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We report a detailed investigation of the superconducting properties of the kagome-honeycomb lattice
compound LaRu3Si2 by systematically tuning the spin-orbit coupling (SOC) via doping of heavier elements
Rh and Ir at the Ru site. All doped samples (for a doping level of 10 at. %) preserve the pristine hexagonal
crystal structure in the space group P63/mmc, though a marginal lattice compression was noted for Rh doping.
Based on the results of dc magnetization, resistivity, and heat capacity measurements, we derived the normal and
superconducting state electronic and thermodynamic properties of the pristine and doped samples. Substitution
of Ir/Rh at the Ru site of LaRu3Si2 resulted in a rather slow but linear suppression of superconducting transition
temperature (Tc), which may be related to the decrease in the density of states. As manifested by the estimated
electron-phonon (el-ph) coupling constant (λel-ph ∼ 0.58–0.66) and the normalized specific heat jump at Tc

(�C/γ Tc ∼ 1.5), the observed superconductivity in LaRu3Si2 and the doped variants is moderately coupled.
We observed a nonmonotonous variation of the upper critical field [μ0Hc2(0)] with respect to the doping
concentration, as it is influenced by the effective SOC and the coherence length. Most strikingly, we found
an enhancement of the superconducting gap parameter (�0/kBTc ) with doping concentration even though λel-ph

remains essentially unchanged. Moreover, we also notice a nonzero residual electronic specific heat coefficient
(γr) in the limit T →0 for all compositions. Interestingly, the evolution of the γr with the magnetic field can be
well described by a

√
H dependence, which was attributed to multiband superconductivity.

DOI: 10.1103/PhysRevB.107.024503

I. INTRODUCTION

The kagome lattice is one of the most sought after elec-
tronic systems, which has garnered a great deal of attention
as a unique platform for the realization of exotic quantum
states of matter [1–5]. A variety of unconventional electronic
and magnetic instabilities have been reported at different elec-
tron filling levels of these states [5–7]. Conventionally, it
was believed that the insulating variants of kagome systems
with antiferromagnetically coupled spins are manifested by
high degrees of geometric frustration, and these systems are
extremely attractive as potential hosts to the quantum spin-
liquid states [7–9]. However, subsequently, it was shown that
metallic kagome systems also present an interesting scenario
owing to similar geometric confinement [10,11]. Addition-
ally, kagome metals host unique electronic features with
a combination of Dirac-type bands and dispersionless flat
bands, which encompass emergent topological properties in-
cluding massive Dirac fermions and nontrivial Berry phase
[3,12,13]. Recent studies on the kagome ferromagnets Fe2Sn3

and Co3Sn2S2 have shown noteworthy observation of spin-
degenerate Dirac bands, two-dimensional Chern gap, large
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anomalous Hall conductivity, and magnetic Weyl excitations
[4,13–16]. Moreover, theoretical studies also suggest kagome
systems have the ability to support phenomena such as charge
fractionalization [17], unusual magnetism [15], correlated
topological states [18], and superconductivity [6,19]. Specif-
ically, the realization of the superconducting ground state in
the backdrop of such electronic and magnetic fluctuations
may be associated with some unusual mechanism or quasi-
particles. However, very few metallic systems with kagome
layers are known to exhibit superconductivity. Prominent ex-
amples include 132-type RT3Si2/RT3B2 (R = La, Ce, and Th;
T = Ru, Rh, Ir, and Os) [20–24] and the recently discovered
family 135-type AV3Sb5 (A = K, Rb, and Cs) [25–27]. The
superconductivity in the 135-type system is shown to be un-
conventional with Z2 topology in the normal state [19,28]. It
has also been predicted that the superconductivity in these
systems originates from nesting-driven interactions in the
Fermi surface [19,25]. On the other hand, this mechanism
is not applicable for the 132-type system, as the electronic
structure calculations results on LaRu3Si2 revealed the ab-
sence of any strong nesting effect in the Fermi surface [24].
Also, the calculated band structure of LaRu3Si2 possesses a
flat band and Dirac-like band formed by the Ru-d2

z bands
near the Fermi level [29]. Furthermore, it has been shown
that all five 4d Ru orbitals contribute to conduction and su-
perconductivity. A similar situation has also been reported
for Fe in iron-pnictide superconductors, which indicates the
role of correlation effects [30]. Preliminary studies on the
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FIG. 1. A schematic view of the hexagonal structure of LaRu3Si2

(a) in the ab plane and (b) along the c axis. The Ru atoms construct a
distorted kagome lattice structure, while the Si and La atoms form a
honeycomb and a triangular structure, respectively. The Ru-Ru bond
length varies alternatively between 2.94 and 2.75 Å.

superconducting properties of LaRu3Si2 based on the results
of La-NQR measurements claim s-wave superconductivity
with strong electron-phonon interaction (λel-ph) and a large
energy gap [2�(0) ∼ 5.5 kBTc] [31]. However, the estimated
value of λel-ph by McMillan’s formula using the Debye tem-
perature is comparatively low and did not corroborate the
large energy gap. Moreover, a sharp coherence peak was
reported just below Tc, while it is generally expected that
a strong electron-phonon coupling would suppress the co-
herence peak due to the large lifetime of the quasiparticles.
Additionally, recent experimental studies of the heat capac-
ity and magnetic properties of LaRu3Si2 revealed anomalous
behavior of the induced quasiparticle density of states in the
superconducting states attributed to the strong correlation ef-
fect [24]. Though the results of μSR measurements indicate
a single isotropic s-wave type gap function with intermedi-
ate coupling, the phonon-mediated pairing mechanism is not
sufficient to explain the superconducting state of LaRu3Si2.
Therefore, additional experimental and theoretical studies are
necessary to get more insight into the pairing mechanism and
related gap structure of this material.

The material, LaRu3Si2 crystallizing in a hexagonal
structure with space group P63/mmc, has interesting crystal-
lographic features with a unique combination of the isolated
layers of kagome and honeycomb networks. As shown in
Fig. 1(a) , the Ru atoms are arranged at the vertices of corner-
sharing triangles but of two different side lengths, forming a
distorted kagome layer in the ab plane. These kagome layers
are sandwiched between the La-Si honeycomb layers [see
Fig. 1(b)]. Due to the distortion in the kagome layer, the
c axis of these compounds is doubled compared with that
of the undistorted one. This feature distinguishes LaRu3Si2

from other members of the 132-type family and hence ex-

hibits the highest Tc among this family of compounds. The
Ru-Ru bond lengths within the plane (2.76 and 2.98 Å) are
comparable with the atomic separation in the elemental Ru,
but the out-of-plane bond length is much higher (3.57 Å).
These structural features are expected to result in a domi-
nating two-dimensional conducting behavior with large spin
fluctuations. However, band structure calculations have shown
strong hybridization of Ru and Si orbitals giving rise to a
three-dimensional Fermi surface. Moreover, the structure also
contains interfacial honeycomb layers of Si with La atoms
arranged in triangular fashion. Honeycomb layered structures
such as graphene and AlB2 derived ternary compounds are
attracting a lot of interest due to their electronic and magnetic
characteristics including superconductivity [32–34].

We believe that the impurity-induced pair-breaking effects
and suppression of Tc can be a route for understanding the gap
symmetry and pairing mechanism. It was shown that super-
conductors with different types of pairing symmetry respond
to the addition of impurities in a specific way. For example, the
substitution of any nonmagnetic impurity in a conventional
single-band s-wave superconductor registers no change in Tc

and pairing interaction, while magnetic impurities suppress
superconductivity rapidly [35,36] due to exchange interaction
of the local spin of the impurity site with conduction elec-
trons of the host [37]. However, in a d-wave superconductor
such as cuprates, nonmagnetic (scalar) impurities can also
cause the change of phase and gap amplitude of the nontrivial
pairing states [36,37] like the magnetic ones, and thereby,
both magnetic and nonmagnetic impurities suppress Tc rapidly
[37,38]. Analogous to the d-wave superconductors, the s±-
wave pairing state of iron-chalcogenide superconductors is
equally sensitive to magnetic and nonmagnetic impurities,
though the results are highly controversial and material spe-
cific [39,40].

In this regard, we find that the suppression of Tc by doping
at the La or Ru site in LaRu3Si2 is distinct from both s- and
d-wave pairing states. With partial substitution of Tm or Gd
at the La site, Tc was reduced at a very slow rate (∼1.3 K for
5% of Gd doping and ∼1.4 K for 16% of Tm doping), indi-
cating that superconductivity in this system is robust against
the paramagnetic centers [41,42]. Similarly, the doping of
transition metals (Co, Ni, and Cr) at the Ru site also resulted in
a gentle drop in Tc. Interestingly, however, the substitution of
only 3% Fe at the Ru site completely suppressed superconduc-
tivity in this system [43]. Such an exceptional reduction of Tc

with Fe doping was explained on the basis of higher moment
formation per Fe dopant (1.4 μB/Fe) in comparison with that
of other transition metals Co, Ni, or Cr (∼0.6–0.8 μB/dopant)
[43,44]. Another school of thought was developed by Wang
et al. [45] based on the phenomenological multiband im-
purity scatterings, which were also extended to include gap
anisotropy. This shows a correlation between the residual
resistivity with the rate of suppression of Tc. In contrast to
this proposal, it has been shown that the residual resistivity of
doped LaRu3Si2 samples increases at a much higher rate with
a Co dopant than a Fe dopant [43], and therefore, this concept
is certainly not applicable to LaRu3Si2.

In this paper, we investigate the magnetic and transport
properties of the solid solutions La(Ru1-xMx )3Si2 with M =
Rh and Ir to gain insight into the role of spin-orbit cou-
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pling (SOC) on the upper critical field, rate of suppression
of Tc, electron-phonon (el-ph) coupling strength, and the su-
perconducting gap structure. An extensive analysis of the
resistivity, magnetic susceptibility, and heat capacity results
shows the influence of SOC and disorder for the variation of
Hc2 in the doped samples, while the el-ph coupling strength
remains essentially unaffected by doping. Moreover, the field-
dependence of electronic specific heat in the superconducting
states of the doped samples indicates the multiband effects.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of La(Ru1-xIrx )3Si2 and
La(Ru1-yRhy)3Si2 (with x, y = 0, 0.05, and 0.1) were
synthesized by a conventional arc-melting process on a
water-cooled copper hearth in a high-purity argon atmosphere
with Ti as a getter. The high-purity raw materials, elemental
La, Ru, Si, Rh, and Ir pieces, were weighed out maintaining
a stoichiometric ratio of La : (Ru1-xIrx )/(Ru1-yRhy) : Si as
1:3.45:2 for melting. An extra amount of Ru (15% more) is
essential to avoid the formation of the LaRu2Si2 phase [24].
To ensure homogeneity, all ingots were remelted at least 4–5
times by flipping upside down each time. The weight loss
after the final melting was found to be negligible (<1%).
The phase identification and structural characterization of the
samples were done by x-ray diffractometry. Powder x-ray
diffraction (PXRD) patterns of all synthesized samples were
collected at room temperature using a Bruker D8 ADVANCE
diffractometer equipped with CuKα radiation. Moreover,
the morphology and atomic composition of the grains were
determined by field emission scanning electron microscopy
(FESEM), attached with an energy-dispersive x-ray (EDX)
spectroscopy study. Measurements of temperature (T)-
and magnetic field (H)-dependent magnetization were
performed in a vibrating sample magnetometer attached
to the commercial physical property measurement system
(PPMS; Dynacool, Quantum Design). The resistivity and
specific heat measurements were also carried out with the
same PPMS. Standard four-point contacts with silver paint
on rectangular-shaped samples were used for the electrical
resistivity measurements, while a small, flat bulk sample was
used for the specific heat measurements by the time-relaxation
method.

III. RESULT AND DISCUSSION

A. Structural characterization

Figure 2(a) shows the PXRD patterns of all samples at
room temperature. Rietveld refinement of the XRD data was
executed by the FULLPROF (WinPlotr) software package [46],
and the calculated patterns are also displayed along with the
measured data. It is apparent from the analysis that most of
the diffraction peaks in the pattern can be well indexed to
the hexagonal structure in space group symmetry P63/mmc.
Additionally, weak impurity peaks, from the extra Ru, were
detected, which were also included in the refinement process.
By expanding the 2θ regions around the (220) peak, as shown
in Fig. 2(b), one may notice an apparent shift toward the
higher angle side with increasing the doping concentration of
Rh, while it is less obvious with Ir concentration. This may

FIG. 2. X-ray diffraction pattern and Rietveld refinement of (a)
La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1) and La(Ru1-yRhy )3Si2 (y = 0,
0.05, and 0.1). (b) An enlarged view of the (200) peak showing an
apparent shift toward the higher angle side with doping.

be understood based on the difference in the ionic radii of
Rh4+ and Ru4+ and nearly similar radii of Ru4+ and Ir4+.
The lattice constants and other structural parameters obtained
from the refinement results are summarized in Table S1 in
the Supplemental Material [47]. The values of the lattice
constants of the parent compound are in good agreement with
those previously reported on LaRu3Si2 [24,42]. Moreover, we
recorded a systematic decrease in both the lattice parameters
by Rh substitution, suggesting the development of a small
positive pressure on the kagome layer of the lattice. On the
other hand, a marginal increase in the unit cell volume was
observed for the Ir-doped samples.

The microstructural analysis of all samples was performed
by collecting FESEM images of the arc-melted samples.
The morphology of all samples shows fused grains without
noticeable grain boundaries. Elemental mapping of all the
individual atoms suggests uniform distribution (see Fig. S1,
Supplemental Material) [47]. The chemical composition of
the samples was estimated by EDX spectra collected at several
locations of the sample, and the average value (as shown in
Fig. S1, Supplemental Material) [47] confirms that the weight
percentage of constituent elements corresponds to the desired
stoichiometry within the experimental error.

B. Magnetic properties

The superconducting properties of the doped samples
were first characterized by the measurement of temperature-
dependent magnetization under zero-field-cooled (ZFC)
and field-cooled (FC) conditions of the specimen sample.
Figures 3(a) and 3(b) present the volume susceptibility vs
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FIG. 3. Temperature dependence of dc magnetic susceptibility of
(a) La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1) and (b) La(Ru1-yRhy )3Si2

(y = 0, 0.05, and 0.1) in zero-field-cooled and field-cooled modes
under an applied field of 50 Oe.

temperature of the pristine and the doped samples in an ap-
plied field of 5 mT. The ZFC susceptibility was corrected for
the demagnetization factor N = 0.05–0.15 (obtained from the
M(H ) data, as discussed in the Supplemental Material [47];
see also Refs. [48,49] therein), using the following expression:
χ = χexp

1−Nχexp
[48]. At 2 K, χZFC approaches the diamagnetic

signal close to − 1
4π , indicating bulk superconductivity of

∼100% volume fraction for all doped samples. Moreover,
the divergence of ZFC and FC susceptibilities demonstrates
strong flux line pinning characteristics of all samples stud-
ied. The onset temperature of the superconducting state was
determined from the intersection between the extrapolated
curves corresponding to the superconducting and normal state
susceptibilities [50], which shows a systematic decrease of
Tc from 6.5 to 5.0 K for a doping concentration of 10%
of Ir or Rh. It is worthwhile to mention that the Tc of the
parent compound agrees well with the previous literature [29].
Interestingly, an upturn feature observed in the ZFC and FC
magnetization of the parent compound immediately before the
superconducting transition [42] is completely suppressed in
the doped samples.

To further characterize the superconducting states and de-
termine the upper and lower critical fields, magnetization was
measured as a function of the magnetic field at several temper-
atures in the range 1.8–10 K. Figure 4(a) depicts the enlarged
view of low field magnetization data of LaRu2.7Ir0.3Si2, while

FIG. 4. The isothermal M-H curve at several temperatures rang-
ing from 1.8 to 10 K for LaRu2.85Ir0.15Si2 (a) in the low field range
and (b) in the extended field range. (c) and (d) Variation of Hc1 with
temperature for La(Ru1-xIrx )3Si2 and La(Ru1-yRhy )3Si2, respectively.

the magnetic hysteresis loops are shown in Fig. 4(b). The
magnetization behavior of all other samples shows similar
features which are typical of a type-II superconductor. By
following a criterion frequently used in the literature [48], we
estimated the value of the lower critical field (μ0Hc1) from
the low field (ZFC) M(H) behavior. The field at which M(H)
deviates from linearity by 1% (μ0H ex

c1 ) is further subjected to
a demagnetizing correctional factor to obtain μ0Hc1 at each
temperature [μ0Hc1 = μ0H ex

c1 /(1−N)] [51,52], where N is
the demagnetizing factor [the detailed analysis of M vs H data
along with the determination of N is shown in the Supplemen-
tal Material [47]. In Figs. 4(c) and 4(d), the resulting μ0Hc1

values are plotted as a function of temperature for all doped
samples and compared with that of the pristine. According to
the Ginzberg-Landau (GL) theory of phase transition, Hc1(T )
can be modeled by the relation as follows [53]:

Hc1(T ) = Hc1(0)

[
1 −

(
T

Tc

)2
]
. (1)

The solid line through the data points in Figs. 4(c) and
4(d) shows good agreement of the GL theory and provides
us the μ0Hc1(0) values as 24.1 ± 0.4 mT, 19.1 ± 0.2 mT,
and 21.8 ± 0.6 mT for the parent, 5%, and 10% Ir-doped
samples, respectively. A similar analysis of the magnetization
data of Rh-doped samples yields the lower critical fields as
24.4 ± 0.3 mT and 26.3 ± 0.5 mT for 5% and 10% Rh-doped
samples. A glance at these numbers reveals an enhancement
of the reduced lower critical field μ0Hc1(0)/Tc with doping.

C. Electrical resistivity

The temperature dependences of zero-field electrical re-
sistivity of La(Ru1-xIrx )3Si2 and La(Ru1-yRhy)3Si2 measured
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FIG. 5. (a) Temperature dependence of normalized resistivity of
La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1) and La(Ru1-yRhy )3Si2 (y = 0,
0.05, and 0.1). Inset shows the variation of Tc with Ir/Rh concentra-
tion. (b)–(f) Temperature dependence of the zero-field resistivity of
LaRu3Si2 and the doped samples, respectively. The solid red line rep-
resents the fit of the parallel resistor model (as described in the text).
The inset of the graph in (b)–(f) demonstrates the gradual shifting of
the superconducting transition temperature with a magnetic field in
the range 0–5 T.

in the T range of 1.8–300 K are presented in Fig. 5(a). For
a better comparison of the T-dependent features, we have
shown the normalized resistivity data to the value obtained at
300 K. All samples exhibit a metallike decrease of resistivity
with temperature (dρ/dT > 0) and then a sharp transition
to zero resistive states at low temperature, signifying the
onset of superconductivity. The transition is comparatively
broader, spreading over a temperature width of ∼1 K like
that of the parent compound, which has been attributed to
the superconducting fluctuations [24]. Defining the Tc value
as the midpoint of this resistivity drop (i.e., 50% criterion was
used to determine Tc,), one may see a monotonic decrease of
Tc with x for both Rh and Ir concentration. Comparing the
observed suppression of Tc with the previous reports [43,44],
it may be stated that the rate of change of Tc by Rh/Ir doping
is higher than that of Co doping but much lower than that of
Fe doping. In addition to the decrease in Tc, the normal state
resistivity behavior undergoes a substantial variation. The
residual resistivity (ρ0) systematically increases, while the
residual resistivity ratio (RRR = ρ0/ρ300) gradually decreases
by increasing the dopant concentration (Rh/Ir), presumably
due to the enhancement of the electron scattering by lattice

distortion or defect centers induced by doping. Moreover, it
may be noticed that the pronounced negative curvature seen in
the high temperature ρ(T ) of the pristine gets flattened for the
doped samples. Such a trend of ρ(T ) behavior is analogous
to that of Co doping and in contrast to that of Fe doping
[43]. Several other superconductors such as Nb2PdS5 [54],
Mo1-xRexTe2 [55], and Zr5Ge3 [56] also exhibit a similar trend
in their ρ(T ) behavior upon metal-site doping.

To evaluate the electronic correlations and scattering mech-
anisms at low temperatures, i.e., in the normal state just above
Tc, we used the power law relation as shown below to fit the
resistivity data:

ρ(T ) = ρ0 + AT n, (2)

where ρ0 is the residual resistivity, A is the coefficient to
be determined, and n the exponent. From the best fit (see
Fig. S2 in the Supplemental Material [47]) we obtained the
value of n (which is used as a free parameter during fitting) as
2 ± 0.1 for all samples studied here. This quadratic tempera-
ture dependence of resistivity just above the superconducting
transition reflects the dominance of the el-el scattering mecha-
nism assuring the Fermi liquid description in this T range [57].
Furthermore, the electronic correlation can be qualitatively
understood by analyzing the Kadowaki-Woods ratio, defined
as A/γ 2 (where A is the coefficient of the T 2-dependent term
and γ the coefficient of electronic specific heat). The obtained
values of A/γ 2, as shown in Table I, are of the order of a0

(1.0 × 10−5 μ
 cm mole K2 mJ−2) which is mostly found for
many heavy fermion compounds [58]. It may be seen that
there is an overall decrease in this ratio and in turn the elec-
tronic correlations by doping, while the change is not linear
in case of Ir doping. The reason for this behavior of Ir-doped
samples is not clear to us at this moment.

At higher temperatures (T > 50 K), there is a significant
deviation from this Fermi liquid behavior because of stronger
el-ph scatterings, which is found to be different at different
doping levels. For a quantitative analysis of the el-ph scatter-
ings, we used a parallel resistor (PR) model that describes the
resistivity behavior with a tendency to saturate at higher tem-
peratures [59]. Such a characteristic manifests the Ioffe-Regel
limit at which the mean free path is comparable with the in-
teratomic spacing, leading to a high absolute resistivity value.
A brief discussion on the PR model and the fitting results
are presented in the Supplemental Material (Table S2) [47]
(see also Refs. [60–62] therein). As illustrated in Figs. 5(b)–
5(f), the experimental data show excellent agreement with
the PR model in the high-temperature limit, suggesting that
the carriers are primarily scattered by longitudinal acoustic
phonons. Therefore, the electron-phonon coupling constant
can be determined from the Debye temperature.

To estimate the upper critical field corresponding to the
superconducting state of the pristine and doped samples, we
examined the temperature-dependent resistivity with various
applied fields, and the results are displayed in the insets of
Figs. 5(b)–5(f). The emergence of resistivity with the appli-
cation of magnetic field is rather slow, yielding a high upper
critical field μ0Hc2(0). Figure 6 shows the variation of μ0Hc2

as a function of the reduced temperature (t = T/Tc). By fitting
the empirical formula [Eq. (3)] with the extracted data, we
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TABLE I. Specific heat coefficients and Kadowaki-Woods ratio derived from the normal state specific heat and resistivity of
La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1) and La(Ru1-yRhy )3Si2 (y = 0, 0.05, and 0.1).

Sample γ (mJ mole−1 K−2) β(mJ mole−1 K−4 ) δ(mJ mole−1 K−6) A/γ 2 (μ
 cm mole2 K2 mJ−2)

LaRu3Si2 33.3 ± 0.2 0.14 ± 0.01 0.004 ± 0.0001 6.82 × 10−5

LaRu2.85Ir0.15Si2 29.9 ± 0.1 0.24 ± 0.01 0.003 ± 0.00005 3.86 × 10−5

LaRu2.7Ir0.3Si2 25.2 ± 0.1 0.34 ± 0.004 0.0022 ± 0.00003 5.23 × 10−5

LaRu2.85Rh0.15Si2 29.0 ± 0.2 0.47 ± 0.01 0.0025 ± 0.0001 2.93 × 10−5

LaRu2.7Ir0.3Si2 25.5 ± 0.2 0.20 ± 0.01 0.0027 ± 0.0001 2.21 × 10−5

obtained μ0Hc2(0) for the pristine and the doped samples:

Hc2(T ) = Hc2(0)

[
1 − t2

1 + t2

]
. (3)

The resultant Hc2(0) values are listed in Table II. One
may notice an enhancement of Hc2(0) for the smaller doping
level (5%) [5.13 and 4.61 T for Ir- and Rh-doped samples,
respectively] with respect to that for the pristine (3.96 T),
while it reduces by further increasing the doping concentra-
tion. It is trivial to assume an overall increase in the spin-orbit
scattering parameter due to the doping of heavier element

FIG. 6. Variation of Hc2 with temperature derived from the resis-
tivity measurements of (a) La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1)
and (b) La(Ru1-yRhy )3Si2 (y = 0, 0.05, and 0.1). The solid line
through the data points corresponds to the empirical formula [Eq. (3)]
as discussed in the text.

Ir/Rh substituting Ru, which might be causing an enhance-
ment of Hc2(0). However, the nonmonotonous trend of Hc2(0)
against the doping concentration indicates the role of some
other mechanism. Since the upper critical field [μ0Hc2(0)]
is inversely proportional to the square of effective coherence
length of the superconducting state, such an effect may also
arise due to a decrease in the effective coherence length be-
cause of doping. In fact, we also observe a systematic increase
in the residual resistivity (ρ0) and in turn a decrease of the
mean free path with doping. However, μ0Hc2(0) does not
show linear dependence on the doping concentration (x or y)
even though le decreases monotonously with both Rh and Ir
doping. Therefore, spin-orbit interaction also has significant
influence for the enhancement of μ0Hc2(0) in addition to the
effective coherence length. A similar effect has been reported
for Nb2PdS5 when doped with the heavier element Pt replac-
ing Pd [54].

In type-II superconductors, the suppression of supercon-
ductivity under the application of a magnetic field can be
understood by two different mechanisms based on two dif-
ferent magnetic channels which affect the superconducting
state. The most common pair-breaking effect occurs via the
orbital limiting effect due to the Lorentz force which signi-
fies a higher kinetic energy with respect to the condensation
energy of the Cooper pairs. Alternatively, if the Pauli spin
susceptibility energy exceeds the condensation energy, the
pair-breaking mechanism is attributed to the spin paramag-
netic effect. When both effects contribute, the temperature
dependence of the upper critical field can be described by
the Werthamer-Helfand-Hohenberg (WHH) theory which in-
cludes the influence of Pauli spin paramagnetism as well as
the spin-orbit interaction. As shown in Fig. 6, the upper criti-
cal field at low field limit or temperatures just below Tc varies
essentially linearly with T, yielding a slope (dμ0Hc2/dT ) of
(−0.65 T/K) for x(y) = 0, −0.95 (−0.83) T/K, and −0.75
(−0.72) T/K for x(y) = 0.05 and x(y) = 0.1, respectively, for
Ir (Rh)-doped samples. This implies that the resulting orbital
limiting critical fields can be derived by using the WHH
equation (in the absence of Pauli spin paramagnetism and the
spin-orbit interaction) as follows [63,64]:

Horb
c2 (0) = − ATc

dHc2(T )

dT
, (4)

where A is the purity factor and takes the value 0.693 (0.73)
for superconductors in the dirty (clean) limit. Considering
the dirty limit condition (discussed in the later section), we
obtained the Horb

c2 (0) values as 3.29 T, 4.31 (3.77) T, and 3.14
(2.89) T for x(y) = 0, 0.05, and 0.1, respectively, for Ir (Rh)-
doped samples. On the other hand, the Pauli-limiting upper
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TABLE II. Superconducting properties of La(Ru1-xIrx )3Si2 and La(Ru1-yRhy )3Si2 (x, y = 0, 0.05, and 0.1) extracted from the experimental
results. The extracted parameters Hc1(0), Hc2(0), Horb

c2 (0), ξGL(0), λGL(0), H cal
c (0), and H ex

c (0) are determined from Eqs. (1), (3), (4), (15), (16),
(18), and (21), respectively.

Sample→ La(Ru1-xIrx )3Si2 La(Ru1-xRhx )3Si2

Parameters↓ Unit↓ x = 0 x = 0.05 x = 0.1 y = 0.05 y = 0.1

Tc K 7.3 6.55 6.05 6.55 5.8
Hc1(0) mT 24.5 ± 0.3 19.1± 0.2 21.8 ± 0.4 24.4 ± 0.27 26.3 ± 0.5
Hc2(0) T 3.97 ± 0.05 5.13 ± 0.08 4.21 ± 0.04 4.61 ± 0.01 3.90 ± 0.04
Horb

c2 (0) T 3.29 ± 0.01 4.31 ± 0.03 3.14 ± 0.01 3.77 ± 0.4 2.89 ± 0.01
HP

c2(0) T 13.50 12.12 11.19 12.12 10.73
αM 0.34 ± 0.005 0.50 ± 0.006 0.39 ± 0.004 0.49 ± 0.06 0.34 ± 0.001
ξGL(0) nm 9.1 ± 0.06 8.01 ± 0.06 8.9 ± 0.04 8.5 ± 0.01 9.2 ± 0.04
λGL(0) nm 135 ± 1 161 ± 1 145 ±1 137 ± 1 129 ± 2
H cal

c (0) mT 190 ± 2 181 ± 3 181 ± 2 201 ± 3 197 ± 2
H ex

c (0) mT 263.1 ± 23 202.3 ± 12 156.5 ± 18 219.6 ± 15 173.1 ± 9
ξBCS nm 26.2 ± 0.56 23.44 ± 0.5 19.86 ± 0.4 22.89 ± 0.6 20.17± 0.07

critical fields can be calculated by following the Bardeen-
Cooper-Schrieffer (BCS) formalism HP

c2(0) = 1.85 Tc. With
the estimated Tc from the resistivity curves as described above,
we derived the HP

c2(0) values as 13.50, 12.12, and 11.19 T for
La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1) and 12.12 and 10.73 T
for La(Ru1-yRhy)3Si2 (y = 0.05 and 0.1).

It is apparent from the above analysis that the values of
Horb

c2 (0) are comparatively smaller than the upper critical fields
[Hc2(0)] obtained from the empirical formula [Eq. (3)] but
remains well below the Pauli paramagnetic limiting fields
HP

c2(0) for all doped samples including the pristine, indicating
the dominance of the orbital pair-breaking mechanism in these
systems. To further estimate the significance of spin paramag-
netic effects, we calculated the Maki parameter (αM) which is
defined in the following expression:

αM =
√

2
Horb

c2 (0)

HP
c2(0)

. (5)

The estimated values of αM are 0.34, 0.50, and 0.39 cor-
responding to the doping concentration x = 0, 0.05, and 0.1
for Ir and are 0.49 and 0.34 corresponding to y = 0.05 and
0.01 for Rh-doped samples, respectively. Though the relative
size of the Maki parameter suggests little influence of the
Pauli paramagnetic field, the variation of αM with doping may
arise due to the interplay of the spin-orbit interaction and
disorderness caused by doping.

To get more insight into the effect of the spin-orbit in-
teraction and Pauli paramagnetism, we tried to simulate the
μ0Hc2(T ) behavior in the entire temperature region below
Tc by using the one-band WHH model, which allows us
to estimate μ0Hc2(0) considering the effects of Pauli spin
paramagnetism and the spin-orbit scattering parameter (λSO),
so that the doping-induced enhancement of λSO can also
be obtained. The detailed analysis of the data using WHH
model is presented in the Supplemental Material [47] (see also
Ref. [63] therein). As depicted in Fig. S4 in the Supplemental
Material [47], there are deviations of the data points from
this one-band WHH model due to an upward curvature with
a concave shape in the Hc2(T ) curve. This type of upward
curvature has been reported for many of the iron arsenide

superconductors, which has been attributed to the multiband
effect [65,66]. Our attempts to fit the data with an effective
two-band model [67] were not decisive, as they resulted in a
high uncertainty of the parameter values and therefore were
not included in this report. Additionally, the fitting of the one-
band WHH model resulted in a large value of αM, which does
not satisfy Eq. (5), though we find an apparent enhancement
in the λSO due to the substitution of heavier elements Ir and Rh
with respect to Ru (please see Table S3 in the Supplemental
Material [47]).

D. Specific heat

The temperature-dependent specific heat measurements
on LaRu3Si2, La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1), and
La(Ru1-yRhy)3Si2 (y = 0, 0.05, and 0.1) samples were per-
formed in zero and various applied fields. Considering the
presence of Ru (∼15%) as an extra phase in the samples stud-
ied, we have applied a small correction 0.47 mJ mole−1 K−2

to the measured raw data [24]. Furthermore, it is justified
to ignore the contribution of the superconducting phase of
Ru, as it is comparatively much lower than the temperature
range used in this paper [68]. Figures 7(a) and 7(b) show
the (corrected) specific heat divided by temperature (C/T )
as a function of temperature in the T range 1.8–20 K. A
pronounced anomaly in the zero-field C/T data of all these
samples demonstrates the onset of bulk superconductivity. We
employed idealized equal entropy constructions around the
superconducting transition to determine Tc [e.g., the inset of
Fig. 7(a) shows one such construction]. For all these com-
pounds, we find the Tc obtained from C data is comparatively
lower than the values deduced from resistivity and magne-
tization measurements. Such a difference in the estimated
Tc values is generally observed in polycrystalline samples
[69]. As already mentioned in the magnetization and resis-
tivity analysis, it is consistent that the rate of decrease of
Tc with the Rh concentration is higher than that of the Ir
concentration. Figure 7(c) presents the systematic shifting of
the superconducting peak by increasing the applied magnetic
field. One may also notice that the characteristic peak in the
C/T vs T plot of the doped samples gets broadened with
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FIG. 7. The raw data of specific heat in terms of C/T vs T
graph for (a) La(Ru1-xIrx )3Si2 and (b) La(Ru1-yRhy )3Si2. (c) Tem-
perature dependence of C/T of LaRu2.85Ir0.15Si2 measured in the
presence of magnetic fields from 0 to 5 T (including Ru correction).
(d) Temperature dependence of C/T of LaRu2.85Ir0.15Si2 measured in
an applied field of 5 T. The solid line through the data points shows
the fit of the equation as described in the text. Inset (d) shows the plot
between C/T vs T 2 of LaRu2.85Ir0.15Si2.

the application of a magnetic field, like that of the pristine,
which might be related to anisotropy of the upper critical field
[Hc2(0)] and/or to the superconducting fluctuations [24]. In an
applied field of 50 kOe, the superconductivity in these com-
pounds is completely suppressed, or the transition has been
shifted <1.8 K (temperature limitation of our system), and
thus C5T data were used for the characterization of the normal
state behavior. The inset of Fig. 7(d) shows the CN (T )/T
vs T 2 plot <15 K, which is nonlinear, implying the addi-
tional contribution of low-lying phonon modes. Therefore, the
normal state C data were fitted with the following equation:
CN (T ) = γnT + βT 3 + δT 5, comprising the electronic spe-
cific heat (γnT ) and phonon specific heat (βT 3 + δT 5) [70].
One such fitting is illustrated in the main panel of Fig. 7(d).
Table I summarizes the coefficients γn, β, and δ obtained
from this fit for all compositions. It is worth noting that the
coefficients of the electronic and phonon-specific heat of the
parent sample are in reasonable agreement with the values
provided by Li et al. [24]. As evident from the table, the
Sommerfeld coefficient (γn) exhibits a marginal decrease with
Rh/Ir substitution from 33.3 mJ mole−1 K−2 for x(y) = 0 x
to 25.2 (25.5) mJ mole−1 K−2 for x(y) = 0.1, though these
values are still much higher than that of simple metals, imply-
ing strong electronic correlation and relatively large effective
mass of the carriers. Moreover, the Debye temperature of each
of the compounds was estimated using the relation derived
from the simple Debye model as follows:

θD =
(

12π4NR

5β

)1/3

,

where N is the number of atoms in the formula unit and R is
the gas constant. The θD values thus obtained are also shown
in Table I, which decreases with the increase in the doping
concentration. Acquiring the values of θD enables us to cal-
culate the electron-phonon coupling constant (λel-ph), which
is a dimensionless parameter characterizing the strength of
attractive interaction between the electrons via phonons. We
used the inverted McMillan’s formula to evaluate λel-ph as
shown below [71]:

λe-ph = 1.04 + μ∗ln
(

θD
Tc

)
(1 − 0.62μ∗)ln

(
θD
Tc

) − 1.04
, (6)

where μ∗ is a material-dependent parameter, also known as
the repulsive screened Coulomb parameter, having a value
between 0.1 and 0.15. For metallic samples, μ∗ is usually
0.13. With these considerations, we obtained the resultant
λel-ph in the range 0.66–0.58 (as shown in Table III), indicating
intermediately coupled superconductivity in LaRu3Si2 and its
doped variants.

Next, we estimated the noninteracting density of states at
the Fermi level using its relationship with the Sommerfeld
coefficient derived from the normal state electronic heat ca-
pacity:

γn = π2k2
B

3
N (EF). (7)

A comparison of the density of states of the doped samples
with that of the pristine (please see Table III) shows a decrease
of the density of states by increasing the Rh/Ir doping concen-
tration. This is indicative of some sort of reconstruction of
the Fermi surface induced by doping. In general, there is an
enhancement of bare (band structure) density of states and
bare effective mass caused by many-body electron-phonon
interactions, and the corrections are as follows [72]:

N (EF) = Nband(EF)(1 + λel-ph), (8)

m∗ = mband(1 + λel-ph). (9)

Based on these equations and the obtained N (EF) values,
we found Nband(EF) values in the range 7–9 states eV−1 f.u.−1,
which seems to corroborate the calculated band structure of
the pristine [29] and is comparable with many of the metallic
superconductors [73]. Because of the intermediate el-ph cou-
pling constant, the effective mass m∗ attains a value ∼1.6 me.

Since electronic specific heat contains striking features of
the superconducting gap structure, we have shown Cel/T as a
function of T/Tc for all studied samples in Figs. 8(a)–8(e).
Here, Cel/T was obtained by subtracting the lattice contri-
bution (βT 3 + δT 5) from the total measured heat capacity.
Using the normal state γn values, we calculated the normal-
ized specific heat jump at Tc, �Cel/γnTc, which turned out to
be 1.47 ± 0.01, 1.45 ± 0.007, 1.46 ± 0.004, 1.58 ± 0.007,
and 1.56 ± 0.01 for x = 0, 0.05 (Ir), 0.1 (Ir), 0.05 (Rh), and
0.1 (Rh), respectively. Consequently, this parameter is higher
than the BCS value of 1.43 and hence indicates intermediately
coupled superconductivity in this system, consistent with the
results of λel-ph. A similar specific heat jump has been re-
ported for CuIr1.95Ru0.05Te4 [48], Re6Zr [74], Nb0.18Re0.82

[49], Nb5Ir1.4Pt1.6O [75], and Ba(Fe1-xCox )2As2 [76], which
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TABLE III. Superconducting and normal state physical parameters of La(Ru1-xIrx )3Si2 and La(Ru1-yRhy )3Si2 (x, y = 0, 0.05, and 0.1)
derived from the analysis of electronic specific heat. The calculated parameters N (EF ), Nband(EF ), and λel-ph were derived using Eqs. (7), (8),
and (6), respectively. The parameters �(0)

kBTc
and γr were derived from the fitting of the α model [Eq. (14)].

Sample→ La(Ru1-xIrx )3Si2 La(Ru1-xRhx )3Si2

Property↓ Unit↓ x = 0 x = 0.05 x = 0.1 x = 0.05 x = 0.1

T ∗
c K 6.3 ± 0.04 5.1 ± 0.05 4.2 ± 0.04 5.4 ± 0.05 4.55 ± 0.03

�D K 438 ± 11 366 ± 4 324 ± 2 291 ± 2 387 ± 5
N (EF ) eV−1 f.u.−1 14.15 ± 0.01 12.68 ± 0.06 10.72 ± 0.04 12.29 ± 0.07 10.82 ± 0.07
Nband(EF ) eV−1 f.u.−1 8.77 ± 0.01 7.89 ± 0.03 6.72 ± 0.03 7.4 ± 0.04 6.84 ± 0.04
λel−ph 0.61 ± 0.004 0.61 ± 0.005 0.59 ± 0.005 0.66 ± 0.004 0.58 ± 0.001
γn mJ mole−1 K−2 33.33 ± 0.23 29.88 ± 0.15 25.25 ± 0.09 28.96 ± 0.16 25.49 ± 0.17
γr
γn

% 10.5 ± 0.08 13.4 ± 0.08 19.8 ± 0.07 10.35 ±0.06 17.65 ± 0.12
�C
γ0Tc

1.47 ± 0.01 1.45 ± 0.007 1.46 ± 0.004 1.58 ± 0.007 1.56 ± 0.01
�(0)
kBTc

1.88 ± 0.04 1.90 ± 0.03 1.98 ± 0.03 1.95 ± 0.04 1.98 ± 0.02
�(0) meV 1.02 ± 0.02 0.83 ± 0.01 0.71 ± 0.01 0.90 ± 0.02 0.77 ± 0.01

were also termed as intermediately coupled superconductors.
Considering a flattening low-temperature behavior (as pre-
viously reported, Ref. [24]) and a small deviation from the
weakly coupled BCS type system, we have analyzed the Cel/T
data based on the α model, which has been derived from
BCS theory but modified to consider the strong coupling, gap

FIG. 8. Cel/T vs T graph for (a) LaRu3Si2, (b) LaRu2.85Ir0.15Si2,
(c) LaRu2.7Ir0.3Si2, (d) LaRu2.85Rh0.15Si2, and (e) LaRu2.7Ir0.3Si2 in
the presence of magnetic fields from 0 to 5 T. The solid lines repre-
sent the fitting curve using the modified Bardeen-Cooper-Schrieffer
(BCS) model as described in the text. (f) The field dependence of
reduced electronic specific heat coefficient �γr .

anisotropy, multiple bands, and other aspects [77,78]. Within
the framework of this α model, the entropy contribution from
the superconductivity evolves with temperature as given be-
low:

S

γn Tc
= − 6

π2

[
�(0)

kBTc

] ∫ ∞

0
[ f ln f + (1 − f ) ln (1 − f )]dy,

(10)
where γn is the normal state Sommerfeld coefficient, f
is the Fermi-Dirac distribution function and is expressed
as a function of electronic energy as follows: f (ξ ) =
exp{[ E (ξ )

kBT ] + 1}−1
. The normalized superconducting entropy

(S) is generally calculated over the entire energy range of
electrons. The energy of the quasiparticles (paired states) ac-
cording to BCS theory is

E (ξ ) =
√

ξ 2 + �(t )2, (11)

with ξ = y
�(0) and t = T

Tc
. While the superconducting energy

gap �(t ) varies with temperature following the relation as
given below:

�(t ) = �(0) tanh

(
1.82

{
1.082

[(
1

t

)
− 1

]}0.51
)

, (12)

the electronic specific heat of the superconducting state can
be calculated from the normalized entropy by using the math-
ematical relation as

Ces

γnTc
= t

d
(

S
γnTc

)
dt

. (13)

Though we find a satisfactory agreement between the ex-
perimental data and Eq. (13) with a saturating feature as T
tends to 0 K, the extrapolated value of Ces/T in zero fields
is finite and nonzero, which may be designated as the resid-
ual electronic specific heat coefficient (γr). This finite γr

in zero fields indicates the presence of either a small frac-
tion of nonsuperconducting carriers/quasiparticles or nodal
quasiparticles from the nodal superconducting gap. With this
consideration, we fitted our experimental Ces/T with the α
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model by adding an extra term (γrT) and normalizing Ces as
described below [79]:

Ces

(γn − γr )Tc
= t

d
[

S
(γn−γr )Tc

]
dt

. (14)

Furthermore, we considered α [=�(0)/kBTc] and γr as
variable parameters during the fit. Figure 8 shows the excel-
lent agreement of the Ces/T of the pristine as well as the doped
samples with Eq. (14). The parameters obtained from the best
fit are summarized in Table III. It may be noted that the value
of γr is ∼3.5 mJ mole−1 K−2 for the parent sample LaRu3Si2,
giving rise to the ratio of γr/γn as 10.5%. Since we have
already eliminated the contribution of the additional Ru phase
and the normal state Sommerfeld coefficient, such a fraction
of γr is not expected, although a similar analysis of the heat
capacity data of the doped samples yields an enhanced γr

(with doping level) irrespective of Ir or Rh doping (shown
in Table III) as if the nonsuperconducting quasiparticles in-
creased with the doping level.

To extract more information related to the nature of these
quasiparticle excitations, we analyze the Ces/T behavior at
various applied magnetic fields and examined the field de-
pendence of �γr[=γr (H ) − γr (0)]. The obtained results are
presented in the inset of Fig. 8(f). For a conventional nodeless
s-wave superconductor, the �γr is expected to vary linearly
with the applied field, whereas a square root dependence with
the field is shown for a d-wave superconductor [80]. Con-
sidering the apparent deviation of �γr(H) from linear field
dependence, we fitted the data with a power law behavior
[�γr = R(μ0H )n, where R and n are the fitting parameters].
For all samples, we find a

√
H dependence of �γr , suggesting

the presence of an anisotropic gap structure. A previous study
on electronic heat capacity of the parent compound has also
reported nonlinear H dependence of the quasiparticle excita-
tions, though it was not conclusively a square root dependent
behavior. Though the results of the La-NQR study have shown
s-wave type behavior of the parent compound, a linear field
dependence of �γr was not obtained. It may also be noted
that the linear dependence of �γr is expected only above
the lower critical field, as vertex interaction may give rise to
some sort of curvature around Hc1(0), as shown for the s-wave
superconductor V3Si [81]. On the other hand, the low-T (T
close to zero) specific heat data exhibit an apparent flattening
behavior, which is seemingly in contrast to the d-wave pair-
ing symmetry of the order parameter. Moreover, theoretical
studies of d-wave superconductors have pointed out that the
Doppler shift of the quasiparticle excitation spectrum around
the nodes modifies the density of states and gives rise to a√

H dependence of �γr and is valid only at the clean limit
of the superconductor [79,82]. On the other hand, if the field
dependence of �γr arises due to impurity scattering effects as
expected in the dirty limit of a d-wave superconductor, �γr

should vary as H log H in the low field limit (Hc1 < H < Hc2)
[83]. However, we did not get a proper H log H dependence
of �γr even though the electronic properties of these samples
(discussed in the next section) establish the observed super-
conductivity in the dirty limit of the specimens.

Alternatively,
√

H dependence of �γr has also been ob-
served in many other superconductors with multiband features

such as TlNi2Se2 [84] and Ta4Pd3Te16 [85]. A recent report
on the band structure calculation of the parent LaRu3Si2 has
shown a complex three-dimensional Fermi surface with con-
tribution from several bands, suggesting a multiband feature
[29]. Therefore, the nonlinear contribution of �γr may be
attributed to the multiband effects.

The fitting of the α model also yielded the superconducting
gap parameter [α = �(0)/kBT ], which apparently increases
with increasing the doping concentration. The gap parameter,
which characterizes the superconducting state, has a direct
correlation with the electron-phonon coupling constant in
the phonon mediated superconductivity. However, in these
samples, λel-ph does not show any substantial variation with
doping.

E. Electronic properties of the superconducting state

Next, we determined some of the important supercon-
ducting properties of LaRu3Si2 and its doped variants by
assembling the results of magnetization, resistivity, and heat
capacity. The obtained values of μ0Hc2(0) and μ0Hc1(0) were
used to calculate the GL coherence length ξGL(0) and pene-
tration depths λGL(0) by employing the following equations:

μ0Hc2(0) = �0

2πξ 2
GL(0)

, (15)

where �0(=h/2e = 2.07 × 10−3 Tμm2) is the magnetic flux
quantum, and

μ0Hc1(0) = �0

4πλ2
GL(0)

ln
λGL(0)

ξGL(0)
. (16)

Subsequently, the GL parameter is obtained as κ = λGL(0)
ξGL (0) ,

which signifies the type (either I or II) of superconductivity.
Considering the dirty limit conditions of the samples, the GL
parameter κ0 (in the clean limit) can be obtained by using the
Gorkov-Goodman relation as follows:

κ = κ0 + 2.37 × 106γ 1/2ρ0. (17)

Moreover, the critical thermodynamic field is calculated using
the values of ξGL(0) and λGL(0) following the relation given
below:

Hc1 (0)Hc2(0) = H cal
c (0)2 ln κ. (18)

All physical parameters ξGL(0), λGL(0), κ , κ0, and H cal
c (0)

as derived by using the above mentioned relations are sum-
marized in Table IV. With the values of ξGL(0) in the range
8–9 nm and λGL(0) in the range 130–150 nm, we attain κ0 as
12–20 (� 1√

2
) categorizing these samples to strongly type-II

superconductors.
To obtain a self-consistency check on the derived pa-

rameters, we calculated the superconducting condensation
energy (UC) by integrating the entropy difference between
the normal and superconducting states, given by the following
expression:

UC =
∫ 7K

0
�S(T )dT, where �S(T ) =

∫ T

0

�C(T ′)
T ′ dT ′.

(19)
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TABLE IV. Comparison of the derived electronic properties of La(Ru1-xIrx )3Si2 and La(Ru1-yRhy )3Si2 (x, y = 0, 0.05, and 0.1). The
parameters λGL(0), ξ0, vF, and κ0 were obtained from Eqs. (23), (24), (22), and (17), respectively.

Sample→ La(Ru1-xIrx )3Si2 La(Ru1-xRhx )3Si2

Property↓ Unit↓ x = 0 x = 0.05 x = 0.1 x = 0.05 x = 0.1

λGL(0) nm 135 ± 1 161 ± 1 145 ± 1 137 ± 1 129 ± 2
N 1028 m−3 4.33 ± 0.09 2.30 ± 0.03 1.11 ± 0.01 2.42 ± 0.03 1.31 ± 0.01
ξ0 nm 98.7 ± 0.8 120 ± 1 145 ± 1 137 ± 1 139 ± 0.8
l nm 1.03 ± 0.01 0.652 ± 0.003 0.569 ± 0.004 0.636 ±0.006 0.748 ± 0.014
ξ0
l 95.8 ± 0.2 184.7 ± 0.2 254.83 ±0.04 215.4 ± 0.4 185.8 ± 1.4
vF 104 ms−1 12.76 ± 0.09 9.34 ± 0.05 6.79 ± 0.03 9.91 ± 0.04 7.47 ± 0.15
κ 14.84 ± 0.02 20.1 ± 0.02 16.29 ± 0.04 16.1 ± 0.1 14.1 ± 0.14
κ0 14.4 ± 0.02 19.1 ± 0.02 14.59 ± 0.04 15.3 ± 0.1 12.84 ± 0.14

This analysis yields the condensation energy of 275.3,
162.9, and 97.4 mJ/mole for La(Ru1-xIrx )3Si2 samples
with x = 0, 0.05, and 0.1, respectively, and 191.9 and
119.1 mJ/mole for La(Ru1-yRhy)3Si2 with y = 0.05 and 0.1,
respectively.

Here, UC can also be determined from the zero-field su-
perconducting gap and electronic specific heat coefficient as
follows [86]:

UC = gN (EF)
�(0)2

2
= g

3

4π2

1

k2
B

γn�(0)2. (20)

For a BCS superconductor, g = 1, �(0) = αkBTc. Using
Eq. (20), we obtain the values of condensation energy as 355,
213, and 133 mJ/mole for the pristine, 5%, and 10% Ir-doped
samples, while it is 244 and 157 mJ/mole for 5% and 10%
Rh-doped samples.

The thermodynamic critical field [Hc(0)] is directly related
to the free energy difference of the normal and super-
conducting states and therefore can be evaluated from the
condensation energy using the following the expression:

1

2
μ0H ex

c (0)2 = UC. (21)

The critical fields [H cal
c (0)] obtained by using the above

Eq. (18) are in good agreement with the experimental results
[H ex

c (0)] derived from Eq. (21) (see Table II).
To further explore the electronic properties of these mate-

rials, we estimated the Fermi velocity (vF), which is related to
the density of states as follows:

vF = π2h̄3

m∗2 Vf.u.

N (EF), (22)

where m∗ is the effective mass, h̄ is Planck’s constant, kB is
the Boltzmann constant, and Vf.u. = Vcell/2 is the volume of
the formula unit. Using the values of m∗, γn, and Vf.u., we ob-
tained the Fermi velocity of the order of 6.8–12.8 × 104 m/s.
Furthermore, we estimated the mean free path (l) of the su-
perconducting carriers by using the relation l = vFτ , where
the mean free scattering time, τ = m∗

nse2ρ0
(ρ0 is the residual

resistivity, and ns is the superconducting carrier density). As-
suming a spherical Fermi surface [87], n can be expressed as

n = m∗3v3
F

3π2h3 . The obtained values of n lie in the range 1 × 1028

to 4 × 1028 m−3, which is like other metallic superconductors
[49,73,74]. Combining all the above expressions, we derived

the mean free path of the charge carriers in the studied samples
using the expression l = 3π2( h̄

e2ρ0
)( h̄

m∗vF
)
2
, which turned out

to be in the range 4–10 nm. It is apparent from the comparison
that the mean free path being lower than the respective GL
coherence length indicates the observed superconductivity in
the dirty limit.

In the dirty limit, the GL penetration depth and coherence
length get affected and can be expressed by the following
modified Eqs. (23) and (24), respectively:

λGL(0) = λL

(
1 + ξ0

l

)1/2

, (23)

where ξ0 is the BCS coherence length and λL is the London
penetration depth, and

ξGL(0)

ξ0
= π

2
√

3

(
1 + ξ0

l

)−1/2

. (24)

Finally, we have estimated the effective Fermi temperature
using the derived values of m∗ and n using the following
relation [88]:

kBTF = h̄2

2m∗ (3π2n)
2/3

. (25)

In Table IV, we have summarized all estimated electronic
parameters. Using these parameters, we have calculated the
ratio Tc/TF which turned out to be ∼0.002 for the parent
compound and ∼0.005 for the 10% doped samples. However,
since these calculations have been carried out by consider-
ing the simplified version of the Fermi surface (spherical
Fermi surface), any deviations may arise when Fermi surface
anisotropy and multiband effects are included.

IV. SUMMARY

In summary, we have successfully synthesized the poly-
crystalline samples of La(Ru1-xIrx )3Si2 (x = 0, 0.05, and 0.1)
and La(Ru1-yRhy)3Si2 (y = 0.05 and 0.1) to study the ef-
fect of substituting a high SOC element at the Ru site on
the normal and superconducting properties of the distorted
kagome lattice compound LaRu3Si2. Rietveld analyses of the
PXRD data confirm all solid solutions to crystallize in the
same distorted structure in the space group P63/mmc with
a small lattice compression for Rh-doped samples. The re-
sults of magnetic susceptibility, electrical resistivity, and heat
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capacity measurements establish type-II bulk superconduc-
tivity in all compositions with moderate el-ph coupling. The
superconducting transition temperature obtained from χ (T ),
ρ(T ), or C(T ) data shows a gradual suppression with the
doping concentration (Ir or Rh), while the rate of suppression
is marginally higher for Rh-doped samples. This decrease in
Tc is consistent with the decrease in the density of states, esti-
mated from the coefficient of the electronic heat capacity data.
However, a significant enhancement of the upper critical value
[Hc2(0)] was observed for Ir substitution in comparison with
that of Rh substitution (at low doping level) possibly related
to the effective SOC of the system. The characteristic length

scales and the corresponding Maki parameter indicate the
dominance of the orbital pair-breaking effect. Our analyses of
the electronic specific heat of the superconducting state can be
well fitted to a model with a single-band isotropic gap, while
the change of the residual electronic specific heat coefficient
induced by magnetic field varies as the square root of the
applied field. With the characteristic feature of the electronic
specific heat as s-wave type, the nonlinear dependence of
γr can be attributed to the multiband effect. The normalized
heat capacity jump �C

γnTc
and the gap parameter 2�0

kBT ∗
c

suggest
moderately coupled superconductivity with an increase in the
gap parameter induced by doping.
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