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Magnetic field effect in stripe-ordered 214 (La; ¢_,Nd.4)Sr,CuQ,4 and La,_,Ba,CuOy,
superconducting cuprates studied by resonant soft x-ray scattering
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We present a study of the charge order of 214 stripe ordered superconducting cuprates (La; ¢_,Ndg 4)Sr,CuO,
and La,_,Ba, CuO, for doping levels 0.11 < p < 0.14 by means of resonant x-ray scattering. Up to 6 T, we find no
field dependence on either the integrated intensity or the correlation length of the charge modulations, providing
evidence for strong stability of charge order under applied fields. The magnetic field data support a strong pinning
scenario induced by the low-temperature tetragonal distortion and static disorder, and they highlight the role of
the symmetry of the lattice on the stabilization of electronic periodicities.
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I. INTRODUCTION

The interplay between superconductivity and electronic
ordering is a central theme in condensed-matter physics [1—
6]. YBa;Cu30645 (YBCO) and related compounds with a
minimal level of disorder exhibit a temperature and magnetic
field dependence of short-ranged, weakly correlated charge
periodicities [charge density wave (CDW)] for doping levels
0.08 < p < 0.15 [7,8], which has been interpreted in terms of
a competing phase with superconductivity (SC). A three-phase
separation scenario (magnetic, charge, and superconductivity)
has been inferred to bridge x-ray diffraction data, nuclear
magnetic resonance (NMR) [9], and quantum oscillation ex-
periments [10-12].

However, signatures of such a competing scenario are
not apparent in 214 La-based cuprates: La,_,Ba,CuQO4
(LBCO), (Laj 6—xNdg4)Sr,CuOy (LNSCO), and
(Laj g—xEup,)Sr,CuOs (LESCO). According to neutron
and x-ray diffraction, charge modulations develop in 214
cuprates for doping levels p = 0.095-0.15 [1,13-16] showing
their maximum intensity and correlation length at hole
concentration p ~ 0.125. Moreover, connected with the
stripe model in cuprates is the presence of modulation of
the antiferromagnetic structure resulting in incommensurate
magnetism accompanied by charge ordering (CO) [17-20].

The subtle balance between competing orders can be tuned
by external perturbations like magnetic fields, pressure, or
doping. In fact, the application of a magnetic field in 123-
YBCO weakens SC and enhances the electronic order [6]. At
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high fields, x-rays and NMR experiments in YBCO revealed a
long-range anisotropic three-dimensional (3D) charge density
wave along the Cu-O chain direction [9,21-23]. Elastic and
inelastic neutron scattering have also shown an enhancement
of the static incommensurate magnetic correlations [24].

In hole-doped La,;_,Ba,CuQy, 100 keV hard x-ray diffrac-
tion reported no field effect for doping levels around p =
0.125 [low-temperature tetragonal symmetry (LTT)]. A sizable
enhancement of the charge-order peak is observed for doping
levels close to the low-temperature orthorhombic (LTO) phase
[25] demonstrating a competition between superconductivity
and charge order in LBCO. A weak enhancement of the inte-
grated intensity was reported for 214 La; g4Eug »Sro.16CuQOy,
p = 0.16 (LESCO, T, = 5 K) without affecting its correlation
length [26], but no field effect has been found in electron-doped
cuprates [27]. Neutron diffraction studies have indicated an
enhancement of the antiferromagnetic correlations at temper-
atures below T, [28-30]. In addition, transport measurements
found that the superconducting transition curve shifts toward
the low-temperature side in parallel with increasing field for
p = 0.11 and 0.12, but a fan — shaped broadening shift of T,
develops for dopings with orthorhombic symmetry [31-33].
It is remarkable that the strongest response of the charge
order to the magnetic field has been reported for systems with
orthorhombic symmetry (YBCO) [34,35], but little is known
for the LTT phases [36]. Moreover, despite the approach of the
theoretical models based on Coulomb interactions to describe
the fermiology in the normal state of underdoped cuprates,
calculations underestimate the role of the lattice potential and
electron-phonon interaction [37-40].

To address these issues, we have performed a comprehen-
sive study of the charge stripe order in LTT 214 cuprates

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.195130&domain=pdf&date_stamp=2018-05-16
https://doi.org/10.1103/PhysRevB.97.195130

S. BLANCO-CANOSA et al.

PHYSICAL REVIEW B 97, 195130 (2018)

0010
00
2 _. 0,009
5 05 3
© 0 < o008
o 0.125 5
T 15 P £
g - 5 0007
g p=0.14 s

20
= 0,006

0 5 10 15 20 30 60 90

Temperature (K) Temperature (K)

FIG. 1. (a) Crystal structure of La, ,Sr,CuQO, in the high-
temperature tetragonal phase (HTT, I,/mmm). (b) Tilt directions
of the CuQOg octahedra in the low-temperature orthorhombic (LTO)
and (c) low-temperature tetragonal (LTT) phase upon Nd doping.
Arrows denote the tilting direction. (d) Experimental setup for the
scattering measurements at the O K-edge. Selected magnetization
measurements of the LNSCO and LBCO single crystals showing
(e) the superconducting transition for LNSCO, p = 0.11 and 0.125,
and (f) magnetization curve from where the spin and charge-ordering
temperatures can be seen for LNSCO, p = 0.11.

by means of resonant soft x-ray scattering at both Cu L-
and O K-absorption edges for hole doping levels 0.11 <
p < 0.14. While hard x-ray diffraction and neutron scattering
are sensitive to lattice distortions associated with electronic
modulations, resonant soft x-ray scattering (REXS) allows us
to study the electronic modulations at the Fermi surface. For
these 214 cuprates with LTT structure, we find no magnetic
field dependence of the charge modulations regarding their
integrated intensities or correlation lengths. We interpret our
results in the context of the more stable character of the stripe
order induced by pinning to the underlying LTT octahedral
tilt pattern, which shows that lattice distortions also play an
important role in the three-phase competing scenario.

II. EXPERIMENTAL DETAILS

Single  crystals of (La;_,Ndg4)Sr,CuO4 and
La, ,Ba,CuO,4 (hereafter LNSCO and LBCO) measured
in this work have been synthesized at the Max Planck
Institute for Chemical Physics of Solids by the floating zone
technique. The LBCO, p = 0.11 sample was also provided
by Adachi and Koike and grown at Tohoku University [41].
The doping level and, therefore, T, are controlled by chemical
substitution of Sr (p = 0.11, 0.125, and 0.14; T, =7, 5, and
11 K, respectively) and Ba (0.11, T, = 15 K) and showing
bulk superconductivity, spin, and charge order according
to our SQUID magnetometry Figs. 1(e) and 1(f), and in
agreement with the reports in literature [42]. Following our

field dependence of the magnetization at 4 K, the upper
critical field H,, is larger than 9 T. X-ray absorption (XAS)
and resonant soft x-ray scattering (REXS) at zero field were
performed at the UES6-PGM1 beamline, and high-field REXS
up to 6 T was carried out at the UE46-PGM1 beamline at
BESSY II. Samples were cleaved in sifu. A base temperature
of 4 K could be reached, thus allowing us to measure
the field dependence of the charge reflections well inside the
superconducting state. The in-vacuum superconducting coil of
the high-field diffractometer is rotatable within the horizontal
scattering plane. In the conducted experiment, the magnetic
field direction was rotated by 30° with respect to the incident
beam direction. At the sample angle (9) corresponding to
the maximum CO signal, this led to angles between the
sample surface (CuO; planes) and the magnetic field of about
90° and 30° at the Cu-L and O-K resonances, respectively
[see Fig. 1(d)].

The incoming beam polarization was chosen perpendicular
to the scattering plane, and the background, which has been
measured at high temperature, turned out to be independent of
the applied magnetic field. Neutron diffraction measurements
have been performed at the PUMA spectrometer at FRM II.
Throughout the paper, the momentum transfer is given in
reciprocal-lattice units (r.l.u.), ax = 2w /a, bx = 27 /b, and
cx =27 /c,wherea =3.79 A, b =3.79 A, and ¢ = 13.14 A
are the lattice parameters of the HTT phase.

III. RESULTS

From a structural point of view, at low temperature
La,_,Ba,CuQ, transforms from orthorhombic (LTO) to
tetragonal (LTT) symmetry, involving changes in the CuOg
tilt pattern [20] [Figs. 1(a)-1(c)]. The HTT phase (space group
14/mmm) has the highest symmetry, without octahedral tilts.
In the case of La;_,Sr,CuQy, the low-temperature phase
is orthorhombic and the stabilization of the LTT phase is
achieved by partial substitution of Eu or Nd for La [42] with
an associated rotation of the tilt axis of CuQOg octahedra and
a related change in the octahedral tilt pattern from [110] to
[100] [Figs. 1(b) and 1(c)]. Biichner et al. [43] have defined a
critical tilt angle (¢, ~ 3.6°) below which the low-temperature
tetragonal phase shows SC without anomalies in the transport
properties. We have measured the LTT phase by following
the forbidden (001)yrr reflection, which is observed at the
O K-edge, E = 528.5 eV, and its temperature dependence is
in agreement with the literature [14]. At lower doping levels,
p < 0.1 LNSCO presents an orthorhombic symmetry.

In Fig. 2(b), the O K-edge spectra (1s — 2p), which is
sensitive to the valence electron ordering, shows resonances at
the mobile carrier peak (MCP, 528.5 eV) and upper Hubbard
band (UHB, 530.5 e¢V) [13]. MCP and UHB result from a
3d°L — 3d'° transition of the undoped material, which is
allowed due to the admixture of 3d'°L with 3d° in the ground
state, where L represents a ligand hole. When € is parallel to
the ab plane, the preedge structure at 530.5 eV corresponds
to O p, and p, states hybridized with the Cu 3d,2_,> in the
CuO; planes [44]. The preedge relative intensities depend on
the hole doping due to transfer of holes from the UHB to the
MCP. The charge-order peak develops a sizable intensity at
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FIG. 2. (a) Temperature dependence of the charge correlations for
LNSCO, p = 0.12.5 at the Cu L-edge. Inset: neutron diftraction of the
CO peak at selected temperatures. Points are the experimental data,
and the line is the result of the fitting. (b) XAS (black curve) showing
the mobile carrier peak (MCP) and the upper Hubbard band (UHB)
and charge scattering (red curve) at the O K-edge. (¢) Comparison of
the charge reflection of LNSCO and LBCO, p = 0.11 at the Cu L-
edge (931 eV) at 4 K. (d) Temperature dependence of the integrated
intensity and linewidth for LNSCO, p = 0.125.

MCP and UHB reminiscent of the “Mottness” character of the
stripe order [13].

By tuning the incident photon energy to a specific x-ray
absorption edge, the atomic structure factor F, is strongly
enhanced [45]. REXS experiments at the O K-edge are,
therefore, directly sensitive to the valence electron states, as
compared to other techniques such as neutron scattering or
hard x-ray diffraction, which probe the lattice displacements
induced by the modulation of the valence electron density.

The x-ray data presented here consist of H,K scans taken at
the CO positions in the (H,0,L) or (0,K,L) planes of reciprocal
space. Following synchrotron x-ray and neutron diffraction
[Fig. 2(a) and inset], charge stripe order sets in below the
structural transition from LTO — LTT, and the onset of the
CO and SO transitions takes place at a temperature of 70 and
50 K, respectively [46], indicating that charge rather than spin
is the driving force for stripe order [47]. We found that the CO
peaks are located at symmetric positions (2§,0,0) where § is
the Sr (Ba) doping, i.e., § ~ p for p < 1/8 [see Fig. 2(a)].

The doping dependence of Qo and the charge correlations
are summarized in Tables I and II, respectively. The propaga-
tion vector of the charge periodicities (§) increases with doping
following the tendency expected from the stripe model with a
magnetic incommensurability § twice that of charge order [1].
The temperature behavior of the CO follows the reports of
Ref. [46] for all the doping contents studied [Fig. 2(d)].

TABLE I. Doping dependence p of the propagation vector of the
stripe order peak in LNSCO and LBCO.

p 0.1 1LNSCO 0. 125LNSCO 0-14’LNSCO 0.1 1LBCO

O(rlu.)

0.223(3) 0.24(2) 0.254(3) 0.218(3)

TABLE II. Correlation lengths & (A) for LNSCO and LBCO
at the Cu L- and O K-edge (528.5 eV) at 4 K defined as &, =
(a,b)/7m*FWHM (where a and b are the in-plane lattice parameters
and FWHM is the linewidth as full width at half-maximum of the
Lorentzian profile).

§11%LNSCO §12.5%LNsCO §149LNsCO §1aLBCo
Cu L-edge 80(3) 105(2) 105(3) 95(2)
O K-edge 100(5) 130(2) 120(6) 96(3)

On the other hand, our comprehensive study of LNSCO
crystals shows a similar peak intensity and linewidth for the
three doping levels measured. This marks a difference as
compared to LBCO, where a drop in intensity of the charge
order is observed for single crystals away from 1/8 [note
that the y axis in Fig. 2(c) shows that the intensities can be
compared after background subtraction and renormalization
to the Cu L-edge XAS spectra]. It is known that the lock-in
of the charge order at p = 1/8 strongly stabilizes the stripe
order in LBCO and develops its maximum intensity [48]. On
going away from this magic number, it appears that the CO
intensity drops abruptly in LBCO but remains nearly constant
for LNSCO.

We find that the linewidth of the CO peak obtained from
x-ray diffraction is nearly half of that observed in our neutron
scattering experiments. A much larger sample volume probed
in neutron measurements (~2 cm?) is generally responsible
for lowering the momentum resolution compared to the x-ray
case in which a mm-sized spot is used [Fig. 2(a) and inset].
Moreover, also the correlation length of LNSCO is slightly
higher at MCP, which represents more itinerant electrons at
the Fermi surface, than at the Cu L-edge, which picks up a
substantial contribution from the lattice distortion (see Table IT
for values of £ at 4 K). This suggests that the spatial extent of
the ordered valence electrons is more correlated than the lattice
distortion associated with the stripe order. Nevertheless, LBCO
p = 0.11 presents a similar correlation length at both edges and
reinforces the role of Nd atoms in the stabilization of the LTT
tilt angle. Note that it has been shown that the superconducting
transition and charge stripe order are sensitive to the degree of
tilt.

Next, we present the magnetic field dependence of the
stripe order for the LNSCO and LBCO samples characterized
above. In cases in which SC competes with spatial electronic
modulations, charge order can be significantly enhanced by the
application of a c-axis magnetic field. We note here that at the
Cu L-edge, the magnetic field is nearly perpendicular to the
CuO, planes, thus reproducing the ideal scattering geometry
[7,25]. Figures 3(a)-3(h) show the field-dependent spectra
of the charge modulations for three different Sr contents in
LNSCO and for LBCO, p =0.11. No field effect can be
observed at both the Cu L- and O K-edges, MCP (UHB,
not shown) for either the integrated intensity or the linewidth
(Fig. 4). We have performed REXS up to 6 T in LBCO,
p = 0.11 (T, ~ 15 K), observing no field effects, as in LNSCO
[Figs. 3(d), 3(h), and 4]. Upon applying a magnetic field and
suppression of SC, one would expect the growth of charge-
ordered domains within a scenario of competing phases. We
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FIG. 3. (a)—(h) Magnetic field dependence of the charge stripe-order peak for LBCO, p = 0.11 and LNSCO, p = 0.11, 0.125, and 0.14 at
the Cu L-edge (931.5 eV) and O K-edge (528.5 eV, mobile carrier peak) at 4 K. In (g) and (h) the background was subtracted.

point out here that correlation lengths along the ¢ axis could not
be extracted due to the limited reciprocal space available for
soft x rays. Although it appears unlikely, we cannot discard a
spectral weight redistribution along L related to a suppression
of the superconducting phase coherence.

IV. DISCUSSION

From the results presented above, it appears that the mag-
netic field has no significant or visible effect on the charge
stripe order either in LNSCO or LBCO single crystals at similar
doping levels to those where the CDW is observed in 123
YBCO (0.11 < p £ 0.14). We point out that one difference
between 214 and 123 cuprates is the low-temperature sym-
metry of the lattice when CO takes place. While 123 YBCO

presents an orthorhombic symmetry and the wave vector of the
CDW decreases with hole concentration, in more disordered
214 La-based cuprates the CO wave vector increases with
the doping level p. A comparison between both systems also
reveals a common feature: the maximum of the intensity and
the correlation length is observed at p = 0.125, the doping
where T, is reduced.

Our comprehensive study in LNSCO samples (T, = 7, 5,
and 11 K) and LBCO, p=0.11 and T, = 15 K, has not
detected any field effect at either Cu L- or O K-edges, which
is in agreement with Hiicker et al. [25]. This is in contrast with
the magnetic field evolution of charge correlations in YBCO.
Around the hole concentration in the CuO; planes, 0.08 < p <
0.15 resonant soft x-rays detect a momentum dependence onset
temperature of an incommensurate charge density modulation

m
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FIG. 4. Magnetic field dependence of the integrated intensity and linewidth at 4 K of the charge stripe order peak for LBCO, p = 0.11 and
LNSCO, p = 0.11, 0.125, and 0.14, respectively, at the (a,c) Cu L-edge (931.5 eV) and (b,d) O K-edge (mobile carrier peak, 528.5 eV).
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in orthorhombic YBCO [7]. This order decreases below the SC
transition and is enhanced if SC is weakened by a magnetic
field perpendicular to the CuO, planes. The absence of a
field effect in tetragonal LNSCO and LBCO reflects a more
stable character of the charge periodicity and distinguishes
214 La-based cuprates from 123-YBCO [7]. This cannot be
related to a weak competition between superconductivity and
charge order, since in LBCO this competition is reflected in
an enhancement of the CO under magnetic field at lower and
higher doping levels where the lattice reveals an orthorhom-
bic symmetry [25]. It is important to mention that neutron
scattering measurements support a field-induced enhancement
of the SDW order (or growth of the SDW volume fraction)
in superconducting orthorhombic LSCO (La,_, Sr,CuO,) and
stage 4-LCO (La;CuOy4) upon obliterating SC [28,49-51].
However, application of a 7 T field parallel to the ¢ axis in
LNSCO slightly increases the intensity of the magnetic peak.
In addition, charge stripe order shows no change for magnetic
fields up to 4 T [52], which is in agreement with our findings.
Neutron data also show that the magnetic field couples to local
AFM correlations of the stripe order, and the suppression of
SCin vortex cores results in the nucleation of domains of stripe
order without affecting its correlation length, as we see in our
x-ray data. However, no observable CO intensity enhancement
up to 6 T shows that there is no substantial additional nucleation
of CO domains in vortex cores present in our samples. Thereby,
the absence of a field effect also implies that charge-ordered
regions, although stabilized by the intrinsically higher level of
disorder introduced by the Nd atoms in the 214 compounds,
are pinned to the tetragonal lattice distortion for octahedral
tilts ¢ < ¢, [53]. The tilt pattern in the LTT phase consists
of horizontal stripes parallel to the Cu-O bonds, expecting
pinning if the period of the charge stripe gets commensurate
with the lattice distortion (note that for ¢ > ¢, charge-stripe
modulations are not developed). It is worth noting that da Silva
et al. [27] also reported no field effect of the CO measured
at the Cu L-edge in electron-doped cuprates with tetragonal
symmetry for similar doping levels to those studied here.

More importantly, the data at the O K-edge also indicate that
the electronic order at the Fermi surface remains unaltered after
breaking the Cooper pairs, therefore discarding an enhance-
ment of hole localization by the applied field. The absence
of a field effect in hole- and electron-doped cuprates [27]
evidences the strong stability of the stripe order in the LTT
phase, presumably resulting from the electron-lattice coupling.
Thereby, structural details within the 214 family of cuprates
are important to understand the different behavior under a
magnetic field.

V. CONCLUSION

In summary, we have presented a study of the charge stripe
order in 214 La-based cuprates (La;g_,Ndg4)Sr,CuOy4 in
magnetic fields at both Cu L- and O K-edge. We observe
no field effect on the stripe order, indicative of a more stable
character of the CO in the LTT phases than in YBCO for a
similar doping level. We attribute this to the pinning to LTT
structural distortion. Hence, the magnetic field effect can be
observed in systems with orthorhombic symmetry, 123-YBCO
and 214 La-based cuprates away from the commensurate
1/8 LTT phase, and orthorhombic La,_,Sr,CuOy4 [16,54,55].
The absence of a field effect at the O K-edge also indicates
that the lattice potential and/or electron-phonon interaction
have to be taken into account in the theoretical models in
order to accurately reproduce the fermiology of stripe-ordered
cuprates.
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