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ABSTRACT

The binary compound V;Ga can exhibit two near-equilibrium phases, the A15 structure that is superconducting and the Heusler D03 struc-
ture that is semiconducting and antiferromagnetic. Density functional theory calculations show that these two phases are nearly degenerate,
being separated in energy by only =10 meV/atom. Our magnetization measurements on bulk-grown samples show antiferromagnetism and
superconducting behavior below 14 K. These results indicate the possibility of using V;Ga for quantum technology devices exploiting the co-

existence of superconductivity and antiferromagnetism in a dual-phase material.

https://doi.org/10.1063/5.0015535

Superconductivity and magnetism were once thought to be mutu-
ally exclusive because magnetic fields are efficient at closing the super-
conducting gap. Nevertheless, it was found that superconductivity has
been found in 3d materials with magnetic transition-metal atoms and
magnetic lattices as well." High-T, cuprate superconductors, for exam-
ple, were found to have exceedingly strong magnetic exchange,” while
Fe-based superconductors were found to have large Fe moments of
several Bohr magnetons.”" Also of interest here are the binary vana-
dium compounds, such as V3Al, which belong to a class of simple
superconductors with an A15 (8-W) crystal structure.” * Interestingly,
V;Al has also been synthesized in a non-superconducting D05 Heusler
phase with antiferromagnetic (AFM) order.” This DO, phase of V;Al
was predicted to be a gapless semiconductor'”'" and found experimen-
tally” to be a G-type antiferromagnet having a Néel temperature of
Tnx =600K. It is clear that V3Z-type compounds represent a class of
hybrid materials that could possess both superconducting and mag-
netic properties at the same temperature, which could provide potential

next-generation platforms for hosting Majorana modes'~ for applica-
tions in possible fault-tolerant quantum computer hosting and other
quantum technology applications.

Another well-known binary compound in the vanadium family
is V3Ga, which has been used in superconducting applications for
many years.” The remarkable low-temperature elastic, electric, mag-
netic, and superconducting properties of this material have been inves-
tigated extensively both experimentally and theoretically (see, e.g,
Refs. 14-20). The critical temperature of superconducting V;Ga in the
Al5 phase is 15K.

V3Ga can exist in two near-equilibrium phases, the A15 super-
conducting phase and the AFM D05 phase—an interesting and poten-
tially useful result of their similar formation energies. Since the
arrangement of atoms in binary V;Ga can accommodate both D0
and A15 structures (Fig. 1), one must study the stability of these two
phases using density functional theory (DFT). DFT was used here to
compute the formation energies for various crystalline and magnetic
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DO; — Heusler Phase

A15 — Superconductor Phase

FIG. 1. D05 (space group: Fm3m, no.: 225, and prototype, BiF3) and f-W A15
(space group: Pm3n, no.: 223, and prototype, Cr3Si) crystal structures of V;Ga.

structures. Previous calculations for the D05 structure of V;Ga by
Galanakis et al.'' predict a Heusler G-type AFM phase with a Néel
temperature well above room temperature, which makes the com-
pound attractive for spintronic applications.””"”* A recent study
reported on an AFM phase of V3Ga in the f-W structure.”” The pre-
sent magnetization measurements on bulk samples show a clear AFM
behavior, in addition to a strong Meissner effect, indicating the pres-
ence of a superconducting transition temperature of 15 K.

Bulk samples of V3Ga were synthesized via arc-melting using an
Edmund Buehler MAM-1. The ingots were subsequently annealed at
1050 °C for 48h in an argon environment to promote homogeneity
and quenched in an ice bath. The composition was confirmed using
energy dispersive spectroscopy (EDS) to be within 2% of the nomi-
nal composition. Magnetic measurements were performed on a
Quantum Design MPMS XL-5 SQUID magnetometer with magnetic
fields up to 5T and at temperatures from T'= 2 to 400 K. Synchrotron
x-ray diffraction was measured at beamline 11-BM at the Advanced
Photon Source (APS). The structure was refined using TOPAS.”
Overall, the structural analysis indicates the presence of both A15 and
DO0; phases of V3Ga. Rietveld refinement in which the oxide contribu-
tion was not taken into account found 81% A15 and 19% DO0; phases
(see the supplementary material for further discussion.)

The results of magnetic measurements are shown in Figs. 2 and 3.
In particular, Fig. 2 shows a magnetic hysteresis from the Meissner
effect at low temperature, which is characteristic of flux pinning in the
A15 type-II superconducting phase. The superconducting transition
temperature T, = 13.6 K is deduced from the plot of the magnetiza-
tion as a function of temperature (Fig. 2, inset). This value of the critical
temperature is in line with previous studies, although it is slightly lower
than the maximal value reported for optimal stoichiometric V;Ga.””*®
It is likely that our A15 V3Ga phase is slightly off-stoichiometry within
the 2% error in our EDS measurements, thus giving rise to the slightly
decreased critical temperature in our measurements. Magnetic suscep-
tibility shown in the supplementary material indicates ~90% supercon-
ducting volume fraction, which is in line with the compositional
analysis of the x-ray diffraction data through Rietveld refinement. The
inset of Fig. 3 shows the magnetic moment as a function of applied
field at T=300K. The moment is linear up to at least uoH=>5 T,
where the moment is only y = 0.007 up per formula unit (fu.). This
linear-in-H moment is similar to that we previously found in the AFM
DO0; phase of V3AL’ The H,, of our Al5 phase is about 3.5 T for iso-
thermal magnetization at 10 K (see the supplementary material), which
is lower than the currently accepted value of 15T at 10K for Al5
V3Ga.”” The decrease in H,, is most likely due to the decreased T, of

scitation.org/journal/apl
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FIG. 2. Magnetization of V3Ga vs magnetic field at low temperatures under zero
field cooling (ZFC), showing a hysteretic peak around poH = 0 characteristic of flux
pinning in a type-Il superconductor. The inset shows the temperature-dependent
Meissner flux exclusion below T¢ = 13.6 K taken in a field of ppH=0.05T.

the superconducting phase. The reduced T, could result from the pres-
ence of the antiferromagnetic phase causing disorder in the compound,
the possible off-stoichiometry, or grain size effects. Grain size effects on
H,, cannot be ruled out; however, since our synthesis method and
those previously reported are similar, it is unlikely that grain size for
the as-synthesized A15 V3Ga phase would differ drastically from those
previous reports.”””” Notably, off-stoichiometry of A15 V3Ga™® in pre-
vious studies was reduced T, to a larger degree that what we observed;

198 ———mmF————— 7

-
[{e]
~

_
©
[

M (10™ emu/g)
g

8
1.94 s .
i 4
=
L8 = 1H (T) !
0 2 4 6
1.92 I L L 1 L L L 1 L I L 1 I n n
280 320 360 400 440

T(K)

FIG. 3. Magnetic properties of AFM V3Ga vs temperature and magnetic field.
Magnetization vs temperature taken at uoH=0.05 T shows a peak at 360K, indi-
cating a magnetic transition. Inset: Magnetic moment vs magnetic field taken at
T=300K, showing a small moment of only = 0.007 ug/f.u. at gH=>5T.
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TABLE 1. Calculated equilibrium properties of various magnetic states (Mag. st.) of V3Ga. Lattice constants (ay in A), atom-resolved and total magnetic moments (1y, and pigor in
uglf.u.), total energy (Ep in eV/atom), and the energy difference between the D03 and A15 structures (AE in meV/atom) are given. The results are based on various exchange-
correlation approaches (LDA, GGA, GGA+U, and SCAN) as described in the text. For the A15 structure, the SCAN solutions for the FM and AFM-III states, which lie within

5meV/atom, are nearly degenerate. See the supplementary material for details.

DO, Al5
Mag. st. a4 Hy, My, Hy, Mot E, Mag. st.  ag My, My, My, Htot Ey AE
LDA AFM 5902 0.429 —-0.429 00 0.0 —8.487 EM 4.678 0.089 0.164 0.112 0.368 —8.572 85
GGA AFM  6.064 —1.314 1.314 0.0 0.0 —7.600 EM 4.788 0.222 0.390 0.303 0916 —7.645 45
GGA+U AFM 6.130 —1916 1917 0.0 0.0 —6.647 AFM-III 4.879 =*£1.351 =*£1508 =*£1.502 0.0 —6.632 —15
SCAN AFM  6.035 —1.848 1.848 0.0 0.0 —17.486 EM 4.744 0.308 0.523 0414 1.245 —17.442 —44
AFEM-III 4.744 *0.268 =+0.326 =*=0.330 0.0 —17.437

a reduction of 1.7 K was shown to be cause by the stoichometry being
off by 10%, much larger than in our samples. It is reasonable to attri-
bute some of the decrease in T, to the AFM signal of another magnetic
V3Ga phase present in the as-synthesized compound mixture.

At higher temperatures, there is a notable peak in the tempera-
ture dependence of the low-field (1oH=0.05 T) moment at
T=360K, shown in Fig. 3. A similar feature was seen in the
temperature-dependent resistivity of V3Ga at 350 K;*’ however, the
peak was not assigned to a magnetic transition. Similar temperature-
dependent features in both the magnetization and resistivity could
arise from either a magnetic or a magnetostructural transition. A small
peak in the magnetization of an antiferromagnet is generally character-
istic of a Néel temperature,” so there is a reasonable case to assign the
small peak observed here in the magnetization of V3Ga to a magnetic
transition.

In order to interpret our experimental results, first-principles
electronic structure calculations were carried out within the frame-
work of the DFT as implemented in the VASP software package.”"””
Various approximations for the exchange-correlation energy employed
to check the robustness of our results include the local-density approxi-
mation (LDA),”" the generalized-gradient approximation (GGA),”
GGA+U with Hubbard U correction, and the strongly constrained
and appropriately normed (SCAN) meta-GGA.™ ™ Lattice and spin
relaxations were included in the computations. Total energies
and residual forces were converged to an accuracy of 10V and
107eV/A, respectively. Following He et al,”” U=20eV and
J=0.67 eV were used in GGA+U calculations.

The equilibrium properties of various magnetic states of V;Ga are
summarized in Table I (see the supplementary material for details).
Electron correlation effects beyond the GGA as seen from the energy
differences (AE) for the GGA+U and SCAN results tend to stabilize
the D05 with respect to the A15 structure. Both LDA and GGA yield a
ferromagnetic (FM) ground state for the A15 phase. With an improved
treatment of electron correlations using the GGA+U and SCAN, how-
ever, the ground state becomes the AFM G-type DO0; solution.
Regarding the A15 solution, the effect of correlations is to stabilize the
AFM-IIT state” (see the supplementary material) with respect to the
FM solution. Within SCAN, the FM and AFM-III solutions in the A15
structure are almost degenerate and lie within 5meV/atom (FM is
marginally more stable). GGA+U, however, fully stabilizes the AFM-
III solution. The AFM-III solution with a net zero magnetic moment is
representative of the superconducting properties of the A15 structure.

Given the observation of the dual phase in the present V;Ga sam-
ples, SCAN seems to exaggerate the stabilization of the D05 solution,
while GGA+U gives almost degenerate A15 and DO solutions within
15 meV/atom, which is in better accord with the experimental results
and in agreement with previous DFT students.”” We note that SCAN
is known to exaggerate magnetic moments in some materials.”” *’

Figure 4 compares the calculated electronic density of states
(DOS) for the AFM D05 solution using various schemes. LDA and
GGA essentially yield a gapless semiconductor, while the correlation
effects beyond the GGA within GGA+U and SCAN lead to the open-
ing of a bandgap of about 0.2eV. Similar gap openings have been
observed by Buchelnikov et al.*" in other Heusler alloys.

We have estimated the magnetic transition temperature for the
AFM G-type DO0; phase based on our GGA solution. Using Monte
Carlo simulations with ab initio exchange integrals and a Heisenberg
model (see the supplementary material) we obtain the Néel tempera-
ture Ty = 590 K, which is higher than the peak position in the experi-
mental M(T) data at 360K in Fig. 3. In order to account for disorder
effects, we also calculated the Néel temperature using the mean field
approximation within the SPR-KKR scheme (see the supplementary
material for details). Figure 5 shows how Ty collapses rapidly with
increasing disorder (x) when the Ga atoms are exchanged randomly
with the nonmagnetic V atoms that lie between the two antiferromag-
netically coupled magnetic V atoms. Ty is observed to go to zero at
x=0.2 or at the 20% exchange level. In particular, a reduction of the
Néel temperature to Ty = 360K would require only 6% of the Ga
atoms exchanging with nonmagnetic V atoms. Note, however, that
there is a sizeable energy barrier for V-Ga exchange. Nevertheless, the
results of Fig. 5 emphasize the sensitivity of the Néel temperature to
disorder effects.

In summary, we discuss the magnetism and superconductivity of
V3Ga. We show that this compound can crystallize in two distinct
crystal structures: A15 that is superconducting and DO0j; that is an anti-
ferromagnetic gapless semiconductor. At low temperatures, these two
crystal structures are found to co-exist. Our experimental findings are
supported by our in-depth first-principles computations using several
different exchange-correlation functionals, which allow us to conclude
that the ground states of A15 and DO; phases of V3Ga are nearly
degenerate. The Néel temperature of the ideal AFM DO0; phase of
V3Ga is theoretically estimated to be 590 K, which is higher than the
experimental peak at 360 K in the magnetization. We show, however,
that the Néel temperature is quite sensitive to disorder effects
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FIG. 4. (a) Comparison of the total DOS for the AFM DOj structure obtained using

the LDA, GGA, GGA+U, and SCAN. (b) The gapless region near the Fermi level
in (a) is shown on an expanded energy scale.
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FIG. 5. Effect of disorder on the Néel temperature Ty of VsGa based on computa-
tions using the SPR-KKR scheme (see the supplementary material for details). x
denotes the fraction of Ga atoms that are randomly exchanged with the nonmag-
netic V atoms.

scitation.org/journal/apl

involving random exchange of Ga and non-magnetic V atoms and
that the smaller experimental value of the Néel temperature could be
achieved through as small as 6% Ga/V substitution. Our study demon-
strates the dual-phase nature of V;Ga and suggests that this material
could provide a unique platform for exploiting co-existing supercon-
ducting and antiferromagnetic properties for quantum technology
applications.

See the supplementary material for the additional data. The theo-
retical part includes details and subsequent results of VASP, SPR-
KKR, and Monte Carlo calculations for ordered and disordered struc-
tures. The experimental part contains the discussion concerning the
Rietveld analysis and superconductivity, and x-ray absorption spec-
troscopy measurements.
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