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We report on the Fermi surfaces and superconducting parameters of CaSb, single crystals (superconducting
below T, ~ 1.8 K) grown by the self-flux method. The frequency of de Haas—van Alphen and Shubnikov—de
Haas oscillations evidences a quasi-two-dimensional (quasi-2D) Fermi surface, consistent with one of the Fermi
surfaces forming Dirac lines predicted by first-principles calculations. Measurements in the superconducting
state reveal that CaSb, is close to a type-I superconductor with the Ginzburg-Landau parameter of around
unity. The temperature dependence of the upper critical field H., is well described by a model considering
two superconducting bands, and the enhancement of the effective mass estimated from H.,(0K) is consistent
with the quasi-2D band observed by the quantum oscillations. Our results indicate that a quasi-2D band forming
Dirac lines contributes to the superconductivity in CaSb,.
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I. INTRODUCTION

Topological superconductivity is often found in the vicinity
of a topological normal state. Indeed, the most promising
candidate for the topological superconductivity is a doped
topological insulator [1-5]. Superconductivity found in Dirac
semimetals is also a candidate of topological superconductiv-
ity [6-9]. Furthermore, recent theoretical and experimental
works revealed that the surface superconductivity can be
topological even though the bulk superconductivity is triv-
ial [10,11]. It is important to investigate materials with a
novel electronic band structure as a candidate host of a novel
superconducting state.

Line-nodal semimetals are a new type of topological ma-
terial, in which a band crossing is protected by the crystalline
symmetry and remains gapless along a certain line [12,13].
In nodal-loop materials with the mirror symmetry, topologi-
cal crystalline superconductivity and second-order topological
superconductivity have been theoretically predicted [14]. Al-
though many materials are predicted to have nodal lines in
the absence of spin-orbit coupling (SOC) [15,16], those nodal
lines are in most cases gapped out by SOC to make the mate-
rial a topological insulator or a point-nodal semimetal [17].
To realize a nodal line robust against SOC, an additional
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symmetry such as nonsymmorphic symmetry is required [12].
Therefore, line-nodal materials with nonsymmorphic symme-
try are a good platform to investigate the interplay between
nodal lines and superconductivity on [18].

CaSb, is a candidate for a Dirac-line material whose nodes
are protected by the screw symmetry of the nonsymmorphic
crystalline structure belonging to the space group P2;/m (No.
11, szh) [19]. First-principles calculation shows that CaSb,
possesses three Fermi surfaces as shown in Fig. 1. Bands
B and C, whose Fermi surfaces are nearly two-dimensional
(2D), are degenerate along lines in the Brillouin-zone bound-
ary, and those line degeneracies, or Dirac lines, cross the
Fermi energy Er. CaSb; also has a topologically trivial three-
dimensional (3D) Fermi surface from band A around the I
point of the Brillouin zone.

Recently, some of the present authors discovered super-
conductivity in CaSb, with a transition temperature of 7, ~
1.7 K [22]. While the measurements of the nuclear quadrupole
resonance suggest a conventional superconductivity [23], an
unusual peak in 7; under hydrostatic pressure implying a
complex superconducting state was reported on a polycrys-
talline sample [24]. Furthermore, a theoretical analysis within
the weak-coupling assumption based on the symmetry indica-
tors revealed that CaSb, exhibits line-nodal superconductivity
reflecting the band structure in the normal state for some
Cooper-pair symmetries [25]. Although there is a report of de
Haas—van Alphen (dHvVA) oscillations with the field H in the
c* direction [26], the authors of this work did not find a quanti-
tative match between theory and experiment possibly because

©2022 American Physical Society
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FIG. 1. (a) Crystal structure of CaSb,. Light blue, red, and green spheres represent Ca, Sb1, and Sb2 atoms, respectively. Chains of Sb1l
are separated by Ca and Sb2. The structure has a twofold screw axis in the b direction. The figure was prepared with the program VESTA [20].
(b) Brillouin zone of CaSb,. The z direction is chosen to be along the screw axis. The field direction is specified by the polar angle 6 from the
c* axis and the azimuthal angle ¢ from the b* axis. Calculated Fermi surfaces of bands (c) A, (d) B, and (e) C. Bands B and C host Dirac lines
at the Brillouin-zone boundary perpendicular to the * axis. The images of the Fermi surfaces were generated using ParaView 5.10.1 [21].

“the as-grown single crystals are self-doped.” Moreover, the
3D shapes of the Fermi surfaces based on the field-angle
dependence of the quantum oscillations were not obtained. To
fully understand the possible interplay between the supercon-
ductivity and Dirac lines, anisotropy of the superconducting
state and underlying normal-state band structure (fermiology)
is important.

In this paper, we report on the field-angle dependence
of quantum oscillations and superconducting parameters of
CaSb, single crystals. The field-angle dependence of the
frequency of dHvA and Shubnikov—de Haas (SdH) oscilla-
tions indicates a quasi-2D Fermi surface. This Fermi surface
hosts Dirac lines according to first-principles calculations,
and therefore our observation provides indirect evidence of
the Dirac lines crossing Er. Via resistance and magnetization
with H || ¢* and H L ¢*, we estimated the anisotropy in the
Ginzburg-Landau (GL) coherence length &, the GL parameter
k, and the penetration depth A. We found that the quasi-2D
Fermi surface observed by the quantum oscillations is likely
playing a role in the superconductivity in CaSb;.

II. EXPERIMENT

Single crystals of CaSb, were grown by a self-flux method.
Ca (Sigma-Aldrich, 99.99%) and Sb (Alfa Aesar, 99.9999%)
were placed in an alumina crucible (LSP ceramics) with a
molar ratio of 1:5, and the crucible was sealed in a quartz
tube under 0.3 atm of argon at room temperature. The tube
was heated in a box furnace (MTI Corporation, KSL-1100X)
up to 1000°C in 12 h, kept at that temperature for 6 h, cooled
down to 740°C in 14 h, and then cooled down slowly to 610°C
at a rate of —1°C/h. The remaining flux was removed by
centrifugation.

The material and orientation of crystals were identified
with an x-ray diffractometer (Rigaku, MiniFlex600) using the
Cu-Ko radiation. Crystals of CaSb, are platelets with a thick-
ness of about 80 um, and we confirmed that the crystal grows
in the ab plane as reported in Supplemental Material [27].

Direct-current (DC) magnetization M above 1.8 K was
measured with a commercial magnetometer (Quantum De-
sign, MPMS3). DC magnetization down to 0.5K was
measured with a magnetometer (Quantum Design, MPMS-
XL) equipped with a *He refrigerator (IQUANTUM, iHe-
lium3). Alternating-current (AC) magnetic susceptibility was
measured with a lock-in amplifier (Stanford Research Sys-
tems, SR830) using a homemade susceptometer similar to
that reported in Ref. [28] compatible with the adiabatic-

demagnetization-refrigerator (ADR) option of commercial
equipment (Quantum Design, PPMS). Our crystal exhibits a
single transition at 1.8 K [27], while a polycrystalline sample
used in the original report [22] showed double transitions
originating from the bulk and the grain boundary.

Magnetic torque t was measured at the National High
Magnetic Field Laboratory (Tallahassee, Florida, USA) under
the DC field up to uoH =35T (o is the magnetic per-
meability of vacuum). We measured two samples A and B.
The samples were mounted on self-sensing cantilevers with
a length of 300 um (SCL-Sensor Tech, Vienna, Austria), and
the cantilevers were placed in a *He refrigerator. Piezotorque
magnetometry was performed with a balanced Wheatstone
bridge that uses two piezoresistive paths on the cantilever
(with and without the samples) as well as two resistors at room
temperature that can be adjusted to balance the circuit. The
voltage across the Wheatstone bridge was measured using a
lock-in amplifier (Stanford Research Systems, SR860).

Electrical resistance R was measured by a standard four-
probe method in PPMS. Gold wires with a diameter of 25 um
(California Fine Wires, 99.99%) were attached to the crystal
using silver epoxy (Epoxy Technology, H20E). The current
was in the ab plane, but the in-plane angle is unknown. The
horizontal rotator option was used for angular dependence
of the SdH oscillation, and the ADR option was used for
measurements below 1.8 K. Our crystal shows good metal-
lic behavior, with a residual resistivity of 0.77 uQcm and
a residual-resistance ratio (RRR) of 184. The magnetoresis-
tance reaches 6000% with an out-of-plane field of uoH =
14T, while the magnetoresistance is 370% with in-plane
field [27]. Large RRR and magnetoresistance ensure the good
quality of our crystals.

First-principles calculations based on the density func-
tional theory (DFT) were performed using the QUANTUM
ESPRESSO package [29,30]. We considered fully relativis-
tic pseudopotentials from the pslibrary1.0.0 database [31,32].
The ion-electron interaction was treated with the projector
augmented wave pseudopotentials, and the exchange and cor-
relation interaction was treated within the generalized gradient
approximation [33]. The electron wave functions were ex-
panded in a plane-wave basis set with a cutoff of 45 Ry. The
internal degrees of freedom were relaxed until the forces on
each atom were less than 1073 Ry/ay, where a is the Bohr
radius. The Brillouin-zone sampling for the DFT calculation
was performed using the Monkhorst—Pack scheme with a
16 x 30 x 32 k-point grid, and SOC was taken into account
self-consistently. The Fermi surfaces were calculated on a
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FIG. 2. (a) de Haas—van Alphen (dHvA) oscillations of CaSb, observed in DC magnetization under the field in the ¢* direction. The
beating indicates the presence of two frequencies: 73.76 and 77.98 T according to the fitting with the Lifshitz-Kosevich formula. In addition,
the staggered amplitude indicated by arrows suggests another frequency of 112.55 T. (b) Fourier transform of the dHVA oscillations. The
resolution of the frequency is 2.8 T. There are three distinct peaks at 73, 78, and 114 T.

further interpolated mesh of 48 x 90 x 96 using the
PAOFLOW code [34,35]. The quantum-oscillation frequen-
cies expected for the calculated Fermi surfaces were evaluated
using the SKEAF code [36]. The calculated band structure is
presented in Supplemental Material [27].

III. RESULTS
A. Normal state

Firstly, we present the dHVA oscillations of CaSb, mea-
sured using DC magnetization in Fig. 2(a). The magnetic field
is along the c¢* axis. (CaSb, has a monoclinic structure with
B = 106.3°, and thus we use the ¢* direction to indicate that
the field is perpendicular to the ab plane.) We observed clear
oscillations down to 2.3 T at 1.8 K or up to 15 K at 7 T.
The oscillations exhibit a beating, evidencing the existence of
two frequencies close to each other. In addition, the staggered
amplitude of the beat (indicated by arrows) suggests another
frequency. We comment that we did not observe dHVA oscil-
lations with the in-plane field up to 7 T. The Fourier transform
of the dHVA oscillations at 1.8 K is shown in Fig. 2(b). We
see three distinct peaks; the peaks at 73 and 78 T correspond
to the beating in the raw oscillations and the one at 114 T to
the staggered amplitude.

We fitted the dHvA oscillations in Fig. 2(a) with the
Lifshitz-Kosevich (LK) formula [37] with three components:

3
AM(B,T) = — ZA,«/ER§R§3R§ sin(2 (F;/B — 1/2 4+ 8))),

i=1

(1
R} = X;T/sinh(X;T), )
RL = exp(—=XiTp), 3)
R = cos(mgm}/(2m,)), )
X; = 2% kgm? /(heB), (5)

where g is the electron g factor, m* is the effective mass, m,
is the electron mass, kg is the Boltzmann constant, 7 is the
reduced Planck constant, e is the elementary charge, and B,

T, and F denote the flux density, temperature, and frequency,
respectively. A is the amplitude of each oscillation component.
The phase shift § reflects the dimensionality and the Berry
phase; the trivial Berry phase results in 6 = 0 and +1/8 in
2D and 3D materials, respectively, while a nontrivial Berry
phase as in Dirac systems leads to § = 1/2 and 3/8 or 5/8.
The fitting results are summarized in Table I. According to our
first-principles calculation, expected oscillation frequencies
around 100 T are 211.1 and 315.1 T from the Fermi surface
of band A, 75.5 T from the small pocket around the Y point
of band B, and 75.1 and 184.4 T from the minimum and
maximum cross-sectional areas of band C, if the chemical
potential is shifted by —0.045 eV (hole doping). The quasi-2D
Fermi surface around the ZA line of band B is expected to
exhibit oscillation frequencies above 1300 T. We consider that
the two frequencies 73.8 and 78.0 T contributing to the beating
observed in the experiment originate from band C; the 184.4-T
oscillation from band C in the calculation seems to have a
much lower frequency in the experiment, or in other words,
the Fermi surface is more 2D without a large deformation.
The field-angle dependence discussed later shows that both
frequencies follow quasi-2D behavior, and thus neither is at-
tributable to the 3D small pocket of band B. The origin of the
oscillation with 112.6 T is not clear, possibly related to band A
or B. The observed values of § indicate that band C may have
a nontrivial Berry phase. Since the Dirac nodal lines protected
by the nonsymmorphic symmetry are predicted on bands B
and C, the observation of one of these Fermi surfaces can be
indirect evidence of the Dirac lines crossing Ef.

Comparing our results with the report in Ref. [26], our
crystal seems less hole-doped or closer to the stoichiometry.
The two frequencies originating from the electron Fermi sur-
face of band C are larger by 0.5-2.3 T. These shifts in the
frequencies indicate more electron doping in our sample than
that in Ref. [26]. Assuming that the other frequency comes
from the hole Fermi surface of band A, a smaller frequency
also suggests a relative electron doping in our sample. How-
ever, our first-principles calculation suggests that our crystal
is hole-doped by 0.045 eV. Therefore, our crystal is less hole-
doped rather than electron-doped. The smaller doping may be
reflected in the lower Dingle temperatures 7p in our sample
than in the previously reported crystal.
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TABLE I. Parameters characterizing the de Haas—van Alphen oscillations of CaSb, at different polar angles 6: frequency F, effective mass
m* divided by the electron mass m,, Dingle temperature Tp, quantum mobility pq = efi/(2mm*kgTp), and phase shift §. Parameters at 6 = 0°
were estimated from magnetization, and those at —10° and 40° were from magnetic torque of samples A and B, respectively.

0 F(T) m*/m, Tn(K) g (M2V~1g7h) 8 Possible origin
73.764+—0.03 0.1619+—-0.0012 3.354+-0.10 0.3944+-0.014 —0.4294-—-0.008 Band C
0° 77.98+—-0.03 0.1616+—0.0012 3.304+-0.09 0.400+-0.014 0.211+-0.007 Band C
112.55+-0.09 0.1544+-0.005 3.5+-03 0.404+-0.05 0.094-0.02 Band A (or B)
74.73+—-0.04 0.1689+—-0.0010 2.5+-0.2 0.50+-0.03 —0.422+-0.003 Band C
—10° 80.46+—0.03 0.17084+—0.0008 1.86+—0.14 0.67+—0.05 —0.0094--0.003 Band C
115.66+—0.05 0.1584-0.003 1.5+-0.2 0.91+-0.11 0.1414+-0.003 Band A (or B)
103.254+—-0.08 0.2394+-0.004 4.2+-0.3 0.214+-0.02 —0.2004--0.007 Band C
40° 107.54-0.6 0.151+-0.013 18+—-2 0.074+-0.02 0.184+-0.02 Band C
127.4+-0.2 0.1954+-0.013 5.84+—0.7 0.194+—-0.04 —0.2764+-0.014 Band A or B

dHvA oscillations measured via magnetic torque are
shown in Fig. 3. Figures 3(a) and 3(b) show the raw
oscillations at different field angles. We see that the oscil-
lation frequency becomes higher as the field rotates from
the ¢* axis to the ab plane. The fitting results with the LK
formula are summarized in Table I. The peak positions of
the Fourier-transformed spectra are presented as a function
of 6 in Fig. 3(c). In the 6 dependence, we see that the lower
two frequencies diverge toward 6 = 90° following 1/ cos 6.
This divergence evidences the presence of a quasi-2D Fermi
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surface, consistent with band C. The other frequency splits
into two branches not following 1/cosé as 6 increases. [A
magnified view around low frequency is provided later as
Fig. 4(b).] These oscillations may be related to the 211.1-T
oscillation from band A and the 75.5-T oscillation from band
B. The overall 6 dependence evidences the presence of quasi-
2D band C and other more 3D Fermi surfaces.

In the ¢ dependence at 6 ~ 90° shown in Fig. 3(d), we did
not observe a good agreement between experiment and theory.
According to the first-principles calculation, we expect to see
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FIG. 3. de Haas—van Alphen (dHvA) oscillations of CaSb, measured by magnetic torque t. Temperature evolution of the oscillatory part
of 7 divided by magnetic field H'* at (a) 8 = —10° and (b) 40°. As the field rotates from c* to the ab plane, oscillation frequency becomes
higher. (c) 0 dependence of the oscillation frequency along with the predictions at ¢ = 0° by the first-principles calculation. The divergence at
0 = 90° evidences that the observed oscillations originate from two-dimensional Fermi surfaces in CaSb,. (d) ¢ dependence of the oscillation
frequency at & ~ 90°. The horizontal axis is calibrated so that the minimum frequency of each branch in the experiment appears at ¢ ~ 90° in
accordance with the calculation. 8 dependence was measured at ¢ = “65°” for sample A and at “235°” for sample B, but these values may not
reflect the crystallographic angle. Detailed discussion of the ¢ dependence is written in the main text.

075151-4



QUASI-TWO-DIMENSIONAL FERMI SURFACE OF ...

PHYSICAL REVIEW B 106, 075151 (2022)

(@) 0.2 | { \ |
6=0° — 140°
0.1hE 20° — 160° i
a {\[ 90°
S ol LT .
X /\ V Mw '\ﬁ firbbeturas
< L
01 i ) .
I ¢="OO"’ 2 K
_02 | | | | |
0.06 0.08 0.1 0.12 0.14 0.16 0.18
1oH (/T)
(b) 180 I” \’} l%‘\ \\ T
160 - [ ods oA =
E ’ Df \\q ‘\\
> 140 - 4. S, N\ -
o N //n \\
5 120 L A LN
2 L =0 et N
© 100 ‘ g % h
o . %93 90°" =+ e
80 [ -zzgie s TA = e
1l | 1l TB 1 |
(C) 60 T T T T T
0 5 B ¢=l|00" }—A—( : : |
- ll900l| }_V—{
0.4 rBand C . ; } —
E“’ } P 3
*E 0.3 7 % . % 1
b ¥ = %
0.2+ ”%XIfaé;!! i.‘ =,
0.1 *ﬁ:::;;:::iiﬂi ‘W;H:i:_
0 1 f 1 f 1 f
(d) ]{7 ¢:"00" }—A—‘
B IlgOOll }_V_‘ |
30 TA
2 B
< 20} M i
= t
3Y% oz
10 Exagg I
Fs7=7
O i‘\ Il i Il Il Il - 1
-30 O 30 60 90 120 150 180

Polar angle 6 (degrees)

FIG. 4. Shubnikov—de Haas (SdH) oscillations of CaSb,. (a) Os-
cillatory part of resistance at various field angles. We observed
oscillations with a frequency of 76.54(6) T at 6 = 0°. Data at 20°
and 160° are on top of each other. Polar angle 6 dependence of
(b) the SdH-oscillation frequency, (c) the effective mass m* divided
by the electron mass m,, and (d) the Dingle temperature Tp,, plotted
with the data obtained from the torque samples A and B, the mag-
netization sample, and the first-principles calculation. The dashed
curves in (b) represent A/cos6® with A =75.87T and 11255 T
as determined from the magnetization at 6 = 0°. The origin of the
in-plane angle ¢ is arbitrary.

oscillations mainly from band A. However, observed oscilla-
tions seem dominated by 2D Fermi surfaces for the following
reason. First, band C exhibits oscillations with about 700 T at
around ® = 80° and 1100 T at around 85°. Therefore, the main

oscillations in Fig. 3(d) (700 T for sample A and 1100 T for
sample B) are attributed to band C due to a small out-of-plane
misalignment of the field. Next, if we scale the frequencies
for sample A by a factor of 1100/700, the data roughly match
with those for sample B. This fact suggests that all frequencies
have the same 6 dependence as the main oscillation from
band C. Thus, most of the oscillation frequencies observed in
Fig. 3(d) can be attributable to quasi-2D band C or the tubular
part of band B. We could not detect oscillations from band A
probably because of a large scattering. Since our calculation
predicts that the effective mass for band A at 6 =90° is
reasonably small (m*/m, ~ 0.1 — 2.4), the dominant reason
for the absence of quantum oscillations from band A will
be a large scattering or high Dingle temperature. As well
as applying a higher field, eliminating the oscillations from
bands B and C by precisely aligning the field direction will be
necessary for the investigation of band A.

The SdH oscillations of CaSb, at 2 K are shown in
Fig. 4(a). We observed only one frequency component al-
though there are multiple components in dHvA oscillations.
Probably the lower two frequencies observed in dHVA os-
cillations are not resolved, and the other oscillation was not
observed because of its small amplitude. By fitting the data
with the LK formula [37,38], we extracted the frequency of
the SdH oscillation, effective mass, and Dingle temperature
at each angle as shown in Figs. 4(b)—4(d). Here, the origin
of ¢ is arbitrary since we do not know the in-plane direction
of the crystal. The frequency of the SdH oscillation matches
with the lower two frequencies of the dHVA oscillations,
diverging toward 6 = 90°. The effective mass is enhanced
as the field rotates to the ab plane, and the masses at 60°
and 120° are nearly double the value at 0°. This increase in
mass is consistent with the expected behavior for band C.
These angular dependences of the frequency and effective
mass again confirm the presence of a quasi-2D Fermi surface
in CaSb,. The Dingle temperature is almost independent of
the angle and stays at around 10 K. The cause of higher
Dingle temperature in the SdH oscillation than in the dHvA
oscillation is not known; possibly the crystal slightly degraded
while curing Ag epoxy at 150°C or during repeated thermal
cycles between room temperature and 2 K.

B. Superconducting state

We present in Fig. 5 the resistivity of CaSb, below 2.5 K
under various field values. Onset of the superconducting tran-
sition is suppressed to below 0.1 K with uoH = 48.5mT || ¢*
[Fig. 5(a)] and 100 mT L ¢* [Fig. 5(b)].

Figure 6 shows the superconducting phase diagram of
CaSb,. We defined the transition temperature based on two
criteria: 5% and 50% of the normal-state resistivity under
a high magnetic field. The temperature dependence of the
upper critical field H., cannot be fully described by the
Werthamer-Helfand-Hohenberg relation [39] but can be well
fitted by a theoretical model for anisotropic two-gap super-
conductors [40]. This nonmonotonic temperature dependence
of the slope of the T.—H,, curve was previously attributed to
the effect of the grain boundary for a polycrystalline sample,
but our study using a single crystal reveals that this behavior
is intrinsic to CaSb;,. Since CaSb, has only one band (band A)
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FIG. 5. Temperature dependence of the resistivity of CaSb, with
(a) out-of-plane and (b) in-plane fields. Superconductivity is com-
pletely suppressed with oH = 48.5mT || ¢* and 100 mT L c*.

which is not related to Dirac lines around Ef, the behavior of
H, consistent with multiple superconducting gaps indicates
that at least one of the two bands forming Dirac lines (band B
or C) contributes to the superconductivity of CaSb;.

By fitting the data with the two-gap model, H.(0K)
was estimated to be poHgy+(0K)=12—-15mT and
oH 1+ (0K) = 35 — 42 mT. These values of H,, are about
10-times smaller than that of a polycrystalline sample [22].
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FIG. 6. Superconducting phase diagram of CaSb,. The curves
represent a theoretical model for anisotropic two-gap superconduc-
tors. The upper critical field at 0 K is estimated to be poH., =
12— 15mT || ¢* and 35 — 42 mT L c¢*.

0.5mT 1 ¢ (FC)

MI(H-NM)
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_1 - ]
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FIG. 7. Temperature dependence of DC magnetic susceptibility
of CaSb, after demagnetization correction. The demagnetization fac-
tor was N = 0.53 for H || ¢* and N = 0.23 for H L ¢*. Data were
obtained in the zero-field-cooling (ZFC) process except for the curve
indicated as field cooling (FC). The shielding fraction under FC is
63% of that under ZFC, suggesting a weak pinning of the vortices.

We consider that a cleaner sample has led to a longer co-
herence length or smaller H.;. Compared to the report in
Ref. [26], H o+ is about 1.5 times larger. This difference
may be due to the different measurement techniques or crystal
quality, a c*-axis component of the field by misalignment, or
the anisotropy within the ab plane.

The anisotropy of Hp(0K) can be explained by
the field-angle dependence of the effective mass. Con-
sidering that the coherence length in the GL theory
at 0 K is comparable to that in the Bardeen-Cooper-
Schrieffer theory [41]: &gL(0K) = /®o/(Rm noH(0K)) =~
Epcs = hvp/(mA) = RPkp/(m*m A) (P is the flux quantum,
vr and kg are the Fermi velocity and wavelength, respec-
tively, and A is the superconducting gap), (mj; | ./mjy .- )2~

He o+ /Heoe- = 3 suggests that m™* is V3 times larger with
H L c¢* than with H || ¢*. This value is consistent with the
fact that m* estimated from the SdH oscillation is nearly dou-
bled at 8 = 60°. Therefore, the anisotropy of H,, can mainly
be attributed to the field-angle dependence of m*. This fact
indicates that the quasi-2D Fermi surface might be playing a
major role near 0 K.

Figure 7 presents the temperature dependence of DC
susceptibility after demagnetization correction. Under both
in-plane and out-of-plane fields, our sample exhibits strong
diamagnetism of M/H < —1 before demagnetization correc-
tion. The demagnetization factors were initially estimated by
approximating the crystal by an ellipsoid, but this approxi-
mation led to a volume fraction larger than 100%, suggesting
an underestimation of the demagnetization factors. Thus, we
adjusted the demagnetization factor for H L ¢* so that the
volume fraction becomes 100% under 0.5 mT in the zero-
field-cooling (ZFC) process. For the demagnetization factor
for H || ¢*, we used the maximum possible value that does
not make the M (H) curve shown in Fig. 8(a) a multivalued
function. This value still leads to a volume fraction larger than
100%, but a further increase of the demagnetization factor
leads to an unphysical M (H ) behavior. With these demagneti-
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FIG. 8. Field dependence of DC magnetization of CaSb, after
demagnetization correction with (a) out-of-plane and (b) in-plane
fields. The demagnetization factor was N = 0.53 for H || ¢* and N =
0.23 for H L c¢*. We observed nearly type-I behavior for H || ¢*.
Insets display enlarged views around the lower critical fields with
linear fitting from poH = OmT.

zation factors, the shielding fraction in the field-cooling (FC)
process is 63% of that in the ZFC process. Therefore, CaSb,
is a type-II superconductor with a weak vortex pinning. The
shielding fraction decreases with uoH = 5mT, indicating a
lower critical field H.; of uoH.; < 5mT.

Figure 8 shows the field dependence of magnetization un-
der (a) out-of-plane and (b) in-plane fields at 0.55 K after
demagnetization correction. With H || ¢*, we observed nearly
type-1 behavior. Superconducting parameters [41] estimated
from Figs. 6-8 are summarized in Table II. The GL coher-

TABLE II. Superconducting parameters of CaSb,: In-plane and
out-of-plane lower critical field H,, thermodynamic critical field H,,
upper critical field H.,, Ginzburg-Landau (GL) coherence length &,
penetration depth A, and GL parameter «.

Direction ab c*
oH.1(0.55K) 3.6 mT 4.5mT
oH:(0.55 K) 6.0 mT

noH(0 K) 3542 mT 12-15 mT
£(0K) 149-166 nm 52-57 nm
A0 K) 182-205 nm 530-574 nm
K 3.2-3.9 1.1-1.4

ence length was estimated as &, = ,/®o/(2m woHco+) and
& = Oo/RrapoHe 1+ ). Hep was estimated from the field

range where the Pearson correlation coefficient between mag-
netization and field becomes maximum. The thermodynamic
critical field H, was estimated by integrating the M (H ) curve:

L

2H§=Fn—Fs ©6)

Ko 0 —He
= _(/ MdH — / MdH), @)
2 \Ju, 0

where F, and F; are the free energy of the normal and su-
perconducting states, respectively. Here, we averaged the two
integrals of the M(H) curve to cancel the effect from vor-
tex pinning. Both data with H || ¢* and H L ¢* lead to a
consistent value of poH, = 6.0 mT. Then, the GL parameter
was calculated by « = H.,/ (ﬁHC). We comment that the
commonly used relation for x > 1/ V2 [42]

He  In(x +0.081)
ch B 2K2

is not valid for CaSb,. Indeed, Eq. (8) does not have a solu-
tion for x with the critical fields found in our measurements.
The penetration depth was estimated by A,, = k&, and
Ao = K5 Ec [Ker [OT Kapy = N/ Deaphe- [ (EapEer)]. Our analysis re-
sulted in a larger « than the previous report [26], which uses
Eq. (8) with a correction term. We use a different estimation
method taking the small value of « and the certain amount of
anisotropy into account. In any case, CaSb; is still close to the
type-I superconductor, especially with H | c¢*.

®)

IV. CONCLUSION

We synthesized single crystals of CaSb, and observed
a quasi-2D Fermi surface likely contributing to the super-
conductivity by the field-angle dependence of the quantum
oscillations and superconducting parameters. The field-angle
dependence of the main dHvA- and SdH-oscillation frequency
diverges following 1/ cos 6. This result is consistent with one
of the quasi-2D Fermi surfaces forming the Dirac nodal lines
according to the first-principles calculation. Therefore, our
observation gives indirect evidence of the crossing of the
Dirac lines across Er in CaSb,.

In the superconducting state, the GL parameter is close
to unity with H | ¢*. Thus, CaSb, is close to the type-I
superconductor. The temperature dependence of H., is well
described by the two-gap model, and thus at least one band
forming Dirac lines is supposed to take part in superconduc-
tivity. Our results, providing validity of the first-principles
calculations and showing anisotropy of the superconducting
parameters, suggest that CaSb, can be a good platform for
investigations of the interplay between Dirac nodal lines in
the normal state and superconductivity.
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FIG. S3. Magnetoresistance of CaSby. Magnetoresistance is 6000% with poH = 14 T || ¢* and
370% with H L ¢*. We observed Shubnikov-de-Haas oscillations above poH =6 T || ¢*.
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FIG. S4. Alternating-current magnetic susceptibility yac of CaSby with a frequency of 19997 Hz.
We observed a single transition with the onset at 1.8 K and the peak in the imaginary part at

1.7 K in contrast to the double transition in a polycrystalline sample.
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FIG. S5. Calculated band structure of CaSby. Band A has three-dimensional Fermi surfaces mainly
around the I" point. Bands B and C have quasi-two-dimensional Fermi surfaces along the ZA line.

Bands B and C form Dirac lines (degeneracy along certain curves) at the Brillouin-zone boundary.
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