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Strong coupling nature of kagome superconductivity in LaRu3Si2
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We report muon spin rotation (µSR) experiments together with first-principles calculations on
microscopic properties of superconductivity in the kagome superconductor LaRu3Si2 with Tc ≃ 7K.
We find that the calculated normal state band structure features a kagome flat band and Dirac
as well as van Hove points formed by the Ru-dz2 orbitals near the Fermi level. Below Tc, µSR
reveals isotropic type-II superconductivity, which is robust against hydrostatic pressure up to 2
GPa. Intriguingly, the ratio 2∆/kBTc ≃ 4.3 (where ∆ is the superconducting energy gap) is in the
strong coupling limit, and Tc/λ

−2
eff (where λ is the penetration depth) is comparable to that of high-

temperature unconventional superconductors. We also find that electron-phonon coupling alone can
only reproduce small fraction of Tc from calculations, which suggests other factors in enhancing Tc

such as the correlation effect from the kagome flat band, the van Hove point on the kagome lattice,
and high density of states from narrow kagome bands. Our experiments and calculations taken
together point to strong coupling and the unconventional nature of kagome superconductivity in
LaRu3Si2.

Layered systems with highly anisotropic electronic
properties have been found to be potential hosts for
rich, unconventional and exotic quantum states. The
prominent class of layered materials is the kagome-lattice
systems [1–7]. The kagome lattice refers to a two-
dimensional network of corner-sharing triangles. Crys-
talline materials that contain a kagome lattice have at-
tracted considerable attention because of the associated
electronic band structure and frustrated antiferromag-
netic (AFM) interactions. This band structure reveals a
pair of Dirac points similar to those found in graphene,
and a dispersionless, flat band that originates from the
kinetic frustration associated with the geometry of the
kagome lattice. Flat bands are exciting because the as-
sociated high density of electronic states hints at possi-
ble correlated electronic phases when found close to the
Fermi level [8–10]. In general, it has been conjectured
that the presence of flat bands in a two-dimensional sys-
tem may give rise to room temperature superconductivity
[10–12]. The possibility to access flat bands and their in-
fluence on the physical properties of the system has been
studied for about three decades [13–17]. Recently, su-
perconductivity was discovered in bilayer graphene [18]

∗These authors contributed equally to the paper.
†Electronic address: gangxu@hust.edu.cn
‡Electronic address: mzhasan@princeton.edu
§Electronic address: zurab.guguchia@psi.ch

when its individual layers are twisted with respect to each
other by a specific angle giving rise to a flat band. The
general understanding is that, due to the presence of flat
bands, the kinetic energy is quenched and interaction-
driven quantum phases prevail. Recent Monte Carlo cal-
culations on a two-dimensional system [8], focusing on
the case with topological flat bands, demonstrate that
the ground state is a superconductor and find a broad
pseudogap regime that exhibits strong pairing fluctua-
tions and even a tendency towards electronic phase sep-
aration. Moreover, a square-octagon lattice was theo-
retically studied in which two perfectly flat bands were
found [9] and the calculated superconducting phase dia-
gram was found to have two superconducting domes [9],
as observed in several types of unconventional supercon-
ductors. Thus, there is a resurgence of interest in flat
bands as a means to explore unconventional supercon-
ductivity from the experimental front [8, 19, 20].
In this framework, the layered system LaRu3Si2 [2, 21,

23–25] appears to be a good example of a material host-
ing both a kagome lattice and superconductivity. The
structure of LaRu3Si2 contains distorted kagome layers
of Ru sandwiched between layers of La and layers of Si
having a honeycomb structure (see Fig. 1a and b), crys-
tallizing in the P63/m space group (see Supplementary
Figure S4). The system was shown to be a typical type
II superconductor with a SC transition temperature with
the onset as high as ≃ 7 K [23]. Anomalous proper-
ties [25] in the normal and SC states [23] were reported
in LaRu3Si2, such as the deviation of the normal state
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Figure 1: (Color online) Top view (a) and side view (b) of the atomic structure of LaRu3Si2. The Ru atoms construct a kagome
lattice (red middle size circles), while the Si (green small size circles) and La atoms (blue large size circles) form a honeycomb
and triangular structure, respectively. (c) Tight-binding band structure of kagome lattice exhibiting two Dirac bands at the
K-point and a flat band across the whole Brillouin zone. (d) The band structures (black) and orbital-projected band structure
(red) for the Ru-dz2 orbital without SOC along the high symmetry k-path, presented in conformal kagome BZ. The width of
the line indicates the weight of each component. The blue-colored region highlights the manifestation of the kagome flat band.

specific heat from the Debye model, non-mean field like
suppression of superconductivity with magnetic field and
non-linear field dependence of the induced quasiparticle
density of states (DOS). However, for the most part only
the critical temperatures and fields have been charac-
terized for the superconducting state of LaRu3Si2. Thus,
thorough and microscopic exploration of superconductiv-
ity in LaRu3Si2 from both experimental and theoretical
perspectives are required in order to understand the ori-
gin of the relatively high value of the critical temperature.
Here, we combine powerful microscopic probe such as

the muon spin rotation (µSR) [4–6, 29] together with
first-principles calculations to elucidate the superconduc-
tivity in kagome superconductor LaRu3Si2 with Tc ≃ 7 K.
We find that the calculated normal state band structure
features a kagome flat band, Dirac point and van Hove
point formed by the Ru-dz2 orbitals near the Fermi level.
In the superconducting state, the Tc/λ

−2
eff ratio is com-

parable to those of unconventional superconductors. The
relatively high Tc for the low carrier density may hint
at an unconventional pairing mechanism in LaRu3Si2.
Moreover, the measured SC gap value ∆ = 1.14(1) meV
yields a BCS ratio 2∆/kBTc ≃ 4.3, suggesting that the
superconductor LaRu3Si2 is in the strong coupling limit.
We also find that the electron-phonon coupling alone
turns out to be insufficient to reproduce the experimen-
tal critical temperature Tc, suggesting other factors in

enhancing Tc.
Figures 1a and b show the top view and side view, re-

spectively, of the atomic structure of LaRu3Si2. The Ru
atoms construct a distorted kagome lattice, while the Si
and La atoms form honeycomb and triangular structure,
respectively. Calculations show that the lattice constant
and phonon dispersion is very sensitive to the exchange
correlation potential and the value of the Hubbard U .
A phonon dispersion with negative frequency modes is
obtained when only the GGA or LDA type of exchange
correlation potential is used (See supplementary Fig. S9)
[12–16]. In the GGA + Hubbard U framework, the nega-
tive frequency modes can be eliminated when U > 1 eV.
However, the lattice constant c shows a sudden collapse
when U increases minutely. Moreover, we notice that the
electronic structure is not sensitive to the exchange corre-
lation functional. All these results indicate that Coulomb
repulsion U plays a crucial role in stabilizing the crystal
structure of LaRu3Si2, indicating the medium strength
correlations in this system. This is reminiscent of an-
other family of correlated metals, the parent compounds
of iron-based superconductors, in which GGA/LDA is
also unable to describe bond length and bond strength,
but can describe band structures quantitively well.
The calculated total and projected density of state

(DOS) (supplementary figure S7a), demonstrate that the
states at the Fermi level in LaRu3Si2 are mainly con-
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tributed by the Ru 4d electrons. The band structure
with the Ru-dz2 orbital projection is shown in Figure 1d.
There are several bands that cross the Fermi level and the
complex three dimensional Fermi surfaces (see the sup-
plementary figure S7c) are formed in the first Brillouin
zone, indicating multi-band physics. Most importantly,
in the kz = 0 plane, a flat band of the kagome lattice
formed by the Ru-dz2 orbitals is found 0.1 eV above the
Fermi level, highlighted by blue-colored region in Figure
1d. In addition, a Dirac point at the K (K‘)-point with
linear dispersion is found 0.2 eV below the Fermi level.
Moreover, the van Hove point on the kagome lattice at M
point can be clearly seen in Fig. 1d, which is located even
closer to the Fermi energy (∼ 50 meV). Thus, the sys-
tem LaRu3Si2 exhibits, around the Fermi level, a typical
kagome lattice band structure (see Figure 1c), revealing
a Dirac point, the van Hove point and a dispersionless,
flat band that originates from the kinetic frustration as-
sociated with the geometry of the kagome lattice.

The temperature dependence of electrical resistivity
for LaRu3Si2, depicted in Figure 2a under different ap-
plied fields up to 9 T, shows superconductivity with the
onset and the midpoint (at 50 % drop of the resistivity)
of the transition at 7 K and 6.5 K, respectively. The crit-
ical magnetic field was estimated to be as high as µ0Hcr

= 8.5 T at T = 2 K (see the supplementary Figure S6).
In the following, we provide the microscopic details of
the superconductivity in this system using µSR.

Figures 2b and c exhibit the transverse field (TF) µSR
time spectra for LaRu3Si2 in an applied magnetic field of
70 mT, measured at p = 0 GPa and maximum applied
pressure p = 1.85 GPa, respectively. The spectra above
(7 K) and below (0.25 K) the SC transition temperature
Tc are shown. Above Tc, the oscillations show a small
damping due to the random local fields from the nuclear
magnetic moments. Below Tc the damping rate strongly
increases with decreasing temperature due to the pres-
ence of a nonuniform local magnetic field distribution as
a result of the formation of a flux-line lattice (FLL) in
the SC state. Magnetism, if present in the samples, may
enhance the muon spin depolarization rate and falsify
the interpretation of the TF-µSR results. Therefore, we
have carried out zero-field (ZF)-µSR experiments above
and below Tc to search for magnetism (static or weakly
fluctuating) in LaRu3Si2. As shown in Fig. 2d, no sign
of either static or fluctuating magnetism could be de-
tected in ZF time spectra down to 0.25 K. The spectra
are well described by a Kubo-Toyabe depolarization func-
tion [7, 35], reflecting the field distribution at the muon
site created by the nuclear moments of the sample and
the pressure cell. Returning to the discussion of the TF-
µSR data, we observe a strong diamagnetic shift of the
internal magnetic field µ0Hint sensed by the muons below
Tc. This is evident in Figure 2e, where we plot the tem-
perature dependence of ∆Bdia = µ0(Hint,SC - Hint,NS),
i.e., the difference between the internal field µ0Hint,SC

measured in the SC fraction and µ0Hint,NS measured in
the normal state at T = 10 K. The strong diamagnetic

shift excludes the occurrence of field induced magnetism
in LaRu3Si2. The absence of magnetism in zero-field or
under applied magnetic fields implies that the increase of
the TF relaxation rate below Tc is solely arising from the
FLL in the superconducting state.
From the TF-µSR time spectra, we determined the

Gaussian superconducting relaxation rate σsc (after sub-
tracting the nuclear contribution), which is proportional
to the second moment of the field distribution (see
Method section). Figure 2f shows σsc as a function of
temperature for LaRu3Si2 at µ0H = 0.07 T, recorded for
various hydrostatic pressures. Below Tc the relaxation
rate σsc starts to increase from zero due to the formation
of the FLL. We note that both σsc and Tc stay nearly
unchanged under pressure, indicating a robust supercon-
ducting state of LaRu3Si2. At all pressures, σsc(T ) shows
saturation towards low temperatures. We show in the
following paragraph that the observed temperature de-
pendence of σsc, which reflects the topology of a SC gap,
is consistent with the presence of the single s-wave SC
gap on the Fermi surface of LaRu3Si2.
In order to investigate the symmetry of the SC gap,

we note that temperature dependence of the magnetic
penetration depth λ(T ) is related to the relaxation rate
σsc(T ), in the presence of a perfect triangular vortex lat-
tice by the equation [5]:

σsc(T )

γµ
= 0.06091

Φ0

λ2
eff (T )

, (1)

where γµ is the gyromagnetic ratio of the muon, and Φ0 is
the magnetic-flux quantum. Thus, the flat T -dependence
of σsc observed at various pressures for low temperatures
(see Fig. 2f) is consistent with a nodeless superconduc-
tor, in which λ−2

eff (T ) reaches its zero-temperature value
exponentially. We note that it is the effective penetration
depth λ−2

eff (powder average), which we extract from the

µSR depolarization rate (Eq. (1)), and this is the one
shown in the figures. The magnetic penetration depth
is one of the fundamental parameters of a superconduc-
tor, since it is related to the superfluid density ns via
1/λ2

eff = µ0e
2ns/m

∗ (where m∗ is the effective mass and

ns is the SC carrier density). A quantitative analysis of
λeff (T ) [4, 9–11] is described in the methods section of
the supplementary information. The results of this anal-
ysis are presented in Fig. 3a-c, where the temperature
dependence of λ−2

eff for LaRu3Si2 is plotted at various
pressures. The solid and dashed lines represent fits to
the data using s-wave and d-wave models, respectively.
As seen in Fig. 3, λeff (T ) dependence is best described
by a momentum independent s-wave model with a gap
value of ∆ = 1.2(1) meV and Tc ≃ 6.5 K. The effective
penetration depth, λeff , at zero temperature is found
to be 240(10) nm. We note that the (px + ipy) pairing
symmetry is also characterised by a gap function without
nodes in 2D systems and would also result in saturated
behaviour at low temperatures. However, the possibility
of px + ipy pairing is excluded by the absence of a time-
reversal symmetry (TRS) breaking state. Also a d-wave
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Figure 2: Color online) (a) The temperature dependence of the electrical resistivity for LaRu3Si2, recorded for various applied
magnetic fields. (b-d) Transverse-field (TF) and zero-field (ZF) µSR time spectra for LaRu3Si2 to probe the SC vortex state
and magnetic responses, respectively. The TF spectra are obtained above and below Tc (after field cooling the sample from
above Tc): (b) p = 0 GPa and (c) p = 1.85 GPa. The solid lines in panels a and b represent fits to the data by means of Eq. 1.
The dashed lines are a guide to the eye. Inset illustrates how muons, as local probes, sense the inhomogeneous field distribution
in the vortex state of type-II superconductor. (d) ZF µSR time spectra for LaRu3Si2 recorded above and below Tc. The line
represents the fit to the data using a standard Kubo-Toyabe depolarization function [35], reflecting the field distribution at the
muon site created by the nuclear moments. Temperature dependence of the diamagnetic shift ∆Bdia (e) and the muon spin
depolarization rate σsc(T ) (f), measured at various hydrostatic pressures in an applied magnetic field of µ0H = 70 mT. The
arrows mark the Tc values.

gap symmetry was tested, but was found to be inconsis-
tent with the data (see the dashed line in Fig 3a-c). In
particular, it is difficult to account for the very weak tem-
perature dependence of λeff (T ) at low-T within models
possessing nodes in the gap function. We also tested the
power law (1-(T/Tc)

2) which has been proposed theo-
retically [40] for the superfluid density of dirty d-wave
superconductors and found it to be inconsistent with the
data. This leaves a nodeless or fully gapped state as
the most plausible bulk SC pairing state in the bulk of
LaRu3Si2. The observed single gap superconductivity in
this multi-band system implies that the superconduct-
ing pairing involves predominately one band. However,
if the inter-band coupling is strong than one may de-
tect single-gap like behavior of the superfluid density in
multigap materials [41].

The ratio of the superconducting gap to Tc for
LaRu3Si2 was estimated to be (2∆/kBTc) ≃ 4.3, which
is consistent with the strong coupling limit BCS expec-
tation [42]. However, a similar ratio can also be ex-
pected for Bose Einstein Condensate (BEC)-like picture

as pointed out in ref. [46]. To place this system LaRu3Si2
in the context of other superconductors, in Fig. 3d we
plot the critical temperature Tc against the superfluid
density λ−2

eff . Most unconventional superconductors have

Tc/λ
−2
eff values of about 0.1-20, whereas all of the con-

ventional BCS superconductors lie on the far right in
the plot, with much smaller ratios. In the other words,
unconventional superconductors are characterized by a
dilute superfluid (low density of Cooper pairs) while con-
ventional BCS superconductors exhibit dense superfluid.
Moreover, a linear relationship between Tc and λ−2

eff is ex-

pected only on the Bose Einstein Condensate (BEC)-like
side and is considered a hallmark feature of unconven-
tional superconductivity. We recently showed that the
linear correlation is an intrinsic property of the super-
conductivity in transition metal dichalcogenides [42, 43],
whereas the ratio Tc/λ

−2
eff is lower than the ratio observed

in hole-doped cuprates (see Figure 3d). For twisted bi-
layer graphene [18] the ratio Tc/λ

−2
eff was found to be

even higher than the one for cuprates. For LaRu3Si2, the
ratio is estimated to be Tc/λ

−2
eff ≃ 0.37, which is approx-
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Figure 3: (Color online) The temperature dependence of λ−2
eff measured at various applied hydrostatic pressures for LaRu3Si2:

(a) p = 0 GPa, (b) 1.3 GPa, and (c) 1.85 GPa. The solid line corresponds to a s-wave model and the dashed line represents
fitting with a d-wave model. (d) A plot of Tc versus the λ−2

eff (0) obtained from our µSR experiments in LaRu3Si2. The

dashed red line represents the relation obtained for layered transition metal dichalcogenide superconductors Td-MoTe2 [42] and
2H-NbSe2 [43]. The data are taken at ambient as well as under pressure. The relation observed for underdoped cuprates is
also shown (solid line for hole doping [44–47] and the dashed black line for electron doping [48, 49]). The points for various
conventional BCS superconductors are also shown.

imately a factor of 15 lower than the one for hole-doped
cuprates, but still being far away from conventional BCS
superconductors. Interestingly, the point for LaRu3Si2
is almost perfectly located on the trend line on which
charge density wave superconductors 2H-NbSe2 and 4H-
NbSe2 as well as Weyl-superconductor Td-MoTe2 [42] lie,
as shown in Fig. 3d. Both systems 2H-NbSe2 and Td-
MoTe2 are also strong coupling superconductors, as we
previously reported. This finding hints at an unconven-
tional pairing mechanism in LaRu3Si2 with a low density
of Cooper pairs and similar electron correlations as in
2H-NbSe2 and Td-MoTe2, but much weaker electron cor-
relations than in cuprates and twisted bilayer graphene.

Since the present muon spin rotation experiments show
direct evidence for the absence of local moments of the
Ru atom in LaRu3Si2, this kagome system is different
from high-Tc superconductors or spin liquid compounds.
It is rather on the side of itinerant kagome or hexago-
nal systems such as (Cs,K)V3Sb5 [50] or even 2H-NbSe2
[43], where µSR shows the absence of magnetic correla-
tions. On the other hand, the system LaRu3Si2 does not
exhibit a CDW ground state unlike the superconductors
(Cs,K)V3Sb5 [51]. One possibility is that this system is
just somewhat away from CDW order and have higher
optimal Tc. The fact that the stability of the crystal

structure is obtained with the addition of the Hubbard
U suggests proximity of this superconductor LaRu3Si2
to a CDW, since U opposes the CDW. Pressure indepen-
dent superfluid density was recently reported for CDW
free layered transition metal dichalcogenide system 2M-
WS2 [52], while a large enhancement of λ−2

eff was found
in CDW superconductor 2H-NbSe2 under pressure when
suppressing the CDW order [43]. Thus, the robustness
of both Tc and the superfluid density λ−2

eff of LaRu3Si2
to hydrostatic pressure strongly suggests that Tc has the
optimal value already at ambient pressure and that the
system is away from a competing CDW ground state.

In order to understand the origin of Tc, we compare ex-
perimentally measured critical temperatures with those
calculated using the McMillan equation. The phonon dis-
persion for LaRu3Si2, calculated by the GGA+U method
with U = 1 eV, is shown in Supplementary Figure S7d.
It consists of only the positive frequency modes, and the
optimized lattice constants agree very well with the ex-
perimental parameters. Based on the phonon dispersion,
we calculated the electron-phonon coupling constant λ
to be ∼ 0.45. Then by using the Debye temperature θ
= 280 K and the Coulomb pseudo potential µ∗ = 0.12,
the superconducting transition temperature Tc was es-
timated. The electron-phonon coupling induced critical
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temperature was found to be Tc ∼ 1 K, which is obviously
smaller than the experimental value. Since the electron-
phonon coupling can reproduce only some fraction of the
experimental Tc, other factors in enhancing Tc must be
considered. The calculations show the presence of a flat
band near the Fermi level, which may enhance correla-
tions and can contribute to the enhancement of Tc in this
system. However, the flat band is 100 meV above Ef and
it may not have a key role in enhancing Tc. The van
Hove point on the kagome lattice at M point, which can
be seen in Fig. 1d, is located even closer to the Fermi
energy (∼ 50 meV), which can also contribute to the en-
hancement of Tc. This van Hove point at M is of a similar
distance to Ef (below Ef) in KV3Sb5, and is what was
shown to drive the 2x2 CDW order [51] at much higher
temperatures than Tc. Moreover, we find that the whole
kagome bands are somewhat narrow (∼ 300 meV), which
may also enhance Tc through the overall higher density
of states (see the supplementary information). The nar-
rowness of the kagome bands to be ∼ 300 meV may be
formally similar to a group of narrow bands, found in
twisted bilayer graphene [18].
In summary, we provide the first microscopic inves-

tigation of superconductivity in the layered distorted
kagome superconductor LaRu3Si2 with a bulk probe.
Specifically, the zero-temperature magnetic penetration
depth λeff (0) and the temperature dependence of λ−2

eff

were studied by means of µSR experiments. The super-
fluid density is best described by the scenario of a gap
function without nodes. Interestingly, the Tc/λ

−2
eff ratio

is comparable to those of high-temperature unconven-
tional superconductors, pointing to the unconventional
nature of superconductivity in LaRu3Si2. Moreover, the
measured SC gap value yields a BCS ratio 2∆/kBTc

≃ 4.3, suggesting that the superconductor LaRu3Si2
is in the strong coupling limit. Furthermore, we find
the calculated normal state band structure features
a kagome flat band, Dirac point and van Hove point
formed by the Ru-dz2 orbitals near the Fermi level. The
electron-phonon coupling induced critical temperature
Tc, estimated from the phonon dispersion, was found
to be smaller than the experimental value. Thus,
the enhancement of Tc in LaRu3Si2 is attributed to
the presence of the flat band and the van Hove point
relatively close to the Fermi level as well as to the
high density of states from the narrow kagome bands.
Our experiments and calculations taken together point
to strong coupling and the unconventional nature of
kagome superconductivity in LaRu3Si2. The present
results have implications for ongoing investigations of
LaRu3Si2 and other kagome lattice superconductors and
will stimulate theoretical studies to obtain a microscopic
understanding of the connection between kagome band
electrons and superconductivity.
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II. SUPPLEMENTARY INFORMATION

General remark: Here, we concentrate on muon
spin rotation/relaxation/resonance (µSR) [4–6] mea-
surements of the magnetic penetration depth λ in
LaRu3Si2, which is one of the fundamental parameters
of a superconductor, since it is related to the superfluid
density ns via 1/λ2 = µ0e

2ns/m
∗ (where m∗ is the

effective mass). Most importantly, the temperature
dependence of λ is particularly sensitive to the structure
of the SC gap. Moreover, zero-field µSR is a very
powerful tool for detecting static or dynamic magnetism
in exotic superconductors, because very small internal
magnetic fields are detected in measurements without
applying external magnZ.etic fields. In addition, the
band structure and phonon spectrum of LaRu3Si2 were
also investigated through DFT calculations.

Sample preparation: Polycrystalline samples of
LaRu3Si2 were synthesized by melting the mixture
of La, Ru, and Si (> 3N) in Ar atmosphere using
an arc-melting method. To prevent the formation
of LaRu2Si2, 10 % excess of Ru was added in the
starting composition. The synthesized samples were
characterized by the powder X-ray diffraction method
and subsequent Rietveld analyses (RIETAN-FP [1]).
The samples were confirmed to be LaRu3Si2 with about
5 wt% of Ru impurity.

We performed the multi-phase Rietveld analyses
for LaRu3Si2 with P63/m symmetry [2], where Ru
atoms form a distorted Kagome-lattice, and for small
amount of Ru impurity (see supplementary Figure S4).
For both phases, the XRD results agree well with the
simulated patterns. Since the crystal structure with
P6/mmm symmetry, where Ru atoms form a perfect
Kagome-lattice, is also reported [3], we examined the
actual crystal structure of the LaRu3Si2 phase in the
samples. In supplementary Figure S4, the peak positions
of the two crystal structures and our XRD patterns
were compared. The peaks for (2-13), (3-11) and (3-21)
planes, which should be absent in P6/mmm symmetry,
were observed in our XRD measurement. This indicates
that the crystal structure of the LaRu3Si2 samples has
P63/m symmetry.

Superconducting transition: The temperature
dependences of zero-field cooled and field-cooled dc
magnetic susceptibility of LaRu3Si2, measured in
1 mT, are shown in Figure S5. The data evidence
sharp superconducting onset at Tc ≃ 6.5 K, which is
in agreement with the critical temperature obtained
from microscopic µSR method and the midpoint of
the SC transition from the resistivity measurements.
The value of ZFC susceptibility at 2 K corresponds
to 100 % volume fraction of superconductivity. The
temperature dependence of the critical magnetic field
for LaRu3Si2, estimated from resistivity measure-

ments is shown in Figure S6. The critical magnetic field
was estimated to be as high as µ0Hcr = 8.5 T at T = 2 K.

Pressure cell: Pressures up to 1.9 GPa were gener-
ated in a double wall piston-cylinder type cell made of
CuBe, specially designed to perform µSR experiments
under pressure [7, 8]. As a pressure transmitting medium
Daphne oil was used. The pressure was measured by
tracking the SC transition of a very small indium plate
by AC susceptibility. The filling factor of the pressure
cell was maximized. The fraction of the muons stopping
in the sample was approximately 40 %.

µSR experiment: In a µSR experiment nearly 100
% spin-polarized muons µ+ are implanted into the sam-
ple one at a time. The positively charged µ+ thermalize
at interstitial lattice sites, where they act as magnetic
microprobes. In a magnetic material the muon spin pre-
cesses in the local field Bµ at the muon site with the
Larmor frequency νµ = γµ/(2π)Bµ (muon gyromagnetic
ratio γµ/(2π) = 135.5 MHz T−1). Using the µSR tech-
nique, important length scales of superconductors can be
measured, namely the magnetic penetration depth λ and
the coherence length ξ. If a type II superconductor is
cooled below Tc in an applied magnetic field ranging be-
tween the lower (Hc1) and the upper (Hc2) critical fields,
a vortex lattice is formed which in general is incommen-
surate with the crystal lattice, with vortex cores sepa-
rated by much larger distances than those of the crystal-
lographic unit cell. Because the implanted muons stop
at given crystallographic sites, they will randomly probe
the field distribution of the vortex lattice. Such measure-
ments need to be performed in a field applied perpendic-
ular to the initial muon spin polarization (so-called TF
configuration).
µSR experiments under pressure were performed

at the µE1 beamline of the Paul Scherrer Institute
(Villigen, Switzerland using the instrument GPD, where
an intense high-energy (pµ = 100 MeV/c) beam of
muons is implanted in the sample through the pressure
cell.

Analysis of TF-µSR data: The TF µSR data were
analyzed by using the following functional form [9]:

P (t) = As exp
[

−
(σ2

sc + σ2
nm)t2

2

]

cos(γµBint,st+ ϕ)

+Apc exp
[

−
σ2
pct

2

2

]

cos(γµBint,pct+ ϕ),

(2)
Here As and Apc denote the initial assymmetries of the
sample and the pressure cell, respectively. ϕ is the initial
phase of the muon-spin ensemble and Bint represents the
internal magnetic field at the muon site. The relaxation
rates σsc and σnm characterize the damping due to
the formation of the FLL in the SC state and of the
nuclear magnetic dipolar contribution, respectively. In
the analysis, σnm was assumed to be constant over the
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entire temperature range and was fixed to the value ob-
tained above Tc where only nuclear magnetic moments
contribute to the muon depolarization rate σ. The
Gaussian relaxation rate, σpc, reflects the depolarization
due to the nuclear moments of the pressure cell. The
width of the pressure cell signal increases below Tc. As
shown previously [6], this is due to the influence of the
diamagnetic moment of the SC sample on the pressure
cell, leading to the temperature dependent σpc below Tc.
In order to consider this influence we assume the linear
coupling between σpc and the field shift of the internal
magnetic field in the SC state: σpc(T ) = σpc(T > Tc)
+ C(T )(µ0Hint,NS - µ0Hint,SC), where σpc(T > Tc) =
0.25 µs−1 is the temperature independent Gaussian
relaxation rate. µ0Hint,NS and µ0Hint,SC are the internal
magnetic fields measured in the normal and in the SC
state, respectively. As indicated by the solid lines in
Figs. 2b,c of the main manuscript the µSR data are
well described by Eq. (1). The good agreement between
the fits and the data demonstrates that the model used
describes the data rather well.

Analysis of λ(T ): λ(T ) was calculated within the
local (London) approximation (λ ≫ ξ) by the following
expression [9, 10]:

λ−2(T,∆0)

λ−2(0,∆0)
= 1+

1

π

∫ 2π

0

∫ ∞

∆(T,φ)

(
∂f

∂E
)

EdEdφ
√

E2 −∆i(T, φ)2
,

(3)
where f = [1 + exp(E/kBT )]

−1 is the Fermi func-
tion, φ is the angle along the Fermi surface, and
∆i(T, φ) = ∆0Γ(T/Tc)g(φ) (∆0 is the maximum
gap value at T = 0). The temperature depen-
dence of the gap is approximated by the expression
Γ(T/Tc) = tanh {1.82[1.018(Tc/T − 1)]0.51},[11] while
g(φ) describes the angular dependence of the gap and
it is replaced by 1 for both an s-wave and an s+s-wave
gap, and | cos(2θ)| for a d-wave gap.

Electronic structures and phonon dispersion:
The first-principles calculations are performed by the Vi-
enna ab initio simulation package (VASP) [12] based on
density functional theory (DFT). The generalized gradi-
ent approximation (GGA) of Perdew, Burke, and Ernzer-
hof (PBE) [13] + Hubbard U [14] is used for the exchange
correlation potential with U = 1 eV for Ru 4d orbitals.
The cut-off energy for the wave function expansion is 380
eV, and 12 × 12 × 12 k-point sampling grids are used
in all calculations. The structure of bulk LaRu3Si2 is
optimized until the force on each atom is less than 0.01
eV/Å, and a 2 × 2 × 2 supercell was built to calculate
the phonon dispersion by using the VASP-DFPT(density
functional perturbation theory) [15] and Phonopy [16].
The optimized lattice constants a = b = 5.832 Å, and c
= 6.883 Å are used in all calculations.
The calculated total and projected density of states

(DOS) of LaRu3Si2 are presented in supplementary Fig-
ure S7a. The DOS at the Fermi level is ≃ 7.6 states/eV,

corresponding to its experimental metallic behavior. The
projected DOS demonstrates that the states at the Fermi
level are mainly contributed by the Ru 4d electrons. The
calculated band structure with the Ru-dz2 orbital pro-
jection is shown in supplementary Figure S7b. There
are several bands that cross the Fermi level, indicating
multi-band physics. The aforementioned single gap su-
perconductivity in this multiband system implies that the
SC pairing occurs only on one specific band. The strong
dispersion along the Γ-A line indicates that LaRu3Si2 is
a 3-dimensional material. In the kz = 0 plane, a typical
flat band of the kagome lattice formed by the Ru-dz2 or-
bitals is found 0.1 eV above the Fermi level, and a Dirac
point at the K (K‘)-point with linear dispersion is found
0.2 eV below the Fermi level. For several bands cross-
ing the Fermi level, complicated 3-dimensional Fermi sur-
faces are formed in the first Brillouin zone as shown in
Supplementary Figure S7c. All these results are imple-
mented without SOC, because the DOS, band dispersions
and also the shape of the Fermi surfaces are affected very
little by the SOC effect. We show the band structures
with and without SOC for comparison in the supplemen-
tary Figure. S8. Some non-trivial band splitting may be
present at the Fermi level when SOC is considered, which
may bring some novel Berry curvature physics, such as
the anomalous Hall effect.

To confirm the dynamic stability of LaRu3Si2, the
phonon dispersion has been calculated. We find that the
lattice constant and phonon dispersion is very sensitive
to the exchange correlation potential and the value of
the Hubbard U . A phonon dispersion with negative fre-
quency modes is obtained when only the GGA or LDA
type of exchange correlation potential is used (See supple-
mentary Fig. S9a-f). In the GGA + Hubbard U frame-
work, the negative frequency modes can be eliminated
when U > 1 eV. However, the lattice constant c shows a
sudden collapse when U increases minutely. For example,
c = 6.604 Å is obtained at U = 1.1 eV, which is lower
by 7 % than the experimental parameter. Moreover, we
notice that the electronic structures shown in the supple-
mentary Fig. S7 are not sensitive to the exchange corre-
lation functional. All these results indicate that Coulomb
repulsion U plays a crucial role in stabilizing the crystal
structure of LaRu3Si2, indicating the medium strength
correlations in this system. This is reminiscent of an-
other family of correlated metals, the parent compounds
of iron-based superconductors, in which GGA/LDA is
also unable to describe bond length and bond strength,
but can describe band structures quantitively well.

The phonon dispersion for LaRu3Si2, calculated by the
GGA+U method with U = 1 eV, is shown in supple-
mentary Figure S7d. The cut-off energy for the wave
function expansion is 380 eV. It consists of only the posi-
tive frequency modes, and the optimized lattice constants
agree very well with the experimental parameters. Based
on these parameters, we further calculated the electron-
phonon coupling constant λ to be ∼ 0.45. By using
the Debye temperature θ ≃ 280 K, µ∗ = 0.12, the su-
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Table I: The optimized lattice constants with the Local Density Approximation (LDA).

U=0 eV U=1.7 eV U=1.8 eV

a(Å) 5.568 5.635 5.849
c(Å) 7.130 6.944 6.474

Table II: The optimized lattice constants with the Generalized Gradient Approximation (GGA).

U=0 eV U=1.0 eV U=1.1 eV

a(Å) 5.680 5.832 5.959
c(Å) 7.216 6.883 6.599

perconducting transition temperature Tc induced by the
electron-phonon coupling can be estimated to be ∼ 1 K,
which is obviously smaller than the experimental result.
Since the electron-phonon coupling can reproduce only

some fraction of the experimental Tc, other sources which
enhance Tc must be considered, which is discussed in the
main text.
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Supplementary Figure S 4: (Color online) Powder X-ray (Cu-Kα) diffraction patterns of LaRu3Si2. The red circles and
blue solid lines represent the experimental and simulation patterns of Rietveld analysis, respectively. The residual errors of
the simulation pattern (green solid line), the peak positions for LaRu3Si2 (orange bar) and Ru (black bar), and the major
peak indexes (red texts) are shown. Inset: Experimental XRD pattern around 2θ = 51deg. The peak positions in P63/m and
P6/mmm symmetries are shown with orange and light-blue bar, respectively.
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Supplementary Figure S 5: (Color online) The temperature dependence of zero-field cooled and field-cooled dc magnetic
susceptibility of LaRu3Si2, measured in 1 mT.
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Supplementary Figure S 6: (Color online) The temperature dependence of the second critical magnetic field for LaRu3Si2.
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Supplementary Figure S 7: (Color online) Non-SOC electronic structures and phonon dispersion calculated by
GGA+U method with U = 1 eV. (a) The calculated total DOS and projected DOS for the Ru, Si, La atoms in the bulk
LaRu3Si2. (b)The band structures (black) and orbital-projected band structure (red) for the Ru-dz2 orbital without SOC along
the high symmetry k-path. The width of the line indicates the weight of each component. The blue-colored region highlights
the manifestation of the kagome flat band. (c) The Fermi surface of LaRu3Si2 in the first Brillouin zone. (d) The phonon
dispersion in bulk LaRu3Si2.
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Supplementary Figure S 8: (Color online) Non-SOC and SOC electronic structure for LaRu3Si2.
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Supplementary Figure S 9: (Color online) The phonon dispersion in the bulk of LaRu3Si2. A phonon dispersion obtained
from local density approximation (LDA) + Hubbard U (a-c) and generalized gradient approximation (GGA) + Hubbard U
(d-f) frameworks for different values of U .
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