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We present a comprehensive investigation into the superconducting properties of La3Al, a La-based metal with a
kagome structure. La3Al crystallizes in a Ni3Sn-type crystal structure (space group P63/mmc), where the La atoms form
a kagome lattice. Resistivity measurements reveal superconducting transition with T onset

c = 6.37 K and T zero
c = 6.18 K. In

magnetic susceptibility measurements, the superconducting transition is observed at 6.16 K. The lower and upper critical
fields are determined to be 22.17 mT and 6.69 T, respectively. Heat capacity measurements confirm the bulk supercon-
ductivity, showing a normalized specific heat change of ∆Ce/(γTc) = 2.16 and an electron–phonon coupling strength of
λep = 0.92. DFT calculations reveal the intricate band structure of La3Al. The notable specific heat jump, coupled with the
electron–phonon coupling strength λep, indicates that La3Al exhibits characteristics of an intermediately coupled type-II
superconductor.

Keywords: La3Al, superconductivity, kagome lattice
PACS: 74.70.Ad, 74.25.F–, 74.25.Jb, 74.25.Ha
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1. Introduction
Compounds with kagome lattice structures, character-

ized by a two-dimensional network of corner-sharing trian-
gles, have recently attracted significant attention due to their
unique electronic structures and magnetic frustration.[1,2] This
has provided an exciting platform for exploring various quan-
tum physics phenomena such as quantum spin liquids,[3–6]

nontrivial band topology[7–9] and superconductivity.[10–16] In
recent years, a newly identified family of materials featuring a
V-based kagome lattice, AV3Sb5 (where A represents K, Rb,
and Cs),[11] has demonstrated superconductivity with transi-
tion temperatures (Tc) ranging from 0.93 K to 2.5 K.[12–14]

These materials have exhibited several intriguing phenomena,
including the anomalous Hall effect,[15] unconventional chiral
CDW order,[16–18] pair density wave (PDW),[19] topologically
nontrivial band structures,[12,20] pressure-induced two-dome
superconductivity[21,22] and improvement in superconductiv-
ity by hole doping.[23] Given the diverse properties observed in
the AV3Sb5 system, further research on other material systems
with kagome structures holds significant importance.[24–26]

The RE3Al system (RE = La, Ce, Pr and Nd) with a
Ni3Sn structure has also garnered attention due to its kagome

lattice structure formed by RE atoms and its magnetism,
superconductivity and topological properties.[27–36] Among
these, the heavy fermion compound Ce3Al exhibits antifer-
romagnetic order, the Kondo effect and abnormal structural
transitions,[31,32] with theoretical predictions of novel topo-
logical properties.[33] Pr3Al displays ferromagnetic and anti-
ferromagnetic phases, with pressure regulation leading to the
emergence of new ferromagnetic phases.[37] Nd3Al exhibits a
long-range ferromagnetic state, along with abnormal Hall co-
efficients and topological Hall effects in this state.[31,35,36] In
contrast, research on La3Al, the sole superconducting material
in this series with a respective high Tc around 6 K, remains
limited. The kagome lattice structure of La3Al offers a unique
opportunity to investigate the interaction between kagome lat-
tice geometry and superconductivity.

The superconductivity in La3Al was reported in 1967,
where the Tc is reported to increase from 5.57 K at ambi-
ent pressure to 6.37 K at 8 kbars.[38] Subsequent studies have
found that magnetic element doping on La sites will inhibit
the superconductivity in La3Al.[39–42] Notably, in investigat-
ing the (Ce1−xLax)3Al solid solutions, an anomaly in the re-
sistivity curve is reported in La3Al around 52 K.[30] X-ray
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diffraction (XRD) measurements have revealed no evidence
of structural phase transition at low temperature, suggesting
the changes in the structure were too subtle to be resolved by
diffraction experiments. To date, the origin of the kink in the
resistivity curve of La3Al remains unclear and has received
limited attention. In addition, the detailed superconductivity
properties of La3Al have not been revealed so far.

In this paper, we synthesized La3Al samples with T zero
c =

6.37 K, and performed a detailed analysis of the supercon-
ducting properties of this compound. The upper and lower
critical fields, coherence length, magnetic penetration length
and electron–phonon coupling constant of La3Al are reported.
Additional Hall effect measurement of La3Al reveals a vary-
ing trend in the RH curve around 40 K, similar to other typical
CDW materials and suggests that the transition may have an
electronic origin. Through an examination of magnetism, re-
sistivity and specific heat, we confirm that La3Al behaves as
an intermediately coupled type-II superconductor.

2. Experiment and methods
We synthesized polycrystalline La3Al samples using an

arc melting method. Lanthanum (99.9% purity) and aluminum
(99.9% purity) powder were thoroughly mixed in a 3:1 molar
ratio and pressed into pellets. These pellets underwent at least
six arc-melting cycles in a high-purity argon atmosphere with
periodic turnovers, resulting in weight loss of less than 1%.
The final products exhibited metallic luster and were prone to
gradual degradation upon exposure to air over a period of a
few days.

Powder x-ray diffraction (pXRD) data were collected at
room temperature using a PANalytical x-ray diffractometer
with Cu-Kα radiation, and crystal structure was generated us-
ing VESTA.[43] The elemental compositions were checked by
Oxford X-Max energy dispersive x-ray (EDX) spectroscopy
analysis using a Hitachi S-4800 scanning electron micro-
scope. Measurements of transport, magnetic and thermody-
namic properties were conducted using a physical property
measurement system (PPMS, Quantum Design) and a vibrat-
ing sample magnetometer (VSM, Quantum Design). The sam-
ple was cut into rectangular shapes using a wire cutting ma-
chine. Hall electrical resistivity measurements were conducted
using a five-probe method, with the current flowing in the ab
plane of the polycrystalline sample. To eliminate the contri-
bution of longitudinal resistivity arising from misalignment
of the voltage probes, the Hall resistivity was determined by
calculating the average difference in the transverse resistiv-
ity recorded under positive and negative magnetic fields, ex-
pressed as ρyx(µ0H) = [ρyx(+µ0H)−ρyx(−µ0H)]/2.

First-principles calculations were carried out using
density functional theory (DFT) implemented in the Vi-
enna ab initio simulation package (VASP).[44] We adopted

the generalized gradient approximation (GGA) in the
form of the Perdew–Burke–Ernzerhof (PBE)[45] for the
exchange–correlation potentials. The projector-augmented-
wave (PAW)[46] pseudopotentials were used with a plane wave
energy of 600 eV. The 5d16s2 electronic configuration of La
and 3s23p1 electronic configuration of Al were treated as va-
lence electrons, respectively. A Monkhorst–Pack Brillouin
zone sampling grid[47] with a resolution of 0.02× 2π Å−1

was applied. Atomic positions and lattice parameters were re-
laxed until all the forces on the ions were less than 10−2 eV/Å.
In calculating the electronic structure, the spin–orbit coupling
(SOC) effect was included.

3. Results
3.1. Structural characterization

The powder pattern confirms the successful formation
of the intended La3Al phase with indexed lattice parameters
a = b = 7.1930 Å, c = 5.5007 Å and crystallization in the
hexagonal Ni3Sn structure (space group P63/mmc), as shown
in Fig. 1(a). We performed energy spectrum scanning on the
La3Al polycrystalline sample, which was polished into a clean
and tidy flat surface. The atomic molar ratio of La element and
Al element was 74.35%:25.66%, which was close to the ideal
ratio of 75%:25%, as shown in the inset of Fig. 1(a). Note
that during the measuring, we select multiple areas for surface
mapping, and take the average value. Figures 1(b) and 1(c)
depict the schematic crystal structure of La3Al, where the La
atoms form a kagome structure, with Al atoms located at the
center of the kagome lattice.

3.2. Superconducting properties

Figure 2(a) depicts the temperature-dependent resistivity
ρ (T ) of La3Al measured from 1.8 K to 300 K. The grad-
ual decrease in resistivity as temperature decreases indicates
a metallic behavior, with the relatively modest residual resis-
tivity ratio (RRR) of 5.97 (calculated as 38.55/6.45) primarily
attributed to grain boundary effects. A significant decrease in
resistivity is evident at 6.37 K (see inset in Fig. 2(a)), marking
the onset of a superconducting transition. At 6.18 K, the resis-
tivity drops to zero, indicating the T zero

c of a superconducting
transition. Furthermore, the 4πχ curves of magnetic suscep-
tibility in Fig. 2(b) display diamagnetic transitions at 1 mT,
with the determined Tc at 6.16 K, nearly consistent with val-
ues derived from the ρ (T ) curve and heat capacity measure-
ments presented below. A complete Meissner state is attained
at approximately 5.0 K. Examination of the zero-field-cooling
(ZFC) curve at 2.0 K suggests a superconducting volume frac-
tion (SVF) of roughly 164%, indicating bulk superconductiv-
ity. The notable SVF observed in field-cooling (FC) mode im-
plies weak flux pinning effects.
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Fig. 1. (a) The pXRD pattern of La3Al. Inset is energy-dispersive x-ray
spectra of La3Al. (b) Conventional unit cell of La3Al. (c) La atoms form
a kagome lattice with Al atoms in the center of the kagome lattice.
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Notably, from the resistivity versus temperature curve,
an obvious anomaly was observed between 40 K and 50 K,
which is similar to the findings of Chen et al.[30] Considering
previous x-ray diffraction experiments near this temperature
revealed no evidence of structure phase transition, we mea-
sured the Hall resistivity of the sample near the temperature
of this anomaly. Figures 3(a) and 3(b) show the field depen-
dence of Hall resistivity ρxy(T,µ0H) at several typical temper-
atures, which exhibits a linear behavior against the magnetic
field at all temperature ranges from 20 K to 60 K, indicating
that the carrier density is dominated by one band. The Hall re-
sistivity curves can be well fitted with linear fits, and thus the
temperature-dependent Hall coefficient RH can be obtained.
In Fig. 3(c), the negative Hall coefficient RH suggests that the
electron-type carriers are dominant. As the temperature in-
creases, RH increases and reaches its maximum at 40 K, which
is slightly below the temperature (47 K) of the inflection point
in the resistivity at zero magnetic field. When the tempera-
ture continues to rise, RH begins to decrease, so that RH has
a maximum value at 40 K. As the temperature increases from
20 K, the mobility of La3Al gradually increases. When the
temperature is 40 K, the mobility reaches the maximum value.
As the temperature continues to rise, the mobility gradually
decreases. Notably, the RH and mobility of La3Al reached its
maximum around the resistivity anomaly, a finding similar to
the cases of KV3Sb5, RbV3Sb5 and CsV3Sb5,[48–50] as well
as other superconductors with CDW orders, such as TaSe2,
TaS2.[51] and (2H-, 4H-)NbSe2.[52]

Furthermore, we investigated the thermoelectric proper-
ties of La3Al. As shown in Fig. 4(a), we present the temper-
ature dependence of the Seebeck coefficient, S–T , for La3Al
over the range of 2–300 K. Near room temperature, S is neg-
ative. As the temperature decreases, S increases rapidly, tran-
sitioning from negative to positive around 267 K. Upon fur-
ther cooling, S initially continues to increase before decreas-
ing again, exhibiting an anomaly near 50 K where S begins
to decline noticeably. This behavior is clearly observable in
the enlarged S–T curve from 10 K to 100 K in Fig. 4(b), indi-
cating a transition occurred in La3Al at this temperature. As
the temperature decreases further and approaches the super-
conducting critical temperature, S undergoes another rapid de-
cline, ultimately returning to negative values. In addition, as
depicted in Fig. 4(c), we plot the dS/dT –T curve from 2 K to
300 K, which visually highlights the occurrence of two distinct
transitions. For comparison, we include the S–T curves of
the prototypical charge density wave (CDW) superconductors
2H-NbSe2 and 4H-NbSe2. The S–T curve of La3Al exhibits
similarities to those of these CDW superconductors. During
the cooling process, S continuously increases from negative
values, approaches zero, becomes positive, and then increases
further. An anomaly occurs at the CDW transition tempera-
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ture, TCDW. In 4H-NbSe2, this temperature corresponds to the
maximum slope of the S–T curve, where the rate of increase
in S diminishes below TCDW. In contrast, for 2H-NbSe2, the
anomaly corresponds to the minimum slope, and below TCDW,
S no longer increases but instead decreases. In summary, the

S–T behavior of La3Al bears a higher resemblance to that of
4H-NbSe2 than to 2H-NbSe2. However, whether the transi-
tion occurring in La3Al around 40–50 K is definitively a CDW
transition remains an open question, necessitating further ex-
perimental investigation.
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Figure 5(a) depicts the reduction in critical temperature
(Tc) as the external magnetic field increases from 0 T to 5 T.
We employed the mid-transition temperature T mid

c and pre-
sented a summary in Fig. 5(b). The µ0Hc2(T ) curve exhibits
a slight upward curvature near Tc, which cannot be fitted well
using the GL formula. We observed that in the S–T curve
spanning 2–300 K, S transitions from negative to positive and

subsequently reverts to negative as the temperature decreases
to 2 K. This behavior indicates that the dominant charge carrier
type within La3Al varies across different temperature ranges.
Moreover, as revealed by subsequent density functional the-
ory (DFT) calculations and shown below in Fig. 7(a), the band
structure near the Fermi surface exhibits the coexistence of
both hole and electron pockets. Collectively, these findings
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suggest that La3Al is a potential multi-band superconductor.
Therefore, we fitted its upper critical field using the following
two-band model:[53]

a0 [ln t +U (h)] [ln t +U (ηh)]+a2 [ln t +U (ηh)]

+a1 [ln t +U (h)] = 0, (1)

where

t = T/Tc, U (x) = ψ

(
x+

1
2

)
−ψ

(
1
2

)
, η =

D2

D1
,

h =
}µ0Hc2D1

2Φ0kBT
, a0 =

2ω

λ0
, a1 = 1+

λ−
λ0

,

a2 = 1− λ−
λ0

, ω = λ11λ22−λ12λ21, λ− = λ11−λ22,

λ0 =
√

λ
2
−−4λ12λ21.

Here ψ (x) is a digamma function, D1 and D2 are intraband
diffusivities of band 1 and band 2, ω , λ− and λ0 depend on
intraband coupling strengthes λ11, λ22 and interband coupling
strengthes λ12, λ21. The data were well fitted with the two-
band model. The red line gives a two-band fit of the data in
the whole region, which indicates the possible multiband su-
perconductivity in La3Al compound. The estimated value of
µ0Hc2 (0) is 6.69 T.
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of temperature. The red line is a linear fit.

The Pauli–Clogston field is

µ0Hp (0) = 1.84T zero
c = 11.37 T, (2)

which is much larger than the field we obtain from the empir-
ical formula. The coherence length (ξ ) can be acquired from
the Ginzburg–Landau (GL) equation

µ0Hc2 (0) =
Φ0

2πξ 2 , (3)

where Φ0 = 2.07×10−15 T·m2 is the magnetic flux unit. Us-

ing µ0Hc2 (0) = 6.69 T, the calculated ξ is 7.01 nm. The mag-

netization versus external field over a range of temperatures

below Tc is presented in Fig. 5(c). The deviation of the field

from a linear curve representing the full Meissner effect was

identified as the lower critical field at each temperature and is
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presented in Fig. 5(d). Using the Ginzburg–Landau equation

µ0Hc1 = µ0Hc1 (0)

(
1−
(

T
Tc

)2
)
, (4)

we obtain a well-fitted curve, which yields µ0Hc1 (0) =

22.17 mT. Using the formula

µ0Hc1 (0) =
Φ0

4πλ 2 ln
(

λ

ξ

)
, (5)

we obtain the penetration depth λ = 151.04 nm. The calcu-
lated GL parameter of κ = (λ/ξ )∼ 21.55 confirms the type-II
superconductivity in La3Al.

Figure 6 illustrates the analysis of the superconduct-
ing transition via heat-capacity measurements. The distinct
anomaly observed at 6.07 K indicates the presence of bulk su-
perconductivity. We fitted the normal-state heat capacity ac-
cording to the following equation:

Cp (T )
T

= γ +βT 2. (6)

The extrapolation gives γ = 13.1301 mJ/(mol·K2) and β =

2.4983 mJ/(mol·K4), where γ is the Sommerfeld electronic
specific heat coefficient and β is the phonon specific heat co-
efficient. Using the formula

β = N
12π4

5Θ 3
D

R, (7)

and N = 4 for La3Al, we obtain a Debye temperature of
ΘD = 146 K. The electronic contribution Ce(T ) is obtained by
subtracting the phononic contributions from Cp as presented in
the inset of Fig. 6. The normalized jump in Ce(T ) is calculated
to be ∆Ce/(γTc) = 2.16, which is larger than that of the BCS
anticipated value of 1.43, indicating an enhanced electron–
phonon coupling in La3Al.
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Fig. 6. Specific heat capacity of La3Al from 4.0 K2 to 80 K2. Inset is the
electronic specific heat capacity from 4.0 K to 6.8 K.

We further estimate the electron–phonon coupling con-
stant λep using the McMillan relation[54]

λep =
1.04+µ∗ ln

(
ΘD

1.45Tc

)
(1−0.62µ∗) ln

(
ΘD

1.45Tc

)
−1.04

, (8)

where µ∗ is the Coulomb screening parameter (here, we set
it at 0.13), and we take Tc = T zero

c . λep = 0.92 is thus ob-
tained, indicating that La3Al hosts an intermediately coupling
strength. Moreover, the DOS at Fermi level (EF) is estimated
using the following equation:

N (EF) =
3γ

π2k2
B

(
1+λep

) , (9)

based on γ and λep, yielding N (EF) = 2.9010 eV−1·f.u.−1. Ta-
ble 1 summarizes the superconducting parameters of La3Al.

Table 1. Superconducting and thermodynamic parameters of La3Al.

Parameter Units La3Al

T zero
c K 6.18

µ0Hc1 (0) mT 22.17
µ0Hc2 (0) T 6.69

ξGL nm 7.01
λGL nm 151.04
κGL 21.55

γ mJ/(mol·K2) 13.1301
ΘD K 146
λep 0.92

∆Ces/(γTc) 2.16
N(EF) states·eV−1·f.u.−1 2.9010

3.3. First-principles calculations

To gain deeper insight into the characteristics of La3Al,
we conducted density functional theory (DFT) calculations to
analyze its electronic band structures. The band structures
of La3Al in the vicinity of the Fermi level (EF) are depicted
in Fig. 7(a). The dashed lines represent the results obtained
without considering spin–orbit coupling (SOC), while the red
solid lines illustrate the results incorporating SOC effects. Re-
gardless of SOC effects, we find that there are multiple energy
bands crossing the Fermi surface, which is consistent with the
good metallic properties shown in the La3Al electrical trans-
port curve. It is noteworthy that the inclusion of SOC did lead
to notable alterations in the band dispersion near the Fermi
level through band splitting (regions 2 and 4 of Fig. 7(a)) or
change from two intersecting bands to new energy bands (re-
gions 1 and 3 of Fig. 7(a)). Figures 7(b) and 7(c) illustrate the
calculated total density of states (DOS) for La3Al. The DOS
near the Fermi energy in La3Al primarily originates from the
La states, with Al states making relatively minor contributions.
Considering that the energy bands from La dominate the DOS
of La3Al around Fermi energy, the superconducting states in
La3Al are predominantly attributed to the states of La atom
forming the kagome lattice.
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Fig. 7. (a) Calculated electronic band structure of La3Al without and with SOC near the Fermi level. The corresponding DOS plots are shown in (b)
and (c), respectively.

4. Conclusion
In this work, we synthesize La3Al and analyze the super-

conducting properties of La3Al, which is a La-based kagome
superconductor. The compound exhibits a sharp supercon-
ducting transition at T onset

c = 6.37 K and T zero
c = 6.18 K, with

lower and upper critical fields of 22.17 mT and 6.69 T, re-
spectively. Hall resistivity data revealed a significant upturn
behavior below the resistivity anomaly, in analogue to the ob-
servations in AV3Sb5 (A = K, Rb, Cs) that intertwined with
CDW order. The measured heat capacity confirms the pres-
ence of bulk superconductivity, with a normalized specific heat
change of ∆Ce/(γTc) = 2.16 and an electron–phonon strength
of λep = 0.92. Further analysis reveals that La3Al is an in-
termediately coupled type-II BCS superconductor. Such study
will deepen our understanding of superconducting materials
with kagome lattice.
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