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Anisotropic properties of a noncentrosymmetric NbReSi superconducting single crystal
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A single crystal of NbReSi which crystallizes in the hexagonal structure with the noncentrosymmetric space
group P62m (No. 189) has been grown by the Czochralski method using a tetra-arc furnace. The anisotropic
physical properties have been studied by measuring the magnetic susceptibility and electrical transport. The
superconducting transition temperature (7;) is around 6.1 K, and the measured upper critical field (H,,) values are
8.39 T and 11.65 T for applied field parallel to [0001] and [1120], respectively. The anisotropy ratio I' = H% /HS
is close to 1.38. The GL parameters k. and «, are much larger than 1/+/2, indicating that NbReSi is a strong
type-1I superconductor. The lower critical field (H,) values are very small (1.65 mT for H || [0001] and 1.22 mT
for H || [1120]) compared to H,. From the magnetization hysteresis loops, calculated critical current at low field
is of the order 10* A/cm? which indicates the presence of strong pinning in the sample.
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I. INTRODUCTION

A noncentrosymmetric material has a crystal structure
where a center of inversion is absent, which leads to an inter-
nal electric field gradient resulting in the various interesting
physical properties. Research on noncentrosymmetric super-
conductors (NCSCs) [1] got intensified after the discovery
of heavy fermion superconductivity and antiferromagnetism
in noncentrosymmetric CePt3Si [2]. The main ingredient for
understanding the physics of noncentrosymmetric supercon-
ductors is the Rashba type antisymmetric spin-orbit coupling
(ASOC), which can lift the spin degeneracy of the electronic
bands and induce pairing of spin-singlet and spin-triplet states
[3,4]. Such things can exhibit many unconventional features
like unusual magnetic properties, high upper critical field
exceeding the Pauli limiting field [S], nodes in the energy
gap [6,7], and presence of Majorana quasiparticles [8,9], etc.
In contrast to the centrosymmetric superconductors, triplet
component may exist in a fully spatially symmetric paired
state (triplet s-wave) due to lack of inversion center [10].
The NCSCs have been found in a variety of compounds,
including heavy fermion compounds with strong electron cor-
relation such as CePt3Si, CelrSiz, CeCoGes, and CeRhSi;
[11-14], and weakly correlated materials like Mo3Al,C [15]
and Mg olr;9B 6. Currently researchers pay attention to topo-
logical systems which also exhibit superconductivity, e.g.,
TaOsSi, YPtBi, PbTaSe,, and PdBi,Tes [16-20].

The current research in noncentrosymmetric materials fo-
cuses on finding new materials with high ASOC and its effect
on the superconducting ground state. High ASOC is expected
in material containing high atomic number (Z) elements as
the strength of ASOC is directly proportional to Z>. As an
example, in Li;Pt3;B Cooper pair is in a spin triplet state,
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whereas Li,Pd;B is a pure spin singlet s-wave superconductor
[1,21,22].

Time reversal symmetry (TRS) plays an important role in
determining the nature of superconducting ground states. In
TRS breaking superconductors, extremely small spontaneous
magnetic fields exist in the superconducting ground state due
to nonzero moments of the Cooper pairs. This is a rare phe-
nomenon of NCSCs and LaNiC,, LayIrs, and ZrzIr [23-25]
are some examples.

Now a variety of equiatomic silicides MM'Si (M=Nb,
Ta; M'=Re, Os, Pt) [26] have been found which exhibit su-
perconductivity at low temperatures. Recently, the existence
of superconductivity in noncentrosymmetric polycrystalline
NbReSi has been reported [27-29]. The previous studies show
the upper critical field (H,) values are above the Pauli limiting
field. But in the similar compound TaReSi, H,, is well below
the limit [30]. Further, transverse field muon spin rotation
(uSR) measurement confirmed a BCS-type isotropic super-
conducting gap with A(0)/kgT; = 1.73, indicating disorder
or nonmagnetic impurities may increase the value of H,, [28].
So it is highly recommended to study on single crystals to
explore the reason behind enhancement of H,. Finally, a band
splitting along the ¢ axis is observed in DFT calculations
which suggests a possible anisotropy in NbReSi [27]. In this
manuscript, we report the successful growth of a NbReSi
single crystal and report the anisotropic physical properties.

II. EXPERIMENTAL METHODS

A single crystal of NbReSi has been grown by the
Czochralski method in a tetra-arc furnace. At first, a polycrys-
talline ingot is prepared from high purity initial elements of
Nb (99.99%; Alfa Aesar), Re (99.99%; Alfa Aesar), and Si
(99.99%; Alfa Aesar) in the molar ratio 1:1:1.1 by arc melting
in argon atmosphere. Here a little excess of Si is essential to
compensate the evaporation of Si during growth. The ingot

©2023 American Physical Society
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FIG. 1. (a) Crystal structure of NbReSi. (b) Room temperature
powder x-ray diffraction pattern of crushed single crystals. Inset
shows Laue diffraction pattern corresponding to the (0001) plane.

is flipped and remelted three times for better homogeneity. A
seed is cut from this ingot to grow the single crystal. After
melting the ingot, the seed is carefully brought down close to
the melt. Once the turbulence in the melt is minimum such
that the sample is just above the melting point, the seed rod
is inserted into the melt and immediately pulled rapidly at a
rate of 100 mm/h. After the necking process and achieving
the steady state condition, the pulling speed is reduced to
10 mm/h and the growth is continued for almost 8 hours.
Finally, we obtain an 8 to 9 cm long crystal with an average
diameter of 3 mm. The stoichiometry of the crystal as deter-
mined from the energy dispersive analysis by x-ray (EDAX)
isNb:Re:Si=1:0.99:1.05[31]. Powder x-ray and Laue
diffraction experiments are performed to determine phase
purity and crystallographic orientation. Two samples are cut
along [1120] (ab plane) and [0001] (c axis) directions using
a wire electric discharge machine (EDM) for transport and
magnetic measurements. The magnetization measurements
are carried out using vibrating sample magnetometer (VSM)
and electrical resistivity measurements are done in a physical
properties measurement system (PPMS), Quantum Design,
USA equipped with a 14 T magnet.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

NbReSi crystallizes in the ZrNiAl-type hexagonal struc-
ture with the space group P62m (189). Figure 1(a) illustrates
the crystal structure of NbReSi. In the unit cell, Nb and Re
atoms occupy 3f and 3g Wyckoff’s position, while Si atoms
occupy 2d and la sites. To check the phase purity, a small
part of grown crystal is crushed to fine powder. The XRD
measurement is performed in PANalytical x-ray diffractome-
ter using monochromatic source of Cu K, with wavelength
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FIG. 2. Temperature dependence of low field (H = 0.5 mT)
magnetic susceptibility for H || [1120] and [0001] using both ZFC
and FC protocols.

A = 1.5406 A. Figure 1(b) shows the powder pattern at 300 K
with the Bragg angle 26 scan ranging from 10° to 80°. Using
Rietveld analysis with FULLPROF software [33], we con-
firmed that the grown crystal is phase pure and crystallizes
in the hexagonal crystal structure. The estimated lattice pa-
rameters a = 6.717 A and ¢ = 3.457 A are consistent with
the previous reports [27]. [1120] and [0001] directions are
identified by Laue diffraction in the back reflection geometry
which is shown in the inset of Fig. 1(b).

B. Magnetic properties

The temperature dependence of dc magnetic susceptibil-
ity x(T) measured in a field of 0.5 mT along [1120] and
[0001] under zero-field-cooled (ZFC) and field-cooled (FC)
processes, is shown in Fig. 2. The onset of the superconduct-
ing state in NbReSi is observed at 7™ = 6.1 K which is
slightly low compared to the previous reports [27,29]. There
are large differences between the FC and ZFC susceptibilities
because vortices are pinned during FC condition. Supercon-
ducting volume fraction at low temperature (2 K) in the ZFC
data for fields applied along both crystallographic directions
is ~1 which indicates bulk superconductivity in the sample.

In order to investigate the field dependence of the M-T
curves, the magnetization measurements are carried out in
different fields ranging from 0.5 mT to 10 T. Superconducting
transition temperature is suppressed with increasing magnetic
field for both directions (Fig. 3).

The insets of Figs. 4(a) and 4(b) show the field dependent
magnetization M (H ) for various temperatures up to 7; using
ZFC protocol after accounting for the demagnetization factor.
To minimize the demagnetization effect we have applied field
along the long side of the crystal. For each temperature, H,, is
determined as the value where M (H ) deviates from linearity.

To get the value of H;; at 0 K, we have fitted the data with
the Ginzburg-Landau (GL) relation [34]

T 2
Ho(T) = Hc1(0)|:1 - <7> } ey

134518-2



ANISOTROPIC PROPERTIES OF A ...

PHYSICAL REVIEW B 107, 134518 (2023)

—~
o
~

b
@ 0 | g
NbReSi
_ NbReSi
—~—0.1 HImo] {  ~-0.1 -
S 10T § H || [0001]
3 — 8T | . — 8T |
E’, 0.2 6T E 0.2 6T
— 4T — 4T
2 03 —-— 2T 4 E 03 -— 2T .
- IT — 1T
& -~ 0.5mT - 0.5mT
—0. el I ! —-0.4 I I I
042 4 6 8 10 0 2 4 6 8 10

Temperature (K) Temperature (K)

FIG. 3. Variation of magnetization with temperature for different
magnetic fields along (a) [1120] and (b) [0001] directions.

which results in a value of Hf(0) =1.224+0.01 mT and
H{(0) =1.65+0.03 mT for the two principal crystallo-
graphic directions. This indicates the anisotropy in the
superfluid density.

Magnetic hysteresis loops are observed with fields applied
both parallel to [0001] and [1120] directions at 2 K. The loops
provide evidence that NbReSi is a type II superconductor with
strong vortex pinning. The type II superconductivity is also
indicated by previous studies with polycrystalline samples
[27,28]. From Fig. 5(a), the irreversible field is about 10 T for
H | [1120] and 7.5 T for H || [0001]. This anisotropic behav-
ior indicates that vortex pinning for H || [1120] is stronger than
that for H || [0001]. We can calculate critical current density
J2? (x and y refer to the direction of current and magnetic
field) using Bean’s model [35,36]:

_ 20AM

Tl wply ?

where AM is width of the hysteresis loop. w and [ are sample
width and length (I > w) for a particular field orientation.
Here all lengths are in cm, M is in emu/cm?, and current
density is in A/cm?. When magnetic field is along the c axis,
supercurrent density is generated by vortices perpendicular
to the ab plane. From Fig. 5(b) at 2 K, JC"”’C reaches a high
value of 8714 A/cm? and decreases with increasing magnetic
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FIG. 5. (a) Magnetic hysteresis loop, (b) critical current den-
sity J.; Inset: Components of critical current density for both field
directions.

field. But the situation is more complicated when magnetic
field is parallel to the ab plane because there are two current
densities J>“ and J¢“ in two different directions. If we assume
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FIG. 4. Lower critical fields H,; vs temperature. Dashed line is a fit to GL equation; Inset: Field dependent magnetization measured at
different temperatures.
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FIG. 6. Temperature dependence of resistivity for current par-
allel to [1120] and [0001] directions; Inset shows the Inp as a
function of T~/ for j || [1120]. Solid line is the fitting of the 3D
variable range hopping (VRH) model to the data in the range of
100 to 300 K.

Jba = Jo4, weighted average J™ can be calculated using
Eq. (2) which exceeds 10* A /cm?. Variation of J%¢ and Jmea
with magnetic field up to 7 T is shown in Fig. 5(b).

C. Electrical Resistivity

To measure resistivity we have made electrical contacts
using a conventional four-probe method with 50 um gold
wire. Figure 6 shows the temperature dependence of resistiv-
ity along both the principle directions [1120] and [0001] of a
NbReSi single crystal in a zero magnetic field. At 300 K, the
resistivity is anisotropic reflecting hexagonal crystal structure.
It is evident from Fig. 6 that NbReSi is a poor metal. The
resistivity weakly increases during cooling from 300 K to
7 K along both the directions. This result contradicts the
previously reported polycrystalline data where a pure metallic
behavior is shown in this temperature range [27]. As con-
firmed by the EDAX, a slightly off-stoichiometric nature may
be the reason for variance in the electrical resistivity behavior
from that of the polycrystalline samples. Then resistivity sud-
denly drops to zero indicating a superconducting transition. In
a temperature range from 300 K to 100 K, bad-metal behavior

can be described by the three-dimensional (3D) variable range
hopping (VRH) model [37]

T 1/4
p(T) = poexp (;) :

where Ty = kg(ﬁW’ g(u) is density of states at Fermi level,
r is localization radius of states near the Fermi level, and §
is a numerical coefficient. The inset of Fig. 6 describes this
very well. From the fit we obtain py = 0.22mQ cm and Ty =
3.1 K. When the temperature is below 100 K, the resistivity
deviates drastically from the 3D VRH model. This feature is
similar to members of the RPdBi series [38,39].

To study the superconducting anisotropy, resistivity mea-
surements with applied magnetic field along the two principle
crystallographic directions are performed. Figures 7(a) and
7(b) show resistivity measurements up to 10 T for current par-
allel to the ¢ axis and ab plane, respectively. In both cases, the
field was perpendicular to the current. The superconducting
transitions are gradually suppressed to lower temperatures and
become broader with the increase in magnetic field. The tem-
perature dependence of upper critical field H, is determined
from the resistivity data. As the transition is a little broad,
we have defined the transition temperature as temperature
where the resistivity is 90% of p, (normal state resistivity).
We have used the phenomenological Ginzburg-Landau (GL)
expression [34]

3

2

1—1t
,  Wheret =
1412

Ho(T) = ch(O)[ “

c

to obtain H(0). An extrapolation to 7' = 0 using this model
has yielded H4(0) = 11.6 £ 0.2 Tand H5(0) = 8.4+ 0.1 T.
The Pauli limiting field H5(0) = 1.867. = 11.34 T is com-
parable to H(0) but larger than HS,(0). Here spin-orbit
coupling may have an influence on the value of H., because
of heavier elements in the system. So we fit the data using
the Werthamer-Helfand-Hohenberg (WHH) model [40,41],
which calculate H,(7T') taking into account both spin-orbit
coupling and Pauli spin paramagnetism. The WHH theory
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WHH and GL models are shown by the dashed lines.

FIG. 7. Variation of resistivity with temperature for different magnetic field along (a) [1120] direction and (b) [0001] direction. (c) Upper
critical field as a function of temperature for NbReSi where the H,, (T) points are extracted from the T; in electrical resistivity. Fits using the
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TABLE I. Parameters obtained from WHH fit.

o Aso Hy, (T)
H || [1130] 1.32 15 105
H ||[0001] 1.13 20 7.6

gives

-6

( h+ Am+ly>

h+ )‘-w_y

M )
! 5

T
where t = —
1.

h = 2eHvit,, /67kgT,,

[(ah) - (5 ﬂ

o= 3h/2mv/%rt,,

Aso 1s the spin-orbit coupling parameter, and « is the Maki
parameter. After fitting the data to this model, obtained pa-
rameters are listed in Table I. High values of Ay, indicate
the presence of significant amount of spin orbit coupling. Al-
though we estimated the H,, by using GL and WHH models,
the value obtained from the WHH model is considered to
give a better estimate of the H,, as it included the spin-orbit
coupling term. The anisotropy ratio of H,, is calculated as
I'0) = H5(0)/HS(0) = 1.37 which is almost same as the
value got from GL model.

The Ginzburg-Landau (GL) coherence length along the
i direction &; is estimated from the anisotropic Ginzburg-
Landau formulas [42,43] for He: HY = ¢o/(2wé.E:) and
HS = ¢o/(27E?), where the flux quantum ¢ = 2.067 x
10~'5 Wb. The coherence length values £, and &, are 6.26 &
0.04 nm and 4.51 £ 0.05 nm, respectively, resulting in a ratio
of /&, ~ 1.39.

The GL parameter «;(0) is related to the coher-
ence length &;(0) and the GL penetration depth A;(0)
as kc(0) = 24(0)/8,(0) and «4(0) = 24(0)/5:(0) = [14(0)
1e(0)/£,(0)£.(0)]'/2. The anisotropic GL relations require
that &,/&. = A./Aq. Lower critical field values can also be
used to determine the GL penetration depth A;(0), using the

equation [43]

c ®o ®o )» +a(0)

0 = 5™ O = T "o
HE(0) = P ) = b %O
4 1a(0)A.(0) 4 ra(0)A:(0)  £.(0)

Calculated penetration depth values A, = 991 & 18 nm and

= 683 £ 5 nm, and their ratio A./A, = 991/683 &~ 1.45.
This is much closer to the ratio of the coherence lengths &, /&,
as required by the GL theory. The GL paramerers x, = 268.8
and k, = 373.1 are much larger than 1/+/2, indicating that
NbReSi is a strong type-II superconductor. Penetration depth
Mg 1s much smaller than A, because the screening currents flow
more easily along the NbSi or ReSi planes than in the ¢ direc-
tion. The GL estimation of H,.;(0), H-(0), £(0), A(0), and
«(0) for both field orientations (H || [1120] and H || [0001])
are given in Table II.

As mentioned in the introduction, in NCSCs, the lifting
of the spin degeneracy by ASOC results in the pairing of
spin-singlet and spin-triplet states. The general consequence
of this admixture of spin-singlet and spin-triplet pairing re-
sults in the enhancement of the upper critical field. From our
anisotropic investigations on H,(0) we have observed that it
is less than the Pauli limiting field H% (0) along both the crys-
tallographic directions in the ab plane and along the ¢ axis.
The previous studies on the polycrystalline samples have also
depicted the upper critical field is almost comparable with that
of the Pauli limit. Hence our studies on single crystal NbReSi
unequivocally confirm that the paramagnetic limiting is not
violated. Furthermore, the recent ©SR measurements have
revealed that TRS is preserved in NbReSi which indicates the
absence of mixed type of pairing, and the nuclear magnetic
resonance (NMR) experiments [28,29] confirmed a nodeless
superconductivity described by the s-wave model.

IV. CONCLUSION

We have successfully grown a single crystal of NbReSi
by the Czochralski method from an off-stoichiometric melt.
Powder x-ray diffraction has confirmed the structure and
stoichiometry of the grown single crystal, while Laue diffrac-
tion patterns depict circular spots, thus confirming a good
quality of the single crystal. From resistivity and magnetic
susceptibility measurements, NbReSi is confirmed as a type-II
superconductor with a transition temperature at 6.1 K. Our
studies on the critical fields H.; and H, revealed considerable
anisotropy along the two principal crystallographic directions.
These anisotropy effects possibly arise due to the significant
antisymmetric spin orbit coupling present in the sample. This
has been confirmed in the recent band structure calculations
by Su et al. [27], where they have observed a large band

TABLE II. Characteristic parameters of NbReSi: lower critical field H.(0), upper critical field H.,(0), GL coherence length £(0), GL

penetration depth A(0), and GL parameter « (0).

H1(0) (mT) H2(0) (T) £(0) (nm) A(0) (nm) «(0)
H [|[1120] 1.22+£0.01 11.6 £0.2 4.51+0.05 991 + 18 268.8 +3.7
H || [0001] 1.65 £ 0.03 8.4+0.1 6.26 & 0.04 683 %5 373.1+638
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splitting along the ¢ axis related to the high-symmetry lines
along the ' — A and M — L directions. From our analysis on
the H,,, based on the WHH model; Pauli limiting field is not
violated in NbReSi.
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