Two-gap superconductivity in LaNiGa2 with non-unitary triplet pairing and even parity gap
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The nature of the pairing states of superconducting LaNiC2 and LaNiGa2 has to date remained a puzzling
question. Broken time reversal symmetry has been observed in both compounds and a group theoretical analysis implies a non-unitary triplet pairing state. However all the allowed non-unitary triplet states have nodal gap
functions but most thermodynamic and NMR measurements indicate fully gapped superconductivity in LaNiC2 .
Here we probe the gap symmetry of LaNiGa2 by measuring the London penetration depth, specific heat and upper critical field. These measurements demonstrate two-gap nodeless superconductivity in LaNiGa2 , suggesting
that this is a common feature of both compounds. These results allow us to propose a novel triplet superconducting state, where the pairing occurs between electrons of the same spin, but on different orbitals. In this
case the superconducting wavefunction has a triplet spin component but isotropic even parity gap symmetry, yet
the overall wavefunction remains antisymmetric under particle exchange. This model leads to a nodeless twogap superconducting state which breaks time reversal symmetry, and therefore accounts well for the seemingly
contradictory experimental results.
PACS numbers: 74.70.Dd; 74.25.Bt; 74.20.Rp

The breaking of symmetries in addition to gauge symmetry
upon entering the superconducting state usually indicates an
unconventional order parameter. Several materials have been
found to break time reversal symmetry (TRS) in the superconducting state through the detection of spontaneous magnetic fields below T c using zero-field muon-spin relaxation
(µSR). In some cases, such as Sr2 RuO4 [1] and UPt3 [2, 3]
where TRS breaking is also supported by measurements of
the polar Kerr effect [4, 5], there exists additional evidence
for triplet superconductivity [6–9]. Recently, other superconductors have been reported to show TRS breaking, such as
Re6 Zr [10] and Lu5 Rh6 Sn18 [11], but there is not yet other evidence for unconventional superconductivity and fully gapped
behavior is observed. In general the breaking of TRS does
not necessarily imply triplet pairing and it is expected for
some multiband singlet states such as s + is, where there is
a phase difference between the gaps which is neither zero or
π [12]. However a particular conundrum is presented by the
TRS breaking in LaNiC2 [13] and LaNiGa2 [14], where it
has been argued that as a result of the low symmetry of the
orthorhombic crystal structures of both compounds, broken
TRS necessarily implies non-unitary triplet superconductivity
and all the TRS breaking states have nodes in the gap function [15]. Although evidence for nodal superconductivity was
found from some measurements [16, 17], recent specific heat
[18, 19], nuclear quadrapole relaxation [20] and penetration
depth [19] measurements indicate fully gapped behavior in
LaNiC2 . In addition, evidence for two-gap superconductivity
was found from the specific heat, superfluid density and upper critical field [19]. There have been fewer measurements of
superconductivity in LaNiGa2 [21], which has an orthorhom-

bic centrosymmetric crystal structure in contrast to noncentrosymmetric LaNiC2 , although fully gapped behavior was inferred from the specific heat [22].
In this Letter, we suggest a solution to this apparent contradiction from measurements of the London penetration depth,
specific heat and upper critical field, all of which consistently suggest the presence of two-gap superconductivity in
LaNiGa2 . Along with previous results of LaNiC2 [19], we
establish that nodeless, two-gap superconductivity is a common feature of these compounds. We propose that pairing between electrons with the same spins but on different orbitals
gives rise to a triplet superconducting state with even parity
pairing in both compounds, where the wave function remains
antisymmetric overall due to a sign change upon exchanging
electrons between different orbitals. Here additional lowering
of the free energy is achieved by an additional field that splits
the spin-up and spin-down Fermi surfaces, leading to two distinct gap values.
Polycrystalline LaNiGa2 was prepared by arc melting stoichiometric quantities of La (99.98%), Ni (99.99%) and Ga
(99.999%) in argon gas. The ingots were sealed in evacuated
quartz tubes and annealed at 600◦ C for one month. Powder
x-ray diffraction measurements showed that the samples are
single phase with lattice parameters consistent with previous
results [22]. The residual resistivity of ρ0 ≈ 1.6 µΩ cm and
RRR = ρ300K /ρ4K ≈ 28 indicate a high sample quality and a
transition temperature T c ≈ 1.8 K was determined from the
onset of a sharp superconducting transition. The ac magnetic
susceptibility was measured in a 3 He cryostat and heat capacity measurements were performed using a Quantum Design
Physical Property Measurement System. The London pene-
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FIG. 1: (Color online) London penetration depth ∆λ(T ) of two samples of LaNiGa2 at low temperatures. The solid and dashed lines
show fits of ∆λ(T ) to an s wave model with ∆(0) = 1.30kB T c , and
a T 2 dependence respectively. The dotted line shows ∆λ(T ) for an
isotropic, weakly coupled BCS superconductor. The inset shows
∆λ(T ) for sample #1 up to 2 K.

tration depth was measured in a 3 He cryostat (0.4 K< T <
3 K) and a dilution refrigerator (0.05 K< T < 0.8 K) utilizing a tunnel diode oscillator (TDO) based technique, where
the change of the London penetration depth is proportional to
the TDO frequency shift, i.e., ∆λ(T ) = λ(T ) − λ0 = G∆ f (T ),
where λ0 is the zero temperature penetration depth and G is
determined by the coil and sample geometry [23].
Figure 1 shows ∆λ(T ) for two samples of LaNiGa2 , where
G is 5.2 Å/Hz and 11.6 Å/Hz for sample #1 and #2, respectively. The inset displays ∆λ(T ) from 2 K down to 0.05 K
for sample #1. The signal drops abruptly around the transition temperature T c = 1.8 K, which is consistent with the
T c from resistivity (not shown) and ac susceptibility measurements (inset of Fig. 4). The low temperature data of ∆λ(T )
is displayed in the main panel of Fig. 1. For nodal superconductors at low temperatures, ∆λ(T ) ∼ T n with n = 1 for
line nodes and n = 2 for point nodes. Our data does not display this behavior and the flattening of ∆λ(T ) indicates nodeless superconductivity. √
For isotropic s wave superconductors
at T << T c , ∆λ = λ0 π∆(0)/2kBT exp[−∆(0)/kBT ], where
∆(0) is the zero temperature gap amplitude. As shown by the
solid line in Fig. 1, the data is well fitted by this expression
at low-temperatures. The fitted gap of ∆(0) = 1.30kBT c is
significantly smaller than the weakly-coupled BCS value of
1.76kBT c , indicating either multiple gaps or gap anisotropy.
The behavior of ∆λ(T ) for such a BCS model (dotted line)
shows poor agreement.
To further analyze the gap symmetry of LaNiGa2 , we calculated the superfluid density using ρ s (T ) = [λ0 /λ(T )]2 , where
λ0 = 350 nm [14]. Figure 2 shows ρ s (T ) for sample #1 where
the flat behavior at low temperatures again indicates fully
gapped superconductivity. The superfluid density is shown for
two nodal gap structures which cannot account for the data,
with point nodes where ∆k = ∆(T )sin(θ) (dotted line) and with
line nodes where ∆k = ∆(T )cos(θ) (dashed-dotted line). Here
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FIG. 2: (Color online) Superfluid density ρs (T ) against T/T c . The
solid line shows the fitted two-band model, while the dashed and
dashed-dotted lines show models with point and line nodes respectively. The inset shows the components of the two-band model.

∆(T ) is the gap temperature dependence from Ref. 27 with
∆(0) = 1.6kBT c and 3.5kBT c for the respective models. The
presence of multiple electron and hole Fermi surface sheets revealed by band structure calculations [24, 25], as well as a gap
significantly smaller than the BCS value derived from fitting
∆λ(T ) at low temperatures, suggest the possibility of multigap superconductivity. Therefore the data are analyzed using
a two-band γ model [26], where the gap on each band is calculated self-consistently. The parameters are the partial density
of states n1 and n2 , the intraband pairing potentials λ11 and λ22
along with λ12 and λ21 which characterize the interband coupling. The superfluid density of a two-band superconductor
can be summarized as ρ s (T ) = xρ1 (T ) + (1 − x)ρ2 (T ), where
ρi (T ) is the single band superfluid density for the gap ∆i (T )
(i = 1, 2) and x is the relative weight of ρ1 (T ) [27]. When
using this procedure with λ12 = λ21 , the free parameters are
n1 , λ11 , λ12 , λ22 and x. We obtain a good fit across the whole
temperature range with the best fitting parameters of n1 =0.4,
λ11 =0.25, λ22 =0.153, λ12 =0.016 and x=0.43. The value of x
is close to n1 , suggesting the Fermi velocities of each band
are similar. The fit to the γ model is shown by the solid line in
Fig. 2 and the zero temperature gaps are ∆1 (0) = 1.29kB T c
and ∆2 (0) = 2.04kBT c . The smaller gap agrees well with
∆(0) = 1.30kB T c obtained from fitting ∆λ(T ) (Fig. 1), as expected for two-band superconductors [28].
Specific heat (C) results for LaNiGa2 are shown in Fig. 3(a),
where C/T follows a T 2 dependence above T c . The normal
state is fitted with C/T = γn + βT 2 , giving a Sommerfeld
coefficient γn = 10.54 mJ/mol K2 and a Debye temperature
ΘD = 294 K from the phonon contribution βT 2 , consistent
with previous results[22]. The electronic specific heat (Ce ) is
obtained by subtracting the phonon term, and Ce (T )/γn T c is
shown in Fig. 3(c). The dashed line shows the specific heat
of an isotropic, weakly coupled BCS superconductor, which
also deviates from the data. Although Ce (T )/T is not saturated
down to 0.35 K, this is consistent with the penetration depth
measurements, which only become flat below about 0.25 K.
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FIG. 3: (Color online) (a) Specific heat C/T against T 2 for LaNiGa2 .
The solid line shows a linear fit above T c . (b) The electronic specific
heat Ce /T against T 2 at low temperatures. The solid line shows a
linear fit which extrapolates to negative Ce /T . (c) Temperature dependence of Ce /T , normalized to the normal state value. The solid
line shows the γ model fit, while the dashed and dotted lines show
the behavior of a weakly coupled, isotropic BCS superconductor and
a T 2 dependence respectively. The inset shows Ce /T (T ) in various
applied magnetic fields

FIG. 4: (Color online) Upper critical field Hc2 (T ) of LaNiGa2 from
specific heat and ac susceptibility measurements. For the ac susceptibility, Hc2 (T ) were obtained from the peak in χ′′ , as well as where
χ′ reaches 10% and 90% of full screening, while the midpoint of the
transition was used for the values from specific heat measurements.
The solid and dashed lines show the two-band and WHH models respectively, while the dotted lines are guides for the eye. The inset
shows the real and imaginary parts of the ac susceptibility χ(T ) in
various fields.

While Ce (T )/T shows quadratic-like behavior at low temperatures [Fig. 3(b)], a negative value of Ce (0)/T = −0.93 mJ/mol
K2 is obtained upon extrapolating to zero temperature, suggesting a nodeless superconducting gap. Ce (T )/T in the superconducting state is fitted using a two band model [29],
Ce (T )/T = xCe∆1 (T )/T + (1 − x)Ce∆2 (T )/T , where Ce∆i (T )/T
is the single band Ce (T ) with a gap ∆i (T ), calculated using
the same expression as for the superfluid density fitting. From
Fig. 3(c), it can be seen that the data is well described by this
model with fitted parameters n1 =0.4, λ11 =0.261, λ22 =0.149,
λ12 =0.02 and x=0.31. The derived specific heat jump is
∆C/γT c = 1.28 and the gap values at zero temperature are
∆1 (0) = 1.08kBT c and ∆2 (0) = 2.06kBT c . This demonstrates
that the specific heat measurements are consistent with twogap superconductivity, as deduced from the superfluid density
fitting.
To determine the upper critical field [Hc2 (T )] of LaNiGa2 ,
we measured the ac susceptibility χ (inset of Fig. 4) and specific heat (inset of Fig. 3(c)) in various magnetic fields. A transition can not be clearly resolved in the specific heat data for
applied fields greater than 0.03 T, the reason for which is not
clear and requires further studies. As shown in Fig. 4, Hc2 (T )
is almost linear near T c . However, the curvature of Hc2 (T )
shows a clear upturn at low temperatures, deviating from the
Werthamer-Helfand-Hohenberg (WHH) model (dashed line)
[30]. Such a negative curvature of Hc2 (T ) is a common feature of multiband superconductivity. For a multiband system
taking into account both interband and intraband couplings,
Hc2 (T ) can be calculated following Ref. 31. The upper critical field was fitted with the same parameters used to fit the
superfluid density, so that the only free parameters were the
diffusivities of the bands (D1 and D2 ). The data are well fitted by the model (solid line in Fig. 4) and therefore Hc2 (T )

agrees well with with two-band superconductivity. The obtained value of D2 /D1 is 0.15, while the extrapolated zerotemperature upper critical field is µ0 Hc2 (0) ≃ 0.11 T.
Therefore measurements of the penetration depth, specific
heat and upper critical field consistently support nodeless twogap superconductivity in LaNiGa2 . Two-gap behaviour was
also observed in LaNiC2 [19], suggesting that nodeless, twogap superconductivity is another common feature of these
compounds, in addition to TRS breaking. In what follows
we propose a unified view of these materials in which the two
phenomena have a common origin.
Significant differences exist between the two materials.
Electronic structure calculations reveal that either one or two
bands cross the Fermi level (E F ) in LaNiC2 [32, 33], while
LaNiGa2 has a very different Fermi surface, with several
bands at E F [24, 25]. Moreover, whereas the crystal structure
of LaNiGa2 has a center of inversion, that of LaNiC2 lacks it.
As a result, in LaNiC2 the spin-orbit coupling may lead to a
superconducting state which is a mixture of spin-singlet and
spin-triplet [34–36]. In contrast, for LaNiGa2 such a state is
forbidden by symmetry.
Several works have discussed LaNiC2 and LaNiGa2 in
terms of a conventional BCS pairing mechanism [24, 25, 33,
39] and this scenario leads to fully-gapped superconductivity
with two-gap behavior arising from the involvement of two
distinct bands. However, such theories are not readily reconciled with the observation of TRS breaking in both compounds [13, 14]. To address this, it was proposed that in
LaNiC2 the broken TRS may arise from a small admixture of
triplet pairing to an otherwise largely conventional superconducting order parameter [33]. Alternatively, it was hypothesized that a non-trivial phase factor between the s wave gaps
in two different bands (an s + is state) might be responsible
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for broken TRS [24]. However, the point groups of the crystal
structures of LaNiC2 and LaNiGa2 are C2v and D2h , respectively, both of which only have one-dimensional irreducible
representations [13, 14] whereas a multi-dimensional order
parameter is required to break TRS at T c [37]. In the triplet admixture scenario, the relevant point group is the double group
C2v,J whose irreducible representations have the same dimensionality as those of C2v . In the s + is scenario, the point
group is either C2v or D2h , if the bands are strongly-coupled,
or the products C2v ⊗ C2v or D2h ⊗ D2h , if they are decoupled,
which also only have one-dimensional irreducible representations. Thus in either scenario the broken TRS would require a
first-order transition or multiple superconducting phase transitions [15, 40]. While the latter has been observed in UPt3
[38], there is no experimental evidence in these compounds.
In the case of weak spin-orbit coupling the relevant point
groups for LaNiC2 and LaNiGa2 are C2v ⊗ S O(3) and D2h ⊗
S O(3), respectively, both of which have three-dimensional
irreducible representations and there are four TRS-breaking
superconducting instabilities [13–15], all of them in the
purely-triplet channel and thus in stark contrast to the above
scenarios. All four instabilities correspond to nonunitary
(equal-spin) pairing, for which we expect an additional, subdominant order parameter, in the form of a bulk magnetization appearing below T c , which may have been observed in
LaNiC2 [41]. However, all of these nonunitary triplet states
have nodal gap functions, which is clearly inconsistent with
this work and Ref. 19.
As a result, we suggest that a new mechanism may be
present in these materials. An isotropic gap which does not
change sign can result from an on-site interaction, which is
not possible for equal spin pairing in a single-orbital model,
but could result from a local attraction between electrons with
equal spins on different orbitals. The pairing potential has
the form ∆n,m
α,β (k), where n, m are orbital indices and α, β are
the spin indices of the two paired electrons. For an isotropic
gap with the formation of Cooper pairs within one orbital,
n,n
∆n,m
α,β (k) = ∆α,β and therefore to keep the gap function antisymmetric under the exchange of two fermions, it is necessary
n,m
that ∆n,m
α,β = −∆β,α , that is there is singlet pairing between electrons of opposite spins. However if the pairing occurs between
electrons on different orbitals, the condition for triplet pairing
n,m
n,m
m,n
∆n,m
α,β = ∆β,α can be met if ∆α,β = −∆α,β , that is the change
of signs is achieved through an antisymmetric orbital index.
Similar scenarios have been proposed to make d wave pairing
and fully-gapped behaviour compatible in the iron pnictides
[42] and to propose fully-gapped triplet pairing in that same
family of materials [43]. Our approach generalises the work
of Ref. 43 to the nonunitary case, allowing for broken TRS.
The simplest theory embodying the above ideas features an
P
electron-electron interaction V̂ = −U j,σ c†A jσ c†B jσ cB jσ cA jσ .
Here c†A jσ creates an electron in an A orbital on the jth lattice
site with spin index σ. V̂ describes attraction, of strength U,
between two electrons with parallel spins that occupy different orbitals A, B on the same site j. Within a standard vari-

ational mean field theory, the effect of V̂ can be described
by two mean fields ∆↑↑ c†A j↑ c†B j↑ + ∆↓↓ c†A j↓ c†B j↓ + H.c. and

ΦAσ c†A jσ cA jσ + ΦBσ c†B jσ cB jσ . ∆↑↑ and ∆↓↓ describe uniform,
equal-spin pairing between an electron in an A orbital and an
electron in a B orbital on the same site. Our pairing potentials
correspond to the ∆1 and ∆−1 terms in Ref. 43, while we do
not include the ∆0 term. The additional mean field Φnσ takes
care of the spontaneous spin polarisation [14, 44].
Diagonalising the Bogoliubov-de Gennes equations yields
low-energy quasiparticles which have a well-defined spin index σ but mixed orbital character. For each value of the
spin, the quasiparticle spectrum has four branches and depends on the details of the splitting between the A and B
orbital energy levels and band hybridisations. Neglecting
these,
q it simplifies to two doubly-degenerate branches Eσ =

± (ǫ − µ + Φσ )2 + |∆σσ |2 , which yields two fully open gaps
of different sizes for ↑↑ and ↓↓ pairing. Such a simple model is
consistent with electronic structure calculations of LaNiGa2 ,
which reveal the presence of two pairs of Fermi surface sheets,
which are in close proximity in the Brillouin zone [25]. The
details of the derivation and more general expressions will
be provided elsewhere. Spectroscopically, this could be very
similar to the conventional two-band behaviour captured by
the γ−model used to fit our data. However, note that the two
values of the gap are associated with two different values of
the spin, rather than two band indices.
Further hints of an unconventional pairing mechanism
come from recent measurements of LaNiC2 under pressure,
which reveal a broad superconducting dome, where the maximum of T c coincides with a crossover from a metallic normal state to one with strongly correlated electronic interactions [45]. One possibility is that fluctuations of the correlated state mediate the pairing interaction, which might then
look different from the simple, on-site form used above. Alternatively, the local attraction between equal spins could result from Hunds rules. Furthermore, our theory provides a
mechanism for an on-site attraction leading to triplet pairing,
suggesting the possibility of TRS breaking superconductivity
mediated by phonons.
To summarize, we performed measurements of London
penetration depth, specific heat and upper critical field which
show two-gap, nodeless superconductivity in LaNiGa2 . The
presence of two gaps in both LaNiGa2 and LaNiC2 allows
us to propose a novel non-unitary triplet state, where the gap
symmetry has even parity. This can reconcile the observation of fully gapped behavior and the breaking of TRS in
both compounds and further work is required to elucidate the
mechanism which leads to this novel pairing state.
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