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We analyze the response to a magnetic field of a two-dimensional spin-triplet superconductor with chiral
order parameter when triplet pairing is closely competing with the singlet one. The study is performed via
numerical solution of the Bogoliubov-de Gennes equations, assuming that the translational symmetry is broken
in one direction by the presence of an interface beyond which superconducting pairing is not effective. We
show that as the intensity of the magnetic field is increased above a threshold value, the system undergoes a
transition to a spatially inhomogeneous state of the Fulde-Ferrell-Larkin-Ovchinnikov �FFLO� type where
chirality disappears and a singlet-triplet mixing takes place along the direction perpendicular to the interface.
Subdominant singlet components are found to accompany the triplet dominant ones in both phases. They
develop close to the interface at low fields, then turning continuously into oscillating long-range ones as the
field is increased. A similar behavior is found for the magnetization. It nucleates at the interface in the chiral
phase, then acquiring in the FFLO phase an oscillatory behavior reaching its maximum amplitude at the sites
where the dominant triplet component has a node. At these sites, the local spin-resolved density of states
exhibits strong resonances, associated with the formation of Andreev bound states, which tend to broaden and
decay in intensity as increasingly high magnetic fields are considered.
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I. INTRODUCTION

In spatially homogeneous superconductors the application
of an external magnetic field is known to be detrimental to
the stability of the superconducting phase. In most of the
cases, orbital pair-breaking effects lead to the emergence of
the Abrikosov vortex state, eventually making the system
become fully normal as the upper critical field Hc2 is ex-
ceeded. However, under very specific conditions a
breaking-up of the translational invariance may allow the
superconducting order to remain stable even in the presence
of a polarizing field.1 The most celebrated example of an
inhomogeneous state where SU�2� and U�1� symmetries are
simultaneously broken, can probably be considered the so-
called Fulde-Ferrell-Larkin-Ovchinnikov �FFLO� state.2 In
this state Cooper pairs acquire a finite center-of-mass mo-
mentum and, as a consequence, the superconducting order
parameter �OP� and the magnetization both exhibit a modu-
lation in space.

Little evidence, however, has so far been reported of the
occurrence of the FFLO state in real systems. This is mostly
due to the fact that the coupling of a magnetic field to the
electron spin via Zeeman effect is required to break Cooper
pairs more efficiently than orbital coupling does, a situation
which is typically not encountered in most of the known
type-II superconductors. Nonetheless, besides the case of
systems such as ErRh4B4,3 where aligned magnetic impuri-
ties generate a very strong internal exchange field, a spin
paramagnetic effect dominating over the orbital one can in
principle take place in quasi-two-dimensional �2D� layered
systems where an external magnetic field is applied parallel
to the planes. In this case orbital effects can be small or even
negligible due to the weakness of the interlayer coupling and
thus the Zeeman effect is expected to dominate. A further

element hindering the formation of the FFLO state is that it
is not robust against the presence of impurities and thus its
occurrence requires very clean samples. Presently, these
rather stringent conditions are likely to be satisfied in very
few superconducting systems, essentially belonging to two
classes of systems, the heavy-fermion compounds4 and the
organic superconductors.5 Within the former, evidence of the
FFLO state has been found in several measurements per-
formed on the compound CeCoIn5 �Ref. 6� while in the latter
a clearcut signature has been provided by specific-heat mea-
surements on �-�BEDT-TTF�2Cu�NCS�2 �Ref. 7� �though it
is also conjectured that the FFLO state is realized in the
quasi-one-dimensional �1D� Bechgaard salts �TMTSF�2X
with X=PF6 �Ref. 8� and ClO4 �Ref. 9��.

A further peculiar feature of the FFLO state is that it tends
to be stabilized by the mixing of even and odd parity pair-
ings. Evidence for this behavior has been given by
Shimahara10 for a quasi-two-dimensional system where sin-
glet pairing interactions coexist with relatively weak triplet
ones. Moreover, an enhancement of the stability of the FFLO
state due to the singlet-triplet mixing has also been demon-
strated in recent studies on spin-fluctuation-mediated super-
conductivity performed within the Hubbard model on a
square lattice11 as well as on two-leg ladders becoming su-
perconducting away from half-filling.12

The interest in superconductors with parity mixing has
rapidly increased in the last years also because of the discov-
ery of superconductivity in several noncentrosymmetric
heavy-fermion compounds. Its first observation in CePt3Si
�Ref. 13� at ambient pressure, and in CeRhSi3 �Ref. 14� and
CeIrSi3 �Ref. 15� under pressure, has stimulated many
experimental16–20 and theoretical21 studies motivated by the
fact that this class of systems gives a unique opportunity of
probing the effect of parity violation, which is otherwise hard
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to achieve by imposing specific external conditions to stan-
dard centrosymmetric compounds. When crystal structure
lacks an inversion center, the corresponding asymmetry in
the electric potential gives rise to an antisymmetric Rashba-
type spin-orbit coupling which prevents the classification of
Cooper-pair states according to parity. As a consequence, the
superconducting phase is characterized by order parameters
of mixed parity, consisting of an admixture of spin-singlet
and spin-triplet pairing components.22,23 The mixed spin
structure of the order parameter in superconducting noncen-
trosymmetric systems also leads to very specific features in
the behavior close to interfaces, essentially because the pres-
ence of a strong spin-orbit interaction makes the interface
scattering become spin active.24

More exotic forms of mixed singlet-triplet superconduc-
tivity can be obtained when pairing-time correlations lead to
an even-frequency component in one of the spin-symmetry
channels and an oddlike frequency dependence in the other.
The interest in this direction has been triggered by the obser-
vation of long-range proximity effect in junctions made of a
spin-singlet superconductor interfaced with a half-metallic
ferromagnet.25,26 A similar attention has also been devoted to
other hybrid systems where due to interfaces, spin-active
sources of scattering, or inhomogeneous profiles of the mag-
netization, a mixing of singlet and triplet pairing with a non-
trivial time dependence may be generated.27–30

Within the paired states having mixed parity, it often hap-
pens that a dominant spin-singlet component is accompanied
by a closely competing spin-triplet one. The possibility of
turning such scenario toward a dominant spin-triplet compo-
nent is provided by the recent discovery of several systems
exhibiting a spin-triplet superconducting phase. Indeed, apart
from the well-known case of superfluid 3He, where the con-
densate is made of atomic pairs, a general consensus, mainly
originating from Knight-shift measurements, exists in favor
of triplet superconductivity in the ferromagnetic compound
ZrZn2,31 in the organic system �TMTSF�2PF6,32 and in sev-
eral heavy-fermion compounds which can be nonmagnetic
�UPt3 �Refs. 33 and 35��, antiferromagnetic �UNi2Al3 �Refs.
34 and 35��, or ferromagnetic �UGe2 �Ref. 36� and URhGe
�Ref. 37��. A further fundamental example of spin-triplet su-
perconductor with a chiral order parameter is the layered
perovskitic system Sr2RuO4,38 which for its specific proper-
ties has probably offered in the last years the best opportu-
nity to study the relevant features of spin-triplet pairing. It is
also worth mentioning that a peculiar modification of the
superconducting behavior of this compound has been de-
tected in two types of eutectic solidifications which contain
it, i.e., Sr2RuO4 /Ru and Sr3Ru2O7 /Sr2RuO4. In the case of
Sr2RuO4 /Ru, where the critical temperature is enhanced
from Tc=1.5 K of pure Sr2RuO4 to Tc=3 K,39 lamellar mi-
crodomains of metallic ruthenium are embedded in the per-
ovskitic oxide in such a way that a nonchiral spin-triplet
component may occur at the interface or a spin-singlet pair-
ing from the metallic ruthenium is mixed with the spin-triplet
one of Sr2RuO4.40 On the other hand, for Sr3Ru2O7 /Sr2RuO4
an anomalous proximity effect as well as multiple supercon-
ducting transitions have recently been observed.41,42 The be-
havior of both kinds of eutectic system underlines the subtle
competition between spin-triplet pairing and translational
and orbital symmetry breaking.

The rich phenomenology of the classes of systems men-
tioned above is intimately related to the complex evolution
of the superconducting state when extra symmetries other
than the U�1� gauge invariance are spontaneously or explic-
itly broken. Indeed, time-reversal symmetry breaking can
lead to inhomogeneous superconducting states �i.e., FFLO�,
and the removal of the crystal-inversion symmetry or the
presence of interfaces are accompanied by different types of
mixed parity pairing. Recently, some aspects of this issue
have theoretically been investigated43 for the case of a low-
dimensional singlet superconductor with spin-fluctuation-
mediated pairing coexisting with charge fluctuations, show-
ing that as the magnetic field is gradually increased,
consecutive transitions occur from singlet pairing to mixed
parity FFLO and further to Sz=1 triplet pairing. In close
connection to this scenario, we try in this paper to give an
answer to the following questions. Which is the response to a
magnetic field of a system where �i� an interface breaks
translational invariance and �ii� chiral spin-triplet pairing
dominates at zero field but in close competition with the
spin-singlet one? If a state with FFLO-like features emerges
at suitably high fields, what is its nature? To this purpose, we
consider a two-dimensional system where translational sym-
metry breaking is explicitly introduced by the presence of an
interface perpendicular to one of the two spatial directions.
Hence, the system consists of a chiral superconductor with a
nearest-neighbor pairing potential effective both in the sin-
glet and the triplet channels, and a paramagnetic metal where
no electron pairing is assumed to take place. With this
choice, the physical system representing the best candidates
for the application of our approach is the previously men-
tioned ruthenate compound Sr2RuO4, together with its de-
rived eutectic phases. Indeed, for such system the experimen-
tal and theoretical knowledge collected so far seems to
confirm the presence of a zero-field superconducting state
with triplet pairing and time-reversal symmetry breaking.
Hence, the model analyzed here may mimic a
Sr2RuO4/normal-metal bilayer junction as well as a system
where planar Sr2RuO4 areas are interfaced with metallic do-
mains of Ru or Sr3Ru2O7. Chiral superconducting regions
adjacent to normal metallic ones are also present in the
mixed state of Sr2RuO4, where the vortex cores play the role
of normal domains.

Within such scenario, we investigate several issues related
to how superconducting and magnetic properties are affected
by the interplay of the orbital, spin, and spatial symmetry
breaking. Choosing an electron density such that in zero field
a triplet superconducting component of the chiral type domi-
nates over the singlet ones, we follow the evolution of the
system as a constant exchange field, which can equivalently
be seen as an internal or an external one, is gradually turned
on. In particular, we find that as the field is increased beyond
a temperature-dependent crossover value, the system evolves
continuously from the chiral phase into an FFLO-like one
characterized by the coexistence of odd and even-parity pair-
ing oscillating components of comparable amplitudes �the
triplet one remaining dominant�. Moreover, similarly to what
happens for the singlet subdominant components, the mag-
netization in the chiral phase is found to be nonvanishing
only in proximity of the interface. Then, as the field is in-
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creased, it gradually acquires an oscillatory behavior extend-
ing all over the sample with an amplitude which is maximal
in correspondence of the nodes of the triplet-dominant order
parameter. At these sites, the local spin-resolved density of
states exhibits strong resonances, associated with the forma-
tion of Andreev bound states,44,45 which tend to broaden and
decay in intensity as higher magnetic fields are considered.

The paper is organized as follows. In Sec. II we introduce
the model used to describe the inhomogeneous system inves-
tigated here, specifying that it is solved in the clean limit
within a standard Bogoliubov-de Gennes approach. In Sec.
III we analyze the evolution of the superconducting phase
from the chiral to the FFLO state as the temperature and the
magnetic field are varied. Section IV is devoted to the con-
clusions.

II. MODEL AND FORMALISM

We consider a two-dimensional superconductor separated
from a normal metal by a perfectly transparent interface.
Denoting by x �y� the direction perpendicular �parallel� to the
interface, we assume that the system is uniform along the y
axis so that inversion and translational symmetries are bro-
ken only in the x direction. The system is described in terms
of a microscopic tight-binding model on a square lattice that
we treat within the Hartree-Fock approximation. It is as-
sumed that metallic ferromagnetism can develop via a stan-
dard Stoner-type mechanism associated with the presence of
a uniform exchange field, causing a rigid shift in the relative
positions of the majority and minority spin bands. We will
develop our analysis choosing an electron density such that
in the absence of the field the superconducting order param-
eter is characterized by a triplet pairing symmetry of the
chiral px+ ipy type.

The total Hamiltonian of the system is defined on a two-
dimensional finite-size square lattice of size 2L�2L �for unit
lattice constant�, where each site is denoted by a vector i
��ix , iy�, ix and iy being integers ranging from −L to +L. In
standard second quantization notation it has the form

H = − t �
�i,j�,�

�ci�
† cj� + H.c.� − ��

i,�
ni�

− �
�i,j�

ix,jx�0

V�ni↑nj↓ + ni↓nj↑� − h �
i

ix�0

�ni↑ − ni↓� ,

where �i , j� denote nearest-neighbor sites and � is the chemi-
cal potential. The presence of an interface in the system
separating a superconducting region from a paramagnetic
one is simulated via a nearest-neighbor attraction −V�V�0�
assumed to be nonvanishing only for ix�0. It is effective in
the singlet as well as in the triplet channel, as it happens, for
instance, when the pairing interaction is mediated by antifer-
romagnetic fluctuations.46 Finally, the magnetic field h,
which can be equivalently seen either as an external or an
intrinsic one, is for simplicity assumed to be nonvanishing
only in the superconductor side.

The model defined by the above Hamiltonian is solved
here by applying to H a standard Hartree-Fock de-

coupling and then solving numerically the corresponding
Bogoliubov-de Gennes equations by means of the self-
consistent iterative procedure described in detail in Ref. 47.
The numerical simulation has been performed adopting open
�periodic� boundary conditions in the x �y� direction, for a
system size corresponding to L=60. We have also verified
that larger values of L leave our results qualitatively un-
changed.

III. RESULTS

We start by selecting a set of parameters ��=−1.8 and
V=2.5, all the energies being expressed in units of the hop-
ping amplitude t� such that the ground state has in zero field
a p-wave character with broken parity and broken time-
reversal symmetry �px+ ipy�. Previous studies on the ex-
tended Hubbard model48 have shown that a dx2−y2-wave su-
perconducting state is stabilized near half-filling ��	0�
while an extended s wave appears at high �and low� densities
for 
�
 falling in a range going approximately from 2.5t to 4t.
In the region between d- and s-wave states, the triplet chiral
phase develops.

The type of pairing state which is established in the su-
perconductor as the field h and the temperature T are varied
can be deduced from the phase diagram shown in Fig. 1. As
already stated above, the chosen electron density �approxi-
mately equal to �ni�=0.4� is such that for h=0 the pairing
symmetry is the chiral px+ ipy one. As the magnetic field is
turned on at suitably low temperatures, a transition occurs
for a moderate threshold value of h to a spatially inhomoge-
neous state where chirality gets lost and a mixing of singlet
and triplet oscillating components, accompanied by similar
oscillations of the spin polarization, takes place in the direc-
tion perpendicular to the interface. The corresponding region
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FIG. 1. �Color online� h-T phase diagram at low and intermedi-
ate field values. Up to T / t�0.16, the increase in h leads to a tran-
sition from a chiral p-wave state to an FFLO one with oscillating
triplet and singlet components, accompanied by analogous oscilla-
tions of the spin polarization. At T=0 the transition to the normal
phase takes place for h / t�2 �the corresponding region of the phase
diagram is not shown�. The different colors denote the maximum
value of the magnetization in the superconducting and in the normal
region.

FIELD-INDUCED TRANSITION FROM CHIRAL SPIN-… PHYSICAL REVIEW B 81, 064513 �2010�

064513-3



of the phase diagram, which can be associated with an FFLO
state, extends up to relatively high values of the field before
the transition to the normal state takes place �at zero tem-
perature this happens for h / t�2�. To get an estimate of the
zero-temperature critical field hc at which the transition to
the FFLO state occurs, one can observe that the ratio be-
tween hc and the zero-field critical temperature Tc0 is about
1.11. This implies that for Tc0 of the order of 1 K, a field
approximately equal to 1.6 T is needed to observe the tran-
sition at zero temperature.

The profiles of the order parameters at T=0 for values of
h in the region of the crossover from the chiral to the FFLO
state are shown in Fig. 2. At low values of h, the supercon-
ductor exhibits a bulk OP with triplet px+ ipy symmetry, ac-
companied by induced much smaller singlet components de-
veloping only in proximity of the interface. Above a
relatively moderate value of h �at T=0 equal approximately
to 0.23�, no contribution survives along the y direction in the
triplet channel, so that chirality disappears and the dominant
phase becomes of pure px type. The nonvanishing supercon-
ducting components now all acquire an oscillating behavior,
typical of the FFLO state, and all are specified to within a
common phase factor. Indeed, the breakdown of the transla-
tional invariance in the direction perpendicular to the inter-
face helps to stabilize a solution with a modulation of the
amplitude of the order parameter �LO-type solution� rather
than a modulation of the phase �FF-type solution� as a con-
sequence of the suppression of the order parameter near the
interface. Moreover, we underline that the solution exhibits a
single mode q vector for the oscillating functional behavior
of the order parameter. Such feature is not trivial because the
Fermi surface along the x direction does not have any special
nesting conditions to deduce a single-mode modulation.

Nevertheless, the breaking of the translational symmetry in-
troduces an energy indetermination around the Fermi level
that cooperates to set a single-mode oscillating profile as the
best compromise for the coexistence of superconductivity
and spin polarization in the inhomogeneous phase.

Across the transition, a continuous field evolution charac-
terizes the behavior of the singlet subdominant components,
which, besides getting larger in amplitude, are no more con-
fined at the interface, but rather develop throughout the su-
perconductor, with the same kind of oscillating behavior
which characterizes the dominant px component. In particu-
lar, the frequency of the oscillations increases with increas-
ing h and is the same for all the order parameters, with a
phase opposition such that nodes of the triplet component
correspond to minima and maxima of the singlet ones, and
vice-versa. We notice that when, as in our case, the attractive
potential is effective both in the singlet and the triplet chan-
nels, the mixing of even and odd parity states is a typical
feature stabilizing the FFLO state. This is, in particular,
pointed out in Ref. 10, where it is shown that when in a
singlet superconductor a triplet interaction, even much
smaller than the singlet one, is effective, the corresponding
FFLO state is much more stable compared to the case where
only singlet pairing is present. A strong parity mixing also
characterizes the FFLO phase induced by the application of a
magnetic field to a singlet superconductor where spin-
fluctuation-mediated pairing coexists with charge
fluctuations.43 This behavior has been conjectured to take
place in the quasi-1D organic compounds �TMTSF�2X �X
=PF6 or ClO4�.

The phase diagram of Fig. 1 also shows that in a narrow
range of values of h around h / t=0.2 the transition from the
chiral to the FFLO state can also be induced by a tempera-
ture variation. This is illustrated in Fig. 3, where the increase
in T first leads to a crossover from a bulk px+ ipy phase to an
FFLO one with real oscillating triplet and singlet compo-
nents, and then makes the system become normal.

The oscillation of the order parameters in the FFLO phase
is accompanied by a related oscillating behavior of the mag-
netization mi=ni↑−ni↓. As for the subdominant supercon-
ducting components, this behavior nucleates from the inter-
face as the polarizing field is raised across the crossover
value, as shown in the upper panel of Fig. 4. The oscillations
take place around a fixed nonvanishing value with an ampli-
tude gradually decreasing as h is increased. We see that the
frequency of mi is twice as large as the frequency of the
order parameters with maxima occurring in correspondence
of the nodes of the dominant px component and minima de-
veloping at the sites where the latter takes maxima or
minima. This result was expected since for triplet pairing we
have excluded from the very beginning the possibility of
equal spin pairing so that a large absolute value of the �Sz
=0� px component requires the minimization of the differ-
ence between up- and down-spin electrons and a consequent
minimum value of the magnetization. Conversely, the largest
values of mi are reached at the sites corresponding to nodes
of the dominant px component.

The oscillating behavior of both the superconducting
components and the magnetization allows one to see the sys-
tem as made of one-dimensional stripes developing parallel
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to the interface between two consecutive nodes of a given
OP. In this picture, the node sites play the role of domain
walls where due to the change in sign of the OP, Andreev

bound states are expected to form,49,50 giving rise to corre-
sponding peaks in the local density of states �DOS�. A simi-
lar behavior is also found when the change in sign of the OP
is caused by the presence of defects in the pairing potential
associated, for instance, to the presence of impurities.51 This
kind of analysis has recently received a renewed attention
since scanning tunneling microscopy now allows the experi-
mental determination of the local DOS with high resolution
in the energy as well as in the real-space domain.

The behavior of the spin-resolved local DOSs Ni���� ��
= ↑ ,↓� within the FFLO phase is shown in Fig. 5 for several
values of the magnetic field. They are evaluated in the super-
conducting region at three distinct sites where the oscillation
amplitude of the dominant triplet component takes zero, in-
termediate, and maximum value, respectively. As already
pointed out above, nodes of the dominant px component cor-
respond to maxima or minima of the singlet ones and vice-
versa. For h / t=0.25, i.e., for a relatively low field value
within the FFLO phase, we see that a strong Andreev bound
state develops at the sites where the dominant px component
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has a node. Due to the presence of the magnetic field, the
corresponding peaks in the up- and down-spin local DOSs
are symmetrically shifted with respect to the Fermi energy.
As one moves away from the node site, the bound state tends
to decay, though an evident remnant is found also at the site
corresponding to the maximum of the oscillation. On the
other hand, the increase in the magnetic field leads to a re-
duction in the oscillation period which makes the parallel
domains between two consecutive nodes narrower and nar-
rower. As a consequence, the resonance at the nodes tends to
broaden and decrease in height until little difference in the
local DOSs is seen as one moves from site to site. In the
slightly different context of translationally invariant super-
conductors with no parity mixing, Andreev bound states with
a similar behavior have also been found in a study of the
FFLO phase in 2D d-wave bulk superconductors, where only
1D order-parameter modulations are considered.44 Moreover,
for the same kind of system it has recently been shown45 that
when 1D and 2D modulations are both allowed to develop,
the increase in the field leads first to a transition from the
uniform d-wave state to a 1D FFLO state, and then from the
latter to a 2D FFLO one. In the intermediate-field 1D modu-
lation regime, the behavior of the local DOSs is again very
similar to the one described above for the system analyzed
here.

IV. CONCLUSIONS

We have studied the response of a spin-triplet supercon-
ductor with chiral order parameter to a spin-polarizing field
for the case of a model system where an explicit breaking of
the translation and the inversion symmetries is introduced by
the presence of an interface separating the superconductor
from a paramagnetic metal. We have shown that as a conse-
quence of the combined effect of the orbital, spin, and spatial
symmetry breaking, the superconductor exhibits a h-T phase
diagram with several distinctive features. They can be sum-
marized as follows: �i� a change from chiral to oscillating

nonchiral of the character of the dominant triplet supercon-
ducting order parameter, taking place at the occurrence of a
field-induced crossover to an FFLO phase, �ii� an inhomoge-
neous mixing of singlet and triplet components, confined to
the interface in the low-field chiral regime and extending to
the whole sample in form of oscillating patterns in the FFLO
phase; �iii� a nucleation from the interface of the magnetiza-
tion, which acquires amplitude modulations around a non-
zero value as the intensity of the applied field is raised across
the crossover boundary, and �iv� the formation in the FFLO
phase of Andreev bound states at the sites where the domi-
nant triplet component exhibits nodes, giving rise to strong
resonances in the corresponding local spin-resolved densities
of states.

For completeness, we point out that in our approach even-
parity spin-triplet or odd-parity spin singlet components
which are odd in frequency are also expected to occur. Pre-
liminar calculations specifically related to this issue indicate
that such features are intrinsically generated by the structure
of the order parameters and of the excited states in the su-
perconducting phase, and are a direct consequence of the
presence of a finite amplitude of the equal-time singlet and
triplet pair correlators.

Finally, we would like to underline that the analysis pre-
sented here may be of interest and guide also in the investi-
gation of the proximity effect in exotic hybrid systems. In-
deed, while the focus of this paper is on the evolution of the
superconducting state in the presence of an applied spin-
polarizing field under specific spatial boundary conditions,
its outcome may represent a starting point for further studies
on spin and charge transport across unconventional hybrid
structures, similar to those performed for inhomogeneous su-
perconductors in proximity of normal or ferromagnetic
systems.52,53
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