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Possible two-gap behavior in noncentrosymmetric superconductor Mg;oIr;oB4:
A penetration depth study
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We report measurements of the magnetic penetration depth N(7) of Mg;glr;gB;¢ down to 50 mK
(<0.01T,). We observe a sample-independent small second drop around 0.8 K and an overall low-temperature
response that indicate a possible two-gap superconductivity in Mg;olr;9B . A two-isotropic-gap model can
account for the present penetration depth data. However, the lack of inversion symmetry in this compound with

the heavy transition element Ir may lead to a large antisymmetric spin-orbit coupling that splits the spin bands
and mixes spin-singlet and spin-triplet states. A model based on the two spin-split bands, with nodeless
anisotropic gaps and dominant spin-triplet components, can also explain the present results. The data rule out
an isotropic spin-singlet gap structure, as suggested by specific-heat measurements.
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The recent discovery of superconductivity in the noncen-
trosymmetric heavy-fermion CePt;Si (7,=0.75 K) (Ref. 1)
has sparked a lively interest in parity-violating superconduct-
ors in which the classification of the pairing states into pure
even-parity spin singlet and pure odd-parity spin triplet is not
possible. The absence of inversion symmetry causes the ap-
pearance of an antisymmetric potential gradient VV that
leads to an antisymmetric spin-orbit coupling (ASOC) a(k
X VV)-6&. Here Kk is the electron momentum and « a cou-
pling constant. A strong ASOC lifts the spin degeneracy ex-
isting in parity-conserving superconducting systems by origi-
nating two bands with different spin structures and with
energy gaps’

A (k)= ¢ = tlg(k)|. (1)

Here ¢ and #|g(k)| are the spin-singlet and spin-triplet com-
ponents, respectively, and g(k) is a dimensionless vector
[g(-k)=-g(k)] parallel to the vector d(Kk) of the spin-triplet
order parameter. In this spin-split band model the order pa-
rameter is then an admixture of spin-singlet and spin-triplet
states. In this case, when the spin-orbit band splitting E, is
much larger than the superconducting energy scale kT, the
system can be essentially considered a superconductor with
two gaps that open at T,.. However, depending on the relative
density of states of the spin-split bands, anisotropic (with and
without nodes) one-gap behaviors can be realized.

The majority of the known ambient-pressure noncen-
trosymmetric  superconductors have E>kgT, (large
ASOC) CePt3Si, Liz(Pd,Pt)3B,3 Re3W,4 and Mg101r19B16.5
CePt;Si (Refs. 6 and 7) and Li,Pt;B (Refs. 8-10) have line
nodes which can be explained assuming that the gapless
spin-triplet component and the band with A_(k) rules."
Li,Pd;B exhibits an anisotropic nodeless behavior inter-
preted as a preponderant isotropic spin-singlet channel and
spin-split bands contributing almost equally.’

Re;W (Refs. 12 and 13) shows a somewhat unexpected
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PACS number(s): 74.20.Rp, 74.25.Nf, 74.70.Dd

isotropic single-gap-like response, which would imply the
extreme case of a highly dominant spin-split band and a
preponderant isotropic spin-state component. Similar behav-
ior has been observed in specific-heat data of Mg;,lr;oB ¢
(T,=5.7 K),'*15 although a two-isotropic-gap function has
been proposed from tunneling data.'* The latter interpreta-
tion places Mg;(lr9B4 as the first noncentrosymmetric su-
perconductor showing explicitly a two-gap-like behavior. It
would be important to determine how this behavior com-
pares to the two-gap response observed in a conventional
s-wave superconductor with inversion symmetry such as
MgB,. The controversial findings in Mg,(lr;¢B ¢ need to be
clarified in order to get further understanding on the physics
of superconductors without inversion symmetry.

Here we report on measurements of the magnetic penetra-
tion depth N(T) of Mg,Ir;9B,s down to 50 mK (<0.017,).
The magnetic penetration depth is a clean direct probe of the
structure of the superconducting energy gap, and can readily
detected nodes, small nodeless anisotropies, and multiple
gaps. The penetration depth data of Mgylr;oB¢ depict a
small second drop at 0.8 K that flattens out around 0.2 K, an
indication of a possible two-gap behavior.

Mg, olr9B ¢ crystallizes in a cubic crystal structure (space
group I—-43m) with large and complex unit cells of 45 atoms.
The noncentrosymmetry in this compound comes from all
element sites. The samples of Mg;olr;oB ¢ used in this work,
labeled A, B, and C, come from a large piece prepared using
a standard method of solid-state reaction (for details on the
preparation see Ref. 15). The mother sample consists of a
single phase with a small amount of impurities as indicated
by x-ray diffraction patterns, shows no trace of a second
superconducting phase in ac susceptibility and specific-heat
measurements, and displays a sharp transition in resistivity
data.'> The samples A, B, and C are of granular type and
have macroscopic dimensions around 0.6X0.6% 0.4 mm?
and superconducting onset temperatures of 5.3, 5.5, and 5.6
K, respectively. For comparison purpose we also measured a
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high-purity sample of niobium (7,.=9.2 K). Penetration
depth measurements were performed utilizing a 13 MHz tun-
nel diode oscillator with a frequency resolution of 15 mHz
after taking into account drift effects. The magnitude of the
ac field was estimated to be around 1 mOe. The internal
vacuum can of the dilution refrigerator employed to get low
temperatures is surrounded by a layer of CRYOPERM 10
shield which reduced the dc field at the sample to around 1
mOe. This field is 4 orders of magnitude lower than the
lower critical field H,,(0)=30 Oe.'

A change in the measured frequency with respect to the
value at the lowest temperature T, is related to the variation
in the magnetic susceptibility x(7) of the sample f(7)
—f(Tin) =GIX(T) = X(Tin) ]. The variation in the penetration
depth AN(T)=N(T) =N\ (T,y,) is obtained through the relation-
ship between x(7) and \(7).'® The G factor depends on the
empty-coil frequency and on the sample and coil geometries,
and is determined by measuring a sample of known behavior
and same dimensions as the test sample. For an inhomoge-
neous sample the effective geometry as well as the demag-
netizing factor is in some degree unknown, therefore the de-
termination of G in the present case is not reliable. We did
not attempt to improve the estimation of G by using the
radius-averaged susceptibility expression for a sintered
sample of independent spherical grains because the samples
have strongly coupled superconducting grains (see discus-
sion in the next paragraph). The temperature variation in A
is, in any case, highly accurate and independent of G.

The normalized variations of the penetration depth
AN(T)/ AN, of Mg, Ir;9B ¢ and Nb are displayed in Fig. 1(a).
Here A\, is the total penetration depth shift of the samples.
The data of Mg;ylr;oB ;s depict a sample-dependent kink
around 4 K which we attribute to the intergranular compo-
nent of the susceptibility of our samples. In sample C the
high-temperature (above 4 K) portion of the data indicates
that the effective volume fraction of the superconducting ma-
terial is larger than 90%, thus the intergranular component in
this sample would account only for less than 10% of the total
susceptibility. The small kink, however, broadens the super-
conducting transition. The intergranular susceptibility usu-
ally saturates at low temperatures.

The low-temperature AN(T)/AN, of the Mgylr;oB 4
samples is shown in Fig. 1(b). The data of samples A, B, and
C have been shifted up for clarity. The striking features of
the data for 7<<0.2T, are (a) the penetration depth is tem-
perature dependent down to the ultralow temperature 0.047,
and (b) a small second drop is observed around 0.8 K. These
highly reproducible features are sample independent—as op-
posed to the kink observed around 4 K—and, therefore,
should be intrinsic properties of the superconducting phase
of Mg olr;9B . In specific-heat measurements carried out in
the mother sample it was found a residual Sommerfeld coef-
ficient y,~13.8 mJ/mol K? that may indicate the presence
of a nonsuperconducting phase.'> These same measurements
show an upturn at low temperature that was interpreted as a
Schottky anomaly. The feature observed around 0.8 K in
penetration depth cannot be attributed to the existence of a
nonsuperconducting phase since this type of phase does not
yield anomalous behaviors or unusual features in the pen-
etration depth or the superfluid density. Nonsuperconducting
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FIG. 1. (Color online) (a) Normalized temperature variation in
the penetration depth for three same-batch samples of Mg;lr;oB¢
and for a sample of Nb. A sample-dependent kink is observed
around 4 K in all samples of Mg;lr;oB 4. (b) Low-temperature
region of the normalized temperature variation in \. For clarity, the
data of samples A, B, and C have been shifted up 0.003, 0.002, and
0.001, respectively. A clear small second drop is observed near 0.8
K in all three samples of Mg;lr;gB¢. The lines are fits to a power-
law function (see text). The inset is a blow up of the low-
temperature region showing a fit (solid line) to the BCS exponential
expression at the lowest temperatures.

phases only cause an incomplete Meissner effect or shield-
ing. Paramagnetic impurities (the type that causes the
Schottky effect in specific heat) would yield an upturn, not a
drop, in penetration depth (see, for example, Ref. 17).

The variation in the penetration depth at such very low
temperatures is clear evidence against an isotropic s-wave
energy gap, in which case the penetration depth (and any
thermodynamic and transport quantity) has a BCS exponen-
tial response that flattens out below 0.27,.. Two previous re-
ports on specific-heat measurements'#!> have provided sup-
port for an isotropic s-wave superconducting energy gap in
this compound. Perhaps the low resolution and somewhat
high temperatures of the specific-heat data make it difficult
to resolve the small effect observed in our measurements.

In centrosymmetric superconductors a second drop in
low-temperature penetration depth data would suggest the
opening of a second gap. A crossover of N(T) from 7" (n
~2) above 0.8 K [solid lines in Fig. 1(b)] to {(1/\T)
exp[—A(0)/kgT]} at the lowest measured temperatures [solid
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FIG. 2. (Color online) Results of the numerical evaluations of
the models discussed in the text: (a) the penetration depth AN(T)
and (b) the superfluid density [N(0)/\(T)]>. The experimental data
correspond to sample C of Mg;lr oB .

line in the inset to Fig. 1(b)] is observed in all three samples.
Such a crossover from a power law to a BCS exponential
behavior is expected in a conventional two-isotropic-gap sys-
tem. This standard two-gap behavior would support the re-
cent interpretation of the tunneling data of Mg;oIr;oB;s.'* In
general, the overall A(T) of an anisotropic single-gap super-
conductor would resemble that of a two-gap superconductor.
However, an anisotropic single gap does not yield a marked
drop in A(7) at low temperatures, as two gaps opening at
different temperatures do and as the present penetration
depth data depict at 0.8 K.

However, Mg,olr;oB;¢ is presumably a strong noncen-
trosymmetric superconductor and the large spin-orbit band
splitting should be considered in the analysis of the data. In
the spin-split band model the gaps open at T, and the small
drop observed at low temperatures would signal some kind
of anisotropy of the gaps (see below for a further discussion).
An important clue on the origin of the two-gap structure
would come from spin-orbit-included band-structure calcula-
tions and/or quantum oscillation measurements, neither of
which has been yet reported for Mg,olr;oB 4.

To get further insight into the symmetry of the gap struc-
ture of Mg, (lr;oB ¢ we compare the experimental data of the
magnetic penetration depth and the superfluid density with
numerical evaluations of three models: (1) spin-split bands,
as introduced in Eq. (1); (2) single isotropic gap (s-wave
gap), which has been suggested for this compound from two
sets of specific-heat measurements;'*!> and (3) two isotropic
gaps (two gap), which would be valid in the hypothetical
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FIG. 3. (Color online) Three-dimensional (3D) polar plots of
possible gap functions A, (k) and A_(k) of the spin-split bands in
Mg, lIr 9B 6.

case that Mg;,lr;oB s has a very small ASOC that does not
break the spin degeneracy of the bands.

For the numerical evaluations we apply the normalized
superfluid density p(T)=n,(T)/n=N*(0)/\*(T), where n is
the total density, in the local limit of the electrodynamics

PPV

Here (---) represents an angular average over the Fermi sur-

face and f is the Fermi function. lE:k/kF, with kp the Fermi
momentum. The total energy E(k)=1e(k)+|A(T.k),
where € is the single-particle energy measured from the
Fermi surface and A(7,k)=A(T)A(k). We considered a
spherical Fermi surface and used the standard gap interpola-
tion formula A(7T)=A(0) tanh(aVT,./T-1), with a=1.38. In
all calculations we used A(0)/kgT,=1.9 (Ref. 15) and \(0)
=4040 A." The results for AN(T) and p(T) are presented in
Figs. 2(a) and 2(b), respectively.

For the s-wave gap and two-gap models A(T,k)=A(T) is
independent of k and (12%>—> 1/3 in Eq. (2). It is evident from
Fig. 2 that the experimental data do not follow at all the
single isotropic gap model (dash-dotted line) suggested by
specific-heat results.!*!> Thus, the present results of the mag-
netic penetration depth exclude an isotropic s-wave gap
structure in Mg;lr;oB 4. For the evaluation of the two-gap
model (dashed line in Fig. 2) we wrote the contributions of
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bands / and s as p=Np;+(1—N)p,, with the normalized den-
sity of states N=0.76 in band [/ with the larger gap and the
ratio of the gaps A{—O 21. The low-temperature data agree
reasonably well with the two-isotropic-gap model. The low-
temperature superfluid density of noncentrosymmetric
Mg olr19B¢ looks similar to that of the parity-conserving
s-wave two-gap superconductor MgB,.'

For the estimation of the spin-split band model [Eq. (1)]
we consider the simplest form of g(k) that is compatible with
the tetrahedral point group 7, e (9 (assuming a spherical
Fermi surface):"  g(k)=[k(k2-k}).k,(k;~k.)  k.(ki—kD)].
This g(k) vector, an f-wave spin-trlplet state, has nodes on
the Fermi surface. There is no experimental evidence for an
anisotropic mass tensor in Mg;olr;oBs. Thus, to compute
p(T) we assume that the Fermi momenta (Fermi velocities)
in the split bands are equal. Then, following the notation of
Ref. 11 for comparison purpose, p=(1+ 8)p;+(1-8)py. Here
6=(Ny—Np)/ (N1+Nyp), with Nyy the density of states in the
split bands I and II. In this work we choose the isotropic
s-wave spin-singlet pairing ¢ for simplicity. The results are
shown as solid lines in Fig. 2. Overall the spin-split band
model follows the low-temperature experimental data
slightly better than the two-gap model. We also note that the
kink or drop around 0.8 K in the experimental data is more
pronounced than the ones described by the models.

The spin-split band calculation yielded 6=0.17 and V=%
=0.57, suggesting that in Mg;ylr;¢B ¢ the spin-triplet compo-
nent dominates, as in CePt;Si (Ref. 11) and Li;Pt,B.% Inter-
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estingly, in the latter two compounds the energy gap A_(k)
has line nodes. In Mg,,Ir;oB ¢ the present penetration depth
data rule out the existence of line nodes. In the other
ambient-pressure noncentrosymmetric superconductors with
large ASOC and nodeless gap structures, Li;Pd,B and Re;W,
the isotropic spin-singlet component seems to be highly pre-
ponderant. Then, the present results imply that Mg;Ir;oB g4 is
the first noncentrosymmetric superconductor found to have a
dominant with-node spin-triplet component but with node-
less gaps. This may have to do with the fact that the spin-
split bands contribute almost equally. The possible aniso-
tropic gap structures in the spin-split bands I and II are
represented in Figs. 3(a) and 3(b), respectively.

In summary, we reported on magnetic penetration depth
measurements in  samples of  noncentrosymmetric
Mg olr19B 6. The results indicate a possible two-gap behav-
ior that can be explained assuming either a conventional two-
isotropic-gap model or anisotropic gaps in the spin-split
bands that originate from a large antisymmetric spin-orbit
coupling in this material. In the latter case, the spin-triplet
component dominates as in CePt;Si and Li;Pt,B. The results
also discard the possibility of an isotropic s-wave spin-single
pairing, as suggested by specific-heat data.
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