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We present a Cu nuclear magnetic/quadrupole resonance study of the charge stripe ordered phase
of LBCO, with detection of previously unobserved (’wiped-out’) signal. We show that spin-spin and
spin-lattice relaxation rates are strongly enhanced in the charge ordered phase, explaining the appar-
ent signal decrease in earlier investigations. The enhancement is caused by magnetic, rather than
charge fluctuations, conclusively confirming the long-suspected assumption that spin fluctuations
are responsible for the wipeout effect. Observation of the full Cu signal enables insight into the
spin and charge dynamics of the stripe-ordered phase, and measurements in external magnetic fields
provide information on the nature and suppression of spin fluctuations associated with charge order.
We find glassy spin dynamics, in agreement with previous work, and incommensurate static charge
order with charge modulation amplitude similar to other cuprate compounds, suggesting that the
amplitude of charge stripes is universal in the cuprates.

PACS numbers: 74.72.Gh, 74.25.nj

I. INTRODUCTION

Since their discovery, cuprate superconductors have
been extensively studied by nuclear magnetic resonance
(NMR), with many important insights. Yet some is-
sues remain unresolved, and the technique is still capa-
ble of providing fresh information on the local electronic
physics in the cuprates. Recently, charge and spin stripe
order has emerged as one of the crucial ingredients of the
cuprate phenomenology1–7, and NMR in these ordered
phases has once more come into focus. In the yttrium-
123 (YBCO) family, copper NMR has provided direct
evidence of a commensurate charge stripe ordering at
high magnetic fields8–10, while lanthanum NMR in the
214 family (La2−xSrxCuO4 - LSCO, La2−xBaxCuO4 -
LBCO, La2−x−yEuySrxCuO4 - LESCO and similar) de-
tects the influence of stripe-related fluctuations11–14,16.
However, charge stripes in the 214 family are difficult to
study directly by in-plane copper NMR/NQR, due to an
effect known as wipeout. It has been known for a long
time that in stripe-ordered lanthanum cuprates such as
LBCO and LESCO the copper NMR signal diminishes
– is wiped out – in the charge-ordered phase14,17–22. In
fact, after the initial discovery of charge stripes23 in Nd-
codoped LSCO by neutron scattering, the Cu wipeout ef-
fect served as a first indication of the existence of stripes
in other compounds such as LBCO and LESCO14,17,18.
Yet without access to the disappeared signal (except at
very low temperatures14,15) it was hard to pin down
the physical origin of the wipeout and its connection
to charge stripes. The fraction of wiped-out nuclei has
been phenomenologically related to the charge stripe or-
der parameter17,18, and wipeout mechanisms based on
spin fluctuations have been put forward14,21,24. To add
to the controversy, subsequently a marked difference be-
tween wipeout fractions in powder and single crystals was

observed14,17,19,25, as well as differences between Cu and
O NMR and NQR8,10,20. Copper wipeout is also seen in
Ni-codoped cuprates25 and La-based cuprates at doping
close to the insulator-superconductor boundary26, in line
with a more general relationship with spin, rather than
charge fluctuations24. Yet important insight into the
stripes would be gained from Cu NMR/NQR if the signal
could be detected, since copper nuclei have a quadrupo-
lar moment and the signals are thus sensitive to charge
effects. A direct comparison to e.g. Cu NMR in YBCO
could be made, highlighting the differences and similari-
ties of charge stripes in these representative cuprates.

Our purpose in this work is twofold: to present an ex-
perimental methodology which enables the detection of
the previously unseen Cu nuclei – establishing beyond
doubt that wipeout is caused by spin fluctuations – and
to apply the methodology to provide insight into the or-
dered phase of the archetypal striped 214-family cuprate
LBCO. We show that the NQR spectra and relaxation
times of the previously unobserved Cu nuclei in LBCO
are indeed highly sensitive to the charge order, enabling
us to draw conclusions about the structure and dynamics
of the stripes and compare them to other cuprates. Fur-
thermore, the experimental modifications we employed
for studying the quickly relaxing Cu NQR signals here
can be useful in a wide range of systems previously un-
available for NMR due to strong wipeout.

The paper is organized as follows: in Sec. II we ex-
pound the experimental methodology used in detecting
the wiped-out Cu signal, in Sec. III we present the results
of Cu NQR on LBCO, including spectra and relaxation
times in dependence on temperature; in Sec. IV we in-
vestigate the effect of external magnetic fields on the spin
fluctuations causing wipeout; in Sec. V we discuss the
results and we summarize in Sec. VI.
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II. EXPERIMENTAL

In order to detect the quickly-relaxing ’wiped-out’ nu-
clei in an NMR/NQR experiment, it is crucial to em-
ploy analogue signal processing electronics with recovery
times as short as possible. A typical NMR/NQR ex-
periment uses a sample coil which is part of a resonant
LC circuit, a high-power radio-frequency (RF) amplifier
to supply the pulses which move the spin system out of
equilibrium, and a low-noise signal preamplifier as the
first active signal processing stage. Pulse powers are
usually tens of Watts, and the signal to be detected is
many orders of magnitude smaller. Hence the primary
concern is isolating the sensitive preamplifier from the
pulses, and if the signal decays quickly, the preamplifier
must be able to operate a very short time after being
overloaded by the pulse itself. In this work we employed
Miteq RF preamplifiers with overload recovery times as
short as 1 µs, setting the lower limit for signal relaxation
times. The second important issue is ringing of the LC
resonant circuit after the pulses, which often completely
obscures the signal for tens of µs. Ringing can be sup-
pressed in a number of ways, with several active damp-
ing schemes envisaged previously27,28. However, most of
them do not operate quickly enough for our purposes, the
only possibility thus being passive damping i.e. spoiling
the Q-factor of the resonant circuit. Yet as the Q-factor
decreases, so does the sensitivity of the circuit, implying
that a price in signal intensity must be paid for mea-
surements at short times. In our work this is not very
problematic, since 63Cu is a sensitive NMR nucleus with
high natural abundance and plenty of signal intensity.
Also, the employed pulse sequence and phasing of the
pulses can play an important role in suppressing the ring-
ing. We employ a conventional Hahn spin echo sequence
with double anti-ringing phase cycling, further decreas-
ing the ringing problem. Finally, the spectrometer must
be capable of fast measurements after pulses – we use
a commercial Tecmag Apollo NMR/NQR spectrometer
with dead time below 1 µs. All the described exper-
imental considerations enable us to perform a reliable
NMR/NQR spin echo measurement with echo times as
short as 2 µs, almost an order of magnitude faster than
typical experiments. With state-of-the-art technology it
would be difficult to improve on these times, and the only
further possibility for detection of nuclei with spin-spin
relaxation faster than 1 µs we are aware of is high-power
continuous wave NMR29. Fortunately, it appears that in
studying cuprates this is not necessary.

Apart from the above-described modifications, we per-
formed a rather standard NQR experiment with a single
crystal sample of LBCO-1/8 extensively used and char-
acterized in previous work1,2,30. The measurements were
made in a variable-temperature inset of a 12 T Oxford
superconducting magnet, with the sample mounted on
a sapphire holder to minimize heating from currents in-
duced in the (conductive) sample by the RF pulses used
in NMR/NQR. Spin-lattice relaxation times were mea-

sured using a saturation recovery sequence with Hahn
echo detection.

III. NQR RESULTS

The basic information to be obtained from an NQR ex-
periment is the shape of spectral lines. The NQR spec-
trum of LBCO above the charge-ordering temperature
TCO is well-known14, and our results correspond exactly
to previously published spectra (Fig. 1 topmost spec-
trum). Since 214 cuprates are doped by ions close to
their copper oxide planes, two distinct lines are always
observed in copper NQR spectra. The high-frequency
signal – called the B line – is from Cu nuclei close to the
dopand ions (in our case Ba), while the low-frequency A
line is from all other Cu nuclei31,32. Two sets of A and B
lines are observed for two Cu isotopes, 63Cu and 65Cu. A
fortunate circumstance makes LBCO particularly suited
for investigating the effects of charge order on the Cu
NQR spectrum – the B line is well separated from the A
line (contrary to other 214 cuprates such as LSCO and
LESCO). This eliminates the need for complicated spec-
tral deconvolution, simplifying the analysis considerably.
Hence we concentrate on the evolution of the 63Cu B line
with temperature in the charge-ordered phase (Fig. 1).
Clearly the B line broadens significantly between 53 K

and 42 K: a quantitative analysis using a simple Gaus-
sian fit to the line is shown in Fig. 2. A slight change
of the width is observed above TCO, but the broaden-
ing becomes dramatic in the charge-ordered phase. The
linewidth can be compared to a hard X-ray measurement
of the charge order peak30 which is proportional to the
charge stripe order parameter (circles in Fig. 2). The
B linewidth corresponds exactly to the X-ray data, and
thus is a microscopic measure of the order parameter.
This should be expected for an incommensurate charge
ordering, and is also observed e.g. in YBCO at high
temperatures10. Within our experimental uncertainty,
we see no commensurate order (which would result in line
splitting, rather than broadening8). The A line broadens
as well, but its analysis is unreliable due to the overlap
of 63Cu and 65Cu lines and their greater width. Also,
in the charge-ordered phase the A line shape appears
to deviate from simple Gaussian (appropriate at 60 K),
indicating that a nontrivial spectral redistribution takes
place. This is not surprising, considering the intrinsic
charge disorder of 214 cuprates31 and that the A line sig-
nal originates from Cu sites at different distances from
the Ba impurities. We note that the structural transi-
tion at ∼ 56 K and the associated phase separation can-
not be the cause of the observed line broadening, since
it is known from neutron1 and X-ray30 studies that the
low-temperature tetragonal (LTT) phase completely re-
places the low-temperature orthorhombic (LTO) phase
within 2 K of the transition.
Spin-spin and spin-lattice relaxation provide addi-

tional insight into the dynamics of the ordered phase,
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Figure 1. (color online) Spectra of pure Cu NQR (without
applied magnetic field) of LBCO in dependence on temper-
ature, measured with an echo time of 2.3 µs, normalized to
their total areas and shifted vertically for clarity. Two sets of
lines are observed, referred to as A and B lines. Both appear
twice for the two isotopes 65Cu and 63Cu. Charge order sets
in below ∼ 53 K, where a progressive broadening of the lines
is seen.

and show dramatic effects close to TCO. In Fig. 3 we
show two representative spin-spin relaxation curves for B
line Cu spins, demonstrating that wipeout is indeed elim-
inated if the measurement is performed at short times –
the number of detected spins is the same (within experi-
mental uncertainty) above and below TCO. The full tem-
perature dependence of the integrated intensity of the B
line, corrected for temperature and T2

33, is shown in the
inset of Fig. 2, with no appreciable decrease down to the
spin ordering temperature TSO. This is evidence that
the wipeout observed previously in LBCO and similar
compounds is predominantly a spin-spin relaxation ef-
fect above ∼ 40 K; at lower temperatures the spin-lattice
relaxation also becomes fast and contributes to wipe-
out (see below). The shape of the spin-spin relaxation
curve changes from predominantly Gaussian above TCO

to purely exponential deep in the ordered phase, an ef-
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Figure 2. (color online) Width of the 63Cu NQR B line in de-
pendence on temperature in the charge ordered phase, com-
pared to a resonant X-ray measurement of the charge order
peak intensity30. The NQR linewidth is seen to correspond
exactly to the charge order parameter, as one should expect
for incommensurable stripes. The LTO-LTT structural tran-
sition at TLTT ≈ 57 K and the spin-ordering temperature
TSO ≈ 40 K are from a neutron diffraction study1. Inset
shows the integrated B line signal intensity corrected for tem-
perature and spin-spin relaxation, demonstrating that no sig-
nificant decrease occurs below TCO.

fect already related to charge order in YBCO [8] and 214
cuprates21. The spin-spin relaxation time T2 abruptly
decreases below TCO, and continues to decrease as the
charge order develops. The relevant time for spin echo
measurements, T2/2, is always below 5 µs in the ordered
phase. The signal is thus virtually unobservable in a
standard NMR/NQR experiment14,25 with minimal echo
times ∼ 15 µs. Wipeout in LBCO is not an exception:
similar strong signal decrease below TCOis found in Nd-
LSCO and LESCO, with the latter showing additional
partial wipeout22 above TCO. Here we show that the
apparent wipeout fraction depends on the NMR/NQR
pulse configuration if the experiment is not performed
with short echo times; this implies that the wipeout onset
temperatures determined in previous work are to some
extent dependent on experimental conditions, and could
also clarify the incomplete wipeout seen in LESCO.
The behaviour of spin-lattice relaxation times T1 is

qualitatively similar to T2, with a drop at TCO and strong
decrease in the ordered phase (Fig. 4 inset). However,
above ∼ 40 K the T1 values are an order of magnitude
longer than T2, and thus T2 relaxation is the dominant
cause of wipeout in that range. Below TSO the spin-
lattice relaxation becomes comparable to spin-spin relax-
ation and contributes to wipeout – measurements below
∼ 38 K are impossible in our experimental configuration
due to short relaxation times. The spin-lattice relaxation
times of A and B lines are the same up to a temperature-
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independent factor of∼ 1.8, which is not a consequence of
charge order since it is the same above and below TCO.
At 45 K we measured the relaxation times of the two
Cu isotopes at the peaks of the A and B lines, in order
to determine if the relaxation mechanism is quadrupo-
lar or magnetic. The ratios are 63T1/

65T1 = 1.04± 0.07
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Figure 3. (color online) (a) Spin-spin relaxation curves mea-
sured at the center of the B line at two representative temper-
atures. Both curves are normalized to M0(56K) and extrapo-
late to 1, demonstrating that all Cu spins are observed in the
charge-ordered phase. The relaxation has a significant Gaus-
sian component at high temperatures, and changes to purely
exponential below TCO , similar to previous results on other
cuprates. Data have been corrected for the usual Boltzmann
factor and line-width change. The constant offset in the 42 K
curve is the noise floor. (b) spin-lattice relaxation curves for
the Cu A and B lines at 45 K, isotope 65Cu (squares) and
63Cu (circles). The echo time used in the detection sequence
is 2.8 µs, and the A line data are shifted for clarity. No sig-
nificant stretching of the exponential relaxation is observed.
The inset shows the A line magnetization recovery curve with
a logarithmic time scale.
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Figure 4. (color online) Spin-lattice relaxation rates for A
and B lines in dependence on temperature, normalized to the
respective high-temperature values. A strong increase of the
relaxation rate is observed in the charge-ordered phase. Solid
line is a fit to the Vogel-Fulcher-Tamman relation used for
glassy relaxation (see text). Inset: raw T1 data for the A and
B lines.

for the A line and 63T1/
65T1 = 1.2 ± 0.1 for the B line,

consistent with magnetic relaxation and to be discussed
in more detail below. We note that the spin-lattice re-
laxation curves were fitted to a pure exponential function
1−M(t)/M(∞) = e−3t/T1 appropriate for spin-3/2 NQR,
without introducing an exponential stretching exponent.
This increases the reliability of the fits, especially at the
lowest temperatures where the relaxation is very fast.
As seen in Fig. 3, at 45 K the stretching is negligible: a

fit with included exponent 1−M(t)/M(∞) = e−(3t/T1)
β

gives β ≈ 0.9. At the lowest available temperature –
38 K for the B line – a stretched fit gives β ≈ 0.7 and
an almost unchanged mean T1, demonstrating that the
stretching does not significantly influence the results.

IV. EXTERNAL MAGNETIC FIELDS

To discuss the effects of applied magnetic fields, we
must first consider how a field modifies the NQR/NMR
spectrum of copper. Since the relevant magnetic fields
are relatively small, we cannot use the usual high-field
approximation but have to diagonalize the nuclear Hamil-
tonian exactly. For a spin-3/2 nucleus such as 63Cu, the
static Hamiltonian reads35

H = −γBI+
e2QVzz

4I(2I − 1)

[

3I2z − I2 + η
(

I2x − I2y
)]

(1)

where γ is the gyromagnetic ratio of the 63Cu nucleus,
I its spin, Q its quadrupole moment, B the external
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magnetic field, Vxx, Vyy and Vzz the principal compo-
nents of the electric field gradient (EFG) tensor, and
η = |(Vxx − Vyy) /Vzz| ≈ 0 in LBCO. Two contribu-
tions determine the NMR spectrum: the Zeeman (B-
dependent) and quadrupolar (V -dependent) terms. In
our case the Zeeman and quadrupolar terms are generally
comparable, and we thus diagonalize the Hamiltonian nu-
merically to obtain the exact transition frequencies in
dependence on external field applied in the CuO plane
(perpendicular to the axis of the quadrupolar tensor). A
similar calculation was performed before for YBCO, with
similar results36. The resulting six transitions are plotted
in the inset of Fig. 5. A particular transition is chosen
by tuning the experiment to the appropriate frequency –
the actual frequencies employed in the measurements are
shown as points in the inset of Fig. 5.

The effect of an in-plane magnetic field on the fluctu-
ations causing Cu spin-spin relaxation is dramatic. The
relaxation time T2 increases by a factor ∼ 5 from pure
NQR to 3 T (Fig. 5) at 50 K. But notably the relax-
ation is still faster than above TCO without external field,
and remains pure exponential at 4 T. We note that the
change in T2 cannot be due simply to a change of the
nuclear transitions and corresponding matrix elements,
as would be the case35 for T1; T2 is the nuclear dephas-
ing time, and does not involve transitions between the
nuclear levels. Thus the entire effect must be attributed
to a field-induced change of the local fields seen by the
nucleus, as discussed below.
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Figure 5. (color online) Cu spin-spin relaxation times at
50 K in dependence of an applied external field in the copper-
oxygen plane. The fluctuations responsible for the fast spin-
spin relaxation at B = 0 T are all but absent above ∼ 2.5 T.
Inset: lines are the six transitions of a 63Cu nucleus (spin 3/2)
calculated numerically for an external field perpendicular to
the EFG symmetry axis (see text), points are actual frequen-
cies used in the experiment to obtain the results in the main
figure.

V. DISCUSSION

Our investigation of Cu NQR/NMR in the charge-
stripe phase of LBCO-1/8 resolves several disputed is-
sues and enables a direct comparison to other cuprates
such as YBCO. First, we demonstrate that the wipeout
effect can be eliminated if the experiment is performed
with echo times short enough. We therefore establish
directly that the wipeout is solely due to spin fluctua-
tions, with no direct relation to the charge order which
is static on the NQR timescale. Enhanced spin fluctua-
tions generally appear simultaneously with charge stripes
in the cuprates8,13,14,34, and their effect on Cu T2 is
about an order of magnitude stronger in LBCO than
in YBCO8. This is in line with the increased propen-
sity of 214 cuprates to antiferromagnetic (AFM) fluctu-
ations seen at all temperatures26,37 in NMR. However,
the magnetic fluctuations in LBCO are dynamically de-
coupled from charge order (at least in the temperature
range here investigated) – charge stripe order is static
on the NQR scale38, leading to symmetric line broad-
ening, while magnetic fluctuations cause relaxation rate
enhancement. The possibility of a charge fluctuation-
related T1 mechanism is eliminated through the mea-
surement of relaxation rates for the two Cu isotopes:
for a mechanism coupling to the quadrupolar moment
of the nuclei, the ratio of relaxation times should be
63T1/

65T1 =
(

65Q/63Q
)2

≈ 0.85, and a pure magnetic re-

laxation would give 63T1/
65T1 =

(

65γ/63γ
)2

≈ 1.14. Ex-
perimentally, the ratio of B line relaxation times is wholly
consistent with a magnetic mechanism, while for the A
line it is somewhat lower – this could be a consequence
of the significant overlap of the two isotope lines (Fig.
1), making it hard to separate the two relaxation times
in the experiment. We thus conclude that charge stripes
are effectively pinned as soon as they appear, while the
spins in the stripes remain slowly fluctuating. The glass-
like slowing down of the magnetic fluctuations has been
extensively investigated with La NMR, and here we see
that their effect is ∼ 1000 times stronger at the Cu sites.
The temperature dependence of the relaxation times can
be understood within a standard Bloembergen-Purcell-
Pound (BPP) magnetic mechanism with a characteristic
spin fluctuation timescale τc, leading to39 1/T1 ∼ γ2τc,
where γ is the gyromagnetic ratio of the nucleus. The
simple form is valid when 1/τc ≫ ω, where ω is the res-
onance frequency. From the T1 data we can estimate
the temperature dependence of the relaxation time τc
using the BPP formula: τc ∼ 1/T1, Fig. 4 main graph.
The points are consistent with a Vogel-Fulcher-Tammann
law40 used in the physics of glassy systems,

τc = τ0e
∆/(T−TV FT ) (2)

where ∆ is a characteristic energy scale, and TV FT the
effective ’freezing’ temperature where τc diverges. A fit
of relation (2) to the data in Fig. 4 gives ∆ ≈ 80 K and
TV FT ≈ 20 K (a pure activational dependence would
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have TV FT = 0); while the value of TV FT should be
taken with caution due to the limited range of the fit, it
is consistent with the temperatures where Cu spin freez-
ing is observed41,42 in LSCO and LESCO using µSR,
with the temperature range where 139La spin-lattice re-
laxation rates start to decrease13, and with the temper-
ature where 2D superconductivity is formed through a
Berezinski-Kosterlitz-Thouless transition2. We note that
diverging relaxation times were also observed in early
work on Cu NQR in LBCO powders46 in a broadly
similar temperature range. The spin-order temperature
TSO ∼ 40 K detected using neutron scattering30 is some-
what higher than the freezing scale TV FT most probably
due to the different timescales probed by neutrons and
NQR. TV FT > 0 shows qualitatively that a glassy de-
scription of the magnetic dynamics is appropriate. This
is relevant to many cuprate systems, where similar slow-
ing down without long-range magnetic order occurs at
low temperatures47,48.

The question of spin-echo decay is also one to be dis-
cussed in light of our results. Namely, the crossover from
a Gaussian decay in the high-temperature phase to ex-
ponential below TCO we see here has been reported for
other 214 cuprates21 and YBCO8, but with somewhat
incomplete explanations. It is known that the Gaussian
decay in cuprates is generally caused by a strong Cu-
Cu transferred coupling43,44, and an unlike-spin coupling
has been invoked to explain the crossover to exponen-
tial relaxation21. Yet such an explanation requires the
existence of a significant fraction of wiped-out, quickly
relaxing nuclei which cause the exponential echo decay
of the observable nuclei. In our case of Cu NQR this is
ruled out, since within experimental uncertainty we de-
tect all nuclei (at least above ∼ 40 K), and know that
the relaxation times are more or less homogeneous. A
similar situation occurs in YBCO in the charge-ordered
phase8. Hence the origin of exponential decay must be
different: it is beyond this work to provide a quantitative
theory, but we can attempt a qualitative explanation as
follows. The spin-spin decay curve will have a Gaussian
shape if the transferred coupling between Cu nuclei is es-
sentially static, i.e. when mutual spin flips are rare43,44.
This happens in Cu NMR with the magnetic field per-
pendicular to the CuO2 planes, and in NQR at elevated
temperatures. Yet if spin flips cannot be neglected, the
spin-spin relaxation curve will change. In the limit where
spin-flip processes dominate, it becomes pure exponen-
tial. An in-plane magnetic field makes spin flips impor-
tant and causes an exponential relaxation43; it therefore
seems plausible that strong in-plane electron spin fluctu-
ations have a similar effect. The relaxation thus becomes
exponential when the spin fluctuations associated with
charge stripe order occur below TCO. Importantly, all
Cu nuclei feel the same influence, in agreement with both
YBCO and our LBCO results. We note that a Redfield-
like T1 related echo decay45 cannot be operative in LBCO
except perhaps below 40 K, since at higher temperatures
the T1 values are still too long to be compatible with a

T2 as short as ∼ 5 µs.

The effects of external magnetic field are also consis-
tent with recent results on 139La, but again much more
pronounced13. The high NQR frequency of Cu enables
us to study low fields, revealing the characteristic fluctu-
ation suppression scale of ∼ 2 T for in-plane fields. In the
relevant temperature range the Cu spins in LBCO belong
to the 2D XY universality class13,30, implying that an
external field suppresses AFM fluctuations by creating a
preferred direction in the planes13. Our results are not di-
rectly comparable to 139La NMR (where only data above
5 T and at 24 K are available), but the same tendency is
observed there. Importantly, the in-plane field effectively
decreases the spin-spin relaxation rate and thus modifies
wipeout, in agreement with Cu NQR wipeout measure-
ments on LESCO-1/8 crystals22. All these observations
are a consequence of the same suppression effect, and
our Cu measurements here show that it is still present at
fields as low as ∼ 2 T in the charge-ordered phase above
the spin-ordering temperature TSO ≈ 40 K.

We see no significant differences between A and B sites
in either relaxations or static NQR lineshapes, demon-
strating (i) that the magnetic fluctuations are insensi-
tive to barium impurities and (ii) that charge stripes are
not pinned to the Ba local fields. The latter conclusion
agrees with scattering studies, which show that stripes
are pinned to orthorhombic twin boundaries4 in LSCO.
Yet in contrast to scattering methods, the Cu NQR line-
shape provides a microscopic measure of the amplitude
of the charge modulation. The relative linewidth change
of the Cu B line in LBCO at 40 K is ∆νQ/νQ ∼ 0.012. It
can be extrapolated to ∼ 0.02 at 0 K (assuming that the
linewidth follows the X-ray charge order parameter in the
entire temperature range), corresponding to an absolute
width of ∼ 3 MHz, roughly in agreement with the val-
ues obtained from line fitting in a LBCO powder at low
temperatures14. The extrapolated relative width is about
2 times larger than the charge-stripe induced Cu NMR
line splitting8 in YBCO-0.108 – the values are probably
even closer at doping 1/8 where the splitting in YBCO
is expected to be the largest3,7,8, but a direct compari-
son to YBCO-1/8 is not available due to the complicated
Cu NMR spectra. Furthermore, the Cu linewidth change
in LBCO is similar to the 17O quadrupolar line broad-
ening/shift in YBCO-1/8 [10] and LESCO [20]. This
indicates that the amplitude of charge modulation in the
cuprates is universal, i.e. does not significantly depend
on the material family. A similar conclusion was reached
by resonant soft x-ray diffraction49. In contrast, the ac-
companying magnetic fluctuations are strongly family-
dependent, suggesting that charge order is an intrinsic
feature of the CuO2 planes around 1/8 doping, with the
strength of associated spin fluctuations determined by
the underlying AFM tendencies of the family.
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VI. SUMMARY

To conclude, we present the first Cu NQR/NMR inves-
tigation of charge-stripe ordered LBCO-1/8 which elim-
inates the wipeout effect, thus enabling insight into the
microscopic physics of charge stripes and associated mag-
netic fluctuations. We find that the charge stripes are
static on the NMR scale ∼ 0.1 µs as soon as they ap-
pear, and that the charge modulation amplitude can be
reliably determined from Cu NQR linewidth. A compar-
ison to results on other cuprates indicates that the rela-
tive amplitude is universal in the cuprates. Strong spin
fluctuations accompany the charge order, and evidence
for glassy spin dynamics/spin freezing is obtained from
Cu nuclear spin relaxation measurements, corroborating
previous 139La NMR studies. The magnetic fluctuations
also cause the apparent Cu signal wipeout by making

the relaxation times significantly shorter than the typical
NMR measurement times. Our fast spin echo experiment
provides a way to detect the quickly-relaxing nuclei and
avoid wipeout, and could thus be relevant for measuring
previously unseen NMR/NQR signals in a wide class of
materials where strong spin fluctuations appear.

ACKNOWLEDGMENTS

Discussions with J. M. Tranquada, A. Dulčić and M.
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1 M. Hücker et al., Stripe order in superconducting
La2−xBaxCuO4 (0.095 ≤ x ≤ 0.155). Phys. Rev. B 83,

104506 (2011)
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