
Time-reversal symmetry breaking in s-wave superconductor CaPd2As2 probed by µSR

Aarti,1 K. Panda,2 D. T. Adroja,3, 4 A. Bhattacharyya,5, ∗ P. K. Biswas,3, †

A. D. Hillier,3 B. Lake,6 Samar Layek,1 and V. K. Anand1, 6, 7, 8, ‡

1Department of Physics, University of Petroleum and Energy Studies, Dehradun, Uttarakhand, 248007, India
2Department of Physics, Ariel University, Ariel 40700, Israel

3ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom
4Highly Correlated Matter Research Group, Physics Department,

University of Johannesburg, P.O. Box 524, Auckland Park 2006, South Africa
5Department of Physics, Ramakrishna Mission Vivekananda Educational and Research Institute,

Belur Math, Howrah 711202, West Bengal, India
6Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Hahn-Meitner Platz 1, D-14109 Berlin, Germany

7Department of Mathematics and Physics, University of Stavanger, 4036 Stavanger, Norway
8Department of Physics, National Institute of Technology Agartala, Tripura 799046, India

(Dated: December 21, 2024)

CaPd2As2 is known to superconduct below Tc = 1.27(3) K. In this work we examine whether the
time-reversal symmetry (TRS) is preserved or broken upon entering the superconducting state in
CaPd2As2, and probe its superconducting gap structure using muon spin relaxation and rotation
(µSR) measurements in zero-field (ZF) and transverse-field (TF), respectively. The analysis of ZF-
µSR spectra reveals an increase in muon spin relaxation rate λZF in the superconducting (SC) state
attesting the presence of a weak magnetic field. The appearance of spontaneous magnetic field
indicates the breaking of time reversal symmetry state upon entering the SC state of CaPd2As2.
The analysis of TF-µSR spectra provides information about the superconducting gap structure of
CaPd2As2 which is found to have a single-band isotropic s-wave symmetry. We find an isotropic
energy gap ∆(0) = 0.160(1) meV corresponding to 2∆(0)/kBTc = 3.37(3) which is close to the
weak coupling BCS value of 3.53. The analysis of TF-µSR also provides an estimate of effective
penetration depth which is found to be λeff(0) = 415(16) nm. Our µSR data thus find evidence for
TRS breaking in CaPd2As2 with a s-wave singlet paring which is not expected for a conventional
superconductor.

I. INTRODUCTION

Recently an increasing number of superconductors
have been found to exhibit time-reversal symmetry
(TRS) breaking [1–24]. Within the framework of BCS
theory of conventional superconductors, the occurrence
of superconductivity is understood in terms of sponta-
neously broken global U(1) gauge symmetry upon the
formation of Cooper pairs below a critical temperature
Tc. However, there are some superconductors which
break time reversal symmetry in addition to U(1) gauge
symmetry. The TRS broken state is characterized by
the spontaneous appearance of a weak magnetic field in
superconducting state. The muon spin relaxation and
rotation (µSR) technique proves to be a very useful tool
for probing the time reversal symmetry state of a su-
perconductor. Sr2RuO4 [3, 25–27] characterized by an
odd-parity chiral p-wave symmetry (px ± ipy) order pa-
rameter is a well-known example for which µSR detects
the spontaneous weak magnetic field upon entering the
superconducting state on account of TRS breaking. SrP-
tAs is another example of TRS broken superconductor
for which the order parameter is characterized by a chi-
ral d-wave symmetry (d + id) [9]. LaNiC2 is found to
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exhibit TRS breaking with possible triplet paring on ac-
count of the lack of a crystallographic inversion symmetry
[10]. The TRS breaking in these systems might arise due
to a non-unitary triplet pairing state or a mixed singlet-
triplet state. A recent review by Ghosh et al. can be of
interest for more details on theoretical and experimental
aspects of TRS breaking [1].

The µSR investigations have provided evidence for
TRS breaking in several nodeless full-gap superconduct-
ing materials, to mention some of them: A5Rh6Sn18
(A = Y, R, or Sc) [11–13], La7(Ir,Rh,Pd)3 [14–16],
Re6X (X = Zr, Hf and Ti) [5–8], and Zr3Ir [17]. For
A5Rh6Sn18 (A = Y, R, or Sc) a multi-component sin-
glet or triplet order parameter is proposed to explain
TRS breaking [1]. For La7(Ir,Rh,Pd)3 and Zr3Ir the
order parameter is proposed to be a singlet dominated
mixed-state [1]. In the case of Re6X (X = Zr, Hf and
Ti) for which crystal symmetry allows the formation of
microscopic super-current loops, a model based on loop
super-current order has been proposed to explain the
TRS breaking [1, 2]. In the case of a multi-band su-
perconductor, the development of a complex gap struc-
ture due to the inter-band interactions can cause a TRS
breaking [28]. While the TRS breaking in unconventional
and multiband superconductors have been discussed and
understood up to a certain extent, the TRS breaking in
a conventional electron-phonon mediated single-band s-
wave superconductor with a nodeless isotropic gap struc-
ture lacks theoretical understanding, and invites further



2

research. Sc5Co4Si10 [19] and CaPd2Ge2 [20] are two
such single-band s-wave TRS broken superconductors re-
cently investigated by some of us.

In our efforts to understand the possible mechanism
behind TRS breaking in single-band s-wave supercon-
ductor, some of us examined the symmetry allowed pair-
ing states in Sc5Co4Si10 which negated the presence of
non-unitary or mixed singlet-triplet state [19]. Theoret-
ical considerations suggest that TRS breaking by con-
ventional electron-phonon mechanism can be possible for
certain specific Fermi surface topography [19]. Very re-
cently, through our µSR study we found evidence for
TRS breaking in CaPd2Ge2 [20]. CaPd2Ge2 forms in
a centrosymmetric ThCr2Si2-type body-centered tetrag-
onal structure (space group I4/mmm) and exhibits su-
perconductivity below Tc ∼ 1.7 K [29]. Finding of TRS
breaking in single-band isotropic s-wave superconductor
CaPd2Ge2 motivated us to investigate the superconduct-
ing gap structure and time reversal symmetry state of the
related compound CaPd2As2.

CaPd2As2 adopts a ThCr2Si2-type body-centered
tetragonal structure (space group I4/mmm) and exhibits
superconductivity below Tc = 1.27(3) K [30]. The tem-
perature T dependence of the superconducting state elec-
tronic heat capacity Ce of single crystal CaPd2As2 has
been found to yield a reduced value of jump ∆Ce at Tc

with ∆Ce/γnTc ≈ 1.14 (BCS theory predicted value is
1.43) [30]. An analysis of superconducting state Ce(T )
data of CaPd2As2 within the framework of the α-model
of BCS superconductivity [31, 32] suggests that the
Ce(T ) data are well described by α = ∆(0)/kBTc = 1.58
instead of the the BCS expected value αBCS = 1.764
[30]. The reduced value of α and ∆Ce/γnTc despite sharp
superconducting transition in single crystalline sample
of CaPd2As2, which is thought of to be free of non-
superconducting impurity contributions, could be caused
by the presence of weak anisotropy in superconducting
gap structure [32]. A similar reduced values of α = 1.62
and ∆Ce/γnTc = 1.21 were found in the case of single
crystal CaPd2Ge2 [29], however the µSR measurement
[20] revealed a fully gapped isotropic s-wave supercon-
ductivity in this compound. The nuclear magnetic reso-
nance (NMR) and nuclear quadrupole resonance (NQR)
measurements on single crystal CaPd2As2 revealed a
fully gapped conventional s-wave superconductivity [33].
The NMR-NQR measurements also revealed the observa-
tion of Volovik effect in CaPd2As2 which is not expected
in nodeless s-wave superconductors [33].

The band structure calculations within the local den-
sity approximation [34] and the first principles calcu-
lations by means of the full-potential method [35] re-
veal that CaPd2As2 has a three-dimensional Fermi-
surface. The electronic structure calculations find the
bare (band structure) density of states at the Fermi
level DBand(EF) = 1.865 states/(eV f.u.) [35] in
very good agreement with the experimental value of
1.87(1) states/(eV f.u.) estimated from the analysis of
the heat capacity [30]. The electronic structure calcula-

tions show that major contributions to DBand(EF) come
from Pd 4d and As 4p states (with almost negligible con-
tribution from Ca) [34, 35]. Further, the electronic struc-
ture calculations also reveal strong hybridization between
these Pd 4d and As 4p states [34, 35], which is consis-
tent with the collapsed tetragonal structure of CaPd2As2
[30, 36].
In this work we report the results of our µSR study on

CaPd2As2 which confirm a single-gap isotropic s-wave
superconductivity but with a broken time-reversal sym-
metry in the superconducting state. As outlined above,
the TRS breaking in a conventional electron-phonon me-
diated single-band superconductor CaPd2As2 with an
isotropic gap structure and a s-wave singlet paring is very
exciting as well as mystifying.

II. EXPERIMENTAL

A polycrystalline sample of CaPd2As2 was synthesized
by combining the high-purity elements from Alfa Aesar
[Ca-99.98%, Pd-99.95%, As-99.999%] through the stan-
dard solid-state reaction method at the Core Lab for
Quantum Materials, Helmholtz-Zentrum Berlin (HZB).
The synthesis procedure is very similar to that of the
CaPd2Ge2 [20]. Pelletized Ca pieces and Pd and As pow-
ders were sealed in an evacuated quartz tube and heat
treated at 800 ◦C for 30 hours, after which it was finely
ground, pelletized and sealed in quartz tube again fol-
lowing a firing at 900 ◦C for 72 hours. The sequence
of grinding, pelletizing and firing (fired at 900 ◦C for
another 72 hours) processes were repeated again which
yielded the desired single phase CaPd2As2 sample. The
quality of the sample was checked using the powder x-
ray diffraction measurement at room temperature using
Cu-Kα radiation with a laboratory-based Bruker-D8 x-
ray diffractometer. The Rietveld refinement of the XRD
pattern (using FullProf [37]) confirmed the ThCr2Si2-
type body-centered tetragonal structure with no spuri-
ous impurity peak. The lattice parameters a = 4.2899(1)
Å and c = 10.0970(2) Å, and As c-axis coordinate
zAs = 0.3783(3) are found to be in good agreement with
the literature values [38] and those of the single crystal
CaPd2As2 [30].

The muon spin relaxation and rotation measurements
were conducted at the ISIS facility, Didcot, UK, with the
muon spectrometer MuSR [39], both in zero-field (ZF)
and applied magnetic fields in longitudinal (referred as
LF) as well as transverse geometry (referred as TF). For
µSR measurement the powdered CaPd2As2 sample was
placed on a high-purity Ag-plate (99.999%) with the help
of diluted GE varnish which was then covered with thin
silver foils. Proper measures were taken to cancel the
stray fields to within the 1 µT using the correction coils.
The ZF-µSR data were collected at several temperatures
between 0.07 K (below Tc) and 2.4 K (above Tc). The
TF-µSR data were collected between 0.04 K and 1.7 K
with transverse fields of H = 5, 10, 20, and 30 mT. We
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FIG. 1. Time t evolution of muon asymmetry AZF for rep-
resentative zero-field (ZF) µSR spectra of CaPd2As2 at the
temperatures 0.07 K (superconducting state) and 1.5 K (nor-
mal state). The solid lines represent the fits according to
Eq. (1). The µSR spectra measured in a longitudinal field
(LF) of 10 mT is also shown for comparison.

analyzed the µSR data using the program WiMDA [40].

III. RESULTS AND DISCUSSION

A. ZF µSR: Time-Reversal Symmetry Breaking

Figure 1 shows the time t evolution of muon asymme-
try AZF spectra measured in zero-field for CaPd2As2.
The AZF(t) spectra for representative temperatures
0.07 K (T < Tc, superconducting state) and 1.5 K
(T > Tc, normal state) clearly show marked difference
in their relaxation. We analyzed the AZF(t) spectra us-
ing a damped Gaussian Kubo-Toyabe function [41, 42].

AZF(t) = A0 GKT(t) e
−λZFt +ABG, (1)

with A0 as the initial muon asymmetry at t = 0, and λZF

as the rate of muon spin relaxation in zero field. ABG rep-
resents the non-relaxing contribution from the Ag-sample
holder. The Gaussian Kubo-Toyabe term GKT(t) is given
by

GKT(t) =

[
1

3
+

2

3

(
1− σ2

KTt
2
)
e−σ2

KTt2/2

]
(2)

where σKT = Hµγµ describes the Gaussian distribution
of static fields Hµ due to the nuclear moments with
γµ/2π = 135.53 MHz/T, γµ being the muon gyromag-
netic ratio.

The fits of the representative AZF(t) spectra by Eq. (1)
are shown in Fig. 1 by the solid curves of respective col-
ors. The T dependence of the relaxation rate obtained
from the fits of the AZF(t) spectra for 0.07 K ≤ T ≤ 2.4 K
is shown in Fig. 2. The λZF(T ) shows a significant in-
crease at T < Tc (in the superconducting state) which
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FIG. 2. Temperature T dependence of the muon spin relax-
ation rate λZF obtained from the fits of zero-field µSR spectra
of CaPd2As2 according to Eq. (1). The dashed line is a guide
to the eye. Inset shows the T dependence of the parameter
σKT in Eq. (2).

indicates that the muons sense the presence of a mag-
netic field inside the material upon entering into the su-
perconducting state. Thus, we notice that the muons
confirm the presence of spontaneous appearance of mag-
netic field in superconducting state associated with the
time-reversal symmetry breaking in CaPd2As2.

In order to make sure that the increase in λZF below Tc

is caused by the spontaneous static magnetic field associ-
ated with TRS breaking, and not due to the rapidly fluc-
tuating magnetic fields on account of impurity-induced
effect, we also performed µSR measurement under longi-
tudinally applied magnetic field. We notice that a weak
longitudinal field of 10 mT (see Fig. 1) is sufficient to
fully decouple the muon spins from the relaxation chan-
nel associated with the spontaneous internal field. This
indicates that the increased relaxation observed below
Tc does not originate from rapidly fluctuating fields [43],
rather is associated with very weak spontaneous fields
that are static or quasistatic on the timescale of muon
probing time. The appearance of spontaneous static
magnetic field just below Tc, closely linked to super-
conductivity, provide strong evidence for a time-reversal
symmetry broken superconducting state in CaPd2As2.

We see that in SC state (at 0.07 K) the λZF is in-
creased by 0.047(4) µs−1 compared to its value in nor-
mal state, which corresponds to a characteristic mag-
netic field HTRSB of strength ∆λZF/γµ = 0.055(5) mT.
The magnitude of this characteristic field is compara-
ble to what have been found in other TRS broken su-
perconductors and provides clear evidence for the TRS
breaking in SC state of CaPd2As2. To mention a few,
the HTRSB = 0.034(2) mT for CaPd2Ge2 [20], HTRSB ≈
0.020 mT for Sc5Co4Si10 [19], HTRSB ≈ 0.050 mT for
Sr2RuO4 [25], HTRSB ≈ 0.006 mT for La7Pd3 [15] and
HTRSB ≈ 0.009 mT for Zr3Ir [17].
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FIG. 3. Time t evolution of muon asymmetry ATF spectra
of CaPd2As2 measured in field-cooled condition in an applied
transverse magnetic field H = 10 mT at (a) 0.04 K and (b)
1.7 K with their corresponding Fourier transformed maximum
entropy spectra in (c) and (d), respectively. The solid curves
in (a) and (b) represent the fits according to Eq. (3)

We also notice that the λZF(T ) of CaPd2As2 shows an
unusual upward concavity, while the majority of known
TRS broken superconductors show a downward concav-
ity in λZF(T ). A similar upward concavity in λZF(T ) was
also noticed in the case of CaPd2Ge2 [20]. The T depen-
dence of σKT obtained from the analysis of the AZF(t)
spectra of CaPd2As2, presented in the inset of Fig. 2, is
nearly independent of T over 0.07 K ≤ T ≤ 2.4 K.

B. TF µSR: Superconducting Gap Structure

Figure (3) shows the time evolution of muon asym-
metry ATF(t) spectra collected in field-cooled condition
for a representative applied transverse magnetic field of
H = 10 mT at 0.04 K and 1.7 K along with their corre-
sponding Fourier transformed maximum entropy spectra.
A comparison of TF µSR asymmetry spectra at 0.04 K
(T < Tc) and 1.7 K (T > Tc) clearly show the marked
difference. In the SC state there is a strong depolar-
ization of muons as they sense an inhomogeneous field
distribution due to the formation of vortex state.

We analyzed the ATF(t) µSR spectra using a Gaussian
oscillatory function with an oscillatory background [44],
i.e.,

ATF(t) = A1 cos (ωt+ ϕ) e−σ2
TFt

2/2

+ABG cos (ωBGt+ ϕ) .
(3)

Here A1 and ABG are the initial asymmetries of the sam-
ple and the Ag-sample holder, respectively at t = 0.
The frequency is related to the internal field Hint at the
muon site, ω = γµHint, and ωBG = γµHint,BG, and ϕ
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FIG. 4. (a) Temperature T dependence of muon spin relax-
ation rate σTF obtained from the fits of the µSR spectra of
CaPd2As2 collected in field-cooled state with the indicated
applied transverse magnetic fields H. (b) The superconduct-
ing contribution to muon spin relaxation rate σsc versus T .
(c) The H dependence of σsc at indicated temperatures. The
solid lines are the fits according to Brandt relation, Eq. (4).
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is the initial phase offset. The Gaussian relaxation rate
σ2
TF = σ2

sc + σ2
nm with σsc as the superconducting contri-

bution, accounting for the non-homogeneous field varia-
tion in the vortex state, and σnm accounting for the con-
tribution from nuclear dipolar moments. We estimated
the value of σnm by fitting the ATF(t) spectra in normal
state (T > Tc) which was kept fixed while fitting the
ATF(t) spectra at T < Tc to isolate the value of σsc.
We fitted the ATF(t) spectra by the the function given

in Eq. (3) and obtained the T dependent σTF as shown
in Fig. 4(a). From σTF we determined σsc, the T and
H dependences of which are shown in Figs. 4 (b) and
(c), respectively. The fits of the representative ATF(t)
spectra by Eq. (3) are shown by solid red and blue curves
in Figs. 3 (a) and (b). It is seen from Fig. 4(a) that the
value of σTF in superconducting state (T < Tc) is much
larger than that in normal state (at T > Tc).

The Fourier transform of TF µSR asymmetry spec-
tra shown in Figs. 3 (c) and (d) describes the magnetic
field probability distribution which is obtained using the
maximum entropy method. It is seen that there are two
peaks in the superconducting state (0.04 K, T < Tc) and
one peak in the normal state (at 1.7 K,T > Tc). In the
SC state the first peak occurs at a field Hint equal to
Hext, and the second peak occurs at Hint < Hext. On
the other hand, in normal state there is only one peak at
Hint = Hext. The additional peak in the superconducting
state shows a type-II superconductivity in CaPd2As2. A
type-II behavior has also been inferred from the value
of Ginzburg-Landau parameter κGL = 11.7 > 1/

√
2 for

CaPd2As2 [30].
Next we estimate the value of effective penetration

depth λeff using the Brandt relation [45–48]

σsc =
4.83× 104

λ2
eff

(1−Hext/Hc2)

× [1 + 1.21
(
1−

√
(Hext/Hc2)

)3

]

(4)

where σsc is in units of µs−1 and λeff in nm. For
CaPd2As2, Hc2 = 157 mT [30] which is much higher than
the Hext under which TF µSR spectra were collected.
As such the use of Brandt relation, which is valid for
Hext/Hc2 ≤ 0.25, and for κGL ≥ 5 (11.7 for the present
compound), is justified. The fits of σsc(H) according to
Eq. (4) are shown by solid curves in Fig. 4(c). The T de-
pendence of λeff obtained this way is presented in Fig. 5
as λ−2

eff (T )/λ−2
eff (0). The λ−2

eff (T )/λ−2
eff (0) data in Fig. 5 are

based on all four-field sets of σsc(T,H) [see Figs. 4 (b)
and (c) for clarity].

Further we extract the information about the super-
conducting carrier density, size and symmetry of the su-
perconducting gap structure by analyzing the λeff(T ) us-
ing the relation [24, 49, 50].

σsc(T )

σsc(0)
=

λ−2
eff (T,∆)

λ−2
eff (0)

= 1 +
1

π

∫ 2π

0

∫ ∞

∆(T,φ)

∂f

∂E

E dE dφ√
E2 −∆2(T, φ)

,(5)
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2 ef
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)
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FIG. 5. Temperature T dependence of the inverse square of
the normalized effective penetration depth λeff for CaPd2As2.
The λ−2

eff (T )/λ−2
eff (0) data were obtained using Eq. (4) and

include all four-field sets of σsc(T,H). The solid red curve
represents the fit for an isotropic single-gap s-wave model ac-
cording to Eq. (5). The fits for anisotropic s-wave, two-gap
(s+ s)-wave and d-wave models are also shown.

where f = [1 + exp (E/kBT )]
−1

is the Fermi function,
and φ is the azimuthal angle along the Fermi sur-
face. The T and φ dependent order parameter (su-
perconducting energy gap) ∆(T, φ) = ∆(0)δ(T/Tc)g(φ)
[51, 52] where g(φ) contains the angle dependence of
the superconducting gap structure, and δ(T/Tc) the T
dependence. g(φ) = 1 for an isotropic s-wave gap,
g(φ) = |1 + cos(4φ)|/2 for an anisotropic s-wave gap,
and g(φ) = cos(2φ) for a d-wave gap [51–53]. The
T dependence of order parameter is approximated as
δ(T/Tc) ≈ tanh[(1.82)(1.018(Tc/T − 1))

0.51
] [54].

The solid red curve in Fig. 5 shows the fitting of
λ−2
eff (T )/λ−2

eff (0) with an isotropic s-wave model using

the Eq. (5). We also fitted the λ−2
eff (T )/λ−2

eff (0) with
an anisotropic s-wave model, two-gap (s + s)-wave
(isotropic) model and d-wave model which are also shown
in Fig. 5. A closer inspection of the fits by the three mod-
els reflects that the single-gap isotropic s-wave model de-
scribes the T dependence of λeff the best. The lower
value of goodness of fit parameter χ2 (see Table I) also
reflects the suitability of isotropic s-wave model over the

TABLE I. Parameters obtained from the fitting of
λ−2
eff (T )/λ−2

eff (0) for CaPd2As2 according to Eq. (5) using three
models: single isotropic s-wave gap model, single anisotropic
s-wave gap model, two isotropic (s+ s)-wave gap model, and
d-wave gap model.

Model ∆i(0) (meV) 2∆(0)/kBTc χ2

isotropic s-wave 0.160(1) 3.37(3) 1.34
anisotropic s-wave 0.232(3) 4.89(8) 3.29
two gap (s+ s)-wave 0.153(2), 0.041(1) 3.22(5), 0.86(4) 2.55
d-wave 0.266(2) 5.60(7) 3.38
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anisotropic s-wave, (s+s)-wave and d-wave models. The
values of the energy gaps obtained from the fits with dif-
ferent models are listed in Table I. We find an energy gap
∆(0) = 0.160(1) meV from the fit by the isotropic s-wave
model which yields 2∆(0)/kBTc = 3.37(3) (Tc ≈ 1.1 K
from µSR) which is little smaller than but close to the
BCS theory value of 3.53 for single-band weak coupling
isotropic s-wave symmetry. The value of gap estimated
from our TF-µSR analyis is in good agreement with that
estimated from the heat capacity (∆(0) ≈ 0.174 meV)
[30]. The jump in heat capacity at Tc gives a value
2∆(0)/kBTc = 3.16 for single crystal CaPd2As2 [30].

We notice that the analysis of TF-µSR reveals an
isotropic superconducting gap structure in CaPd2As2.
In the case of CaPd2Ge2 also µSR study revealed an
isotropic superconducting gap structure [20]. In view
of these observations, we are under the impression
that a reduced values of ∆Ce/γnTc (and corresponding
∆(0)/kBTc) does not necessarily imply an anisotropic su-
perconducting gap structure as was initially conjectured
from the reduced jump in electronic heat capacity at Tc

and the analysis of the superconducting state electronic
heat capacity with the α-model of BCS superconductiv-
ity [29–32].

The isotropic s-wave model fit also gives us an esti-
mate of penetration depth which is found to be λeff(0) =
415(16) nm. This value is intermediate between the value
of λeff(0) = 530 − 620 nm estimated from the upper
critical field and mean-free path length, and λeff(0) =
210(60) nm obtained from the penetration depth mea-
surement using tunnel diode resonator (TDR) [30]. The
higher value of λeff(0) compared to that obtained from
TDR measurement [30] could be attributed to a lower
value of mean free path on account of polycrystalline form
of sample, and/or due to an underestimated depolariza-
tion rate σTF. We estimate the superconducting car-
rier density ns using the relation ns = m∗c2/4πλeff(0)e

2.
Here we assume ns ≈ nn, nn being the normal state car-
rier density, see Refs. [55–57] for more details. The effec-
tive band mass m∗ = (1 + λe−ph)me which is found to
be 1.47me (me being free electron mass) corresponding
to the value of λe−ph = 0.47 [30]. For λeff(0) = 415 nm,
we estimate ns ≈ 2.4× 1026 m−3.

We thus see that while the analysis of TF µSR spec-
tra reveals an isotropic s-wave superconductivity, the
ZF µSR spectra reveal TRS breaking which is not ex-
pected for s-wave superconductor. Therefore in order
to check whether CaPd2As2 lies into the category of a
conventional superconductor or an unconventional su-
perconductor according to Uemura plot [58, 59], we es-
timate the ratio of Tc/TF where TF is the Fermi tem-
perature. According to Uemura plot, the value of ratio
Tc/TF ≤ 0.001 for a conventional SC, and lies between
0.01 to 0.1 for the unconventional SC. The TF is esti-
mated using the relation kBTF = (ℏ2/2m∗)(3π2ns)

2/3

[60]. For ns ≈ 2.4 × 1026 m−3, we get the value of
TF = 1110 K and hence a ratio of Tc/TF ≈ 1/1000 in-
dicating that CaPd2As2 falls into the category of a con-
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FIG. 6. The Uemura plot, depicting the superconducting Tc

versus Fermi temperature TF for various types of supercon-
ductors. The ratio Tc/TF for unconventional superconductors
lie between 0.01 to 0.1, i.e., between the solid blue lines. The
conventional superconductors have Tc/TF ≤ 0.001, i.e., on or
right to the red dashed line. The positions of CaPd2As2 and
CaPd2Ge2 on this plot classify them as conventional super-
conductors.

ventional superconductor. The position of CaPd2As2 on
Uemura plot of Tc versus TF is shown in Fig. 6. This
suggests that the TRS breaking in CaPd2As2 cannot be
understood by the existing theories for TRS breaking in
unconventional/multiband superconductors or supercon-
ductors having multi-orbital character of states at the
Fermi level. A similar case was observed for the TRS
breaking in CaPd2Ge2 [20] which also falls into the cat-
egory of a conventional superconductor (see Fig. 6). In
the case of Sc5Co4Si10 [19] it is conjectured (based on
the density functional theory calculations and group the-
oretical analysis) that the Fermi surface topography may
favor the TRS breaking despite the conventional s-wave
superconductivity. Whether a similar explanation can
hold for TRS breaking in CaPd2Ge2 and CaPd2As2 re-
mains to be examined.

IV. CONCLUSIONS

We have investigated the time-reversal symmetry state
and superconducting gap structure of an electron-phonon
mediated s-wave superconductor CaPd2As2 by means of
muon spin relaxation and rotation measurements. The
µSR measurement confirms the bulk superconductivity
in CaPd2As2 with a Tc ≈ 1.1 K for the present poly-
crystalline sample. The ZF µSR provides clear evidence
of time-reversal symmetry breaking in CaPd2As2. The
analysis of ZF µSR spectra shows an increased value of
relaxation rate λZF in the superconducting state reveal-



7

ing the appearance of a spontaneous magnetic field as-
sociated with the TRS breaking upon entering the SC
state. The Fourier transform of the TF µSR confirms a
type-II superconductivity in CaPd2As2 consistent with
the value of κGL estimated in an earlier work [30]. We
analyzed the TF µSR spectra using a Gaussian oscilla-
tory function and obtained the relaxation rate in super-
conducting state σsc(T,H) which was then used to es-
timate the T dependent values of λeff using the Brandt
method [46]. The analysis of λeff(T ) reveals that it is
best described by a single-band isotropic s-wave singlet
gap structure with 2∆(0)/kBTc ≈ 3.37 consistent with
the weak-coupling BCS superconductivity. Thus the TF
µSR spectra reveals a weak-coupling s-wave supercon-
ductivity in CaPd2As2. The Uemura-plot classification
based on the value of Tc/TF also classifies CaPd2As2 to be
a conventional superconductor. Therefore the occurrence
of time-reversal symmetry breaking is quite striking. A
similar TRS breaking was observed in our recent µSR

study of Ge-analog CaPd2Ge2 [20]. Our findings should
stimulate further experimental and theoretical works to
understand the mechanism behind the TRS breaking in
s-wave superconductors.
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