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Superconducting properties of La2(Cu1−xNix)5As3O2: A μSR study
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We report the results of muon spin rotation and relaxation (μSR) measurements on the recently discovered
layered Cu-based superconducting material La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45). Transverse-field μSR
experiments on both samples show that the temperature dependence of superfluid density is best described
by a two-band model. The absolute values of zero-temperature magnetic penetration depth λab(0) were found
to be 427(1.7) and 422(1.5) nm for x = 0.40 and 0.45, respectively. Both compounds are located between
the unconventional and the standard BCS superconductors in the Uemura plot. No evidence of time-reversal
symmetry breaking in the superconducting state is suggested by zero-field μSR measurements.
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I. INTRODUCTION

The relation between magnetism and superconductivity
is one of the most prominent issues in condensed matter
physics [1–10]. Since the discovery of cuprate high transition
temperature (Tc) superconductors, considerable efforts have
been made to investigate the role of in-plane impurities in
them. It is now well established that, in copper oxide su-
perconductors, nonmagnetic Zn ions suppress Tc even more
strongly than magnetic Ni ions [11–14]. Such behavior is in
sharp contrast to that of conventional BCS superconductors,
in which magnetic impurities can act as pair-breaking agents,
rapidly suppressing superconductivity [15,16]. Another inter-
esting behavior of unconventional superconducting systems
such as the heavy-fermion, high Tc cuprate, and iron-pnictide
superconductors is the dome shape of the chemical doping
dependence of Tc [17–20].

Recently, the first Cu-As superconductor was discov-
ered in layered La2Cu5As3O2 with Tc = 0.63 K [21]. When
Cu2+ is replaced by Ni2+, also in La2(Cu1−xNix )5As3O2,
the Tc exhibits a domelike structure. Remarkably, while
the superconductivity in cuprate- and iron-based super-
conductors is completely suppressed when the substitution
ratio of Cu or Fe exceeds 20% [22,23], superconductiv-
ity in La2(Cu1−xNix )5As3O2 persists until the substitution
ratio exceeds 60% [21]. In this case, the robustness of
superconductivity reveals the unexpected effect of impuri-
ties on inducing and enhancing superconductivity. Hence,
La2(Cu1−xNix )5As3O2 provides a broader platform for study-
ing the doping effect in the superconducting phase diagram.

*Corresponding author: leishu@fudan.edu.cn

Specific heat measurements have revealed that the opti-
mally doped La2(Cu1−xNix )5As3O2 (x = 0.40) sample shows
a sharp superconducting transition at Tc = 2.05 K, with a
dimensionless jump Ce/γsTc = 1.42 [21], consistent with the
BCS weak-coupling limit (1.43). In the superconducting state,
the temperature dependence of the specific heat coefficient
is described by a fully gapped model Ce/T ∝ e−�/kBT after
subtracting the upturn of Ce/T below T < 0.5 K, which is
attributed to the Schottky effect. These results suggest that
La2(Cu1−xNix )5As3O2 (x = 0.40) is a conventional BCS su-
perconductor with a fully developed energy gap. However, the
fit yields 2�/kBTc = 2.58 [21], much smaller than the BCS
weak-coupling limit.

Muon spin rotation and relaxation (μSR) experiments have
been widely utilized to probe superconductivity in type-II
superconductors at the microscopic level [24], and they are
free from the influence of the Schottky effect. Transverse-
field (TF) μSR measures the absolute value of the magnetic
penetration depth λ, which is related to the density of su-
perconducting carriers. The temperature dependence of λ is
sensitive to the lowest-lying superconducting excitations and
provides information on the symmetry of superconducting
pairing [25–30]. In addition, zero-field (ZF) μSR is a pow-
erful method to detect small spontaneous internal magnetic
fields due to the possible breaking of time-reversal symmetry
(TRS) at the superconducting transition. These can be as small
as 10 µT, corresponding to about 10−2 of Bohr magneton
μB [24,25,31–34].

Here, in order to study the doping effect on supercon-
ductivity, we perform μSR measurements on polycrystalline
samples of La2(Cu1−xNix )5As3O2 for x = 0.40 (optimal
doping) and x = 0.45 (overdoped). The temperature depen-
dence of superfluid density determined from TF-μSR is best
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described by a two-band superconductivity model. d-wave
superconductivity possibly exists in one of the bands, with
a fraction of the d wave smaller in the overdoped sample
than that in the optimally doped one. The superconducting
energy gap is larger for optimal doping, suggesting that the
coupling strength decreases with an increase of doping. Both
compounds are located between the unconventional and the
standard BCS superconductors in the Uemura plot. Mean-
while, no evidence of TRS breaking is suggested by ZF-μSR
measurements.

II. EXPERIMENTAL DETAILS

Solid-state reactions were used to produce polycrystalline
samples of La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45) [21].
The performed x-ray diffraction (XRD) studies and the den-
sity functional theory (DFT) calculation shows the band
structures of La2Cu5As3O2, indicating that this newly synthe-
sized sample is a layered superconducting compound, with
superconducting atomic layers consisting of a [Cu5As3]2−
cagelike structure [21].

μSR experiments were carried out using nearly 100%
spin-polarized positive muons (μ+) on the M15 beamline at
TRIUMF, Vancouver, Canada for x = 0.40, and the DOLLY
spectrometer of the SμS muon source at Paul Scherrer In-
stitute (PSI), Switzerland for x = 0.45, respectively. The
samples were mounted on a silver sample holder at TRIUMF
and a copper sample holder at PSI, respectively. Only a very
limited amount of muons stopped in the extremely thin copper
sample holder. In TF-μSR measurements, where the external
field is applied perpendicular to the initial muon spin polar-
ization, muons are implanted one at a time into a sample
which is cooled (from above Tc) in an external magnetic field.
Muon spins precess around the local field at the implantation
site, and the functional form of the muon spin polarization
depends on the field distribution of the vortex state, including
the magnetic penetration depth, the vortex core radius, and the
structure of the flux-line lattice. For ZF-μSR measurements,
the ambient magnetic field was actively compensated to better
than 1 µT. μSR data were analyzed using the MUSRFIT soft-
ware package [35].

III. RESULTS

A. Transverse-field μSR experiments

The μSR asymmetry spectrum usually consists of a sig-
nal from muons that stop in the sample and a slowly
relaxing background signal from muons that miss the sam-
ple, for example, stop in the sample holder. Figures 1(a)
and 1(b) show the typical TF-μSR muon spin precession
signals at an applied field of μ0H = 30 mT in the normal
(red squares) and superconducting states (blue circles) for
La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45) after subtracting
the background signal. The superconducting volume frac-
tions are estimated to be 60% and 70% from the TF-μSR
asymmetry at long times for x = 0.40 and 0.45, respectively.
Figures 1(c) and 1(d) show the Fourier transformations (FFTs)
of the total TF-μSR asymmetry. It can be inferred from the
figure that vortex states are constructed in both samples at low
temperatures [36]. Figures 1(e) and 1(f) show the details of
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FIG. 1. (a), (b) Representative TF-μSR asymmetry spectra A(t )
for La2(Cu1−xNix )5As3O2 [(a) x = 0.40 and (b) 0.45] in the normal
(red squares) and superconducting (blue circles) states with an exter-
nal magnetic field of μ0H = 30 mT after subtracting the background
signal. Solid curves: Fits to the data using Eq. (1). (c)–(f) Fourier
transformation of the total TF-μSR time spectra. (e)and (f) show the
details of the FFT spectra.

the FFT spectra. As shown in the figure, the magnetic fields in
the superconducting state and the normal state are relatively
close to each other. This is common in anisotropic powder
superconducting samples [37,38].

The TF-μSR time spectra after subtracting the background
signal can be well fitted by the function

A(t ) = A0 exp
( − 1

2σ 2
TFt

2)
cos(γμBst + ϕs), (1)
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FIG. 2. Temperature dependencies of the TF-μSR Gaussian re-
laxation rate σTF in La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45)
for μ0H = 30 mT. The arrows indicate Tc from resistivity
measurements [21]. Inset: The normalized superfluid density
σFLL(T )/σFLL(0) from Eq. (2) vs the reduced temperature T/Tc. Solid
curves: Phenomenological two-fluid model fits (see text).

where A0 is the initial asymmetry of the muon spin in the
sample. The Gaussian relaxation rate σTF due to the nuclear
dipolar fields in the normal state is enhanced in the super-
conducting state due to the field broadening generated by
the emergence of the flux-line lattice (FLL). γμ = 8.516 ×
108 s−1 T−1 is the gyromagnetic ratio of the muon, and Bs is
the magnetic field at muon stopping sites.

Figure 2 shows the temperature dependence of σTF ob-
tained from the fits using Eq. (1) for La2(Cu1−xNix )5As3O2

(x = 0.40 and 0.45). There are noticeable upturns in σTF that
develop below Tc = 2.2 and 1.8 K, respectively. The internal
field distribution in the vortex state is the convolution of the
FLL field distribution and the nuclear dipolar field distribution
of the host material:

σTF =
{√

σ 2
FLL + σ 2

dip (T � Tc),

σdip (T > Tc).
(2)

Above Tc, σTF = σdip generated from the nuclear dipolar
fields is roughly independent of temperature. Therefore, it was
fixed to the average value [0.1179(11) µs−1 for x = 0.45 and
0.127(2) µs−1 for x = 0.40]. The value of σdip is smaller for
larger x, consistent with the fact that the nuclear magnetic
moment of nickel is smaller than that of copper [39].

In the inset of Fig. 2, the normalized FLL relaxation rate
σFLL(T )/σFLL(0) is plotted versus the reduced temperature
T/Tc for x = 0.40 and 0.45. The data can be fitted with the
phenomenological two-fluid model [40,41]

σFLL(T ) = σFLL(0)[1 − (T/Tc)N ] (T � Tc). (3)

The fitting parameters are listed in Table I. There are sev-
eral common predictions for the value of N . For traditional
BCS superconductors, N ∼ 4. However, both values of N
for x = 0.40 and 0.45 are much lower than 4. The dirty-
limit d-wave model predicts a value of N = 2 [42,43].

TABLE I. Parameters from fits to TF-μSR data using the phe-
nomenological two-fluid model for La2(Cu1−xNix )5As3O2.

Parameters x = 0.40 x = 0.45

σFLL(0) (µs−1) 0.287(2) 0.300(4)
Tc (K) 2.08(4) 1.70(2)
N 2.72(17) 2.38(13)
λeff (0) (nm) 559.4(1.9) 547(3)
λab(0) (nm) 427.02(1.49) 418(3)
σdip (µs−1) 0.127(2) 0.1179(11)
Adj. R2 0.98443 0.99172

However, in the La2(Cu1−xNix )5As3O2 system, the upper
critical field Hc2(0) is estimated to be 3 T [21], giving an
estimated value of the Ginzburg-Landau coherence length
ξ (0) = [�0/2πHc2(0)]1/2 = 10.47 nm, where �0 = 2.07 ×
10−3 T m2 represents the magnetic flux quantum. Given
the metallic behavior, the mean free path can be esti-
mated by le = h̄kF/ρ0ne2 [44], with residual resistivity ρ0 =
0.34 m� cm [21], yielding le = 15 nm for x = 0.40. Thus,
La2(Cu1−xNix )5As3O2 may be a relatively clean superconduc-
tor with ξ/le ≈ 1. The predicted clean-limit d-wave model N
value is N = 1 [45]. As a result, our system may include both
s and d waves.

For powder superconductor samples with 0.13/κ2 �
H/Hc2 � 1 (κ = λ/ξ is the Ginzburg-Laudau parameter, and
H is the applied field), the Gaussian depolarization rate σFLL

is directly related to the magnetic penetration depth λeff

by [46,47]

σFLL

γμ

= 0.172(1 − b)[1 + 1.21(1 − √
b)3]�0

2πλ2
eff

, (4)

where b is the reduced applied field b = H/Hc2 = 0.01 � 1.
Therefore, the absolute values of effective magnetic penetra-
tion depth λeff (0) can be obtained and listed in Table I. In
addition, for layered superconductors, the in-plane magnetic
penetration depth λab(0) is also estimated by the relation
λeff (0) = 31/4λab(0) [27,48,49].

The effective magnetic penetration depth λeff for isotropic
superconductors is related to the density ns of superconduct-
ing carriers and m∗ by the general London equation [40]

λ2
eff = m∗

μ0e2ns
, (5)

where μ0 is the magnetic constant, m∗ is the effective electron
mass, and e is the elementary charge. Therefore, the FLL
relaxation rate σFLL is directly related to the superfluid density
through σFLL ∝ λ−2

eff ∝ ns. Then we can use microscopic mod-
els to investigate the gap symmetry of La2(Cu1−xNix )5As3O2

in more detail, as shown in Fig. 3.
The single-gap model is defined within the local London

approximation [50]

σFLL(T )

σFLL(0)
= 1 + 1

π

∫ 2π

0

∫ ∞

�(T,ϕ)

∂ f (E )

∂E

E dE dϕ√
E2 − �2(T, ϕ)

,

(6)

�(T, ϕ) = �0δ(T/Tc)g(ϕ), (7)

δ(T/Tc) = tanh{1.82[1.018(Tc/T − 1)]0.51}, (8)
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ature for La2(Cu1−xNix )5As3O2: (a) x = 0.40 and (b) 0.45. Curves
correspond to the s-wave, d-wave, s + s-wave, and s + d-wave
models.

where σFLL(0) is the FLL relaxation rate at zero temperature,
f (E ) is the Fermi-Dirac distribution function, ϕ is the angle
along the Fermi surface, and �0 is the maximum supercon-
ducting gap value at T = 0. g(ϕ) in Eq. (7) describes the

angular dependence of the superconducting gap. Here, g(ϕ) =
1 and | cos(2ϕ)| refers to the s-wave and d-wave model, re-
spectively.

The fitting parameters are listed in Table II. It is clear from
Fig. 3 that the d-wave model (the dashed yellow lines) does
not fit the data, also evidenced by the largest χ2

red in Table II.
The solid red curves in Fig. 3 representing the s-wave model
seem to fit the data well giving the reduced chi-square χ2

red =
1.74 and 2.19 for x = 0.40 and 0.45, respectively. Thus our
results preliminarily suggest the s-wave pairing for both over-
doped and underdoped samples for La2(Cu1−xNix )5As3O2

(x = 0.45 and 0.40). �(0) is larger for the optimal doping
sample, suggesting the coupling strength decreases with the
increase of doping concentration.

However, we notice that the superfluid density of x = 0.40
has a minor upturn at low temperatures. This may be due to
nodal or multiband superconductivity. As a result, in addition
to single-gap functions, we also employ the phenomenologi-
cal two-gap α model with a weighting factor f�1 [51–53],

σFLL(T )

σFLL(0)
= f�1

σFLL,�1 (T )

σFLL,�1 (0)
+ (1 − f�1 )

σFLL,�2 (T )

σFLL,�2 (0)
, (9)

where σ−2
FLL,�i

(T )/σ−2
FLL,�i

(0) (i = 1, 2) is the superfluid den-
sity contribution of one of the gaps.

While the smallest χ2
red in both compounds suggests that

the s + s model may be the best model, the resulting values of
2�2/kBTc are unreasonably small. The s + d model is also
better than the s-wave model according to the χ2

red values.
Moreover, the gap-to-Tc ratios 2�1,2/kBTc determined from
the s + d model are also close to the BCS theoretical pre-
dictions [2�s/kBTc = 3.43(3) for s wave, and 2�d/kBTc =
4.15(3) for d wave, respectively) for x = 0.45. Both s + s and
s + d models can well deal with the upwarping phenomenon
of superfluid density at low temperatures in x = 0.40. How-
ever, we also notice that the relaxation rate of x = 0.45 does
not show obvious upwarping at the current lowest temper-
ature of 0.27 K, and also the obtained f�d values for both
compounds are extremely small. More studies are needed to
determine whether d-wave superconductivity exists in one of
the bands.

B. Uemura plot

An Uemura plot [54–56] is shown in Fig. 4, includ-
ing elemental superconductors (such as Nb, Al, Sn, and

TABLE II. Parameters from the fits to the single-gap and two-gap models from TF-μSR data. The weighting factor of phenomenological
two-gap α model f�1 , zero-temperature superconducting gap �(0), zero-temperature magnetic penetration depth λab(0), and reduced χ 2

red from
fits of Eqs. (6) and (9).

Ni doping Model f�1 2�1/kBTc 2�2/kBTc λab(0) (nm) χ 2
red

0.40 s 1 3.69(17) 427.4(1.8) 1.74
d 1 6.68(37) 411(3) 4.46

s + s 0.95(3) 3.86(17) 0.20(13) 419(5) 1.31
s + d 0.70(12) 4.03(21) 5.62(7) 422(3) 1.50

0.45 s 1 3.34(7) 421.5(1.7) 2.19
d 1 5.09(26) 392(5) 12.9

s + s 0.988(154) 3.42(2) 0.262(2) 420(31) 2.06
s + d 0.976(114) 3.43(3) 4.15(3) 422(5) 2.09
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conductors fall within a band indicated by the red and orange lines.
The BCS superconductors are in the lower right region with blue
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Zn), cuprates, alkali-doped C60 (K3C60 and Rb3C60), heavy-
fermion superconductors, and La2(Cu1−xNix )5As3O2. In this
classification, unconventional superconductors usually lie in
the orange area for 1/100 � Tc/TF � 1/10, and conventional
BCS superconductors fall in the blue region for Tc/TF �
1/1000, where TF is the Fermi temperature [40,55].

For the quasi-two-dimensional (2D) systems, TF can be
estimated by the following relation [40,58],

kBTF = π h̄2ns
2D

m∗ , (10)

where ns
2D is the two-dimensional superfluid density within

the superconducting planes derived from the in-plane su-
perfluid density via ns

2D = ns
abd , where d represents the

interplanar distance. According to the general London equa-
tion Eq. (5), we can get the in-plane superfluid density through
ns

ab = m∗
μ0e2λ2

ab
.

Correspondingly,

TF = π h̄2λ−2
ab d

kBμ0e2
, (11)

therefore, TF of La2(Cu1−xNix )5As3O2 (x = 0.45 and 0.40)
are estimated, and the results are listed in Table III. As shown
in Fig. 4, La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45) fall in
the crossover between the unconventional superconducting
area and the conventional BCS region. The fact that Tc/TF is

TABLE III. Uemura plot parameters for La2(Cu1−xNix )5As3O2.

x λab(0) (nm) d (Å) TF (K) Tc (K) Tc/TF

0.40 427 22.44 964 2.11 ∼1/457
0.45 422 22.43 990 1.77 ∼1/560
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FIG. 5. (a) ZF-μSR time spectra at representative temperatures
for polycrystalline samples of La2(Cu1−xNix )5As3O2 (x = 0.45).
Curves: Fits to the data by Eq. (12). The background signal from
muons that stops in the copper sample holder has not been subtracted.
(b) Temperature dependence of the Gaussian KT relaxation rate σZF

for La2(Cu1−xNix )5As3O2 (x = 0.45). The red dashed line represents
Tc determined from the transport measurements. The gray dashed
line shows an average of σZF = 0.1336 µs−1.

larger in x = 0.40 than 0.45 may suggest a stronger pairing
interaction in x = 0.40.

C. ZF-μSR

To further investigate the superconductivity in
La2(Cu1−xNix )5As3O2, ZF-μSR experiments were
performed. Figure 5(a) shows the time evolution of the
decay positron count asymmetry, which is proportional to the
muon spin polarization, at temperatures above and below Tc

in x = 0.45. There is no noticeable difference between the
superconducting and the normal state, suggesting the absence
of a spontaneous magnetic field below Tc. Therefore, TRS
is conserved below the superconducting transition. Over the
entire temperature range, the ZF-μSR spectra can be well
described by the following function,

A(t )

A(0)
= (1 − fbg)GKT(t ) + fbgGbg(t ), (12)

where the two relaxing terms are the signals of the sample and
the background. A(0) is the initial total asymmetry at time t =
0, and fbg is the proportion of the background signal, which
has the same value as the one in the TF-μSR experiments.
GKT(t ) is the static Gaussian Kubo-Toyabe (KT) function [31]

GKT(σZF, t ) = 1
3 + 2

3

(
1 − σ 2

ZFt2
)

exp
( − 1

2σ 2
ZFt2

)
, (13)
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where σZF is the Gaussian KT relaxation rate which cor-
responds to the relaxation due to static, randomly oriented
local fields associated with the nuclear moments at the muon
site. Figure 5(b) shows that there is no significant change in
relaxation rate σZF down to the base temperature T = 0.27 K.
The average value of σZF is 0.1336 µs−1, consistent with the
typical nuclear dipolar moments of Ni and Cu [59–61].

IV. DISCUSSION

Low-temperature investigations are crucial for determin-
ing the superconducting pairing mechanism. Our TF-μSR
measurements were performed down to 20 mK, and the tem-
perature dependence of superfluid density suggests that the
two-band model best fits the data for both measured samples,
one of which is dominated by the s wave and the other in
such a small proportion that we cannot confirm whether it is
the s wave or the d wave under the current data conditions.
The two-band superconductivity scenario is also supported
by the density functional theory (DFT) calculations show-
ing that two bands crossing the Fermi energy contribute to
the Fermi surface in La2Cu5As3O2 [21]. Furthermore, the
temperature dependence of the upper critical field Hc2(T ) of
La2(Cu1−xNix )5As3O2 exhibits an upward curvature [21], sig-
nificantly different from the Werthamer-Helfand-Hohenberg
relation [62], which may also propose multiband supercon-
ductivity [63].

BCS superconductivity and Bose-Einstein condensation
(BEC) are two asymptotic limits of a fermionic superfluid.
Systems with a small Tc/TF < 0.001 are usually considered to
be BCS-like, while large Tc/TF values are expected only in the
BEC-like picture and are considered to be a hallmark feature
of unconventional superconductivity [40,54,64]. As shown
in Fig. 4, La2(Cu1−xNix )5As3O2 falls in the crossover area
between BCS and exotic superconductors regions, as many
other superconductors such as TRS breaking superconduc-
tors La7Ir3 and LaNiC2 [57,60,65], and multiband iron-based
superconductors BaFe2(As1−xPx )2 [66]. In the Uemura plot
classification scheme, these superconductors may not be tra-
ditional electron-phonon coupled BCS superconductors but
more as exotic unconventional superconductors.

More experimental evidence is required to investigate
whether d-wave superconductivity exists in one of the bands.
Table II shows that the proportion of the d wave decreases as
Ni concentration increases if it does exist. Such a behavior is
rare but was observed in layered cuprates La2−xCexCuO4−y

and Pr2−xCexCuO4−y, where a transition from d- to s-

wave pairing occurs near the optimal doping [67]. Also in
LaFeAs1−xPxO [68], the superconducting order parameter
evolves from nodal to nodeless as the doping concentration
exceeds 50%. Moreover, a crossover from a nodal to nodeless
superconducting energy gap was also suggested in skutteru-
dite PrPt4Ge12 through Ce substitution [69,70], although the
possibility of a transition from multiband to single-band su-
perconductivity cannot be excluded. In addition, a molecular
pairing scenario [45] was proposed to explain the transition
from nodal to nodeless superconductivity in Yb-substituted
CeCoIn5 [71]. The Yb doping increases the chemical potential
and drives a Lifshitz transition of the nodal Fermi surface,
forming a fully gapped molecular superfluid of composite
pairs. For La2(Cu1−xNix )5As3O2, the Fermi pocket around
the � point is relatively small according to the DFT calcula-
tions [21], and a detailed electronic structure study is required
to investigate whether the molecular pairing scenario can be
applied.

V. CONCLUSIONS

In summary, we performed ZF and TF-μSR measure-
ments on the recently discovered layered superconductor
La2(Cu1−xNix )5As3O2 (x = 0.40 and 0.45). The preserva-
tion of TRS is suggested by the ZF-μSR measurements.
In combination with the Hc2(T ) data and DFT calcula-
tions [21], the temperature dependence of the superfluid
density of La2(Cu1−xNix )5As3O2 measured by TF-μSR is
best described by the two-band model with the dominant s-
wave superconducting energy gap larger for optimal doping,
suggesting the coupling strength decreases with an increase of
doping concentration. Both samples are classified between un-
usual superconductors and traditional BCS superconductors
in the Uemura plot. More experimental evidence is required
to investigate whether d-wave superconductivity exists in one
of the bands.
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