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The RT:B, (R =Y, Lu, T = Co, Os) family hosts a perfect kagome lattice of 7' atoms, offering an interesting
platform to investigate the interplay of electronic structure, superconductivity, and lattice dynamics. Here, we
compare two members of this family, LuOs;B, and YCo3B,, with similar crystallography but differing chemical
composition, which results in different electronic structures and correlation signatures, as well as distinct spin-
orbit coupling effects. We confirm superconductivity in LuOs;B, with 7. = 4.75 K, while YCo3;B, remains
nonsuperconducting above 1.8 K. Both materials exhibit kagome-derived electronic features, including quasiflat
bands, Dirac cones, and van Hove singularities. Fermi surface calculations reveal a highly anisotropic electronic
structure in YCo3;B,, establishing a k,-selective metallic behavior and leading to strongly suppressed in-plane
conduction, in contrast to the more isotropic fermiology of LuOs;B,. Phonon calculations for LuOs;B, show
imaginary modes, indicating potential lattice instabilities. Experimental estimates of the Wilson and Kadowaki-
Woods ratios point to significant electronic correlations in both compounds.

DOI: 10.1103/cdjy-6jgs

I. INTRODUCTION

The kagome lattice has attracted a lot of attention recently
due to its ability to host novel physics because of its distinctive
electronic structure [1-4]. Insulating materials with a kagome
lattice host localized magnetic moments, serving as ideal
systems to investigate geometrically frustrated magnetism. A
prominent example is the quantum spin liquid (QSL) state ob-
served in herbertsmithite where the kagome layers of copper
ions exhibit long-range quantum entanglement and fractional-
ized spinon excitations without conventional magnetic order
[5,6]. Beyond two dimensions, insulating quantum mag-
nets with three-dimensional kagome-inspired lattices have
also demonstrated novel frustration-driven phenomena and
QSL behavior [7-9]. Recent attention has shifted to metallic
kagome systems, where the interplay of topology and electron
correlations becomes possible. Theoretical predictions high-
light the coexistence of Dirac cones, flat bands, and van Hove
singularities in the electronic band structure [10], creating op-
portunities for exotic electronic states. Experimental advances
have identified several families of metallic kagome mate-
rials, such as the predicted herbertsmithite related material
GaCu3(OH)¢Cl, [10], FeSn and CoSn compounds [11,12],
and the 166 compounds, e.g., YMngSng [13], which realize
these electronic features. Recently, the AV3Sbs (A = K, Rb,
Cs) family of materials has been discovered, featuring an ideal
kagome lattice formed by vanadium ions. These compounds
display signatures of strong electronic correlations and non-
trivial topological characteristics, leading to novel behaviors

2469-9950/2025/112(23)/235170(11)

235170-1

like the emergence of charge density waves, superconductiv-
ity, and the anomalous Hall effect [14—17].

RT;X, (R = lanthanide, T = 3d, 4d, or 5d transition
metal, X = Si, B) is another family of materials hosting
the kagome lattice which was discovered in the 1980s and
1990s [18-20], and several of its members were found to
be superconducting with 7. between 1 and ~7 K [18-23].
The majority of these investigations, however, did not make
a connection of the physical properties with the underlying
kagome lattice. Recently, several unconventional properties
were reported in LaRu3Si,, the material having the highest
T. = 7 K in this family, ThRu3Si; and YRu3Si,, possibly aris-
ing from electron correlations from the flat bands [24-28]. We
recently reported on LaRh3;B,, which contains the essential
fermiology of the two-dimensional (2D) kagome lattice. The
material shows superconductivity at 7. ~ 2.6 K but did not
show any experimental evidence of the charge density wave
(CDW) state. Lack of significant electronic correlations in
LaRh3B, suggests that electronic correlations might play an
important role in the existence of CDW states observed in
other kagome metals [29]. The RT3X, family, which can be
synthesized for T = 3d, 4d, or 5d transition metals, offers
the opportunity to vary the strength of electronic correlations
and spin-orbit coupling (SOC) through changes in chemical
composition.

In this work, we synthesize and study YCos;B, and
LuOs;3B, through measurements of their electronic transport,
magnetic susceptibility, and heat capacity and through calcu-
lations of their electronic structure, Fermi surfaces (Fig. 4),
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and phonon spectrum. This choice of materials enables an
analysis of how structural and chemical differences influ-
ence correlation signatures and spin-orbit coupling within the
RT3B,; kagome family. Our measurements show that YCo3;B,,
and to a greater extent LuOs3B,, host strong electronic cor-
relation, as evidenced by the enhanced values of the Wilson
and the Kadowaki-Woods ratios. Additionally, the LuOs3;B,
phonon spectra show imaginary modes pointing to a suscep-
tibility to lattice instabilities. Our work therefore provides
a connection between electron correlation and structural or
CDW-like tendencies in RT3B, kagome metals.

II. METHODS

Polycrystalline samples of YCo3B, and LuOs3;B, were
synthesized by arc-melting stoichiometric amounts of high
purity elements. The melted buttons were flipped over and
melted five to ten times to promote homogeneity. Powder
x-ray diffraction (PXRD) on a Bruker D8 Advance diffrac-
tometer system with Cu-Ko radiation was used to determine
the phase purity of the synthesized materials. The relative
stoichiometry of R and T was confirmed using energy disper-
sive spectroscopy using a scanning electron microscope. The
dc magnetic susceptibility x, heat capacity C, and electrical
transport were measured using a Quantum Design Physical
Property Measurement System equipped with a He3 insert.

To theoretically simulate the electronic structure of RT3B,,
we performed first-principles density functional theory (DFT)
calculations. The electronic structure calculations were car-
ried out using VASP [30-33], while the phonon spectra were
obtained with QUANTUM ESPRESSO [34—36]. Concerning vasp,
we considered the projector-augmented wave (PAW) pseu-
dopotential with the exchange-correlation functional of the
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof [37,38]. We adopted a 9 x 9 x 12 k-mesh for the
first Brillouin zone and an energy cutoff of 550 eV for
the plane-wave basis. The convergence criteria for energy
is set to 107 eV. When considered, SOC was included
self-consistently. Phonon calculations were performed us-
ing density functional perturbation theory, as implemented
in QUANTUM ESPRESSO [34-36]. Exchange and correlation
effects were included using the generalized GGA with the
Perdew-Burke-Ernzerhof (PBE) functional [38]; the pseu-
dopotentials are norm-conserving, with core correction, and
scalar relativistic [39]. In particular, we employed scalar-
relativistic pseudopotentials generated with the oncvpsp code
(version 3.3.0, 08/16/2017, D. R. Hamann)

Self-consistent calculations of the previously relaxed unit
cell were performed with a 6 x 6 x 12 k-grid. The kinetic
energy cutoff for the wave functions is equal to 100 Ry,
while the cutoff for charge density is 400 Ry. The con-
vergence threshold for ionic minimization and electronic
self-consistency are set to be 1.0D-15 Ry/Bohr and 1.0D-15
Ry, respectively. The self-consistency threshold for phonon
calculations is 1.0D-15 Ry as well, with a g-grid of 3 x 3 x 6
for YCo3B, and 6 x 6 x 6 for LuOs3B,. Non-self-consistent
calculations for the density of states were performed with
a 30 x 30 x 30 grid. Finally, the electron-phonon interac-
tion is computed via an interpolation over the Brillouin
zone [40].

III. STRUCTURE

Both samples, LuOs3B, and YCo3B,, crystallize in a
honeycomb structure with space group P6/mmm. With the
exception of the unit cell size, the structure has no variable
parameters. A Rietveld refinement of the powder patterns
on the basis of hexagonal P6/mmm symmetry as shown in
Figs. 1(a) and 1(b) five the lattice parameters a = 5.456 A,
¢=3.064 A, a=5.033 A, and ¢ =3.037 A for LuOs;B;
and YCosB,, respectively. These lattice parameters are in
good agreement with prior reports [18,41]. From the powder
XRD data we find that there are two additional phases, i.e.,
~2% LuOsB4 and ~3% Os in the case of LuOs3;B,. These
impurity phases do not allow a good Rietveld refinement.
Therefore, only lattice parameters from the positions of the
Bragg peaks will be quoted and no other refinement param-
eters are used in our study. Repeated attempts with varying
starting stoichiometry to produce single-phase samples were
unsuccessful. This indicates that LuOs3;B, is most likely in-
congruently melting in nature and cannott be produced as a
single phase from the melt. We also observe a tiny amount of
Y (&1%) in the XRD data for YCo3B,.

Figure 1(d) shows the schematic of the crystal structure of
the samples, where the central atoms Os and Co are arranged
in perfect kagome layers. These kagome layers of Os(Co) are
separated by layers of Lu(Y) and B stacked along the c-axis
as shown in Fig. 1(c). Thus, the description of the crystal
structure hints that these substances possess the structural
components necessary to exhibit the electronic structure char-
acteristics anticipated of a kagome metal. It must be noted,
however, that the short c-axis could imply that coupling be-
tween kagome planes may be significant.

IV. RESULTS
A. Electronic structure

Figure 2 shows the electronic band structure with and
without SOC for LuOs3;B, and YCo3;B, along some high-
symmetry directions in the Brillouin zone. The metallic nature
of both materials is evident as several bands can be seen
crossing the Fermi level. A comparison of the two compounds
suggests that electronic correlations are expected to be more
relevant in YCo3B,. In particular, the bands of YCo3;B, are
narrower and less dispersive than those of LuOs3;B,, which
qualitatively points to enhanced correlation effects in the Co-
based compound. This expectation is also consistent with the
different orbital character: Co 3d states are generally more
localized than Os 5d states, and therefore more prone to
correlation effects. Whereas the inclusion of SOC has the
most significant effect in the band structure of LuOs3;B, and is
almost negligible for YCo3;B,. We also note the high density
of states in YCo3B, at energies between 0.5 and 1 eV below
the Fermi energy Ep. It could be of interest to enhance the
density of states at Er by shifting the valence bands upward
via strain/pressure or doping.

We now turn to the features of the band structure expected
to arise from the kagome lattice. The band structure of both
materials show a quasiflat band (FB) in the I'-M-K-I" direc-
tion. YCo3B, shows additional flat-band features in the I" - A
direction. Dirac cones (DC) are observed at the K point of the
Brillouin zone. The DCs are closer to Er for LuOs;B,. We
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FIG. 1. Powder x-ray diffraction and results of refinement for (a) LuOs3;B, and (b) YCo3B,. A schematic of the crystal structure of R73B,
viewed (c) perpendicular to the crystallographic c-axis showing the layered nature of the structure with 7 atomic planes separated along the
c-axis by planes made up of R and B atoms. (d) Viewed along the c-axis, the 7 atoms form an undistorted kagome lattice.

also identify van Hove singularities (VHS) located at the M
points for both materials.

The kagome lattice related features in the band structure
arise primarily from the Co and Os orbitals as shown in the
element specific band structures shown in Fig. 3. It is also
evident that bands close to Er mostly arise from the kagome
network. Figure 3 shows the orbital contributions from Co and
Os to the band structure for both materials. We note that for
YCos3B, there are no states at Er for k, = 0.0. Most of the
states at Er come from d,; and d,, orbitals, at k, = 0.5. For
LuOs3B,, dy; and d,, orbitals contribute more for k, = 0.0
while d,>_,» and d,, contribute more for k; = 0.5.

We recall that we previously reported similar kagome
band-structure features for LaRh3B; [29] indicating that the
RT;B, family of kagome metals possesses the predicted fea-
tures of the 2D kagome lattice band structure near Er with
additional modifications arising most likely from the three-
dimensional nature of the material.

The Fermi surface of YCo3B,, shown in Fig. 4(c), dis-
plays a k-selective metallic character. At k, = O the system
is fully gapped and no states cross the Fermi level. Small
Fermi-surface pockets appear only for |k,| > 0.3, indicating
that the in-plane electronic structure is effectively insulating,
while conduction occurs only along the stacking direction

(a),
no SOC LuOs3B;

SOC ——

N
T

ANNEAN

Energy (eV)

K r A L H

FIG. 2. Electronic structure along high-symmetry paths in k-space, compared with and without SOC cases, for (a) LuOs;B, and

(b) YCo3B;. In both panels, the Fermi level is located at 0 eV.
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Energy (eV)

FIG. 3. Elemental contributions to the electronic band structure of (a) LuOs;B, and (b) YCo3B.. In both panels, the Fermi level is located

atO0eV.

within narrow k, intervals. This highly anisotropic electronic
topology underscores the layered and direction-dependent
transport properties of YCo3;B,.

B. Physical properties

We now discuss the electrical, magnetic, and thermal
properties of LuOs3;B;, in the normal and superconduct-
ing states. Figure 5(a) shows the electrical resistivity of
LuOs3;B, measured in the temperature range of 2 to
375 K at zero field, which confirms the metallic behav-
ior of LuOs3B, with a residual resistivity ratio RRR =
p(375K)/p(5 K)~ 11. The p(T) in the low-temperature
region was fit by the equation p(T) = po(T)+ aT? +
bT3, where po(T) is the residual resistivity and the terms
aT? and bT> arise from electron-electron and electron-
phonon scattering, respectively. Fitting the p(7) data in
the temperature range (5 K < T < 35 K) gives the
fit parameters pp=9.68 uQ cm, a=9.7x1073 u cm K2,
and b = 3.03 x 1078 uQ cm K~>. A considerably small value
of b as compared to a for T < 35 K suggests that the resis-
tivity in the low-temperature region is mainly governed by
electron-electron scattering. The inset shows the resistivity
data from 7' =4 to 5.5 K at various applied fields to high-
light the onset of superconductivity in LuOs;B, indicated

(a)LuOs;B,(no SOC)

(b)LuOs3B,(SOC)

by the sharp drop to zero resistance below 7. ~ 4.9 K in
the zero field. This is consistent with 7, values reported
previously [18,21]. The suppression of the superconducting
transition to a lower temperature on increasing magnetic
field is evident in the resistivity data shown in the inset of
Fig. 5(a). Figure 5(b) shows the magnetic susceptibility
versus temperature 7 plotted between 2 and 305 K in an
applied magnetic field of H = 2 T. For a Pauli paramagnetic
metal, a T-independent magnetic susceptibility is expected,
described by x, = /J,%D(SF), where pp is the Bohr magneton
and D(er) is the electronic density of states at the Fermi
level. However, in LuOs3B,, the susceptibility is found to
be temperature-dependent across the entire measured temper-
ature range. This observation is similar to LaRh3;B, which
we reported previously [29]. The Curie-like upturn at low
temperatures in x (7) is expected to arise from trace amounts
of magnetic impurities in the starting elements used to syn-
thesize the materials. We have therefore fitted the x(7) in
the full temperature range with the expression x (7)) = xo[l —
(T)Tg 2]+ C/(T — 0), where the first term represents the T -
dependent Pauli paramagnetic susceptibility, the second term
accounts for contributions from trace amounts of magnetic
impurities.

The fitting parameters are the temperature-independent aver-
age Pauli paramagnetic susceptibility, xo; a phenomenological

FIG. 4. (a), (b) Showing Fermi surface of LuOs;B, with and without SOC, respectively, and (c) of YCo3B,. The color scale indicates the

Fermi velocity.
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FIG. 5. Panel (a) shows the electrical resistivity of LuOs;B, measured in the temperature range of 2.5 to 375 K at zero field, the inset shows
the resistivity data between 4 to 5.5 K at various applied fields. Panel (b) shows the magnetic susceptibility x versus temperature 7 curve plotted
between 2 and 305 K in an applied magnetic field of H = 2 T. Panel (c) shows the temperature dependence of the dimensionless magnetic
susceptibility 47 x in the zero-field-cooled warming and the field-cooled cooling mode measured at 50 Oe. Panel (d) shows the hysteresis loop
at 2 K of the volume magnetization M, (H) normalized by 1/4m, versus applied magnetic field H. Panel (e) shows the temperature dependence
of the field-cooled dimensionless magnetic susceptibility (47 x) at various fields and the inset shows the derivative of 4 x w.r.t T. Panel (f)
shows the volume magnetization M, (H ) normalized by 1/47 versus applied magnetic field H at various temperatures.

parameter related to the Fermi energy, Tg; the Curie constant
of the impurities, C; and the Weiss temperature 6, representing
any interactions between the magnetic impurities. The fitting
curve shown as the solid curve through the data in Fig. 5(b) es-
timates xo = 6.74(1) x 107> cm?/mol, Tz = 884(7) K, C =
0.00068(1) cm? K/mol, and 8 = —6.1(1) K. The obtained
value of C is equivalent to 0.17% of S = 1/2 impurities,
which is quite small.

The temperature-independent susceptibility can be ex-
pressed as Xo = Xcore + Xp + Xvv + Xr Where Xcore i the
diamagnetic orbital contribution from the electrons (ionic or
atomic), xp is the Pauli paramagnetic susceptibility of con-
duction electrons, xyy is the Van Vleck paramagnetic orbital
contribution, and y; is the Landau orbital diamagnetism of
conduction electrons (y; & _T] xp). Assuming the covalent
nature of the bonds in LuOs;B;, we take the atomic diamag-
netism values Xcore [42] for Lu (—60.55 x 10~° cm?/mol), Os
(—53.82 x 107° cm?®/mol), and B (—12.54 x 10~° cm?/mol)
from which we get xcore = —2.47 X 10~*cm? /mol. The Van
Vleck paramagnetic orbital contribution is neglected giving
xp = 5.72 x 107* cm? /mol.

We now present an observation of superconductivity.
Figure 5(c) shows the temperature dependence of the dimen-
sionless magnetic susceptibility 47 x in the zero-field-cooled
(ZFC) warming and the field-cooled (FC) cooling mode
measured in a magnetic field of 50 Oe. The presence of a
diamagnetic signal in the ZFC and the FC data below T ~

4.75 K confirms the superconducting transition in LuOs3B;.
The field-cooled data have a weak diamagnetic signal which
points towards strong pinning in the sample suggesting type-1I
superconductivity in LuOs3;B, which we confirm below using
magnetization measurements. Figure 5(d) shows the hystere-
sis loop at 2 K of the volume magnetization M, (H) normalized
by 1/4m, versus the applied magnetic field H. The hysteresis
loop is typical of a type-1I superconductor. Figures 5(e) and
5(f) show the temperature dependence of 47 x at various fields
and 4w M, (H) at various temperatures, respectively. We will
use these data to extract the upper critical field as a function
of temperature.

The heat capacity measurements provide evidence for the
bulk nature of superconductivity in LuOs3;B,. Figure 6(a)
shows the heat capacity C measured between 2 and 10 K at
0 Oe as well as at 5 T. The anomaly with an onset at
~4.9 K signals a transition into the superconducting state.
The C(T) data in 5 T then provides the normal state heat ca-
pacity. The heat capacity in the normal state can be expressed
as C = y,T + BT? where y, is the normal-state Sommer-
feld coefficient and the second term accounts for the lattice
contribution. A fit of the normal-state heat capacity data
to the above expression gives the fitting parameters y,, =
14.28(9) mJ/mol K? and g = 0.261(6) mJ/mol K*. Using
this value of 8, we calculate a Debye temperature of 6p =
355(3) K [43]. The electronic heat capacity can then be ex-
tracted from the total heat capacity by subtracting the lattice
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FIG. 6. (a) Heat capacity between 2 to 10 K at 0 Oe as well as at 5 T, (b) the electronic heat capacity C, divided by T versus T and (c) C/T

versus T2 at various magnetic fields.

contribution. Figure 6(b) shows the resultant electronic heat
capacity Cg divided by T versus T, which reveals a transition
from the normal to the superconducting state with critical tem-
perature 7. =~ 4.75 K. The initial analysis of the heat capacity
data measures down to 2 K hints towards the possibility of
multigap superconductivity in LuOs3;B; because the normal-
ized heat capacity jump at 7, of ]/A—g ~ 1 magnitude is smaller
than the value expected (1.43) for a single-gap BCS supercon-
ductor. Figure 6(c) shows C/T versus T? at various magnetic
fields showing the suppression of the critical temperature on
the application of a magnetic field. We will use this data to
extract the upper critical field as a function of temperature.
We now calculate the Wilson ratio (Ry ) to get some idea
about the strength of the electronic correlations in LuOs3;B,
[44]. The Wilson ratio is defined as the ratio of the density
of states obtained from the magnetic measurements to the
density of states obztazined from the heat capacity measure-
7K,
3;1,%3
gas. Substituting xp = 57.2(1) x 107> cm?/mol and y,
14.28(9) mJ/mol K? for LuOs;B,, we get Ry ~ 3 at T =
0 K. The enhanced value of the Wilson ratio indicates strong
correlations in the material, similar values of Ry have earlier

ments, i.e., Ry =

)J‘/—P, Ry =1 for a free-electron Fermi

25000 T y r T T
(a) —e—C_ onset
20000} —o—x(D) 4
—e— p mid-point
—— H
=15000 | el L
[}]
o
T 10000} e
5000 L
0 o A 1 1 1 -
2 3 5
T (K)

been reported for kagome metals LaRu3Si, [24], ThRu3Si;
[28], and YRu3Si, [45].

To further support the strength of the electronic corre-
lation in LuOs3B, as suggested by the Wilson ratio, we
calculate the Kadowaki-Woods ratio (KWR) [46,47], which is
defined as A/y?, where A is the coefficient of the quadratic
term in the low-temperature resistivity that occurs due to
electron-electron scattering and y is the normal-state Som-
merfeld coefficient in the heat capacity. Substituting A =
9.7 x 1073 u2 cm K2 and y = 14.28 mJ/mol K?, we get
the KWR ~ 48 u2 cm mol? K? J=2 which indicates signifi-
cant electronic correlations in LuOs3;B,.

We now estimate various superconducting parameters
using the expressions mentioned in Refs. [43,48]. We
first extract the variation of the lower and upper criti-
cal fields H.,; and H. as a function of the temperature
T from various field-dependent measurements presented
above. The critical field data so obtained are shown in
Fig. 7(a). The upper critical field H., obtained from dif-
ferent measurements are in excellent agreement with each
other. We observe an unusual quasilinear dependence in
H»(T) with the slope dHe, |7, = —6055 Oe/K . The clean limit

dT
Werthamer-Helfand-Hohenberg (WHH) formula [48] is used

 (b)

2 3
T (K)

o A

FIG. 7. (a) Variation of the lower critical field H,; and the upper critical field H,, as a function of temperature 7' from various measurements
in finite magnetic field and (b) fitting of the lower critical field data to the Ginzburg-Landau equation.
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TABLE 1. Normal and superconducting state parameters for
LuOs;B,;. Here y is the Sommerfeld coefficient, g is the coefficient
of the T3 term in the low-temperature heat capacity, fp is the Debye
temperature, £ is the superconducting coherence length, and X is the
penetration depth.

RRR ~11
y (mJ/mol K?) 14.28
B (mJ/mol K*) 0.261
O (K) 355
H_.1(0) (Oe) 175
H,»(0) (K Oe) 20.6
H.(0) (T) 1.2
Te (K) 49
£gL (nm) 12.57
AgL (nm) 153.2
KGL 12.2
Aep 0.54

to get an estimate of H,(0) = —0.6937, dfT’ |7, =20.6 K Oe .
This value of H,(0) is then used to estimate the coher-
ence length £ given by the expression H,, = ¢/2mE2, where
¢o = hc/2e =2.068 x 1077 Gem? is the flux quantum. We
estimate £ = 12.57 nm, using H,»(0) = 20.6 KOe and T, =~
4.9 K. The lower critical field H. data are well fitted
with the Ginzburg-Landau expressions: H.(T) = H.1(0)[1 —
[ 1?1 where H,;(0) is the lower critical field at 0K and 7. is
the transition temperature. The fitting shown in Fig. 7(b) gives
the parameters H.;(0) = 175 Oe and T. = 4.82 K. The transi-
tion temperature obtained from the Ginzburg-Landau (GL) fit
is in good agreement with bulk measurements presented previ-
ously. We can use the above values of £ and H,,(0) to evaluate
the penetration depth A and Ginzburg-Landau parameter «
using the relation woH, (0) = 1“(24 i)f)“ and « = A/&, which
gives & = 153.2 nm and x = 12.2. The large value of « indi-
cates that LuOs3B; is a type-II superconductor. Using above
values of H.1(0), H.»(0), and «; we can also estimate the ther-
modynamic critical field puoH.(0) at 0 K by the expression:
H.(0) x H»(0) = HCZ(O)IH(K); which gives H.(0) = 1.2 T.
All superconducting parameters are collected in Table I.
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An estimate of the electron-phonon coupling constant Aep
can be made using McMillan’s formula, which relates the
superconducting transition temperature 7 to Ap, the Debye
temperature 0p, and the Coulomb coupling constant u* [49],

1.04(1 + Aep)
Pl e — (11 0.6200p) |

which can be inverted to give A, in terms of T, 6p, and pu* as

Op

T. = ex
1.45

ey

2 104+'“1n(14sr)
® T (1-0.62%)In (2) — 1.04°

@)

1.45T,

We obtain Ae, = 0.54 and 0.65 for u* = 0.10 and 0.15,
respectively, by using 8p = 355 K and using 7, = 4.9 K eval-
uated from the heat capacity measurements. These values of
Aep suggest moderate electron-phonon coupling in LuOs;3B,.

We discuss the properties of YCo3B, now. The resistivity
p versus temperature 7 for YCo3;B, measured between 2 and
300 K is shown in Fig. 8(a). The RRR &10 indicates a good
quality sample. The p(T') shows typical metallic behavior.
The p data below ~50 K can be fit by a Fermi-liquid be-
havior plus phonon contribution as p(T) = pg + aT? + bT".
The fit is shown as the curve through the data in Fig. 8(a)
inset. The fit gives the values py = 17.34(7) u2 cm and a =
2.2(6) x 1073 uQ cm K2, The value of a, which is related
to the strength of the electron-electron scattering, is enhanced
and is similar to values found in heavy fermion materials.
Below ~10 K there is a weak upturn in the resistivity on
lowering temperature. The resistivity upturn in metallic ma-
terials with magnetic ingredients (Co in this case) can occur
due to the Kondo effect. However, we do not have sufficient
data to conclude that. The heat capacity C for YCo3B, below
T =50 K is shown in Fig. 8(b). The data below T ~ 10 K
follows a Fermi-liquid behavior C/T =y + BT>. A fit to
this expression is shown as the curve through the data in
Fig. 8(b) inset and gave the value y = 12.83(4) mJ/mol K>.
The Kadowaki-Woods ratio A/y? & 13 u$2 cm mol? K? J=2,
which is much larger than values found for transition metals
close to magnetism like Ni, Pd but is close to the value ob-
served for correlated metals like heavy fermion systems.
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FIG. 8. (a) Resistivity and (b) heat capacity versus temperature at zero field for YCo3B,.
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FIG. 9. (a) Phonon DOS for LuOs;B, and (b) phonon DOS for YCo3B,.

C. Phonon calculations

The phonon density of states for LuOs3;B; and YCo3B; are
shown in Fig. 9. The contribution from different elements is
displayed in different colors. The phonon DOS look quite dif-
ferent for the two materials. In YCo3B, there are no imaginary
modes, the B states have a gap around 500 cm™', and part
of these B states overlap with the Co states. In the LuOs3;B,
DOS we see imaginary modes. Also, the B states are well
separated from the Os and Lu states. For both materials the
low-frequency phonon modes mostly originate from Y or Lu
atoms, while intermediate frequencies are essentially due to
Co or Rh atoms; the manifold of low-dispersing bands for
both materials is then due to the kagome network. Finally, the
B atoms contribute to the high-frequency modes.

The phonon band structure is shown in Fig. 10. For
LuOs3;B; we see that imaginary modes arise at high sym-
metry points I', A, and L. Imaginary modes in the phonon
spectra point to an instability to structural distortions. While
the imaginary modes at the Brillouin zone center may be at-
tributed to a numerical approximation artifact, such as the
finite size of the supercell, the mode at the L point drives the
system toward a lower-energy configuration and a mildly dis-
torted structure (Fig. 11). In particular, the DFT total energy
of the distorted 2 x 2 x 2 supercell is EQ = —428.57006 ¢V,
while the total energy of 2 x 2 x 2 pristine unit cells is EO =
—428.11196eV.

The phonon bands for YCo3B, are quite flat, similar to
what is found for its electronic bands. From the phonon
spectra, we compute the electron-phonon coupling Ae_pp.

800 — - . —
700/ @)

w;
kA T

The A._pn for LuOs3B, cannot be reliably determined due
to the presence of imaginary phonon modes in the spec-
trum. In contrast, YCo3;B, does not exhibit such instabilities,
and A._py can be evaluated in a standard manner, obtaining
Ae—ph ~ 0.32.

The Allen-Dynes formula can be used to estimate the su-
perconducting critical temperature 7, [50,51]

Wlog —1.04(1 4+ A)
T. = exp )
1.2 A1 —=0.62u*) — u*

3

with wje, being related to the Eliashberg function

g = expE / X F @ w} )

Due to the presence of imaginary phonon modes in LuOs3;B,,
a quantitative estimate of the superconducting critical tem-
perature from electron-phonon coupling is not reliable.
Accordingly, we do not discuss calculated 7; values for this
material, and instead rely on experimental measurements
to characterize the superconducting transition. In contrast,
YCo3B, shows no such instabilities. Here the T is estimated
to be close to 0 K, consistent with no superconductivity ob-
served down to 2 K as can be seen from Fig. 10.

V. SUMMARY AND DISCUSSION

The family of kagome metals R73B, has a structure built
up of kagome planes of T stacked along the c-axis with
R-B planes separating the kagome planes. We studied RT3B,

800 — - . —
700 (®)

600 W

MK T A LH A

FIG. 10. Phonon dispersion along high-symmetry lines for (a) LuOs;B; and (b) YCo3;B,.
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FIG. 11. The 2 x 2 x 2 supercell of LuOs;B,, with atoms displaced according to the L phonon mode, seen from different perspectives. Lu
atoms are colored with turquoise green, Os atoms with khaki, and B atoms with grass green.

(R=Y,Lu,and T = Co, Os) through measurements of their
electrical transport, magnetic susceptibility, and heat capacity
and through calculations of their electronic band structure,
Fermi surfaces, and phonon spectrum. The electronic structure
contains all the features expected for a 2D kagome lattice
including a flat band, Dirac bands and van Hove singularities
at high symmetry points in the Brillouin zone and the kagome
planes made out of Co or Os make a dominant contribution
to these features. The various measurements point to the
importance of electron correlation as seen in the enhanced
values of the Wilson ratio (~3) and the Kadowaki-Woods ratio
(~48) for LuOs;B, and the Kadowaki-Woods ratio (~13) for
YCO3B2.

The superconducting properties of LuOs3;B, with a T, =
4.8 K points to type-II superconductivity with intermediate
to strong electron-phonon coupling. The jump in the heat
capacity at 7, is smaller than expectation for a single-gap
s-wave BCS superconductor, suggesting that LuOs3B, could
be a multigap superconductor. Spectroscopic measurements
of the gap could be useful to clarify this.

The phonon calculations for LuOs3;B, show imaginary
modes, especially at the L high-symmetry point. Imaginary
modes in the phonon spectra indicate an instability to struc-
tural distortions and may point to a susceptibility of the system
to charge order or CDW-like states. Our measurements did not
reveal any such transitions in the temperature range studied.
However, it is possible that LuOs3;B, may be situated at a
tipping point and small perturbations like doping or pressure
could push the system towards such an instability. We recall
that in LaRh3B,, which we reported on previously, showed
no significant features of electronic correlations and no imag-
inary modes in its phonon spectra. The fact that we observe
both strong correlations and imaginary phonon modes for
LuOs3B, points to an intimate connection between the two.
Thus, LuOs3;B; seems to be a good candidate for further study
through doping or pressure to try to explore the interplay
between correlations and phonon anomalies.

On the other hand in YCo3B,, which has a large density
of states just below EF, it may also be interesting to dope the
system to lower E into the large DOS. The small electron-
phonon coupling calculated for YCo3B, gives a likely reason
for the absence of superconductivity in this material. Addi-
tionally, for YCo3;B, the band-structure and Fermi surface
calculations show that this material is electrically anisotropic
and is effectively insulating in the kagome plane and con-
ducting along the c-axis. It may, therefore,, be of interest to
synthesize mono-layer sheets of YCo3;B, which may be a
candidate insulating kagome magnet.

Recently we became aware of a report on the synthesis,
physical properties, and electronic band-structure calcula-
tions of LuOs3B; [52]. Our superconducting and electronic
structure properties are in qualitative agreement with those
reported in Ref. [52]. However, we note that this paper re-
ports the synthesis of single-phase samples of LuOs;B, by
arc-melting whereas we found LuOs3;B, to be incongruently
melting and therefore not possible to obtain in single phase by
arc-melting.
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