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Anisotropic superconductivity and unusually robust electronic critical field in single crystal La;Ir;
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Polycrystalline La;Ir; is reported to show superconductivity breaking time-reversal symmetry while also
having an isotropic s-wave gap. Single crystals of this noncentrosymmetric superconductor are highly desirable
to understand the nature of the electron pairing mechanism in this system. Here we report the growth of
high-quality single crystals of La;Ir; by the Czochralski method. The structural and superconducting proper-
ties of these large crystals have been investigated using x-rays, magnetization, resistivity, and heat capacity
measurements. We observe a clear anisotropy in the lower and upper critical fields for magnetic fields applied
parallel and perpendicular to the hexagonal ¢ axis. We also report the presence of a robust electronic critical
field, that diverges from the upper critical field derived from heat capacity, which is the hallmark of surface

superconductivity.
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I. INTRODUCTION

Noncentrosymmetric (NCS) superconductors have at-
tracted a great deal of experimental and theoretical interest in
recent years due to the range of exotic superconducting prop-
erties they exhibit [1,2]. The lack of inversion symmetry in
these materials means that parity is no longer a good quantum
number and antisymmetric spin-orbit coupling can lead to an
admixture of singlet and triplet Cooper pairs. While it is usual
for one channel to dominate, such an admixture of singlet
and triplet pairs may result in novel superconducting phe-
nomena, including unusual superconducting gap structures
[3-5], unconventional upper-critical field behavior [6], and
time-reversal symmetry breaking (TRSB) [7-17].

Time-reversal symmetry breaking in NCS superconductors
is a rare, poorly understood phenomena, and to date has been
reported in relatively few classes of NCS superconductors.
For example, TRSB has been observed in LaNiC, (and its
centrosymmetric (CS) analog LaNiGa,) [7,8], some rhenium
based materials with an o-Mn structure [9-13], tetragonal
a-V3S-type Zr;Ir [18], and the hexagonal La;X3 compounds
where X is Ir, Rh, Pd, or Ni [14—17]. Further characterization
has indicated mostly conventional, nodeless superconduct-
ing properties for all these groups of materials [9,14,18-
23]. These results are puzzling. In LaNiC, and LaNiGa,, a
nodeless two-gap superconducting state has been suggested
to account for the contradictory behavior [19], while the sig-
nature of TRSB has been reported in pure rhenium, suggesting
that factors beyond the NCS structure may need to be consid-
ered to explain the superconducting properties of the Re based
materials [13]. For Zr3Ir there are other reports that TRS is
preserved [23]. Much uncertainty also remains over the origin
of TRSB in La;Ir; and related compounds. Polycrystalline av-
eraging makes it experimentally difficult to distinguish subtle
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changes in the superconducting properties that should be the
hallmark of singlet-triplet mixing and to date there have been
no studies on single crystals of La;Irs. Single crystals of these
compounds are essential in order to carry out detailed inves-
tigations of any anisotropy in the superconducting properties,
in order to reveal the true nature of the superconducting state
of LasIr; and the related La;X3 compounds. Furthermore, the
high degree of tunability of the spin-orbit coupling of the
La;X; family makes them excellent candidates for studying
the effects of the strength of the spin-orbit coupling on the
observed unconventional superconducting properties.

Here we report the first successful growth of large single
crystals of the NCS superconductor La;Ir3 by the Czochralski
method. The crystals obtained are large enough to per-
form both laboratory based physical property measurements,
as well as neutron scattering and muon spectroscopy ex-
periments. We demonstrate the high-quality of the crystals
obtained using x-ray diffraction techniques and compositional
analysis. We also report on the magnetic, transport, and ther-
modynamic properties of La;Ir; and discuss the anisotropy
of the superconducting properties of this important supercon-
ducting material.

II. SINGLE CRYSTAL GROWTH AND STRUCTURAL
CHARACTERIZATION

The binary phase diagram of La-Ir indicates that LayIr;
forms congruently at 1140 °C [24], which makes it an ex-
cellent candidate for single crystal growth by the Czochralski
method.

A. Synthesis of polycrystalline La,Ir; precursor

A polycrystalline button of La;Ir; was made using sto-
ichiometric amounts of elemental La (Ames Laboratory,
99.9%) and Ir (Goodfellow Metals, 99.9%). These metals
were melted together in a Hukin-type cold crucible using
radio frequency induction heating under a high purity argon

©2021 American Physical Society
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FIG. 1. (a) As grown crystal boule of La;Ir; obtained by the
Czochralski process. (b) X-ray Laue diffraction pattern of an isolated
section of the La;Ir; boule orientated along the [0001] direction and
used for physical property measurements.

atmosphere. The sample button was flipped and remelted to
improve the homogeneity of the sample. The observed weight
loss during the melting was negligible.

B. Single crystal growth

Single crystals of La;Ir; were grown using a modified
Crystalox system with a pulling mechanism. The sample
chamber was flushed twice with high purity argon and evacu-
ated to a vacuum of 1.4 x 1076 mbar. The LayIr; sample was
melted in a tungsten crucible and a single crystal was grown
by the Czochralski method using a tungsten seed rod at an
initial pulling rate of 6 mm/hr in an argon atmosphere. The
tungsten rod was rotated at 7 rpm.

A crystal of La;Ir; approximately 60 mm in length with
a maximum diameter of around 10 mm was successfully
obtained as shown in Fig. 1(a). The crystal boule was not
annealed after the growth. The boule was seen to tarnish and
discolor quickly indicating that the sample is air sensitive.

C. X-ray Laue

A Photonic-Science Laue camera system was used to
record back-scattered x-ray Laue diffraction patterns of the
sample. A triple axis goniometer allowed for the single crys-
tals to be orientated along high symmetry directions.

The entire length of the as-grown boule of La;Ir; was
examined to confirm its quality. The sharp spots obtained in
all the patterns confirmed the sample has a high degree of
crystallinity. Small sections of crystal were cut with faces
perpendicular to either the ¢ axis ([0001] direction) or the ab
plane ([2110] direction) for further study. The Laue diffraction
pattern of an isolated section of the La;Ir; boule, orientated
along the [0001] direction and showing the expected six-fold
symmetry, is shown in Fig. 1(b).

D. Powder x-ray diffraction

A small section of the as-grown boule was ground and
examined via powder x-ray diffraction using a Panalytical
Empyrean diffractometer equipped with a Mo target and an
Oxford Cryosystems PheniX sample chamber to reduce the
oxidation of the La;Ir; powder. The results of the measure-
ments can be seen in Fig. 2. La;Ir; crystallizes in the NCS
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FIG. 2. Powder x-ray (Mo Ke«) diffraction pattern collected at
300 K on a ground piece of the La;Ir; boule. The blue points show
the x-ray pattern, the red line shows the Rietveld refinement to the
diffraction pattern (space group P6smc - No. 186), and the purple
line shows the difference between the fit and the data. The expected
Bragg peaks are indicated by the green dashes. The unit cell of La;Ir;
is shown where the blue and red spheres represent La and Ir atoms,
respectively.

hexagonal Th;Fes-type (space group P63mc - No. 186) crystal
structure. The refinement of the diffraction pattern by Rietveld
analysis using the TOPAS-academic software package [25]
yielded the correct P63mc hexagonal structure, with lattice
parameters a = 10.2382(5) A and ¢ = 6.4778(5) A in strong
agreement with previous reports [22,26]. No impurities can
be seen to within the resolution limit of the instrument. The
crystallographic parameters obtained from the refinement are
given in Table L.

E. Energy-dispersive x-ray spectroscopy

A ZFEISS GeminiSEM 500 was used to perform energy-
dispersive x-ray spectroscopy (EDX) measurements on an
isolated piece of the LasIrs boule, to check the stoichiometry
and search for any elemental variations across the sample.
Measurements were made averaging across the bulk of the
sample as well as at six selected sites on the crystal surface.
The average stoichiometry was measured to be 70.5(2)% La
and 29.5(2)% Ir. Measurements at the individual sites showed
no significant local variations in stoichiometry across the
specimen studied. The largest variation was a 0.7% increase in
La observed at one site giving a stoichiometry 71.2% La and
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TABLE 1. Crystallographic parameters for La;Ir; obtained from
a Rietveld refinement of the powder x-ray diffraction data collected
at room temperature.

Structure Th,Fe;
Hexagonal
Space group P6;mc (No. 186)
Formula units/unit cell (Z) 2
Lattice parameter
a(A) 10.2382(5)
cA) 6.4778(5)
Vear (A%) 588.04(8)
o (g/cm?) 8.747(1)
Ryp (%) 6.92
Rexp (%) 0.98
Rgragg (%) 3.39
X2 50.9
Atom Wyckoff Occupancy X y z
position
Irl 6¢ 1 0.8125(1) 0.1875(1) 0.3185(5)
Lal 2b 1 1/3 2/3 0.0545(10)
La2 6¢ 1 0.1256(2) 0.8744(2) 0.2717(3)
La3 6¢ 1 0.5388(2) 0.4612(2) 0.0726(4)

28.8% Ir. A typical EDX spectrum and a scanning electron
microscope image of the sample surface are provided in the
Supplemental Material [27].

III. SUPERCONDUCTING MAGNETIC AND TRANSPORT
PROPERTIES

Single crystals of La;Ir; provide an excellent opportu-
nity to look for any anisotropic behavior that may explain
the unusual superconducting properties previously reported
in polycrystalline samples [14,22]. In the following section
the magnetic, electrical, and thermal properties of the high-
quality single crystals of La;Ir; were investigated in both the
normal and superconducting state.

A. Magnetization and lower critical field

Samples cut from the as-grown boule along the de-
sired crystallographic orientations were investigated using
magnetization. A Quantum Design (QD) Magnetic Property
Measurement System (MPMS) equipped with an i-Quantum
He-3 insert allowed dc magnetization measurements to be
performed at temperatures between 0.5 to 300 K in applied
fields up to 5 T. The temperature dependence of the dc mag-
netic susceptibility in a field of 1 mT applied along the ¢ axis
and in the ab plane are shown in Fig. 3(a). Additional mea-
surements made in higher applied fields are presented in the
Supplemental Material [27]. The samples were measured in
zero-field-cooled-warming (ZFCW) and field-cooled-cooling
(FCC) mode between 1.8 and 2.8 K. The magnetic suscep-
tibility data were corrected for the demagnetization factors
determined from the sample shapes [28]. The onset of su-
perconductivity is observed at 7. = 2.41(5) K, which is
higher than the 7, = 2.25(5) K reported in polycrystalline
La;Ir; [14,22]. The increase in T, may be attributed to the lack
of strain and disorder in the single crystal. Immediately below
T., the ZFCW and FCC curves overlap, as the sample is in
the mixed state with weak pinning. Below H.;(T) the signal
changes more rapidly. A full Meissner fraction of "W =
—1 is observed for fields applied along both crystallographic
directions indicating bulk superconductivity in these single
crystals of LayIr;. When the sample is cooled in field, a signif-
icant fraction of the field is re-excluded with ;¢ = —0.9 in
both directions. This emphasizes the defect-free nature of the
crystals. At higher magnetic fields, the M (H ) loops collected
in an Oxford Instruments vibrating sample magnetometer are
almost reversible up to H(T) as shown in Fig. 3(b). This
is further evidence of the defect-free nature of the crystals
with weak pinning. Measurements of the ac susceptibility
versus temperature of LayIr; in different applied fields [27]
are consistent with these observations.

The lower critical fields H.;(T) for fields along the ¢ axis
and in the ab plane were determined from the magnetization
versus applied field curves collected at fixed temperature.
H_; is taken to be the field at which the magnetization ver-
sus field curves first deviate from linearity [29]. Figure 3(c)
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FIG. 3. (a) Temperature dependence of the magnetic susceptibility for La;Ir; with an applied magnetic field of 1 mT along the ¢ axis

([0001] direction) (blue) or in the ab plane ([2110] direction) (red). The samples were measured in the ZFCW and FCC modes. (b) Field
dependence of the magnetization for La;Ir; at 1.6 K along the ¢ axis (blue) and in the ab plane (red) (c) Lower critical field as a function of
temperature for the H || ¢ axis (blue) and H || ab plane (red) crystal directions. The dashed lines show fits to the data using the Ginzburg-Landau
expression H. (T) = H, (0)[1 — (T /T.)*].
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shows H,; (T') for both directions. The data have been fit using
the Ginzburg-Landau (GL) expression, H.;(T) = H(0)[1 —
(T/Tc)z] giving [,L()Hcalb(()) = 4.82(4) mT in the ab plane and
noHE (0) = 3.59(5) mT along c. This anisotropy of the lower
critical field values may indicate the presence of a subtle
anisotropy in the superfluid density of La;Ir;. However, fur-
ther studies to probe the anisotropy of the penetration depth
using methods such as muon spectroscopy or tunnel-diode
oscillator measurements are necessary to confirm this.

B. Electrical resistivity

Electrical resistivity measurements were carried out on a
bar shaped sample of LayIr; to ensure a uniform electropoten-
tial across the sample. Measurements were performed using
a Quantum Design Physical Property Measurement System
(PPMS) with a He-3 insert allowing measurements to be
performed between 0.5 and 300 K in fields up to 2 T. The
temperature dependence of the electrical resistivity from 1 to
300 K with the current applied along the [1210] crystallo-
graphic direction can be seen in Fig. 4(a). The normal-state
resistivity data can be a strong indicator of the quality of
the crystal. The crystals measured have a residual resistivity
po = 52.5(5) n2 cm and a residual resistivity ratio (RRR)
of 3.8, which is slightly higher than the RRR of 3.4 pre-
viously reported in polycrystalline samples. Using a simple
free electron model, the mean free path is estimated from
the residual resistivity to be 16(1) nm, which is similar to
the coherence length (see Sec. III D), placing La;Ir; in the
dirty limit. The high crystallinity and weak pinning suggest
the residual resistivity is not entirely due to impurity or defect
scattering.

A superconducting transition is observed at T, =
2.47(5) K, as shown in Fig. 4(a), indicating the onset of
superconductivity and above this temperature no further tran-
sitions are seen. The temperature dependence of the electrical
resistivity in several fields applied in the ab plane is shown
in Fig. 4(b). Resistivity versus temperature curves for fields
applied along the ¢ axis are given in the Supplemental Mate-
rial [27]. In 20 mT, a single sharp superconducting transition
(AT = 0.07 K) is observed. However, in fields below 20 mT
a shoulder in the transition is observed. No shoulder is ob-
served at the superconducting transition in the magnetization
or heat capacity data. Figure 4(b) shows how the supercon-
ducting transition for La;Ir; is suppressed and broadened for
applied fields from 0.2 to 2 T when the field is applied in the
ab plane. At 1.7 T, T, = 0.98(5) K with AT = 0.5 K. The
rounding of the transition below 7,°"**" may be indicative of
surface superconductivity (see Secs. IIIC and IIID below)
as a superconducting path is established more easily, with
bulk superconductivity only achieved at lower temperatures
[30]. The broadening of the transition closer to zero resistivity
may be the result of flux motion, in these single crystals with
relatively weak pinning.

C. Heat capacity

In order to explore the nature of the superconducting pair-
ing mechanism in La;Ir;, measurements of the heat capacity
were carried out. Measurements were made in a QD-PPMS
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FIG. 4. (a) Temperature dependence of the superconducting and
normal-state resistivity for La;Ir; between 1.8 and 300 K with the
measuring current applied along the [1210] crystal direction. La;Ir;
has a superconducting transition at 7, = 2.38(5) K. The inset shows
the temperature dependence of the electrical resistivity between 1
and 8 K. (b) Electrical resistivity vs temperature for selected applied
fields between 0 and 2 T. The field was applied along the [2110]
direction and the current passed along the [1210] direction, within
the ab plane. The superconducting transition is seen to be suppressed
in temperature and broadened for increasing fields.

using a two-tau relaxation method. The temperature depen-
dence of the heat capacity in magnetic fields up to 1 T applied
along the c axis are shown in Fig. 5(a). Similar measurements
(not shown) were made with the magnetic field applied in
the ab plane. In zero field, a single sharp (AT = 0.06 K)
superconducting transition can be observed at T, = 2.37(5) K.
The superconducting transition is suppressed with increasing
field, however, the transition remains sharp indicating the high
quality and homogeneity of our crystals.

The normal-state contribution to the specific heat of La;Ir3
can be obtained by fitting the data above the superconducting
transition to C/T = y, 4+ B3T* + BsT* as shown in Fig. 5(b).
Here y, is the Sommerfeld coefficient, 85 is the Debye model
lattice contribution and Bs accounts for higher-order lattice
contributions. The fit to the data gives y, = 49.6(5) mJ/mol
K? and B; = 4.50(6) mJ/mol K* giving a Debye temperature
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FIG. 5. (a) Temperature dependence of the heat capacity for La;Ir; in several fields up to 1 T applied along the ¢ axis. (b) C/T vs
T? for La;Ir; below 5 K in zero field. The dash line shows the fit to data using C/T =y, + B3T? 4 BsT* and its extrapolation to T =
0 K. (c) Temperature dependence of the normalized heat capacity C,/y,T. The dashed line indicates the fit to the data using an s-wave

superconducting gap model described in the main text.

6p = (163 £ 1) K. These values are consistent with those re-
ported for polycrystalline samples [22]. It has been mentioned
that the value of y;, suggests an enhanced density of states.
Note, however, that y,/La = 7.09(7) mJ/mol K2, which is
lower that the y, = 11.3 mJ/mol K? of pure La [31].

The temperature dependence of the zero-field electronic
heat capacity C.(T) can provide information on the struc-
ture of the superconducting gap and the nature of the
pairing mechanism. The data are well fit using the Bardeen-
Cooper-Schrieffer (BCS) model of specific heat with a
single, isotropic s-wave gap. The specific heat in the

superconducting state can be related to the entropy S.

C d(Se /T S
by — = TM. Se was calculated using =
T ar Te

n
_%%2) JELIng + (1 — f)in(l — f)lde, where A(0) is
the supercconducting gap at zero temperature, f(E) is the
Fermi-Dirac function given by f(E) = [1 4 exp(E/ ksT)H]7Y,
kg is the Boltzmann constant, and E = /€2 + [A(T)]2. Here
€ is the energy of the normal state electrons and A(T') is the
temperature dependence of the superconducting gap, which
is approximated using A(T) = A(0) tanh{1.82[1.018(T;/T —
1191} [32]. The resulting fit to the data is shown in Fig. 5(c)
with A(0)/kgT. = 1.80(4), which is larger than the BCS weak
coupling value (cf. 1.74) indicating a small increase in the
electron-phonon coupling strength.

The thermodynamic critical field H, can be determined
from the zero-field heat capacity by calculating the difference
between the free energy per unit volume of the normal and su-

perconducting states AF = fg fTZ,(CSC —Cy)/T"dT"dT' =
HPC(T)? /87 giving noHHC(0) = 31.2(1) mT.

D. Surface and upper critical field

The upper critical field H,, and its anisotropy can give
clues to the superconducting pairing mechanism and the na-
ture of the superconducting gap. Critical field values were
estimated by taking the midpoint of the superconducting tran-
sition in both the resistivity [see Fig. 4(b)] and heat capacity
[see Fig. 5(a)] versus temperature data, as well as from a dis-
tinct change in the slope in the M (H) curves. The H-T phase

diagram obtained is shown in Fig. 6. There is a noticeable
anisotropy in the upper critical field determined from heat
capacity measurements. Similar measurements performed on
single crystals of La;Ni3 show no difference between the
different crystallographic directions [33].

The upper critical fields obtained from the heat capac-
ity with a magnetic field applied along the two orthogonal
crystallographic directions can be fit using the Werthamer-
Helfand-Hohenberg (WHH) model [34]. The WHH model
has proved a useful tool in predicting the upper critical
field values for intermetallic superconductors, including those
with a NCS structure, as it allows for the inclusion of
the effects of spin-orbit coupling and Pauli spin param-
agnetism. When the magnetic field is applied along the
[2110] direction (in the ab plane) the gradient near T,

2.5 e C, o p A
> Cah > LPab

2.0 7
4 M,

i 15 Normal State |
<10k :
m = = -«
05F .
Mixed State
0.0 —

00 04 08 12 16 20
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FIG. 6. (a) Phase diagram showing the temperature dependence
of the critical fields determined from heat capacity C the resistivity
p with a magnetic field applied in the ab plane or along the ¢
axis, and five points from magnetization versus field curves. Dashed
lines show the upper critical fields H.,(T ), obtained from fits made
using the WHH model with ,uoHc"zb(O) =0.713) T and uoHS(0) =

C.

1.01(5) T. Solids lines mark H;3(T') estimated using a GL model.
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wodHY(T)/dT |r=1, = —0.445(5) T/K. We can then deter-
mine the orbital critical field to be uoHCOzrb(O) =073(1) T
and the upper critical field to be uchazb(O) =0.713) T.
Similarly, for fields applied along the ¢ axis of Laylrs,
podHG(T)/dT |r—1, = —0.62(1) T/K giving a toHZ"(0) =
1.08(2) T and poHS5(0) = 1.01(5) T. The Pauli limiting
field is much larger than these upper critical fields with
pwoHEM(0) = 4.4(1) T.

Using the H,(0) and H.;(0) values parallel and perpen-
dicular to the c¢ axis determined from the heat capacity and
magnetization data, the Ginzburg-Landau coherence length &,
penetration depth X, and Ginzburg-Landau parameter kgL =
A/&, can be calculated as shown in the Appendix. The ther-
modynamic critical field can then be estimated using H. =
0 /2+/27E A where @ is a magnetic flux quantum giving an
H, between 34.6 and 37.5 mT. This is in fair agreement with
the 31.2 mT, determined from the zero-field heat capacity and
indicates that the H.,(0) values determined above are the bulk
values for LayIrs.

The critical fields determined from the resistivity data H/
agree with those obtained from heat capacity data at low
field. However, the normal-superconducting phase boundary
determined from the resistivity data shows a clear change
in gradient below ~2 K. Due to the unusual shape of this
curve, fits made using standard models cannot reproduce
the behavior. However, a rough estimate of H?(0) using the

Ginzburg-Landau model H,(T) = He(0)[ };g%jz] and the
data below 1.8 K give critical fields H?(0) at 0 K of 2.5(1) T
for H in the ab plane and 1.8(1) T for H || c¢. These values are
both above the ,uoHsz(O) = 1.6 T reported from p(T) mea-
surements on polycrystalline samples of LasIrs [22], and is
also significantly higher than the H.,(0) values obtained here
from heat capacity and magnetization measurements. Any
enhancement in the upper critical field seen from resistivity
is unlikely to be due to impurities given the evidence for the
high-quality of the single crystals. This behavior is evidence
for surface superconductivity, with the transition in resistivity
tracing the temperature dependence of H_3, a suggestion that
is supported by the noticeable broadening of the supercon-
ducting transition in p(7") when the applied field is increased
[30].

An enhancement in the upper critical fields obtained from
resistivity measurements is also seen in several other NCS su-
perconductors including BeAu [35], BiPd [36], LaRhSi3 [37],
BaPtSi; [38], LuNiSi3 [39], YNiSis [39], LaPdSis [40], and
LaPtSi3 [40]. The materials listed above differ from La;Ir; as
they are type-I or marginal type I/II superconductors, with
upper critical fields between 10 and 100’s of mT, whereas
La;Ir; is clearly type-II with a bulk critical field, H.>(0), an
order of magnitude higher.

Assuming the upper critical field determined from resis-
tivity is the surface critical field, i.e., Hsz(O) = H(0), then
the ratio H.3(0)/H(0), is 1.8(1) and 3.5(1) for H applied
parallel and perpendicular to c, respectively [41]. Both values,
but especially the latter, are higher than the Saint-James and
de Gennes limit for type-II superconductors where H.; =
1.695H., [42]. The validity of this ratio is rather limited and
can be affected by many factors such as an intrinsic anisotropy
[43], sample shape [44], and impurities or disorder that deter-
mine the clean and the dirty limits [45].

It has been proposed that local critical field can be en-
hanced by magnetoelectric effects at twin boundaries in NCS
superconductors, however, due to the single crystal nature of
this sample we would expect this enhancement to be small
[46]. In MgB, a H;3/H» > 1.695 has been associated with
two-gap superconductivity. From the heat capacity data we
see no evidence of two-gap superconductivity in La7Irs, how-
ever, a precise knowledge of the electronic heat capacity
below 10% of T, (T < 240 mK) is required to reliably deter-
mine the nature of the superconducting gap. It may be possible
for LayIr; to have two nodeless gaps with similar magnitudes,
which would be difficult to identify from heat capacity data
alone [47].

We also note that the divergence of the upper critical field
determined from resistivity corresponds to the onset tem-
perature (T ~ 2 K) of the TRSB reported in polycrystalline
samples of La;Ir3 [14]. This could suggest that the mechanism
behind the TRSB may be connected with the enhancement in
the critical field La;Ir; although no reports of a similar behav-
ior in H, (T )-H3(T) have been reported in other members
of La;X3 family (X = Rh, Pd, or Ni) [15,16,33,48]. Note,
however, there have been similar reports for an enhanced
critical field as determined from resistivity measurements in
LaNiC,, with a similar enhancement H.3(0)/H(0) = 3, al-
though surface superconductivity was not explicitly discussed
[49].

IV. SUMMARY

We have successfully grown a large high-quality single
crystal of La;Irs by the Czochralski process using a radio
frequency furnace. Powder x-ray diffraction and EDX have
confirmed the structure and stoichiometry of the single crys-
tals, while Laue patterns show sharp reciprocal space lattices
indicative of a high quality single crystal. La;Ir; exhibits a
superconducting transition at T, = 2.38(5) K, which is higher
than reported in polycrystalline samples. Initial measurements
indicate an anisotropy in both the lower and upper critical
fields. The critical field determined from the resistivity data
is found to be much more robust, persisting to higher mag-
netic fields than its counterpart determined from heat capacity
measurements, providing strong evidence for a previously
unreported existence of a surface critical field in LasIrs.
Further investigations on these crystals of the temperature
dependence of the superconducting penetration depth using
the tunnel-diode oscillator technique or muon spectroscopy
will be important in determining the superconducting order
parameter, as well as whether TRSB is observed in single
crystal LayIr;.
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APPENDIX: ANISOTROPIC SUPERCONDUCTING
PARAMETERS

The anisotropy in the upper and lower critical fields be-
tween the two crystallographic directions indicates there must
be an anisotropy in the effective mass of the carriers and the
flux-line cores. This must be considered when calculating the
relevant superconducting length scales [50]. Assuming La;Ir3

is axially symmetric about the ¢ axis, the Ginzburg-Landau
coherence length can be calculated using HC“Z’7 = Oy /2w &pé.
and HS, = d>0/27r§azb to give £:.(0) = 25.6(6) nm and &,,(0) =
18.1(1) nm. To calculate the penetration depth A and the GL
parameter k, the equations Hc“l” = g Inkyp /47 Agphe, HS =
®g In Kc/47t)‘-§ba Kab = I)\ab)‘-c/%-abécll/z» and x. = )\ab/‘i‘-ab are
solved simultaneously to give A, (0) = 372(2) nm, A.(0) =
241(2) nm, k,, = 13.9, and «. = 20.6.
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