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Superconducting ground state of the nonsymmorphic superconducting compound Zr,Ir
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The nonsymmorphic Zr,Ir alloy is a possible topological semimetal candidate material and as such may be

part of an exotic class of superconductors. Zr,Ir is a superconductor with a transition temperature of 7.4 K with
critical fields of 19.6(3) mT and 3.79(3) T, as determined by heat capacity and magnetization. Zero-field muon
spin relaxation measurements show that time-reversal symmetry is preserved in these materials. The specific
heat and transverse field muon spin rotation measurements rule out any possibility to have a nodal or anisotropic
superconducting gap, revealing a conventional s-wave nature in the superconducting ground state. Therefore
this system is found to be a conventional nonsymmorphic superconductor, with time-reversal symmetry being

preserved and an isotropic superconducting gap.

DOI: 10.1103/PhysRevB.104.054509

I. INTRODUCTION

Topological superconductors (TSCs) have emerged as
an exciting exotic class of unconventional superconductors.
These materials have a nontrivial topology with a supercon-
ducting gap in the bulk but with topologically protected states
at the surfaces [1-5]. These surface states can host Majo-
rana fermions, which may lead to possible applications for
fault-tolerant quantum computation [1,2]. The search for new
TSCs is currently a central challenge in quantum materials
research. However, despite tremendous research activity, only
a handful of compounds are reported as a potential candi-
date to bulk topological superconductors, including SrpRuOy4
[6,7], Au,Pb [8], PbTaSe; [9], BiPd [10], B-PdBi, [11], and
MoTe, [12].

Recently, experimental studies performed on theoretically
predicted topological binary and ternary superconducting
compounds such as NbC, TaC [13], and A1S5 TizX (X = Ir,
Sb) [14,15], ZrRuAs [16], and kagome flat-band LaRu3Si,
[17] have shown conventional s-wave superconductivity with
preserved time-reversal symmetry (TRS). In contrast, multi-
gap superconductivity has been reported in the topological
superconducting candidate TaOsSi [18] and TRS is preserved.
For RRuB,; (R =Y, Lu), s-wave superconductivity with spin
fluctuations has been reported [19,20]. These studies failed
to provide the role of the nontrivial surface state on super-
conducting ground states. The limited number of topological
superconductors makes it challenging to determine the exact
superconducting pairing mechanism and role of topological
surface states on superconducting properties. It is essential to
discover new materials or study the existing ones to look for
superconductivity with topologically protected surface states.
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This paper is a detailed study of the superconducting prop-
erties of the nonsymmorphic alloy (space group [4/mcm,
No. 140) Zr,Ir using magnetic susceptibility, electrical re-
sistivity, heat capacity, and muon-spin rotation/relaxation
(uSR) techniques. Recent work has revealed that the non-
symmorphic symmetry can host novel topological phases
[21] and topological superconductivity, thus making Zr,Ir an
ideal candidate material. Initial band-structure calculations
have revealed that Zr,Ir is a topological semimetal with a
symmetry-enforced Fermi-level degeneracy at high-symmetry
points [22,23]. A symmetry-enforced topological semimetal
may hold low-energy excitations and reveal novel topological
response phenomena and unusual magnetotransport proper-
ties [24]. Several bands close to the Fermi surface with distinct
electron masses can lead to different electron-phonon cou-
pling strengths, which results in different gap energies. This
can promote an exotic superconducting ground state depend-
ing on the strength of inter and intraband coupling [25]. So
it is very intriguing and timely to study the superconducting
ground-state and time-reversal symmetry in Zr,Ir alloys. Our
results show that Zr,Ir can be described as fully gapped s-
wave order parameters and preserved time-reversal symmetry
in the superconducting state. Interestingly, the Uemura plot
suggests Zr,Ir lies in the vicinity of Zr;Ir and other unconven-
tional superconductors which break time-reversal symmetry
[26-28].

II. EXPERIMENTAL DETAILS

A polycrystalline sample of Zr,Ir was made using a sto-
ichiometric mixture of Zr (99.99%) and Ir (99.97%) by
standard arc-melting methods under a high-purity argon gas
atmosphere. The sample was flipped and remelted several
times to improve the chemical homogeneity. The resulting
“button” had negligible mass loss during this process and
was annealed at 750 °C for three days in a vacuum-sealed

©2021 American Physical Society
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FIG. 1. (a) Room-temperature XRD pattern of Zr,Ir shows the
phase purity. (b) CuAl,-type tetragonal structure of Zr,Ir with space
group 14 /mcm.

quartz tube. Room-temperature powder x-ray powder diffrac-
tion (XRD) data was collected using a PANalytical X pert
Pro diffractometer using Cu Ko radiation (A = 1.54056 A).
The DC susceptibility measurements were performed us-
ing a MPMS3 (Quantum Design). Resistivity and specific
heat measurements were performed in the Physical Prop-
erty Measurement System (PPMS, Quantum Design). The
1SR measurements were carried out at the ISIS pulsed neu-
tron and muon source at the STFC Rutherford Appleton
Laboratory, United Kingdom, using the MuSR spectrome-
ter. Zero-field muon spin relaxation (ZF-1SR) measurements
were performed in the temperature range 0.3-10 K. The
transverse-field muon spin rotation (TF-u«SR) measurements
were performed at 60 mT, well above the lower critical field
oHc1(0). We have analyzed the SR data [29] using MANTID
software.

III. RESULTS AND DISCUSSION

Rietveld refinement of the room-temperature XRD pattern
was performed using the FULLPROF software package [30].
This confirmed the phase purity of the sample with negligible
Zr, or any other impurity. The crystal structure was confirmed
as the tetragonal CuAl, type with space group /4/mcm (space
group no. 140). The refined XRD pattern is shown in Fig. 1.
The refined lattice parameters are summarized in Table I.

The magnetization was measured in both zero-field-
cooled (ZFC) and field-cooled (FC) mode with an ap-
plied field, uoH =1 mT. These measurements confirm
bulk superconductivity at T = 7.4(1) K [Fig. 2(a)] with

TABLE 1. Crystal structure parameters of Zr,Ir.

Space group 14/mcm (no. 140)
a=pB=y =90

Parameters Unit Zr,1r

a A 6.51(6)

c A 5.66(1)

Vet A3 240.70 (4)

Atom Wyckoff position X y z
Zr 2a 0.0 0.0 0.0
Ir 6C 0.25 0.0 0.50
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FIG. 2. (a) The temperature dependence of the DC magnetization
in an applied field of 1 mT, showing bulk superconductivity with
sharp diamagnetic transitions at 7o = 7.4 K. (b) The temperature
dependence of the AC susceptibility, further confirming supercon-
ductivity at 7.4 K.

100% superconducting volume fraction. AC susceptibility
measurements further confirm the superconductivity at 7.4 K
and are shown in Fig. 2(b).

The temperature dependence of the resistivity were mea-
sured in a range of different applied fields, from zero to 6 T,
and is shown in Fig. 3. It also confirms the presence of super-
conductivity [inset of Fig. 3(a)]. The normal-state resistivity
data (10 K < 7 < 300 K) is fitted using the parallel resistor
model [31,32] given by

11 n 1
p(T) PI(T) psat’
where pgy is the high-temperature saturation resistivity, and

p1(T) is the ideal temperature-dependent resistivity given by
the following expression:

TN\® [O/T e
p1(T) = po + V(a) [) md% )

where the second term is due to inelastic electron-phonon
scattering. 6p is the Debye temperature, r is a prefactor and
depends on the electronic structure of metal through the Fermi
velocity and density of state, and p(0) is the residual resis-
tivity. The best fit yields a residual resistivity p(0) = 98(1)
12 cm, a Debye temperature 6, = 148(3) K, and a high-
temperature saturation resistivity pg = 557(5) n2 cm. The
value of 6p is close to that obtained from the specific heat
data (described later).
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FIG. 3. (a) Temperature dependence of the resistivity; the inset
shows a drop to zero resistivity. (b) Temperature dependence of the
resistivity with different applied magnetic fields.
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FIG. 4. (a) Low field magnetization curves at different tempera-
tures. (b) The temperature dependence of the lower critical field is
shown, and the line is a fit to the data using the GL equation.

To find the lower critical field, puoHc1(0), the low field
magnetization data were collected at different temperatures,
as shown in Fig. 4(a). We have fitted the temperature
dependence of uoHce; with Ginzburg-Landau (GL) equa-
tion He1(T) = Hey (0)(1 — (TLC)Z)and estimated poHe(0) as
19.6(3) mT [see Fig. 4(b)].

The magnetization was also measured with different mag-
netic fields over a temperature range of .8 K < 7 < 10K, in
order to determine the upper critical field, ©oHc»(0). Values
for woHc>(T) were determined by taking the onset tempera-
ture as the criteria for T¢. Figure 5(b) shows the upper critical
field as a function of temperature. The data were fitted using
the GL formula

(1-1%)

Heo(T) = ch(O)m, 3)
where t = T /T and gives uoHg, (0) = 3.79(3) T. We have
also calculated poHez(T) by using the same relation (3) from
the specific heat and resistivity data collected at different
fields, which gives slightly higher poHc»(0) values, Fig. 5(b).

‘We have calculated the coherence length £ (0) as 93.2(1)

A using the relation He»(0) = 5 ;";2 and poH 5 (0) = 3.79 T,
GL

where @ (= 2.07x 107! T m?) is the magnetic flux quantum
[33]. Another fundamental length scale of a superconductor
is the magnetic penetration length Agp(0), which can be de-
termined using Eq. (4). The calculated value of AgpL(0) is
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FIG. 5. (a) The magnetization data were collected at different
fields in the temperature range of 1.8 K < 7' < 10 K. (b) The
temperature dependence of the upper critical field, uoHeo(T), was
determined from the magnetization, specific heat, and resistivity data
collected at different fields, with the Ginzburg-Landau (GL) formula.
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FIG. 6. (a) The temperature dependence of C,;. The line is the
result of the fit to an isotropic s-wave model. % vs T? is shown in
the inset, where the line is the result of the fit from the relation % =
Yu + BT?2. (b) The temperature dependence C/T at different fields is
shown. The inset shows the field variation of y and is clearly shown
to be linear.
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The GL parameter kg, = ;‘6%?00)) = 18.2(2) and shows the al-
loy is a type-II superconductor.

To find the electron-phonon correlation and the nature of
superconductivity in ZryIr, the specific heat was measured
in zero field and in different applied magnetic fields. A
sharp jump at T = 7.26(1) K verifies bulk superconductivity.

Hci1(0) = + 0.497). “)

Figure 6(b) shows % vs T? data, where the normal-state
data was fitted using the relation % =y, +BT% ¥, and B

are the Sommerfeld coefficient and Debye constant, respec-
tively, which signifies electron-electron and electron-phonon
correlation. The fit yields y, = 17.4(2) mJ/mol K? and g =
0.61(2) mJ/mol K*. The electronic contribution C,; was ex-
tracted from the total specific heat using the relation C,; =
C-BT3. The C,; data is best described by a conventional s-
wave model and gives a superconducting gap value of % =
1.99(1), indicating an isotropic superconducting gap at the
Fermi surface [34]. The obtained superconducting gap value
is greater than the BCS predicted value (1.76). We have
extracted C,; for different applied magnetic fields, and the

data was fitted for each field using the relation % =y +

% exp(%) [35] and is shown in Fig. 6(b). The field variation
of the Sommerfeld coefficient y is linear, i.e., y o H, and
further indicates an isotropic gap [35,36].

The Debye temperature 6, was calculated using the rela-
tion 6p = (%)%, where N (=3) is the number of atoms
per formula unit, and R is the molar gas constant (=8.314
J mol~' K~ !) and was found to be 209(2) K. The density of

states at the Fermi level D (Er) is 8.0(1 ;{,“;f‘u and was deter-

mined from the relation y, = (ﬁ)DC(E r), where kp is the
Boltzmann constant. The strength of the attractive interaction
between the electrons and phonons (A._ ;) was calculated us-
ing the McMillan equation [37] and was found to be 0.83(1),
indicating that Zr,Ir is a moderately coupled superconductor
similar to superconducting topological candidate materials
such as TiszIr and TizSb [15]. All the superconducting and
normal-state parameters are summarized in Table II.
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TABLE II. Normal and superconducting parameters of Zr,Ir.

Parameters Unit Zr,1r

T K 7.4(1)
woHe1(0) mT 19.6(3)
woHISE(0) T 3.79(3)
HoH3(0) T 5.44(2)

EaL A 93.2(1)

rgiE A 1700(20)

Ao () A 1169(10)

koL 18.2(2)

Y mJ/mol K? 17.4(2)

B mJ/mol K* 0.61(1)

% 1.53(2)

% 1.99(1) (specific heat)
i 1.88(2) (muon)
6p K 209(2) (specific heat)
6p K 148(3) (resistivity)
Me—ph 0.83(1)
Dc(Ey) States/eV f.u. 8.0(1)

Ty K 4069(25)

To further explore the superconducting gap structure,
transverse field muon spin rotation (TF-uSR) spectroscopy
measurements were taken at different temperatures with an
applied field of 60 mT. The applied field ensures a well-
ordered flux line lattice at temperatures below 7¢ as the
applied field is greater than woH¢(0). Figures 7(a) and 7(c)
show the TF-uSR spectra above and below the supercon-
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FIG. 7. (a), (c) TF-uSR spectra are shown above and below the
superconducting transition temperature at 60 mT, whereas (b) and
(d) show the corresponding field distribution.
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FIG. 8. (a) The temperature dependence of the internal magnetic
field experienced by the muon ensemble. (b) The temperature depen-
dence of the muon depolarization rate with an applied field of 60 mT,
whereas the dotted red line is the result of the fit to the data using a
clean s-wave model.

ducting transition temperature. The typical maximum entropy
analysis results of the magnetic field distribution, extracted
from the TF-uSR time spectra, are shown in the Figs. 7(b)
mixed state and 7(d) normal state [38]. The normal-state
spectra show a homogeneous field distribution, whereas the
spectra in the superconducting state show strong depolariza-
tion. This nature specifies the formation of an inhomogeneous
field distribution in the flux line lattice (FLL) state.

The decaying Gaussian oscillatory function [Grr(t)] best
fit the TF spectra, which consists of two decay components
(5). An oscillatory background term was also added to account
for the effect of the muons implanted directly into the silver
sample holder, which does not depolarize (5). Aj and By, are
the background contributions for the asymmetry and the field,
respectively:

o2

2

ot

Gre(t) = E A,-exp( 2’
i1

+ AbgCOS(V;LBbgt + ¢)a (5)

)cos(yMBit + @)

where ¢ is the offset of the muon spin polarization with
respect to the positron detector, and y, /27 = 135.5 MHz/T
is the muon gyromagnetic ratio. The temperature dependence
of the effective depolarization rate o is related to the first and
second moments by the relations (6) and (7) [39]:

2

A;B;
(B) = ; T 6)
2\ Ail(0i/v,)* + (B — (B)?] o>
2\ i i/ rn i _ 7
<AB>—§ A =7 )

Figure 8(a) shows the temperature dependence of the in-
ternal magnetic field (B). The flux expulsion at ¢ is clearly
evident from the reduction of the internal magnetic field (B).
The temperature variation of the effective depolarization rate
o was extracted by fitting the TF spectra, which consists of
a contribution from nuclear dipolar moments (oy) and field
variation across the flux line lattice (o). We have extracted
o5 by the quadratic relation 02 = 02 + o2. The oy increases
systematically with decreasing temperature and saturates at
the lowest temperatures, and is shown in Fig. 8(b). This result
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FIG. 9. Zero-field uSR spectra collected below (0.3 K) and
above (10 K) the superconducting transition temperature. The solid
blue line is the fit to static Kubo-Toyabe times the exponential decay
function.

suggests that Zr3;Ir does not exhibit line or point node and has
an isotropic gap, in agreement with the heat capacity results.
The data were fitted within the local London approximation
for a BCS superconductor in the clean limit [40], which yields
that the superconducting energy gap A(0)is 1.17(1) meV and
%ﬁg is 1.88(2), greater than the BCS predicted value 1.76.
This value is consistent with the specific heat measurement.
In a type-1II isotropic superconductor with a hexagonal
Abrikosov vortex lattice having k > 5 and H/Hc, < 0.25
with penetration depth A to be calculated to a high degree of

accuracy by the relation [41,42]
owlps™!] = 4.854x10*(1 — h)
x [1+121(1 = VR’ 2[nm™2],  (8)

where h = H/H¢»(T) is the reduced field. Agp(0) was found
to be 1169(10) A using 11oHe2(0) = 3.79 T.

To investigate the presence of a spontaneous magnetic
field in the sample, we have collected ZF-uSR spectra at
temperatures above and below the superconducting transition
temperature. The asymmetry spectra were best fitted by a
static Kubo-Toyabe function multiplied by an exponential de-
cay component [43] and is given by

G(t) = Ajexp(—Ar)Ggr(t) + Age, 9
with

1 2 o212
Gkr(t) = 3+ (1 —UZZth)eXp<— Z; ) (10)

w

where A; is the initial sample asymmetry, and ozr and A are
the Gaussian and an additional relaxation rate, respectively.
Agg 1s a background contribution associated with muon stop-
ping in the silver sample holder. Figure 9 shows no change
in observed zero-field asymmetry spectra within the detection
limit of ©SR. This confirms the absence of any spontaneous
magnetic field and a preserved time-reversal symmetry in
ZryIr.

6 K< ,/' HTSC ]
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of 7
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Conventional
2 superconductors
0.1 1 Lol 1 11l 1 11l
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FIG. 10. The Uemura plot showing the superconducting transi-
tion temperature 7c with respect to the effective Fermi temperature
Tr, where Zr,Ir is shown as a solid red marker. The violet solid
band shows the different families of unconventional superconductors
plotted with some other unconventional superconductors [26,27].

Uemura et al. [44—47] have described a method of classi-
fying unconventional superconductors based on the ratio of
%, where Ty is Fermi temperature. We have extracted Tr
by solving a set of five equations simultaneously as done in
[T15,26]. The estimated value of Ty is 4069 K, which gives

C

7o as 0.002. This ratio falls out of the unconventional band

0.01 < ;—E <0.1, as predicted by the Uemura classification
scheme, but is close to some other unconventional supercon-
ductors [26,27], as shown in Fig. 10.

IV. CONCLUSION

We report superconductivity in the possible topological
semimetal Zr,Ir having nonsymmorphic crystal structure. It
shows bulk type-II superconductivity with transition tem-
perature Tr = 7.4(1) K, with the lower and upper critical
field as 19.6(3) mT and 3.79(3) T, respectively. Spe-
cific heat measurements exhibit that the superconducting
energy gap, kA—T“C, is 1.99(1), greater than the BCS pre-
dicted value {1.76). Transverse field @SR measurements
further confirm the superconducting energy gap as s wave.
Zero-field wSR measurements reveal the preserved time-
reversal symmetry in the superconducting ground state. This
compound can be concluded as TRS preserved nonsymmor-
phic material. This work encourages further investigations
on nonsymmorphic materials to understand the role of
crystal symmetry and TRS on possible bulk topological
superconductivity.
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