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Microscopic study of the impurity effect in the kagome superconductor La(Ru1−xFex)3Si2
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We report on the effect of magnetic impurities on the microscopic superconducting (SC) properties of the
kagome-lattice superconductor La(Ru1−xFex )3Si2 using muon spin relaxation/rotation. A strong suppression of
the superconducting critical temperature Tc, the SC volume fraction, and the superfluid density was observed.
We further find a correlation between the superfluid density and Tc which is considered a hallmark feature
of unconventional superconductivity. Most remarkably, measurements of the temperature-dependent magnetic
penetration depth λ reveal a change in the low-temperature behavior from exponential saturation to a linear
increase, which indicates that Fe doping introduces nodes in the superconducting gap structure at concentrations
as low as x = 0.015. Our results point to a rare example of unconventional superconductivity in the correlated
kagome lattice and accessible tunability of the superconducting gap structure, offering new insights into the
microscopic mechanisms involved in superconducting order.
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I. INTRODUCTION

The unique kagome lattice, formed by an interwoven net-
work of corner-sharing triangles, is a well-known playground
for exploring the interplay between frustrated magnetism,
electronic correlation, and topology [1–11]. Thanks to the
natural geometrical frustration and unique electronic structure
exhibiting flat bands, van Hove singularities, and Dirac nodes,
kagome lattice materials can host many fascinating physi-
cal phenomena. One of the rarest phenomena experimentally
observed in kagome lattice materials is superconductivity,
which has a long history of theoretically predicted ex-
otic superconducting pairings [12–15], and has been found
to display competing magnetic [3,16–19] or otherwise un-
conventional [20–22] features. In our recent work [21] on
LaRu3Si2, exhibiting the highest superconducting critical
temperature Tc among the known bulk kagome-lattice super-
conductors, we found that the Tc cannot be explained solely
by electron-phonon coupling. Rather, it experiences additional
enhancement from typical kagome band structure features
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found near the Fermi energy [21]. This manifests a super-
conductivity mediated primarily by electronic correlations
arising from the kagome lattice, which is an unconventional
superconducting order (i.e., non-BCS). The rich interplay of
competing physics in kagome systems is further complicated
in LaRu3Si2 following the recent observation of charge order
(CO) at temperatures as high as 400 K [22], which adds an
additional electronic correlation to the normal state of this
prototypical kagome superconductor.

Following the discovery of superconductivity in LaRu3Si2

[23], doping and impurity effect studies were performed,
first on the La site [24,25], and more recently on the Ru
site [26,27]. Previous reports on the effect of substitution of
the kagome-lattice-forming Ru atoms by various magnetic
and nonmagnetic atoms in La(Ru1−xAx )3Si2 revealed that
Tc is rather insensitive to the element used as a dopant
(A = Co, Ni, Cr, Fe, Ir, Rh), except in the case of Fe
[26–28]. Fe doping causes a dramatic suppression of Tc

with a critical concentration of xcr,Fe � 0.036. Until now,
the only known property of the superconducting state in
La(Ru1−xFex )3Si2 is the doping-dependent evolution of
Tc. In light of the recently discovered tunability of the
superconducting gap structure in the AV3Sb5 (A = K,
Rb) family [18] which marks the kagome lattice as an
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FIG. 1. (a) Magnetic susceptibility vs temperature scans for an applied field of 5 mT highlighting the suppression of superconductivity with
increasing Fe concentration. ZFC and FC conditions are denoted by closed and open symbols, respectively. The onset of the superconducting
transition, defined as the intersection between the line tangent at the midpoint of the superconducting transition and the slope of the
magnetization in the normal state, has been indicated by an arrow. (b) Sample specific heat divided by the temperature vs temperature, showing
clear peaks for undoped, x = 0.015, and x = 0.01 samples and a noticeable anomaly for the x = 0.02 sample, which is however embedded
in a large increase in Cp/T with decreasing temperature. Fits have been overlaid as solid black lines. (c) Extracted �Cp jump vs Tc from heat
capacity measurements for each dopant concentration. Data from the current study are represented by the orange diamonds. Red triangles
represent the characteristic scaling relation found for Fe-based superconductors [30]. It has been fitted with a linear relation on a logarithmic
plot, giving a T 4.2 relation, notably steeper than the BNC T 3 relation. Data have been reproduced from [30].

exceptional platform to investigate competing phases and
unconventional superconductivity, a microscopic un-
derstanding of the suppression of superconductivity in
La(Ru1−xFex )3Si2 from both experimental and theoretical
perspectives is required.

To shed light on the nature of the suppression of
superconductivity in this prototypical kagome supercon-
ductor, we investigated the superconducting properties of
La(Ru1−xFex )3Si2 (from x = 0 to x = 0.05) using a combi-
nation of complementary experimental methods such as heat
capacity, magnetization, and muon spin relaxation/rotation
(μSR). We observed that the introduction of Fe results in
neither magnetic order nor a spin-glass state. At the same
time, we provide microscopic evidence for highly tunable
unconventional superconductivity in La(Ru1−xFex )3Si2 as
evidenced by the observation of nodal superconductivity,
promoted by Fe doping, and an unconventional dependence
of the superfluid density on the superconducting critical
temperature.

II. EXPERIMENTAL DETAILS AND RESULTS

Figure 1(a) shows the temperature dependence of
magnetic susceptibility χ for polycrystalline samples of
La(Ru1−xFex )3Si2 with x = 0, 0.01, 0.015, 0.02, 0.03, and
0.05, measured in an applied field of 5 mT in both zero-field-
cooled (ZFC) and field-cooled (FC) conditions, denoted by
closed and open symbols, respectively. A clear suppression of
both the onset of Tc and diamagnetic screening is observed
as a result of Fe doping. The sample with x = 0.05 shows
no diamagnetic screening, while a diamagnetic screening was
clearly observed in undoped and Fe-doped samples with x =
0.01, 0.015, and 0.02, and a very weak diamagnetic screening
in the x = 0.03 sample starting just above 1.8 K, the lowest
temperature achievable for our magnetization measurements.

In addition to diamagnetism, it is essential to check the
bulk nature of superconductivity, which may be accomplished

through heat capacity measurements. The heat capacity of
the undoped and Fe-doped samples with x = 0.01, 0.015, and
0.02 was measured and all show a peak at Tc [see Fig. 1(b)];
both the value of Tc and the height of the peak are suppressed
as a result of Fe doping, indicating a reduction in supercon-
ducting volume fraction. The specific heat peak for the sample
x = 0.02 is severely reduced. The normal state contribution
was best fitted with a model accounting for electronic correla-
tion effects present in the sample, as previously reported [29].
This equation is of the form

C = γ T + βT 3 − AT nlnT, (1)

where γ is the Sommerfeld parameter, β represents the weight
of the phonon contribution, and the last term gives the cor-
rection to the Fermi liquid description, where n indicates the
strength of the correlations. In the case of a Fermi liquid
with strong correlations n = 1, while for the case of weak
correlation n = 3 [29]. By analyzing the normal state data
in the narrow temperature range just above Tc (i.e., 3–10 K
for x = 0.02, 5–10 K for x = 0.015, 5.8–10 K for x = 0.01,
and 7–10 K for the undoped sample), we find that n � 2.
This implies that the system is moderately correlated. After
subtraction of the normal state contribution, we were able
to extract the jump in specific heat at Tc, which is plotted
against Tc in Fig. 1(c). Here, we find a linear relation when
plotted on a logarithmic scale, which indicates a power-law
scaling relation �Cp ∝ T 4.2

c , stronger than the T 3
c scaling

found for the Fe-based superconductors shown by the so-
called BNC (Bud’ko-Ni-Canfield) scaling behavior [30,31].
Additionally, the reduced peak size indicates a suppression of
the superconducting volume fraction; however, the peak size
in the specific heat may be affected by changes in the cou-
pling strength or the superconducting volume fraction, while
in μSR they may be extracted separately. Thus, as volume
fraction is more directly probed via μSR, it will be elaborated
later [see Fig. 4(a)]. It is important to note that the broadening
of the peak may also be related to some inhomogeneity of iron
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FIG. 2. (a) ZF-μSR spectra, recorded for undoped and x = 0.03 Fe-doped samples, at 300 K and 10 K. The black line indicates the fit to
the data using Eq. (2) [32,33]. (b) Temperature dependence of the exponential relaxation rate in the undoped, x = 0.03, and x = 0.05 Fe-doped
samples. The Gaussian Kubo-Toyabe was fitted with a global �GKT parameter for each dopant concentration, which all refined to similar values
(0.04–0.05 µs−1). (c) Characteristic μSR time spectra for the x = 0.01 Fe-doped sample under 20 mT applied field in the normal state (at 10
K; red points) and in the superconducting state (at 0.15 K; blue points). Fits are shown as solid lines. The Fourier transformations showing
field distribution can be found in the Supplemental Material [34].

doping. While there may be some distribution in iron doping,
it should be distributed around some central value corre-
lated to the nominal doping concentration. We also observe
a smooth and linear evolution of superconducting properties
with nominal doping concentration, indicative of the efficacy
of doping. The fact that electronic correlation effects must
be accounted for to fully reproduce the electronic specific
heat is in line with the electronic-correlation-mediated super-
conductivity found in the parent material by band structure
calculations [21]. By combining the results of the magnetiza-
tion and specific heat experiments, we conclude that both Tc

and the superconducting (SC) volume fraction are suppressed
with increasing Fe concentration.

Next, in order to identify any potential magnetic phase or
ordering which may be introduced by Fe doping, zero-field
μSR experiments were performed on undoped and Fe-doped
samples with x = 0.03 and 0.05 down to 5 K. Magnetism, if
present in the samples, may enhance the muon depolarization
rate in the superconducting state and falsify the interpreta-
tion of μSR results in the superconducting state. Figure 2(a)
displays the zero-field μSR spectra for the samples x = 0
and 0.03. The ZF-μSR spectra are characterized by a weak
depolarization of the muon spin ensemble and show no evi-
dence of either long-range-ordered magnetism or a spin-glass
state in La(Ru1−xFex )3Si2. The muon spin relaxation can be
fully decoupled by the application of a weak longitudinal field
(LF-μSR) of 5 mT (see Supplemental Material [34]), indi-
cating that moments are static on the microsecond timescale.
The ZF-μSR asymmetry spectra were fitted with a Gaussian
Kubo-Toyabe function multiplied by an exponential relax-
ation rate as follows:

A(t ) = A0

[
1
3 + 2

3 [1 − (�GKTt )2]e− 1
2 (�GKTt )2

]
e−�t , (2)

where A(t ) is the sample asymmetry with respect to time,
A0 is the initial asymmetry, �GKT is the Gaussian Kubo-
Toyabe relaxation rate, and � is the exponential relaxation
rate [32,33]. The Gaussian Kubo-Toyabe function reproduces
the relaxation from a dense array of nuclear moments felt by

the muon ensemble, while the exponential relaxation rate can
be associated with the contribution of electronic origin. The
�GKT parameter was refined as a global parameter for each
sample, and the exponential relaxation rate was allowed to
vary. �GKT converged to a similar value for all three sam-
ples (�GKT � 0.04 µs−1), indicating that the nuclear moments
which contribute to the Gaussian Kubo-Toyabe relaxation
rate remain similar across the doping series. The temperature
dependence of the exponential relaxation rate is shown in
Fig. 2(b) for the undoped and x = 0.03, 0.05 samples. There is
only a small increase in the normal state muon-spin relaxation
rate at low temperatures, which is present in the undoped
as well as the Fe-doped samples. The nonmonotonic depen-
dence of the baseline and the increase in relaxation rate with
decreasing temperatures deserve further attention, especially
following the discovery of a high-temperature charge-ordered
state [22], and will be the subject of future studies. Thus, the
current results show that introducing a small amount of Fe in
La(Ru1−xFex )3Si2 does not introduce any additional magnetic
state not already present in the parent compound.

Once it was established that no enhancement of muon de-
polarization rate was introduced by Fe doping, the suppression
of the superconducting state could be explored microscopi-
cally using transverse field (TF) μSR. We probe the SC order
parameter via the superfluid density σSC ∝ 1

λ2 ∝ ns, where
σSC is the superconducting muon spin depolarization rate.
The absence of long-range magnetic order or a spin-glass
state in La(Ru1−xFex )3Si2 implies that the increase of the TF
relaxation rate below Tc is attributed entirely to the vortex
lattice. As an example, the TF-μSR spectra for the x = 0.01
sample, measured in an applied magnetic field of 20 mT above
(10 K) and below (0.15 K) the SC transition temperature
Tc, are shown in Fig. 2(c). Above Tc the oscillations show
a small relaxation rate σnm due to the random local fields
from the nuclear magnetic moments. At 0.15 K, the relaxation
rate increases due to the presence of a nonuniform local field
distribution as a result of the formation of a flux-line lattice
(FLL) in the SC state (see the Supplemental Material [34],
as well as Refs. [32,37,39,40] therein). The base-T value
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FIG. 3. (a) The temperature dependence of the superconducting
muon-spin depolarization rate σSC (left axis) and the superfluid den-
sity (i.e., 1

λ2 ) (right axis) for all doped samples including the undoped
polycrystalline sample, taken from [21]. The solid (dashed) lines
correspond to fits using a model with nodeless (nodal) gap super-
conductivity. (b) Temperature dependence of σSC for the x = 0.02
Fe-doped sample under various applied hydrostatic pressures. The
arrow indicates Tc, which remains unchanged under pressure.

of the superfluid density increases for the x = 0.01 sample,
before decreasing rapidly for x = 0.015, x = 0.02, and x =
0.03 samples [see Fig. 3(a)]. Despite the nonmonotonic be-
havior in superfluid density, the Tc decreases monotonically
with increasing Fe-dopant concentration [doping evolution of
Tc is plotted in Fig. 4(a)]. We also find a constant decrease
in SC volume fraction with increased doping concentration
which perfectly follows the Tc

Tc, pure
dependence at low con-

centrations before diverging at x = 0.015, x = 0.02, and x =
0.03; see Fig. 4(a).

More importantly, the temperature dependence of the su-
perfluid density suggests a change in the SC gap structure: in
undoped and x = 0.01 samples, the temperature dependence
of the superfluid density ns ∝ 1

λ2 ∝ σSC saturates below � 2 K
and 1.5 K, respectively, and has been well modeled with the
s-wave superconducting gap symmetry [21]. In contrast, in
the x = 0.015, x = 0.02, and x = 0.03 samples, the depen-
dence of σSC increases linearly with decreasing temperature,
indicating the presence of a SC gap which has nodes. This
points toward a crossover from fully gapped to nodal SC
gap structure with increasing Fe-dopant concentration. The
introduction of Fe doping seems to have the inverse effect of
hydrostatic pressure on other kagome superconductors such
as KV3Sb5 and RbV3Sb5 [18], which exhibit a nodal SC gap
symmetry under ambient conditions and become fully gapped
under hydrostatic pressure.

The nodal superconducting state introduced by Fe doping
is remarkably stable, demonstrated by additional μSR studies
under pressure. The application of hydrostatic pressures up to
2 GPa was achieved, and the temperature dependence of σSC

for x = 0.02 showed no saturation down to the lowest temper-
atures [see Fig. 3(b)]. In fact, the data for all four pressures
probed by μSR nearly perfectly overlap, as seen in Fig. 3(b).
This implies that the application of hydrostatic pressure has
almost no effect on the superfluid density or Tc in the full

FIG. 4. (a) The doping evolution of the superconducting muon-spin depolarization rate σSC, normalized superconducting Tc, and supercon-
ducting volume fraction VSC, extracted from the μSR results. The light green–to–red shaded region indicates the crossover around x = 0.015
from nodeless superconducting gap structure (light green) to a nodal structure (red). (b) The Tc vs superfluid density ratio has been plotted
for the different dopant concentrations of La(Ru1−xFex )3Si2 compared with other known conventional and unconventional superconductors
[18,43–47]. While all dopant concentrations lie far from the elemental conventional superconductors, they fall almost entirely along the same
line as several example transition metal dichalcogenides [46,47] and other kagome superconductors [18]. Only the 3% Fe-doped sample falls
a bit away from this line, and falls instead on the same line as the electron-doped cuprates, similarly to RbV3Sb5 and KV3Sb5 under ambient
pressure.
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pressure range, much like in the parent compound LaRu3Si2

[21]. This indicates that nodal superconductivity is the
energetically preferred ground state at x = 0.015, x = 0.02,
and x = 0.03 concentrations.

From the μSR measurements, we are able to construct the
phase diagram with respect to doping concentration, which is
shown in Fig. 4(a). We observe a nonmonotonic behavior of
the superfluid density with Fe doping, while simultaneously
identifying a continuous decrease of superconducting Tc with
Fe dopant concentration. Thus we find that superconductivity
is suppressed steadily from three different directions: in terms
of Tc, volume fraction, and superfluid density. The anomalous
increase of 20% in superfluid density at x = 0.01 Fe-doping
concentration stands out, however. In the context of other
superconductors [43–45], we see in Fig. 4(b) that the Tc and
superfluid density (i.e., 1

λ2 ) values place the undoped and
Fe-doped samples with x = 0.01, x = 0.015, and x = 0.02 all
neatly along the line formed by other kagome systems [18]
such as CeRu2 and CsV3Sb5 as well as moderately correlated
quasi-2D transition metal dichalcogenides (TMDs) [46,47].
This suggests a universal scaling relation common among
the kagome superconductors, similar to that found in TMDs
as well. The data point for the x = 0.03 sample lies near
KV3Sb5 and RbV3Sb5 and on the same line as electron-doped
cuprates, but all members in this doping series lie far from the
conventional superconductors and show correlation between
the superfluid density and Tc, which is considered a hallmark
feature of unconventional superconductivity.

III. DISCUSSION

There is a long history of predicting [12–14] different
types of electronic instabilities on the kagome lattices at select
fillings (e.g., 5/4 electrons per band) such as charge den-
sity wave order, bond density wave state, chiral spin density
wave states, and superconductivity with d + id- or f -wave
superconductivity. The experimental realization of these ex-
otic superconducting pairings has been largely missing until
recently, following the discovery of the AV3Sb5 (A = K,
Rb, Cs) family, which has unleashed an avalanche of in-
terest in kagome systems. A nodal superconducting pairing
has been found experimentally in KV3Sb5 and RbV3Sb5, and
can be tuned to nodeless s-wave symmetry by the applica-
tion of hydrostatic pressure [18] and by doping [48]. The
crossover from nodal to nodeless pairing is correlated with
the establishment of the optimal superconducting region of
the phase diagram, which corresponds to full suppression of
charge order in KV3Sb5 and partial suppression of charge
order in RbV3Sb5. The essential findings of this paper are the
observation of the unconventional scaling of the superfluid
density with respect to Tc, and the crossover from nodeless
to a superconducting gap structure with nodes, promoted by
Fe doping in La(Ru1−xFex )3Si2. Thus, in the present case
of La(Ru1−xFex )3Si2, we have uncovered yet another highly
tunable unconventional kagome superconductor, and are able
to introduce nodes in the superconducting gap structure with
the introduction of a small quantity of Fe doping without
introducing a competing magnetic state. It is furthermore in-
teresting to note that a high-temperature charge order has been
uncovered in the La(Ru1−xFex )3Si2 system [22]; however, the

onset temperature lies around 400 K in the parent, undoped
compound LaRu3Si2, which exhibits nodeless superconduc-
tivity and a Tc = 7 K [21], similar to CsV3Sb5 once charge
order has been fully suppressed [19]. Therefore, it seems
that the Fe doping causes the changes in the Fermi surface
without the presence of a competing state. Whether the SC
gap topology is well ordered (i.e., d-wave superconductivity,
where the nodes occur at π

2 spacing) or the nodes are “ac-
cidental” [35,36] is difficult to determine with μSR. Further
investigations are desirable to distinguish between the two.

IV. CONCLUSION

In conclusion, we have studied the effect of Fe doping on
the superconducting and normal state properties of the pro-
totypical kagome superconductor LaRu3Si2. The introduction
of iron on the ruthenium site neither precipitates a magnetic
state with long-range order nor introduces a novel magnetic
state not already present in the parent compound. However,
we have observed a strong suppression of superconductivity,
which is manifested by the suppression of the volume fraction,
suppression of Tc, and suppression of the superfluid density.
We further show an unconventional dependence of the su-
perfluid density on the superconducting critical temperature.
Most importantly, we find a crossover from fully gapped
superconductivity in the parent compound to a superconduc-
tivity with nodes by x = 0.015 Fe substitution, less than half
the critical doping concentration required to fully suppress
superconductivity. This study will serve to stimulate useful
discussion regarding the nature of kagome superconductivity
and the delicate balance it holds between competing orders.
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