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We report systematic studies on superconducting properties of the Laves phase superconductor Zrlr,. It crystallizes
in a C15-type (cubic MgCus-type, space group Fd3m) structure in which the Ir atoms form a kagome lattice, with cell
parameters a = b = ¢ = 7.3596(1) A. Resistivity and magnetic susceptibility measurements indicate that Zrlr, is a type-
II superconductor with a transition temperature of 4.0 K. The estimated lower and upper critical fields are 12.8 mT and
4.78 T, respectively. Heat capacity measurements confirm the bulk superconductivity in Zrlr,. Zrlr; is found to possibly
host strong-coupled s-wave superconductivity with the normalized specific heat change AC,/yT; ~ 1.86 and the coupling
strength Ay /kgTe. ~ 1.92. First-principles calculations suggest that Zrlr, has three-dimensional Fermi surfaces with simple
topologies, and the states at Fermi level mainly originate from the Ir-5d and Zr-4d orbitals. Similar to Srlr, and Thlry,
spin—orbit coupling has dramatic influences on the band structure in Zrlr,.

Keywords: Zrlr,, superconductivity, Laves phase, kagome lattice, spin—orbit coupling

PACS: 74.25.—q, 74.20.Pq, 74.25.Bt, 71.20.Lp

1. Introduction

The well-known Laves phases with general formulas AB,
constitute a large family in the intermetallic compounds./!=3]
Despite the relatively simple compositions, they hold vari-
ous crystal structures, intriguing physical properties and hence
wide applications, such as magnetic materials,* hydro-
gen storage materials,®’] and superconducting magnets. [8-10]
Thermodynamically stable Laves phases mainly crystallize in
three common structures, namely, the hexagonal C14-type (or
MgZn,-type), the cubic C15-type (or MgCus-type), and the
hexagonal C36-type (or MgNi;-type). Among them, the C14
and C15 Laves phases were found to be more favorable for
the occurrence of superconductivity.!l:!-1?] For instance, the
C15-type V-based superconductors (Zr;_,Hf,V>) have been
intensively studied as candidates for application in high-field

[13-15] In addition, several C15-type

superconducting magnets.
superconductors such as CeRuy'!7) and Au,Pb!'&191 were
reported to host possible unconventional superconductivity.
Recently, Ir-based C15-type Laves phases Alr; (A = Ca,
Sr, Ba, Th) have attracted much interest for the coexistence
of superconductivity and strong spin—orbit coupling (SOC)
effects. 2026 Although superconductivity in Alr, (A = Ca, Sr,
Th) had been discovered before the 1960s, [27] the normal-state
and superconducting properties of Alr, were not systemati-
cally studied until these recent reports. Electronic band struc-

ture calculations further revealed that the presence of SOC
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would strongly affect not only the topology of Fermi surfaces
but also the lattice stability.!?* All these results suggest that
the C15-type Alr; are good platforms to study the interplay be-
tween SOC and superconductivity. However, studies on these
compounds face challenges since Alr, (A = Ca, Sr, Ba, Th) are
either unstable in air or contain toxic/radioactive elements.
Zrlry is also a C15-type superconductor, whose supercon-
ductivity was discovered by Matthias et al. in 1961.'! Sub-
sequent studies focused on the magnetic states of rare-earth

28301 but reports on the superconducting na-

dopants in Zrlry !
ture of Zrlr, were scarce. To date, evidence for bulk super-
conductivity in Zrlr, has not been revealed, and details of the
superconducting properties are still lacking. In particular, ther-
modynamic measurements on Zrlr, have never been reported,
neither have been the superconducting parameters except for
the transition temperature (7¢). Given that ZrlIr; is stable in air,
and the element Zr is friendly to both health and environment,
it is necessary to examine the bulk superconductivity and to
study the superconducting properties in detail.

In this paper, we report the superconducting properties of
ZrIry based on the measurements of resistivity, magnetic sus-
ceptibility, and heat capacity. Bulk superconductivity is con-
firmed by the heat capacity measurements, and the supercon-
ducting parameters are determined for the first time. More-
over, Zrlr, is possibly an s-wave superconductor with strong
electron—phonon coupling. First-principles calculations reveal

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the crucial role of SOC and the three-dimensional feature of
Fermi surfaces in Zrlr,.

2. Methods

Polycrystalline samples of Zrlr, were prepared by an arc-
melting method. The starting materials were zirconium (pow-
der, 99.5%, may contain trace amount of Hf) and iridium
(powder, 99.99%). Zr and Ir were thoroughly mixed in a mo-
lar ratio of 1.08:2 before pressed into pellets. A slightly ex-
cess amount of Zr was used in order to prevent the formation
of Zrlr3. The pellets were then arc-melted in high purity argon
atmosphere for at least 8 times with intermediate turnovers.
The weight losses after arc-melting were always less than 1%.
The ingots obtained were subsequently wrapped with tanta-
lum sheets, sealed into quartz tubes, and annealed at 1430 K
for three weeks. The final products showed metallic lusters
and were stable in air.

X-ray diffraction (XRD) data were collected on a pow-
dered sample using a PAN-analytical x-ray diffractometer
(Cu-Ko radiation) at room temperature. Rietveld refine-
ments of the XRD results were carried out using the GSAS
package. 3!l Measurements of electrical resistivity, as well as
heat capacity of the sample were performed on a Quantum De-
sign physical property measurement system (PPMS). While
magnetization data were collected on a Quantum Design mag-
netic property measurement system (MPMS). More details
about the measurements can be found elsewhere. *?! Note that
all the data in this paper were collected on a sample from the
same batch. The magnetization data were corrected by taking
the demagnetization factors into account. 33

First-principles calculations were performed by using the
density functional theory (DFT), as implemented in the Quan-
tum ESPRESSO (QE) package.**! Projector augmented wave
pseudopotentials from the PSlibrary were chosen,*>! with
exchange—correlation functionals of PBEsol based on the gen-
eralized gradient approximation (GGA).[**) The energy cut-
offs for the wavefunctions were 70 Ry. A Monkhorst—Pack
grid of 163 k-points was used in the self-consistent calculation,
while a grid of 493 k-points was used to calculate the density
of states (DOS) and the Fermi surfaces. Before the calculation
of charge densities, the cells were fully relaxed till the force
on each atom was less than 10~* Ry-Bohr~!. Both the scalar
relativistic and the fully relativistic cases were considered in
the calculation.

3. Results
3.1. Structural characterization

Figure 1(a) demonstrates the powder XRD pattern of
ZrIry. The pattern can be well refined with a C15-type Laves
phase structure (MgCus-type, space group Fd3m), indicat-
ing the formation of the target phase. The unindexed weak

peaks in Fig. 1(a) arise from a small amount (9.8 wt.%) of
a-Zrlr impurity. The Rietveld refinement yields cell param-
eters a = b = ¢ = 7.3596(1) A, in good agreement with pre-

1] Details of the refinement results are summa-

vious reports.
rized in Table 1. The cell parameters from DFT relaxations
are also listed. The experimental value of a agrees very well
with the theoretical ones. When the SOC effects are taken into
account, the discrepancy between experiment (7.3596 A) and

theory (7.3614 A) is less than 0.03%.

Table 1. Crystallographic parameters of Zrlr, from Rietveld refinement of
XRD.

Chemical formula Zrlrp

Formula weight 475.66

Z 8

Ry 2.9%

Ruwp 4.0%

Space group Fd3m (No. 227)

a (DFT relaxed, w/o SOC) (A) 7.3239

a (DFT relaxed, with SOC) (A) 7.3614

a (experimental) (A) 7.3596(1)

V (A3) 398.62(2)

Atom (site) X y 7z Ui (0.01 A%) Occupancy
Zr (8D) 0.375 0.375 0.375 0.56(4) 1.0
Ir (16¢) 0 0 0 0.79(2) 1.0

(a) T T T T
T Yobe
/557 — Yeae.
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>
=
wn
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=]
= | [ 1 [ T T R A A |

Fig. 1. (a) Room-temperature powder XRD pattern of Zrlr, and its Rietveld
refinements. The conventional unit cell is shown as the inset. (b) Calculated
valence charge density (bound between 0 and 0.2¢/ ag, where e is the elec-
tronic charge and aq is the Bohr radius) on the (111) plane. The kagome
lattice of Ir atoms is emphasized. (c) Calculated valence charge density on
the (110) plane, in which the low-density region around Zr atoms is visible.

The conventional unit cell of Zrlr, is shown as the inset
of Fig. 1(a). The cell is constructed with Zr atoms filling the
cavities of the Ir network. Notice the Ir atoms form a kagome
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lattice, which is clearly shown in the charge density map in
Fig. 1(b). We also note that the Zr—Ir bonds are partially ionic,
as the calculated charge density shows “empty” regions sur-
rounding the Zr atoms, as shown in Fig. 1(c). These findings
are similar with the cases in isostructural compounds such as
Srlr; or SrRh,. 3!

3.2. Superconducting properties

Figure 2(a) shows the temperature dependence of resis-
tivity (p) of Zrlr, from 1.8 K to 300 K. Metallic behavior
can be inferred from the monotonous decrease of p to lower
temperature, yet the residual resistivity ratio (RRR) is rela-
tively low compared with Srlr, %23 or Thlr,.!**! Under zero
magnetic field, a sharp superconducting transition is observed
below 4.0 K (T2™) and p becomes zero at 3.8 K (T2™).
These values are consistent with previous reported 7; (4.1 K)
of ZrIr,.['1:27] The transition width is about 0.2 K. In order to
estimate the upper critical field (UoHe2(T)), p(T) was mea-
sured under various magnetic fields, as seen in Fig. 2(b). The
superconducting transition is gradually suppressed with the in-
crease of magnetic field. We thus obtain the poH(T) plot,
which is shown in the inset of Fig. 2(a). In the inset, T; is de-
fined as the midpoint of superconducting transition. toHc(0)
is determined to be 4.78 T by a Ginzburg-Landau (G-L) fit:

HoHe (T) = poHe (0)[1 = (T/T2)?] /[1 + (T /T )?).

0.10

0.05

p (mO-cm)

0.08

0.06

0.04

p (mQ-cm)

0.02

Fig. 2. (a) Temperature dependence of resistivity (p) of Zrlr, in zero
magnetic field. Inset shows the temperature dependence of upper criti-
cal field (upH2(T)). (b) The superconducting transition region on p(7')
under various magnetic fields up to 3.5 T.

Zero-field-cooled (ZFC) and field-cooled (FC) DC mag-
netic susceptibility (47y) of Zrlr, from 7.0 K to 1.8 K, mea-
sured under 10 Oe magnetic field, is demonstrated in Fig. 3(a).
The strong diamagnetic signal below 3.8 K indicates the occur-
rence of superconductivity. The transition temperature is con-
sistent with the one from the p(7) measurement. The super-
conducting shielding fraction from the ZFC curves is ~103%,
confirming the bulk nature of superconductivity. The shield-
ing fraction is larger than 100% because of the experimen-
tal errors of the sample dimensions. In addition, the exis-
tence of strong magnetic flux pinning effects is revealed by
the much lower FC signals. The isothermal magnetization
curves (M(H)) at various temperatures from 1.8 K to 3.6 K
are shown in Fig. 3(b). The fields at which the curves deviate
2.5% from the initial Meissner states are defined as the lower
critical fields (uoH.1). As a result, the inset of Fig. 3(a) shows
the temperature dependence of tigH. |, which can be well fitted
with the G-L formula: poHci(T) = poHe1 (0)[1 — (T/T:)?),
yielding uoH.;(0) = 12.8 mT.

" (a)

—04F

Amx

—0.6

—-1.0F

A [ oK

N
N
~
L 4

—a— 18 K

60 80

poH (mT)

Fig. 3. (a) Temperature-dependent DC magnetic susceptibility of Zrlr,
under 10 Oe. Inset shows the evolution of lower critical field poHe (T).
(b) Isothermal magnetization at various temperatures below 7.

We are able to determine a series of superconducting pa-
rameters starting from the values of H;;(0) and H»(0). The
G-L coherence length (L) is determined to be 8.30 nm by
HoH2(0) = @y /(2EZ, ), where @y is the magnetic flux quan-

tum. From the relation3”]

LoHe1 (0) = 4;% {m (’IGL) +0.5] , (1
L

oL
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the penetration depth (AgL) and the G-L parameter (kgL =
AcL/&qL) are estimated to be 220.4 nm and 26.6, respectively.
KgL is much larger than 1/ V2, suggesting type-II supercon-
ductivity. The thermodynamic field (uoH.(0)) is thus esti-
mated to be 0.14 T by H2(0)In kgL = Hc1(0)He(0). These
superconducting parameters are summarized in Table 2.

We also measured the specific heat of Zrlr, to examine
the superconducting nature. Figure 4(a) shows the tempera-
ture dependence of specific heat (Cp,) for Zrlr, within the tem-
perature range of 1.8 K—7.0 K at magnetic fields of zero and
5 T. Notice the C,, data have been corrected by subtracting the
contribution of a-Zrlr impurity. The subtraction procedure is
similar with that in our previous study.[*?! Under zero mag-
netic field, there was an obvious anomaly on Cp(7') at 3.8 K,
validating the bulk nature of superconductivity. The anomaly
could be completely suppressed when a field of 5 T was ap-
plied. The normal-state C,(T) measured under 5 T can be
well fitted with a Debye model C,(T)/T = y+ BT? + 8T*,
in which 7 is the Sommerfeld coefficient, while the other two
terms stand for the phononic contributions. The fitted y and 3
values are 8.68 mJ-mol~!-K~2 and 0.909 mJ-mol~!-K—4, re-
spectively. And the fitting curve is shown in Fig. 4(a) as the
black dash line. Debye temperature (@p) is thus calculated to

be 186 K by
1274NR\ /3
= _— 2
®p ( 5B ) , )

in which N is the number of atoms per formula unit (f.u.), and
R is the ideal gas constant. The value of @p is comparable
with that of Srlr, (180 K).[?2!

We can further estimate the electron—phonon coupling
constant Aep using the McMillan relation!3®!

1.04 + u*In(Op/1.45T;)
(1-0.621%)In(Op/1.45T,) — 1.04’

2fep = 3)
where p* is the Coulomb screening parameter (set to 0.13
in our case). 7Lep = 0.68 is thus obtained, indicating that
Zrlr; hosts a weak to moderate coupling strength. More-
over, the DOS at Fermi level (EF) is estimated using N(Ep) =
3y/[m?kg (1 + Aep)] based on y and Aep, yielding N(Ep) =
2.20eV-lLfu "l

By subtracting the phononic contributions from C,, the
electronic contribution C, is obtained and shown in Fig. 4(b).
The normalized C, jump (AC. /Y1) is determined to be 1.86.
This value is larger than the BCS weak-coupling ratio (1.43),
suggesting enhanced electron—phonon coupling in Zrlr,. C. at
the superconducting state can be well fitted with the so-called
a-model,?°! where C. = TdS/dT, and the entropy S is ex-
pressed as

_or [
7[2](3 0

S(T) = [fInf+(1=f)In(1-f)lde, (4

f = 1/[1 +exp(\/€2+A2(T)/kgT)], in which A(T) =
Agtanh(1.82[1.018(T./T — 1)]>3!). These results mean that
Zrlry is possibly an s-wave superconductor with an isotropic
gap, and the gap value at zero temperature (Ay) is fitted to be
0.62 meV. Ay /kgT, is thus estimated to be 1.92, again validat-
ing strong-coupling superconductivity.

50 T T T T T T T /I,"_
| (a) » ]
/’/
5\ 40 '/,» i
e 5 »
| B [ ] "/ |
g 30 ..f o -
iy I e 0T 1
& 20f m 5T 1
~ I )
~ | <~ Debye fit
O 10~ T
0 1 1 1 1
0 10 20 30 40
T2 (K?)
T T T T T T
251 (b) A B
T 20 e 0T e
X
T' a-model
© 15f
g
iy
é 10
~
=
) 5k
L L L 1 L 1 L 1 L
00 1 2 3 4 5 6

T (K)

Fig. 4. (a) Specific heat (C) for Zrlr, within the temperature range of 1.8 K—
7.0 K under zero and 5 T magnetic field. The black dash line is the fit with
Debye model. (b) The electronic contribution of C;, below 6 K. The solid line
shows the fit with @-model.

3.3. First-principles calculations

Figure 5(a) shows the electronic band structures of Zrlr,
near Ef from first-principles calculations, in which the results
without SOC are plotted as the dash lines, and the SOC re-
sults in solid lines. There are three bands crossing Er both in
the absence and presence of SOC, which is consistent with the
metallic nature of Zrlr, from resistivity measurement. Notice
the inclusion of SOC dramatically changes the band disper-
sion near Eg. In particular, band splits are obvious (~ 0.2 eV)
at certain k-points, as emphasized by the green circles in
Fig. 5(a).

The influences of SOC are also reflected in the DOS plots,
as shown in Figs. 5(b) and 5(c). In both cases (with and with-
out SOC), the DOS near Ef are dominated by Ir-5d and Zr-4d
orbitals. The strong hybridization between the two orbitals is
indicated by the similar shapes of their corresponding contri-
butions. The theoretical value of N(Eg) is 2.94 eV~ !-fu.”!
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with SOC. This value is slightly larger than the experimental
one, which means that the actual Ef is probably lower than
calculated. This can be caused by a possible existence of Hf
atoms and/or Zr vacancies on the Zr sites.

The three sheets of calculated Fermi surfaces (with SOC)
are illustrated in Fig. 5(d). Notice each sheet hosts a Kram-
mers degeneracy. Compared to the isostructural supercon-

(231 or ThiIr,,”* the Fermi surface topology in

ductors Srlrp
Zrlr, is unexpectedly simple, although they all share three-
dimensional features. To be specific, Zrlr, hosts only one
polyhedron-shaped hole-like pocket surrounding the I" point,

plus one capsule-shaped electron-like pocket surrounding the

WOWNIA

X point.
T T T T T T T
) [ ]w/osoc [ ] with soC
— Zr-4d — Zr-4d
Ir-5d Ir-5d
— Zr-p Zr-p

4 1 2 3 4
DOS (eV~hfu.™h) DOS (eV~hfu.™ 1)

Fig. 5. (a) Calculated electronic band structure of Zrlr, without and with SOC near the Fermi level. The corresponding DOS plots are shown in (b)
and (c), respectively. (d) The high symmetry points in Brillouin zone, and the calculated sheets of Fermi surfaces (with SOC).

4. Discussion

Now we move on to make a comparison between Zrlr,
and C15-type superconductors Alr; (A = Ca, Sr, Ba, Th). As
shown in Table 2, N(EF) for Zrlr, is much lower than the other
four members (except for Calr,). However, T;. of Zrlr, is com-
parable with the others’. It is even higher than that of Balr,
despite the much lower N(Eg) (or 7). Interestingly, we no-
tice that ®p is positively correlated with T.. As ©p reflects
the phonon dispersion, these results suggest that phonon spec-
trum, rather than N(Eg), plays an important role in determi-
nation of the electron—phonon coupling strength. The modifi-

cation of phonon spectrum (hence T¢) is realized by changing
the guest atom A in the kagome lattice of Alr,. Indeed, the
low-frequency vibrations of the Ir network (kagome lattice),
modified by the insertion of Sr, have also been suggested to be
the reason for strong electron—phonon coupling in SrIr,.[>3 In
this respect, future studies on phonon dispersion and electron—
phonon interactions in Zrlr, are needed. Given that the Fermi
surfaces of Zrlr, are quite different (and much simpler) com-
pared with AIry (A = Sr or Th),!?*?4l it will possibly provide
new thoughts for understanding the superconductivity in Ir-

based C15-type superconductors.
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Table 2. Superconducting and thermodynamic parameters of Zrlr,. Reference values for Alr, (A = Ca, Sr, Ba, Th) are also listed for comparison.

Parameter (unit) Zrlry Calr, [20] Srlr, 122! Srlr, (23 Balr, 2% Thlr, 24
T. (K) 4.0 5.8 5.9 6.07 2.7 5.58
UoH¢1 (0) (mT) 12.8 38.1 10.1 522 28.6 9.5
HoH(0) (T) 4.78 4.0 5.9 6.51 6.77 225
Eor (nm) 8.30 9.07 7.47 7.1 6.97 12.1
AL (nm) 220.4 96.0 237 89 152.0 247
KGL 26.6 10.6 31.7 12.53 21.8 204
y (mJ-mol~1.K~2) 8.68 8.36 11.9 15.5 12.0 13.1
B (mJ-mol~1-K~%) 0.909 0.32 0.98 0.595 1.83 0.48
6p (K) 186 263 180 214 147 230
Aep 0.68 0.70 0.84 1.17 0.63 0.72
AC, /YT, 1.86 0.89 171 2.08 12 1.19
Experimental N(Eg) (eV~!-fu.~1) 2.20 2.08 2.74 3.03 3.12 3.23

5. Conclusion

In summary, we have systematically investigated super-
conductivity in the C15-type Laves phase superconductor
Zrlrp. Bulk superconductivity with T; of 4.0 K is confirmed.
Our measurements indicate that Zrlr; is a type-II s-wave su-
perconductor with upper and lower critical fields of 4.78 T and
12.8 mT, respectively. In addition, strong electron—phonon
coupling is revealed by the large values of AC./vT. (1.86) and
Ao/ksT; (1.92). First-principles calculations indicate that the
SOC effects are prominent, while the Fermi surface topologies
are simple. Zrlr; is a stable compound under ambient condi-
tions, with health and environmental friendly Zr. Therefore,
it serves as a suitable platform, both experimentally and theo-
retically, to study the interplay between superconductivity and
strong SOC in Ir-based C15-type superconductors.
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