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A quantum critical point in the single-layer, hole-doped cuprate system La; ¢_Nd 4Sr,CuO,4 (Nd-LSCO) near
x = 0.23 has been proposed as an organizing principle for understanding high-temperature superconductivity.
Our earlier neutron diffraction work on Nd-LSCO at optimal and high doping revealed static parallel spin stripes
to exist out to the quantum critical point and slightly beyond, at x = 0.24 and 0.26. We examine more closely
the parallel spin stripe order parameter in Nd-LSCO in both zero magnetic field and fields up to 8 T for H || ¢
in these single crystals. In contrast to earlier studies at lower doping, we observe that H || ¢ in excess of ~2.5 T
eliminates the incommensurate quasi-Bragg peaks associated with parallel spin stripes. But this elastic scattering
is not destroyed by the field; rather it is transferred to commensurate Q = 0 Bragg positions, implying that
the spins participating in the spin stripes have been polarized. Inelastic neutron scattering measurements at
high fields show an increase in the low-energy, parallel spin stripe fluctuations and evidence for a spin gap
Agpin = 3 £0.5 meV for Nd-LSCO with x = 0.24. This is shown to be consistent with spin-gap measurements
as a function of superconducting 7¢ over five different families of cuprate superconductors, which follow the

approximate linear relation Agy, = 3.5kpTc.

DOLI: 10.1103/PhysRevB.106.214427

I. INTRODUCTION

Quasi-two-dimensional (2D) high-temperature supercon-
ducting cuprates have been of intense interest since their
discovery some 35 years ago [1-16]. A central dimension
to their behavior has been the relationship between antiferro-
magnetism and superconductivity and how this evolves with
hole doping, as occurs when Sr’* is substituted for La*
in either La,_,Sr,CuQO4 (LSCO) or Laj¢_,Ndy4Sr,CuOy4
(Nd-LSCO), or when with Ba®>™ is substituted for La*"
in La,_,Ba,CuOs (LBCO) [17,18]. The undoped parent
compound of this single-layer, 214 family of cuprate super-
conductors is La,CuQy4, a Mott insulator which displays com-
mensurate, three-dimensional (3D) antiferromagnetic (AF)
order at ~300 K [19,20]. Doping with mobile holes quickly
destroys the 3D AF order, at x ~ 0.2, replacing it with quasi-
2D incommensurate order, that can be described within the
stripe model [18,21]. Superconductivity first appears at x =
0.05, but the superconducting phase diagram is structured as
a function of hole doping x, with a depression in T¢ at the
“% anomaly,” x = 0.125, and superconducting ground states
extend out to at least x ~ 0.27 [22,23].

Describing the 2D CuO, layers as edge-sharing squares for
which the tetragonal ¢ = b = 3.88 A lattice constants are Cu-
Cu near-neighbor distances, the AF structure in the absence
of holes is a “m, 7 Neel state with commensurate magnetic
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Bragg peaks at the (%, %, 0) positions in reciprocal space.
Within the stripe model, mobile holes are accommodated in-
homogeneously, with the holes being organized into quasi-1D
charge stripes, separating regions that locally resemble the “r,
7 Neel state. However, the charge stripes introduce a  phase
shift between local Neel states on either side of them, resulting
in a 2D incommensurate magnetic structure. As such, the
stripe model interleaves incommensurate charge order with
incommensurate spin order, and the w phase shift between
local “m, 7" Neel states across the charge stripes implies that
the incommensuration of the charge stripes is double that of
the spin stripes [18,21,24-28].

A theory framework for understanding the commensura-
bility between spin and charge stripes was introduced some
time ago [26]. It is worth noting, however, that this is only
observed at low temperatures and in the 214 single-layer fam-
ily of cuprate superconductors. In other families of high-T¢
cuprates, such stripe ordered states are not commensurate
with each other and even appear to inhabit different doping
regimes, suggesting competition. A theoretical discussion of
this phenomenology has also been presented [27].

Static spin stripe order was first observed by neutron scat-
tering techniques in the Nd-LSCO system at the *“g anomaly”
x = 0.125 [21]. The quasi-Bragg peaks so observed were
not resolution limited, but displayed four incommensurate
magnetic peaks split off from the (%, %, 0), or (m, m, 0),
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FIG. 1. The magnetic and superconducting phase diagram for
Nd-LSCO is shown, along with the line of 7* vs x for the pseudogap
phase, which terminates at a quantum critical point, identified in [22]
as x* = 0.23. The sample under study in this paper, x = 0.24, is
immediately to the overdoped side of x*. This plot is modified from
Ref. [32], where the references for the magnetic and superconducting
transition temperatures are given.

position in reciprocal space [21]. Two spin stripe structures
are observed as a function of hole doping. At low hole doping,
0.02 < x < 0.05, “diagonal spin stripes” are observed and
are characterized by quasi-1D charge stripes running along
(1,1,0) directions in tetragonal reciprocal space, or next-near-
neighbor Cu-Cu directions within the basal plane in real space
[29]. A 45° rotation of the spin stripe structure was observed at
x ~ 0.05, to a “parallel spin stripe” structure, remarkably co-
incident with the transition to superconducting ground states
[29]. This was first observed in the LSCO family, and was later
observed in both LBCO and Nd-LSCO [29-32]. The parallel
spin stripe structure displays four quasi-Bragg peaks split off
from the (i, 7, 0) position in reciprocal space, at wave vectors
(%, % +§,0)and (% + 4, %, 0). The incommensuration § obeys
the so-called Yamada law at low doping, with § ~ x, before
leveling off beyond the % anomaly x ~ 0.125 [33].

The Nd-LSCO family has gained much recent attention,
primarily because its phase diagram displays the full com-
plexity of cuprate high-temperature superconductivity, while
also displaying relatively low superconducting 7¢’s (maxi-
mum 7¢ ~ 15 K), compared to the LSCO and LBCO families
(maximum 7¢’s ~40 and 35 K, respectively) [22,34-36].
Thus, experimentally practical magnetic fields can suppress
superconductivity completely in the Nd-LSCO family, and its
normal-state properties at optimal and high doping levels can
be experimentally explored.

This has proved very useful for exploring the so-called
pseudogap phase of Nd-LSCO. Transport and thermodynamic
measurements in high magnetic fields have mapped out the
boundary of the pseudogap phase in Nd-LSCO [22]. This
boundary terminates at p* and is superposed in red on Nd-
LSCO’s magnetic and superconducting phase diagram in
Fig. 1. In particular, strong thermodynamic evidence for a
pseudogap quantum critical point (QCP) has been reported in
Nd-LSCO near x ~ 0.23 [22,35]. This concentration is also

coincident with the closing of an observed antinodal gap in
ARPES measurements on Nd-LSCO at x ~ 0.24 [37,38].
Furthermore, measurements of the Hall number ny at low
temperatures show a transition fromny ~ xtong ~1+x
atx ~ 0.23. While there is a compelling case for the existence
of a pseudogap QCP in Nd-LSCO near x ~ 0.23, the question
remains as to whether or not the pseudogap QCP is a key orga-
nizing principle in understanding cuprate superconductivity.

Neutron scattering from hole-doped single-layer cuprates
in general, and Nd-LSCO in particular, have been limited
at optimal and high doping, due to difficulties in growing
sufficiently large single crystals to allow such studies. Hence,
information on stripe correlations near and through the pseu-
dogap QCP have themselves been limited. However, recent
progress has allowed a set of single crystals appropriate for
neutron scattering to be grown [23]. Combined with advances
in neutron scattering instrumentation, this has allowed the
recent study of both the static (on the timescale of the neu-
tron) and dynamic parallel spin stripes in Nd-LSCO at x =
0.19, 0.24, and 0.26, which spans doping levels from optimal
doping, to the pseudogap QCP, to the approximate end of
superconductivity [32,39]. Elastic neutron scattering reports
static parallel spin stripes at low temperatures at all three
concentrations, but with quasi-Bragg peaks characterized by
decreasing in-plane correlation lengths and rapidly decreasing
intensities, as a function of x [32]. The temperature depen-
dence of the static parallel spin stripe order, or the order
parameters, allow good estimates for 2D Ty (x) and these are
plotted in Fig. 1. Inelastic neutron scattering below fiw =
35 meV on the same three single-crystal samples, as well as an
additional one at x = 0.125, show little change in the dynamic
spectral weight of parallel spin stripe fluctuations from x =
0.125 to 0.24, followed by an N% reduction in spectral weight
at x = 0.26 [39]. There is, therefore, no striking correlation
observed between either the static or dynamic parallel spin
stripe magnetism and the pseudogap QCP in Nd-LSCO. In
LSCO, the dynamic spin fluctuations have also been stud-
ied throughout the phase diagram at different energy transfer
ranges. Wakimoto et al. observed diminished intensities of
the parallel spin fluctuations up to 100 meV and 0.25 < x <
0.30 [40,41]. Recently, Tranquada et al. observed a peak in
the normal-state spin-fluctuation weight at ~20 meV in both
x = 0.21 and 0.17 bracketing the QCP in LSCO at x = 0.19.
This behavior is also inconsistent with quantum critical be-
havior similar to that in Nd-LSCO [39].

It is therefore important to examine the parallel spin stripe
magnetism in Nd-LSCO near the pseudogap QCP in greater
detail, and especially how it responds to an applied magnetic
field. With that in mind, we have revisited the parallel spin
stripe order parameter in our x = 0.24 single-crystal sample
in zero magnetic field [32], and performed new in-field order
parameter measurements in H || ¢ up to 8 T. In this paper we
combine these with low-energy, inelastic neutron scattering
measurements in H || ¢ capable of examining the spin gap in
the x = 0.24 sample with 7o = 11 =1 K.

The magnetic field dependence of spin and charge stripe
order in the 214 family of cuprates has an extensive history,
and has been of great topical interest in the past. Lake et al.
[42] first reported a strong increase in the strength of magnetic
quasi-Bragg peaks due to parallel stripe order in the presence
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of an applied magnetic field in underdoped LSCO, specifi-
cally x = 0.10. These well-known results were discussed in
the context of the SO(5) theory of superconductivity, where
superconducting and magnetic order parameters could be ro-
tated into each other [43]. Later in-field measurements on
LSCO with x = 0.105, 0.12, and 0.145 largely confirmed this
result [44], while measurements on Nd-LSCO for x = 0.12 to
H | ¢c=10T [44] and LBCO forx =0.125to H | ¢ =7 T
[45] showed either no field dependence or a slight increase in
the parallel spin stripe order parameter on application of the
field, respectively.

Neutron diffraction measurements looking at the field de-
pendence of spin and charge stripes were carried out on
Nd-LSCO approaching optimal hole doping x = 0.15 [46]. In
zero magnetic field, the parallel spin stripe order parameter
shows an abrupt rise at temperatures below ~5 K, due to the
onset of Nd** moments ordering and taking part in the spin
stripe order. Measurements in an H || ¢ = 7 T field suppress
this low-temperature component of the order parameter, and
also result in an ~20% reduction in the order parameter
at higher temperatures before going to zero at ~40 K. A
magnetic field scan of the order parameter at very low tem-
peratures, ~0.1 K, shows the Nd**-induced enhancement of
the order parameter to be largely eliminated by application
of a H || ¢ ~ 0.7 T magnetic field. Complementary neutron
diffraction measurements of the parallel charge stripe order in
Nd-LSCO with x = 0.15 show no magnetic field dependence
upto H || c =4 T [46].

II. EXPERIMENTAL METHODS AND MATERIALS

High-quality single crystals of Nd-LSCO with x = 0.24
were grown using the traveling solvent floating zone tech-
nique at McMaster University and the resulting single crystals
weighed around 4 g. The single crystals were produced
using a four-mirror Crystal Systems, Inc., halogen lamp im-
age furnace at approximate growth speeds of 0.68 mm/hr,
and growths lasted for approximately 1 week. The Sr con-
centration of this single crystal was determined by careful
correlation of the structural phase transition temperatures with
preexisting phase diagrams, as described in [23]. Further de-
tails regarding the materials preparation and single-crystal
growth of these samples, as well as determination of their
stoichiometry, is reported in [23]. The single-crystal sample
used in this study displayed a mosaic spread of less than
0.5°, attesting to their high-quality, single-crystalline nature.
This is the same x = (.24 single crystal as was studied ear-
lier in zero field in [32,39]. As reported in Michon et al.
[22], heat-capacity measurements in a magnetic field || ¢ at
low temperatures, T = 2 K, show saturation above 8 T in
Eu-LSCO x = 0.24 and above 9 T in Nd-LSCO x = 0.23.
Hence, the bulk critical magnetic field || ¢ for Nd-LSCO with
x=024atT =2Kiscloseto 8 T.

Triple-axis neutron scattering measurements were con-
ducted on the HB3 triple-axis spectrometer (TAS) at the
High Flux Isotope Reactor of Oak Ridge National Labora-
tory (ORNL) on the same sample x = 0.24 single crystal.
The sample was mounted in a pumped “He refrigerator with
a vertical magnetic magnetic field capable of achieving a
maximum applied field of 8 T. The single-crystal sample

was aligned with its HKOQ scattering plane coincident with
the horizontal plane, hence the applied magnetic field was
applied || c. The TAS employed PG002 single crystals as both
monochromator and analyzer with collimation of 48'-40'-40'-
120. The scattered neutron energy was fixed at 14.7 meV,
allowing the use of pyrolytic graphite filter in the scattered
beam, and the energy resolution [full width at half-maximum
(FWHM)] of the TAS measurements performed was 1.1 meV.

Complementary time-of-flight (TOF) neutron spectro-
scopic measurements were carried out on the x = 0.24 single
crystal using the direct-geometry, time-of-flight hybrid spec-
trometer HYSPEC [47], at the Spallation Neutron Source
of ORNL. All measurements were performed using E; =
35 meV neutrons with Fermi chopper frequency at 180 Hz,
which gave an energy resolution of ~2.7 meV (FWHM) at
the elastic position. Again the same x = 0.24 Nd-LSCO
single-crystal sample was loaded in a pumped “He magnet
cryostat with a base temperature of 2 K, maximum magnetic
field 8 T. The HKO plane of reciprocal space of the sample
was coincident with the horizontal plane. The single-crystal
sample was rotated through 100° about its vertical axis in
increments of 1° during the course of any one measurement,
which typically required 12 h of counting time.

III. PARALLEL SPIN STRIPE ORDER PARAMETER
IN ZERO FIELD IN Lal.ﬁ_de0.4SI'0.24ClIO4

We carried out new elastic neutron scattering measure-
ments on the same single crystal of Nd-LSCO with x =
0.24, as was previously studied [32]. The new measurements
were performed with a higher-temperature point density and
improved counting statistics, roughly four times greater than
previously published data [48]. The result is the order pa-
rameter for parallel spin stripe order in Nd-LSCO, x = 0.24,
shown in Fig. 2(b). For comparison the corresponding order
parameter for x = 0.19 near optimal hole doping in Nd-LSCO
is shown in Fig. 2(a) [32]. Both data sets are plotted on log-log
scales.

As reported earlier, the order parameter at x = 0.19 shows
an onset of nonzero intensity at 2D Ty =354+2 K [32].
The relatively large separation between 2D Ty and supercon-
ducting 7o = 13.5 £ 1 K allows the clear observation of an
inflection point in the temperature dependence of the order
parameter at T¢. In contrast, 2D Ty = 13 £ 1 K, consistent
with earlier measurements [32], and superconducting T¢ =
11 &1 K [23] are almost coincident for x = 0.24, as can be
seen in Fig. 2(b). Both order parameters show a pronounced
upturn in intensity below ~5 K, associated with the partici-
pation in ordered Nd*" magnetism in the parallel spin stripe
structure.

IV. MAGNETIC FIELD DEPENDENCE OF PARALLEL SPIN
STRIPE ORDER IN Laj _,Ndg 4Sr).24CuO4 FORH || ¢

Elastic scattering order-parameter measurements on our
Nd-LSCO single crystal were repeated under the application
of a magnetic field || c, for fields up to 8 T, and compared with
those in zero field. A subset of these measurements, at the
incommensurate parallel spin stripe wave vector (0.5, 0.64,
0) with H | ¢ =8 T and as a function of temperature, are
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FIG. 2. The zero magnetic field order parameters taken from
TAS instrument at HFIR as a function of temperature for optimal
doping, x = 0.19, and near the pseudogap QCP, x = 0.24. (a) Shows
elastic scattering neutron data for Nd-LSCO with x = 0.19 [32],
while (b) shows the same data for x = 0.24. Fiducials are shown
for both superconducting 7¢ and 2D Ty for each single crystal. Note
that both the intensity (y) scale and the temperature (x) scales are
logarithmic.

shown in Fig. 3. Here they are compared to the corresponding
H = 0 measurements, also shown in Fig. 2(b), but now on
linear scales. One can see that no temperature dependence is
observed inthe H || ¢ = 8 T data set, indicating that the elastic
parallel spin stripe scattering is eliminated at 8 T. For the raw
data which are only normalized to monitor counts, see Sec. II
in the Supplemental Material [49].

Figure 4 shows similar elastic scattering at the incommen-
surate parallel spin stripe wave vector (0.5, 0.65, 0), but as
a function of H || c at T = 1.5 K for the x = 0.24 sample.
Measurements were performed both increasing and decreas-
ing the magnetic field, and a clear hysteresis is observed for
0.2 T < H <£0.7T. We take this as evidence for a first-order
transition with field, which occurs at approximately the same
field required to destroy parallel spin stripe order in Nd-LSCO
x = 0.15 [46]. As can be seen from Fig. 4, the suppression of
static parallel spin stripe order in x = 0.24 is complete by
~H ||c=25T.

Complementary time-of-flight neutron scattering measure-
ments were also carried out on the same single crystal of
Nd-LSCO with x = 0.24 using the HYSPEC instrument at
the Spallation Neutron Source. Figure 5(a) shows an elastic
scattering map in the (H, K, —3 < L < 3) plane of reciprocal
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FIG. 3. The elastic neutron scattering order parameter as mea-
sured in Nd-LSCO with x=0.24 is shown in both H =0 T (blue
points) and H || ¢ = 8 T (red points). The order parameter is mea-
sured with neutron intensity normalized to the monitor counts which
is approximately 10 min counting time. The intensity is proportional
to the square of the ordered magnetic moment. The intensity and
temperature scales are linear, and the intensity has been normalized
to 1 at high temperatures for both 0- and 8-T data. The error bars
were determined from appropriate counting statistics.

space. This shows the difference between a data set at T =
2KandH || c=7Tandadatasetat T =2Kand H =0T.
Clear negative elastic net intensity can be observed around
the (3, 3, =3 <L < 3)and (3, 3, =3 <L < 3) positions.
As the time-of-flight measurements also inform on the energy
dependence of the scattering, we can plot a related difference

12000 L T T T T T
| x=0.24 e Increasing Field
) . I T=15K ® Decreasing Field
%0 | HKL = (0.5, 0.64, 0)
|
é 11000 . EI .
S |
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FIG. 4. The elastic neutron scattering parallel spin stripe order
parameter as a function of H || ¢ is shown at T = 1.5 K. The red
points show data taken while increasing H, while the blue points
show data taken on decreasing H. Note that hysteresis is present
just below H = 0.7 T, which is marked as a vertical dashed line.
This indicates a first-order-like metamagnetic transition just below
H=07T.
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FIG. 5. (a) Shows a magnetic-field difference dataset H || ¢ =7
—0 T for elastic scattering (—1.5 meV < fiw < 1.5 meV) from time-
of-flight neutron scattering in the [H, —H, —3 < L < 3] scattering
plane. A semicircular region with high background from Al-powder
rings due to sample addenda, which do not subtract out cleanly from
each other, is present in the middle of the plot. (b) Shows a vertical
cut through the rectangle on the left of (a), showing a peak at the (1,0,
—3 <L <3),and avalley at (%, %, —3 < L <3).(c) Shows a vertical
cut through the rectangle on the right of (a), showing peaks at the
(12, -3<L<3)and (2,1, -3 <L < 3), withavalley at (3, 2, -3
< L < 3). These peaks and valleys are consistent with a magnetic-
field-induced transfer of diffracted intensity from incommensurate
parallel spin stripe ordering wave vectors, to commensurate wave
vectors, indicating a polarization of the static spins participating in
the parallel spin stripe structure on application of H || c.

plot using these data. For the original data used to produce the
difference in Figs. 5(b) and 5(c) (see Sec. I in the Supplemen-

Intensity (arb. units)
1 0 4

02 03 04 05 06 07 038
HH

FIG. 6. (a)—(c) Show different magnetic field difference data sets
for Nd-LSCO with x = 0.24, plotted in the energy-HH reciprocal
space plane. These difference plots, made up from time-of-flight data
sets, have been integrated in L from —3 to 3 and in H H from —0.1
to 0.1. (a) Shows H = 7-0T, at T = 2 K, while (b) shows 3.5-0 T,
at T = 2 K. The net negative intensity around HH = 0.4 and 0.6 in
(a) and (b) shows the suppression of the quasi-Bragg peaks due to
parallel spin stripe order in an applied magnetic field H || ¢ = 7 and
3.5 T, respectively. (c) Shows the difference between data sets at H =
T7TatT =2Kand H=0TatT =30 K > 2D Ty. Collectively,
these data sets confirm that the suppression of the incommensurate
parallel spin stripe quasi-Bragg peaks is complete at H || ¢ > 2.5 T,
as also concluded from our TAS data shown in Fig. 4.

tal Material [49]). Figure 6(a) shows an H//c =7 T data set
with an H = 0 T data set subtracted from it, both at 7 = 2 K.
This difference data set is now integrated in —3 < L < 3 and
—0.1 < HH <0.1, and it is plotted as a function of energy vs
the HH direction in reciprocal space in Fig. 6(a). Figure 6(b)
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shows the same integrations, but the difference data are the
subtraction of an H = 0 T data set froman H || ¢ = 3.5 T data
set, both at T = 2 K. Figure 6(c) shows the subtraction of an
H =0TdatasetforT =30K >2D Ty fromanH ||[¢c=7T
datasetat 7T =2 K.

Together, the HYSPEC data sets shown in Figs. 5 and
6 demonstrate that the destruction of the incommensurate
elastic scattering from the parallel spin stripes is complete by
H || c = 3.5 T, consistent with the TAS data which showed
complete suppression by ~2.5 T. The effect of the magnetic
field || c at H =7 T is as effective as raising the temperature
to >2x 2D Ty, as Fig. 6(c) demonstrates.

However, the elastic scattering survey of the x = 0.24
single crystal in its (H, K, —3 < L < 3) plane shows more
than the destruction of the static incommensurate parallel spin
stripe scattering for H || ¢ beyond ~2.5 T. The reciprocal
space map in Fig. 5(a) and cuts along (HHO0) in Figs. 5(b)
and 5(c) show a concomitant buildup of scattering around
commensurate wave vectors, such as (0,1,—3 < L < 3), (1,
1, -3 <L <3),and (1, 2, =3 < L < 3). This is interpreted
as the static moment participating in the parallel spin stripe
structure not being destroyed, but rather being polarized by
the magnetic field.

V. MEASUREMENT OF THE SPIN GAP IN
L31.6_de0,4Sl'0.24CllO4 AND ITS CORRELATION WITH TC
COMPARED TO OTHER CUPRATE SUPERCONDUCTORS

Inelastic neutron scattering measurements on Nd-LSCO
with x = 0.24 were also carried out using TAS, at the incom-
mensurate parallel spin stripe ordering wave vector (0.5, 0.64,
0) for energies less than 11 meV. These measurements were
carried out at base temperature 7 = 1.5 K in both H = 0 and
8 T || c. Approximating the H = 8 T state as the normal state,
we then expect the difference between the inelastic scattering
measured in 8 and O T to identify the spin gap, as spin fluctua-
tions less than a characteristic spin-gap energy are expected to
be suppressed in the superconducting states, compared to the
normal state.

These inelastic scattering data, in the 2 meV < how <
8 meV regime, at H =0 and 8 T, both at T = 1.5 K, are
shown in Fig. 7(a). As can be seen, the inelastic scattering
is systematically higher in the H = 8 T data set below 3 +
0.5 meV, and this is identified as the measured spin gap Agpin
for Nd-LSCO x = 0.24.

A similar protocol has been followed to identify Agyin
in other cuprate superconductors. However, as these other
cuprates have superconducting 7¢’s larger, and often much
larger, than those of the Nd-LSCO family, the corresponding
critical magnetic fields are also larger. Therefore, the normal-
state spin fluctuation spectrum is measured for 7 > T¢, and
the corresponding x”(Q, fiw) = S(Q, hiw) x [1 — exp(‘k—’;‘“)]
is compared with the x”(Q, iw) at low temperatures, well
below T¢, in order to identify Agpy,. Recent work by Li et al.
[50] nicely illustrates this protocol for the x = 0.17 and 0.21
members of the LSCO family. This same work also compiles
results for Agp, and T¢ across five families of cuprate super-
conductors, with T¢’s ranging from 25 to 95 K.

We can follow this same temperature protocol to estimate
Agpin for Nd-LSCO x = 0.19, as data for x"(Q, fiw) at T =

£ (@ x=024
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FIG. 7. (a) Inelastic neutron scattering from Nd-LSCO with x =
0.24 forbothH || ¢c =8TandT = 1.5Kand H =0and 7T = 1.5K.
These TAS data are a constant Q scan at the (0.5, 0.64, 0) parallel
spin stripe ordering wave vector. The spin gap Ay, = 3 £ 0.5 meV
is identified as the energy at which inelastic scattering in the (near)
normal state (H || ¢ =8 T) no longer exceeds that in the super-
conducting state (H = 0). (b) x”(Q, iw) extracted from inelastic
neutron scattering, as reported in [32], is shown in zero magnetic
both above, T = 35 K, and below, T = 1.5 K, superconducting T¢.
Agin = 6 0.5 meV is identified as the energy at which inelastic
scattering in the normal state (7' = 35 K) no longer exceeds that in
the superconducting state (7' = 1.5 K). The universal upturn around
6 meV can be understood as the onset of the crystal electric field
(CEF) scattering associated with transitions from the Nd** ground-
state doublet and the first-excited-state doublet [39]. The error bar
is estimated by taking a step in both directions from the point at
which the high-field inelastic scattering is systematically higher by
a standard error from the corresponding zero-field data in the super-
conducting state.

1.5 and 35 K have previously been published [32]. We plot
this x"(Q, hw) data for Nd-LSCO x = 0.19 in Fig. 7(b) in
the 4 meV < 7 @ < 10 meV regime. As in Fig. 7(a) for
x = 0.24, this is a 6-meV energy range for which the low-
energy spectral weight is approximately energy independent,
making it relatively easy to identify a low-energy suppres-
sion of the magnetic spectral weight in the superconducting
state. We identify the dip in x”(Q, hiw, T = 1.5 K) below
x"(Q, hw, T =35K) at 5.7 & 0.5 meV as Agy,. With esti-
mates for Ay, in hand for Nd-LSCO for x = 0.24 and 0.19,
we can extend the Li et al. [50] compilation of Ay, vs Te
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FIG. 8. A compilation of spin gap Ay, vs superconducting T
is shown for five different families of cuprate superconductors. The
data points for Nd-LSCO are for the A, results for x = 0.24 and
0.19 reported in this paper. The other data points were compiled in Li
et al. [50]. The overall data set is well described by a linear relation-
ship between the two, Ay, = 3.5 kgTc, similar to that describing the
energy gap vs T¢ relation in BCS superconductors.

data for cuprate families down towards T¢ = 0. These data
are plotted in Fig. 8, along with a straight line guide to the
eye, which passes through Ag,i, = 0 T = 0. One can see that
a good linear relation between Ay and Te, Agpin = 3.5 kg Tt
is obeyed across almost an order of magnitude in T¢.

There have been some concerns on whether the enhanced
signal in Fig. 7 is due to an inelastic contribution of the
spin-polarized state instead of the result of spin gap. While we
can not rule out the possibility of this scenario, we make two
observations that would seem to make such scenario unlikely.
The transfer of elastic intensity from the incommensurate spin
stripe ordering wave vectors to commensurate, ferromagnetic
wave vectors (as we observed) is expected, if the effect of the
magnetic field is to polarize (i.e., align) the local moments tak-
ing part in the static spin stripe order in zero field. There is no
corresponding local moment argument by which low-energy,
inelastic spectral weight is expected to be enhanced at the
same incommensurate spin stripe wave vectors by application
of a uniform field, such that the low-energy incommensu-
rate spectral weight in the high-field state exceeds that in
the zero-field, superconducting state. Second, the spin gap
so identified by this protocol fits well with the trend of spin
gap vs superconducting ¢, as shown in Fig. 8, for five fami-
lies of cuprate-based high-temperature superconductors. Most
of these (all except the 214 families) do not display elastic
incommensurate spin stripe scattering. Hence, a consistent
explanation is that the gap arises due to the destruction of the
superconductivity, rather than the polarization of the elastic
spin stripe scattering.

VI. DISCUSSION

The main result of this paper is that the static parallel spin
stripe structure observed in Nd-LSCO with x = 0.24 below
2DTy =13+ 1KinH =0Tiseliminatedin H || ¢ > 2.5T.

On the one hand, this is a surprising result, as previous in-field
diffraction studies of parallel spin stripe order have shown
little or no field dependence for accessible magnetic field
strengths (<10 T). The previous study most similar to that
reported here is the study on Nd-LSCO with x = 0.15 [46],
underdoped but approaching optimal doping. This x = 0.15
study showed the elimination of the strong upturn of the
parallel spin stripe order parameter below ~5 K by application
of a magnetic field || c. This is interpreted as the polarization
of the Nd** magnetism and the removal of its influence on the
low-temperature spin stripe structure. At higher temperatures
in H || ¢c=7T, the x = 0.15 order parameter is about 20%
lower than that in H = 0, but its 2D Ty remains ~40 K. Thus,
the higher-temperature component of the order parameter,
presumably due to Cu?* magnetism alone, is only modestly
diminishedina H || ¢ = 7 T field.

Our current results on x = 0.24 extend this trend signifi-
cantly. Now the low-temperature upturn in the parallel spin
stripe order parameter is suppressed in a first-order fashion as
a function of field, with hysteresis, as Fig. 4 shows, and this
initial suppression is complete by H || ¢ ~ 0.7 T. However,
the complete elimination of the incommensurate parallel spin
stripe quasi-Bragg peaks requires Hc¢ || ¢ ~ 2.5 T. Thus, the
static parallel spin stripe order in Nd-LSCO with x = 0.24
is similar to that observed in x = 0.15 and 0.125, in that it
is characterized by almost the same incommensurate parallel
spin stripe wave vector, but it is much more fragile, with
2D Ty a factor of 3 to 4 lower, and an Hc¢ | ¢ sufficiently
reduced from x = 0.15 and 0.125, such that this effect is now
observable with modest magnetic field capabilities.

It is interesting to note that while our elastic neutron scat-
tering measurements of parallel spin stripes in zero magnetic
field do not obviously reflect a pseudogap QCP, elastic neu-
tron scattering in low but finite magnetic field may show
exactly that: The disappearance of magnetic-field-robust par-
allel spin stripe order near x* = 0.23.

An important corollary to the observed field dependence
of the static parallel spin stripe order in Nd-LSCO x = 0.24 is
that in-field transport and thermodynamic measurements for
samples beyond optimal doping, such as those reported in [22]
and [51], are not expected to see spin stripe order as the same
magnetic fields required to overcome superconductivity and
establish the normal state will destroy the parallel spin stripe
order. As shown in Fig. 5, the static moments participating in
the spin stripes structure are not destroyed, but rather appear
to be polarized in modest H || c.

Finally, we took advantage of relatively low critical field
|| ¢ for superconductivity in order to examine the low-energy
spin fluctuations at the parallel spin stripe ordering wave
vector in both a superconducting ground state (H = 0) and
in a state with most of its volume corresponding to the normal
state (H = 8 T). This is a different protocol for identifying
the spin gap Agpyn, compared with the more typical proto-
col of looking at the spin fluctuations above and below T
in zero field. However, the use of the field-induced normal
state has the advantage that it allows all the spin fluctuation
measurements to be performed at base temperature, and hence
no correction for the Bose factor, which relates S(Q, fiw)
to x"(Q, hw), is required. The Bose factor correction is not
difficult to apply, but it must be applied to S(Q, 7w) alone, and
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thus S(Q, iiw) must be clearly differentiated from background
scattering in order to use the temperature-difference protocol.

We have used the field protocol to estimate A gy, in the x =
0.24 sample, and the temperature-difference protocol to do the
same for x = (.19, using previously published data [32]. This
allows us to add two data points at the low-field extreme of
the Agyin Vs Tc compilation initiated by Li et al. [50]. We find
that these estimates fit with the linear trend between these two
observables in five different families of cuprate superconduc-
tors, covering almost a decade in 7. Remarkably, this linear
relation is given by A, = 3.5kp T, implying a role for Agpiy
akin to 2 X A as measured in tunneling experiments on BCS
superconductors.

VII. CONCLUSIONS

Elastic neutron scattering measurements on single-crystal
Nd-LSCO with x = 0.24 in the presence of a magnetic field,
H || ¢, show that the previously observed parallel spin stripe
incommensurate quasi-Bragg peaks are reduced to zero in-
tensity for H > 2.5 T. Their low-temperature enhancement
below 7'~ 5 Kin H = 0 is eliminated in a first-order fashion
with H for H || ¢ < 0.7 T. While the effect of the field on the
low-temperature enhancement of the parallel spin stripe order
parameter is consistent with earlier work at x = 0.15 [46], the
complete elimination of the order parameter for fields above
~2.5 T is surprising given the lack of field dependence previ-
ously observed near x = 0.125 [44], and the enhancements of

the order parameter in field observed in underdoped LSCO
[52]. We conclude that while the incommensurate parallel
spin stripe structure in Nd-LSCO with x = 0.24 is similar to
that exhibited in x = 0.125 and 0.15, it is much more easily
perturbed by either temperature or magnetic field. This work
has implications for transport and thermodynamic measure-
ments made in the presence of large magnetic fields, so as
to establish normal-state properties at low temperatures in
Nd-LSCO at relatively high hole doping.

Low-energy inelastic neutron scattering measurements at
the parallel spin stripe ordering wave vector in Nd-LSCO
x=0.24in H = 8 T allow us to estimate a spin gap Agi, =
3.0 £ 0.5 meV. We combine this result, with an analysis on
preexisting Nd-LSCO x = 0.19 data, to fill out the low-T¢
region of a Agn vs T compilation across five families of
cuprate superconductors, and observe a linear relationship
between them. Intriguingly, this relationship is roughly given
by Aspin = 35kBTC
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