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We explore bulk superconducting phase in single crystals of the Dirac material LaCuSb, prepared by the
self-flux method. Magnetization, muon spin relaxation measurements, and density functional theory,
show the Dirac nodal line Fermi surfaces give rise to type-Il superconductivity for magnetic fields
applied along the a-axis, and type-I| superconductivity for fields along the c-axis. Both chemical and
hydrostatic pressure drastically suppress the superconducting transition. We find multiband super-
conductivity evidenced by a precipitous drop in the electronic specific heat capacity and high-pressure
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1 Introduction

In topological semimetals, the electronic band structure features
relativistic linearly-dispersive band crossings. This degeneracy
gives rise to quasiparticles in condensed matter systems known
as Dirac or Weyl fermions, analogous to those found in quantum
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superconductivity in LaCuSb,, and highlights the role of Dirac fermions on its anisotropic character.

Our work demonstrates dirty-limit, weak-coupling multiband

field theory. Realizing these in bulk materials is an exciting
prospect because they bring about topological protection, phy-
sical properties beyond those seen in the semiclassical regime,
and novel phases of matter. For example, Dirac semimetals are
often found to have large linear transverse magnetoresistance,
and negative longitudinal magnetoresistance, which are asso-
ciated with a chiral anomaly in the underlying field theory."*
New phases of matter can be realized when these topological
fermions influence other electronic or magnetic properties, and
vice-versa. Exotic topological phases like a monopole super-
conductor are predicted to arise in superconducting magnetic
Weyl semimetals with inversion symmetry, whose gap func-
tions are nodal and described by monopole harmonics.? On the
way to realizing such novel classes of superconductors, it is
natural to study centrosymmetric, non-magnetic superconduc-
tors that harbor Dirac fermions to understand the physical
phenomena that emerge. One family of interest is the set
of square-net materials that contain pnictogens like Sb or Bi,
where Dirac fermions arise due to nonsymmorphic symmetry.*>
Chamorro et al® found a large linear magnetoresistance
and small effective masses in the square-net material LaCuSb,
that were attributed to Dirac fermions. Earlier reports of super-
conductivity”® in this material make it an ideal system to study
the interplay between Dirac fermions and superconductivity,
however superconductivity was not detected by Chamorro et al.

Here we resolve this contradiction, demonstrating that there
is an extreme sensitivity of the physical properties to copper
stoichiometry in LaCuSb,. We have grown single crystals of
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LaCuSb, with varying copper content to study the effect of
disorder on the superconducting state. In optimized samples
with the highest superconducting 7. and closest to ideal
stoichiometry, we used specific heat, susceptibility, magnetiza-
tion, and muon spin rotation and relaxation (uSR) to character-
ize the highly anisotropic superconducting state. We utilize a
combination of simple free-electron models, Bardeen-Cooper—
Schrieffer (BCS) models, and tight-binding models to under-
stand the fragile and anisotropic superconductivity in LaCuSb,.

2 Results

2.1 Structure

LaCuSb, crystallizes in the centrosymmetric, nonsymmorphic
tetragonal space group P4/nmm (129). It can support both the
Cu-deficient ZrCuSiAs structure,”'® and the Cu-excess defect-
CaBe,Ge, structure, which features an interstitial Cu site'®*!
(Fig. 1a). We used Ng,, related to the flux ratio used for crystal
growth, as a parameter to tune stoichiometry in LaCuSb, and
powder X-ray diffraction (XRD) to monitor the lattice constants
of the resulting crystals (see methods). Fig. 1b shows the space
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Fig. 1 Structure and stoichiometry of LaCuSb,. (a) Crystal structure of
LaCuSb,, showing the layered structure and square-net layers of Sbl. The
sites Cul suffer from partial vacancy, and Cul’ suffer from partial occu-
pancy. (b) Lattice constants a,c determined from powder X-ray diffraction,
for various singles crystals and polycrystalline samples from this work and
from other works. Lines of constant c/a are used to compare samples in
the literature. 'LCS(X)" refer to polycrystal samples from this work, and their
refined Cu occupancy X from powder XRD. Data from Muro et al.®
Sologub et al.® and Ohta'® are indicated. Solid grey lines are derived from
fitting the data to linear trendlines.
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Fig. 2 Dependence of physical properties on chemical and hydrostatic
pressure in LaCuSb,. (a) Refined copper occupancy xc, derived from
single-crystal XRD, versus room-temperature unit cell volume V, = ca?
derived from powder XRD. (b) Superconducting dome derived from
magnetization measurements, showing the measured midpoint T, versus
Vo at ambient pressure, along with measured midpoint T, versus hydro-
static pressure p for the optimized sample (black), the latter of which has
refined occupancy xc, = 0.988(5). Solid grey lines are fits to the data with
linear trendlines. (c) Real part of the AC susceptibility for LaCuSb, under
hydrostatic pressure. The transition T. is seen to decrease and there
appears to be a double-peak feature near T.(p) and T* ~ 0.35 K at higher
pressures. Solid lines are fits to the data using eqn (S4) (ESI+).

of lattice parameters a versus ¢ (in A) for various crystals at room
temperature. There is a clear nearly-linear trend in the a versus ¢
data below and above Nc, ~ 2.25, where the trend changes
from expanding c, contracting a to both expanding a and c. This
is consistent with data from Ohta,'® whereby the change in
the lattice trends occurs at the change between Cu-deficient
samples and Cu-excess samples. In the same plot, we have
included data from crystals grown with differing starting flux
ratios than that reported in this paper. These fall on roughly the
same trendlines, affirming that the single parameter N, can be
used to tune a wide range of stoichiometry. We used single-
crystal XRD to provide a quantitative estimate of the ratio of the
elements, and in particular the copper concentration xc,, in
various samples, as shown in Fig. 2a.

2.2 Superconducting dome

To demonstrate the effect of off-stoichiometry on the super-
conductivity, we measured DC magnetization on multiple
samples grown with different flux ratios. We plotted T, against
parameters characterizing the sample that, over the relevant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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range of stoichiometry, can be expected to vary if not in
proportion then monotonically with the chemical potential.
This is a self-doping process with Cul vacancies in the ZrCuSiAs
structure for N¢, £ 2 versus fully occupied Cul with interstitial
Cul’ ions in the defect-CaBe,Ge, structure for N¢, z 2. Both the
unit cell volume V, and the refined copper occupancy X, are
suitable parameters as a function of which to trace out the
superconducting dome. The results are shown in Fig. 2a and b,
while the supporting susceptibility data are shown in Fig. S2 and
S3 (ESIt). We indeed see a systematic change in the supercon-
ducting transition temperature as a function of the unit cell and
the Cu-occupancy. There is a nearly-linear increase of T, at small
unit cell volumes (Cu-deficient samples), a saturation near nomi-
nal stoichiometry until N¢,, & 2, and a nearly-linear decrease with
larger unit cell volumes (Cu-excess samples).

2.3 Hydrostatic pressure

Given the large variation in the superconducting transition
with chemical composition, we studied the effects of hydro-
static pressure on the superconducting state. As shown in
Fig. 2c, T. decreases with increasing pressures though full
diamagnetic screening is achieved up to the largest pressure
of 2 GPa accessed. The reduction in T, with pressure amounts
to dT./dp = —0.31(3) K GPa '. The suppression of T, with
doping also occurs as the volume decreases at a rate dT./
dv|chem = 80(20) K, where dv = (V — V,)/V, relative to the
optimized N, = 2. If the effect of doping were solely associated
with chemical pressure, then the corresponding bulk modulus
K = — dTe/dv|chem(dTe/dp)™" = 270(80) GPa. With this, the
extracted T. and pressure can be directly compared to the
chemical doping, as seen in Fig. 2b. Note the large effective
bulk modulus may be taken as an indication that the effects
of copper doping go beyond chemical pressure. Interestingly,
for pressures between 1.7 GPa and 2 GPa, there is an anomaly
within the transition to diamagnetism near T ~ 0.35 K.
The ambient-pressure specific heat capacity displays a poten-
tially related second lower temperature anomaly near this
temperature.

2.4 Specific heat capacity

To determine whether superconductivity is a bulk effect in
LaCuSb, and glean information about the superconducting
gap function, we turn to specific heat capacity measurements.
For a stoichiometric sample in zero field, C,,/T features a sharp
jump with midpoint T, = 0.98(2) K (Fig. 3a). Apart from a higher
transition temperature, C,(7) is similar to that of polycrystalline
samples reported by Muro et al.® Single crystalline samples,
however, enable measurements with a well-defined field orien-
tation. Our measurements of Cp,(T) for fields applied along the
c-axis are in Fig. 3a. For H = 75 Oe superconductivity is fully
suppressed, while for H = 25 Oe the specific heat jump AC, at
T. = 0.81(4) K is actually enhanced over the zero field
data, where AC,(T.)/Cp(T.) = 1.16(3) in 25 Oe compared with
AC,(T.)/Cp(Te) = 0.94(4) in zero field.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermodynamics of the superconducting state of LaCuSb,.
(a) Total specific heat Co/T in applied magnetic field parallel to the
c-axis. The superconducting transition temperature T. and low-
temperature anomaly T* are indicated by the arrows. The fit to the low-
temperature zero-field data with eqn (S13) (ESI}) is shown in green, and the
contribution from the nuclear Schottky is shown as a dotted grey line. The
data from Muro et al.® on polycrystal samples are included for comparison.
(b) Comparison of electronic specific heat Cel/y,T with BCS theory, and the
self-consistent two-band Eilenberger model (“Model 3", as discussed in
ESI,+ S10). (c) and (d) Magnetization versus internal field, for applied fields
along the a-axis and c-axis, respectively. The dotted grey lines represent
the theoretical slope 4my, = —1, in excellent agreement with the data.
(e) The field-temperature phase diagram highlights the difference in the
intermediate (type-I, orange) or vortex (type-ll, blue) state, with normal
regions in white. (f) The diamond-shaped (FS Ill) and ellipsoidal (FS IV)
Fermi surfaces from the Dirac nodal line in the tight-binding model, shown
in the k, = 0 plane.

In contrast to the high-temperature specific heat capacity,
which is dominated by phonons and electrons (quantified by
the Debye factor fi; and Sommerfeld constant y,, respectively),
Cp(T) at low T is dominated by a nuclear Schottky anomaly (see
ESLt S6 for more details on the corresponding modeling).
Subtracting the nuclear Schottky and phonon contributions
from the measured specific heat allows us to estimate the zero-
field electronic specific heat in a simplified model, C¢(7) =
Cp(T) — Cn(T) — BsT°, shown in Fig. 3b. From these data, we
conclude that superconductivity in LaCuSb, is a bulk property
and not a secondary phase or surface effect. The electronic
specific heat capacity also may be directly compared with
predictions from BCS theory. For instance, the size of the
specific heat jump in zero field AC/y,T. = 0.94(4) is less than
that expected from BCS theory of AC/y,T. = 1.43. Furthermore,
the electronic specific heat features an abrupt drop at low
temperatures near 7* ~ 0.35 K, resulting in an exponentially-
activated low T regime. This anomaly is present in both the
total specific heat (Fig. 3a) and the electronic specific heat

Mater. Adv,, 2025, 6,1685-1694 | 1687


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00022j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 1403. Downloaded on 14/11/1404 09:21:17 ..

(cc)

Paper

(Fig. 3b), and occurs at a similar temperature to the kink in the
high-pressure susceptibility data in Fig. 2c. Such feature is
consistent with multigap superconductivity, a natural conse-
quence in this multiband metal. We explore several possible
models in the ESI,f S10, including the Eilenberger self-
consistent two band model,'* shown in Fig. 3b.

2.5 Quantum oscillations

For experimental information about the Fermi surface for a
stoichiometric sample, we studied quantum oscillations in the
Hall resistivity for which the oscillation strength is the largest.
The large room temperature to residual resistivity ratio of
16.1(2) indicates high sample quality (see ESI,T S4). The mag-
netoresistance p(H)/p(0) is nearly linear in fields up to 16 T
(Fig. 4a), and is largest at the lowest temperatures, similar to
previous results found for this Dirac material.® The Hall data
(Fig. 4b) show nearly linear behavior for fields less than 7 T, but
is non-linear and display quantum oscillations for fields
between 7 T and up to the highest fields measured (16 T).
We extracted the oscillatory behavior as a function of field and
temperature from the Hall data (Fig. 4c). Using the amplitude
of the v = 48 T oscillation and the Lifshitz-Kosevich formula,*?
we extracted an effective mass of m = 0.058 m. for the corres-
ponding charge carriers (Fig. 4d), which are associated with
small electron pockets near the X point. Both the oscillation
frequency v and the effective mass m; is within error bar of
earlier measurements in samples from Chamorro et al.® and
Akiba et al,'* which indicates that self-doping has negligible
effects on the extremal dimensions of the Fermi surface. Lastly,
we note any splitting of Dirac to Weyl nodes would require
Zeeman shift from large magnetic fields (order of ~10 T
and higher), so we would not expect to be able to discern an
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Fig. 4 Quantum oscillations for c-axis oriented magnetic fields in the
optimal Nc, = 2 LaCuSb, samples. (a) Magnetoresistance p(H)/p(0) at
various temperatures from 0.3 K to 50 K and for applied magnetic fields
up to 16 T. (b) Hall effect for fields up to 16 T, showing nonlinearity and
quantum oscillations in high fields. (c) Amplitude of the quantum oscilla-
tions as a function of frequency, for various temperatures. Note the peak
near 10 T may be an artifact of the background removal. (d) Amplitude of
the 48 T peak as a function of temperature, fit with the Lifshitz—Kosevich
formula to extract the effective cyclotron mass.
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anomalous Hall effect at low fields near the regime of the
superconducting critical fields (order of ~100 Oe). Further-
more, we expect any potential signatures suggestive of the
chiral anomaly will be obfuscated by the multi-band nature
which can make it difficult to unambiguously relate it to the
non-trivial character of the Dirac bands.

2.6 Anisotropic magnetization

We turn to magnetization measurements on the optimized
sample to study the superconducting critical fields. Demagne-
tization corrections were taken into account to allow us to
report the internal magnetic field H;,, (see ESI,T S3). Fig. 3c and
d shows the demagnetization-corrected magnetization data for
internal fields along the a- and c-axis, respectively. Note the
slopes y = dM/dH, are consistent with the expected value for
bulk superconducting susceptibility 4ny = —1 in both cases.
With applied fields along the a-axis, the magnetization is linear
at small fields indicative of a Meissner state, but then the
diamagnetic magnetization gradually decreases for H > H(7),
suggestive of the development of a vortex state. A small critical
field H,,(0) = 172(6) Oe is deduced by extrapolating the magne-
tization data to zero temperature (see ESL{ S3). For applied
fields along the c-axis, the magnetization remains linear over
an extended field range until it sharply drops to zero magne-
tization near a critical field, in contrast to the gradual decay for
H||a. While not definitive on their own, these data hint at
distinct superconducting responses in different magnetic field
orientations, sketched in Fig. 3e.

2.7 Transverse-field uSR

We confirm the unusual nature of the response to applied
fields in sample-averaged thermodynamic measurements using
with muon spin rotation (uSR) measurements. Specifically we
used transverse-field (TF) uSR to measure the distribution of
internal field at muon stopping sites as a function of applied
fields along the a and c¢ directions. The geometry of the
experiment is shown in Fig. 5a, with the co-mounted samples
shown in Fig. 5b. When the samples were co-aligned with the
magnetic field parallel to the a-axis, the real Fourier transform
amplitude (Fig. 5d) of the asymmetry data (Fig. 5c¢) shows
a broad peak centered at fields lower than the applied field.
The broad distribution of internal fields sampled by the muon
ensemble indicates the formation of a vortex lattice. We fit the
asymmetry data to

Aqft) = AgfFe """ cos(wt + ¢) + (1 — Fle ™ cos(wpgt + ¢)]
1)

here F is the fraction of muons that stop in LaCuSb, with the
remainder stopping in the Ag sample holder. w = y.Hin is
the muon precession frequency in the average internal field;
Opg = PuHapp is the corresponding frequency for muons that
stop in the silver sample holder. A, describes the exponential
relaxation rate for muons that stop in Ag. ¢ characterizes the
width of the internal field distribution in the sample. y, = 21
135.5 MHz T ' is the gyromagnetic ratio of the muon and
¢ is the phase angle of the initial muon polarization. For the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Transverse-field uSR investigation on LaCuSb,. (a) Experimental
set-up for the uSR experiment. The muon spin is flipped to be perpendi-
cular to the incident beam, and the magnetic field H,p, is applied
horizontally. The left/right detectors were used for the experiment. (b)
Image of the co-mounted samples mounted with the a-axis out of the
page (in the same direction as H,pp) and with the c-axis horizontal. (c)
Muon asymmetry and (d) real Fourier amplitude in the type-Il super-
conducting state for Hap, &~ 40 Oe applied along the a-axis. There are
peaks at the applied field, and smaller internal fields experienced by the
muons in the vortex state. Solid lines are fits to egn (1). () Muon asymmetry
and (f) real Fourier amplitude in the type-I superconducting state for
Happ = 40 Oe applied along the c-axis. There are peaks at the applied
field, and a larger internal field experienced by the muons in normal
regions. Solid lines are fits to egn (2).

purpose of our analysis, the Gaussian relaxation term in eqn (1)
provides an adequate approximation to the Fourier transform
of the internal field distribution n(H) for the vortex lattice,
which peaks at fields H < Hypp.'> With certain assumptions
(see ESL i S8), we used the temperature dependence of the
relaxation rate to obtain the superfluid density p(T) = 4*(0)/
J2(T). This may be compared to theoretical models to extract
information about the gap function, and possible multiband
effects. Most notably, we find the low temperature limit is
consistent with conventional s-wave behavior and no thermal
anomaly is observed in p(T) near T* (see Fig. S8 for a more
detailed discussion of the fitting models, ESI}).

Our measurements with the magnetic field along the c-axis
are in stark contrast to the previous case. The real Fourier
transform amplitude (Fig. 5f) of the asymmetry data (Fig. 5e)
featured a broad peak at internal fields higher than the applied
field. To understand this, we note that in the Meissner state,
most muons will enter the superconductor where B = 0, while
muons implanted in the Ag sample holder precess in the
applied field. However, due to demagnetization effects,
some regions of the superconducting sample sustain an inter-
nal field that is greater than the critical field H.. In type-I

© 2025 The Author(s). Published by the Royal Society of Chemistry
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superconductors, such a region must become normal, as there
is no other state (such as a vortex state) to support super-
conductivity. A type-I superconductor with demagnetization
factor N in an applied field H,,, > (1 —N)H, is in the
intermediate state, characterized by laminar structures of
superconducting and normal regions, the latter of which main-
tains a constant internal field equal to the critical field H,.'*"”
In our uSR experiment, N ~ 0.86 for the plate-like ensemble of
co-aligned single crystals, and H,(0) = 59.8(1.0) Oe from fits to
magnetization data, meaning that in applied magnetic fields
above H,,, ~ 8.4 Oe, the samples were assuredly in the
intermediate state. Therefore, the observed oscillation fre-
quency in the uSR spectrum corresponds to the critical field
H,. To model the data and extract H,(T), we fit the asymmetry

spectrum using the equation

Ad(f) =AJF(1 — Fs)e ™ " cos(wt + ¢) + (1 — Fje ! cOoS(whgt + ¢)]

2)

here F as before is the fraction of muons stopping in the
sample, and Fg is the superconducting volume fraction of that
sample. Only the normal regions with volume fraction F(1 — Fs)
will have a non-zero frequency w due to the intermediate state.
From the fits to the data, we find a large superconducting
volume fraction Fg = 0.924 at 20 mK and 10 Oe, indicative of a
bulk superconductor and consistent with the thermodynamic
data. We also extracted the critical field H,(T) by tracking the
temperature-dependence of the frequency w > wy, from the
normal regions in the sample. We found that for T € [0.02,1] K
and in applied fields of 10 Oe and 40 Oe, the FFT spectrum of
muon precession always showed a peak at a field higher than
the applied field. Combining the data in g-axis and c-axis
oriented magnetic fields allows us to map out the phase diagram,
with the vortex behavior (and lack thereof) sketched in Fig. 3e and
shown quantitatively in Fig. S9 (ESI}). Overall, these results
provide microscopic evidence that LaCuSb, is in a type-I super-
conducting intermediate state when magnetic fields are applied
parallel to the c-axis, and type-II superconducting state when
magnetic fields are applied parallel to the g-axis, confirming the
possibility from the bulk thermodynamic data.

2.8 Tight-binding model and superconductivity

The exponentially-activated specific heat capacity at lowest
temperatures without a residual Sommerfeld coefficient indi-
cates the entire Fermi-surface is gapped. However, few experi-
mental probes are sensitive to discern superconducting quan-
tities for each of the four Fermi surfaces (FS) separately. To find
additional impacts of the Dirac bands on superconductivity in
LaCuSb,, we implemented a tight-binding model for the multi-
ple bands associated with Sb orbitals as dictated by space-group
symmetry.>'® The derivation is described in detail in ESI,f S9.
The modeled Fermi surfaces (shown in Fig. 3f, see also Ruszala
et al') are the quasi-two-dimensional diamond-shaped
nodal lines, and the small ellipsoidal pockets whose orbits
are observed in the quantum oscillations. These FS arise from
the same band in the extended zone scheme and are highly aniso-
tropic, in line with the observed anisotropic superconducting
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quantities (further quantified in the discussion section and
ESL 1 S5). The anisotropic Sb Fermi surfaces contrast with the
more three-dimensional Fermi surfaces derived from Cu and Sb
orbitals near the I' point, the latter of which we do not model
due to a lack of microsopic parameters for a tight-binding
model. The pair-wise degeneracy of the Dirac bands at X is
enforced by the nonsymmorphic symmetry of the space group.
These bands intertwine across the Brillouin zone, which con-
tributes additional spin-orbital texture to bands near the X
point. From the superconducting fitness method,*® we predict
that the most general gap function on the Dirac nodal lines
has in-plane anisotropy, A(k) ~A; + A,(cos k, + cos k). This gap
anisotropy is generic and independent of the chemical
potential, arising instead from the existence of Dirac bands
whose bandwidths exceed several hundred millielectronvolts.
We cannot resolve this anisotropy with our thermodynamic
probes, but the anisotropy may impact the sensitivity of the
superconductivity to disorder.

3 Discussion

Despite the experimentally observed anisotropy, we gain quan-
titative insight into the superconducting state by calculating
thermodynamic quantities in a one-band, isotropic free-
electron model as a first approximation. The relevant thermo-
dynamic and superconducting quantities are tabulated in Table
S5 (ESIt). In particular, we find a coherence length of £ ~ 1 um,
whereas the mean-free path is ¢~ 0.06 pm/This suggests
LaCuSb, is in the dirty limit>* since ¢>> ¢. The relevant
expression®” for calculating the Ginzburg-Landau (GL) para-
meter in the dirty limit is x = (7.49 x 10%)y,,"?p, (with all
quantities in cgs units), where p, is the value of the low-
temperature residual resistivity plateau. The out-of-plane GL
parameter k. depends on currents generated in the ab plane,
so using p = po, for in-plane resistivity, we find k. = 0.398(7).
That . < 1/v/2 is consistent with type-I superconductivity for
H||c. Extrapolating our magnetization data to T = 0, we have
H, = 59.8(1.0) Oe and H,, = 172(6) Oe and thereby estimate®'
kg = Hey/v2H,. = 2.03(8). Next, we use conventional BCS the-
ory to estimate the thermodynamic critical field H,. This field is
related to the gap function and density of states,”® and in cgs
units is given by H.(0) = 1.764\/6/n - y,,'/*T.. From this we
estimate that H,(0) ~ 68(1) Oe, in remarkable agreement with
the measured phase diagram (see Fig. S9, ESIt).

Although type-I superconductivity is mainly found in ele-
mental superconductors and several binary compounds (e.g.
noncentrosymmetric BeAu'® and Dirac semimetal candidate
PdTe,”"), it has also been observed in ternary compounds
including LaRhSi;** and LiPd,Ge,>® among others. Further-
more, it is at the same time possible to satisfy that x, < 1/v/2
and x, > 1/+/2 when the anisotropy factor?”*® y = k./x, > 1,
implying a superconductor whose type depends on the applied
magnetic field direction.?””*>*° In particular, the direction of
the field relative to the crystallographic axes will either favor or
disfavor vortices in the superconducting order parameter,
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based on the free energy in distinct crystallographic directions.
While rare, this behavior has been observed in CgK*' and
TaN,**?** where the angular dependence of the critical field
was explicitly studied. However, such an anisotropy seems not
to be well-studied in ternary systems.

Using DFT calculations (as shown in ESIt 5 and Table S4,
ESIT), we deduce that the main contribution to the type-I/type-II
anisotropy in LaCuSb, is the Dirac band structure. From semi-
classical transport theory,®® the conductivity is related to the
squared Fermi surface velocity from each band o, ~ 3 (va,’),

n

but has dominant contribution (about 80%) from the Dirac
diamond nodal line. Furthermore, in the dirty limit, the large
in-plane conductivity ¢, = 1/p, ~ 1/k. results in small in-plane GL
parameter . for out-of-plane fields. Thus, the Dirac character of
the bands, with small in-plane effective masses and relativistic
Fermi surface velocity, yields the small . that engenders type-I
superconductivity. Concomitantly, the type-II behavior arises from
the quasi-two-dimensionality of the Dirac diamond nodal line.
The anisotropy factor in dirty one-band superconductors is related
to the anisotropic Fermi velocities as y* = (v,>)/(v.%). Namely, the
anisotropy of the GL parameter is directly related to the anisotropy
of the Fermi surface. Considering the previous estimates of «, and
k., the large anisotropy parameter y*> ~ 26(2) is easily explained by
the highly-two-dimensional diamond-shaped Dirac nodal line.
This Fermi surface has an estimated anisotropy factor of y* =
18.6 stemming from the large effective mass along the c-axis, and
therefore dominates this anisotropic response, compared to the
more three-dimensional trivial bands. (In the full multiband
consideration, the ratios are weighted by the density of states
and gap size, the latter of which we do not estimate by density
functional theory.) In summary, the Dirac bands and their
anisotropy directly impact the anisotropy in the magnetic field
response to the superconductivity.

The fact that Ng, can tune a wide range of compositions is
likely due to the change of thermodynamic chemical potential
and stable phases that can emerge in the LaCu,Sb, solid-
solution-type structure. If the main role of the Cu off-stoichio-
metry is interpreted as the introduction of non-magnetic impu-
rities (as opposed to stacking defects, see TEM results below),
in the form of vacancies or interstitial sites, then according to
Anderson’s theorem on dirty s-wave superconductors, such
defects should have no effect on T..** There may be several
ways to reconcile this. One possibility is that the small effects of
off-stoichiometry may be affecting the Fermi level and density
of states, as suggested in resistivity measurements (see ESL
S4), thereby resulting in stronger dependence of T as expected
under conventional BCS theory.>' Another possible explanation
is that the gap function itself is anisotropic leading to strong
dependence of T. on the scattering rate, a well-known result
from Gor’kov.>>?°® Indeed, an anisotropic gap function is
expected from our tight-binding model for the pairing gap
function. It is possible that one or both effects could explain
the drastic suppression of T. with doping and pressure. Thus,
the presence of Dirac bands naturally explains the sensitivity to
non-magnetic disorder via anisotropic band gap, in addition to
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the extreme anisotropy in the response to an applied magnetic
field. Overall, despite the fragility of the superconducting state
in LaCuSb, to stoichiometry, pressure, and magnetic fields, it is
worth exploring related compounds, perhaps ones that contain
magnetic moments, to continue the search for exotic super-
conducting phases.
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5 Methods

5.1 Synthesis

Single crystals of LaCuSb, were grown by the self-flux method.
Cut pieces from lanthanum ingot (Ames Laboratory, 99.99%),
pieces of copper (Alfa Aesar, 99.999%), and antimony shot
(Strem Chemicals, 99.9999%) were weighed with a total mass
of about 4 g in various molar ratios and placed in an alumina
crucible. An inverted catch crucible with an alumina strainer
was placed atop the first crucible, and both were sealed in a
quartz tube under partial pressure of argon gas. The ampules
were heated to 1070 °C at a rate of 100 °C h™* and held for 12 h,
then cooled to 670 °C at a rate of 4 °C h™" before centrifuging.
Inspired by previous literature on isostructural LaAgSb,, which
was reported to produce stoichiometric samples with starting
ratio 0.045:0.091:0.864 (or roughly, 1:2:19.2),>”*% we used
varying compositions 1:N¢,:19.2 with 1 < Ng, < 6 as a
parameter to tune the chemical potential of the system and
grow crystals with different Cu content.

Polycrystalline samples were also prepared using a simple
reaction of the elements in a quartz tube. Powders with ratios
1:6:2 with 6 = 0.8, 1.0, 1.2 were synthesized by first melting
about 1.0 g of the elements in a quartz tube, using a step
furnace at 600 °C for 24 hours. This polycrystal was then ground
and reheated to 800 °C for roughly 12 hours. Further heating of
the powder at high temperatures, or low temperatures for
extended periods of time, was disadvantageous due to the
decomposition of the structure, as evidenced by larger relative
percentages of secondary phases Sb and Cu,Sb. We compared
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the lattice constants (in particular, the c/a ratio) of the poly-
crystalline samples to those of our single crystals, and to those
from the literature.

5.2 X-ray diffraction

Powder XRD data were collected at room temperature using a
laboratory Bruker D8 Venture Focus diffractometer with Lyn-
xEye detector in the range from 10-80 degrees. Refinements on
the powder XRD data were performed using Topas 5.0 (Bruker).
The occupancy of La and Sb ions were constrained to 100%,
while the Cu occupancy was refined freely. We also refined the
strain parameter and preferred orientation, due to the layered
nature of the crystals.

Single-crystal XRD data were acquired at 110(2) K using a
SuperNova diffractometer (equipped with Atlas detector) with
Mo Ko radiation (4 = 0.71073 A) under the program CrysAlisPro
(Version CrysAlisPro 1.171.39.29c, Rigaku OD, 2017). The same
program was used to refine the cell dimensions and for data
reduction. The structure was solved with the program SHELXS-
2018/3 and was refined on F2 with SHELXL-2018/3.%° Analytical
numeric absorption correction using a multifaceted crystal
model was applied using CrysAlisPro. The temperature of
the data collection was controlled using the system Cryojet
(manufactured by Oxford Instruments). For all samples in the
ZrCuSiAs structure type, the occupancy factor for Cul was
refined freely. For samples in the defect-CaBe,Ge, structure
type, the additional Cu site (denoted Cul’) was necessary to
obtain good fits to the data. The occupancy factor for both Cu1
and Cul’ were refined freely, and the reported occupancy is
Xcu = X[Cul] + x[Cul’]. Crystallographic data tables are included
in the ESL{

5.3 Specific heat

Heat capacity measurements were performed in a Quantum
Design Physical Properties Measurement System (PPMS) with
the dilution refrigerator option. The magnetic field was
degaussed above 3.8 K to minimize effects of persistent fields.
Measurements were performed on a single crystalline sample of
LaCuSb, of 10.7(1) mg mass oriented such that the applied
magnetic field was along the nominal c-axis, with reported
fields depicted in Fig. 3 between 0 Oe and 75 Oe. All measure-
ments were performed in a fixed magnetic field and measured
upon cooling, with a minimum temperature between T = 0.05-
0.1 K and a maximum temperature of 7 = 3.8 K.

5.4 Magnetization

Magnetization measurements were performed in a Quantum
Design (QD) Magnetic Properties Measurement System (MPMS)
with QD iHelium3 He3-insert. To extract the superconducting
dome, we measured samples with nominal applied fields of 2
Oe along the a-axis, after degaussing at temperatures above T..
The samples were cut with a large aspect ratio along the g-axis
such that the demagnetization corrections were small. Mea-
surements on the optimal sample were performed taking into
account the non-zero demagnetization factors. We performed
isothermal measurements in applied field by first degaussing at
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high temperature above T.. We then cooled in zero field to the
appropriate temperature, and measured from zero to fields well
past the point that magnetization vanished to study 4nM versus
Hint'

5.5 Electrical transport

Quantum oscillations of the Hall resistivity were measured in a
single crystal cut from the same crystal used for other thermo-
dynamic measurements, at temperatures down to 0.3 K and
fields up to 16 T. Resistivity and Hall effect measurements
above 2 K were performed on a PPMS using the AC Transport
(ACT) option. For all resistivity measurements we prepared a
polished bar-shaped crystal with the current applied along the
a-axis, using a four-probe configuration consisting of platinum
wires and Epo-Tek silver epoxy. Low-temperature resistivity
measurements were performed in a PPMS using a Lake Shore
Model 372 AC Resistance Bridge. We applied an AC current of
316 pA at a frequency of 13.7 Hz. The field was applied along
the c-axis after degaussing the magnet at 1.1 K (above the
transition) to reduce the effect of persistent magnetic fields.
Measurements were taken upon cooling in various applied
fields.

5.6 Hydrostatic pressure

Measurements under hydrostatic pressure up to 2.0 GPa were
performed using a Bluefors dilution refrigerator down to 0.05 K
at the Institute for Solid State Physics (ISSP), The University of
Tokyo. To track the variation of the superconducting transition
temperature under hydrostatic pressure, the AC magnetic
susceptibility of a sample was measured with a mutual induc-
tion method at a fixed frequency of 317 Hz with a modulation
field of about 1 Oe. Measurements were performed on the
optimized samples N, = 2, cut from the same crystal used for
magnetization, specific heat, and resistivity measurements. For
applying pressure, a piston-cylinder cell made from nonmag-
netic BeCu and NiCrAl alloys was used with Daphne 7373 as the
pressure transmitting medium. The pressure was determined
from the superconducting transition temperature of a Pb
sample within the cell.

5.7 Muon spin rotation

Zero-field and transverse-field muon spin rotation and relaxa-
tion measurements were performed at the TRIUMF facility in
Vancouver, Canada. A spectrometer incorporating a dilution
refrigerator was used on the M15 beamline, to allow for
measurements down to 20 mK. The setup makes use of a
superconducting magnet to allow for magnetic fields up to
5 T, and resistive coils for finer control and field-zeroing. The
magnetic field was applied horizontally, parallel to the direc-
tion of the muon beam. In the ZF measurements, the muon
spin was antiparallel to the beam direction, while in TF
measurements the muon spin was perpendicular to the field
and beam direction. Single crystals grown with the optimal
ratio Ng, = 2 and with the greatest thickness (average 1.0 mm)
were cut along the g-axis. We used multiple co-aligned single
crystals, with a total mass of 0.98(2) g, to maximize the

1692 | Mater. Adv,, 2025, 6,1685-1694

View Article Online

Materials Advances

measured signal and reduce background from muons not
implanted in LaCuSb,. The crystals were first mounted with
the a-axis parallel to the applied field for the first measurement,
and the same crystals were then individually rotated and
remounted with the c-axis parallel to the applied field for the
second measurement. The samples were mounted on a silver
cold finger using a mixture of Apezion N grease and copper-
loaded Cry-Con grease to ensure good thermal contact. For the
field along the g-axis, we used H,p, = 40 Oe. For the field along
the c-axis, we used H,pp, = 40 Oe to access low critical fields and
H,pp =10 Oe to access higher critical fields. All data at constant
field were simultaneously refined and fit for various tempera-
tures using the musrfit program.*’

Note added

While writing this paper, we became aware of an experimental
study on single crystals of LaCuSb,."* The specific heat, resistivity,
and Hall effect measurements are consistent with our data.
However, no investigation into the magnetic field anisotropy
was reported. Furthermore, the presence of a low-temperature
feature in thermodynamic measurements allows us to gain
insight on the contributions from the Dirac band structure.
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