)

where γn/2π = 11.285 MHz/T is the nuclear gyromag-

netic ratio of the 63Cu nuclear spin. ∆ν
(2)
Q arises from
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FIG. 4. Examples of 63Cu spin echo decay curves M(2τ) mea-
sured at the center of the NMR lineshape with an external
magnetic field Bext = 9 T applied along the c-axis. All the
signal intensities are corrected for the Boltzmann factor by
multiplying temperature T . Solid curves are the Lorentzian-
Gaussian fit with Eq. (6) with the fixed T2R estimated from
T1 measurements. As we approach Tcharge (' 80 K) from
higher temperatures, the fit becomes poor for longer val-
ues of 2τ due to the disappearance of the Gaussian curva-
ture. Dashed curves are guides for eyes based on the free
Lorentzian-Gaussian fit without the constraint on T2R.

the second order effect of the nuclear quadrupole inter-
action, which is inversely proportional to Bext. Since the
main principal axis of the electric field gradient (EFG)
tensor for La1.885Sr0.115CuO4 is parallel with the c-axis
and the asymmetry of the EFG tensor is negligibly small,

∆ν
(2)
Q ' 0 for the Bext || c-axis geometry.

K(c) in eq.(1) is the NMR frequency shift (also known
as the Knight shift), and may be divided into the spin

contribution K
(c)
spin and the temperature independent or-

bital contribution K
(c)
orb as

K(c) = K
(c)
spin +K

(c)
orb, (2)

K
(c)
spin =

A
(c)
hf (q = 0)

NAµB
χ
(c)
spin, (3)

where NA is Avogadro’s number, A
(c)
hf (q = 0) is the wave

vector q = 0 component of the form factor for the hy-

perfine interactions, and χ
(c)
spin represents the local spin

susceptibility.
In YBa2Cu3O7

27, it is well known that the nega-
tive contribution of the on-site hyperfine interaction
Ac ' −16 (T/µB) accidentally cancels out with the
positive contributions from the super-transferred hyper-
fine interaction B ' 4 (T/µB) with four neighboring

Cu sites, A
(c)
hf (q = 0) = Ac + 4B ' 0. Accordingly,

K
(c)
spin ' 0 and the peak frequency of the central tran-

sition in the c-axis geometry is set almost entirely by
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FIG. 5. (a) 63Cu NMR lineshapes of the Iz = +1/2 to
−1/2 central transition measured at 135 K in a magnetic field
Bext = 9 T applied along the c-axis for various delay times
τ = 2 µs to 30 µs. Solid curves are the best Gaussian fit
of the entire lineshape with the half width at the half max-
imum (HWHM) ∆f1/2 = 278 ± 18 kHz. The lineshapes are
independent of τ , except for the overall magnitude. (b) At
40 K, wing-like NMR signals emerge at around 100.5 MHz
and 104.5 MHz for very short τ . Notice that the Gaussian fit
of the narrower main peak around 102.7 MHz underestimates
the wing-like signals for τ = 2 µs and 4 µs, as shown by dashed
curves. For longer τ , the wing-like signals disappear, and the
Gaussian lineshape is recovered. The light orange band near
101.8 MHz represents a frequency range, where background
signals from 63Cu metal in the probe and the resonant coil
made accurate measurements difficult. ∆f1/2 and ∆f1/10 are
the half width at the 1/2 intensity and at the 1/10 intensity,
respectively.

K
(c)
orb ' 1.28 %28,29. An analogous situation is realized

also for the paramagnetic state of La2CuO4 and the Sr2+

doped variants8,30,31. This is why the 63Cu NMR peak
frequency hardly changes from fo ' 102.7 MHz between
135 K and 40 K in Fig. 5 despite a significant decrease

of χ
(c)
spin with temperature32.

The peak intensity in Fig. 5(a) becomes smaller for
longer values of τ due to the transverse T2 relaxation
process, as summarized in Fig. 4; otherwise, the line-
shapes remain identical for different values of τ above
Tcharge. We can fit the entire lineshape nicely with a
Gaussian function with a constant half width at the half
maximum (HWHM), ∆f1/2 = 278±18 kHz regardless of
τ . These findings above Tcharge are quite normal.

In contrast, the lineshapes in Fig. 5(b) measured at
40 K in the charge ordered state show unprecedentedly
strong dependence on τ . The HWHM of the main peak
becomes larger for shorter values of τ . In addition, wing-
like symmetrical NMR signals emerge on both higher and
lower frequency sides of the main peak below τ ∼ 4µs.
We found that the spin echo decay of the wing-like signals
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FIG. 6. (a) 63Cu NMR lineshapes measured with τ = 2 µs
at various temperatures. All the lineshapes are normalized
for the Boltzman factor by multiplying temperature T . For
clarity, we shifted the origin vertically at different temper-
atures. Notice that wing-like signals appear below Tcharge,
and their frequency range extends with decreasing tempera-
ture. The Gaussian fit of the narrower main peak (solid line)
underestimates the intensity of wings. (b - c) Aside from the
mild broadening, the only anomaly observed below Tcharge

for longer values of τ = 12 µs and τ = 20 µs is the loss of the
signal intensity. Gaussian fits work very well in the absence
of wing-like signals even below Tcharge.

is pure Lorentzian (i.e. exponential) and the transverse
relaxation time is as fast as T2 = 10.5 µs at 104.14 MHz;
this T2 is shorter than the typical tdead during the 1990’s,
and hence everyone overlooked the 63Cu NMR signals
arising from nuclear spins belonging to the wing-like seg-
ments.

We summarize the temperature dependence of the
NMR lineshapes for fixed τ = 2 µs in Fig. 6(a). We can
see evolution of the wing-like signals below Tcharge. The
integrated intensity of the entire lineshape is conserved
from 295 K down to ∼ 40 K through Tcharge, as shown
in Fig. 7(a). This means that the lost spectral weight
from the narrower main peak around fo ' 102.7 MHz is
transferred to the wing-like segments below Tcharge. In
the case of longer τ = 12 µs, and 20 µs in Fig. 6 (b-c),
the wing-like segments are missing due to the short T2
and the integrated intensity drops quickly below Tcharge.

3. 63Cu spin-lattice relaxation rate 1/T1

We measured the nuclear spin-lattice relaxation rate
1/T1 using the inversion recovery technique at the peak
of the central transition with various values of τ . See
Appendix A for the representative examples of the re-
covery curves observed at 40 K. We summarize the 1/T1
results in Fig. 8(a). We also compare 1/T1 measured at
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FIG. 7. (a) Open symbols: the integrated intensity of the
63Cu NMR lineshapes for fixed τ = 2, 12, and 20 µs in Fig.
6. Filled circles: INormal, the spectral weight of the normally
behaving narrower main peak around fo ' 102.7 MHz, as es-
timated by extrapolating the integrated intensity observed at
τ = 12 µs to τ = 0 using the spin echo decay curves sum-
marized in Fig. 4. (b) The spectral weight of the anomalous
wing-like segments, IWing = 1 − INormal, in comparison to
INormal.

104.13 MHz for the wing-like NMR signals below Tcharge.
We confirmed that 1/T1 measured at somewhat differ-
ent frequencies within the wing-like segment is not sig-
nificantly different. The data points within the area
shaded by light blue are measured for residual param-
agnetic NMR signals that begin to diminish near and
below Tneutronspin , and hence may represent only a small
volume fraction of the CuO2 planes; accordingly, these
data points need to be interpreted with caution.

The 1/T1 results measured with longer τ = 12 to 20 µs
are qualitatively similar to those observed for the opti-
mally superconducting La2−xSrxCuO4 (x ∼ 0.15)8,33,34

and YBa2Cu3O7
29,35. To underscore this point, we plot

T1 multiplied by T in Fig. 8(b). In general, 1/T1T probes
the wave vector q-integral of the imaginary part of the
dynamical electron spin susceptibility, χ′′(q, fo), at the
NMR frequency fo

36. We found that our results for
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FIG. 8. (a) The spin-lattice relaxation rate, 1/T1 and (b)
T1T , measured at the center of the main peak for various
values of τ between 2 µs and 20 µs. For τ = 2 µs, we also
show the 1/T1 results for the wing-like signals below Tcharge

measured at 104.13 MHz. The black solid line through T1T
is the best Curie-Weiss fit with θ = 130± 15 K for τ = 20 µs,
whereas the red dashed line is a provisional fit for the wing-
like signal with θ ∼ 0. In this and other figures throughout
this paper, the region with light-blue shade represents a low
temperature range, where we detect only a small fraction of
the nuclear spins within the sample due to the diminishing
signal intensity.

τ = 20 µs fits nicely with a Curie-Weiss form,

1/T1T ∼
C

T + θ
, (4)

with a Weiss temperature θ = 130 ± 15 K. Such a
Curie-Weiss behavior of 1/T1T with positive θ signals the
growth of antiferromagnetic Cu electron spin-spin corre-
lations within the CuO2 plane37. Analogous Curie-Weiss
behavior was previously reported for YBa2Cu3O7 and
La2−xSrxCuO4

29,34,37.
The 1/T1 results measured with shorter τ are differ-

ent. In particular, 1/T1 for the wing-like signals is nearly
five times faster, indicating that low frequency antifer-
romagnetic Cu spin fluctuations are much stronger in
some segments of the CuO2 planes where these nuclear
spins are located. This is consistent with the fact that the
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inelastic neutron scattering signal intensity measured at
0.3 meV38, as well as 1/T1T measured at 139La sites14,39,
also begin to grow below Tcharge. It should be cautioned,
however, that inelastic neutron scattering measures the
volume integral of the overall response, and their ob-
servation does not prove that spin fluctuations are uni-
formly slowing down. In fact, the recovery curve of 1/T1
observed at the 139La sites show a clear sign of grow-
ing distribution of 1/T1 precisely below Tcharge for this
composition14,39,40.

Even for the narrower main peak, 1/T1 measured with
τ = 2 µs is significantly faster than with τ = 20 µs,
but this trend persists even above Tcharge. Our earlier
63Cu NQR and 17O NMR measurements demonstrated
that random substitution of Sr2+ ions induces quenched
disorder, and mild inhomogeneity of local hole concentra-
tion xlocal exists within the CuO2 planes; such a patch by
patch distribution of xlocal has a length scale of the or-
der of several nm41,42. In other words, the magnitude of
1/T1 in La2−xSrxCuO4 varies position by position within
the CuO2 plane below room temperature even without
charge order; the greater xlocal, the slower T1 and T2.
With the current Bext || c-axis field geometry, all the
paramagnetic 63Cu NMR signals with different xlocal are
centered and superposed at the same fo ' 102.7 MHz.
This explains why a mild τ dependence of 1/T1 persists
even above Tcharge, because 1/T1 measured with a longer
τ tends to have greater relative contributions from the
regions with larger xlocal.

It is also noteworthy that, unlike the case of typical
second order magnetic phase transitions, 1/T1 does not
diverge at Tneutronspin ' 30 K when Cu spins begin to stat-

ically order at an extremely fast time scale (∼ 10−11 s)
of the elastic neutron scattering measurements. Earlier
µSR measurements demonstrated that Cu magnetic mo-
ments continue to fluctuate slowly below Tneutronspin , and

begin to order only below TµSRspin = 15 ∼ 20 K at its slower

measurement time scales (∼ 10−7 s)43,44. This apparent
discrepancy is caused by the same glassiness of I-SDW or-
der as mentioned earlier for La1.48Nd0.4Sr0.12CuO4, but
the temperature scale is somewhat smaller in the present
case without Nd3+ co-doping. Our NMR measurements
have an even slower time scale set by τ = 2 µs or longer.
The fact that nearly 50% of paramagnetic NMR signals
remain at Tneutronspin = 30 K for τ = 2 µs implies that
magnetic order is not imminent in a half of the volume
fraction of the CuO2 planes when superconductivity sets
in also at Tc = 30 K. In fact, 1/T1 measured for the
residual NMR signals drops below Tc = 30 K without
exhibiting a Hebel-Slichter coherence expected for con-
ventional s-wave pairing, as previously reported for the
case of bulk superconductivity in YBa2Cu3O6.9

35 and
La1.85Sr0.15CuO4

33.

4. 63Cu NMR linewidth

We summarize the temperature dependence of the half
width at half maximum, ∆f1/2, of the NMR lineshapes
in Fig. 9(a), and its inverse in Fig. 9(b). ∆f1/2 in
La2−xSrxCuO4 is nearly an order of magnitude broader
than that observed for YBa2Cu3O7

29,45, and grows for
larger Sr concentration x8. The exact cause of the line
broadening in La2−xSrxCuO4 has not been understood
very well since the early days of high Tc superconductiv-
ity. We conducted preliminary lineshape measurements
at 6 T and confirmed that ∆f1/2 is proportional to the
magnetic field; this rules out the possibility that a distri-

bution of ∆ν
(2)
Q (∝ 1/Bext) in Eq. (1) is the mechanism

of the large temperature dependent ∆f1/2.
In principle, inhomogeneous line broadening caused by

the distributions of K
(c)
spin

42 and K
(c)
orb

46 might contribute
to ∆f1/2 in the present case, too, as previously proposed

for 17O NMR line broadening. But it seems unlikely
that they are the dominant mechanisms behind the 63Cu
NMR line broadening in this field geometry, because the
homogeneous linewidth measured with 1/T2G shows iden-
tical temperature dependence as ∆f1/2 as discussed in

the next section. We also recall that A
(c)
hf (q = 0) ' 0,

which suppresses a distribution of K
(c)
spin. Moreover, the

frequency shift reaches negative for the low frequency end

of the lineshape, but by default K
(c)
orb is always positive27.

This means that a distribution of K
(c)
orb alone cannot ac-

count for the observed broadening.
Above Tcharge, ∆f1/2 does not depend on τ , and the

temperature dependence of ∆f1/2 obeys a Curie-Weiss
law

∆f1/2 ∼
C

T + θ′
. (5)

For the NMR lineshapes measured with longer τ , the
wing-like signals are completely suppressed by the very
fast transverse relaxation time T2 and the Curie-Weiss
law extends below Tcharge. From the best fit, we found
the Weiss temperature θ′ = 126± 15 K; this value agrees
well with θ = 130 ± 15 K as determined for the imagi-
nary part of the dynamical electron spin susceptibility as
probed by by 1/T1T . That is, the root cause of the ob-
served Curie-Weiss growth of ∆f1/2 is probably related
to the growth of antiferromagnetic spin correlations.

For shorter values of τ , ∆f1/2 begins to grow strongly
below Tcharge and deviate from the Curie-Weiss behavior.
To better characterize the change of the overall lineshape
due to the emergence of the wing-like signals, we also
plot the half width at the 10% signal intensity of the
peak, ∆f1/10 (see Fig. 5(b) for the definition), in the inset
of Fig. 9(a); the enhancement of ∆f1/10 in the charge
ordered state is more pronounced than that of ∆f1/2.

To understand the underlying physics of rather strong
enhancement of ∆f1/2 and ∆f1/10 toward Tneutronspin , it
is useful to recall that the “homogeneous linewidth”
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intensity, ∆f1/2, measured with various values of τ from 2 µs
to 30 µs. The solid curve is the best Curie-Weiss fit for τ =
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(filled circles) and ∆f1/10 (filled diamonds), both measured
for τ = 2 µs. (b) The inverse of ∆f1/2. Solid line is the same
Curie-Weiss fit as in (a).

in magnetic materials is generally enhanced by spin
correlations47–49, and hence its contribution to ∆f1/2
(∝ 1/T2) generally diverges at a magnetic phase transi-
tion. In fact, our aligned powder NMR measurements in
the paramagnetic state of undoped La2CuO4

30,31 showed
that the exponential growth of the spin-spin correlation
length ξ due to the two dimensional short range order in
the renormalized classical scaling regime of the square-
lattice Heisenberg model50 leads to a strong growth of
∆f1/2 from 0.05 MHz at 500 K to 0.26 MHz at 440 K.
The net growth of ∆f1/2 from Tcharge to Tneutronspin ob-
served for τ = 2 µs is ∼ 0.5 MHz, and indeed comparable
with the case of La2CuO4.

5. 63Cu transverse relaxation rate 1/T2G

In general, in the Bext || c-axis geometry, one can fit
the spin echo decay M(2τ) of high Tc cuprates as a con-

volution of the Lorentzian and Gaussian functions51–55;

M(2τ) = M(0) · exp(− 2τ

T2R
) · exp(−1

2
(

2τ

T2G
)2). (6)

1/T2R is the Redfield’s T1 contribution, and arises from
the reduction of the horizontal component of the nuclear
magnetization when longitudinal relaxation redirects the
nuclear magnetization toward the c-axis. 1/T2R may
be accurately estimated from the anisotropic T1 tensor
based on the Redfield theory; for the NMR central tran-
sition,

1

T2R
= 3 · 1

T1

(c)

+
1

T1

(ab)

, (7)

where the superscript c and ab represent the quantiza-
tion axis set by the direction of the applied magnetic

field Bext
51,52. 1

T1

(c)
is nothing but the result presented

in Fig. 8. We confirmed that the anisotropy of the T1

tensor is 1
T1

(ab)
/ 1
T1

(c)
= 3.4± 0.2, in agreement with the

anisotropy 3.6 ± 0.2 observed in the paramagnetic state
of the undoped La2CuO4 at 500 K30,31.

1/T2G represents the Gaussian component of the trans-
verse spin-spin relaxation rate. In high Tc cuprates,
1/T2G is much larger than the Gaussian term expected
for the nuclear dipole-dipole interaction, and is domi-
nated by the indirect nuclear spin-spin coupling through
Cu electron spins in the form of aijI

c
i · Icj , where aij is

the indirect nuclear spin-spin coupling energy51,52. In
essence, the large Gaussian contribution arises from the
fact that a nuclear spin Ii located at a site i precesses
about a static hyperfine magnetic field ∼ aijI

c
j /~γn in-

duced by another nuclear spin Ij via Cu electron spins,
based on the Ruderman-Kittel mechanism51–53. 1/T2G
therefore reflects the real part of the wave-vector q-
dependent static spin susceptibility χ′(q) enhanced near
the antiferromagnetic wave vector q = (π/a, π/a), where
a is the Cu-Cu distance51–55, and we expect qualitatively
similar temperature dependence as ∆f1/2

56.
We confirmed that the Lorentzian-Gaussian convolu-

tion fit with Eq. (6) under the constraint on T2R from
Eq. (7) is indeed good and stable near 295 K, as shown
by a solid curve through the data points in Fig. 4. The
resulting value of 1/T2G changes very little even if we
reduce the strength of the radio frequency pulses by a
factor of two and double the pulse widths. Normally,
as the Cu electron spin-spin correlation grows with de-
creasing temperature, 1/T2G grows and the Gaussian cur-
vature becomes stronger30,31,53–55. In the present case,
however, the spin echo decay at lower temperatures be-
comes almost exponential without a Gaussian curvature
for longer 2τ above 20 µs. Analogous change in the spin
echo decay near charge order transition was previously
reported for La1.88Ba0.12CuO4

57 and then other striped
cuprates9,11. Owing to the very short tdead, we have been
able to extend the measurement range of M(2τ) down to
2τ = 4 µs, and found that strongly saturating behavior
of M(2τ) due to the Gaussian curvature remains for very
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FIG. 10. (Main panel) Blue diamond: the Gaussian compo-
nent of the spin echo decay rate, 1/T2G, obtained from the
fit of M(2τ) in the short time domain below 2τ = 12 µs.
For comparison, we also plot ∆f1/2 measured in the fre-
quency domain with a fixed τ = 2 µs (red bullet). The solid
line is the same Curie-Weiss fit above Tcharge in Fig. 9(a).
The dotted line through the data points below Tcharge rep-
resents a fit with the anisotropic non-linear sigma model58,
1/T2G ∝ ξ ∝ exp(2πρ̃s/kBT ), with the effective spin stiffness
2πρ̃s/kB ' 40 K. (Inset) Representative semi-logarithm plots
of the spin echo decay M(2τ) (normalized to M(0) = 1 for
clarity). Solid lines: the best fit to Eq.(6) under the constraint
on T2R set by Eq. (7).

short 2τ . 12 µs even below Tcharge, as shown in Fig.
4 and the inset of Fig. 10. This trend continues down
to ∼ 35 K, below which the Gaussian curvature becomes
non-existent as the spin order sets in.

In view of the fact that ∆f1/2 depends on τ in the
charge ordered state, it may not make sense to fit the
spin echo decay in the form of Eq. (6) for the entire
time domain from 2τ = 4 µs to 120 µs. Instead, we
restricted the fitting range of the spin echo decay to a
short time domain below 2τ ∼ 12 µs; we maintained the
constraint on 1/T2R based on Eq.(7) using the 1/T1 data
measured with τ = 2 µs. We summarize 1/T2G thus
deduced in the main panel of Fig. 10 in comparison to
∆f1/2. 1/T2G shows nearly identical temperature depen-
dence as ∆f1/2 measured at τ = 2 µs, confirming our
expectation that both quantities reflect χ′(q) that grows
with enhanced spin-spin correlations. We emphasize that
we measured ∆f1/2 in the frequency domain, whereas we
deduced 1/T2G in the time domain.

An interesting aspect of Fig. 10 is that 1/T2G as well as
∆f1/2 exhibits a divergent trend below Tcharge. Theoret-

ically, 1/T2G ∝ ξ59, and hence our finding signals strong
growth of spin-spin correlations in the charge ordered
state. In fact, the observed temperature dependence
reminds us of our earlier observation for paramagnetic
La2CuO4, in which we found exponentially divergent be-

havior of 1/T2G
31 induced by the exponential growth of

ξ ∝ exp(2πρs/kBT )50; 2πρs is the spin stiffness of the
CuO2 plane related to the Cu-Cu super-exchange inter-
action J as 2πρs = 1.13J (J/kB ' 1500 K for La2CuO4).

In the present case of La1.885Sr0.115CuO4, the observed
magnitude of 1/T2G = 5.8 × 104 (s−1) at 35 K is in-
deed comparable to 1/T2G ∼ 7 × 104 (s−1) observed for
paramagnetic La2CuO4 at 450 K with ξ/a ∼ 2030,31.
We can also qualitatively account for the observed tem-
perature dependence below Tcharge using an analogous
framework based on the anisotropic non-linear sigma
model with the effective spin stiffness 2πρ̃s

58 , 1/T2G ∝
exp(2πρ̃s/kBT )60; the best fit shown by a dotted curve
in Fig. 10 resulted in 2πρ̃s/kB ' 40 K.

6. 63Cu NMR signal intensity wipeout

Last but not least, we wish to address the 63Cu NMR
signal intensity wipeout observed below Tcharge in Figs.
1 and 7, based on which the existence of charge order in
the La2CuO4-based superconductors was originally con-
cluded two decades ago9–11. Generally, the integrated
intensity of the NMR lineshape is proportional to the
number of nuclear spins detected from the sample. Ac-
cordingly, if one properly takes into account the trivial
reduction of the apparent signal intensity caused by the
transverse spin echo decay (such as the results in Fig. 4),
the overall intensity should be conserved — unless the
resonant frequency shifts away or the relaxation times
become too short to detect the spin echo signal.

As shown in Fig. 7(a), the integrated intensity for fixed
τ = 2 µs is indeed conserved down to ∼ 40 K, because the
loss of the spectral weight of the narrower main peak be-
low Tcharge is compensated by the growth of the wing-like
signals. As we approach Tneutronspin , we begin to lose the
total intensity even for τ = 2 µs; this is because a grow-
ing fraction of the sample has extremely fast transverse
relaxation in the wing-like segments due to the critical
slowing down of spin fluctuations. Below Tc = 30 K,
superconducting shielding effect also contributes to the
the signal intensity loss, and comparison of the intensity
across Tneutronspin (= Tc) becomes dicey.

In the case of longer τ = 12 and 20 µs, the integrated
intensity begins to drop precipitously below Tcharge. This
is because the resonant frequency of the nuclear spins
under the strong influence of charge order shifts to the
wing-like segments, and their fast T2 prevents them from
contributing to the lineshapes for τ = 12 and 20 µs. The
mild suppression of the integrated intensity that precedes
from ∼ 130 K and ∼ 200 K for τ = 12 and 20 µs, respec-
tively, is a trivial consequence of faster spin echo decay
at lower temperatures.

We can eliminate this spin echo decay effect on the in-
tensity by extrapolating the integrated intensity of the
Gaussian lineshape observed at τ = 12 µs (blue open
squares in Fig. 7(a)) to τ = 0 using the results of spin
echo decay curves M(2τ) in Fig. 4. We present the ex-
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trapolated intensity, INormal, as black filled circles in
both Fig. 7(a) and Fig. 7(b). INormal represents the
net spectral weight of the normally behaving, narrower
main peak without the transverse T2 relaxation effect,
and without the contribution of the anomalous wing-like
segments under the strong influence of charge order. By
subtracting INormal from the normalized intensity, we
can estimate the spectral weight of the wing-like seg-
ments as IWing = 1 − INormal, as shown in Fig. 7(b).
In a separate work, we also used 139La NMR to arrive at
nearly identical results as Fig. 7(b)39.

Recalling that 1/T1 measured for longer values of τ at
the narrower main peak shows the behavior similar to the
optimally superconducting La1.85Sr0.15CuO4, INormal re-
flects some segments of the CuO2 planes that seem almost
oblivious to charge order. The volume fraction of such
segments gradually diminishes below Tcharge, while the
volume fraction affected strongly by charge order, as rep-
resented by the spectral weight IWing, increases.

IV. SUMMARY AND CONCLUSIONS

We have reported a systematic 63Cu NMR investiga-
tion of the Iz = +1/2 to -1/2 central transition of a
single crystal sample of La1.885Sr0.115CuO4. We deter-
mined Tcharge ' 80 K of our crystal based on high pre-
cision x-ray scattering experiments20, and compared the
NMR properties above and below charge order transi-
tion. Since the central transition depends on charge de-
grees of freedom only through the second order term of

the EFG, ∆ν
(2)
Q , we also conducted preliminary measure-

ments of the Iz = ±3/2 to ±1/2 satellite transitions; the
latter depends on the first order effects of the EFG. But
we did not find any significant changes in the linewidth
at least down to τ = 4 µs61. This suggests that the
amplitude of charge density modulation is very small in
La1.885Sr0.115CuO4, which explains why x-ray scattering
experiments needed extra decade to capture the elusive
Bragg scattering signals. Our focus of the present study
is therefore on the influence of charge order via enhanced
spin correlations below Tcharge.

By probing the NMR properties in an extremely short
time domain down to τ = 2 µs, we demonstrated that
two different types of 63Cu NMR signals exist below
Tcharge: a narrower main peak and extremely broad
wing-like signals. The properties of the main peak mea-
sured with longer delay times τ = 12 ∼ 30 µs are very
similar to those observed for optimally superconduct-
ing La1.85Sr0.15CuO4 even below Tcharge, with canonical
Curie-Weiss growth of the dynamical spin susceptibility.
On the other hand, the very broad line profile ∆f1/10
and the very fast relaxation times T1 and T2 of the wing-
like segments indicate that these nuclear spins are under
the strong influence of charge order that enhances spin-
spin correlations. The spectral weight INormal of the
normally behaving main peak is gradually wiped out be-
low Tcharge as summarized in Fig. 7(b), because the lost

spectral weight is progressively transferred to IWing for
the wing-like segments.

The existence of two markedly different types of do-
mains implies that charge order does not proceed uni-
formly in space below Tcharge. We note that the two
component nature of the CuO2 planes below Tcharge
manifests itself for a different measurement geometry of
Bext || ab-plane as well, as briefly summarized in Ap-
pendix B. In a separate study, we will also show that
139La NMR yields nearly identical two component pic-
ture as Fig. 7(b)39. Furthermore, the fraction of 139La
NMR signals corresponding to IWing reaches ∼ 100 %
at ∼ 20 K. This seems to suggest that the entire vol-
ume of the CuO2 planes are affected by charge order
at lower temperatures, and a simple phase separation
scenario seems implausible. It is worth recalling that
the charge density wave in NbSe2 is known to nucle-
ate near the defects at much higher temperatures than
the bulk transition62. Analogous scenario may apply in
the present case in the vicinity of, e.g., the LTO domain
boundaries.

The two component nature of the NMR lineshape ob-
served below Tcharge indicates that a peculiar form of
electronic inhomogeneity begins to develop at the onset
of the charge order transition. It remains to be seen
if our finding below Tcharge is directly related to the
nematic phase63 proposed for the charge ordered CuO2

planes. We note that the 63Cu NMR anomalies reported
here resemble with the 75As NMR anomalies exhibited
by iron-pnictides LaFeAsO64 and Ba(Fe1−xCox)2As2

25

when these materials undergo glassy spin order; spin ne-
maticity is suspected in these pnictides, too.

This new form of inhomogeneity that manifests it-
self only below Tcharge must not be confused with the
pre-existing, mild inhomogeneity caused by the patch
by patch variation of the local hole concentration xlocal
with several nano meter length scales, associated with
the quenched disorder induced by random substitution
of Sr2+. We refer readers to Singer et al.10,41 for the de-
tailed characterization of the latter. We repeated mea-
surements of 1/T1 as functions of T and νQ across the
upper satellite NMR transition between the nuclear spin
±1/2 to ±3/2 states (analogous to Fig. 3 in41), and did
not find any hint of redistributions of the local hole con-
centration xlocal below Tcharge

61. This finding is con-
sistent with our suggestion above that a simple phase
separation picture below Tcharge seems inadequate.

Our new and more comprehensive NMR results natu-
rally explain why we were able to identify the onset of
charge order of La2CuO4-based superconductors in our
earlier 63Cu NQR work based primarily on the signal
intensity wipeout effect in Fig. 19–11, aided by the en-
hancement of 1/T1 at 139La sites and the disappearane
of the Gaussian curvature in T2 spin echo decay at 63Cu
sites. In the 1990’s, we were unable to access the short
time domain below τ ∼ 10 µs due to the instrumental
limitations set by tdead & 10 µs, and hence we did not
observe the nuclear spins that belong to the wing-like
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segments below Tcharge. We extrapolated the integrated
intensity of the NQR lineshape observed at τ ∼ 12 µs to
τ = 0 based on the spin echo decay curves measured for
τ > 12 µs. Such a procedure is equivalent as our present
method used to estimate INormal, and we have proved
here that INormal indeed gets wiped out precisely below
Tcharge for this composition.

We can also infer why we underestimated Tcharge of
La1.885Sr0.115CuO4 as ∼ 50 K in our initial reports in
1999 (see Fig. 1(d))9. Since we were unable to observe
the Gaussian curvature of M(2τ) near Tcharge that per-
sists only for the inaccessible short time domain (Fig.
4 and the inset to Fig. 10), we overestimated the inte-
grated intensity between ∼50 K and Tcharge by extrapo-
lating M(2τ) to τ = 0 by incorrectly assuming a purely
exponential form below τ ∼ 12 µs.

The superconducting phase transition of
La1.885Sr0.115CuO4 sets in at Tc = 30 K simulta-
neously as the onset of spin order at Tneutronspin = 30 K23.
In that context, it is important to notice that the spec-
tral weight INormal of the normally behaving, narrower
main peak still accounts for nearly ∼ 1/3 of the volume
fraction of the CuO2 planes at 30 K. The flip side of
this observation is that the volume fraction of the truly
static spin order as observed by µSR measurements
reaches only ∼ 20 %44. The continuing debate over
the coexistence of superconductivity and magnetism
in the CuO2 planes must take these observations into
consideration.

From the temperature dependence of 1/T2G analyzed
with the anisotropic non-linear sigma model, we also
estimated the effective spin stiffness of the charge
ordered state as 2πρ̃s/kB ' 40 K, in comparison
to 2πρ̃s/kB ' 200 K in La1.48Nd0.4Sr0.12CuO4

5

and La1.68Eu0.2Sr0.12CuO4
11. The value for

La1.885Sr0.115CuO4 may be somewhat underesti-
mated, because we deduced it from the linewidth of the
main peak disregarding the wing-like segments (if we fit
∆f1/10 to the same form, we obtain 2πρ̃s/kB ' 50 K); in
addition, our fit is not conducted in the low temperature
limit. We note that Mitrovic et al. arrived at an even
smaller value 2πρ̃s/kB ' 25 K for La1.88Sr0.12CuO4

by fitting the temperature dependence of 1/T1 below
40 K, but they did not consider charge order as the
driving mechanism behind the magnetic anomalies they
observed below 80 K40.

Regardless, the small value of the effective spin stiff-
ness is consistent with the fact that the onset of the
spin ordering Tneutronspin ' 30 K in La1.885Sr0.115CuO4
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is much lower than Tneutronspin ' 50 K observed for

La1.48Nd0.4Sr0.12CuO4
5. It is also consistent with our

earlier finding that the Zeeman perturbed 63Cu NQR sig-
nal was barely observable even at 0.35 K due to the resid-
ual dynamics of spins13, whereas the static nature of the
hyperfine magnetic field at 0.35 K in La1.88Ba0.12CuO4

and La1.68Eu0.2Sr0.12CuO4 resulted in nearly full recov-
ery of the integrated intensity, as shown in Fig. 1(b-c).

The charge ordered state realized in the LTO struc-

ture of La1.885Sr0.115CuO4 may have other unique as-
pects, too. 1/T1 of a majority of nuclear spins belonging
to the narrower main peak still decreases below Tcharge;
this implies that a large volume fraction of CuO2 plane
is still far from magnetic instability. In contrast, in
both La1.88Ba0.12CuO4 and La1.68Eu0.2Sr0.12CuO4, 1/T1
measured at the 63Cu sites11,65,66 and 139La sites11,67

begin to diverge below Tcharge. Perhaps magnetic cor-
relations develop more uniformly in space in the charge
ordered state realized in the LTT structure. Further-
more, the linewidth of the nearest-neighbor 63Cu sites
of Ba2+ in La1.88Ba0.12CuO4 measured with NQR us-
ing τ = 2 µs near ∼ 40 MHz has recently been re-
ported to broaden as much as 70% in the charge ordered
state66, but so far we have not found such a dramatic
effect at least down to τ = 4 µs61. This may be an-
other indication that the amplitude of the charge density
modulation in La1.885Sr0.115CuO4 is much smaller than
in La1.88Ba0.12CuO4. One should be cautioned, how-
ever, that our earlier work in the paramagnetic state of
undoped La2CuO4 found that both 63Cu NQR and NMR
linewidth show a divergent behavior below 700 K as the
spin-spin correlations grow exponentially30,31. In other
words, 63Cu NQR linewidth can grow simply due to the
enhanced spin-spin correlations via indirect nuclear spin
couplings. In La1.88Ba0.12CuO4, divergent behavior of
1/T1 below Tcharge ∼ 54 K indicates that spin correla-
tions are indeed quickly growing toward Tneutronspin . There-

fore, it is not clear if the observed NQR line broadening66

reflects the distribution of νQ caused by the charge den-
sity modulation, or simply the magnetic correlation ef-
fects analogous to the case of La2CuO4.

Another open question is the origine of charge local-
ization and its relation to NMR anomalies for x < 0.1.
In the case of x ∼ 1/8, earlier charge transport measure-
ments by Komiya and Ando on La1.88Sr0.12CuO4 in high
magnetic fields up to 60 T68 demonstrated that charge lo-
calization is driven by nothing but charge order. In fact,
the characteristic temperature they dubbed as the local-
ization temperature, Tloc ' 80 K, agrees with Tcharge.
Moreover, Tloc shows a local maximum at x ∼ 1/8
in their phase diagram, in agreement with Tcharge

22.
But the situation is more complex below x ∼ 0.1, be-
cause Tloc

68 increases for lower doping, whereas Tcharge
decreases22. Related to this issue, our initial identifica-
tion of the on-set of the Cu signal intensity wipeout as
the onset of charge order below x ∼ 0.1 in La2−xSrxCuO4

with or without Nd co-doping9,10 later turned out to
be false11; comparison with Tcharge determined subse-
quently by neutron scattering revealed that the onset of
wipeout in the low doping regime is more closely related
to the charge localization; instead, it was the inflection
point in the temperature dependence of the signal inten-
sity wipeout that should have been identified as Tcharge
(see Fig. 18 in11 where we summarized the characteristic
temperature scale of resistivity upturn, inflection point
in the wipeout, and Tcharge as determined by neutron).
From very early days, it had been known that paramag-
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netic 63Cu NMR signal intensity gradually disappears8,30

and NMR linewidth and relaxation rates begin to grow69

when the in-plane resistivity deviates from the linear
temperature dependence in the lightly doped region. In-
tuitively, this can be easily understood: when the mobil-
ity of some holes is lost, the spin-spin correlations would
locally grow in their neighborhood, leading to extremely
fast NMR relaxation rates and a broad line profile. In
the case of x = 0.06, earlier high field NMR work found
a broad line similar to what we reported here70. In view
of the fact that charge order Bragg peaks were finally
observed near x ∼ 1/820–22, it will be interesting to in-
vestigate charge order and the nature of localization with
NMR in the broader range of composition below x ∼ 1/8
with fresh eyes.
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VI. APPENDIX A: EXAMPLES OF 1/T1

RECOVERY CURVES

In Fig. 11, we show representative recovery curves
MT1

(t) after an inversion π pulse observed for 1/T1 mea-
surements at 40 K under various conditions. The solid
curves represent the best fit to the theoretical expression
for the magnetic transition between the Iz = 1/2 to −1/2
states71,

MT1
(t) = A−B(

9

10
e−6t/T1 +

1

10
e−t/T1), (8)

where A and B represent the saturated and inverted in-
tensity, respectively. A, B and 1/T1 are the free fitting
parameters. For the ease of comparison, we normalized
the intensity in Fig. 11. The fit is satisfactory. Notice
that the recovery curve measured for the wing-like signal
at 104.13 MHz with τ = 2 µs is much faster than at the
main peak.
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FIG. 11. Representative 63Cu NMR 1/T1 recovery curves of
the Iz = +1/2 to −1/2 central transition observed at 40 K
for different values of τ = 2 µs, 4 µs, 12 µs, and 20 µs at
the normal peak. The solid curves are the best fit with Eq.
8. Also shown is the recovery curve for the wing-like signal
observed at 104.13 MHz.

VII. APPENDIX B: MEASUREMENTS WITH
THE Bext || ab GEOMETRY

In Fig. 11(a), we show representative 63Cu NMR line-
shapes measured in Bext = 9 T applied along the ab-
plane. In this field geometry, the peak frequency is
shifted to ∼ 104.3 MHz primarily by the second order

quadrupole term in Eq.(1), ∆ν
(2)
Q ∼ 3ν2

Q

16γnBext
∼ 2.3 MHz,

where we used the nuclear quadrupole frequency νQ ∼
35 MHz for the majority 63Cu A-sites41. Since the
63Cu B-sites nearest-neighbor to Sr2+ ions have a larger
νQ ∼ 38 MHz41, the lineshape is somewhat asymmet-
rical, with a hump on the higher frequency side. The
broad NMR linewidth is set primarily by the two differ-
ent values of νQ and their large distributions even below
Tcharge.

We present the spin echo decay curves in Fig. 11(b).
Above Tcharge, the spin echo decay is purely Lorentzian,
because the Gaussian term in Eq. (6), caused by the
indirect nuclear spin-spin coupling effect, is motionally
narrowed to an exponential in this field geometry51. It
also means that the indirect nuclear spin-spin coupling
is ineffective in magnetic line broadening. The two com-
ponent nature of 63Cu NMR signals between those aris-
ing from the segments affected strongly by charge order
(corresponding to the wing-like segments) and those from
the rest of the CuO2 planes manifests itself in the spin
echo decay curves below Tcharge; notice that the spin
echo decay measured at 50 K and 30 K is no longer sin-
gle exponential, and exhibits a quick initial decay up to
2τ ∼ 20 µs.

We can estimate the spectral weight INormal of the
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FIG. 12. (a) Representative 63Cu NMR lineshapes of the
Iz = +1/2 to −1/2 central transition observed with τ = 10 µs
in Bext = 9T || ab. The signal intensity is normalized for the
Boltzman factor by multiplying temperature T . (b) The cor-
responding spin echo decay observed at the peak. Solid lines
through the 135 K and 77 K data are the best exponential
fit, whereas the dashed lines through the 50 K and 30 K data
represent the best exponential fit above 2τ = 20 µs. (c) The
temperature dependence of INormal deduced from (a) and (b)
for Bext || ab (diamond) agrees very well with the result for
Bext || c (filled bullets, from Fig. 7).

normally behaving segments of CuO2 planes below
Tcharge by extrapolating the spin echo decay curves
observed above 2τ = 20 µs exponentially to 2τ = 0, as
shown by the dashed lines in Fig. 11(b). We summarize
INormal thus deduced for Bext || ab in Fig. 11(c), in
comparison to the result for Bext || c. The agreement is
very good.
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