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We report detailed 7 As nuclear quadrupole resonance investigations of the locally noncentrosymmetric
superconductor SrPtAs. The spin-lattice relaxation studies prove weakly coupled multigap superconductivity. A

retardation of the decay in 1/7;T evidences a nodeless (fully gapped) superconducting state on the complex
multipocket Fermi surface, which is consistent with an anisotropic s-wave order parameter and with proposed
unconventional f-wave and chiral d-wave symmetries. A quantitative analysis of these models favors the

unconventional f-wave state.
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I. INTRODUCTION

Since the discovery of superconductivity in doped transition
metal pnictides in 2008 [1], this class of superconductors
has grown to the largest family of superconductors with a
common structural motive: They contain layers of square
lattices formed by the transition metal elements. SrPtAs
exhibits superconductivity below 7. ~ 2.4 K without doping,
as recently found by Nishikubo ez al. [2]. SrPtAs crystallizes in
a hexagonal structure of weakly coupled noncentrosymmetric
PtAslayers, in which the charge transport takes place. Adjacent
PtAs layers are inverted to each other, so that the bulk is
indeed centrosymmetric. Thus, SrPtAs is a prime example
for staggered noncentrosymmetricity [3]. A compound with
a globally equivalent AlB,-type structure, MgB,, exhibits
multigap superconductivity with 7, & 40 K [4]. The high spin-
orbit coupling in SrPtAs opens the possibility for singlet-triplet
mixing of the order parameter [5]. Interestingly, recent muon
spin relaxation (uSR) experiments proved the development
of a small static spontaneous internal field just below T,
evidencing time reversal symmetry (TRS) breaking in su-
perconducting SrPtAs [6]. This fact excludes a conventional
superconducting state that preserves TRS and cannot coincide
with an internal magnetic field. Different scenarios for this
spontaneous TRS breaking are theoretically conceivable, all
of which involve unconventional pairing states: The chiral
d-wave superconducting state is particularly exciting, as it
hosts striking topological phenomena such as chiral Majorana
surface states and bulk Majorana Weyl nodes [7]. A second
possibility is given by the f-wave symmetry [8], which can
break TRS symmetry at the surface [6]. Therefore, it is vital
to understand the nature of the superconducting pairing in
SrPtAs. In this context, nuclear magnetic resonance/nuclear
quadrupole resonance (NMR/NQR) is one of the most power-
ful tools to shed light on such issues.
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In this Rapid Communication, we present >As NQR
investigations to determine the superconducting properties
of SrPtAs. In the first stage of our experiments, >As NMR
experiments at 40 MHz were performed to extract the NQR
frequency of SrPtAs in the normal metallic state, while a
low upper critical field H,(0) of approximately 2000 Oe
does not allow NMR investigations in the superconducting
phase. Therefore we carried out NQR experiments in a wide
temperature range from 0.15 to 15 K. NQR experiments are
performed in zero external static magnetic field. Since > Asis a
spin I = 3 /2 nucleus, the NQR transitions (+1/2 «— +3/2)
result in a single line in the NQR spectrum. In addition
to that, the nuclear magnetization recoveries are expected
to exhibit a simple exponential form and a straightforward
and unambiguous determination of the nuclear spin-lattice
relaxation rate 1/7; is possible. The temperature dependence
of 1/T; contains information about the symmetry of the
superconducting order parameter.

Our main results are the evidence for multigap supercon-
ductivity with very weak interband coupling and constraints
for possible pairing symmetries. The Hebel-Slichter peak of
1/T\T is strongly suppressed, but a strong displacement of the
onset of the decay with respect to T evidences a fully gapped
superconducting state — such as the theoretically predicted
unconventional chiral d-wave or f-wave order parameter,
which are both nodeless on the complex multipocket Fermi
surface. In particular, the f-wave state is consistent with our
data.

Parallel to our work, Matano et al. [9] performed
NMR/NQR experiments on SrPtAs. Their > As T; relaxation
data are consistent with ours with respect to the evidence
for a fully gapped superconducting state. However, they did
not observe a multigap behavior as shown in this work. In
addition, we provide a deeper analysis and discussion in view
of the published theoretical work on SrPtAs, which raised
large interest in this system. Note that our 77 data ranges
to lower temperatures, where the multigap behavior is most
significant.
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FIG. 1. (Color online) X-ray powder diffraction plot of sample B
with a Rietveld fit. Two crystal phases are evident: SrPtAs (98.18%)
and SrPt;As, (1.82%). Stacking faults are regarded and are found to
be minimal.

II. BASIC NMR AND NQR PROPERTIES

Polycrystalline samples of SrPtAs were prepared via a solid
state reaction method as described in Ref. [2]. Figure 1 shows
the angular dependence of x-ray diffraction on sample B. The
major part (98.18%) is pure SrPtAs. The Rietveld fit comprises
stacking faults that are found to be minimal. A second phase
(1.82%) is identified as the tetragonal SrPt;As,. NMR/NQR
experiments were carried out with a pulsed spectrometer in
a dilution fridge, *He and “He cryostats. The spin-lattice
relaxation time 77 was measured by monitoring the nuclear
magnetization recovery after a saturation radio-frequency (rf)
pulse at a frequency of f = 27.75 MHz both in the normal and
superconducting state. Great care was taken in measuring 1/ 7
to avoid possible rf heating at very low temperatures. We were
able to exclude such effects by varying the repetition times
between single measurements and comparing the relaxation
rates (see Sec. III).

The T, of sample B is around 2.0 K, which has been
estimated by in situ ac susceptibility (ACS) measurements
by using the NMR coil. The results of the ACS measurements
during cooling down and heating up the sample are plotted in
the inset of Fig. 3.

Figure 2 (upper panel) shows the field sweep ”>As NMR
spectrum at a fixed frequency of 40 MHz and T = 13 K. The
spectrum represents a typical I = 3/2 nucleus in the case of
a strong quadrupole interaction. To determine the 7>As NQR
frequency vq and the asymmetry parameter 1, we diagonalized
the nuclear Hamiltonian

H = _yh(Bext + Bhyp)I
VY
+h B2 =P 40 (17 = 17)] (1

at each sweep step for 25 000 random orientations of the
external field Bey with respect to the electric field gradient
(EFG) principle axis z. The best fitting quadrupole parameters
are vq = 27.75 MHz, n = 0, and no internal hyperfine field
Bpy, = 0 was found. The small additional intensity located
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FIG. 2. (Color online) Top: As NMR field sweep spectrum of
sample A, recorded at 13 K and 40 MHz (black dots) vs the simulation
graph (red line) as described in the text. The dashed vertical line
indicates the ” As NMR Larmor field. Left lower panel: > As NQR
spectrum of sample A at three temperatures and a double Gaussian fit.
Right lower panel: "> As NQR spectrum of sample B with a Lorentzian
fit; vertical dashed line, vy = 27.75 MHz.

near the center at around 5.5 T represents the SrPt; As, phase.
It shows a similar / = 3/2 spectrum with a quadrupolar
frequency of vy ~ 5.4 MHz. This crystalline phase does
not disturb the NQR experiments that are taken around
27.75 MHz. Note that this value of the ” As NQR frequency in
SrPtAs is much larger than in other transition metal pnictides
[10,11].

Due to a very small upper critical field of approximately
2000 Oe, the irradiating pulse disturbs superconductivity. This
effect manifests itself in a shift of the coil inductance. There-
fore, the equilibrium superconducting state is not present while
pulsing. However, the superconducting properties recover very
fast on the us time scale, which is small compared to the
nuclear relaxation times. This is verified by measurements of
the shift of the coil inductance after a strong pulse and is in line
with the field cycle experiment described in Ref. [12], where
the pulses are applied in the normal state. The effect on the
relaxation experiments is discussed in Sec. III.

Figure 2 (lower left panel, lower right panel) depicts
several As NQR spectra recorded in the normal and in
the superconducting phase for samples A and B. The NQR
intensity was determined by integrating over the spin-echo
signal, which gives a maximum of intensity but effects a small
additional broadening. In the two regimes of the normal and
superconducting state, the spectral shape does not change
significantly, and v is constant over the whole temperature
range as well. The single peak structure rules out the presence
of any spurious phases in SrPtAs with a nearby vq. A
homogeneous signal is further supported by the fact that the
T\ measurements at different positions in the NQR spectrum
give equal T; values.

Samples A and B are of different quality, as deduced from
the NQR spectra. Sample A yields a linewidth [full width at
half maximum (FWHM)] of ~1 MHz, while sample B has a
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linewidth of ~700 kHz. Both show a very slight asymmetry.
This may be an effect of the crystal surface or impurities.

III. NUCLEAR RELAXATION RATE

The nuclear magnetization recovery curves were fitted by
m(t) = A(1 — Be /™), )

where m(t) is the respective nuclear magnetization at a time ¢
after the saturation pulse, and A and B are parameters that
determine scaling and an offset. The recovery curves could be
described well by this single exponential function except in
the superconducting regime, where a stretched exponential
function m(t) = A{1 — B exp[—(3t/T1)’3]} is required. The
stretching parameter 8 ranges from ~0.5 at low temperatures
T <400 mK to ~1 at T > 1.2 K. While the stretched ex-
ponential is commonly used when the intrinsic distribution
of relaxation channels is broadened [13], in this case it is
found to be an experimental artifact: We found that 8 varies
with the pulse power, and therefore we relate this effect
to the disturbance of superconductivity while pulsing (see
Supplemental Material [14]). In fact, a large scattering of
B is observed, which proves that this is not an intrinsic
effect. However, the characteristic 77 is unaffected by g
or the pulse power, which validates our experimental data.
This is ensured by measurements with varied experimental
parameters (in particular, pulse power and duration) that
show no deviation of 7} with respect to the confidence
interval. These test measurements were done at several
temperatures.

In Fig. 3, the results of our 7> As NQR spin-lattice relaxation
rate study are shown. While the presented data were taken at
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FIG. 3. (Color online) 7 As spin-lattice relaxation rate: 1/7;T vs
temperature for sample B (black) and sample A (gray) with fits and
simulations (see text). The hump at 300 mK indicates the opening
of the second superconducting band. The fully gapped fit for the
primarily superconducting band supports all proposed fully gapped
states, including the s-wave, chiral d-wave, and f-wave gap. A line
node model does not fit the data. The inset shows the temperature
dependency of ac susceptibility data at zero field using the in sifu
NMR coil, revealing 7, ~ 2.0 K.
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27.75 MHz, data were also recorded at different frequencies to
approve the constancy over the NQR spectrum. In the normal
metallic state, 1/7T,T follows the simple Korringa relation
(T'T = 0.97 sK), as expected for SrPtAs.

The determination of 7. via ACS experiment (see the
inset of Fig. 3) reveals a critical temperature of ~2.0 K,
which is in contrast to earlier findings of ~2.4 K [2,6]. The
discrepancy between T, measured by means of ACS and the
temperature at which the spontaneous internal field developed
in former SR measurements is not clear. Since it is the idem
sample, it may be an effect of aging but may also point to
multiple phase transitions. The slow-onset increase of the
resonance frequency might be due to a distribution of critical
temperatures in the temperature interval from 1.8 to 2.0 K. The
hypothetically resulting distribution of relaxation times does
not explain the above mentioned stretching of the exponential
form of the relaxation recovery curves in a sufficient amount;
rather, it would have a minor effect that could only cause a
stretching of 8 2> 0.9.

1/T\T shows a strong decrease below 1.3 K. The Hebel-
Slichter peak is strongly suppressed in comparison with
conventional s-wave superconductors. A second very distinct
feature of the relaxation rate is a hump with a sharp edge at
300 mK. Below this edge, the relaxation rate obeys a power
law decrease similar to the behavior near 1.3 K.

Earlier work on MgB, explains the suppression of a
Hebel-Slichter peak with strong coupling effects or a possible
quasiparticle broadening [15]. This is not necessarily adaptable
to SrPtAs, in view of the smaller T, the broader peak, and
the rather sharp edge at 1.3 K. A distribution of critical
temperatures might contribute to the suppression. However,
a fully gapped superconducting state is probable. The hump
at 300 mK indicates a residual density of states (DOS) at
the Fermi level, which suddenly disappears at 300 mK. This
is explainable if one assumes multigap superconductivity
[16-18] with weak interband scattering (see below), which
is in line with the suggestion of Nishikubo et al. for SrPtAs
[2] based on the upward curvature of He,(T).

The complex band structure of SrPtAs with three pairs of
Fermi surfaces [19], the wealth of possible superconducting
states, and a corresponding large number of free parameters
poses a challenge to the interpretation of 1/7]. One pair of
Fermi surfaces, which hosts the largest density of states, is
believed to drive the superconducting transition. Conventional
s-wave as well as unconventional f-wave and chiral d-wave
symmetries of the order parameter do not possess extended
nodes on this pair of Fermi surfaces. Hence, a quantitative
comparison of these possible pairing states is necessary. In
the case of the f-wave symmetry, the nodes are placed in
between the cylindrical Fermi surfaces centered around the
K point, which drive the superconductivity in SrPtAs. So the
f-wave state is also fully gapped. Furthermore, the f-wave
pairing state is a triplet of the type ~/2(1) + |1). Therefore,
this state cannot be excluded by a suppressed Knight shift in
the superconducting phase found by Matano ez al. [9]. Indeed,
in this compound, a Hebel-Slichter peak or a retardation
of the decay in 1/7T does not imply conventional s-wave
superconductivity. Furthermore, to eliminate line nodes in the
order parameter, a corresponding model is included. All model
functions are based on a generalized Hebel-Slichter formula
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(cf. Ref. [12,20,21]) for multigap characteristics and complex
order parameters,

w = i/oo Z c [Nn(E)Z +Mn(E)2]
- n S N
his  keT Jo =,

x f(E)1 — f(ENME, 3

with the density of states N, the so-called anomalous density
of states Mj,

E
/ P,(a)———————————da |,
i E2 — |a]?(Ag)*

_ “

/ P,(a) @A da
n ) ’
E2 — |al? (a})

N'(E) = Re

M'(E) = Re

and the Fermi function f. The index n represents the number
of the band and ¢, determines the relative proportion of the
density of states of band n. P(a) is the distribution of the
anisotropic superconducting gap A, (2) = a(2) Aj, where Q2
is the Fermi surface parametrization. This general multigap
model implies that interband scattering of electrons during the
relaxation process is suppressed, which is motivated by a very
low interband coupling in multigap superconductors.

The temperature dependence of the superconducting gap is
calculated by numerically solving the BCS gap equation for
multiple Fermi surfaces from Ref. [22] for a specified T, and
then scaling the solution to obtain quotients 2Ay/ kg7, that
differ from the BCS result of 3.5.

The blue curve in Fig. 3 is calculated with a generic model:
P,(a) is assumed to be a rectangular function that is finite
in the range [1 —§,/2,1 4 §,/2]. The anomalous density of
states is finite, since a > 1. We set T, = 2.0 K, §; = 0.36,
8 =0.8, ¢ =0.85, and 2A[/kgT. = 3.5. Obviously, the
pronounced Hebel-Slichter peak is not consistent with our
data but the whole data at temperatures below 1.35 K are very
well reproduced. Especially, the hump structure at 0.3 K can
be traced, which would not be possible when assuming a single
gap. Thus a strong indication for multigap superconductivity
is found. A commonly used interpretation of this model is
an anisotropic (but conventional) s-wave symmetry, but also
chiral d-wave and f-wave symmetry can lead to similar
behavior. As mentioned above, the overestimation of the
Hebel-Slichter peak might be due to the distribution of critical
temperatures, which would only lead to a small suppression
of the peak, or a temperature dependence of the gap that
differs from the BCS approximation. In both cases, the fitting
parameters would change, but the essence remains: a fully
gapped superconducting state with multiple gaps. According
to the parameter c;, the primarily superconducting band
contains 71% of the total density of states N(0). This is in
general agreement with the local density approximation (LDA)
calculations [19] that predict 74% [5].

The line node order parameter produces a much flatter
curve (see Fig. 3, brown curve) than our data and a rather
instant decrease, which does not match to our findings. Since
this behavior is due to line nodes in the gap function, we
can generally exclude line nodes in the superconducting order
parameter.
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It is interesting how theoretical predictions, in particular,
for the chiral d-wave state [5,7] and the f-wave state [5,8],
compare with the present NQR study. With knowledge of
the band structure and a simple representation of the chiral
d-wave state and the f-wave state provided by Ref. [5], we
calculated the spin-lattice relaxation rate without a variable
fitting parameter for the anisotropy (in the previous model,
this is the & parameter). This is plotted in Fig. 3 (green/red
line).

The chiral d-wave model clearly underestimates the re-
laxation rates, while the height of the Hebel-Slichter peak
does agree with the data. For the secondary superconducting
band we assumed an anisotropic s-wave symmetry as in the
former fit. In contrast, the f-wave model does reproduce
the data very well, similar to the general fully gapped fit.
The reason for this behavior lies in the negligible scattering
between the two disconnected Fermi surfaces related to the
primarily superconducting band on one hand and in the nar-
rower distribution of gaps on the other hand. Therefore the
f-wave state is more suitable to explain our findings. Because
the k dependency of the gap function can differ significantly
from the simple analytical representations we used for the
fitting [7], the chiral d-wave state cannot be excluded in
general.

As pointed out in Ref. [7], the f-wave and chiral d-wave
states are in competition with each other, where separated
Fermi surfaces do rather lead to a dominant f-wave gap
symmetry, while connected or nearby Fermi surfaces do favor
the chiral d-wave state, driven by the van Hove singularities at
the M point. With hole doping of SrPtAs it might be possible
to connect the Fermi pockets near the van Hove singularities
at the M points, and find distinct evidence of a chiral d-wave
Ssymmetry.

IV. CONCLUSION

Detailed ”As NQR investigations on two different poly-
crystalline samples of the locally noncentrosymmetric su-
perconducting SrPtAs with 7. ~ 2.0 K are presented. In the
normal state, 1 /T T = const is found, as expected for metallic
SrPtAs. The spin-lattice relaxation rate divided by temperature
1/T\T shows a partly suppressed Hebel-Slichter peak and
a hump structure around 300 mK, which refers to multigap
superconductivity. Several fits and simulations were carried
out to describe the 1/7T data. A fully gapped model fits
to the observed decreasing behavior. In the case of SrPtAs,
that includes also unconventional chiral d-wave and f-wave
states. Especially, the calculation of 1/7,T using the f-wave
gap symmetry does agree with our data. In establishing
the multigap character of superconductivity in SrPtAs, our
data provide guidance to revisit the theoretical models of
the superconducting gap function, and constrain the possible
pairing mechanisms.
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