
PHYSICAL REVIEW B 97, 134522 (2018)

Superconductivity drives magnetism in δ-doped La2CuO4

A. Suter,1,* G. Logvenov,2 A. V. Boris,2 F. Baiutti,2 F. Wrobel,2 L. Howald,3 E. Stilp,1,4

Z. Salman,1 T. Prokscha,1 and B. Keimer2

1Laboratory for Muon Spin Spectroscopy, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
2Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart, Germany

3SLS, Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland
4Materials for Energy Conversion, Empa, CH-8600 Dübendorf, Switzerland

(Received 23 June 2017; revised manuscript received 23 February 2018; published 27 April 2018)

Understanding the interplay between different orders in a solid is a key challenge in highly correlated electronic
systems. In real systems this is even more difficult since disorder can have strong influence on the subtle balance
between these orders and thus can obscure the interpretation of the observed physical properties. Here we present a
study on δ-doped La2CuO4 (δ-LCON ) superlattices. By means of molecular beam epitaxy whole LaO2 layers were
periodically replaced by SrO2 layers, providing a charge reservoir yet reducing the level of disorder typically
present in doped cuprates to an absolute minimum. The induced superconductivity and its interplay with the
antiferromagnetic order is studied by means of low-energy muon spin rotation. We find a quasi-two-dimensional
superconducting state which couples to the antiferromagnetic order in a nontrivial way. Below the superconducting
transition temperature, the magnetic volume fraction increases strongly. The reason could be a charge redistribution
of the free carriers due to the opening of the superconducting gap which is possible due to the close proximity
and low disorder between the different ordered regions.
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I. INTRODUCTION

The copper oxide–based high-temperature superconduc-
tors (cuprates) exhibit rich and complex physics [1]. Strong
electron correlations drive the parent compounds into an
insulating, antiferromagnetic ground state. Upon sufficiently
high doping of the copper oxide planes by electrons or
holes, superconductivity appears. Still, even for doping levels
where the highest superconducting transition temperature Tc is
reached, short-range antiferromagnetic correlations persist. In
some cuprates, the competition between superconducting and
magnetic orders causes a tendency towards electronic phase
separation, especially on the underdoped side of the phase
diagram. The phase coexistence of superconductivity and anti-
ferromagnetic stripe order in the La2−x−yMySrxCuO4 family
was observed at finite temperatures by neutron scattering for
M = Nd [2] and muon spin rotation (μSR)/NMR for M = Eu
[3]. Subsequent intense theoretical efforts showed (Ref. [4] and
references therein) that within the t-J model, there is close
competition between uniform d-wave superconductivity and
various stripe states and the real ground state is very susceptible
to disorder. One source of disorder in the cuprates is the dopant
atoms, which adds another level of complexity [5]. In this
respect, superoxygenated La2CuO4+δ [6,7] is an interesting
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family. There the excess oxygen intercalates in a self-organized
manner into the structure and thus forms antiferromagnetic
and superconducting regions [8]. Quite remarkably, magnetism
and superconductivity set in at the same temperature, indepen-
dent of the Sr content and characteristic of optimally doped
oxygen-stoichiometric La2−xSrxCuO4+δ [9]. Furthermore, the
concomitant magnetic propagation vector remains consistent
with that of the stripe-ordered cuprates.

II. SAMPLES

In this paper we demonstrate an approach to dope La2CuO4.
Rather than randomly substituting lanthanum by strontium,
which leads to microscale disorder, we replace single planes
of LaO with SrO dopant planes using atomic layer-by-layer
molecular beam epitaxy [10,11]. This allows much better
control over the disorder compared to bulk La2−xSrxCuO4+δ

and, at the same time, gives another degree of freedom, namely,
the separation of the charge reservoirs. In this way a system
on the mesoscopic scale can be engineered, allowing us to tune
the interplay between superconducting and antiferromagnetic
ground states. Figure 1 depicts a sketch of such a superlattice
which we call δ-doped La2CuO4. The distance between SrO
dopant layers is labeled by N , which is the number of half
unit cells separating them, and hence, we will abbreviate this
family as δ-LCON .

III. RESULTS AND ANALYSIS

Utilizing low-energy muon spin rotation techniques (LE-
μSR), we find a nontrivial enhancement of the magnetic
volume fraction below the superconducting transition of the
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FIG. 1. Sketch of δ-doped La2CuO4, here δ-LCON=11. Starting
from La2CuO4, a superlattice is formed by replacing single layers
of LaO with SrO planes. The general formula can be written as
R × [SrO-LaO-CuO2 + N × LaO-LaO-CuO2]; that is, the natural
counting is given in half crystallographic unit cells. R is adjusted
such that the overall thickness of the δ-LCON superlattices is about
40 nm. The negatively charged interface region around the SrO layer
will lead to a layered charge distribution throughout the superlattice,
as depicted with the light blue layers. An in-depth study about the
structure and charge distribution within the δ-LCON superlattices is
found in Ref. [10]. The crystal structure on the right sketches undoped
La2CuO4. Each copper ion (red) is in a spin-1/2, 3dx2−y2 configuration
with a strong antiferromagnetic in-plane coupling and a much weaker
out-of-plane coupling which leads, in bulk, to a Néel temperature of
about TN = 325 K [12].

δ-LCON superlattices that has a striking resemblance to bulk
superoxygenated La2−xSrxCuO4+δ . Furthermore, it is shown
that the superfluid density of δ-LCON is in line with the Uemura
relation [13]; namely, the superfluid density is anomalously
small and proportional to Tc on the underdoped side. LE-μSR
allows us to study internal magnetic field distributions of any
material [14] and thus is very well suited to investigating
systems with a complex interplay between magnetic and
superconducting ground states. By tuning the implantation
energy of the positively charged muon (μ+), the stopping
range can be varied between 5 and 300 nm (Appendix B).
For this study an implantation energy Eimpl was chosen such
that the full muon beam stops in the center of the superlattice.
In order to obtain information about the superconducting state
it is possible to study either the vortex state or the Meissner
state. From measurements in the vortex state the magnetic field
distribution is obtained. For a regular vortex lattice, the second
moment of the magnetic field distribution is proportional to
the muon depolarization rate σ (T ) and directly related to the
magnetic penetration depth λ(T ) as [15](

σsc(T )

γμ

)2

= 0.00371
�2

0

λ(T )4
, (1)

FIG. 2. (a) The muon depolarization rate σ (T ) as a function
of the temperature. It is obtained from field-cooling measurements
with the applied magnetic field Hext perpendicular to the δ-LCON

superlattice film plane. (b) The magnetic field probability distribution
(z components ‖ to Hext) of the vortex state. (c) The temperature
dependence of the measured magnetic field in the Meissner state. The
green dash-dotted line shows the expected temperature dependence
in the Meissner state taking into account λL obtained from the vortex
state and assuming a screening throughout the film. (d) The Uemura
plot with the δ-LCON results and an optimally doped La2−xSrxCuO4

film with a thickness of 40 nm. Data for the other systems are from
Ref. [24] and references therein.

where γμ is the muon gyromagnetic ratio, σsc =√
σ (T )2 − σ (T > Tc)2, and �0 = 2.067 × 10−15(T m2)

is the flux quantum. Equation (1) is an approximation, and a
more elaborate calculation leads to a magnetic-field-dependent
σsc(T ,B) [16]. However, σsc(T ,B) versus B shows a very
broad maximum, and field-dependent measurements (see
Fig. 11 in Appendix D) show that σsc(B) is in the field range of
40 mT � μ0Hext � 150 mT essentially constant. Figure 2(a)
shows the temperature dependence of σ due to the vortex
state, and Fig. 2(b) presents the magnetic field probability
distribution (z components) of the vortex state given by the
Fourier transform of the muon spin polarization function [see
Eq. (B3)]. The marked high-field shoulder is typical for a
regular vortex lattice. Since the film thickness, d � 40 nm,
is small compared to the London penetration depth λL, λ(T )
in Eq. (1) represents an effective magnetic penetration depth
[17]. The relation between them is approximately given by
λ2

L(T ) � c0λ(T )d, with c0 = 1/2. Measurements on optimally
doped La2−xSrxCuO4 with d = 40 nm were scaled such that
we obtained the bulk data, resulting in c0 = 4.3. Currently,
it is not clear why c0 from the scaling is about one order of
magnitude larger compared to the simple theoretical estimate.
Since the theoretical estimate is obtained for the bulk, i.e.,
ignoring any boundary conditions likely to be relevant in
the context presented here, we chose the experimentally
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determined scaling factor to estimate λL for the superlattices.
For the chosen geometry λL is equal to the in-plane magnetic
penetration depth λab. The Uemura plot in Fig. 2(d) shows
that the δ-LCON superlattices are in line with the hole-doped
cuprates.

Assuming a homogeneous superconducting state, measure-
ments in the Meissner state (zero-field cooled, Hext < Hc1

[18]) should show a corresponding magnetic field shift as
depicted by the dash-dotted line in Fig. 2(c). The absence
of any field shift in the Meissner state demonstrates that
superconductivity is layered in nature and likely localized
around the charged SrO layers. This is in line with the measured
charge distribution in δ-LCON [10].

In metal-insulator superlattices of the form R × [3 ×
La1.55Sr0.45CuO4 + N × La2CuO4] the charge-transfer effects
throughout the superlattices were modeled quantitatively
[19,20]. This is possible since the chemical potential as a func-
tion of Sr doping in La2−xSrxCuO4 has been experimentally
determined [21]. The result shows that superconducting layers
along the interfaces form with an extent of about one unit cell
(UC). As for the δ-LCON superlattices, the Josephson coupling
in the vortex state breaks down [field geometry as in Fig. 2(a)],
and the Meissner state is suppressed [as in Fig. 2(c)]. These
findings are further supported by the temperature dependence
of σ (T ), which does not follow the expected behavior σ (T ) ∝
[1 − (T/Tc)r ], r � 2, . . . ,6.

The situation is very reminiscent of the case of intercalated
Bi2212 and Bi2202 [22], in which the interlayer spacing
between adjacent CuO2 layers was tuned by intercalating
guest molecules. Above a critical separation the Josephson
coupling between adjacent layers becomes too weak, and only
the dipole-dipole interaction remains to align the pancake
vortices. The σ versus T behavior found there is essentially
identical to what is shown in Fig. 2(a). The superconducting
state of the δ-LCON superlattices can be summarized such that
superconducting layers are forming rather localized around the
SrO layers. The distance between these quasi-two-dimensional
superconducting layers range from ∼2.6 nm for δ-LCO3 to
∼7.9 nm for δ-LCO11; thus, the Josephson coupling between
layers is essentially suppressed, and only dipolar interaction
between vortices can stabilize the vortex lattice. Therefore,
the superconducting ground state is extremely anisotropic. A
very recent infrared spectroscopy study of charge dynamics in
δ-LCON confirms that the superconducting state in this system
is essentially two-dimensional [23].

μSR is a well-established method to study magnetic sys-
tems [25]. The reasons are that the ground state can be
studied in zero applied magnetic field, and a sensitivity of
about 10−3μB per unit cell is reached. Figures 3(a)–3(c)
show the time evolution of the muon spin asymmetry, A(t) =
A0 P (t)/P (0). A0 is the instrumental asymmetry, and P (t)
is the muon spin polarization of the time ensemble (see
Sec. B 1 a). For the δ-LCO3 superlattice A(t) shows a Gaussian-
like time evolution typical of a paramagnetic state in which the
loss of the polarization is governed solely by the dephasing of
the muon spin ensemble due to the quasistatic nuclear magnetic
dipole fields [26]. The very weak temperature dependence
of A(t) is an indication of the gradual slowing down of the
high-frequency short-range magnetic correlation still present
in the system. These zero-field results show that a SrO-layer

FIG. 3. Zero-field LE-μSR data for δ-LCO3 and δ-LCO11. The
measured asymmetry A(t) is proportional to the muon spin polariza-
tion P (t). (a) and (b) Asymmetry time spectra of the δ-LCO3 and
δ-LCO11 superlattices, respectively, measured at various tempera-
tures. (c) The short time asymmetry spectrum measured at T = 5 K of
δ-LCO11, where a clear spontaneous zero-field precession is visible;
(d) its Fourier transform. (e) The temperature dependence of the
internal magnetic field for δ-LCO11 at the muon stopping site.

separation of ∼2.6 nm is close enough to fully suppress the
antiferromagnetic ground state of the La2CuO4 layers due to
charge transfer. Essentially, δ-LCO3 behaves as a metal with
short-range antiferromagnetic correlations.

δ-LCO11 shows a drastically different behavior. The full
time spectra shown in Fig. 3(b) change from an initially
Gaussian-like behavior at high temperature to an exponential
one at low temperature. At short times and low enough
temperature, spontaneous zero-field precession is found [see
Fig. 3(c)]. This shows that δ-LCO11, different from δ-LCO3,
undergoes an antiferromagnetic transition. To be able to
quantify the changes in the asymmetry spectra, the following
zero-field fit model was used:

A(t) = A0P (t)/P (0)|ZF

= A1
(

1
3 + 2

3 {1 − (�t)2} exp
[ − 1

2 (�t)2
])

e−�t

+Aosc j0(γμBintt + φ) e−(σosct)2/2. (2)

Since the muon stopping distribution covers the whole super-
lattice, the asymmetry spectrum A(t) will be a superposition
of muons experiencing a paramagnetic surrounding (close to
the SrO doping layers) and muons stopping in an antifer-
romagnetic surrounding (far from the SrO layers). The first
term describes the paramagnetic response of the sample. �

is the width of the magnetic field distribution due to nuclear
dipoles, and � describes the slowing down of high-frequency
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TABLE I. Estimates of the magnetic and superconducting thick-
nesses. The second and third columns give the magnetic volume
fraction at Tc and zero temperature, respectively. The superlattice
repetition length is dN = (N + 1) × UC/2, with UC = 1.32 nm. The
magnetic layer thickness is therefore defined as dM(T ) = fM(T )dN .
An upper limit for the superconducting layer thickness is thus dS(0) =
dN − dM(0). The last two columns give the Tc of the superlattices and
λ−2

L . For λ−2
L two errors are given; the first is a statistical error estimate,

whereas the second is an estimate for the systematic errors.

dN dM(Tc) dM(0) dS(0) Tc λ−2
L

N fM(Tc) fM(0) (nm) (nm) (nm) (nm) (K) (μm−2)

3 0 0 2.64 0 0 2.64 28.8 9.5(3)(2)
7 0.13 0.5 5.28 0.69 2.64 2.64 17.8 8.4(3)(4)
8 0.27 0.7 5.94 1.6 4.16 1.78 24.3 11.3(4)(7)
9 0.10 0.4 6.60 0.66 2.64 3.96 26.8 9.4(2)(5)
11 0.32 0.54 7.92 2.53 4.28 3.64 24.6 9.5(3)(5)

short-range magnetic correlations. The second term describes
the regions which are antiferromagnetically ordered. The zero-
field precession signal is well described by a zero-order spher-
ical Bessel function. For a more detailed discussion of Eq. (2)
see Sec. B 1 a. The value of the internal magnetic field Bint is
a very sensitive measure of the doping level in La2−xSrxCuO4

[27,28]. We find Bint(T → 0) = 40(2) mT, which allows us
to estimate an upper doping level in the antiferromagnetic
regions of x < 0.01. Furthermore, this value shows that the full
electronic Cu moment of about 0.64μB is present in the antifer-
romagnetic state. The zero-field time spectra and temperature
dependencies of the asymmetries of δ-LCON , N = 7,8,9, are
found in Appendix C. The loss of the temperature-dependent
paramagnetic asymmetry 1 − A1(T )/A0 reflects the growth of
the magnetic volume fraction. In order to quantify this effect,
weak transverse field measurements (wTF) were carried out,
which allows us to measure the magnetic volume fraction fM

in a precise manner. The long-lived oscillation amplitude in the
wTF asymmetry represents muons in a non- or paramagnetic
environment. Figure 4 shows a typical wTF measurement in
an applied field of μ0Hext = 5 mT. The data were fitted to

A(t) = A0P (t)/P (0)|wTF

= ATe−(σ t)2/2 cos(γμ[μ0Hext]t + φ) + AL cos(φ). (3)

The magnetic volume fraction is given by fM = 1 − AT/A0.
For all para- and diamagnetic states AL ≡ 0. Therefore, the
finite value of AL found below TM for T = 5 K, depicted in
Fig. 9, clearly demonstrates the presence of a magnetic ground
state. The low-temperature magnetic volume fraction allows us
to estimate the superconducting layer thickness. Assuming that
the superlattices are laterally homogeneous, with no stripelike
electron patterns within the superconducting layer, magnetic
and superconducting layer thicknesses can be estimated, as
presented in Table I. It shows that the upper limit for the
superconducting layer thickness dS(0) � 2−4 nm, as sketched
in Fig. 1. This value is consistent with the dopant profile
in δ-LCON as measured by high-resolution and analytical
scanning transmission electron microscopy [11], and hence,
it is not too surprising that δ-LCO3 shows only marginal signs
of magnetism since dN � dS(0).

FIG. 4. Top: weak transverse field asymmetry time spectra for
δ-LCO11, measured in a field of μ0Hext = 5 mT. The red data set
is measured in the paramagnetic phase at T = 250 K, whereas the
blue data set is measured at T = 5 K. The low-temperature data
show an asymmetry offset AL, which demonstrates that a fraction
of muons samples a magnetic surrounding. Bottom: the magnetic
volume fractions fM(T ) versus temperature. All measured δ-LCON

superlattices show a clear change in slope at Tc, indicated by the
arrows; that is, the magnetic regions increase faster when the adjacent
metallic layers become superconducting. For clarity, the data sets for
fM(T ) for the different superlattices are shifted with respect to each
other.

A closer look at the temperature dependence of fM(T )
(Fig. 4) reveals a rather unusual behavior. Typically, fM(T )
shows a sharp upturn atTM as found in various copper- and iron-
based superconductors [9,28–30]. In contrast, for all δ-LCON ,
fM(T ) increases very gradually, almost linearly, when the
temperature is lowered. However, at exactly Tc there is a clear
trend change; dfM/dT is strongly increasing. As shown in
Appendix D, this behavior is also present when the external
magnetic field Hext is applied parallel to the superlattice
layers, thus ruling out that the observed effect is related to the
formation of a vortex lattice in the superconducting state. This
observation suggests that the magnetic and superconducting
ground states are coupled.
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IV. DISCUSSION

This strongly resembles trends found in La2−xSrxCuO4+δ ,
where dfM/dT also shows a clear trend change at Tc [9].
In the superoxygenated La2CuO4+δ/La2−xSrxCuO4+δ families
the excess oxygen is found interstitially and leads to a super-
structure [6,7]. Yet there are also marked differences from the
δ-LCON family. In δ-LCON the magnetic onset temperature
does not coincide with Tc and, e.g., for δ-LCO11 is as high
as TM = 150 K � 6Tc. Furthermore, the magnetic structures
of La2CuO4+δ and La2−xSrxCuO4+δ are stripe-phase-like,
whereas the zero-field spectra for δ-LCO9,11 suggest an antifer-
romagnetic ground state. Whether these differences are caused
by the inevitable disorder present in the superoxygenated
La2CuO4+δ/La2−xSrxCuO4+δ families is not clear at this stage.

On the theoretical side there has been little work published
which tries to establish a coupling of the superconducting and
magnetic orders. In Ref. [31] the authors discuss, in the context
of stripe formation, the coupling between incommensurate
antiferromagnetic and superconducting orders in terms of
the thermodynamics of fluid mixtures. They confirm that
fM(T ) may grow in the superconducting state, although not
giving a microscopic explanation of the simultaneous onset
of magnetism and superconductivity, TM ≈ Tc. Further exper-
imental and theoretical development is necessary in order to
gain a comprehensive understanding of the superconductivity-
induced long-range magnetic order in the La2CuO4-based
superconductors. A possible explanation of the trend change in
fM(T ) at Tc could be related to charge redistribution between
different phases caused by a lowering of the chemical potential
upon the opening of the superconducting gap in the super-
conducting phase; a mechanism similar to that discussed for
the superconductivity-induced charge redistributions between
different planes in the cuprates [32] or between different elec-
tronic bands in the multigap Fe-based superconductors [33].
In δ-LCON , as soon as the regions around the SrO layers turn
superconducting, for holes residing in the antiferromagnetic
regions, it would energetically be favorable to migrate into the
“active” superconducting layers below Tc, thus “cleaning up”
the antiferromagnetic layers and leading to a stronger increase
in fM. This could be possible in these systems due to the meso-
scopic proximity. Whatever explanation proves correct, the
advantage of systems such as the presented δ-LCON over the
homogeneously doped bulk cuprates is the much higher level
of control over the spatial parameters in these systems. Further
high-resolution transmission electron microscopy and resonant
x-ray experiments are necessary to verify the correlation of
the out-of-plane charge distribution and associated structural
distortion [11] with the onset of the superconductivity in
δ-LCON in order to shed light on the intriguing interplay
between superconductivity and long-range antiferromagnetic
order in the La2CuO4-based superconductors.
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APPENDIX A: SAMPLE FABRICATION AND
CHARACTERIZATION

Sr-δ-doped La2CuO4 superlattices were synthesized on
LaSrAlO4 (001) substrates (Crystec GmbH) using an atomic
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FIG. 5. Bulk phase diagram: Tc versus Sr doping for
La2−xSrxCuO4. Black points are from Ref. [35], blue points are
from Ref. [36], and orange points are from Ref. [37]. Red closed
symbols are the Tc values plotted against the formal doping level
x = 1/(N + 1) of the investigated samples. Open red symbols are
from δ-LCON samples from Ref. [10].

layer-by-layer (ALL) oxide molecular beam epitaxy system
(DCA Instrument) [1]. In these superlattices LaO atomic layers
were substituted by SrO layers with predefined periodicity. In
this method the constituent elements (Sr, La, and Cu) were
deposited one atomic layer at a time from separate evaporation
sources. Flux calibration was routinely carried out prior to
each sample deposition using a quartz crystal microbalance,
whereas the growth process was monitored by employing
in situ reflection high-energy electron diffraction. The depo-
sition parameters were as follows: substrate temperature Ts ≈
600 ◦C according to an IR pyrometer and total pressure of the
gas mixture delivered from the ozone delivery system (ozone,
atomic oxygen, and molecular oxygen) p ≈ 1.5 × 10−5 Torr.
After the growth, the films were cooled down under the same
atmospheric conditions to ∼200 ◦C and then in high vacuum in
order to remove possible interstitial oxygen from the structure.
Every superlattice was characterized ex situ by atomic force
microscopy, x-ray diffraction, and the temperature dependence
of the resistivity and magnetic susceptibility measurements.
Selected samples were investigated using high-resolution scan-
ning transmission electron microscopy. Detailed information
concerning the superconducting properties, Sr distribution,
locus of superconductivity, oxygen octahedron distortions, and
mechanism of Sr segregation can be found in Refs. [10,11,34].
Figure 5 depicts the Tc versus Sr doping x diagram for bulk
La2−xSrxCuO4, together with the Tc values of the measured
δ-LCON samples. The formal Sr-doping level for the δ-LCON

samples is calculated as x = 1/(N + 1).

APPENDIX B: μSR AND LE-μSR

In order to study the magnetic and superconducting proper-
ties of these δ-LCON superlattices we utilized the low-energy
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FIG. 6. The μ+ stopping profile for an implantation energy of
E = 4 keV in δ-LCON , calculated with TRIM.SP.

muon spectrometer at the μE4 beam line of the Paul Scherrer
Institut in Switzerland [38].

μSR utilizes polarized positive muons (μ+). Implanted into
the sample, they thermalize within �10 ps and act as local
magnetic probes in the host material. Bulk μSR uses energetic
(∼4 MeV) muons originating from π+ decay at rest (“surface”
muons) [39]. The μ+ stopping range and straggling are on the
submillimeter scale in a solid; hence, they are suitable for bulk
studies.

Low-energy μSR makes use of epithermal muons (∼15 eV)
which are generated by moderation of surface muons in a thin
film of a weakly bound van der Waals cryosolid (wide-band-
gap insulator) [40,41]. By reaccelerating the epithermal muons
up to 20 keV and biasing the sample, it is possible to tune the
implantation energy in the range of 0.5 to 30 keV and thus
to implant the muons beneath the surface of any material in a
range of up to about 300 nm. The stopping range profiles are
calculated by the Monte Carlo program TRIM.SP, which treats
the positive muon as a light proton [42,43].

The stopping profile for the δ-LCON samples is shown in
Fig. 6.

1. Time evolution of the muon spin polarization

In a μSR experiment, a few million spin-polarized muons
are implanted one at a time into a sample. The muon spin evo-
lution of the ensemble is then measured as a function of time.
The evolution can be monitored by utilizing the fact that the
parity-violating radioactive muon decay is highly anisotropic
with the easily detectable positron emitted preferentially in the
direction of the μ+ spin at the moment of the decay.

Counting the variation of the decay positron intensity N (t)
with one or more detectors as a function of time after the muon
has stopped in the sample, it is possible to determine P (t), the
time dependence of the polarization along the initial muon spin
direction.

The experimentally obtained time histograms have the form

N (t) = N0 e−t/τμ

[
1 + A0

P (t)

P (0)

]
+ Nbkg. (B1)

N0 is a normalization constant reflecting the scale of the
recorded positrons. The exponent describes the decay of
the μ+ with the muon mean lifetime τμ. Nbkg is a time-
independent background of uncorrelated positron events. A0

is the maximum observable asymmetry which depends on the
solid angle of the detector system and also on the implantation
energy due to backscattering of muons. A0(E) is known
from calibration experiments on Ag. The relevant information
about the system under consideration is contained in the term
A0 P (t)/P (0).

a. Zero-field polarization function

Measured LE-μSR time spectra under zero-magnetic-field
conditions were analyzed with the polarization function

A0
P (t)

P (0)

∣∣∣∣
ZF

= A1

{
1

3
+ 2

3
[1 − (�GKTt)2]

× exp

[
−1

2
(�GKTt)2

]}
e−�t

+Aosc j0(γμBintt + φ) e−(σosct)2/2

+ AF e−λF t + ANi-tail︸ ︷︷ ︸
Ni Bkg contribution

. (B2)

The first term in Eq. (B2) is the product of a Gaussian
Kubo-Toyabe (GKT) function [26] and an exponent. The GKT
function describes the nuclear depolarization in the paramag-
netic state, where �GKT is the width of the static nuclear field
distribution. The exponent � describes the gradual change over
from the paramagnetic to the low-temperature magnetic state.
The second term describes the zero-field precession signal of
the antiferromagnetic state. The observed precession signal
is better described by a zero-order spherical Bessel function
than by a cosine in both phase and amplitude. This could
indicate that the antiferromagnetic ground state shows some
kind of modulation. One possibility could be the presence
of small domains. γμ is the muon gyromagnetic ratio. Bint

is the magnetic field measured at the muon site which, for
La2−xSrxCuO4, is proportional to the sublattice magnetization
of the antiferromagnetic state. The width of the magnetic field
distribution of the ordered state is described by σosc. Since the
sample is mounted on a nickel-plated aluminum sample holder
and some muons are missing the sample (<20%), a background
contribution is present. This is described by the last term in
Eq. (B2). It has been shown [44] that AF, ANi-tail, and λF are
temperature independent, and λF � 20 μs−1. Hence, only the
first ≈0.05 μs are distorted by a time-dependent background.

b. Transverse field polarization function

To obtain the magnetic volume fraction and to study the
vortex state in the superconducting phase, transverse field μSR
experiments were carried out. For this case the muon spin
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FIG. 7. Zero-field time spectra of the asymmetry, A(t) = A0P (t)/P (0), of the δ-LCON superlattices, measured at various temperatures.

polarization function can be written as

P (t)

P (0)

∣∣∣∣
TF

=
∫

d3B

{(
B‖
B

)2

+
(

B⊥
B

)2

cos(γμBt)

}
, (B3)

where B2
‖ + B2

⊥ = B2 and B‖,⊥ are the field components
parallel and perpendicular to the initial muon spin, respectively.
Let’s consider the case of a paramagnetic or superconducting
state. In this case the dominant field will be the applied one,
i.e., B‖ � 0 and B⊥ � Bext. Hence, P (t)/P (0) will be the
Fourier transform of the magnetic field distribution. In the su-
perconducting state this will lead to a damping σ of the muon

polarization function; σ can directly be related to the London
penetration depth [15].

In the case of a magnetic ground state, B will be the
superposition of the applied field Bext = μ0Hext, which is
applied perpendicular to the initial muon spin, and the internal
field distribution. For this situation, both terms in Eq. (B3)
will contribute. If Bext � Bint, where Bint is the internal field,
P (t)/P (0) will show an extremely strong initial damping due
to the symmetry breaking Bext. This means that the precession
amplitude will be strongly suppressed if the whole sample
volume is homogeneously magnetic, or in other words, the
loss of polarization is a direct measure of the magnetic volume
fraction. For more details see Ref. [45].
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FIG. 8. Temperature dependence of the zero-field asymmetries
A(t = 0,T ) of the δ-LCON superlattices. Top left: δ-LCO7; top right:
δ-LCO8; bottom left: δ-LCO9; bottom right: measured internal field
at the muon site of δ-LCO9. For δ-LCO9 it was very hard to precisely
determine Tmag. Therefore, instead of an arrow, a shaded box is given
as a crude-estimate region for Tmag. The blue points and green squares
show the temperature dependence of A1 and Aosc [see Eq. (B2)],
respectively.

The transverse field muon polarization function used is

A0
P (t)

P (0)

∣∣∣∣
TF

= AT exp(−σ 2t2/2) cos(γμBextt + φ)︸ ︷︷ ︸
paramag. part

+ AL cos(φ)︸ ︷︷ ︸
TF-tail

. (B4)

Applying a small external magnetic field Bext � Bint, fitting
only the paramagnetic fraction, i.e., B = Bext, and ignoring
the initial strongly damped part of P (t)/P (0), the magnetic
volume faction fM can be determined as

fM = 1 − AT/A0 (B5)

As a crosscheck, AL should start to grow at the magnetic
transition Tmag when the temperature is lowered.

Applying a strong external magnetic field Bext � Bint and
again fitting only the paramagnetic fraction, the damping σ

will reflect the broadening due to the vortex state. To be more
precise [15], (

σsc

γμ

)2

= 0.00371
�2

0

λ4
, (B6)

where σsc =
√

σ (T )2 − σ (T > Tc)2, �0 = 2.067 ×
10−15 (T m2) is the flux quantum, and λ is the magnetic
penetration depth.

FIG. 9. Temperature dependence of the transverse field asymme-
tries for Hext perpendicular to the δ-LCON superlattice layers. AT

and AL are as defined in Sec. B 1 b, Eq. (B4). Note the expected
suppression of AL for high applied magnetic fields, i.e., μ0Hext �
Bint .

In the Meissner state, after zero-field cooling and applying
a magnetic field Hext < Hc1, the magnetic field penetrates the
superconductor from the surface and decays exponentially as

B(z) = μ0Hext exp[−z/λ(T )], (B7)

where μ0 = 4π × 10−7H/m, z is the distance from the surface,
and λ(T ) is the magnetic penetration depth. Since we are
discussing thin-film properties, it is assumed that for the
Meissner screening measurements Hext is applied parallel to
the film surface. For a thin film with thickness d < λ(T ), the
magnetic screening profile will take the form

B(z) = μ0Hext
cosh[(d/2 − z)/λ(T )]

cosh[d/(2λ(T ))]
(B8)

since the magnetic field can penetrate from both sides. Differ-
ent from the vortex state where the depolarization rate σ is a
measure of the magnetic field distribution, in the Meissner state
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FIG. 10. Temperature dependence of the transverse field asym-
metries for Hext � Hc1 parallel to the δ-LCO7 superlattice layers.
The magnetic volume fraction fM [see Eq. (B5)] obtained from this
geometry corresponds, within the error bars, to the one obtained
from the perpendicular geometry. This demonstrates that potential
magnetic vortex states cannot be the cause of trends shown in Fig. 4.

the angular frequency ω̄(T ) = ∫
dz {n(z) γμB(z)}/ ∫

dz n(z)
can be used to map out B(z) according to Eqs. (B7) and (B8),
where n(z) is the muon stopping distribution. For further details
see Ref. [46].

All μSR data were analyzed using the MUSRFIT framework
[47].

APPENDIX C: ZERO-FIELD LE-μSR DATA OF THE
δ-LCON SUPERLATTICES

The zero-field time spectra of the δ-LCON superlattices are
shown in Fig. 7.

The temperature dependencies of the δ-LCON superlattice
asymmetries A(t = 0) are given in Fig. 8.
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FIG. 11. Field dependence of σSC =√
σ 2(T = 8 K) − σ 2(T = 35 K) for δ-LCO9 after FC. The field was

applied perpendicular to the film, i.e., out of plane. The red dashed
line is a guide to the eye. σSC is essentially field independent for
μ0Hext > 40 mT, which allows us to use Eq. (1) to determine λL.

APPENDIX D: TRANSVERSE FIELD LE-μSR DATA OF
THE δ-LCON SUPERLATTICES

The temperature dependencies of the δ-LCON superlattice
asymmetries, obtained from transverse field measurements
and Hext perpendicular to the superlattice layers, are given
in Fig. 9. AT and AL are defined in Eq. (B4). Figure 10
shows the corresponding data for Hext parallel to the su-
perlattice layers. Figure 11 shows the field dependence of
σsc =

√
σ 2(T = 8 K) − σ 2(T = 35 K) for δ-LCO9. As can

be seen, the value of σsc saturates for μ0Hext > 40 mT. All
the measurements used to determine σsc were carried out at
μ0Hext = 150 mT.
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