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In this work, the effect of spin-orbit coupling (SOC) on the electronic structure, electron-phonon spectrum,
and superconducting properties of the NaCl-type (rock-salt) compound SnAs is investigated via ab initio
calculations. Inclusion of the SOC provides only a minor influence on the equilibrium lattice parameter and
the electronic density of states near the Fermi level. However, it produces a notable restructuring of the
high-frequency region of the electron-phonon spectrum and the Eliashberg spectral function o®F(w), which
in turn modifies the electron-phonon coupling constant. The calculated coupling parameter A¢;_,, equals
approximately 0.59 when SOC is taken into account and 0.63 when it is neglected. The superconducting critical
temperature Tc, obtained within the Migdal-Eliashberg formalism, lies in the range 3.1-4.1 K, depending on the
chosen parameter of smearing for the Eliashberg function and on whether SOC is incorporated. These findings
underscore the necessity of explicitly including spin-orbit coupling for a quantitatively accurate theoretical
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description of the superconducting state in SnAs.
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1. INTRODUCTION

It is well known that the binary 11-family com-
pounds SnTe, SnSe, and SnAs crystallize in the rock-
salt (NaCl-type) structure. These materials display
a remarkably diverse range of physical properties, in-
cluding topological-insulator behavior, magnetism, and
superconductivity [1]. Within this family, SnAs is a
superconductor. Transport measurements show that,
above its superconducting transition temperature of
3.5-4.2 K [2-4], SnAs exhibits typical Fermi-liquid
metallic behavior [5]. Thermodynamic studies together
with nuclear magnetic resonance (NMR) experiments
further establish that SnAs is a type-I superconductor
with a critical field H, of 280-400 Oe [2,6]. Struc-
turally, SnAs adopts a cubic lattice with F'm3m space
group with a primitive unit cell containing one As atom
at the 4a (0,0,0) Wyckoff site and one Sn atom at
4b (0.5,0.5,0.5), see Fig.1. A main particularly note-
worthy feature is its excellent structural compatibil-
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ity, along the [111] direction, with tin-based layered
compounds of the 122 family—such as EuSnyAsy (Eu-
122), CaSngAss, and SrSnpAss (Sr-122). These 122
compounds exhibit topologically nontrivial electronic
states, superconductivity, and magnetism, rendering
SnAs as highly promising platforms for heterostructure
engineering [7-9].

Recent first-principles studies indicate that SnAs
may realize a topological semimetal phase character-
ized by pronounced band splitting, and also has been
proposed as a candidate for topological superconductiv-
ity [6]. Numerical calculations of the physical proper-
ties of SnAs reported in the literature [3,6,10] have pro-
vided comprehensive results for its electronic, electron—
phonon, and mechanical properties. In particular, the
influence of spin—orbit coupling on the electronic band
structure was examined in Ref. [3]. However, all pre-
viously published first-principles studies of the super-
conducting properties of SnAs were performed without
inclusion of spin—orbit coupling [5,10,11]. Therefore, in
the present work we have carried out a systematic ab
initio investigation of the effect of spin—orbit coupling
on the superconducting properties of SnAs.
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2. METHODS

First-principles (ab initio) calculations were per-
formed within the framework of density functional
theory (DFT) wusing the plane-wave pseudopo-
tential method, as implemented in the Quantum
ESPRESSO (QE) package [12].  Electron—electron
exchange—correlation interactions were described by
the generalized gradient approximation (GGA) in the
Perdew — Burke — Ernzerhof (PBE) parametrization.
The kinetic-energy cutoff for the wave functions
was set to 120 Ry (1 Ry =~ 13.605 eV), while the
charge-density and potential cutoff was fixed at
700 Ry. Brillouin-zone sampling was carried out on
a 24 x 24 x 24 Monkhorst—Pack k-point mesh. The
phonon properties and the electron—phonon coupling
matrix elements were obtained within the density
functional perturbation theory (DFPT) [13]. Inte-
gration over the Fermi surface employed a smearing
technique with a Gaussian broadening parameter of
o =0.01 Ry. A 12 x 12 x 12 Monkhorst — Pack k-point
grid was used for the Brillouin-zone integration of the
electron—phonon quantities. Dynamical matrices were
computed on uniform from 2 x 2 X 2 up to 6 x 6 X 6
g-point meshes.

3. RESULTS AND DISCUSSION

First, structural relaxation calculations (vc-relax)
were iteratively performed using the Quantum
ESPRESSO package to optimize the unit cell volume
and atomic positions. The resulting refined cubic lat-
tice constants were determined to be ansoc = 5.807 A
in the absence of spin-orbit coupling (SOC) and
Qsoc = 9.808 A with SOC included. For comparison,

Fig. 1. Crystal structure of the SnAs superconductor with the
NaCl-type structure

626

Table 1. Calculated lattice parameter values depending on the
choice of pseudopotential

Pseudopotential | a (A)
PAW (SOCQ) 5.80773
ONCVP (SOC) | 5.80724
USPP (SOC) | 5.80788
ONCVP (nSOC) | 5.8075
USPP (nSOC) 5.8087
PAW (nSOC) 5.8084

the experimental lattice parameter acyp ranges from
5.72 to 5.725 A [2,14,15]. Consequently, the calculated
lattice constants are approximately 1% larger than
the experimental values. This slight overestimation
has been observed in previous studies [15] and is inde-
pendent of the pseudopotential choice (see Table 1).
It may be attributed to lattice compression in real
crystals caused by strain accumulation due to crystal
structure defects.

The electronic band structure and density of states
(DOS) presented in Fig. 2, exhibit a metallic or
semimetallic character [10,16], irrespective of whether
SOC is included. Notably, the DOS near the Fermi
level Ey is almost unaffected by SOC. The calcu-
lated DOS values at the Fermi level, N(Ey), are
0.620 eV /state and 0.617 eV/state without and with
SOC, respectively. This relatively low N(Ey) implies
a modest superconducting critical temperature T, [10]
and a small electron-phonon coupling parameter, in ac-
cordance with the relation [17,18]:

N(Ep)(I%)

TR 1)

Aefph -
where M is the average atomic mass, (w?) is the mean-
square phonon frequency, and (I?) is the Fermi-surface-
averaged squared electron-phonon interaction [19]. Ac-
cording to this relation, the electron-phonon coupling
constant \ increases linearly with N(E).

Angle-resolved photoemission spectroscopy
(ARPES) observations indicate that at least one band
crosses the Fermi surface, while theoretical calculations
suggest the presence of several pockets, implying multi-
band conductivity in SnAs [3,16]. From the obtained
electronic DOS, the Sommerfeld coefficient ~ can

be estimated as v = 7T;Nak;gN(Ef) ~ 14514
(SOC) and 1.44-21_ (nSOC). Using the ex-
perimental value v = 218 2. [5], the ef-

fective electron mass ratio can be derived from:
= m— = 1.50 (SOC), 1.51 (nSOC) These values

Yexp
Yeal
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Fig. 2. Electronic band structure without SOC (black curves) and with SOC (red lines) together with the density of states (DOS)
for both cases
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Fig. 3. Phonon dispersion for SnAs along the principal high-symmetry directions in the Brillouin zone with (red curves) and
without (black curves) SOC together with the corresponding phonon density of states (PhDOS)

are in good agreement with previously published
data [10,20].

The superconducting properties of SnAs were
investigated within the Migdal—Eliashberg frame-
work [21,22]. As noted above, the ab initio calculation
of the phonon spectrum and phonon DOS was per-
formed using the DFPT approach implemented in
Quantum ESPRESSO. The results are presented in
Fig. 3, where optical and acoustic modes are clearly
resolved.  Arsenic (As) atoms contribute predomi-
nantly to the high-frequency part of the spectrum,
while tin (Sn) atoms dominate the low-frequency
vibrations. The phonon spectra obtained without
SOC are consistent with those reported in previous
studies [6,10].

The influence of SOC on the low-frequency part
of the spectrum is negligible. However, in the high-
frequency region, a notable restructuring of the spec-

tral density is observed. Specifically, the phonon DOS
without SOC exhibits two main maxima at approxi-
mately 130-135 cm~!. Inclusion of SOC leads to a
spectral redistribution, resulting in a single dominant
peak at around 120 cm ™! and an additional feature at
about 100 cm~—'. Consequently, the inclusion of SOC is
expected to have a discernible impact on the calculated
physical properties of SnAs.

From the calculated phonon spectra, the Eliashberg
function o? F(w) and the electron-phonon coupling con-
stant were obtained (see Fig. 4) according to the follow-
ing formulas:

1 ot
2F(w) = Y §(w — wyy 2
«@ (w) NqNF qZDqu (w wq )7 ( )
902 F
Aeph = O‘T(‘”) dw, (3)
0
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Fig. 4. Eliashberg spectral function o® F'(w) and the integrated
electron-phonon coupling constant Ac_,n for SnAs with and
without SOC

where N and N, are the density of states per spin at
the Fermi level and with momentum ¢, respectively,
and g, is the phonon linewidth (full width at half
maximum).

As evident from the figure, the Eliashberg function
inherits the shape of the phonon density of states. The
integrated electron-phonon coupling constant Ae_, in-
creases nearly parabolically across the entire frequency
range, indicating comparable contributions from both
acoustic and optical phonons to Ac—pp [10]. The com-
puted values are A._p, = 0.63 and 0.59 with and
without SOC, respectively. These relatively low values
of the electron-phonon coupling constant are charac-
teristic of conventional low-temperature superconduc-
tors, such as aluminum (Al) with Ac_p,, ~ 0.44 and
T. ~ 1.2 K, and palladium (Pd) with Ac—pn ~ 0.5 and
T, ~ 54K [23], etc.

This places SnAs within the weak-coupling regime
and is well consistent with the Bardeen—Cooper—
Schrieffer (BCS) model. Moreover, no signatures of un-
conventional superconductivity are observed in SnAs,
while the estimated 2A /T, ~ 3.48 — 3.73 ratio is close
to the BCS value in the weak-coupling limit [3].

The critical temperature was estimated using
the Allen—Dynes modification of the McMillan
formula [18]

wlogflfQ *104(1 —+ )\efph)

T. =
12 PN (1= 0.6207) — p*

(4)

Here, wiog is the logarithmically averaged frequency, fi
and fs are the correction factors, and p* is the Coulomb
pseudopotential. An estimate of p* can be obtained
from the relation given in Ref. [24]:

. 0.26N(Ep)
W= U N(Er) )

When the density of states at the Fermi level is
nearly identical regardless of SOC, the u* values are
also expected to be essentially identical. We there-
fore adopt u* =~ 0.1 in both cases. Using the calcu-
lated logarithmically averaged frequencies wio, = 137.4
K and 152.7 K, and wy = 148.9 K and 162.4 K, ob-
tained with and without SOC, respectively, and taking
the Coulomb pseudopotential pu* = 0.1 [24], the su-
perconducting critical temperature was evaluated. Ac-
cording to the Allen—Dynes formula, T, was found to
be 3.66 + 0.8 K and 3.42 + 0.8 K for the 12 x 12 x 12
k-point and 4 x 4 x 4 ¢-point grid, with and without
SOC, respectively. These values are in good agreement
with experimental results, which range from 3.58 K to
3.80 K [3,5]. Additional calculations performed on
other ¢-point grids and with criteria for evaluating T,
are presented in the Appendix (Figs.5,6).

Furthermore, according to the relation [25]:

Y T?

T, 2 wh
=0.1 1-12.2 ° 1 o8
H(,Q’Q(O) 0168 l <w10g> " < 3T, >

where

, (6)

2
Ysp = §7T2k]23n(€p)(1 + )\efph - N*)a (7)

Table 2. Summary of the superconducting properties of SnAs

a(A) | Aeepn | T K | | H,, Oc
THolK?
1.45
socCt 5.808 0.63 3.66 327
2.63
) 1.44
nSOC! | 5.807 | 059 | 34 299
2.55
2] 5.72* ~ |3e5x| - -
3.60 | 2.67"
3] | 5.723* - 275+
3.8 | 189
81*
[4] | 5.721 - 4.2¢ -
485*
5] | 5.725% | 0.62* | 3.58* | 2.18* | 172*
0.66° | 3.74°
6] | 5.722¢ 2.50° | 187"
0.67 | 3.56"
[10] 5.812*%* | 0.64™* | 3.24** | 2.41** -
[11] | 5.684** | 0.62** | 3.08"* | 1.49** -
15] | 5864 | - - -
[20] - 0.62* | — | 1.49* -

I present work, * experimental, ** ab initio.



MITP/IJETP, Tom 170, BB 6 (12), 2026

Effect of Spin-Orbit Interaction...

the Sommerfeld coefficient v and the upper critical
field H. can be estimated. For p* 0.1, the ob-
tained values were 5, = 2.63 £ 0.1 mJ-mol~ 'K~ and
Yep = 2.55+0.1 mJ-mol~1-K~2 with and without SOC,
respectively, while the critical field H,. was found to be
327 Oe and 299 Oe, respectively.

The Debye temperature can be estimated
from the mean phonon frequency wusing the re-
lation (wi,) = 0.50% [26], resulting values of

~
~

©p(SOC) =~ 194 K and ©p(nSOC) 216 K. An
estimate of ©p can also be obtained by inverting the

McMillan equation:

1.04 4 p* In(©p /1.45T¢)
1—0.621%) In(©p/1.45T¢) — 1.04°

)‘e—l)h = ( (8)

Substituting the calculated values
Op(SOC) 168 K and Op(nSOC) 190 K. It
should be noted that some previous studies [5, 11]
employed a Coulomb pseudopotential parameter
w* = 0.13 without explicit justification. In the present
work, using p* = 0.13 leads to a significant under-
estimation of the critical temperature; its adoption
therefore appears unjustified for SnAs. A summary of
the superconducting properties obtained in the present
work and in previous studies is presented in Table 2.

gives

~
~

~
~

4. CONCLUSIONS

For the first time, the influence of spin-orbit cou-
pling on the phonon spectrum and the ensuing physi-
cal properties of the SnAs superconductor has been sys-
tematically investigated by means of ab initio methods.
It is demonstrated that spin-orbit coupling induces a
pronounced restructuring of the high-frequency region
of the electron—phonon spectrum and provides an ad-
ditional contribution to the electron—phonon coupling
constant and, consequently, to superconductivity. The
estimated critical temperatures range from 3.4 to 4.1 K,
depending on the computational grid and the inclusion
(or omission) of spin-orbit coupling; these values are in
a good agreement with experimental data.

APPENDIX

In cases where an unrelaxed crystal structure with
experimental a.., values is used, a shift of the Eliash-
berg spectrum toward higher frequencies and a signif-
icant decrease in the electron-phonon coupling param-
eter are observed. These changes lead to a significant
reduction in the calculated T, value, which is consider-
ably lower than the experimentally observed ones (see
Fig. 5, 6).
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Fig. 5. Eliashberg spectral function o>F(w) and the integrated

electron-phonon coupling constant Ae—pn for SnAs without

SOC, obtained from electron-phonon calculations on 2 x 2 x 2,
4 x4x4,and 6 x 6 x 6 g-point grids, respectively
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Fig. 6. Dependence of the critical temperature on the broad-
ening of the delta peaks in the Eliashberg function for SnAs
on a 4 x 4 x 4 g-point grid with (red line) and without (black
line) SOC, on a 2 x 2 x 2 g-point grid (orange line), and on a
6 x 6 x 6 g-point grid (blue line) and 6 x 6 x 6 g-point grid and
the experimental lattice parameter (green line), for p* = 0.1
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