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The superconducting state of the

17 K Si-doped Nb-oxynitride

superconductor, namely,

(Nby.87S10,00000.04)(No.8700.13), has been investigated using muon spin rotation and relaxation. Our results show
that there is no evidence of time-reversal symmetry breaking and that the temperature dependence of the magnetic
penetration depth is consistent with an isotropic singlet “s-wave” ground state. The magnetic penetration depth
has been determined to be 218(5) nm and the superconducting gap was found to be 3.4(1) meV, giving a BCS ratio
of 4.6. The superelectron density and effective mass were found to be 8.7 x 10* m~3 and 15m,, respectively.
Also, using the Uemura plot, it is suggested that the mechanisms for superconductivity in this material may not
be entirely conventional and could be similar to the cuprates, organics, and heavy fermion systems.
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I. INTRODUCTION

The search for new superconductors has resulted in sur-
prising new families of materials, such as the pnictides, high
temperature superconductors, borocarbides, etc. However,
in trying to understand these superconductors, it is often
useful to look for universal correlations between some of the
fundamental properties, the investigation of which may lead
to a classification scheme. One such scheme is the so-called
“Uemura plot” in which a correlation has been proposed
between T¢ and the effective Fermi energy Tr, under which
the exotic superconductors, such as cuprate, heavy fermion,
organic, fullerene, and Chevrel phase superconductors, all
follow a similar linear trend with values of 1/100 < T¢/TF <
1/10, in contrast to the conventional BCS superconductors
(Nb, Sn, Al, etc.) for which T¢/TF < 1/1000 [1,2]. Niobium
is an elemental superconductor, which shows type II behavior
[31], and doping niobium with nitrogen leads to some interesting
properties [4—10], and, depending on the structure formed, the
superconducting transition temperature can be enhanced up
to 17.7 K for the rocksalt §-NbN, or suppressed, for example,
4 K for «-NbN, .. Recently, oxynitrides of Nb and cation-doped
oxynitrides of Nb have been shown to exhibit enhanced values
of Tc.

The quaternary tantalum oxynitrides, e.g., SrTaO,N and
LaTaON,, are known to be nonsuperconducting dielectric
perovskites [11-17]. However, the quaternary niobium oxyni-
trides  (Nbg.9sMgo.05)(No.9200.08), (Nbo.goAlo.11)(No.8400.16),
and (Nbg g7Si9.090J0.04)(No.g700.13) not only crystallize in a
rocksalt structure [18-23], but these niobium oxynitrides also
exhibit remarkably high superconducting transition temper-
atures of up to ~17 K, with shielding volume fractions
ranging between 90% and 100%. In addition to the high
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superconducting transition temperature, the critical current
density (J¢) for the Si-doped sample, estimated from the
isothermal magnetic hysteresis, was 2.5 X 10* A / cm?at5K,
nearly four times higher than the corresponding values for Mg-
or Al-doped samples, which was suggested to arise possibly
because the cationic vacancies induced by silicon doping act as
additional pinning centers in the rocksalt structure [21]. Heat
capacity measurements also showed strong correlations for
the Si-doped sample, as reflected by a high value of the Som-
merfeld constant y (225 mJ/mol K?), in contrast with much
lower values of y for the Mg-doped and the Al-doped samples
(0.1798 and 3 mJ/mol K2, respectively), where the parameter
y stands for the coefficient for the electronic contribution to
the heat capacity in the equation C = yT + BT [21]. One
could say that the Mg- and Al-doped samples behaved as
nearly “free electron” systems. The T¢ value of the Si-doped
niobium oxynitride (Nb0.87Sio_ogDo,04)(N0_g7OQ'13) decreased
gradually from 16.8 K to around 11 K under an increasing
applied magnetic field of up to 14 T [24]. This relatively
small T¢ reduction under an applied magnetic field suggests
arobustness of its superconducting behavior in comparison to
that in the parent niobium oxynitride. Both Si K-edge x-ray
absorption near edge structure (XANES) and ?°Si magic angle
spinning (MAS)-NMR indicated that the local structure of
pinning centers around the silicon atoms close to cationic
vacancies was similar to that of Si in amorphous SiO; in the
rocksalt structure of niobium oxynitride Nb(Ny g70¢.13) [24].
Muon spin rotation (uSR) has proven itself to be an
extremely powerful tool in probing the superconducting
properties of any material [25-28]. The fundamental super-
conducting parameters, namely, the penetration depth A and
coherence length &, can be determined using muon spin
rotation data. Using these results, together with heat capacity
data, the superfluid density n* and effective mass m™ can
also be determined [26]. Moreover, muon spin relaxation has
been shown to be very useful at looking for unconventional
superconductivity, for example, looking for superconductors
that break time-reversal symmetry, as in Sr,RuQOy, PrOs4Sby,,
LaNiC,, and LaNiGa,, among others [29-36]. In view of
the interesting superconducting behavior exhibited by the
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Si—doped (Nbo_g7Sio_09|:|0_04)(N0.8700_13) superconductor, we
decided to undertake a SR study of this sample and report
our results in what follows. Our results show that there is
no evidence of time-reversal symmetry breaking and that the
temperature dependence of the magnetic penetration depth
is consistent with an isotropic singlet “s-wave” ground state.
The magnetic penetration depth has been determined to be
218(5) nm and the superconducting gap was found
to be 3.4(1) meV, giving a BCS ratio of 4.6.

II. EXPERIMENTAL DETAILS

The sample preparation details were described in our
previous publication [24]. Briefly, NbCls (Sigma-Aldrich,
99.9%) was dissolved with Si(OC,Hs)4 (Aldrich, 98.0%) at
a molar ratio of 9:1 in anhydrous ethanol, along with an
equimolar amount of citric acid (Wako Pure Chemicals) for
the preparation of (Nby.g7Si0.09010.04)(No.8700.13). The viscous
material was fired at 350 °C for 1 h in air, and the resultant
oxide powder was ground. The amorphous oxide precursor
was nitrided in an alumina boat with ammonia (Sumitomo
Seika Chemicals, 99.9%), and annealed at 1200 or 1500 °C
for 3 h under 0.5 MPa N; in a graphite furnace (High Multi
500, Fuji Dempa Kogyo). The sample used in this study was
that used in the previous study [24].

The pSR experiment was carried out on about 1.3 g
powder of a Si-doped Nb-oxynitride superconducting sample
(Nbyg.87S10.00J0.04)(No.8700.13) using the MuSR spectrometer
[32] in both geometries [longitudinal/zero field (LF/ZF-uSR)
and transverse field (TF-uSR)]. At the ISIS Facility, a pulse
of muons is produced every 20 ms and has a full width at
half maximum (FWHM) of 70 ns, but with one in five
pulses going to the ISIS second target station. These muons are
implanted into the sample and decay with a half-life of 2.2 us
into a positron which is emitted preferentially in the direction
of the muon spin axis and two neutrinos. These positrons
are detected and time stamped in the detectors which are
positioned before, F, and after, B, the sample for longitudinal
(relaxation) experiments. Using these counts the asymmetry
in the positron emission can be determined and, therefore,
the muon polarization is measured as a function of time.
For the transverse field experiments, the magnetic field was
applied perpendicular to the initial muon spin direction and
momentum. The sample was powdered and mounted onto a
99.9954-% pure silver plate in a Ag package. Any muons which
stop in silver give a time independent background for ZF-uSR
experiments or a nondecaying precession signal in TF-uSR.
The sample holder and sample were mounted into a cryostat
with a temperature range of 1.2-300 K. The sample was cooled
to base temperature in zero field and the ©SR spectra were
collected upon warming the sample while still in zero field.
The stray fields at the sample position are canceled to within
1 uT by a flux-gate magnetometer and an active compensation
system controlling three pairs of correction coils. The TF-uSR
experiment was conducted with applied fields of 40 mT, which
ensured the sample was in the mixed state. The field was
applied above the superconducting transition before cooling.
The MuSR spectrometer comprises 64 detectors. In software,
each detector is normalized for the muon decay and reduced
into two orthogonal components.
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FIG. 1. (Color online) The zero-field uSR  spectra for
(Nby 87Si0.00000.04)(No.§700.13). The red symbols are the data
collected at 1.5 K and the blue symbols are the data collected at
20 K. The line is a fit to the data using the model described in the
text.

III. RESULTS

We first consider the zero-field ©SR data. The absence of
a precession signal in the pSR spectra at all temperatures
confirms that there are no spontaneous coherent internal
magnetic fields associated with long range magnetic order
in (Nbg.g7Sip.00J0.04)(No.§700.13) at any temperature. In the
absence of atomic moments the muon spin relaxation is
expected to arise entirely from the local fields associated with
the nuclear moments. These nuclear spins are static, on the
time scale of the muon precession, and randomly orientated.
In this case, the depolarization function G,(#) can be described
by the Kubo-Tayabe function [37],

1 2 o’t?
GX(t) = A0|:§ +30 - o’t?)exp <_T>]

x exp(—At) + C, (H

where Ay is the initial asymmetry, o is the muon depolarization
rate and is related to the field width at the muon site, A is for
any electronic contribution (in this case negligibly small), and
C is the background. In Fig. 1, we can see that the data have
the characteristic shape of the Kubo-Toyabe function, with a
depolarization rate of 0.436(1) and 0.436(3) us~! for low and
high temperatures, respectively. More importantly, this does
not change as a function of temperature. This indicates that
time-reversal symmetry is preserved, i.e., not broken, or at least
any symmetry breaking field is not observable by uSR. In an
applied transverse magnetic field the experimental data were
fitted with a sinusoidal oscillating function with a Gaussian
relaxation component,

2 oft?
Gx(t):ZA,»exp ——— Jeos@uuit +9). (@)

i=1
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FIG. 2. (Color online) Typical muon asymmetry spectra in
(Nb()‘g7Sio_o()Do‘04)(N0Ag7OOA13) taken in a transverse field of 40 mT
at 2.0 (upper), 10.0 (middle), and 20.0 K (lower). The line is a fit to
the data (see text). For clarity, only one of the two virtual detectors
has been shown.

where the index i denotes the contribution from the super-
conducting phase or the background, respectively, A; is the
initial asymmetry, o; is the Gaussian relaxation rate, v; is the
muon spin precession frequency, and ¢ is the phase offset.
The background term comes from those muons which were
implanted into the silver sample holder, and this oscillating
term has no depolarization, i.e., o, = 0.0 us’l, as silver has a
negligible nuclear moment. Figure 2 shows typical spectra and
fits for (Nbyg g7Si9.09[0.04)(No.8700.13) with an applied field of
40 mT at 2.0, 10.0, and 20.0 K after being field cooled through
Tc. Figure 3 shows the temperature dependence of o;. This
shows an increase as the temperature is reduced through T¢.
o is directly related to A by the relation

0 = A(1 — B)[1 + 1.21(1 — V/b)*11 72, 3)

PHYSICAL REVIEW B 90, 014508 (2014)

12k T T T T T T T ]
iiiiiiiiiiiii
1.0 |- LT .
iii;
0.8 - L N
[ ]
[

o [ ]
\v?)i 0.6 . B
© [ ]

04 Cepanng, -

02 |- i

0.0 " 1 " 1 " 1 " 1

0 5 10 15 20

Temperature (K)

FIG. 3. The temperature dependence of o in a field of 40 mT.

where b = B/B,, is the ratio of applied field to the upper
critical field and A is a prefactor relating to the structure
of the flux line lattice (A = 4.83 x 10* and 5.07 x 10* for
a hexagonal and square lattice, respectively) [38,39]. As
B, is large relative to the applied field, we can assume
that o oc 1/A%. Considering the values for o} as T — 0, the
magnetic penetration depth can be determined, assuming a
hexagonal flux line lattice, to be A = 218(5) nm. Now we
present a detailed analysis of the o5 (T). The o value measured
in the superconducting state oy is a convolution of both
the flux line lattice and the nuclear moments oy such that
01 = 62 + o}. The contribution from the nuclear moments
has been determined at a temperature just above T¢ and has
been assumed to be constant. This assumption is justified by the
zero-field uSR experiment discussed earlier. As oy is directly
related to the magnetic penetration depth, the superconducting
gap can be modeled by

0s(T) _ )\72(T) _
0i(0)  A72(0)

2 /°° (%)—E dE
am \OE ) JE2 — A(T)?
4

where f = [1 4+ exp(E/kp T)]~! is the Fermi function [40].
The temperature dependence of the gap was approximated by
[41]

A(T) = A(O)tanh{1.82[1.018(T¢/T — DI**'}.  (5)

As can be seen from Fig. 4, the temperature dependence of
os 1s very well described by an isotropic s-wave model,
giving A(0) = 3.4(1) meV and a BCS ratio of 4.6, which
is in agreement with heat capacity results [24]. This value
is slightly higher than that expected for a conventional BCS
superconductor, indicating that (Nbg g7Si9.09[0.04)(No.8700.13)
may exhibit enhanced electron-phonon coupling.

The magnetic penetration depth A is related directly to two
of the principal parameters of the electronic ground state of a
material, namely, the effective mass of the electron m* and
the carrier density n,. Moreover, the heat capacity is also
related to ng and m*. For more details, see Hillier ef al. [26].
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FIG. 4. The temperature dependence of the oy.(T"). The line is a
fit to the data using an isotropic s-wave model (see text for details).

Therefore, by using a combination of the muon results and the
heat capacity, the n, and m* were found to be 8.7 x 10>’ m~—3
and 15m,, respectively.

Uemura ef al. [1,2] have suggested a classification scheme
for unconventional superconductors which shows a correlation
between 7¢ and the effective Fermi energy 77 in which
the exotic superconductors, such as cuprate, heavy fermion,
organic, fullerene, and Chevrel phase superconductors, all
follow a similar linear trend with 1/100 < T¢/Tr < 1/10,
in contrast to the conventional BCS superconductors (Nb,
Sn, Al, etc.) for which T¢/Tr < 1/1000. The “Uemura
plot” of log(7¢) against log(7TF) is shown in Fig. 5 and
appears to discriminate dramatically between the “exotic”
and “conventional” superconductors. If we assume the clean
limit and if the superelectron at T = 0 K is equivalent to
carrier density at T¢, T for (Nbg 87Sig.0900J0.04)(No.§700.13) is
~1220 K. This gives a T¢/TF ratio of 1/71, which readily
classifies this superconductor in the exotic region on the
“Uemura plot.”

IV. CONCLUSIONS

In conclusion, SR experiments have been carried out on
(Nb(),g7Sio_()9|:|0_04)(N0.8700_13). The zero-field measurements
do not show any spontaneous fields appearing below the
superconducting transition temperature (7¢ = 16.8 K). This
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FIG. 5. (Color online) The “Uemura plot,” which shows a clas-
sification scheme for conventional and “unconventional” supercon-
ductors. The green star shows the position of (Nbyg7Sig00l0.04)
(No.§700.13) within this scheme and suggests that the mechanisms
for superconductivity may not be entirely conventional.

provides convincing evidence that time-reversal symmetry is
not broken in the superconducting state of this material. Also,
we have probed the superconducting gap and found that the
temperature dependence of the superconducting gap can be
described by an isotropic s-wave gap witha T = 0 K amplitude
of A(0) =3.4(1) meV and a BCS ratio of 4.6. This value
is slightly higher than that expected for a conventional BCS
superconductor, indicating that (Nbg g7Si¢.09o.04)(No.8700.13)
might be exhibiting unconventional superconductivity. Indeed,
using the “Uemura plot” to classify this superconductor,
we find that (Nbg.g7Sip.0900.04)(No.§700.13) sits among the
cuprate, heavy fermion, organic, fullerene, and Chevrel phase
superconductors, suggesting that the mechanisms for super-
conductivity may not be entirely conventional. Clearly, this
indicates that the mechanisms for superconductivity in this
family of materials should be investigated further.
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