Time reversal symmetry breaking and s-wave superconductivity in CaPd;Ge;: A uSR
study
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CaPd2Ges which crystallizes in ThCraSis-type body-centered tetragonal structure exhibits super-
conductivity below the critical temperature T, = 1.69 K. We have investigated the superconducting
gap structure and time reversal symmetry of the ground state in CaPd2Gez by means of muon spin
relaxation and rotation (uSR) measurements. Our analysis of uSR data collected in transverse mag-
netic field reveals BCS superconductivity with a single-band s-wave singlet pairing and an isotropic

energy gap having the value 2A(0)/ksT. = 3.50(1).

Further, an increased relaxation rate in zero

field uSR asymmetry spectra below Tc provides evidence for the presence of a spontaneous magnetic
field in the superconducting state revealing that the time-reversal symmetry is broken in CaPdsGes.

I. INTRODUCTION

The puzzle of high-T; superconductivity in FeAs-based
superconductors and the quest of understanding the
role of Fe in realizing unconventional superconductiv-
ity sparked great research interests in these materials
[1-4]. Among them, the 122-type iron-arsenides, owing
to their simple ThCrsSis-type body-centered tetragonal
structure, are of particular interest. The parent 122 iron-
arsenides exhibit spin-density wave (SDW) ordering of Fe
moments, and superconductivity is achieved by suppress-
ing the SDW transition. The emergence of superconduc-
tivity in these iron-arsenides bears similarity with the
high-T. cuprates which exhibit superconductivity upon
suppressing the ordering of Cu-moments [1, 2].

Despite the worldwide research efforts superconductiv-
ity in pnictides is still enigmatic and invites more research
in order to understand the role of Fe moments in these su-
perconductors. In this context, for a comparative study,
the investigations of iron-free 122-type superconductors
are also quite important. CaPdsAss and CaPd;Ges are
two such iron-free superconductors [5, 6]. CaPdaAsy ex-
hibits superconductivity below T, = 1.27 K [5]. The
measured and derived superconducting state parameters
characterize CaPdsAss as a weakly coupled type-IT s-
wave superconductor in the dirty-limit [5]. However, de-
spite a very sharp superconducting transition in single
crystal CaPdsAss, the jump in the electronic specific heat
at T, reflects a value of AC,/v,T. = 1.14 which is much
smaller than the BCS expected value of 1.43. The reason
for the reduced value of AC,/v,T. is not clear.
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A reduced value of AC,/v,T. = 1.21 is also seen in the
case of CaPdsGey single crystal in which there is also a
sharp and well pronounced jump in the electronic spe-
cific heat at T = 1.69 K [6]. The superconducting state
electronic specific heat data have been analyzed by the
a-model of BCS superconductivity [7, 8]. For CaPdsGes
the a-model analysis yielded a value of & = A(0)/kpT, =
1.62 for AC./v,T, = 1.21 [6], which is lower than the
BCS value agcg = 1.764. For CaPdyAss a reduced value
of = 1.58 was obtained for AC, /v, T. = 1.14 [5]. The
reduced value of AC,/v,T. and hence o may be caused
by an anisotropic superconducting energy gap, or due to
the presence of multiple superconducting gaps [8].

An ab initio calculation by the pseudopotential method
and the generalised gradient approximation of density
functional theory suggest that the major contribution to
the density of states close to the Fermi level in CaPdsGes
comes from Pd d and Ge p orbitals [9]. Further, the
estimate of electron-phonon interaction from the analy-
sis of Eliashberg spectral function supports the conven-
tional mechanism for superconductivity in CaPdsGes.
The electron and phonon couple through the vibration
of Pd and Ge atoms. The vibration of Pd and Ge atoms
modifies the tetrahedral bond angles in PdGe, tetrahe-
dra in such a way that the Pd d and Ge p orbitals overlap
[9]. Such a change in tetrahedral bond angles in PdGey
and overlapping Pd d and Ge p orbitals is also seen in
the Sr-analog SrPd;Gey [10]

With an objective of shedding light on the nature of
the superconducting gap structure in CaPdsGes we de-
cided to examine the superconducting gap structure by
the microscopic muon spin relaxation and rotation (uSR)
measurements. Herein, we present the results of our SR
study on CaPdsGes. The analysis of the uSR data sug-
gests a single-gap isotropic s-wave superconductivity in



CaPd,Gesy. However, to our great surprise, the uSR data
reveals broken time-reversal symmetry in the supercon-
ducting state of CaPdyGes. A similar time-reversal sym-
metry broken superconducting state was inferred from
SR investigations on Sc;CoySiyg [11] and other systems
which also show an isotropic s-wave gap symmetry [12—
14].

I1I. EXPERIMENTAL DETAILS

A polycrystalline sample of CaPdsGes was prepared by
the conventional solid state reaction method using the
high purity starting materials [Ca-99.98%, Pd-99.95%,
Ge-99.999% from Alfa Aesar] at the Core Lab for Quan-
tum Materials, Helmholtz-Zentrum Berlin (HZB). The
Pd and Ge powders along with the Ca-pieces were pressed
into pellet and sealed inside a quartz tube with pel-
let kept in an alumina crucible, which was then slowly
heated to 800° C at a rate of 50° per hour and kept
there for 30 hours, after which it was ground finely
and again pelletized and sealed and subsequently heat
treated at 900° C for 72 hours. This process of grind-
ing, pelletizing and sealing was repeated again and heat
treated at 900° C for another 72 hours. The quality of
the sample synthesized this way was checked by pow-
der x-ray diffraction (XRD) at room temperature using
Cu K, radiation with the Bruker-D8 laboratory-based x-
ray diffractometer. The XRD data revealed the desired
phase and confirmed the ThCrsSis-type body-centered
tetragonal structure of CaPdoGey. The lattice parame-
ters obtained from the refinement a = b = 4.3271(2) A
and ¢ = 4.9823(7) A, and the c-axis position parameter
zge = 0.376(7) are in good agreement with the respective
values obtained for single crystal CaPdyGes [6] and with
the literature values [15].

The pSR measurements were carried out at the ISIS
facility of the Rutherford Appleton Laboratory, Didcot,
United Kingdom using the muon spectrometer MuSR
which has 64 detectors for transverse and longitudinal ap-
plied field directions [16]. The CaPd;Ges powder sample
was mounted on a high purity Ag-plate (99.999%). The
use of Ag minimizes the contribution from the sample
holder as the Ag gives only a non-relaxing signal. The
powdered sample was mounted to Ag-plate by applying
the diluted GE varnish which was then covered with thin
silver foils. As the muons are very sensitive to magnetic
fields, correction coils were used to neutralize the stray
fields to within 1 pT. uSR data were collected in both
zero field (ZF) and applied transverse field (TF). The
ZF-uSR measurements were made at several tempera-
tures between 0.1 K to 2.5 K. The TF-uSR measurements
were carried out between 0.1 K and 2.5 K in the presence
of transverse fields of H =10, 20, 30, and 40 mT, which
lie in between the lower critical field H,; = 3.1 mT and
upper critical field Heo = 134 mT [6]. In the super-
conducting state with field cooled mode, muons probe
the vortex lattice state. The uSR spectra were analyzed
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FIG. 1. (a) Zero field uSR time spectra for CaPdGes col-
lected at 0.1 K and 2.5 K. The solid curves represent the
fit according to Eq. (1). (b) The temperature 7' dependence
of muon spin relaxation rate Azr obtained from the fits uSR
spectra collected at various 7. The dashed navy blue line is
the guide to the eye.

with the program WiMDA [17].

III. RESULTS AND DISCUSSION
A. ZF pSR: time reversal symmetry state

Figure 1(a) presents the representative uSR data col-
lected in zero-field at 0.1 K (which is well below T)
and 2.5 K (which is well above T¢). The ZF uSR spec-
tra allow us to discern the time reversal symmetry state
of CaPdyGes by detecting the extremely weak magnetic
field associated with the breaking of time-reversal sym-
metry. The time ¢t evolution of muon spin asymmetry
spectra in zero field can be modelled by a damped Gaus-
sian Kubo-Toyabe function [18, 19],

Azp(t) = Ag Gkr(t) e 7 + Apg, (1)
where Ay is the initial muon asymmetry in zero field,

1 2
Gkr(t) = 3 + 3 (1 _ J%th) o TkTt?/2 2)



is the Gaussian Kubo-Toyabe function, Azg is the muon
relaxation rate associated with the fluctuating fields due
to electronic moments, and Agg is the time-independent
contribution from sample holder. In Eq. (2), the pa-
rameter oxT accounts for the Gaussian distribution of
static fields associated with the nuclear moments. The
okt 1s related to the local field distribution width as
H,, = okr/v, where v, is the muon gyromagnetic ratio,
Yu/2m = 135.53 MHz/T.

The representative fits of pSR spectra by the damped
Gaussian Kubo-Toyabe function [Eq. (1)] are shown by
solid curves in Fig. 1 (a). The Azr obtained from the fits
of uSR spectra over the temperature range 0.1 K to 2.5 K
are shown in Fig. 1 (b). As can be seen from Fig. 1(b),
there is an increase in Azp at T < T,. This kind of
increase in Az indicates that the muons detect a spon-
taneous internal field while entering the superconducting
state. Thus, the zero-field uSR measurements reveal that
the time-reversal symmetry in the superconducting state
is not preserved, and hence there is a time-reversal sym-
metry breaking in CaPdsGes.

Below T., AMzp increases by 0.029(1) us™! corre-
sponding to a characteristic field strength AMzp/v, =
0.034(2) mT, which provides clear evidence for the time
reversal symmetry breaking in the superconducting state
of CaPdsGes. Muon spin relaxation studies have pro-
vided evidence of TRS breaking in several superconduct-
ing materials like SroRuQ4 with a possible chiral p-wave
symmetry [20-22], SrPtAs with a chiral d-wave symme-
try [23], LaNiCy with two nodeless gaps [24], AsRhgSn;g
(A=Y, R, or Sc) [25-27], Laz(Ir, Rh,Pd)3 [12, 13, 28]
and Zrglr [29] with a s-wave gap symmetry. Recently,
we found evidence for TRS breaking in a centrosymmet-
ric superconductor Sc;CoySiyg for which also an isotropic
fully gapped s-wave symmetry was inferred from the uSR
study [11]. The TRS breaking is usually associated with
a non-unitary triplet pairing state or a mixed singlet-
triplet state. However, a group theoretical analysis of
Ginzburg-Landau’s free energy and symmetry allowed
pairing states using density functional theory does not
support the presence of either non-unitary triplet pair-
ing state or mixed singlet-triplet state in Sc5Co4Siqg [11].
Accordingly, it was proposed that the Fermi surface to-
pography of Sc5Co4Si1¢ may allow TRS breaking by con-
ventional electron-phonon mechanism [11]. We are under
the impression that a similar physics associated with the
Fermi surface topography could be held responsible for
the observation of TRS breaking in the superconducting
state of CaPdyGes with a fully gapped s-wave symme-
try. Another mechanism which has been proposed for
the TRS breaking in fully gap single-band BCS super-
conductors is based on loop super-current order applica-
ble to the systems having complex crystal symmetry that
allows the formation of microscopic super-current loops,
such as in RegX (X = Zr, Hf and Ti) [30]. Within the
BCS formalism a TRS breaking in a multi-band super-
conductor can be associated with the development of a
complex gap structure on account of the inter-band in-

teractions [31].

B. TF uSR: superconducting gap structure

Figure 2 presents the transverse field uSR asymme-
try time spectra at 2.5 K (above T¢) and 0.1 K (below
T.) along with their Fourier transforms. The TF uSR
data were collected in a field-cooled mode in the pres-
ence of applied magnetic fields of 10 mT and 30 mT. It
is clear from Figs. 2(a) and (e) that in the superconduct-
ing state (T' < T¢) the uSR spectra depolarize strongly
on account of the inhomogeneous field distribution in the
vortex state.

The TF uSR spectra could be fitted by a Gaussian
oscillatory function and an oscillatory background, [32,
33]:

Arp(t) = Ay cos (wi + ¢) e~ 7trt /2
+ Apg cos (wpat + ¢) ,

(3)
where A; is the initial asymmetry of the sample and Agg
that of the silver sample holder; w = v, Hin, Hin, being
the internal field at muon site and wpe = v, Hint,Ba; ¢ is
the initial phase offset of the muon precession signal. orp
is the Gaussian relaxation rate that can be expressed as
o2 = 02 + 02, where 0y accounts for the inhomoge-
neous field variation across the superconducting vortex
lattice, and oy, is the contribution due to the nuclear
dipolar moments. The oy, was determined by fitting
the spectra at T > T. and kept fixed for T < T, i.e.
in the superconducting state, to obtain the value of oy
from the fit parameter op.

The representative fits of the TF uSR spectra by the
function discussed above in Eq. (3) are shown by solid
red curves in Figs. 2(a),(b),(e) and (f). The value of orp
is found to be much larger at T' < T, (superconducting
state) than that at 7' > T, (normal state) which confirms
the occurrence of bulk superconductivity in CaPd;Ges as
also inferred from the previous study [6].

The magnetic field probability distribution determined
by the maximum entropy method is shown in Figs. 2(c),
(d), (g) and (h) corresponding to the TF uSR spectra in
Figs. 2(a), (b), (e) and (f), respectively. As can be seen
from Figs. 2(d) and (h), at 2.5 K (in normal state) there is
only one sharp peak at a value of Hj, equal to the applied
H. On the other hand, at 0.1 K (in the superconducting
state), there is another broad peak at Hi, lower than the
applied H in addition to the one at the applied H [see
Figs. 2(c) and (g)]. Such an appearance of an additional
peak is a characteristic of type-II superconductivity. This
inference of a type II behaviour in CaPdsGes is consistent
with the estimated value of Ginzburg-Landau parameter
(I‘&GL =6.3 > ]./ﬁ) [6]

The T dependence of oy extracted from the values
of orp that were obtained from the fit of the TF uSR
spectra is shown in Fig. 3(a). The H dependence of oy is
shown in Fig. 3(b). As the TF uSR spectra were collected
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FIG. 2. Transverse field uSR time spectra for CaPdsGes collected in the field-cooled state in an applied magnetic field of
10 mT at (a) 0.1 K and (b) 2.5 K, and that in a field of 30 mT at (e) 0.1 K and (f) 2.5 K along with their corresponding Fourier
transformed maximum entropy spectra in (c), (d), (g) and (h), respectively. The solid red curve represents the fit according to

Eq. (3).
at fields much lower than the upper critical field Hcs, the
Brandt [34-36] relation

_ 4.83x 10
Ack

x [1+1.21 (1 — (Hext/ch))S]

(1-

O-SC

Hext/HC2)
(4)

which holds good for H/H.» < 0.25, and for kgr, > 5,
can be used to estimate the effective penetration depth
Aef- In this relation o is in the unit of ps’l and Aeg
in nm. For CaPdyGes kg, = 6.3 and Hey = 134 mT [6],
therefore we can use the above Brandt relation [Eq. (4)]
to estimate the Aqg. The T dependence of Aeg obtained
this way is plotted as A7 (7)) /A (0) in Fig. 3(c).
Apart from the information about the magnetic pen-
etration depth, the o also provides information about
the superfluid density, and size as well as the symmetry
of the superconducting energy gap. In order to obtain

information about the superconducting gap structure we
analyzed the A_2(T)/A7(0) by [37, 38

osc(T) _
0s(0)

At (T, A)

Aait (0)
1 /2” /°° of EdEdyp
= 1 + — P — s
mJo  Jawe) OF JE? - AX(T, p)
here f is the Fermi function and ¢ is the azimuthal angle
in the direction of the Fermi surface. The Fermi func-

tion is given by f = [L 4 exp (E/ksT)]"". The T and
¢ dependence of the order parameter A(T,p) is given

()

by A(T,¢) = A(0)5(T/T:)g(p) [39, 40]. The angu-
lar dependence of the superconducting gap is contained
in the function g(¢). For s-wave BCS superconduc-
tivity with an isotropic gap, g(v) = 1 [39, 40]. Fur-
ther for the case of BCS superconductivity 6(T/T.) =
tanh[(1.82)(1.018(T,/T — 1))*°"] [41].

In order to determine the superconducting gap struc-
ture of CaPdsGes we analyzed the T dependence of
At (T) /A4 (0) by Eq. (5) using three models: isotropic
s-wave model, anisotropic s-wave model and s 4+ s-wave
model. The fits for the three models are shown in
Fig. 3(c) and the fitting parameters are listed in Table I.
It is evident from the fits in Fig. 3(c), as well as from
the values of the quality of fit parameter x? in Table I,
that the single gap isotropic s-wave model describes the
At (T') data better than anisotropic s-wave model and/or
two-gap s + s-wave model.

The single gap isotropic s-wave model analysis, which
describes the T' dependence of Ao the best, yielded an
energy gap of A(0) = 0.25 meV which corresponds to

TABLE I. Fitting parameters obtained from the analysis of
At (T) /A4 (0) for CaPdaGes according to Eq. (5) using three
models: isotropic s-wave model, anisotropic s-wave model and
s + s-wave model.

Model A;(0)(meV)[2A;(0) /kpTc| x°
isotropic s-wave 0.252 3.50 1.62
anisotropic s-wave 0.311 4.32 1.95
two gap s + s-wave|0.281, 0.124| 3.90, 1.72 |2.10
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Eq. (5).

2A(0)/kpT. = 3.50(1). This value is quite close to the ex-
pected BCS weak coupling superconductor value of 3.53
but little higher than the value 3.24 obtained from the
jump in specific heat at the superconducting transition
[6]. In addition, the s-wave analysis of A7 (T)/A(0)
provides an estimate of Aog(0) = 188(2) nm. This value
is consistent with the previous estimate of Aeg(0) =
186(16) nm obtained from the penetration depth mea-
surement using tunnel diode resonator [6]. Further, fol-
lowing the approach detailed in Refs. [42-44], and as-
suming that approximately all the normal state carri-
ers (no) contribute to the superconductivity (i.e., ny =
n.), we have estimated the superconducting carrier den-
sity ms. Using the relation ng = m*c? /4w e (0)e?, for
et (0) = 188(2) nm, we obtained ng = 1.20(1) x 1027
carriers m~3, where we used the value of effective mass
m* = (1 + Ae—ph)Me =~ 1.51m, with electron-phonon
coupling constant Ae_pn &~ 0.51 as estimated in Ref. [6]
according to McMillan’s relation [45], and m, being the
free-electron mass.

Next we estimate the Fermi temperature Ty using the
relation [46]

h2

/CBTF = %(371’27’115)2/3, (6)
which, for ngy = 1.20(1) x 10?7 carriers m~—3, gives
Tr = 3164 K. This in turn gives the ratio T.. /Ty =~ 0.0005,
and hence characterizes CaPdyGes as a conventional su-
perconductor based on the Uemura plot [47, 48] that
provides an empirical relation between T. and Ty to
classify a superconductor into the categories of conven-
tional and unconventional superconductors. Uemura et
al. [47, 48] plotted the values of ratio T, /T for many con-
ventional and unconventional superconductors and sug-
gested that an unconventional and exotic superconduc-
tivity is observed for those superconductors for which
0.01 < T,./Tr < 0.1, whereas for a conventional super-
conductor T./Tr < 0.001. The value T./Tr ~ 0.0005

for CaPdsGes indeed falls in the range of conventional
superconductor. Therefore the time reversal symmetry
breaking in CaPdsGes is conjectured to have different
physics than the one applicable to multiband or uncon-
ventional superconductors, or the systems with multior-
bital character of states at the Fermi level.

IV. CONCLUSIONS

We have probed the superconducting gap structure
and time reversal symmetry state of superconducting
CaPdsGes through the muon spin relaxation and ro-
tation measurements in both zero field and transverse
magnetic field. The TF-uSR spectra were analyzed by a
Gaussian oscillatory function, and the temperature and
field dependences of muon-spin depolarization rate asso-
ciated with the superconducting state os. were obtained.
Further, we obtained magnetic penetration depth from
the 04.(T"). Information about the energy gap and pair-
ing symmetry was obtained from the analysis of Aeg (7).
The Ao (T') is well described by single-band s-wave model
indicating an isotropic superconducting gap structure.
An energy gap of 2A(0)/kpT, = 3.50(1) is obtained from
the analysis. On the other hand, the analysis of ZF-
1SR spectra revealed an increased relaxation rate below
T. on account of the spontaneous magnetic field associ-
ated with time reversal symmetry breaking in CaPd;Ges.
The observation of time-reversal symmetry breaking in
CaPdsGes is quite striking, and invites further experi-
mental and theoretical investigations to understand the
origin of this unconventional feature despite the conven-
tional single-band isotopic s-wave singlet pairing symme-
try of the superconducting order parameter in this com-
pound.
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