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Chemical doping effect in the LaRu3Si2 superconductor with a kagome lattice
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LaRu3Si2 is a superconductor with a kagome lattice and transition temperature of 7 K. By doping different
rare-earth and transition-metal elements on the La and Ru sites, the evolution of superconductivity has been
extensively investigated. It is found that, except for doping Fe to Ru sites, all other dopants with rare-earth
(Y, Lu, and Ce) or transition metals (Ni, Cr, and Cu) seem to suppress superconducting transition temperature
in LaRu3Si2 very slowly. The quick suppression of superconductivity by Fe doping can be described by the
Abrikosov-Gorkov relation. By fitting and analyzing the magnetic susceptibility data under a high magnetic field
with the Curie-Weiss law, we find that the effective magnetic moments for Ni and Cr doped samples are very
small, indicating that these ions actually do not behave like strong magnetic scattering centers as Fe ions do in
the present environment. Our experiments on systematically doped samples and related analysis indicate that the
superconducting gap in LaRu3Si2 has no sign change.
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I. INTRODUCTION

It is widely perceived that nonphonon mediated paring
should exist in many unconventional superconductors. After
study for nearly half a century, physicists believe that the pair-
ing glue may be related to the strong correlation effect or due
to the enhanced spin fluctuations approaching some quantum
critical points [1–5], although a unified and self-consistent
picture for unconventional superconductivity is still lacking.
In this regard, the RT3Si2 or RT3B2(R=rare earth metal,
T=transition metal) system offers a very interesting platform
for us to study this important issue, since various chemical
combinations are allowed in the present system, which gives
us easy manipulation of the magnetic and superconductivity
state. On the other hand, the kagome lattice formed by the
transition metal naturally offers geometric frustrations, which
may lead to strong magnetic fluctuations and even the potential
quantum spin-liquid state [6], both of which are closely related
to superconductivity [7,8]. In fact, superconductivity is very
common in this 132 system, and almost ten superconductors
have been found with this structure, for example, LaRh3B2

with Tc ≈ 2.8K [9], CeOs3B2 with Tc ≈ 3.5K [10], ThIr3B2

with Tc ≈ 2.1K [11], CeRu3Si2 with Tc ≈ 1K [12], and so on.
Among them, LaRu3Si2 has the highest transition temperature
of about 7 K [13].

The previous specific-heat measurement for LaRu3Si2 has
revealed some correlation effect in this system, and the field
dependence of the induced quasiparticle density of states
(DOS) shows a nonlinear feature, indicating the significant
contribution given by the delocalized quasiparticles [14]
near the gap minimum or nodes. All these results suggest
that LaRu3Si2 has probably some features of unconventional
superconductivity. Previous study shows that doping Fe on
Ru sites totally suppresses superconductivity with merely
3% doping level, and introduces spin-polarized electrons
leading to strong localized magnetic moments. However,
doping Co suppresses superconductivity very slowly without
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introducing clear magnetic moments [15]. In this paper, we
try to substitute with other rare-earth and transition-metal
elements on the La or Ru sites, expecting to get a deeper
insight into superconductivity in the LaRu3Si2 system.

II. EXPERIMENTAL DETAILS

The LaRu3Si2 samples were synthesized by arc-melting
method. High-purity La chunk (purity 99.9%, Cuibolin), Ru
powder (purity 99.9%, Alfa Aesar), and Si powder (purity
99.9%, Alfa Aesar) were weighed, mixed well, and pressed
into a pellet in an argon filled glove box. In order to avoid
the formation of the LaRu2Si2 phase, we intentionally used
some exceeding amount of Ru metal by about 15% in the
starting materials, so the nominal compositions should be
LaRu3.45Si2. To achieve the homogeneity, three rounds of
welding with the alternative upper and bottom side of the pellet
were taken in a vacuum electric arc furnace. The doped samples
were fabricated by the same synthesized procedure, using
La(Ru1−xTx)3.45Si2 and La1−xRxRu3.45Si2 as the nominal
compositions.

X-ray-diffraction (XRD) measurements were performed
on a Bruker D8 Advanced diffractometer with the Cu − Kα

radiation. Energy dispersive x-ray spectrum measurements
were performed at an accelerating voltage of 20 kV and
working distance of 10 mm by a scanning electron microscope
(Hitachi Co., Ltd.). The dc magnetization measurements were
carried out by using a SQUID-VSM-7T (Quantum Design)
with a resolution of about 5 × 10−8 emu. Measurements of
resistivity were performed on a physical property measurement
system (PPMS-16T, Quantum Design) with the dc resistivity
and ac transport options. For the resistive measurements, gold
wires with a diameter of 50 μm were glued to the doped
LaRu3Si2 sample in a standard four-probe method by using
silver epoxy.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the powder XRD patterns of the
LaRu3Si2 sample at room temperature, along with the result
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FIG. 1. (a) Powder x-ray-diffraction patterns and the Rietveld refinement profile of the LaRu3Si2 sample at room temperature. All main
diffraction peaks can be indexed well by the P 6/mmm space group (hexagonal structure) with a = 5.675 Å and c = 3.557 Å with the excess
Ru as the impurity phase. The ratio between LaRu3Si2 and the Ru impurity is found to be 85.7:14.3. (b) X-ray-diffraction patterns for Ce doped
LaRu3Si2 samples. (c) X-ray-diffraction patterns for Cr doped and Ln doped LaRu3Si2 samples. (d) X-ray-diffraction patterns for Ni doped
LaRu3Si2 samples. (e) The evolution of the a-axis lattice constants for Ni- and Cr doped samples vs the doping concentration. (f) The evolution
of the c-axis lattice constants for Ni- and Cr-doped samples vs the doping concentration.

of the Rietveld structural refinement using the TOPAS program.
In general, it is clear that the main diffraction peaks can be
indexed well by a hexagonal cell structure with the P 6/mmm

space group. In addition to the LaRu3Si2 phase, some weak

peaks from impurity can also be seen; they come from the
15% excess of Ru which is added in the starting material.
A detailed fitting to the structural data shows that the ratio
between LaRu3Si2 and Ru is around 85.7:14.3 for the present
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TABLE I. Energy dispersive x-ray microanalysis results for some doped LaRu3Si2 samples. Cr-A and Cr-B stand for the two Cr doped
samples with different doping levels, and the same for Ni doping.

Cr-A Cr-B Ni-A Ni-B Lu Y

Nominal 5% Nominal 10% Nominal 5% Nominal 8% Nominal 5% Nominal 10%

S1 2.0% S1 6.4% S1 4.1% S1 7.2% S1 5.3% S1 8.4%
S2 2.4% S2 7.6% S2 4.4% S2 5.9% S2 4.8% S2 8.2%
S3 1.7% S3 7.1% S3 5.0% S3 5.6% S3 5.4% S3 7.7%

sample, which is very close to the original proportion. The
refined lattice parameters are extracted to be a = 5.675Å
and c = 3.557Å. In Fig. 1(a), we also show the lattice
structure of LaRu3Si2; apparently the Ru atoms form a
honeycomblike kagome lattice, which exhibits very strong
geometric frustration.

We also present the powder XRD patterns for all the doped
LaRu3Si2 samples at room temperature in Figs. 1(b)–1(d).
One can see that the positions of the main peaks evolve
systematically with increasing the doping level. We have
enlarged some peaks for Ce and Ni substitution series in
Fig. 1(c) and 1(d) to highlight this evolution. Apart from the
Cr doped samples, which have some peaks arising from La
and Ru4Si3 impurities as marked in Fig. 1(b), other doped
samples seem to be very pure comparing with the LaRu3Si2
parent phase. The fitting lattice constants of a and c axes in
Cr and Ni doped samples are shown in Figs. 1(e) and 1(f),
respectively. We find that the a and c lattice parameters
decrease monotonously upon doping Cr or Ni, which is
understandable since the radius of Cr or Ni ion is smaller
than that of the Ru ion. The systematic evolvements of the
lattice constants indicate that the Cr or Ni ion has already been
doped into the kagome lattice.

In order to determine the real doping levels of the doped
samples, we also did scanning electron microscope measure-
ments; some of the energy dispersive x-ray microanalysis
results for the doped LaRu3Si2 samples are shown in Table I.
To ensure homogeneity, we have measured each sample at
three different positions marked as 1, 2, and 3 in Table I, and
the actual doping level for one sample is obtained by averaging
these three values. We can see that the distribution of dopants
in one sample is relatively uniform, although the actual doping
level is lower than the nominal one.

Figure 2 shows the resistivity and dc susceptibility zero-
field-cooled and field-cooled measurements under 50 Oe for
samples with doping from LaRu3Si2 to CeRu3Si2; the latter
is also a superconductor with Tc ≈ 1 K [12]. Here we do
not take the demagnetization factors into consideration, so
some of the magnetization expressed by 4πχ are larger than
1 at low temperatures. The same is applied to the magnetic
susceptibility data shown in subsequent figures. We notice that
the 40 and 60% Ce doped samples have the largest residual
resistivity, which is caused by the strongest disorder here.
The suppression of superconducting transition temperature
Tc is shown in Fig. 6(a), with the transition temperature for
CeRu3Si2 obtained from the previous report [12]. We can see
that the transition temperature decreases monotonously with
doping Ce ions. Figure 3 shows the resistivity and dc sus-
ceptibility measurements under 50 Oe for La(Ru1−xNix)3Si2
samples. We can see that the superconducting transition

becomes broader upon doping in the magnetic susceptibility
curves. The primary reason may be that the impurity scattering
would spontaneously induce some density of states within the
superconducting gap [16]. Apparently the transition tempera-
ture decreases monotonously with Ni doping, which indicates
that the Ni impurities acting as scattering centers would be
harmful to the Cooper pairs. However, at the highest doping
level of about 6.2%, the transition temperature only decreases
from 6.9 K of the parent phase to about 4.8 K. The suppression
to superconductivity seems to be much weaker than that in
the Fe doped samples. Figure 4 shows the resistivity and
dc susceptibility under 50 Oe for La(Ru1−xCrx)3Si2 samples.

ρ/
ρ 30

0
πχ

FIG. 2. (a) Temperature dependence of electrical resistivity for
samples doping from LaRu3Si2 to CeRu3Si2 around the transition
temperature. (b) Temperature dependence of dc magnetic suscepti-
bility for samples doping from LaRu3Si2 to CeRu3Si2 as measured
under a magnetic field of 50 Oe. Both the magnetic susceptibilities
measured in zero-field-cooled (ZFC) and field-cooled (FC) modes are
shown. The value of −4πχ measured with the ZFC mode is larger
than 1 because of the demagnetization factor.
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FIG. 3. (a) Temperature dependence of electrical resistivity for
Ni doped LaRu3Si2 samples around the transition temperature. (b)
Temperature dependence of dc magnetic susceptibility for Ni doped
LaRu3Si2 samples as measured under 50 Oe. Both the magnetic
susceptibilities measured in zero-field-cooled (ZFC) and field-cooled
(FC) modes are shown.

We find that the suppression to superconductivity in doping
Cr dopants is similar to that in Ni doped samples. With
increasing the doping level to 7.0%, the transition temperature
drops to about 4.9 K. Figure 5 shows the resistivity and dc
susceptibility under 50 Oe for La1−xRxRu3Si2(R = Lu,Y)
samples. It seems that the suppression of superconductivity
with rare-earth substitution in the 132 system is very slow.
The transition temperature is only suppressed to 6.2 and 6.1 K
with 5.2% Lu and 8.1% Y doping level, respectively. The
Tc declining rate is in fact similar to that of the Ce doped
samples.

In Fig. 6, we present the obtained transition temperatures
for all the doped samples. The transition temperatures are
determined by the point of zero resistance, which roughly
corresponds to the onset transition point of the diamagnetic
signal. The transition temperatures for Fe doped samples are
obtained from the previous measurements [15]. As we can
see, although the Ni and Cr doped on Ru sites can suppress
superconductivity, the suppression rate is actually close to that
of the Co doped samples, and much weaker than that in the
Fe doped samples. In the inset of Fig. 6(a), we also show the
correlation between the residual resistivity at low temperatures
versus doping level for different substitution series. We find

ρ/
ρ 30

0
πχ

FIG. 4. (a) Temperature dependence of electrical resistivity for
Cr doped LaRu3Si2 samples around the transition temperature. (b)
Temperature dependence of dc magnetic susceptibility for Cr doped
LaRu3Si2 samples as measured under 50 Oe. Both the magnetic
susceptibilities measured in zero-field-cooled (ZFC) and field-cooled
(FC) modes are shown.

that the residual resistivity increases with doping because of the
enhancement of disorder scattering. In particular, the residual
resistivity for Ni doped samples increases much faster than
that for the Fe substitution series, although Ni dopants do not
strongly destroy superconductivity as Fe dopants do. Referring
to the result from Li et al. [15], we notice that the residual
resistivity increases monotonously with doping on Ru sites by
elements from left to right (Cr, Fe, Co, Ni) in the periodic table.
This phenomenon may be explained in a way that the charge
carriers are holelike, so the carrier density would decrease with
doping more d electrons into the system. Moreover, we can see
a minor decrease of the residual resistivity for the 2% Cr doped
sample in the inset; this could be the result of the competition
between the enhancement of disorder scattering and increase
of the carrier density.

According to the Abrikosov-Gorkov (AG) theory [17]
for the pair-breaking effect, the transition temperature is
suppressed upon scattering rate or roughly with the density
of doping impurities as the following [18,19]:

ln

(
Tc0

Tc

)
= ψ

(
1

2
+ αTc0

2πTc

)
− ψ

(
1

2

)
, (1)

where ψ is the digamma function, α = 1/2τTc0 is the pair-
breaking parameter which is proportional to the doping level x,
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FIG. 5. (a) Temperature dependence of electrical resistivity for
Ln doped LaRu3Si2 samples around the transition temperature. (b)
Temperature dependence of dc magnetic susceptibility for Ln doped
LaRu3Si2 samples as measured under 50 Oe. Both the magnetic
susceptibilities measured in zero-field-cooled (ZFC) and field-cooled
(FC) modes are shown.

and Tc0 is the transition temperature of the parent phase. For the
Fe doped samples, the fitting curve according to the AG theory
is shown as the dashed line in Fig. 6(b). As one can see, the
transition temperatures versus doping levels are in accordance
with the AG theory. However, for all other dopants, the Tc-
x curves are obviously deviated from the Abrikosov-Gorkov
theory. Generally speaking, if the LaRu3Si2 superconductor
has nodes on the SC gap, like the d-wave cuprates, both the
magnetic and the nonmagnetic impurities should lead to the
pair breaking, and the Tc versus the scattering rate should
follow the AG behavior. So our results to some extent imply
that the LaRu3Si2 superconductor may have a full gap without
any sign change. In many systems, Cr and Ni elements hold
strong magnetic moments, as Fe ions do. Therefore it is curious
to know whether all other dopants give the same or different
effect as the Fe ions.

In order to check the magnetic moments of the other
dopants, we did the susceptibility measurement under 3 T
for Ni and Cr doped samples, and fit the data from Tc to 30 K
by using the Curie-Weiss law

χ = χ0 + C

T + T0
, (2)

ρ/
ρ 3

00
FIG. 6. (a) The transition temperatures for (La1−xCex)Ru3Si2 at

different doping levels of Ce. The red cross at the doping level of
x = 1 represents the data for CeRu3Si2. The inset shows the normal
state resistivity just above Tc normalized by the resistivity at 300 K
for each sample. (b) The transition temperatures for rare-earth and
transition-metal doped LaRu3Si2 samples.

where C = μ0μ
2
eff/3kB , χ0, and T0 are fitting parameters. The

parameter χ0 comes from the Pauli paramagnetic term of the
conducting electrons, while the temperature-dependent term
comes from the localized magnetic moments, which will be
significantly enhanced upon doping. In the fitting process, we
leave these three parameters totally free. Some susceptibility
data under 3 T along with the fitting curves are shown in Fig. 7.
The relatively small fitting range (from Tc to 30 K) may bring
about some uncertainties in terms of three fitting parameters.
In principle, the small fitting range would reduce the influence
of the change of χ0, induced by the variation of DOS at the
Fermi level over a wider temperature range. From the fitting
parameter C for the parent phase LaRu3Si2, we can obtain
the effective magnetic moment for Ru atoms, which arrives
at 0.105μB/Ru. By subtracting the background magnetic
moment of Ru atoms, we can obtain the effective magnetic
moment for the samples doped with Ni or Cr atoms. The fitting
parameters C and T0 and the calculated effective magnetic
moments μeff are listed in Table II. Simultaneously, we also
calculated the effective magnetic moment of the 10% Ce
doped sample, which arrives at 0.118μB/(La0.9Ce0.1Ru3Si2).

094523-5



BAOXUAN LI, SHENG LI, AND HAI-HU WEN PHYSICAL REVIEW B 94, 094523 (2016)

FIG. 7. The susceptibility data under 3 T from Tc to 30 K along
with the fitting curves for some Ni and Cr doped samples; the obtained
fitting parameters C, T0, and χ0 are also shown.

This value is very close to 0.105μB for the parent phase.
This indicates that Ce doping in this 132 system should be
nonmagnetic substitution, and the most observed magnetic
moment for the 10% Ce doped sample may arise from the Ru
sites.

In Fig. 8, we present the calculated effective magnetic
moments of Cr, Ni, Co, and Fe dopants. The data for Ni
and Cr come from the present experiment, while the results
for Fe and Co are derived from the previous work [15]. One
can see that the effective magnetic moments of Cr and Ni
dopants are not very large, and the values are very close to that
of the Co dopants. The largest effective magnetic moments
of Ni and Cr dopants are μeff/Ni = 0.711μB and μeff/Cr =
0.683μB , with doping levels of 2.7 and 2.0%, respectively.
These values are apparently much smaller than that of the Fe
dopant, which reaches μeff/Fe = 1.51μB with a doping level
of 2.75%. The fitting and calculated results can consistently
explain the suppression effect to superconductivity in this
system. It seems that the Cr and Ni dopants only provide
very weak magnetic moments. Our self-consistent results of
the suppression to superconductivity by the dopants, and the
different magnetic moments derived from the data, suggest
that the superconducting gap has no sign change. This rules
out the possibility of d-wave or s± gap in the system. In many

TABLE II. The fitting parameters C and T0 and the calculated
effective magnetic moments μeff for different doped LaRu3Si2

samples.

Dopant C(K emu/mol) T0(K) μeff(μB )

Ru 124.20 8.13 0.105

2.7%Ni 274.67 7.04 0.711
4.5%Ni 340.77 10.86 0.662
6.2%Ni 405.03 9.70 0.643

2.0%Cr 226.64 6.21 0.683
7.0%Cr 330.59 4.50 0.490

μ
μ

FIG. 8. The calculated localized effective magnetic moments of
Ni and Cr dopants; the results for Fe and Co dopants are also shown
for comparison. The dashed line represents the effective magnetic
moments of one Ru atom.

systems, the Ni and Cr ions would also carry rather strong
magnetic moments as Fe ions do. However, in the LaRu3Si2
system, apparently their magnetic moments are delocalized. It
still remains unclear why the Fe impurities behave in such a
unique way in this 132 system with a kagome lattice.

IV. CONCLUSION

In conclusion, by doping different rare-earth and transition
metals on the La and Ru sites in LaRu3Si2, we obtain the
transition temperatures in wide doping ranges and find that all
the dopants except for Fe suppress superconductivity slowly.
We have also derived a phase diagram for the systematically
Ce doped samples La1−xCexRu3Si2. By fitting and analyzing
the magnetic susceptibility data under a high magnetic field
with the Curie-Weiss law, we find that the effective magnetic
moments for Ni and Cr dopants are quite small. This indicates
that Ni and Cr ions actually do not exhibit a very strong
localized magnetic scattering effect as Fe ions do, and may
only provide some itinerant electrons. The self-consistent
results of the magnetic moments by different dopants and the
distinct suppression rate to superconductivity suggest that the
superconducting gap in LaRu3Si2 should have no sign change.
It is interesting that the Fe impurities behave very uniquely and
distinctly compared with other dopants in the present system.
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