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The effect of spin-orbit coupling on the electronic structure of the layered iron-free pnictide su-
perconductor, SrPtAs, has been studied using the full potential linearized augmented plane wave
method. The anisotropy in Fermi velocity, conductivity and plasma frequency stemming from the
layered structure are found to be enhanced by spin-orbit coupling. The relationship between spin-
orbit interaction and the lack of two-dimensional inversion in the PtAs layers is analyzed within
a tight-binding Hamiltonian based on the first-principles calculations. Finally, the band structure
suggests that electron doping could increase Tc.

PACS numbers: 74.20.Pq,74.70.Xa,71.20.-b,71.18.+y

I. INTRODUCTION

The recent discovery of superconductivity in pnictides
has attracted extensive attention owing to their surpris-
ingly high Tc.1 While the highest Tc so far is 56 K for
GdFeAsO,2 a consensus on the pairing mechanism has
not yet been reached.3 This class of materials share a
common crystal structure, that is, the Fe square lat-
tice. While most of the superconducting pnictides are
Fe-based, pnictides without iron also exhibit supercon-
ductivity, although Tc is drastically lower than with iron.
Recently, another superconducting pnictide, SrPtAs, has
been discovered, which is the first non-Fe based super-
conductor with a hexagonal lattice rather than square
lattice.4 Although Tc=2.4K is lower than those of Fe-
based pnictides, it possesses interesting physics associ-
ated with its hexagonal crystal structure.
SrPtAs crystallizes in a hexagonal lattice of ZrBeSi

type with space group P63/mmc (No.194, D4
6h) — the

same (non-symmorphic) space group as the hcp structure
— with two formula units per primitive cell. As depicted
in Fig. 1(a), its structure resembles5 that of MgB2 (with
the symmorphic space group P6/mmm, No.191, D1

6h),
with a double unit cell along the c axis: the boron layers
of MgB2 are replaced by PtAs layers, rotated by 60◦ in
successive layers (responsible for the non-symmorphic na-
ture) and Mg is replaced by Sr. Although the crystal as a
whole has inversion symmetry (as do the Sr atoms), the
individual PtAs layers lack two-dimensional inversion.
Thus, SrPtAs differs from MgB2 in two significant

ways: (i) it exhibits strong spin-orbit coupling (SOC)
at the Pt ions and (ii) the PtAs layers individually
break inversion symmetry, exhibiting only C3v (or D3h

if z-reflection is included) symmetry. These two prop-
erties play an important role in determining the band
structure and also affect the superconducting state. As-
suming that the superconductivity is largely determined
by the two-dimensional PtAs layers, the lack of in-
version symmetry in the individual layers (which we
call “broken local inversion symmetry”) opens up the

possibility to see the unusual physics associated with
non-centrosymmetric superconductors.6 With large spin-
orbit coupling, nominally s-wave non-centrosymmetric
superconductors exhibit spin-singlet and spin-triplet
mixing,7,8 enhanced spin susceptibilities,7,9 enhanced
Pauli limiting fields,6 non-trivial magnetoelectric effects
and Fulde-Ferrell-Larkin-Ovchinnikov(FFLO)-like states
in magnetic fields,10–16 and Majorana modes.17 The local
inversion symmetry breaking, together with a SOC that
is comparable to the c-axis coupling, suggests that SrP-
tAs will provide an ideal model system to explore related
effects in centrosymmetric superconductors.18,19

In this paper we discuss the electronic structure of SrP-
tAs, including spin-orbit coupling, which was neglected
in a previous theoretical study.20 In Sec. II, we describe
details of the calculations. The effects of SOC on the
bands, the Fermi surface, density of states, and transport
properties at the Fermi surface of SrPtAs are presented
in Sec. III, along with a tight-binding analysis. Finally,
we suggest an enhanced Tc might be possible via doping.

FIG. 1. (a) (Color online) Crystal structure of SrPtAs, where
red, blue, and grey spheres denote Pt, As, and Sr atoms,
respectively. (b) Brillouin zone of SrPtAs and high symmetry
k points.
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Figure 1 | Enhancement of superconductivity by a parallel magnetic field in ultrathin amorphous Pb films. a, Semilogarithmic plot of the sheet resistance,
R⇤, as a function of temperature, T, in a parallel magnetic field up to 8 T for a quenched–condensed Pb film. The film has a thickness of 21.1 Å with a
zero-field critical temperature TC0 = 3.814 K. b, Magnitude of the critical-temperature enhancement (left axis) and its percentage increase (right axis)
versus the applied parallel magnetic field. The TC enhancement shows a maximum of 302 mK (7.9%) in a 5 T parallel field. c, Magnetoresistance
determined from the R⇤(T) measurements. For some temperatures, a field-induced zero-resistance state is evident for certain magnetic-field strengths.

The details of how film thickness was determined can be found in
Supplementary Section S4. A magnetic field can be applied at any
point, and a cryogenic sample rotator allows for in situ access to
both perpendicular and parallel magnetic-field orientations, and
more importantly fine control over the accuracy of film-to-field
alignment. Unique to our experimental set-up is the ability to
deposit minute amounts of magnetic impurities on the Pb films13,
enabling an unambiguous elucidation of the effect of magnetic
impurities on the field enhancement of superconductivity. The
LaAlO3/SrTiO3 samples were grown by oxide molecular-beam
epitaxy. The sample growth conditions14,15 and electrical-contact
patterning16 are detailed in the Methods section. Electrical
measurements in perpendicular and parallel magnetic field were
made on these samples in the same dilution refrigerator,making use
of its precise in situ film–field alignment capability.

Figure 1 shows a representative set of data for a Pb film of
zero-field TC of 3.814K and nominal thickness of 21.1 Å. Figure 1a
shows the sheet resistance as a function of temperature (R⇤(T ))
for the film under various parallel magnetic fields up to 8 T.
With increasing parallel magnetic field, the resistive transition
shifts to higher temperatures while maintaining its overall shape
and sharpness (the tails present in high fields may be due to
slight misalignment). Clearly, the mean-field TC (determined as
the temperature of the mid-point of a resistive transition) of the
film increases with the magnetic field, as shown directly in Fig. 1b.
Further remarks regarding the determination of TC can be found
in Supplementary Section S5. The TC enhancement reaches a
maximumvalue of 302mK (7.9%) at 5 T, after which themagnitude
of theTC enhancement decreases. Pronounced negativemagnetore-
sistance, concomitant with the enhancedTC, is shown in Fig. 1c.

We point out that theTC enhancement is not an artefact from the
magnetoresistance of the thermometer. The sample temperature
was determined by measuring the resistances of two calibrated
RuO2 resistors embedded in the copper block on the sample stage.
In the entire temperature range, the RuO2 thermometers exhibit
positive magnetoresistance (according to Lakeshore specifications
as well as our own measurements), which would lead to a negative
error in the temperature reading. Therefore, the TC enhancement
should be even larger if any magnetic-field-induced error in
thermometry is taken into account. It is also worth noting that the
field enhancement of superconductivity is extremely sensitive to
any misalignment between the film and the parallel field. This is
demonstrated in Supplementary Fig. S2, in which a misalignment
of much less than 0.2� in a 3 T parallel field is shown to cause
significant broadening of the resistive transition. The capability
of in situ sample rotation was therefore critical in achieving the

near-perfect film–field alignment required for observing the effect.
With a large applied field (>3 T) and the temperature fixed at a
value inside the resistive transition, the sample stage was carefully
adjusted until the sample resistance was minimized. This step was
repeated throughout an experiment to ensure precise alignment for
each measurement.

The in situ film-growth capability enables a reliable and
systematic examination of the evolution of the field enhancement
of superconductivity with film thickness. At incrementally larger
thicknesses (zero-field TC) for the same sample, R⇤(T ) was
measured in various parallel fields. The results are summarized in
Fig. 2. Figure 2a shows the increase of TC from its zero-field values
(1TC = TC �TC0) as a function of applied parallel field at eight
different thicknesses. The first thickness corresponds to a filmbarely
on the superconducting side (TC0 = 0.486K) and the last thickness
is in the three-dimensional limit and close to bulk (TC0 = 6.44K).
Overall, both the magnitude of the TC enhancement and the field at
which themaximum enhancement occurs increase initially with the
film thickness, reach a maximum at a thickness between 14.5 Å and
21.1 Å (TC0 of 2.929K and 3.814K respectively) and then decrease
rapidly with further increase in thickness and eventually vanish as
the three-dimensional limit is approached. The non-monotonic de-
pendence is shown more clearly in Fig. 2b, in which the maximum
TC enhancement is plotted against the normal-state sheet resistance
(the top x-axis shows the inverse of film thickness at a fewpoints).

A similar, albeit smaller, effect of parallel-field enhancement
of superconductivity was observed in a very different 2D su-
perconducting system: the electron gas at the LaAlO3/SrTiO3
interface11. The superconductivity in this system was shown to be
2D in nature12 and have a TC of ⇠200mK that is electric-field
tunable17. Figure 3a shows R⇤(T ) of a sample of molecular beam
epitaxy-grown LaAlO3/SrTiO3 in various parallel fields; Fig. 3b
shows directly the variation of TC with applied parallel field and
Fig. 3c shows the magnetoresistance at several temperatures near
TC. The results qualitatively resemble those on the Pb films with
similar TC values; however, the magnitudes of the TC enhancement
in the oxide samples are substantially smaller. For example, in a
Pb film with TC0 of 0.326K (Supplementary Fig. S3), the lowest
in which the effect was measured, the maximum value of 1TC was
⇠16mK (5%), in comparison to⇠4mK (2%) for this oxide sample.
The primary physical differences between the two types of sample
are the smaller thicknesses and larger intrinsic spin–orbit coupling
strength of the Pb films.

Taking advantage of the ability to deposit magnetic (Cr) im-
purities in situ13, we have investigated the effect of paramagnetic
impurities on themagnetic-field enhancement of superconductivity
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Figure 1 | Enhancement of superconductivity by a parallel magnetic field in ultrathin amorphous Pb films. a, Semilogarithmic plot of the sheet resistance,
R⇤, as a function of temperature, T, in a parallel magnetic field up to 8 T for a quenched–condensed Pb film. The film has a thickness of 21.1 Å with a
zero-field critical temperature TC0 = 3.814 K. b, Magnitude of the critical-temperature enhancement (left axis) and its percentage increase (right axis)
versus the applied parallel magnetic field. The TC enhancement shows a maximum of 302 mK (7.9%) in a 5 T parallel field. c, Magnetoresistance
determined from the R⇤(T) measurements. For some temperatures, a field-induced zero-resistance state is evident for certain magnetic-field strengths.

The details of how film thickness was determined can be found in
Supplementary Section S4. A magnetic field can be applied at any
point, and a cryogenic sample rotator allows for in situ access to
both perpendicular and parallel magnetic-field orientations, and
more importantly fine control over the accuracy of film-to-field
alignment. Unique to our experimental set-up is the ability to
deposit minute amounts of magnetic impurities on the Pb films13,
enabling an unambiguous elucidation of the effect of magnetic
impurities on the field enhancement of superconductivity. The
LaAlO3/SrTiO3 samples were grown by oxide molecular-beam
epitaxy. The sample growth conditions14,15 and electrical-contact
patterning16 are detailed in the Methods section. Electrical
measurements in perpendicular and parallel magnetic field were
made on these samples in the same dilution refrigerator,making use
of its precise in situ film–field alignment capability.

Figure 1 shows a representative set of data for a Pb film of
zero-field TC of 3.814K and nominal thickness of 21.1 Å. Figure 1a
shows the sheet resistance as a function of temperature (R⇤(T ))
for the film under various parallel magnetic fields up to 8 T.
With increasing parallel magnetic field, the resistive transition
shifts to higher temperatures while maintaining its overall shape
and sharpness (the tails present in high fields may be due to
slight misalignment). Clearly, the mean-field TC (determined as
the temperature of the mid-point of a resistive transition) of the
film increases with the magnetic field, as shown directly in Fig. 1b.
Further remarks regarding the determination of TC can be found
in Supplementary Section S5. The TC enhancement reaches a
maximumvalue of 302mK (7.9%) at 5 T, after which themagnitude
of theTC enhancement decreases. Pronounced negativemagnetore-
sistance, concomitant with the enhancedTC, is shown in Fig. 1c.

We point out that theTC enhancement is not an artefact from the
magnetoresistance of the thermometer. The sample temperature
was determined by measuring the resistances of two calibrated
RuO2 resistors embedded in the copper block on the sample stage.
In the entire temperature range, the RuO2 thermometers exhibit
positive magnetoresistance (according to Lakeshore specifications
as well as our own measurements), which would lead to a negative
error in the temperature reading. Therefore, the TC enhancement
should be even larger if any magnetic-field-induced error in
thermometry is taken into account. It is also worth noting that the
field enhancement of superconductivity is extremely sensitive to
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of much less than 0.2� in a 3 T parallel field is shown to cause
significant broadening of the resistive transition. The capability
of in situ sample rotation was therefore critical in achieving the
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With a large applied field (>3 T) and the temperature fixed at a
value inside the resistive transition, the sample stage was carefully
adjusted until the sample resistance was minimized. This step was
repeated throughout an experiment to ensure precise alignment for
each measurement.

The in situ film-growth capability enables a reliable and
systematic examination of the evolution of the field enhancement
of superconductivity with film thickness. At incrementally larger
thicknesses (zero-field TC) for the same sample, R⇤(T ) was
measured in various parallel fields. The results are summarized in
Fig. 2. Figure 2a shows the increase of TC from its zero-field values
(1TC = TC �TC0) as a function of applied parallel field at eight
different thicknesses. The first thickness corresponds to a filmbarely
on the superconducting side (TC0 = 0.486K) and the last thickness
is in the three-dimensional limit and close to bulk (TC0 = 6.44K).
Overall, both the magnitude of the TC enhancement and the field at
which themaximum enhancement occurs increase initially with the
film thickness, reach a maximum at a thickness between 14.5 Å and
21.1 Å (TC0 of 2.929K and 3.814K respectively) and then decrease
rapidly with further increase in thickness and eventually vanish as
the three-dimensional limit is approached. The non-monotonic de-
pendence is shown more clearly in Fig. 2b, in which the maximum
TC enhancement is plotted against the normal-state sheet resistance
(the top x-axis shows the inverse of film thickness at a fewpoints).

A similar, albeit smaller, effect of parallel-field enhancement
of superconductivity was observed in a very different 2D su-
perconducting system: the electron gas at the LaAlO3/SrTiO3
interface11. The superconductivity in this system was shown to be
2D in nature12 and have a TC of ⇠200mK that is electric-field
tunable17. Figure 3a shows R⇤(T ) of a sample of molecular beam
epitaxy-grown LaAlO3/SrTiO3 in various parallel fields; Fig. 3b
shows directly the variation of TC with applied parallel field and
Fig. 3c shows the magnetoresistance at several temperatures near
TC. The results qualitatively resemble those on the Pb films with
similar TC values; however, the magnitudes of the TC enhancement
in the oxide samples are substantially smaller. For example, in a
Pb film with TC0 of 0.326K (Supplementary Fig. S3), the lowest
in which the effect was measured, the maximum value of 1TC was
⇠16mK (5%), in comparison to⇠4mK (2%) for this oxide sample.
The primary physical differences between the two types of sample
are the smaller thicknesses and larger intrinsic spin–orbit coupling
strength of the Pb films.

Taking advantage of the ability to deposit magnetic (Cr) im-
purities in situ13, we have investigated the effect of paramagnetic
impurities on themagnetic-field enhancement of superconductivity
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Figure 4 | Effect of paramagnetic impurity on the field enhancement of superconductivity in a-Pb films. a,d,g,j,m,p, R⇤ versus T for an a-Pb film (in zero
field) with increasing amounts of magnetic (Cr) impurity. The black curve corresponds to the starting pure Pb film with TC0 = 2.504 K. The red curve
corresponds to the smallest amount of Cr deposited that has effected a discernible TC decrease. The purple curve is close to the critical impurity density
for total destruction of superconductivity. b,e,h,k,n,q, R⇤ versus T for the Pb film in applied parallel magnetic field with increasing amounts of magnetic
(Cr) impurity. The TC enhancement by the parallel field is largest in the pure Pb film (b). Even with the smallest amount of Cr impurity (e), there is
observable suppression of the effect of field enhancement of superconductivity. All signs of the enhancement effect have vanished close to the critical
impurity density (n and q). c,f,i,l,o, Field-induced change of TC (1TC) and the percentage change as a function of the parallel-field strength for the Pb film
in applied parallel magnetic field with increasing amounts of magnetic (Cr) impurity.

fails to exhibit any sign of TC increase on application of a parallel
magnetic field (Fig. 4n,q).

A host of theoretical proposals have suggested various forms
of magnetic-field enhancement of superconductivity. One route to
magnetic-field enhancement of superconductivity is through sup-
pression of an effect that is detrimental to superconductivity, such as

phase fluctuations18,19. In one-dimensional superconducting wires,
thermal or quantum phase slips are known to cause broadening of
the superconducting transitions. It is argued19 that a magnetic field
can increase the critical currents of the phase-slip processes and lead
to a suppression of the phase-slip rate, and thus a decrease of the
fluctuation resistance. Obviously, such a mechanism is applicable
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corresponds to the smallest amount of Cr deposited that has effected a discernible TC decrease. The purple curve is close to the critical impurity density
for total destruction of superconductivity. b,e,h,k,n,q, R⇤ versus T for the Pb film in applied parallel magnetic field with increasing amounts of magnetic
(Cr) impurity. The TC enhancement by the parallel field is largest in the pure Pb film (b). Even with the smallest amount of Cr impurity (e), there is
observable suppression of the effect of field enhancement of superconductivity. All signs of the enhancement effect have vanished close to the critical
impurity density (n and q). c,f,i,l,o, Field-induced change of TC (1TC) and the percentage change as a function of the parallel-field strength for the Pb film
in applied parallel magnetic field with increasing amounts of magnetic (Cr) impurity.

fails to exhibit any sign of TC increase on application of a parallel
magnetic field (Fig. 4n,q).

A host of theoretical proposals have suggested various forms
of magnetic-field enhancement of superconductivity. One route to
magnetic-field enhancement of superconductivity is through sup-
pression of an effect that is detrimental to superconductivity, such as

phase fluctuations18,19. In one-dimensional superconducting wires,
thermal or quantum phase slips are known to cause broadening of
the superconducting transitions. It is argued19 that a magnetic field
can increase the critical currents of the phase-slip processes and lead
to a suppression of the phase-slip rate, and thus a decrease of the
fluctuation resistance. Obviously, such a mechanism is applicable
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Figure 4 | Effect of paramagnetic impurity on the field enhancement of superconductivity in a-Pb films. a,d,g,j,m,p, R⇤ versus T for an a-Pb film (in zero
field) with increasing amounts of magnetic (Cr) impurity. The black curve corresponds to the starting pure Pb film with TC0 = 2.504 K. The red curve
corresponds to the smallest amount of Cr deposited that has effected a discernible TC decrease. The purple curve is close to the critical impurity density
for total destruction of superconductivity. b,e,h,k,n,q, R⇤ versus T for the Pb film in applied parallel magnetic field with increasing amounts of magnetic
(Cr) impurity. The TC enhancement by the parallel field is largest in the pure Pb film (b). Even with the smallest amount of Cr impurity (e), there is
observable suppression of the effect of field enhancement of superconductivity. All signs of the enhancement effect have vanished close to the critical
impurity density (n and q). c,f,i,l,o, Field-induced change of TC (1TC) and the percentage change as a function of the parallel-field strength for the Pb film
in applied parallel magnetic field with increasing amounts of magnetic (Cr) impurity.

fails to exhibit any sign of TC increase on application of a parallel
magnetic field (Fig. 4n,q).

A host of theoretical proposals have suggested various forms
of magnetic-field enhancement of superconductivity. One route to
magnetic-field enhancement of superconductivity is through sup-
pression of an effect that is detrimental to superconductivity, such as

phase fluctuations18,19. In one-dimensional superconducting wires,
thermal or quantum phase slips are known to cause broadening of
the superconducting transitions. It is argued19 that a magnetic field
can increase the critical currents of the phase-slip processes and lead
to a suppression of the phase-slip rate, and thus a decrease of the
fluctuation resistance. Obviously, such a mechanism is applicable
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Figure 4 | Effect of paramagnetic impurity on the field enhancement of superconductivity in a-Pb films. a,d,g,j,m,p, R⇤ versus T for an a-Pb film (in zero
field) with increasing amounts of magnetic (Cr) impurity. The black curve corresponds to the starting pure Pb film with TC0 = 2.504 K. The red curve
corresponds to the smallest amount of Cr deposited that has effected a discernible TC decrease. The purple curve is close to the critical impurity density
for total destruction of superconductivity. b,e,h,k,n,q, R⇤ versus T for the Pb film in applied parallel magnetic field with increasing amounts of magnetic
(Cr) impurity. The TC enhancement by the parallel field is largest in the pure Pb film (b). Even with the smallest amount of Cr impurity (e), there is
observable suppression of the effect of field enhancement of superconductivity. All signs of the enhancement effect have vanished close to the critical
impurity density (n and q). c,f,i,l,o, Field-induced change of TC (1TC) and the percentage change as a function of the parallel-field strength for the Pb film
in applied parallel magnetic field with increasing amounts of magnetic (Cr) impurity.

fails to exhibit any sign of TC increase on application of a parallel
magnetic field (Fig. 4n,q).

A host of theoretical proposals have suggested various forms
of magnetic-field enhancement of superconductivity. One route to
magnetic-field enhancement of superconductivity is through sup-
pression of an effect that is detrimental to superconductivity, such as

phase fluctuations18,19. In one-dimensional superconducting wires,
thermal or quantum phase slips are known to cause broadening of
the superconducting transitions. It is argued19 that a magnetic field
can increase the critical currents of the phase-slip processes and lead
to a suppression of the phase-slip rate, and thus a decrease of the
fluctuation resistance. Obviously, such a mechanism is applicable
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FIG. 3: (Color online) T dependence of the 29Si-NMR spectra at
H = 1.326 T parallel to (a) [110] and (b) [001] directions below
1.3 K. The T dependencies of K(1)[110] and K(2)[110] along (c)
[110] and K [001] along (d) [001] directions. The inset of (d) is
the T dependence of full-width at half-maximum (FWHM) of the
spectrum for H ∥ [001], which enables us to determine Tc(H) = 1.2
K. Broken curves are calculations for a case of χs(T ) → 0 at low T
limit, assuming the residual DOS of 37% at the EF deduced from
the 1/T1 measurement on the polycrystal [14].

deduced from the 1/T1 measurement on the polycrys-
tal [14]. Likewise, by assuming the same model and
by using the ratios of Ahf(1)[110]/Ahf(2)[110] ≈ −0.45

and A[001]
hf /Ahf(2)[110] ≈ −0.16 obtained experimentally,

the increasing events below Tc would be expected in

Ks(1)[110] and K [001]
s , as shown by the broken curves

in the figure. In H ∥ [001], K [001] should be increased

if χs(T )[001] were reduced below Tc(H), since A[001]
hf

is negative, as indicated in Fig. 3(d). However, as
decreasing T below Tc(H) = 1.2 K, K [001] slightly
decreases by 0.006%, which is comparable to Kdia along
the [110] direction. If we assume that Kdia for H ∥ [001]
is nearly the same as for H ∥ [110], it might be expected

that K [001]
s does not change below Tc.

Figure 4 shows the plots of Ks(T )/Ks(Tc) versus
T/Tc for H ∥ [110] and [001]. It is remarkable
that (Ks(T )/Ks(Tc))[110] slightly decreases, whereas
(Ks(T )/Ks(Tc))[001] does not decrease at all. Note that

FIG. 4: (Color online) The T dependences of the plots of
Ks(T )/Ks(Tc) versus T/Tc for H ∥ [110] and [001] in the SC state.
A broken curve is a calculation for a case of χs(T ) → 0 at low T
limit, assuming the residual DOS of 37% at the EF [14](See text).

when usual superconductors with an inversion center are
in a spin-singlet regime, χs(T ) decreases to zero gener-
ally regardless of crystal directions, and when those are
in a spin-triplet regime, χs(T ) for H ⊥ d − vector stays
constant, but that for H ||d − vector decreases to zero.
It is known that the Ks(T ) in some spin-singlet SC re-
mains finite at low T limit in association with an impu-
rity and/or defects existing inevitably[24]. As a matter
of fact, the present result cannot be reproduced by the
simulation for a case of χs(T ) → 0 at low T limit, even
though taking into account the residual DOS of 37% at
the EF due to the impurity effect[14], as shown by a bro-
ken curve in Fig. 4. In this context, it is anticipated that
the present results for CeIrSi3 with no inversion symme-
try differ from these behaviours in the centrosymmetric
superconductors.

In inversion-symmetry-broken systems, it has been
theoretically shown that χs(T ) consists of the Pauli term
χPauli(T ) and the van-Vleck-like term χVV(T ) [7]; The
former originates from the Pauli paramagnetism due to
the spin distribution on the intrabands. On the other
hand, the latter originates from the transition between
the Fermi surfaces split by the strong ASOC in the
noncentrosymmetric compounds, which differs in origin
from the usual T -independent van Vleck susceptibility
stemming from the transition between the different or-
bitals. A calculation assuming the simple spherical Fermi
surface reveals that χSC

s /χN
s → 1 for H ∥ [001] and

χSC
s /χN

s → 1/2 for H ∥ [110] well below Tc, irrespective of
the pairing symmetry [4], provided that the Rashba-type
ASOC is sufficiently larger than the SC gap [15]. The ex-
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Fig. 1. Transition temperatures ~ = 1~,/Jivs—J2/J1: reduced temperature e = (T— T,~,)/T~forj2/J1 =
the dashed line and the Lifshitz point (LP) are taken —0.25 (‘v) and —0.26 (.).
from the high temperature series expansion. The MC
results are indicated by the error bars. The line separa- HTSE [14, 17] the transition temperatures are 2.204,
ting the ferromagnetic (FERRO)and helical phases is a 1.825 and 1.807, respectively. The agreement is good;
schematic one, the differences can be explained partially by the finite

size effect [11, 18] for the MC calculations. For deter-
mining the critical exponents (see below), we took as
the “best estimates” T~/J1= 2.204, 1.83 and 1.81.

In order to locate the Lifshitz point it is useful to
1,0 ~ consider the structure factor [11, 13]

‘S

x(q) = ~ ((s~s~)+ (s~s~’))exp (iqz) (2)r
where r = (x,y,z). By approaching the LP from the

0.5
— ferromagnetic side the structure factor for a fixed value

0.26 ofe=(T—T~)/7,should broaden [ll,13J.AttheLP
•5

• •- 0.25•. the shape of ~(q) for small values of q changes from a
0 Lorentzian to a non-Lorentzian (~ 1 /(q

4 + constant).0.1
If the ordered phase is a helical one, the maximum of

0 0.2 1.0 q ~(q)occurs at a non-zero value. Figure 2 shows the
broadening of x(q). The effect is of the same order by

Fig. 2. The reduced structure factor ~(q) = x(q)/x(0) going from J
2/J1 = 0 to —0.25 and from—0.25 to

forf2/J1 = 0(.), —0.25 (1’) and —0.26(.) at  = —0.26. The drastic change near —0.26 agrees with the
(T— T,~)/T~5 x 10~(T/J1 = 2.3 14, 1.92 and 1.9). result of the HTSE [13] locating the LP at .121.11 = —

0.263.
discarded. The spins are classical two-component unit The log—logplots for obtaining the critical e~po-
vectors described completely by one angle. In the simu- nent 13 of the root-mean-square magnetization (~‘M

2
lations new configurations were generated by changing withM2 = (162)_2 <(~~~,)2>)are shown in Fig. 3. The
the angle by a random number within a certain range, exponents are effective ones determined for 3 x 10-2
so that about one half of the configurationswas accep- ~ e ~ 10’ ,which one has to distinguish from the
ted for the averages [16] . asymptotic exponents [19]. ForJ

2/J1 = Owe get 13 =
The transition temperatures T~(J2/J~)are identified 0.32 ±0.02 in good agreement with the renormalization

with the position of the maxima of the specific heat as group calculation [20]. ForJ2 1.11 = —0.25 13 is lowered
well as the turning points of the energy and the root- to 0.24 ±0.02. This is due to the closeness of the LP,
mean-square magnetization. From these data we esti- as one sees by the even smaller value for J2 /J1 =—0.26,
mated 7/J1 = 2.17 ±0.02 forJ2 = 0; 1.83±0.02 for where f3 = 0.20±0.02. Since we cannot claim to be
J2 /.J~= —0.25 and 1.82 ±0.02 for — 0.26 (see Fig. ~, exactly at the LP the lastvalue may still be slightly
Here and in the following we set kB = 1. From the
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Role of spin-orbit coupling on the electronic structure and properties of SrPtAs
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The effect of spin-orbit coupling on the electronic structure of the layered iron-free pnictide su-
perconductor, SrPtAs, has been studied using the full potential linearized augmented plane wave
method. The anisotropy in Fermi velocity, conductivity and plasma frequency stemming from the
layered structure are found to be enhanced by spin-orbit coupling. The relationship between spin-
orbit interaction and the lack of two-dimensional inversion in the PtAs layers is analyzed within
a tight-binding Hamiltonian based on the first-principles calculations. Finally, the band structure
suggests that electron doping could increase Tc.

PACS numbers: 74.20.Pq,74.70.Xa,71.20.-b,71.18.+y

I. INTRODUCTION

The recent discovery of superconductivity in pnictides
has attracted extensive attention owing to their surpris-
ingly high Tc.1 While the highest Tc so far is 56 K for
GdFeAsO,2 a consensus on the pairing mechanism has
not yet been reached.3 This class of materials share a
common crystal structure, that is, the Fe square lat-
tice. While most of the superconducting pnictides are
Fe-based, pnictides without iron also exhibit supercon-
ductivity, although Tc is drastically lower than with iron.
Recently, another superconducting pnictide, SrPtAs, has
been discovered, which is the first non-Fe based super-
conductor with a hexagonal lattice rather than square
lattice.4 Although Tc=2.4K is lower than those of Fe-
based pnictides, it possesses interesting physics associ-
ated with its hexagonal crystal structure.
SrPtAs crystallizes in a hexagonal lattice of ZrBeSi

type with space group P63/mmc (No.194, D4
6h) — the

same (non-symmorphic) space group as the hcp structure
— with two formula units per primitive cell. As depicted
in Fig. 1(a), its structure resembles5 that of MgB2 (with
the symmorphic space group P6/mmm, No.191, D1

6h),
with a double unit cell along the c axis: the boron layers
of MgB2 are replaced by PtAs layers, rotated by 60◦ in
successive layers (responsible for the non-symmorphic na-
ture) and Mg is replaced by Sr. Although the crystal as a
whole has inversion symmetry (as do the Sr atoms), the
individual PtAs layers lack two-dimensional inversion.
Thus, SrPtAs differs from MgB2 in two significant

ways: (i) it exhibits strong spin-orbit coupling (SOC)
at the Pt ions and (ii) the PtAs layers individually
break inversion symmetry, exhibiting only C3v (or D3h

if z-reflection is included) symmetry. These two prop-
erties play an important role in determining the band
structure and also affect the superconducting state. As-
suming that the superconductivity is largely determined
by the two-dimensional PtAs layers, the lack of in-
version symmetry in the individual layers (which we
call “broken local inversion symmetry”) opens up the

possibility to see the unusual physics associated with
non-centrosymmetric superconductors.6 With large spin-
orbit coupling, nominally s-wave non-centrosymmetric
superconductors exhibit spin-singlet and spin-triplet
mixing,7,8 enhanced spin susceptibilities,7,9 enhanced
Pauli limiting fields,6 non-trivial magnetoelectric effects
and Fulde-Ferrell-Larkin-Ovchinnikov(FFLO)-like states
in magnetic fields,10–16 and Majorana modes.17 The local
inversion symmetry breaking, together with a SOC that
is comparable to the c-axis coupling, suggests that SrP-
tAs will provide an ideal model system to explore related
effects in centrosymmetric superconductors.18,19

In this paper we discuss the electronic structure of SrP-
tAs, including spin-orbit coupling, which was neglected
in a previous theoretical study.20 In Sec. II, we describe
details of the calculations. The effects of SOC on the
bands, the Fermi surface, density of states, and transport
properties at the Fermi surface of SrPtAs are presented
in Sec. III, along with a tight-binding analysis. Finally,
we suggest an enhanced Tc might be possible via doping.

FIG. 1. (a) (Color online) Crystal structure of SrPtAs, where
red, blue, and grey spheres denote Pt, As, and Sr atoms,
respectively. (b) Brillouin zone of SrPtAs and high symmetry
k points.
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