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We report robust superconducting state and gap symmetry of NbsIr3O via electrical transport and specific heat mea-
surements. The analysis of specific heat manifests that NbsIr3O is a strongly coupled superconductor with AC/ 1T ~ 1.91
and double s-wave superconducting gaps of 24y (0) /kgT: ~ 6.56 and 2Ag(0)/kg T ~ 2.36 accounting for 90% and 10%,
respectively. The (Cp, — mT)/ T3 vs. T plot shows a broad peak at ~ 23 K, indicating phonon softening and the appearance
of low-lying phonon mode associated with the interstitial oxygen. This behavior explains the monotonic increase of 7; in
NbsIr3O; _g) by strengthening the electron—phonon coupling and enlarging the density of states at Fermi level. The Hall
coefficient is temperature independent below 200 K, and changes its sign from positive to negative above 250 K, suggesting
that carrier is across the hole- to electron-dominant regions and the multi-band electronic structures. On warming, the resis-
tivity shows a gradual crossover from 72- to T3-dependence at a critical temperature 7*, and a broad peak at a temperature
T,. The reduced 7; under pressure is linearly correlated with lattice parameters ¢/a ratio and T}, suggesting the important
phonon contributions in NbsIr3O as a phonon-medicated superconductor. Possible physical mechanisms are proposed.

Keywords: new superconductor, high-pressure effect, strongly coupled superconductor

PACS: 74.70.-b, 74.62.Fj

Low energy anharmonic lattice vibration significantly af-
fects electron—phonon coupling (A._p) and plays an impor-
tant role in exploring superconductors (SC) and revealing su-
perconducting mechanism.!"?l Among them, phonon soften-
ing associated with structural instabilities usually results in
Fermi surface nesting and the enhancement of the electron—
phonon coupling, which is believed to be much important
for superconducting pairings.>~7! Various cage-like materials
have been reported and attracted much more attention. 3671
The commonalities are composed of hollow covalently bonded
atomic clusters and various inserted elements, offering play-
grounds to explore diverse structures, exotic physics, and mul-

[3,8-10]

tifunctionalities, e.g., multi-band SCs, metal—insulator

(101 thermoelectricity,“” and electrides.['>13] But

transition,
some regularity is not universal concerning the superconduct-
ing pairing mechanisms, which is also challenging to study
these scientific issues.

Hexagonal structure MnsSi3-type derivatives are such
examples.!'*13] One of the top priorities is the explorations

of new SCs and superconducting mechanisms.[!5-191 At

DOI: 10.1088/1674-1056/ab4047

present, the difficulty in synthesizing single-phase hexag-
onal and tetragonal materials lies in their close formation
energies.[!%171°1 One common way is elementary interca-
lation into interstitial positions of MnsSizM, (M = carbon,
nitrogen, oxide, and transition metal elements, etc).[!419]
Hexagonal phase can be stabilized and the relevant studies
are performed to reveal the relationships between lattice in-
stabilities and superconductivity. For example, hexagonal
Nbslrs is stabilized upon the insertion of the interstitial oxy-
gen and T; is increased as a result. It is sure that the interstitial
oxygen brings great changes in electronic structures.!!® Tt
still remains unclear whether the enhanced 7;. is dominantly
associated to the volume change, band fillings, structural in-
stability, and/or disorders.['%! Another issue to be addressed
is the relationship of electride and superconductivity. The-
oretical calculations predicated that the electride nature of
NbsIr; vanishes in NbsIr;O. As we know, eletride materials
have electronic bands of anionic electron near Fermi level
(Ep) in many cases including C12A7: e-1 electride, Ca;N,
and YsSi3, which is the important reason why electride ma-
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terials exhibit interesting properties. For SCs, T is enhanced
along with the suppression of the electride nature and the co-
existence of superconductivity and electride is firstly reported
with 7, ~ 0.16-2.4 K.!1213] For C12A7: e-1 electride SC, T,
is increased to 2.4 K by pressure and this enhancement is at-
tributed to the changes in electronic nature of anionic electride
band crossing Fermi levels switching from s- to sd-hybridized
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state.!3] However, the interstitial oxygen suppresses super-
conducting state in other cases, hexagonal ZrsSbjs is supercon-
ductive at ~ 2.3 K, but Zr5;Sb3 0 is not superconducting above
1.8 K, it is thought that larger density of states (DOS) at Er
associated with the Zr-d electrons and the larger value of A._,
is critical.'>) Analogously, in ZrsSb;;_,Ru,, its hexagonal
structure transforms into WsSisz-type one for 0.4 < x < 0.6.
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Fig. 1. Crystal structures for (a) NbsIrs and (b) NbsIr;O. p(T') for (c) NbsIr; and (d) NbsIr3O. The enlargement of low-7 data is shown in the
inset. The derivative dp/dT for (e) NbsIrs and (f) NbsIr;O. The broad peaks are marked by 7P. M(T) curves at 10 Oe under the ZFC and FC

processes for (g) NbsIr; and (h) NbsIr;O.
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T. increases from 2.3 K to 5 K in Zr5Sb, 4Rug ¢, which origi-
nates from the Ef close to the DOS peak.!'”! Except for these
above scientific issues, the present studies on the intercalated
Mnj;Siz-type materials focus on macro-correlations of crystal
structure and superconductivity, and some conclusions are in-
adequate. In this work, NbsIr;0 is selected to study the is-
sues further. Another concern is to reveal superconductivity
by comparative analysis of doping and high pressure, and to
judge whether unconventional or not with magnetism of local-
ized and/or itinerant iridium. 20211

High pressure is an effective and clean way to study struc-
tural chemistry and electronic phase transitions of materials
by shortening bonds and reconstructing electronic bands. For
SCs, high-pressure effect is valuable because the underlying
mechanism can be identified by analogizing with the known
SCs. In this work, NbsIr;0 is found to be a strongly cou-
pled SC with two s-wave gaps and phonon softening associ-
ated with interstitial oxygen is critical.

At ambient pressure (AP), electrical transport and spe-
cific heat of NbsIr; and NbsIr;O were measured on commer-
cial physical properties measurement system (PPMS, 1.8 K
<T <300K, -9T <H <9T). High-pressure susceptibil-
ity was measured in a piston-cylinder cell with glycerol as the
pressure transmitting medium (PTM) and a small piece lead
as the pressure monitor. The background contributions mainly
originate from Meissner signal of Pb reference. High-pressure
electrical transport was performed by the four-probe method
in a cubic anvil pressure cell which generated the hydrostatic
environment.!??! MgO cubes were used as the gasket and glyc-
erol as PTM. All the measurements were carried out in “He
refrigerated chambers (1.9 K < T < 300 K).

Structures of Nbslr; and Nb5Ir30(1,5) are shown in
Figs. 1(a) and 1(b). They have similar hexgonal symmetry ex-
cept for the interstitial oxygen inserted. Nbslrs contains two
groups of weakly connected octahedra along the ¢ axis: one
is hollow (Nbl)g octahedron connected by Nb1-Nb1 bonds,
the other is side-sharing Ir(Nb2)g octahedron. Moreover, it is
regarded as the network of twisted trigonal Nbl-prisms con-
nected by the planes along the ¢ axis, which allows the in-
sertion of oxide ion in the “Nbl cages”. It does not change
the crystal structure, but forms covalent bonds Nb1-O. Upon
changing from Nbslrs to NbsIr;O, lattice parameter ¢ con-
tracts by ~ 0.11% while a and b expand by ~ 0.087%. In
Figs. 1(c) and 1(d), p(T) of NbsIrs and NbsIr3O shows the
metallic behavior. Two independent drops appear in the in-
set of Fig. 1(c), which represent superconducting transitions
of hexagonal and tetragonal Nbslrs, respectively.[20-211 7ronset
and T7*" are marked where p(7') deviates linearly and is zero.
At AP, T™¢ is ~ 9.4 K for hexagonal NbsIr; and ~ 4.0 K for
tetragonal NbsIrs, 72" is ~ 10.15 K and 7™ ~ is 10 K for
NbsIr3O. In Fig. 1(d), p(T) is shown and similar in tempera-

ture dependence for both as-grown NbsIr;O and annealed one
(4 GPa, 600 °C). A clear difference is that high pressure broad-
ens the transition and 7.7 decreases from ~ 10 K to ~ 9.6 K.
A broad peak appears in dp/dT at a critical temperature 7P,
which decreases from ~ 62.5 K to ~ 53.8 K upon the increase
of the interstitial oxygen. Usually, this peak reflects the in-
formation of the phonon spectrum and is closely related with
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Fig. 2. The transverse resistivity p,y, vs. H at various temperatures: (a) S1#
and (b) S2#. (c) Temperature dependence of Hall coefficient Ry (7).

Figure 2 displays the field-dependence of transverse re-
sistivity py, at various temperatures up to 5 T. p,, shows a
linear H-dependence for each temperature. Hall coefficient
Ry is defined by dp,,/dH. Ry is positive and almost tem-
perature independent below 200 K, and negative above 250 K,
which suggests the balance of electron- to hole-types carriers
with different effective masses and velocities. Its strong tem-
perature dependence elucidates that NbsIr;O has a complex
multi-band electronic structure with both electron- and hole-
Fermi pockets.?+>] According to the successive changes in
mangetism and electrical resistivity, we can exclude the pos-
sible structural and magnetic phase transitions. Besides, the
longitudinal resistivity p,, is measured, the magnetoresistance

MR = Apx/Pax(0) = (Pax(5 T) = P (0))/Pax(0) < 2%. As

107401-3
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we know, for a multi-band structure material, it is difficult to
calculate the carrier concentration by a single-band model. It
is necessary to consider the mobility of two carriers and the
specific Fermi surface structures and more theoretical calcu-
lations and in-depth experimental analysis are needed. Mean-
while, the carrier density by the simple estimate of the single-
band model is only a lower limit of the total carrier number
(electrons plus holes), such as n ~ 1.6 x 10%® m~3 for NbsIr;0
at 300 K. Considering the change of sign of Ry, the compen-
sation effect at 300 K (where the one-band carrier density was
calculated) is expected to still be significant. Further under-
standings need De-Haas—van Alphen and angle-resolved pho-
toemission spectroscopy.

Temperature dependence of specific heat C,(T) is shown

250

[\~
o
o

NbsIr;0
150

100

Cp/J-mol~1.K~1

50

0.8

0.6

0.4

0.2

| ||-|~|.r""

10 100
T/K

[(Cp—T)/T?]/mJI-mol LK~

T T I T T I T T I T T
3| ® experimental data (c)
—— isotropic s-wave
r —— two gap s-wave
| A/yTe~1.91>1.43
T.~9.94 K

[\V]

2Ar/ksT, = 6.56, 90%
2Ag/kgT. =2.36, 10%

0 3 6 9 12
T/K

(Ce/T)/mJ-mol~1. K2
—
I

in Fig. 3(a). On warming, Cy(7) increases and approxi-
mates 3NR above 300 K. 7. (~ 9.94 K) is marked by the
jump in C,/T. The inset shows C,,(7')/T and its polynomial
fittings C,/T = % + BiT? + B,T* in the temperature range
of T, < T < 14 K, where y%,T and B,T> + B,T° are elec-
tron and phonon contributions, respectively. It gives % =
34.255 mJ/mol-K2, B; = 0.4489 mJ/mol-K*, B, = 1.07 x
1073 mJ/mol-K®. Electronic contribution C(T) was inves-
tigated by the deduction of B;73 + BT° from Cp(T) as in
Fig. 3(c). The AC/WT. at T. is ~ 1.91, larger than 1.43
for a Bardeen—Cooper—Schrieffer (BCS) SC.1?% A,_,, is 0.85
by using McMillan formula 7, = (6p/1.45)exp{—1.04(1 +
Ae—p)/[Ae—p — 0.15(1 + 0.62A._p)]}, which implies strong
electron—phonon coupling. %]

~ 160 T 1T T 17 I T 1T T 1T 71 I T 1T T 1T 71
i C(d
L f@
H" 120~
's_%‘ L
~ 380
g C
~ -
& 40
N I
(=%
9/ .......
0
0 60 120 180
T%/K?
160 T 1T T 17 I T 1T T 1T 71 I T 1T T 1T 71
[} -
v - (e)
- 120
g L
-~ 80—
é C
- 0
< 40 2758175
~ —0-125_¢—35 —@— 30
@) —A— 175, I?ebey fitting
~ 11 1 | I 11 1 1 1 11 1 1 1
60 120 180
T2/K?
15 [ T T I T T T T
- () 30
E. .. T 20 o2 .’
el e = (]
B 100 e <10
mﬁ h * 0 30 60 90
- W S1# ‘@
S e sa *e "
oo GL-fitting
[ e linear fitting
0 1 1 I 1 1 I
0 4 8 12

T/K

Fig. 3. (a) Temperature dependent C,(T) for NbsIr;0, the inset shows low-T Cp(T)/T. (b) The (Cp — % T)/T? is the sum of Debye model Cp and
Einstein oscillators Cg. (c) Electronic specific heat Ce(T) = Cp(T) — (B1T> + B2 T°) is analyzed by using a single-gap model as Ce(T)/T = i T +
B2T° + Bexp(—A /kgT). (d) and (¢) H-dependence of Cy(T'). (f) The upper critical field He is given by He (T) = Hea (0)[L — (T /)3 /[L + (T /T2)¥]
and He (0) = —0.693T, dH,, /AT, respectively. Inset shows H-dependent y(H) and its comparison to H'/2-behavior for d-wave SCs.

To get more information on gap symmetry, C.(7) was
analyzed by a single-gap model C(T) = BiT> + B.T° +
Bexp(—A/kgT) at first, which gives 2A /kgT, = 4.25. But
clear deviations between experimental and mathematical fit-
ting exist for T < 5 K, which implies that isotropic s-wave

is too simple. Meanwhile, an anisotropic s-wave gap is

similar but not applicable to the present case. Then, two
anisotropic s-waves with gaps A; and A, are required. The
data are well duplicated with 24y (0) /kp T ~ 6.56 (90%) and
2As(0)/kgT; ~ 2.36 (10%). Furthermore, H-dependence of
C.(T,H) is measured. At H = 0, the linear extrapolation
of C./T vs. T? gives a “residual” Sommerfeld coefficient
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% ~ 0 mJ-mol~!-K~2. For each H, y(H) at T = 0 K is de-
termined by linear fitting to Ce /T vs. T?. The H-dependence
of y(H) is plotted in Fig. 3(f). 7y(H) increases linearly as a
function of H, implying the appearance of nodeless gap. y(H)
is smaller than the H'/2 dependence for d-wave SCs with line
nodes.?”) Generally, in fully-gapped SCs, the excited state
is seen as normal-state quasiparticles in vortex core states,
which generates the ¥,(H) ~ H at zero temperature. Thus,
NbsIr;0 is a fully-gapped s-waves SC. Moreover, using the H-
dependence of C,,(T') data in Figs. 3(d) and 3(e), the upper crit-
ical field H.2(0) is 10.5(5) T and 9.5(8) T by Ginzburg—Landau
equation He(T) = Hep(0)[1 — (T/T.)?]/[1 + (T/T.)?] and
Werthamer—Helfand—Hohenberg (WHH) formula Hc,(0)
—0.693T.dH./dT, respectively.?®]

To extract phonon contributions, the (C, — 1 T)/T> vs.
T is plotted. It shows a broad peak at ~ 23 K, which mani-

fests the existence of low-energy Einstein vibration associated
with anomalies in the phonon spectrum.*! C,(T) is the sum
of Debye mode and Einstein oscillators

Co(T) =T = Cp(T) +Cg(T), (1)
T\° [0/T §4ed

oy _en(¥)
oF

Ce(T)=3N|R <

e () 1)
)

where Cp(T) and Cg(T) are the contributions of continuous
phonon mode and localized oscillators, respectively, N, Nj,
and NV, are the numbers of oscillators per formula, R is the gas
constant, 6p and Og;, O, are Debye and Einstein tempera-
tures, respectively. It gives Op =315.8(4) K, 6g; =87.9(2) K,
62 = 69.7(5) K, which are insensitive to the temperature
ranges selected. As above, the Nb; O octahedron is connected
with side-sharing Ir(Nb, )¢ one, which reminds us that 7, de-
pends on A, in materials with low-lying phonon modes. It
suggests the existence of phonon softening associated with in-
terstitial oxygen.

Figure 4 shows p(T') of NbsIr3O under various pressures.
With increasing pressure, room-temperature p decreases and
its value at 13 GPa is nearly three times smaller than that at AP.
p(T) has similar temperature dependence for each pressure:
metallic behavior and entering into superconducting state. As
shown in Fig. 4(b), with increasing pressure, 7.>°5" and 7.2°"°
decrease and transition width AT (= T2"®' — T%°) increases,
implying that the superconducting transition is broadened by
pressure. As shown in Fig. 4(c), susceptibility is measured in
a piston pressure cell. TM is determined by the intersections
of two straight lines. Large field shielding effect below TM
confirms bulk superconductivity. The fraction is nearly 1 by
subtracting the background contributions of Pb signal which
is about 5%—10% of total magnetization. T decreases from
~9.91 Kat0.10 GPato ~ 9.70 K at 1.21 GPa. The stress ef-
fect and the enhanced anisotropy by pressure are the main rea-
sons. Besides, the broad peak at 7P ~ 53.8 K atAP enhances
to 69.4 K at 13 GPa, which is negatively correlated with T¢..
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Fig. 4. (a) The p(T') under various pressures. (b) Low-7 p(T) is enlarged and dp /T in the inset. (c) M(T) under ZFC process at 10 Oe. (d)
Ap(T) under various pressures and the characteristic temperatures T*, T¢, and T* are defined as the crossing points from 72- to T3-dependence,
the deviation from 73-dependence, the intersection of 73-dependence and linear fitting, respectively. The parameters are summarized with
pressures: (e) T, T2 (f) T*, T€/2, (g) TP, T*, (h) p3oo k» Po, (i) the A value.
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Normal-state p(7) is analyzed by p = po + AT" with
residual resistivity po, temperature coefficient A, and exponent
n. It is found that n is ~ 2.4 0.1 for T < T*, then increases
up to ~ 3.4 0.1 for T* < T < T#, and then tends to satu-
ration for T > T*, where T*, T¢, and T* are defined as the
crossing points of 72- to T>-dependence, the deviation from
T3-dependence, the intersection of 73-dependence and linear
fitting above 250 K, respectively. All the parameters are shown
in Figs. 4(f) and 4(g). Considering the small pressure differ-
ence and distribution (< 0.5 GPa) in the cubic anvil cell cool-
ing from 300 K to 2 K, the present analyses of temperature
dependence of resistivity are reliable. T¢, T* TP increases
as the pressure increases while 7* reaches the maximum at
8 GPa. T-fittings for T, < T < T* give p, A and their pressure
dependence in Figs. 4(h) and 4(i). Both p and p3p0 x reduce
with increasing pressure. The decrease of p is attributed to the
weakened grain boundary scatterings under pressure. The A
has a positive correlation with T¢: it decreases quickly below
4 GPa, and then trends to a constant.

p(T)/mQ-cm
> 100 0.40
= 0.60
s
8 F0.80
2
5
E 10
AR RN RN R e MR
0 2 4 6 8 10 12
P/GPa
11 | , , 273.5
(b)
X L . -
> . 4273.0 &
= <
E 10 ;insct i\ E
2T Ny § —2725 2
2 =
g" Nb5II‘30(1 ) é '6‘
éo 9l Wy H272.0 >
=0 0.2 0.40.6 0.8 1.0
] ] 1 271.5
6.475 6.480 6.485 6.490 6.495
¢/ (10a)
11 T T T
(C) Tonset
M c
~
2
=
5
I
g
o)
;
=

Tr/K

Fig. 5. (a) Pressure phase diagram, the color represents the changing
trends of resistivity. (b) The To"¢, the unit-cell volume V, and the
lattice parameter ratio ¢/(10a) are related with the increasing nominal
oxide content (1 — &) of 0, 0.20, 0.40, 0.60, 0.80, 1.0 for NbsIr30(; _g).
(c) We scaled the relationship of 72" (7:67°) and TP for NbsIr;O. The
thick lines indicate the tendency.

In Fig. 5(a), we outline the high-pressure phase diagram.
The color represents the changing trend of resistivity. Gen-

erally, Tz—dependence for T, < T < T* shows that electron—
electron scattering is the main source and 77-dependence for
T* < T < T¢ indicates important electron—phonon scattering.
Above T¢, p(T) is saturated, indicating that electron—phonon
scattering is comparable to the atomic lattice spacing. Thus,
the increases of characteristic temperatures reflect the change
of phonon contributions. (2326301 For NbsIr;O( _s), the Tonset
unit-cell volume, and lattice parameters ¢/(10a) ratio are sum-
marized in Fig. 5(b). With increasing (1 —38), T°™ in-
creases from ~ 9.4 K to ~ 10.15 K in NbsIr;O, the volume
expands from ~ 272.89 mm? to ~ 273.05 mm?, and ¢/(10a)
decreases from ~ 0.649 to ~ 0.647. More interestingly, 7.2
and the volume have similar linear dependence on ¢/(10a).
In Fig. 5(c), the relationship of 72" (77") and TP is also
scaled. Both 7™ and T**™ decrease linearly with 7P. It is
argued that 7P is proportional to the parameters closely cor-
related with Op, which implies that phonon contributions are

[23,26]

different with pressures, e.g., the weakness of phonon

scattering and the reduced value of Ae_.>!%17]

Finally, we discuss the evolution of superconditing tran-
sition temperature with the interstitial oxygen and pressures.
As mentioned above, with increasing concentration of the in-
terstitial oxygen, the volume expands and 7; enhances, which
seems to contradict with pressure.!'®) Under pressure, T, cor-
relates with the A value directly. As we know, A is propor-
tional to the square of Sommerfeld coefficient, as an important
measure of DOS at Eg. Therefore, the decrease of 7. mainly
originates from the reduce of N(Eg), which is consistent with
the phonon-mediated behavior in NbsIr3O. Previous studies
revealed that 7, will be higher if with larger N(Eg).!!>17-19]
It suggests that band filling effect is the main result of su-
perconductivity. Or to say, high pressure and interstitial oxy-
gen change the electronic structure and phonon spectrum in
different ways. Several possible scenarios are proposed: the
first case is that pressure broadens energy bands and results
in the decrease of N(Eg).[*) It is consistent with the fact
that NbsIr3O is phonon-medicated SC. For NbsIr3O(; _s), the
monotonic increase of N(Er) may account for higher 7, with
increasing concentration of the interstitial oxygen. The second
scenario is the weakness of Xe,p under pressure, which can re-
duce T,.!"? This is basically consistent with strong correlation
characteristics of these SCs.37:8101 For NbsIr;O; ), con-
sidering the strong electronegativity of oxygen, the insertion
of interstitial oxygen introduces Nb1-O ionic bonds, which
p- The third sce-
nario is that NbsIr;0 has an inter-band coupling considering

may enhance the electron correlations and A

its multi-band electronic structure, which usually appears in
other multi-band SCs.31:3?1 For NbsIr30(;_s), the insertion
of interstitial oxygen enhances this coupling and results in an
enhancement of ¢, which is in good agreement with theoret-
ical calculations. To understand the details, further studies on

107401-6
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band structures and phonon spectrum are also required.

In summary, we have investigated robust superconduc-

tivity and gap symmetry of NbsIr;3O. NbsIr;0 is found to be

strongly coupled phonon-medicated SC with double s-waves.

Phonon softening and low-lying phonon modes associated

with the interstitial oxygen are critical to understand the evo-

lution of Tt.
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