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We present a combined neutron diffraction and high-field muon spin rotation («SR) study of the magnet-
ically ordered and superconducting phases of the high-temperature superconductor La, 94Sr0sCuO4y, [Tc =
37.5(2) K] in a magnetic field applied perpendicular to the CuO, planes. We observe a linear field-dependence
of the intensity of the neutron diffraction peak that reflects the modulated antiferromagnetic stripe order. The
magnetic volume fraction extracted from ©SR data likewise increases linearly with applied magnetic field. The
combination of these two observations allows us to unambiguously conclude that stripe-ordered regions grow
in an applied field, whereas the stripe-ordered magnetic moment itself is field-independent. This contrasts with
earlier suggestions that the field-induced neutron diffraction intensity in La-based cuprates is due to an increase in
the ordered moment. We discuss a microscopic picture that is capable of reconciling these conflicting viewpoints.
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I. INTRODUCTION

Magnetic fluctuations are the most likely pairing mech-
anism behind high-temperature superconductivity (SC) in
the cuprates [1], and therefore they deserve to be studied
in detail. The static antiferromagnetic (AFM) order of the
parent Mott insulator compounds prevents SC from occur-
ring. Upon doping, the AFM order is suppressed and SC
appears; however, charge-density-wave order, observed by
x-ray diffraction studies, also emerges upon doping and is
likewise known to compete across several cuprate families
with SC [24].

The earliest direct evidence of modulated charge and mag-
netic ordering in cuprate superconductors was the discovery
of stripe order in hole-doped La,_,_,Nd,Sr,CuOy4 [5] found
with neutron diffraction studies and later in La,_,Ba,CuOy4
[6], in Lay_,_yEu,Sr,CuOy4 [7,8], and in La;_,Sr,CuOy4 [9],
all of them chemically a-site doped La-214 type cuprates.
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Another route for introducing holes to the CuO, planes is
adding excess oxygen to the material, e.g., in YBa;Cu3Og.,
[10] and LayCuOyy., [11]. Unlike doping by chemical substi-
tution, the oxygen dopants remain mobile in La;CuQ4., down
to temperatures around 200 K [12-14]. Above this tempera-
ture, the holes can distribute in a way that at low temperatures
favors long-range-ordered stripe regions with a period of eight
unit cells [15] and support connected SC regions to give the
highest critical temperature 7 for the La-214 family [14].

In many oxygen stoichiometric La-214 cuprates, stripe
order is most prominent at dopings just around x = 0.125,
accompanied by a suppression of T; [6,9,16—19]. Here, the
intensity of the neutron diffraction (ND) peak from the stripes
is enhanced by an applied magnetic field [19-21]. At higher
doping levels, the stripe order is absent, but it can be induced
by a magnetic field [19,22-24].

The field-driven enhancement of the magnetic ND peak
has often been interpreted as a field-induced increase of
the ordered moment in La-214 cuprates [19,20,25]. How-
ever, studies using neutron diffraction and muon spin rotation
(uSR) have revealed that oxygen doped La-214 cuprates ex-
hibit electronic phase separation between optimally doped
SC without static magnetism and a magnetic stripe ordered
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phase without SC [26-28]. This finding stands in contrast to
the suppression of SC found in oxygen stoichiometric La-214
mentioned above.

In codoped La;_,Sr,CuQy44,, holes are introduced both
by chemical substitution and by intercalating extra oxy-
gen. So far, stripe order is found in all oxygen codoped
samples when they are optimally oxygen-doped, achieving
T. ~ 40 K [15,29-31]. In contrast, oxygen-stoichiometric
La;_,Sr,CuO4 shows stripe order only in the underdoped
region, x < 0.135, with T, of 30 K or less [19,22,23,27,32].

Detailed transport studies of La;g7sBag 125CuO4 uncov-
ered evidence for two-dimensional (2D) superconducting
correlations developing at the spin-ordering temperature, Ty,
in zero field, but becoming rapidly suppressed upon appli-
cation of a magnetic field perpendicular to the CuO, planes
[33]. Evidence for electronically decoupled planes associated
with stripe magnetic order has likewise been found in opti-
cal studies of underdoped, stripe-ordered La,_,Sr,CuO4 and
La,_,_yNd,Sr,CuOy4 superconductors [34-36]. In the case of
La,_,Sr,CuOy, application of a c-axis magnetic field sup-
presses the Josephson plasma resonance observed by infrared
spectroscopy [35], interpreted as a weakening of the interlayer
Josephson coupling. The observations of 2D superconductiv-
ity in the cuprates inspired the development of theories for
pair-density-wave (PDW) order [37-39] and more broadly the
concept of intertwined orders in high-7; superconductors [40].

It is evident that there is a rich interplay between the 2D
SC, the stripe order, both structural and magnetic, and 3D
SC in these cuprate compounds, and that there is a need to
investigate the different phases in the cuprates in order to
understand the competition, interplay, and phase separation of
the different states of matter.

In this work, we study the magnetic stripes in codoped
Laj94Sr906CuO4y,. We use uSR to show that there
is no static magnetism in our sample, in contrast to
La;_,Sr,CuOy4,, compounds with other Sr dopings [29,30].
We further show that an applied magnetic field induces the
magnetic order, increasing the magnetic volume fraction lin-
early from 0% at 0 T to 37(3)% at 8 T. At the same time, the
intensity of the ND peak from the stripe order also increases
linearly with an applied magnetic field. The combination of
these observations implies that the field-induced ND peak
is caused solely by the increase in the magnetic volume
fraction, while the size of the ordered magnetic moment is
field-independent. This is in contrast to some conclusions
drawn in earlier studies, where the ordered magnetic moment
was found to increase with increasing field [19,20,25].

II. METHODS

A 7.9 g single crystal was grown by the traveling solvent
floating zone method and was oxygenated through a wet-
chemical technique [29] obtaining a single onset transition
temperature of 7, = 37.5(2) K. Magnetization measurements
were performed both before and after oxidation; see Ap-
pendix A. To ensure consistency between our experiments,
the sample was always field-cooled; the sample was heated
to at least 50 K (well above 7, and the Néel temperature 7y )
before any change of applied magnetic field. We adopted a
slow cooling procedure as described in Ref. [13] to allow

the oxygen to find an optimal configuration before freezing
[14,41]; see Appendix A for details.

ND was performed at the cold triple axis spectrome-
ters RITA-II at Paul Scherrer Institute (PSI), Switzerland
[42,43] and ThALES at Institute Laue-Langevin (ILL), France
[44—46]. In both ND experiments, the sample was mounted
in a 149 T cryomagnet with the c-axis along the field.
The incoherent elastic energy resolution was ~0.2 meV (full
width at half-maximum). The crystal was mounted to al-
low access to wave vectors Q = (A, k, 0), expressed in units
of 2 /a,2m /b, 0) (using orthorhombic notation); see Ap-
pendix D for details on the instrument setup. The sample
configuration allowed us to measure the peaks from the
stripes, which appear as a quartet of weak peaks around the
antiferromagnetic point Qapm = (1, 0, 0) [47].

To measure the interplanar magnetic correlations, the sam-
ple was mounted with the c-axis in the scattering plane in
a horizontal field magnet. The experiment was carried out
at the RITA-II spectrometer with the same configuration as
described above (and in Appendix D).

The uSR measurements were carried out at the General
Purpose Spectrometer [48] and the high transverse field spec-
trometer HAL9500 [49], both located at PSI. We used a
smaller piece of the same sample and applied the magnetic
field along the c-axis. See Appendix C for details on the uSR
measurements and data analysis.

We performed hard x-ray diffraction experiments at
the BW5 beamline at HASYLAB, Deutsches Elektronen-
Synchrotron, Hamburg, Germany. Here we looked for a
signature of charge-density waves. The sample was cut into
a thin slice (d = 1.4 mm) in order to reduce the absorption,
meaning that 10% of the incoming beam was transmitted
through the sample.

The magnetization measurements were carried with the
magnetic field applied along the c-axis in a vibrating sample
magnetometer (VSM) in a Physical Properties Measure-
ment System (PPMS) located at the Technical University of
Denmark.

III. RESULTS

A selection of raw ND data is presented in Fig. 1(a), show-
ing a clear field-induced peak at 14.9 T. The intensity of the
peak decreases with decreasing field, but a tiny signal may
still be present at 2 K in zero field. However, the error on the
fitted amplitude in zero field is nearly as large as the value
itself. We fitted the data using Gaussian peaks on a sloping
background. Due to the weak signal, not all parameters were
fitted simultaneously. The peak center and width show no
visible dependence on the magnetic field, and we have thus
fixed these to the values obtained at 14.9 T.

The stripe peaks are present at all four scattering vectors
Qstripe = (1 £ 6, £8k, 0) with §, =~ §;, = 0.124(2), and they
correspond to a period-8 antiferromagnetic modulation along
the Cu-O bonds. The peak located at (1 + 85, —6, 0) was
used for the temperature and magnetic field dependence stud-
ies. The full width at half-maximum of the peak is 2w =
0.019(2) r.l.u., which is similar to measurements on other
La-214 cuprates at similar cold neutron instruments; see, e.g.,
Ref. [19].
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FIG. 1. (a) ND data measured at RITA-II at 1.6 K, counting
between 7 and 18 min per point. Each data set is offset by a multiple
of 1.5 a.u.. Solid lines are Gaussian fits, as described in the text.
(b)—(d) Examples of £SR asymmetry data in applied magnetic fields
measured at HAL9500. Solid lines are fits as described in the text,
and dashed envelopes highlight the difference in the fitted relaxation
rates.

The intrinsic width of the peak (y) is related to the corre-
lation length of the stripe regions, éapv = 1/y. To determine
Earm, We need to account for the instrument resolution, o.
Since the resolution function depends on the scattering angle,
the resolution near the forbidden (100) peak cannot be de-
termined experimentally from measurements of other peaks,
such as the (200) nuclear Bragg peak [50]. We have therefore
estimated the instrument resolution for the particular scan
in two ways: (a) simulating an ideal sample using McStas
[51], which is known to reproduce linewidths to a precision
of a few percent [43,52], yielding o = 0.0147 r.l.u., and (b)
measuring the second-order scattering on the nominal (100)
peak, yielding o = 0.0170 r.l.u. From these two estimates,
the intrinsic width of the peak is (a) y = 0.012(3) r.l.u. or
(b) y =0.009(12) r.l.u. (i.e., not significantly different from
0). A conservative lower bound on the correlation length of
the stripe regions from estimate (a) is éapm = 1/y > 14 nm,
while estimate (b) is consistent with long-range order.

Figures 1(b)-1(d) show a selection of ©SR asymmetry
spectra in a rotating reference frame (RRF) chosen such
that the very high muon spin precession frequencies at high
fields are scaled down for better visualization of the data.
The RRF frequency is 130 MHz at 1 T and 1080 MHz at
8 T. In panel (b), data taken at 50 K show an undamped
oscillation of the muon spin asymmetry that is well described
by a model including a single Gaussian component with a
frequency corresponding to the external magnetic field of 1 T.
This behavior is expected for a paramagnetic sample. At 5 K
and 1 T in panel (c), the spectrum shows a clear decay of the
muon spin asymmetry, which is dominated by one oscillating
component with Gaussian relaxation. In panel (d) at 8 T and
5 K, the time evolution of the muon spin asymmetry is best
described using two distinct components corresponding to the
magnetic and nonmagnetic regions in the sample, respectively.
Below, we argue that the nonmagnetic regions of the sample
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FIG. 2. The low-temperature magnetic field dependence of the
neutron diffraction intensity from the stripe phase (blue) and the
magnetic volume fraction measured with uSR (gray).

are superconducting. The pronounced rapid decay of the
muon asymmetry at early times is modeled by a Gaussian
oscillation with an enhanced relaxation rate, consistent with
muons stopping in magnetically ordered regions. The mag-
netic and SC components have rotation frequencies w,, and
wsc, and Gaussian decay parameters oy, and ogsc, respectively.
For details on the «SR data treatment, see Appendix C.

Figure 2 shows the main result of this study, namely the
linear dependence of the ND intensity and magnetic volume
fraction (V;;) found with ©SR measured at low temperatures
(RITA-IT at 1.8 K, ThALES at 1.5 K, and HAL9500 at 2.5 K).
The linear dependence has been found in two different neutron
experiments, and their axes have been scaled independently to
have the linear fits coincide on the arbitrary scale. The SR
measurements are on an absolute scale and directly show that
the magnetically ordered fraction of the sample scales linearly
with applied field.

In Fig. 3 the temperature dependences of parameters found
with three different techniques are displayed together. Fig-
ure 3(a) shows the integrated intensity of the ND peak
measured at ThALES. The magnetic ordering temperature is
determined to Ty = 39(1) K for both 6 and 12 T.

Figure 3(b) displays V;, as a function of temperature, ex-
tracted from the uSR data. The fast relaxation associated with
magnetic order vanishes at 40(1) K, consistent with Ty =
39(1) K found with neutrons. Panel (c) shows that the re-
laxation rate osc of the nonmagnetic regions takes a constant
value of 0.47 us~' at higher temperatures. On cooling below
32 K, osc increases to reach a value of 0.95(5) pl.s’1 at 2 K.
In panel (d) the rotation frequency of the muons in the non-
magnetic regions is seen to be constant at high temperature,
with a value that corresponds to the external magnetic field.
The small negative shift of wsc below 38 K together with the
increase of ogc appearing below 7; is typical for SC and can
be understood in terms of a broadening of the field distribution
due to the formation of a flux line lattice within the SC state
that forms below 7; [53]. We thus ascribe this nonmagnetic
component at low temperatures to muons stopping in SC
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FIG. 3. (a) The intensity of the ND peak as a function of tem-
perature for applied fields of 6 and 12 T. The solid lines are linear
fits to the 6 and 12 T data in the range 20—40 K. (b)-(d) SR fitting
parameters determined in 8 T. The solid line in (b) is a linear fit to
Vi in the range 30-40 K. The constant lines in (c) and (d) are fits
to osc and wsc above 38 K. (e) T. onset and 50% magnetization
point as a function of field, found from field-cooled magnetization
measurements.

regions of the sample, as done in Refs. [29,30]. There is no
evidence of a third component that is simultaneously non-SC
and nonmagnetic.

The temperature dependence of the sample magnetization
is shown in Fig. 3(e). We measured for seven different field
values in the range 0.1-9 T. The transition from the normal
to the SC state broadens drastically with applied field. The
raw data and fits are shown in Fig. 7 in Appendix B. We
determine the onset of the SC transition T onser as well as
the 50% magnetization point T 504 as a function of field with
linear fits to the magnetization data; see Fig. 7 in Appendix B.
From the field dependence of T in low fields, it is possible to
give an estimate of the critical field, H.,(0), and thereby the
superconducting coherence length, &, using the Werthamer-
Helfand-Hohenberg (WHH) model. This crude estimate gives
H(0)~ 17-54 T and £ ~ 2.5-4.5 nm in agreement with
other dopings of La,_,Sr,CuO, [54]. See Appendix B for
details on the WHH model.

In Fig. 4 the /-dependence of the amplitude of the magnetic
peak is shown. Sample rotation scans were performed above
Tx and subtracted as background from the low-temperature
data at 2.3 K. This procedure was performed in zero field and
in an applied field of 5.5 T. The data were binned with a step
size of 0.3 r.l.u. along /. Due to the mismatch between the
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FIG. 4. Neutron diffraction intensities show the two-dimensional
nature of the magnetic peak along the /-direction, measured at 2.3 K.

poor out-of-plane resolution of a triple-axis instrument and
the rodlike signal along ! from the magnetic scattering, it is
extremely difficult to get adequate statistics for this experi-
ment. Moreover, the maximum field strength of the horizontal
field magnet is 5.5 T, and only about 20% of the sample is
in the magnetic phase at this field. With a counting time of
48 min per point, it was only possible to extract the amplitudes
of Gaussian fits with fixed values of the width and center
(the background is zero due to the subtraction). Under these
conditions, the data show a field-induced magnetic signal but
no intensity modulation along /.

We searched for a field-induced x-ray diffraction signal
at (£0.25, £0.25,1) for several values of [ = 8, 8.25, 8.5,
9.5, 11.5, and 12.5 in an applied field of 10 T. Even with an
extreme counting time of up to 7.5 min per point, no signal
was found. Figure 5 shows an example of our raw data.

IV. DISCUSSION

The onset of the magnetic signal is found, within error,
at the same temperature, independent of applied field (6, 8,
and 12 T) measured with both ND and uSR; see Figs. 3(a)
and 3(b). At 8 T, the SC transition (7. onset) found with
magnetization measurements coincides with the onset tem-
perature found by uSR at 8 T as seen in Fig. 3(e) compared
to Figs. 3(c) and 3(d). At low fields, the SC and magnetic
phases have the same transition temperature, but at higher
fields the two transition temperatures differ from each other,
as Ty remains unchanged while T is suppressed with field.
This result is consistent with findings in La,_,Sr,CuQO4 with
x = 0.10 having Ty ~ T.(H = 0) = 30 K [20]. While the
similarity of 7y and 7. at low fields might be seen as an
indication of one correlated phase, we interpret the different
onset temperatures at higher field values as a signature of two
competing phases—magnetic and SC—with almost degener-
ate free energy in zero field. The application of a magnetic
field favors the formation of regions with quasistatic stripe
order and suppresses 7.
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FIG. 5. Examples of the raw data from the x-ray diffraction
experiments. No field-induced diffraction peak indicating charge
density waves can be found in the data measured at 3 K and 10 T
(gray points).

Extrapolating our SR results to higher fields in Fig. 2,
Vi reaches 100% at By, ~ 23 T, suppressing the SC phase
completely. This is consistent with our crude estimate of
H.,(0) =~ 17-54 T from the WHH model. This further in-
dicates that the magnetic stripe phase and SC competes. It
is, however, remarkable that we find no evidence of charge
stripes of the type observed in other La-214 compounds, even
though we used the exact same method as in Refs. [55,56].
This finding is consistent with a picture of magnetic fluc-
tuations rather than static magnetic (and structural) order.
In Ref. [57] it is discussed how the formation of static
charge stripes happens, and that the relationship between
charge nematicity and the magnetic stripe signal may not
be simple.

In zero field, a tiny ND signal seems to be present, while
no static magnetism is observed with «SR. The small discrep-
ancy between the results may be explained by the difference in
timescale between the two techniques. Cold neutron measure-
ments probe a timescale of ~10~!! s and cannot distinguish
fluctuations on longer timescales from static magnetism. In
contrast, high transverse field ©SR measurements probe a
timescale of ~10~7 s. Magnetic moments fluctuating on a
timescale between these two values would thus be seen as
static by the neutrons, but as fluctuating by the muons. The
difference between the two techniques may thus be recon-
ciled if the stripe signal is not truly static, but rather slow
fluctuations, as discussed, e.g., in Refs. [21,58,59]. Therefore,
the peak at 0 T likely does not originate from truly static
moments, but low-energy fluctuations picked up by the finite
energy resolution of the instrument.

The ND peak at low temperature increases linearly with
magnetic field; see Fig. 2. The measured ND intensity scales
as [ « VmMi, where V,, is the magnetic volume fraction and
M is the component of the ordered moment perpendicular to
the scattering vector [50]. At the same time, our SR experi-
ments show a pure SC phase at zero field and a linear increase

of Vi, with applied field. Combining the results of the two
techniques, constituting a local probe and a coherent probe,
we conclude that the observed increase in the ND signal is
caused purely by an increase in V;,, and not by an increase of
M,.

Previous ND investigations of La,_,Sr,CuQO,4 in samples
that exhibit near 100% magnetic volume fraction in zero field
[19,60] found a field-enhanced intensity, which was ascribed
to an increase in the ordered moment of preexisting magnetic
order. A similar interpretation was presented for La;CuOg4,
in Ref. [25]. In contrast, the linear increase in the magnetic
scattering intensity in our sample can be fully accounted for
by the linear increase in the magnetic phase fraction derived
from the muon signal, leaving no evidence for an increase in
the size of the local moments. This raises an apparent con-
tradiction. While the phenomenology of the field-enhanced
scattering in the two systems seems incompatible with a single
mechanism, it seems unlikely that the effect of a magnetic
field in two such similar La-214 systems is fundamentally
different. Below we present an interpretation of the available
data, which allows for a single description favoring the phase
fraction description.

There are only a few studies of the field-dependent mag-
netic scattering that include both #SR and neutron diffraction
data. This makes it difficult to construct a direct connection
between phase fractions and the magnetic scattering inten-
sity. An exception is the combined ND and uSR study of
La,_,Sr,CuO4 samples of x = 0.105, 0.12, and 0.145 in
Ref. [19]. Of particular note is the La,_,Sr,CuQO, sample with
x = 0.12, which shows significant field enhanced scattering
but near 100% magnetic phase fraction even in zero field.
However, uSR does not measure local moments directly, but
rather the local magnetic field, which is influenced by mo-
ments arrayed over a range of around 10-20 A. Reference [19]
notes that the magnetic structure of the x = 0.12 sample may
be inhomogeneous at this lengthscale.

Thus, a possible connected picture emerges. In the
Lay_,Sr,CuOy,, sample reported here, phase separation cre-
ates large magnetic and SC regions, and the application
of a magnetic field increases the magnetic volume fraction
in a straightforward manner. In the La,_,Sr,CuQO, sample
with x = 0.12, a frustrated tendency towards phase separation
leads to inhomogeneity on a subnanometer scale. Application
of a field again favors the formation of the striped magnetic
region, but in this case the induced stripe phase fills the spatial
gaps between existing striped regions, creating a more homo-
geneous phase and larger local fields at the muon sites.

A similar explanation of a field-induced shift in balance
between the volume of two competing volume fractions could
be relevant also for the superconductor YBa;Cu3Og.,, where
Ty ~ T; and a linear field dependence of the magnetic neutron
diffraction peak is observed [61].

In general, there 1is experimental evidence that
magnetic stripes coexist with SC in the La-214 materials
[4,5,55,56], but it remains unknown if the coexistence is
microscopic or not. The superconducting coherence length
in this sample has been estimated via the WHH model to
be in the range & = 2.5-4.5 nm, which is in agreement
with other La,_,Sr,CuO4 compounds, e.g., Ref. [54]. We
find the lower limit of the magnetic correlation length to be
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significantly larger, £apv > 14 nm. These findings suggest
that the field-induced stripe order is correlated beyond the size
of a vortex core, in agreement with, e.g., Ref. [20]. Therefore,
the simple picture that magnetism is found only inside the
vortex core is inadequate, and further investigations of the
overlap between the magnetic and SC phases are needed.

When discussing domain sizes, it is important to note
that these systems are somewhat two-dimensional in nature.
There is a striking parallel between the phenomenology of
broken interlayer Josephson coupling detected optically, and
that of the field dependence of stripe magnetic order detected
by neutron diffraction: When stripe order is well-developed
and T, strongly suppressed, as in the case of La;_,Ba,CuOy4
and Lay_,_,Nd,Sr,CuOy4 near x = 1/8, 2D superconducting
correlations are detected in zero magnetic field [36], while the
incommensurate stripe magnetic order is field-independent
[19,62]. On the other hand, stripe order is less well-developed
under zero-field conditions in underdoped La,_,Sr,CuQOy, and
T. is correspondingly less suppressed. In this family of mate-
rials, diffraction studies indicate field-enhanced Bragg peak
intensities [19,20], and as stripe order strengthens, optical
studies indicate a gradual emergence of 2D superconductivity
[35,36]. It therefore appears that stripe order and 2D super-
conducting correlations go hand in hand.

The intensity of the ND signal from magnetic stripes shows
no or little variation along the out-of-plane /-direction. This
demonstrates that the field-induced magnetic peak in our sam-
ple is two-dimensional, different from the zero-field magnetic
signal in La,_,Sr,CuO4 where short-ranged magnetic corre-
lations along the c-axis were found for x = 0.10 [63] and
x = 0.12 [60]. Also in LayCuQy,, pronounced modulations
along / have been found [15]. It is, however, possible that
any modulation of the neutron signal from a single (magnetic)
domain could be washed out, and thus remain unobserved,
due to a scattering signal from other magnetic domains (e.g.,
due to twinning in the crystal) with large intensity at different
[-values [60]. Thus, observation of (short-range) magnetic
c-axis correlations could depend on systematic or accidental
detwinning of particular samples.

Some of us have studied other codoped samples of
La;_,Sr,CuOy,, with values of the Sr-doping x being 0.04,
0.065, 0.09, and 0.115. For the sample with x = 0.09, we
found no field-enhancement of the ND stripe signal [64]. This
could suggest that parts of the x = 0.09 sample would display
2D superconductivity, while other parts would be stripe-free
and 3D superconducting.

The magnetic volume fraction in zero field for codoped
samples with different Sr content varies between 20% and
65% [29]. Our sample, however, has no magnetic volume frac-
tion in zero magnetic field. One can speculate that our sample
is positioned at the crossover point between annealed order
(O-doping) and quenched disorder (Sr-doping). This would
mean that the local doping is so evenly distributed that there
is no spatial variation that favors magnetic domain formation.
A systematic study of this effect could be interesting.

V. CONCLUSION

In conclusion, by combining neutron diffraction, muon
spin rotation, and magnetization measurements in strong

magnetic fields, we have found that La,_,Sr,CuO4, with
x = 0.06 shows no magnetic order at low temperature, and
that the application of a magnetic field induces stripe ordered
regions. The volume of these regions is proportional to the
applied field value, while the ordered magnetic moment is
field-independent. These findings are in contrast to the inter-
pretation of earlier, similar data on field-induced magnetism
in oxygen-stoichiometric La,_,Sr,CuQO,4 samples, where a
field-induced enhancement of neutron diffraction intensity
was interpreted to be caused by an increase in the ordered
magnetic moment. Our results make it relevant to reinvesti-
gate with SR whether the field-enhanced stripe signal in the
other La-214 cuprates is due to an increase of the ordered
moment, as previously concluded, or rather caused by an
increased magnetic volume fraction. The answer to this is
highly relevant for the understanding of the interplay between
magnetism and SC in the cuprate superconductors.

When comparing with similar studies of other
La;_,Sr,CuQOy4,, samples with different values of the Sr
doping, x, we find that our value, x = 0.06, presents the
perfect balance of quenched disorder doping and the annealed
ordered doping of mobile oxygen in order to avoid static
stripes from forming in zero magnetic field. If the sketched
equivalence of phenomenologies is correct, then what our
sample provides is a clean laboratory for studying the
competition between 2D superconducting, stripe-order (field
induced) and 3D superconducting, stripe-free regions.
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APPENDIX A: SAMPLE SYNTHESIS
AND CHARACTERIZATION

A large single crystal was grown at the Department of
Energy Conversion and Storage, Technical University of Den-
mark, in a mirror furnace using the traveling solvent floating
zone method. After cutting, we obtained a 20-mm-long cylin-
der with a diameter of 10 mm and a mass of m =7.9 g.
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FIG. 6. Magnetic moment measured before and after oxygena-
tion in an applied field of 20 Oe. The inset is a zoom-in of the
data measured after oxygenation, from which we obtain the low-field
onset critical temperature of 7, = 37.5(2) K.

The nominal Sr content of the material (from the mixing
of powders preceding the growth of the single crystal) was
x = 0.06.

We measured the magnetic response of a small piece of the
as-grown sample using an ac magnetic susceptometer setup
and found a diamagnetic signal below ~6 K, as shown with
red dots in Fig. 6. This value of the critical temperature is
consistent with other Sr-doped samples with x ~ 0.06 [65,66].
The sample was oxygenated at the University of Connecticut
through a wet-chemical technique for several months [29].
The rod was cut into pieces to fit it in the cryomagnets used in
the neutron experiments. A small piece of oxygenated sample
was measured with a VSM in an applied field of 20 Oe. It
reveals a single transition for our La;.94Srg.0sCuO4, sample,
shown in Fig. 6 in blue dots.

At low temperatures the sample is orthorhombic, and we
found a ~ b =533 A and ¢ =13.15 A. The most likely
structure is low-temperature orthorhombic, space group Bmab
[67], but multiple other space groups are possible depending
on the exact nature of the oxygen octahedral tilts [68].

Oxygen mobility and cooling rates

Excess oxygen has been shown to be mobile in
La;_,Sr,CuQOy,,, and, e.g., quench cooling of the sample
from 200 or 300 K yields very different low-temperature prop-
erties from after slow cooling [14,41]. For this reason, all our
experiments reported were performed using a slow cooling
rate (1 K/min or lower) from room temperature to 100 K
in order to provide consistency between measurements, and
to make sure the mobile excess oxygen ions find an optimal
configuration in the crystal structure before freezing.

APPENDIX B: MAGNETIZATION MEASUREMENTS
AND THE SUPERCONDUCTING PHASE

In Fig. 7, we display the measured magnetization for dif-
ferent applied fields. The magnetic response of the sample
at low temperatures is dominated by diamagnetism due to
the superconducting phase for all applied fields in this study
BLID).

The precise determination of a single 7 is made difficult by
thermal fluctuations [69] that broaden the transition from the
normal state to the superconducting state. We have therefore
used two different methods to obtain a measure of ;. as a func-
tion of applied field. The first method is to find the halfway
point between the full diamagnetic response and the normal
state response [70,71]. The open circles in Fig. 7 indicate
this 50% magnetization point for each field. In the second
approach, we have performed a linear fit to the sloping part
of the magnetization curves and found the intersection to the
high-temperature magnetization line as our onset temperature,
Tonset- In Fig. 8, both T, and the 50% magnetization points
are plotted as a function of applied magnetic field.
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FIG. 7. Magnetic moment measured at different magnetic fields applied along the c-direction. The black line is a fit to the constant region
above 50 K. The open circles indicate the 50% magnetization point between the lowest point measured and the high-temperature constant
value. The horizontal colored lines mark the lowest value obtained for each magnetization curve. Straight line fits are performed to the linear

part of the slopes to obtain a value for Tgpe-
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FIG. 8. T. onset and 50% magnetization point as a function of
field, found from magnetization measurements in Fig. 7. These are
the same data as displayed in Fig. 3(e) but here with the linear fits of
the WHH model.

Werthamer-Helfand-Hohenberg model

The Werthamer-Helfand-Hohenberg theory for type-II su-
perconductors can be used to estimate the upper critical field
at zero temperature, H,(0), from the slope of H, as a
function of temperature [72]. For simplicity, we restrict our
analysis to the dirty limit, where [72,73]

dHg
T -’
Typical values for —dH,/dT in La,_,Sr,CuQOy4 are 0.5-1.5
T/K, e.g., Ref. [71].

Using Ginzburg-Landau theory, the superconducting co-
herence length, &, can be estimated using [74]

H.»(0) = —0.697, (B1)

)

H(0) = e

(B2)

where &y = 2.06 x 10~!> Wb,

Using the halfway point of the magnetization curves to es-
timate H, we find —dH.,/dT = 0.67(9) T/K and T; 509, =
35.8 K in our sample, giving H,(0) =17(2) T and & =
4.5(6) nm. Using the onset of diamagnetism as an estimate of
H,, we find —dH.;/dT = 2.1(3) T/K and Tyuset = 37.6 K,
and thus H(0) = 54(8) T and & = 2.5(4) nm. This estimate
of H»(0) is likely an overestimate, as suggested by Ref. [73].
The lines in Fig. 8 show the fits to the WHH model.

We conclude that the superconducting coherence length
is between 2.5 and 4.5 nm, assuming that the WHH model
can describe our system. This estimate is, in itself, not self-
consistent with the dirty limit approximation of the WHH
model, where the superconducting coherence length should
be larger than the mean free path of the electrons, which
for La,_,Sr,CuQy is of the order 10 nm [75]. For more
precise results, a measurement of H.,(0) is required. Such
measurements are outside the scope of this work. We note,
however, that our estimates of H,,(0) are in agreement with

measurements of H(0) in a broad range of LSCO samples
[54].

APPENDIX C: MUON SPIN ROTATION

With the uSR technique, the time-dependent decay of an
ensemble of muons is measured. The muons enter the sample,
and in La,_,Sr,CuQy4 they reside at one unique interstitial
lattice site, which makes SR a local probe that is sensitive
to magnetic fields down to 10 uT inside the sample [53]. The
positive muons are initially completely spin-polarized, and
after implantation they precess in the local magnetic field with
a gyromagnetic ratio of y, = 2m x 135.5 MHz/T. Muons
are unstable particles, and they decay into a positron and a
neutrino-antineutrino pair with a lifetime of 7, = 2.2 us. The
positron is emitted preferentially along the direction of the
muon spin, and the recorded decay positron count rate thus
monitors the spin precession corresponding to the magnetic
field strength at the muon site. The wSR spectra obtained in
zero-field conditions cover a time window of about 10~°—
10~? s, which means that magnetic fluctuations faster than
this are averaged to zero, while magnetic fluctuations slower
than this are perceived as being static. The average muon
implantation depth is of the order 100 um, and hence the mag-
netic and superconducting properties measured with muons
are representative of the bulk sample.

We carried out two ;SR experiments at the SuS facility at
the Paul Scherrer Institute (CH), as described below.

1. Zero-field SR measurements

A zero-field experiment was performed on the GPS spec-
trometer. We used the forward (in front of the sample) and
backward (behind the sample) detector with respect to the
muon beam direction to derive the muon spin asymmetry,
defined as

Ni@t) — aN°()
NE(t) + aN®b(t)’

where « is a scaling factor to account for different efficiency
and solid angle coverage of the two detectors.

Figure 9 shows ZF-uSR data measured at 5 K, fitted by a
Gaussian Kubo-Toyabe (KT) function:

A(t) =1+ 3(1 — o?r*)exp(—0’1*/2).

From this we find 0 = 0.168(1)us~! ~ yul\, where A is the
second moment of the magnetic field distribution at the muon
site [76]. A Gaussian KT function models the relaxation of
muons stopping in a nonmagnetic environment with static and
randomly oriented nuclear moments. There is a slight devia-
tion between data and model for long decay times (>6 us),
which indicates that the moments may be fluctuating slightly
or that the system is not completely disordered, in agreement
with the neutron diffraction data shown in the main paper.

A(t) = (C1)

(C2)

2. High transverse field #SR measurements

In this work, we used the unique possibility of the
HAL9500 instrument to apply a magnetic field up to 8§ T to
the sample. The instrument has eight detectors in front of the
sample position and eight detectors behind. The muon
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FIG. 9. uSR spectrum recorded under zero-field conditions at
5 K. The red line is the result from a Gaussian Kubo-Toyabe-function
fitted to the data.

precession phase, normalization, and background counts of
each detector are fitted separately, while the key parameters
of the model (asymmetry, relaxation rates, and oscillation
frequency) are shared between all detectors. The positron
count rate in each detector is therefore fitted to the following
function:

N'(1) = Nyexp (—=1/7,)[1 + A@1)] + Ny,

where N'(¢) is the number of positrons detected at time ¢ in
detector i, and N} and N{;g are the initial number of positrons
and the background count in the detector, respectively. From
the asymmetry function, A(?), physical parameters such as
strength and distribution of the magnetic field within the sam-
ple can be extracted from fits to the models presented below.

The high transverse field ©SR data have been fitted with
a two-component model with the following function repre-
sented in a rotating reference frame:

A(t) =Vinexp (—opt?/2) cos(wmt + @)
+ (1 = Vi) exp (—ogct?/2) cos(wsct + ¢'),  (C4)

where wp, and wsc are the Larmor frequencies of the muon
spin, and oy, and ogc are the second moments of the magnetic
field distribution at the muon site. We denote the magnetically
ordered (superconducting) regions with the subscript m (SC).
The magnetic volume fraction of the sample is parametrized
by V. ¢ is the initial phase of the muon spin, determined by
the detector geometry.

In general, a fast relaxation of the uSR spectrum due
to magnetic correlations is analyzed using a model with an
exponential envelope. However, for simplicity we have cho-
sen a model where both signals are fitted with Gaussian
components. This choice does not affect our results or their
interpretation.

A selection of raw data and fits, shown in rotating reference
frames, can be found in Figs. 1(b)-1(d). We performed a
temperature dependence study with an applied field of 8 T,
and a field dependence study at 5 K.

(C3)

10 20 30 40 50
Temperature [K]

FIG. 10. The relaxation rate of the magnetic regions of the sam-
ple as a function of temperature [see Eq. (6)]. The sample was cooled
in an applied field of 8 T.

In Fig. 10 the magnetic relaxation rate is shown as a func-
tion of temperature in an applied field of 8 T. The relaxation
rate decreases as a function of temperature and reaches zero
at Ty. The other three fitting parameters (osc, wsc, and Vi)
can be found in Figs. 3(b)-3(d). w, was held constant at
1084.63 MHz in the constant applied field.

Figure 11 shows the fitting parameters as a function of
applied field measured at 2.5 K. The rotation frequencies for
the two regions of the sample, w, and wsc, both display
a linear field dependence with a slope of 135.5 MHz/T as
seen in Figs. 11(a) and 11(c). The magnetic relaxation rate at
2.5 K, oy, shows a constant value close to 4.5 us’l at high
fields, but displays a slight upturn at low magnetic fields,
Fig. 11(b). The superconducting relaxation rate, ogc, varies
little with field and has an average value close to 1 us~'. The
small fluctuations around this value are caused by systematic
uncertainties.

APPENDIX D: NEUTRON DIFFRACTION

Neutron diffraction was performed at the cold-neutron
triple axis spectrometers RITA-II at the Paul Scherrer Institute
(PSI), Switzerland and ThALES at Institut Laue-Langevin
(ILL), France. With a constant final energy of 5.0 meV, the
elastic energy resolution of the two experiments was close to
0.2 meV FWHM, while the q-resolution was around 0.025
and 0.015 r.l.u. FWHM at ThaLES and RITA-II, respectively.

RITA-II was configured in the monochromatic imaging
mode [42,43], giving an effective collimation of 40’ after
the sample. No collimation was used before the sample. No
collimation was used on ThALES, but the analyzer geometry
was unfocused (flat), and a boron-containing shielding was
mounted to cover all but the central analyzer crystal in order
to enhance the signal-to-noise ratio. In both experiments, a
Be-filter was placed between sample and analyzer to filter out
neutrons from second-order scattering.

In the RITA-II experiment, the scans were performed
along the (1 + h, —h, 0)-direction in reciprocal space, which
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FIG. 11. Parameters found from the two-component fits
[Eq. (C4)] as a function of applied field. A plot of V;, vs field can be
found in Fig. 2. The sample was heated and field-cooled to 2.5 K for
each value of the field.

requires a small adjustment of scattering angle (A4) for
each point of the scan. In contrast, in the ThALES
experiment, we minimized the variations in the back-
ground by doing pure sample-rotation (A3) scans. Here,
the scan direction is along a (slightly) curved path in

02 r  x=0.06 Stage 6 b
_ T=15K
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S
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g \P.
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FIG. 12. Neutron diffraction scan along /, centered at the Bragg
peak q = (104). The signal from the ordering of the tilted octahedra
appears on either side of the Bragg peak. The data are fitted by the
sum of three Gaussians (blue line): one central peak and two broad
satellites (green lines). The red lines indicate the position of the
stage-6 peaks at | =4 +1/6.

reciprocal space, but there is no change in the scattering angle
(A4).

Structural modulation: Staging

The excess oxygen atoms cause anti-phase boundaries
of the CuQOg octahedra tilt pattern along the c-axis, usually
denoted as ‘“‘staging” due to the similarity of intercalated
(staged) graphite [77]. The periodicity of these tilt patterns
can be observed as (pairs of) superstructure peaks when
scanning through Bmab-allowed peaks along [/, as shown in
Fig. 12. Earlier, we showed that the (main) staging peak
position shifts closer to the Bmab position with increas-
ing Sr content of the La,_,Sr,CuO4, samples, indicating
larger periodicity of the antiphase tilts [67]. Apart from
the Bmab peak, we observe two broad peaks centered at
(0,1,440.17) in our sample. The positions correspond to
a modulation of stage-6 or larger. The width of the peaks
indicates a distribution of tilt-pattern periodicities with other
stage values.
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