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Physical properties and electronic structure of the two-gap superconductor V2Ga5
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We present a thorough investigation of the physical properties and superconductivity of the binary intermetallic
V2Ga5. Electrical resistivity and specific heat measurements show that V2Ga5 enters its superconducting
state below Tsc = 3.5 K, with a critical field of Hc2,⊥c(Hc2,||c ) = 6.5(4.1) kOe. With H ⊥ c, the peak effect
was observed in resistivity measurements, indicating the ultrahigh quality of the single crystal studied. The
resistivity measurements under high pressure reveal that the Tsc is suppressed linearly with pressure and reaches
absolute zero around 20 GPa. Specific heat and muon spin relaxation measurements indicate that the two-gap
s-wave model best describes the superconductivity of V2Ga5. The bands near the Fermi level around the Z
and � points are observed and analyzed by the angle-resolved photoemission spectroscopy measurements and
first-principles band structure calculations. We therefore conclude that V2Ga5 is a phonon-mediated two-gap
s-wave superconductor.

DOI: 10.1103/PhysRevResearch.6.033253

I. INTRODUCTION

Intermetallic compounds composed of metals of d- and
p-shell electrons have been one of the most studied series in
condensed matter physics owing to their abundance and their
chemical and physical properties. In particular, due to the low-
melting points of metals with p-shell electrons, high-quality
single crystals can often be grown by the common flux method
and hence detailed property measurements can be conducted
[1,2].

Among mentioned intermetallic compounds, the V-Ga
binary system has gained extra interest because some
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compounds in this family are superconductors. The supercon-
ductor V3Ga is best known for its relatively high transition
temperature (Tsc = 15 K), high critical currents, and fields
[3,4]. In contrast, for another superconductor V2Ga5, relevant
research reports are quite scarce. The electrical resistivity,
magnetic susceptibility, and specific heat measurements con-
ducted down to 1.8 K have been reported, which showed
V2Ga5 enters the superconducting state below Tsc = 3.5 K
and its critical field is about 4–5 kOe [5–7]. Very recently,
Xu et al. report multigap superconductivity in V2Ga5 via
specific heat and thermal conductivity measurements [8].
To verify this result and acquire a deeper understanding of
the superconductivity and the physical properties of V2Ga5,
it is essential to expand the specific heat measurements
to lower temperatures and conduct a comprehensive study
using various experimental techniques. We carried out elec-
trical resistivity measurements with magnetic fields applied
parallel and perpendicular to the crystallographic c axis
and constructed the critical field versus Tsc phase diagrams.
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FIG. 1. (a) Observed (circle), calculated (red line), and differences (blue line) x-ray powder-diffraction patterns of V2Ga5 at room
temperature. Bragg reflections for V2Ga5 of the space group P4/mbm are labeled as vertical bars. The inset shows the crystal structure of
one unit cell. Note that a and b are equivalent in tetragonal symmetry. (b) Laue x-ray pattern taken along the tetragonal [001] direction. The
inset shows a photo of the crystal. (c) Field-cooled (FC) and zero-field-cooled (ZFC) magnetic susceptibility measurements at H = 10 Oe
applied perpendicular to the c axis. (d) Zero-field temperature dependence of electrical resistivity with a fit by the Bloch-Grueneissen model.

Under high pressure, Tsc is suppressed linearly to absolute
zero around P = 20 GPa. This result is in line with the phonon
mediated superconductivity in V2Ga5. A consistent conclu-
sion about the two-gap s-wave order parameter is drawn from
two complementary experiments: specific heat as a bulk probe
and muon spin relaxation as a local probe. This conclusion
was further validated by angle-resolved photoemission spec-
troscopy experiments and first-principles calculations.

II. RESEARCH METHODS

V2Ga5 single crystals were prepared by a flux method us-
ing excess Ga [6,7]. High-purity V powder and Ga pieces were
weighed according to the composition V6Ga94 and placed
in an alumina crucible, which was then sealed in an evacu-
ated quartz tube. Higher vanadium concentrations were also
tested but yielded needle-shape samples, as been reported in
Ref. [5–7]. The quartz tube was heated to 1000 ◦C at a rate of
100 ◦C/h, held at this temperature for 48 h and then cooled
to 550 ◦C at a rate of 2.5 ◦C/h. Excess Ga flux was spun off
using a centrifuge. The remaining Ga droplets on the surface
were removed by etching in diluted HCl. As shown in the inset
of Fig. 1(b), the obtained single crystals have rodlike shape
along the c axis with typical dimensions ∼2 × 2 × 8 mm3.
Pulverized V2Ga5 was characterized by x-ray powder diffrac-
tion with Cu-Kα radiation (Bruker D2 Phaser diffractometor)

at room temperature. The crystal structure was analyzed using
DIFFRAC.TOPAS program [9] with the Rietveld refinement
method. Single crystal x-ray diffraction data were collected
with a Rigaku Synergy-S diffractometer with Mo-K radiation
at 300 and 100 K. Images of representative reciprocal planes
are shown in Ref. [10]. The orientation of crystal was con-
firmed by a Laue x-ray diffraction method. Reciprocal planes
from single crystal x-ray diffraction and Laue diffractograms
validate the good quality of the single-crystalline samples and
an example is shown in Fig. 1(b).

Magnetic susceptibility was measured using a Quan-
tum Design (QD) magnetic property measurement system.
Ambient-pressure resistivity and specific heat were mea-
sured using a QD Dynacool physical properties measurement
system (PPMS) equipped. For high-pressure resistivity mea-
surements, we used a diamond anvil cell (DAC) placed in a
3He cryostat. We used hexagonal boron nitride powder as the
pressure medium and hence the pressure is nonhydrostatic.

Muon spin relaxation (μSR) measurements were per-
formed on the M15 beam line at TRIUMF using the Pandora
dilution refrigerator spectrometer. Several dozen needlelike
crystals of V2Ga5 were co-aligned by eye on a silver sample
plate using GE varnish. Measurements were performed over
a temperature range of 0.025 to 6 K in both zero field and in
an applied transverse field of 300 Oe. To achieve an accurate
zero field, reference measurements were performed on silicon,
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which through the formation of muonium atoms with a two
orders of magnitude larger gyromagnetic ratio than the muon,
allows the magnetic field to be zeroed to within 10−2 Oe [11].
In the zero field measurements, the muons were implanted
with their spins parallel to the ab plane of V2Ga5 while in the
transverse field measurements, the muons are implanted with
their spins along the c axis and the transverse field is applied
parallel to the ab plane. The collected data were analyzed with
MUSRFIT [12].

Angle-resolved photoemission spectroscopy (ARPES) ex-
periment was conducted at beamline BL21B1 of the Taiwan
Light Source, affiliated with the National Synchrotron Ra-
diation Research Center. The whole experiment data were
collected by Scienta R4000 analyzer within ultrahigh vacuum
(UHV) condition, utilizing an angular resolution calibrated
to 0.5◦. The sample was cleaved in the preparation chamber
maintained under UHV conditions to ensure the freshness
of the crystal plane, with a pressure of approximately 8.9 ×
10−11 torr. The in situ cleavage plane is either the a-c or b-c
plane. The spectra were obtained at 89 K, using photon ener-
gies between 52 and 86 eV, with the measurements achieving
an overall energy resolution exceeding 22 meV.

The first-principles calculations were performed us-
ing QUANTUM ESPRESSO [13] code with PBE exchange-
correlation functional. The atomic positions were optimized
at the experimental lattice constants. The plane wave cut-
off was set to 100 Ry and the k points were sampled on a
4 × 4 × 12 grid. The electronic structure was calculated with
the inclusion of spin-orbit coupling. For the electron-phonon
properties, the EPW [14] software was used to interpolate the
electron-phonon coupling matrix elements from the coarse
grid (4 × 4 × 12 k and 2 × 2 × 6 q grids) to the finer grid
(20 × 20 × 60 k and 10 × 10 × 30 q grids). For the com-
putational efficiency, the effect of spin-orbit coupling has
been neglected when calculating the electron-phonon-related
properties using the linear response framework. Note that the
band structure obtained here without adopting any Hubbard
correction is similar to the GGA + U result with U = 1 eV,
where the band topology at the Fermi level is consistent with
the result of U = 3.5 eV [8].

III. RESULTS AND DISCUSSIONS

A. Crystal structure

The refined structural parameters are summarized in
Table I. It was shown that the crystal is single phase and
crystallized in tetragonal space group P4/mbm (No. 127),
which is in consistent with reported crystal structure [15].
The crystal structure can be viewed as connecting and pil-
ing of slightly distorted vanadium-centered VGa10 pentagonal
pillars, in which consisting of eight longer V-Ga1 bonds of
2.72 Å and two shorter V-Ga2 bonds of 2.59 Å.

B. Electrical resistivity

As V2Ga5 enters the superconducting state below T ∼
3.5 K, a diamagnetic signal is clearly seen in magnetization
measurements, as shown in Fig. 1(c). The demagnetization
effect has been taken into account [16]. However, due to the
sample’s needlelike shape and irregular cross-section, it is
difficult to correctly estimate the demagnetization factor. This

TABLE I. Crystal data and structural refinement for V2Ga5. a
and c are lattice parameters. V is the unit-cell volume. Biso is the
thermal parameter. χ 2 represents the goodness of fit. Rwp and Rp are
weighted and unweighted profile R factors, respectively, obtained
from the refinement results. The gallium atom occupies Wyckoff
positions Ga1 2d (1/2, 0, 0) and Ga2 8i (x, y, 0), while vanadium
atom occupies V 4h (x, x + 1/2, 1/2) position.

Tetragonal P4/mbm (No. 127)

a = 8.9716(1) Å, c = 2.69272(4) Å, V = 216.737(7) Å3

Atom x y z Occupancy Biso Site

Ga1 0.2942(1) 0.5611(1) 0 1.000 0.02(4) 8i
Ga2 0.5 0 0 1.000 0.02 2d
V 0.3212(2) 0.8212(2) 0.5 1.000 0.09(6) 4h

χ 2 = 1.60, Rwp = 11.36 % and Rp = 8.73 %

results in the ZFC curves reaching 4πχ ∼ −0.6, compared
to −1 for a 100% superconducting volume fraction. The later
specific heat data, as shown in Fig. 3, will demonstrate that the
sample indeed has the full superconducting volume fraction
(C/T → 0 as T → 0). Figure 1(d) shows the temperature
dependence of electrical resistivity ρ for current along the
tetragonal c axis under zero magnetic field. The residual re-
sistivity ρ0 ∼ 1.0 μ� cm (the value at the temperature right
above the superconducting transition) and the residual resis-
tivity ratio RRR = ρ300 K/ρ4 K = 36 are both comparable with
the previous result [7]. The normal state ρ could be described
by the Bloch-Grueneisen model,

ρ = ρ0 + A

(
T

θR

)n ∫ θR
T

0

xn

(ex − 1)(1 − e−x )
dx, (1)

where A is a constant related electron-phonon interactions, θR

is the Debye temperature as obtained from resistivity mea-
surements, and n is an integer that depends upon the nature
of interaction. The excellent fit results in A = 88.0 μ� cm
and θR = 369 K. An exponent n = 3 can best describe the
data, implying the resistance in V2Ga5 is mainly due to s − d
scattering, as is the case for transition metals [17].

Next we turn to magnetic field effect on low-T resistiv-
ity. Figures 2(a) and 2(b) show the data measured with the
magnetic field applied perpendicular to and parallel to the
c axis, respectively. Two different samples were used. The
difference in normal state ρ values between the two field
directions is mostly attributed to errors in measuring the
dimensions of the samples. The superconducting transition
temperature Tsc was determined as the temperature where two
linear fits above and below the resistivity drop intersect, as
shown by an arrow in Fig. 2(c). The good quality of our
samples is confirmed by a sharp transition into the supercon-
ducting state at zero field. Upon application of a magnetic
field, the transition broadens and moves to lower temperatures
as expected. The critical field of Hc2,⊥c(Hc2,||c) = 6.5 (4.1)
kOe is much smaller than the Pauli limited value (Hc2 =
1.84Tsc = 64 kOe) and comparable to the value reported in
the literature [8]. Interestingly, ρ shows the peak effect, which
has been dubbed a rise in ρ for a certain range of magnetic
fields below the onset of the superconducting transition [18],
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FIG. 2. Field and pressure dependence of the superconducting transition in resistivity of V2Ga5. (a) ρ with H applied perpendicular to the
c axis for V2Ga5. From right to left, H = 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, 6, 7, and 8 kOe. The downward red arrows point out the
local resistivity maximum. (b) ρ with H applied parallel to the c axis. From right to left, H = 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, and 6
kOe. Current i = 0.1 mA is applied along the c axis. (c) Temperature dependence of resistivity at different pressures P for V2Ga5. The applied
current is along the c axis. An arrow demonstrates how TSC was determined. (d) Tsc vs P. The inset shows the relative pressure shift of Tsc as
function of the relative volume change. The dashed and solid lines are linear fits through data points.

with H ⊥ c axis, as shown in Fig. 2(a). This sudden increase
in ρ is observable for H between 1.5 and 3.5 kOe at the
measured current density of ∼1 A/cm2, and is reversible for
increasing and decreasing the temperatures. The peak effect
has been observed in several single crystal superconductors
with two- or three-dimensional crystal structures [18–24]. The
peak effect may be attributed to the absence of pinning centers
in the sample, indicating high sample quality. This allows the
vortex to flow around the sample, thereby forming a route for
the current to dissipate energy [25]. We note that this is the
first time the peak effect is observed in V2Ga5. It is absent in
the data reported by Xu et al. where the sample has a higher
residual resistivity [8]. We summarize the superconducting
parameters of V2Ga5 derived from current work and the lit-
erature in Table II.

C. Pressure dependence of superconductivity

The pressure effect is a useful tool for varying the primary
parameters that determine superconductivity, such as the den-
sity of states at the Fermi energy, the phonon frequency, and
the coupling constant of electrons and phonons, without intro-
ducing chemical disorder. [26]. We investigated the pressure
effect on superconductivity of V2Ga5 as shown in Figs. 2(c)

and 2(d). Upon applying pressure, Tsc decreases linearly at a
rate of −0.18 K/GPa up to P = 18.1 GPa, from which we
extrapolate Tsc → 0 around P = 20 GPa. We noticed a larger

TABLE II. Superconducting parameters derived from current
work and the literature. ξ stands for the coherence length of super-
conducting Cooper pairs.

Parameters Ref. [6] Ref. [7] Ref. [8] Present work

Tsc 3.59 3.3 3.6 3.5
Hc2,⊥c(0)(kOe) 3-4 − 5.7 6.5
Hc2,||c(0)(kOe) − − 4.9 4.1
Hc1,⊥c(0)(kOe) − − − 0.036
Hc1,||c(0)(kOe) − − − 0.072
dHc2,⊥c/dT |T =Tsc (kOe/K) − − − −1.85
dHc2,||c/dT |T =Tsc (kOe/K) − − − −1.01
ξab/ξc − − − 1.83
γn (mJ mol K2) − 16.7 ± 0.2 17.92 17.8 ± 0.1
β (mJ mol K4) − 0.448 0.024 0.20 ± 0.01
θD(K ) − 312 − 408
Ce/γnTsc − 0.64 0.92 1.0
2�1/kBTsc − − − 3.6
2�2/kBTsc − − − 1.5
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uncertainty of Tsc in the 9.15 GPa measurement, which is due
to pressure inhomogneity across the sample in a nonhydro-
static pressure environment.

In order to convert the applied pressure to volume compres-
sion, the bulk modulus B ≡ V × (dP/dV ) needs to be known.
Since there are no available experimental data of BV2Ga5 ,
we estimate it using a Voigt-Reuss approximation method:
from the bulk moduli of pure constituents Bi with relative
concentration fi in the compound, we calculate B = (BVoigt +
BReuss)/2 with BVoigt = ∑

fiBi and 1/BReuss = ∑
fi/Bi yield-

ing BV2Ga5 ∼ 78.4 GPa [17,27]. For a range of intermetallic
compounds, this method yields B values in agreement of with
experimental data [28]. We then used a Murnaghan equa-
tion of state:

B = B0 + p
dB

dP

∣∣∣∣
p=0

(2)

and for cell volume one has

V

V0
=

[
1 +

dB
dP

∣∣
p=0

B0
p

]−1/ dB
dP |p=0

, (3)

where B0 and V0 are bulk modulus and cell volume at am-
bient pressure, respectively. For dB

dP |p=0, an empirical value
of 5 was used, which was found for most compounds [29].
The obtained Tsc as a function of relative volume change is
shown in the inset of Fig. 2(d) where a linear relationship is
observed. This behavior has been shown in a plethora of low
temperature superconductors, which indicates phonon hard-
ening under pressure, and hence suggest a phonon-mediated
superconductivity for V2Ga5 [26].

D. Specific heat

Figure 3(a) shows the temperature dependence of the spe-
cific heat C/T of V2Ga5 under different magnetic fields H =
0 to 8 kOe. In zero field, a jump in C(T ) representing the
superconducting transition is observed at around 3.5 K, con-
sistent with the finding in the previous specific-heat studies
[7,8]. As the temperature decreases, C/T approaches zero,
indicating a complete superconducting volume of the sam-
ple. Below T ∼ 0.1 K, an upturn of C/T due to a nuclear
Schottky contribution from all nuclei with nonzero nuclear
moments [30]. This upturn occurs at higher temperatures with
an increase of the magnetic field as expected [31]. The su-
perconducting transition can be traced up to H = 5 kOe and
cannot be observed at H � 6 kOe. Thus, the normal-state spe-
cific heat Cn(T ) is extracted from the H = 8 kOe data between
T = 1 to 4 K to avoid the nuclear contribution at lower tem-
peratures. Cn(T ) can be described as Cn(T ) = γnT + βT 3,
where γnT is the normal electronic contribution and βT 3

represents the phonon contribution. The fit (not shown) leads
to γn = 17.82 ± 0.10 mJ/mol K2 and β = 0.200 ± 0.012
mJ/mol K4. From β, we derive the corresponding Debye tem-
perature θD = 408 K, which is close to the value determined
from our Bloch-Grueneissen fit to the resistivity, θR = 369 K
[Fig. 1(d)]. The obtained γnT value is consistent with that in
Ref. [8], but our β value is almost one order of magnitude
higher. This is most probably due to the fact that Xu et al.
introduced a higher order term (Cn(T ) = γnT + βT 3 + δT 5)
to describe the phonon contribution to the specific heat. Their
fit yields an unphysically low θD, and we did not find a T 5 term

FIG. 3. (a) Temperature dependence of specific heat plotted as
C/T vs T at various magnetic fields applied perpendicular to the c
axis for V2Ga5. (b) Temperature dependence of the superconducting-
transition contribution to the specific heat Ce/T . The solid, dashed,
and dash-dot lines are fits using a two-gap s-wave, a single-gap
s-wave, and a line node d-wave models, respectively. Inset shows
that the entropy (S), calculated from the data in the main panel, is
conserved for the superconducting phase transition.

necessary to describe the data. The zero-field superconducting
electronic contribution to the specific heat Ce(T ) is obtained
with Ce = C(H = 0) − Cn, as shown in Fig. 3(b). The super-
conducting transition is a second-order phase transition which
requires the entropy conservation. The entropy conservation
is evidenced in the inset of Fig. 3(b). The dimensionless
specific-heat jump Ce/γnTsc ∼ 1.0 at Tsc is smaller than the
weak coupling value 1.43 described in the BCS theory [32],
and is comparable to the value reported in Ref. [8]. To exam-
ine the superconducting order parameter of V2Ga5, the data
above the nuclear Schottky anomaly (T > 0.2 K) are fitted to
a single-gap s-wave, a line-node with d-wave, and two-gap
s-wave models with the following equation

Ce = 2N (0)βk
1

4π

∫ 2π

0
dφ

∫ π

0
dθsinθ

×
∫ h̄ωD

−h̄ωD

− ∂ f

∂E

(
E2 + 1

2
β

d�2

dβ

)
dε, (4)

where N (0) is the density of states at the Fermi surface, β =
1/kBT , E = (ε2 + �2)1/2, f = (1 + eβE )−1, � = �0 the
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FIG. 4. Normalized specific heat coefficient γ /γn vs. normalized
magnetic field H/Hc2(0) for V2Ga5 and other two-gap superconduc-
tors. γ is obtained from a linear fit of C/T vs. T 2 and its extrapolation
to absolute zero (see inset and text for details). The legends in the
inset are identical to the ones of Fig. 3(a). Dashed and dashed-dotted
lines represent one-gap theoretical models with isotropic and line
nodal gap structures, respectively. The data of reference two-gap
superconductors are adopted from Refs. [33–38].

superconducting gap for an isotropic s-wave, � = �0cos2φ

for line nodes with d-wave symmetry, and � = �1 · x + �2 ·
(1 − x) where x is relative weighting for two-gap s-wave.
From the fitting result, it is obvious the one-gap s-wave cannot
describe the data. For the line-nodal d-wave model, the fit
agrees well with the data between Tsc and 0.5 K but becomes
unsatisfactory at lower temperatures. Finally, an excellent fit
using a two-gap s-wave model with 2�1/kBTsc = 3.6 and
2�2/kBTsc = 1.5, with a relative weighting of 55% and 45%,
respectively, across the entire fitting range is observed. The
two superconducting gap values obtained from this fit are
0.543 and 0.226 meV. Therefore we conclude V2Ga5 is a
two-gap s-wave superconductor. This conclusion can only be
drawn if specific heat measurements are conducted below
0.5 K. Above 0.5 K, both the two-gap s-wave and d-wave
models can describe the data equally well [8]. We further
studied the vortex excitations in the mixed state by con-
sidering the field dependence of the electronic specific heat
coefficient γ (H ). Figure 4 shows γ (H ) of V2Ga5 where the
data points were obtained from the linear extrapolations in
a C/T vs T 2 plot, as shown in the inset. The fitting of the
data was obtained from the relatively high-temperature re-
gion to avoid the influence of nuclear contributions from the
low-temperature regime. Apparently, γ (H ) does not follow
the linear behavior for an isotropic s-wave model. It is how-
ever in line with the power-law behavior γ ∼ H1/2 for nodal
superconductor, as shown by the dashed-dotted line. Such a
power-law dependence of γ (H ) has also been observed in
other two-gap superconductors YNi2B2C [34], NbSe2 [35],
and FeSe [37]. At first glance, the nodal model describing
γ (H ) seems incompatible with the two-gap s-wave model that
describes Ce/T [see Fig. 3(b)]. However, when the supercon-
ducting gap is highly anisotropic, such a discrepancy could
be reconciled [34]. In certain extreme cases among two-gap

FIG. 5. (a) H -Tsc phase diagram with the magnetic field applied
perpendicular to the c axis. A yellow oval represents the region of
peak effect. T ∗ denotes the temperature of the resistivity maximum
within the superconducting state, i.e., the red arrows in Fig. 2(a).
Tsc,onset denotes the temperatures where ρ starts to drop. Tsc,0 denotes
the temperature where ρ becomes zero. Tsc is the transition temper-
ature determined from specific heat measurements. (b) H -Tsc phase
diagram with the magnetic field applied parallel to the c axis. Same
legends are applied for (a) and (b).

superconductors, such as MgB2 [33] and LaNiC2 [36], the
smaller superconducting gap is closed at the magnetic field
strength much smaller than Hc2. This results a rapid increase
of γ at low fields and then an gradual saturation with increas-
ing H , as shown in Fig. 4.

We summarize the data from resistivity and specific heat
measurements to construct the H-Tsc phase diagrams with the
magnetic field applied parallel and perpendicular to the c axis,
as shown in Fig. 5. The Tsc,onset value determined from ρ(T )
coincides with the one determined from C(T ).

E. Muon spin relaxation

To further clarify the nature of the superconducting
state in V2Ga5, we have performed muon spin relaxation
(μSR) measurements, as summarized in Fig. 6. Muons are
highly sensitive to their local magnetic environment, mak-
ing them an excellent probe of the vortex state of type II
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FIG. 6. (a) Representative transverse field μSR spectra for V2Ga5 above and below its Tsc collected with a magnetic field applied parallel
to the ab-plane and muon spin parallel to the c-direction. The muon precession in the applied field, which gives rise to the oscillatory behavior
in the decay asymmetry, shows an increasing relaxation upon entering the vortex state. The fits to the data at 25 mK (grey line) and 4.5 K
(black line) are given by Eq. 5 as described in the text. These fits yield (b) the superconducting contribution to the muon Gaussian relaxation
rate σSC as a function of temperature. An improved fit is obtained by fitting the data with two s-wave gaps (blue line) as compared to a single
s-wave gap (black line). The two s-wave gap fit is consistent with the results from specific heat, as shown by the dashed red line. (c) Zero-field
μSR spectra above and below Tsc collected with the muon spin parallel to the ab plane show no evidence for time-reversal symmetry breaking.
The data are fitted by a Kubo-Toyabe function at 25 mK (grey line) and 4.5 K (black line).

superconductors as well as spontaneous time-reversal sym-
metry breaking. We begin by investigating the former, where
considering the values of Hc1,⊥c and Hc2,⊥c extracted from
our bulk characterization, the sample is expected to be in
the vortex state for an applied field of 300 Oe applied ⊥ c
used in our transverse field μSR measurement. In the vortex
state, we expect an inhomogenous field distribution due to the
presence of a flux line lattice (FLL), which results in a decay
of the precession signal as a function of time. The decay in
the superconducting state can be clearly seen if we compare
the transverse field spectra collected above and below Tsc, at
25 mK and 4.5 K as shown in Fig. 6(a).

We fit the transverse field asymmetry spectra with a two
term sinusoidal decaying function,

GTF(t ) = A

[
f exp

(−σ 2t2

2

)
cos (ω1t + φ)

+ (1 − f ) exp(−ψt ) cos (ω2t + φ)

]
, (5)

where the first term captures the signal coming from fraction,
f , of muons stopping inside the sample, while the second term
captures the background signal from the fraction, 1 − f of
muons stopping inside the silver sample holder. The preces-
sion frequencies of muons in the sample and the background
are given by ω1 and ω2, respectively, A is the total asym-
metry, φ is the initial phase of the muons, and σ and ψ

are depolarization rates of the sample and the background
signals, respectively. The total asymmetry, A, the fraction, f ,
and the background relaxation rate, ψ , are all expected to be
temperature independent and were therefore fitted globally
while all other fitted parameters were allowed to vary with
temperature. The resulting fits are shown by the solid lines in
Fig. 6(a).

The superconducting relaxation rate (σsc) reflects the mean
square inhomogeniety in the field experienced by the muons
due to the FLL [39]. This quantity was extracted from
the fitted Gaussian relaxation rate σ by subtracting off a
smaller, temperature-independent contribution from randomly
oriented nuclear dipole moments (σN ), which give rise to a

constant relaxation above Tsc. The details of this analysis are
described in detail in the Supplemental Material. The resulting
temperature dependence of σsc for V2Ga5 at 300 Oe is plotted
in Fig. 6(b). The penetration depth can be calculated from
the relaxation rate [40], which then allows a direct calculation
of the temperature dependence of the superconducting energy
gap [41]. The full protocol for performing these calculations
is provided in Ref. [10].

In order to further investigate the superconducting gap
structure for V2Ga5, we have attempted fits of σSC with both
a single s-wave gap and two s-wave gaps. We note a hump
in σSC between 2.5 and 3.0 K that cannot be explained by
either of the gap structures under consideration here. We
attribute this feature to the movement of vortices and it is
likely also related to the peak effect observed in resistivity
measurements below Tsc. In our fits, we therefore exclude this
range of temperatures. The resulting single s-wave gap and
two s-wave gaps, as shown with solid black and blue lines
in Fig. 6(b) with the fitting parameters given in the Supple-
mental Material. The overall quality of the fit is higher for the
two gap function, consistent with heat capacity, particularly
in the temperature range close to 1 K. For comparison, we
show the calculated temperature dependence of σSC based on
the two gaps extracted from specific heat by a red dashed-
line. Considering the level of noise in the data, we consider
the gap values extracted from heat capacity to be more
reliable.

Finally, we performed zero field μSR measurements
to look for any sign of spontaneous magnetic fields and
time-reversal symmetry breaking as V2Ga5 enters its super-
conducting state. The magnetic field at the sample position
was carefully zeroed following the protocol described in the
methods. High statistics zero field spectra were collected
above and below Tsc with representative spectra shown in
Fig. 6(c). In the absence of any static electronic moments,
the muon polarization decay is due to randomly oriented
nuclear magnetic moments, as described by the Gaussian
Kubo-Toyabe function,

GKT(t ) = 1
3 + 2

3 (1 − σ 2t2)e− σ2t2

2 , (6)
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FIG. 7. (a) ARPES spectrum of V2Ga5 were acquired along the kz direction at 89 K using a photon energy of 78 eV. (b) Calculated band
dispersion of V2Ga5 along kz direction at (kx, ky ) = (0.133 Å−1, 0). The amount of the projected orbital weight of V d orbital and Ga p orbital
is represented by red and blue curves, respectively. The color bar indicates the corresponding mixed contribution. (c) Constant energy contours
of V2Ga5 at distinct binding energies with respect to the Fermi surface: 0, 0.1, and 0.2 eV, which were measured at 89 K with 78 eV photon
energy. (d) Quasiparticle density of states for V2Ga5 in the superconducting state at different temperatures (0.4Tsc and 0.95Tsc ).

where σ reflects the width of the field experienced by muons
due to nuclear dipoles. The total fitting function applied to our
zero field data is

A(t ) = A[ f GKT(t )e−�t + (1 − f )], (7)

where A is the sample asymmetry, f represents the asymmetry
fraction originating from muons that land in the sample, and
�, represents any additional relaxation inside the sample,
such as that coming from spontaneous fields inside the su-
perconducting state. The zero field muon spin relaxation rate
for V2Ga5 is mainly attributed to a temperature-independent
contribution from nuclear dipole moments. No statistically
significant change in � is observed at temperatures well be-
low Tsc, as can be evidenced from the comparison of spectra
collected at 25 mK and 4.5 K shown in Fig. 6(c). We conclude
from our data that no significant breaking of time-reversal
symmetry occurs in the superconducting state. Considering
the lack of evidence for TRS breaking and the gap being well
fitted with two s-wave gaps, we conclude that the supercon-
ductivity in V2Ga5 arises from a singlet pairing.

F. Angle-resolved photoemission spectroscopy and
band-structure calculations

To elucidate the nature of superconductivity in V2Ga5,
we conducted ARPES experiments and performed the den-

sity functional theory (DFT) calculations to unveil the band
structure of V2Ga5. Figure 7(a) illustrates the band mapping
result of ARPES spectra along the �-Z direction, measured
at 89 K utilizing a photon energy of 78 eV. Two discernible
bands across the Fermi level were observed: one electron
band below −0.25 eV of binding energy around the Z point
disperses toward the Fermi level, while another, with weaker
photoemission intensity, behaves as a parabolic band around
the � point. To gain insight into the out-of-plane band dis-
persion, we employed a photon energy-dependent ARPES
experiment [42], using energies ranging from 52 to 86 eV. No
significant changes are observed in bands around the Fermi
level, suggesting only weakly dispersive behavior along the
kx direction, which is revealed in Ref. [10]. The needlelike
V2Ga5 single crystal exhibits a fourfold symmetry in the a-b
plane with a much longer lattice constant compared with the c
axis, resulting in a quasi one-dimensional behavior of the band
structure. The highly dispersive band structure with periodic
behavior shown in Fig. 7 corresponds to the periodicity of
reciprocal space of the c axis. Additionally, constant energy
mapping in Fig. 7(c) demonstrates a less dispersive behavior
for these bands around the Fermi level along the ky direction,
without the presence of nodes on the Fermi surface [10].

Figure 7(b) presents the calculated band structure of V2Ga5

along the �-Z direction at (kx, ky) = (0.133 Å−1, 0), where
the orbital contribution for each energy eigenstate is analyzed
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and the projected weight of V d orbital and Ga p orbital is rep-
resented by red and blue curves, respectively. The measured
bands in the low binding energy region are mainly composed
of the V 3d and Ga 4p orbitals, and the calculated band struc-
ture at kx = 0.133 Å−1 aligns well with the ARPES spectra.
As presented in Ref. [10], these bands show less dispersion
along the kx direction, suggesting a quasi-one-dimensional
behavior.

Through first-principles calculations, we have identified
three bands that cross the Fermi level, and all of them are re-
sponsible for the observed two-gap superconductivity. Using
the linear response framework (see Ref. [10]), the electron-
phonon coupling strength (λ) has been calculated. The result
yields a theoretical electron-phonon coupling strength of 0.75
and a superconducting critical temperature (Tsc) of 7.38 K
based on the McMillan-Allen-Dynes formula [43,44]:

Tsc = ωlog

1.2
exp

[ −1.04(1 + λ)

λ − μ∗
c (1 + 0.62λ)

]
. (8)

Here, the typical Coulomb pseudopotential value μ∗
c is set to

0.1. We have further solved the anisotropic Migdal-Eliashberg
equations to investigate the temperature dependence of the
superconducting gap. In Fig. 7(d), the quasiparticle density
of states in the superconducting state is presented at 0.4Tsc

and 0.95Tsc. It clearly shows the two-gap behavior, similar
to that in the two-gap superconductor MgB2. The calculated
Tsc and the nodeless Fermi surface are in agreement with our
experimental observations, and our theoretical result of the
two-gap s-wave behavior is also consistent with the recent ex-
perimental findings [8]. However, we note that the theoretical
two-gap values are overestimated compared to the experimen-
tal ones. This discrepancy requires further theoretical work to
reconcile, such as first-principles calculations of the Coulomb
pseudopotential.

IV. SUMMARY

We present a detailed study of the physical properties
and electronic structure of the superconductor V2Ga5. From
resistivity measurements with the magnetic field applied par-
allel and perpendicular to the c axis, the Hc2 versus T phase
diagrams are constructed, where small magnetic anisotropy
has been registered. Resistivity under high pressure shows
that the superconductivity is suppressed linearly with pres-
sure, suggesting the superconductivity is phonon-mediated.
Low-temperature specific heat and μSR experiments both
reveal that the two-gap s-wave model best describes the super-

conducting order parameter. These two gaps can be directly
inferred from ARPES measurements and are further sup-
ported by band structure calculations. By combining various
experiments with theoretical calculations, our findings intri-
cately detail the physical properties and superconductivity
of V2Ga5, paving the way for future studies. For example,
it would be interesting to investigate the in-plane magnetic
anisotropy when the magnetic field is applied perpendicular
to the c axis, which we were unable to perform due to the
limitations of the crystal morphology.
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