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We report muon spin rotation (#SR) experiments together with first-principles calculations on
microscopic properties of superconductivity in the kagome superconductor LaRusSiz with T, ~ 7K.
Below T., uSR reveals type-II superconductivity with a single s-wave gap, which is robust against
hydrostatic pressure up to 2 GPa. 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-dz? orbitals near the
Fermi level. We also find that electron-phonon coupling alone can only reproduce small fraction of
T. from calculations, which suggests other factors in enhancing T¢ 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 nodeless moderate

coupling kagome superconductivity in LaRugSiz.

I. INTRODUCTION

Layered systems with highly anisotropic electronic
properties have been found to be potential hosts for rich,
unconventional and exotic quantum states. The promi-
nent class of layered materials is the kagome-lattice sys-
tems [1-7]. Crystalline materials that contain a kagome
lattice have attracted considerable attention because of
the associated electronic band structure and frustrated
antiferromagnetic (AFM) interactions. This band struc-
ture reveals a pair of Dirac points similar to those found
in graphene, and a dispersionless, flat band that origi-
nates from the kinetic frustration associated with the ge-
ometry of the kagome lattice. Flat bands are exciting be-
cause the associated high density of electronic states hints
at possible correlated electronic phases when found close
to the Fermi level [8-10]. The possibility to access flat
bands and their influence on the physical properties of
the system has been studied for about three decades [10-
17]. Recently, superconductivity was discovered in bi-
layer graphene [18] when its individual layers are twisted
with respect to each other by a specific angle giving rise
to a flat band. Recent Monte Carlo calculations on a two-
dimensional system [8] demonstrate that the ground state
is a superconductor and find a broad pseudogap regime
that exhibits strong pairing fluctuations and even a ten-
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dency towards electronic phase separation. Moreover, a
square-octagon lattice was theoretically studied in which
two perfectly flat bands were found [9] and the calcu-
lated superconducting phase diagram was found to have
two superconducting domes [9], as observed in several
types of unconventional superconductors. Thus, there is
aresurgence of interest in flat bands as a means to explore
unconventional superconductivity from the experimental
front [8, 19, 20].

In this framework, the layered system LaRusSis [21—
25] appears to be a good example of a material hosting
both a kagome lattice and superconductivity. The struc-
ture of LaRusSis contains distorted kagome layers of Ru
sandwiched between layers of La and layers of Si having
a honeycomb structure (see Fig. la and b), crystalliz-
ing in the P63/m space group. The system was shown
to be a typical type II superconductor with a SC transi-
tion temperature with the onset as high as ~ 7 K [23].
Anomalous properties [25] in the normal and SC states
[23] were reported in LaRusSiz, such as the deviation
of the normal state specific heat from the Debye model,
non-mean field like suppression of superconductivity with
magnetic field and non-linear field dependence of the in-
duced quasiparticle density of states (DOS). However, for
the most part only the critical temperatures and fields
have been characterized for the superconducting state of
LaRugSiz. Thus, thorough and microscopic exploration
of superconductivity in LaRusSis from both experimen-
tal and theoretical perspectives are required in order to
understand the origin of the relatively high value of the
critical temperature.

Here, we combine powerful microscopic probe such as
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Figure 1: (Color online) Top view (a) and side view (b) of the atomic structure of LaRusSi>. 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-dz? 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.

the muon spin rotation (uSR) [26-29] together with first-
principles calculations [30-34] to elucidate the supercon-
ductivity in kagome superconductor LaRugSip with T
~ 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-dz? orbitals near the
Fermi level. The superfluid density obtained from uSR is
best described by the scenario of a single SC gap function
without nodes. The measured SC gap value A = 1.14(1)
meV yields a BCS ratio 2A/kgT. ~ 4.3, suggesting that
the superconductor LaRusSis is in the moderate coupling
limit. We also find that the electron-phonon coupling
alone turns out to be insufficient to reproduce the experi-
mental critical temperature T, suggesting kagome-lattice
related factors in enhancing 7.

II. RESULTS AND DISCUSSIONS

The calculated total and projected density of state
(DOS) (Figure 2a and supplementary figure S4a), demon-
strate that the states at the Fermi level in LaRusSis are
mainly contributed by the Ru 4d electrons. The band
structure with the Ru-dz? orbital projection is shown in
Figure 1d. There are several bands that cross the Fermi
level and the complex three dimensional Fermi surfaces

(Figure 2b and supplementary figure S4c) are formed in
the first Brillouin zone, indicating multi-band physics.
Most importantly, in the k, = 0 plane, a flat band of the
kagome lattice formed by the Ru-dz? 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 system LaRusSis 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 associated with the geometry of the
kagome lattice.

The temperature dependence of electrical resistivity
for LaRugSis, depicted in Figure 3a 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 up-
per critical magnetic field was estimated to be as high as
poHeo =8.5 T at T = 2 K (see the supplementary Figure
S3). In the following, we provide the microscopic details
of the superconductivity in this system using uSR.

Figures 3b and c exhibit the transverse field (TF) uSR
time spectra for LaRugSis in an applied magnetic field of
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Figure 2: (Color online) (a) The calculated to-

tal DOS and projected DOS for the Ru, Si, La atoms
in the bulk LaRusSiz. (b) Three dimensional Fermi surface
of LaRusSis in the first Brillouin zone.

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
T. are shown. Above T, the oscillations show a small
damping due to the random local fields from the nuclear
magnetic moments. Below T, 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-uSR results. Therefore, we
have carried out zero-field (ZF)-uSR experiments above
and below T¢ to search for magnetism (static or weakly
fluctuating) in LaRusSis. As shown in Fig. 3d, 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 [35-37], 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-
uSR data, we observe a strong diamagnetic shift of the
internal magnetic field poHiye sensed by the muons below
T.. This is evident in Figure 3e, where we plot the tem-

perature dependence of ApgHing = po(Hint,s¢ - Hint NS),
i.e., the difference between the internal field poHint,sc
measured in the SC fraction and 19 Hine,ng measured in
the normal state at 7' = 10 K. The strong diamagnetic
shift excludes the occurrence of field induced magnetism
in LaRugSis. The absence of magnetism in zero-field or
under applied magnetic fields implies that the increase of
the TF relaxation rate below Tt is solely arising from the
FLL in the superconducting state.

From the TF-uSR time spectra, we determined the
Gaussian superconducting relaxation rate oy (after sub-
tracting the nuclear contribution), which is proportional
to the second moment of the field distribution (see
Method section). Figure 2f shows og as a function of
temperature for LaRugSiy at pgH = 0.07 T, recorded for
various hydrostatic pressures. Below T, the relaxation
rate oy starts to increase from zero due to the formation
of the FLL. We note that both o4 and T stay nearly
unchanged under pressure, indicating a robust supercon-
ducting state of LaRu3Sis. At all pressures, os.(T") shows
saturation towards low temperatures.

In order to investigate the symmetry of the SC gap,
we note that temperature dependence of the magnetic
penetration depth A\(T) is related to the relaxation rate
0s.(T), in the presence of a perfect triangular vortex lat-
tice by the equation [27]:

75(T) _ 06001 20, (1)
)\eff (T)

Tu

where 7, is the gyromagnetic ratio of the muon, and ® is
the magnetic-flux quantum. Thus, the flat T-dependence
of o4 observed at various pressures for low temperatures
(see Fig. 3f) is consistent with a nodeless superconduc-
tor, in which )\E_fo (T') reaches its zero-temperature value
exponentially. We note that it is the effective penetration
depth )\;f2f (powder average), which we extract from the
uSR 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 ng. via
1/A2; = poe®nse/m* (where m* is the effective mass and
ng is the SC carrier density). A quantitative analysis of
Xerf(T) [26, 38-40] is described in the methods section of
the supplementary information. The results of this anal-
ysis are presented in Fig. 4a-c, where the temperature
dependence of )\;2 for LaRusSiy 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. 4, Aes¢(T) dependence is best described
by a momentum independent s-wave model with a gap
value of A = 1.2(1) meV and T, ~ 6.5 K. The effective
penetration depth, Ac¢s, at zero temperature is found to
be 240(10) nm. We also tested the power law (1-(T/T.)?)
which has been proposed theoretically [41] for the super-
fluid density of dirty d-wave superconductors and found
it to be inconsistent with the data. The observed single
gap superconductivity in this multi-band system implies
that the superconducting pairing involves predominately
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Figure 3: Color online) (a) The temperature dependence of the electrical resistivity for LaRusSiz, recorded for various applied
magnetic fields. (b-d) Transverse-field (TF) and zero-field (ZF) puSR time spectra for LaRusSis to probe the SC vortex state
and magnetic responses, respectively. The TF spectra are obtained above and below T¢ (after field cooling the sample from
above T¢): (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-1I superconductor. (d) ZF pSR time spectra for LaRusSiz recorded above and below T.. 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 ApoHins (€) and the muon spin
depolarization rate os.(T") (f), measured at various hydrostatic pressures in an applied magnetic field of poH = 70 mT. The

arrows mark the T, values.

one band. However, if the inter-band coupling is strong
than one may detect single-gap like behavior of the su-
perfluid density even in multigap materials [42].

The ratio of the superconducting gap to T, for
LaRusSis was estimated to be (2A/kgTe) ~ 4.3, which
is large. However, it is not out of the limit of conven-
tional superconductivity since similar values for 2A /kpT.
were found for conventional superconductors such as Pb
and Hg [43]. On the other hand, a similar ratio can
also be expected for Bose Einstein Condensate (BEC)-
like picture as pointed out in references [44, 48]. To
place this system LaRugSis in the context of other su-
perconductors, in Fig. 4d we plot the critical tempera-
ture T, against the superfluid density )\ . Most uncon-

ventional superconductors have T /A~ f Values of about
0.1-20, whereas all of the conventional BCS superconduc-
tors lie on the far right in the plot, with much smaller
ratios. In the other words, unconventional superconduc-
tors are characterized by a dilute superfluid (low density
of Cooper pairs) while conventional BCS superconduc-

tors exhibit dense superfluid. Moreover, a linear rela-
tionship between T. and /\e_fo is expected only on the
Bose Einstein Condensate (BEC)-like side and is consid-
ered a hallmark feature of unconventional superconduc-
tivity. We recently showed that the linear correlation is
an intrinsic property of the superconductivity in tran-
sition metal dichalcogenides [44, 45], whereas the ratio
T./ )\e_fo is lower than the ratio observed in hole-doped
cuprates (see Figure 4d). For twisted bilayer graphene
[18] the ratio T/ )\e_ﬁf was found to be even higher than
the one for cuprates. For LaRusSis, the ratio is estimated
to be T,/ )\e_fo ~ 0.37, which is approximately a factor of
15 lower than the one for hole-doped cuprates, but still
being far away from conventional phonon-mediated BCS
superconductors. Interestingly, the point for LaRusSiy
is almost perfectly located on the trend line on which
charge density wave superconductors 2H-NbSe; and 4H-
NbSe; as well as Weyl-superconductor Ty-MoTey [44] lie,
as shown in Fig. 4d. This finding hints, to some extent,
at beyond BCS pairing mechanism in LaRusSi; with a
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Figure 4: (Color online) The temperature dependence of )\;f2f measured at various applied hydrostatic pressures for LaRusSis:
(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 Tt versus the )\e—fo (0) obtained from our pSR experiments in LaRusSis. The
dashed red line represents the relation obtained for layered transition metal dichalcogenide superconductors Ty-MoTes [44] and
2H-NbSes [45]. 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 [46-49] and the dashed black line for electron doping [50, 51]). The points for various

conventional BCS superconductors are also shown.

low density of Cooper pairs and similar electron corre-
lations as in 2H-NbSe; and Ty-MoTes, but much weaker
electron correlations 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 LaRusSis, this kagome system is different
from high-T; superconductors or spin liquid compounds.
It is rather on the side of itinerant kagome or hexago-
nal systems such as (Cs,K)V3Sbs [52] or even 2H-NbSes
[45], where pSR shows the absence of magnetic correla-
tions. On the other hand, the system LaRugSiy does not
exhibit a CDW ground state unlike the superconductors
(Cs,K)V3Sbs [53]. One possibility is that this system is
just somewhat away from CDW order and have higher
optimal T.. The fact that the stability of the crystal
structure is obtained with the addition of the Hubbard
U (see the supplementary information) suggests proxim-
ity of this superconductor LaRusSis to a CDW, since U
opposes the CDW. Pressure independent superfluid den-

sity was recently reported for CDW free layered transi-
tion metal dichalcogenide system 2M-WSq [54], while a
large enhancement of )\;3 was found in CDW supercon-
ductor 2H-NbSey under pressure when suppressing the
CDW order [45]. Thus, the robustness of both T, and
the superfluid density )\;ﬁf of LaRusSis to hydrostatic
pressure strongly suggests that 7. 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 7., we com-
pare experimentally measured critical temperatures with
those calculated using the McMillan equation [55, 56].
The phonon dispersion for LaRusSis, calculated by the
GGA+U method with U = 1 eV, is shown in Supple-
mentary Figure S4d. It consists of only the positive fre-
quency modes, and the optimized lattice constants agree
very well with the experimental parameters. Based on
the phonon dispersion, we calculated the electron-phonon
coupling constant A, p, to be ~ 0.45, indicating only a
moderate coupling strength in LaRusSis. For such a low



value of A.pp the following McMillan equation gives a
precise estimate of the electron-phonon interaction in-
duced critical temperature as discussed in Ref. [56]:

104(1 —+ )\@ph) ] (2)

P [_-A&ph——u*(1+—062Aemh)

0

Te= 14
By using the A¢,n >~ 0.45, Debye temperature 6 = 280
K and the Coulomb pseudo potential pu* = 0.12, the su-
perconducting transition temperature 7, was estimated
to be T, ~ 1.2 K. The calculated value of T, is obvi-
ously much smaller than the experimental value. Since
the electron-phonon coupling can reproduce only small
fraction of the experimental T, other factors in enhanc-
ing T, must be considered. The calculations show the
presence of a flat band near the Fermi level, which may
enhance correlations and can contribute to the enhance-
ment of T, in this system. However, the flat band is 100
meV above Ef and it may not have a key role in enhanc-
ing T.. The van Hove point on the kagome lattice at M
point, seen in Fig. 1d, is located even closer to the Fermi
energy (~ 50 meV), which can also contribute to the en-
hancement of T,. This van Hove point at M is of a similar
distance to Er (below Ef) in KV3Sbs, and is what was
shown to drive the 2x2 CDW order [53] at much higher
temperatures than T.. Moreover, we find that the whole
kagome bands are somewhat narrow (~ 300 meV), which
may also enhance T, through the overall higher density
of states. The narrowness of the kagome bands to be ~
300 meV may be formally similar to a group of narrow
bands, found in twisted bilayer graphene [18].

III. SUMMARY

In summary, we provide the first microscopic inves-
tigation of superconductivity in the layered distorted
kagome superconductor LaRugSis with a bulk probe.
Specifically, the zero-temperature magnetic penetration
depth Acsr (0) and the temperature dependence of )\e_fo

were studied by means of uSR experiments. The super-
fluid density is best described by the scenario of a gap
function without nodes. Interestingly, the T,/ )\e_fo ratio
is far away from those of conventional phonon-mediated
BCS superconductors, suggesting that to some extent
superconductivity in LaRuzSis is mediated by some
pairing mechanism beyond BCS pairing, evidenced
by the low density of Cooper pairs. Furthermore,
we find the calculated normal state band structure
features a kagome flat band, Dirac point and van Hove
point formed by the Ru-dz? orbitals near the Fermi
level. The electron-phonon coupling induced critical
temperature Tt, estimated from the phonon dispersion,
was found to be much smaller than the experimental
value. Thus, the enhancement of 7. in LaRugSis 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 nodeless kagome superconductivity in LaRu3Sis.
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