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We demonstrate that restoration of two-band superconductivity near the surface of the system is 
governed by length scales which are drastically different from correlation lengths. Similar to the one-
band case, one of the characteristic lengths diverges at critical temperature Tc, while another one shows 
unusual behaviour having singularity at Tc+ < Tc. By moving away from the boundary, these scales 
approach correlation lengths in the bulk state, where the divergence at Tc+ is removed by arbitrary 
weak interband coupling. The peculiarity can be manifested in proximity sandwich where Tc+ becomes 
an inflection point for critical temperature being a function of superconducting layer thickness.

© 2017 Published by Elsevier B.V.

1. Introduction

Recently discovered multiband superconductors – Fe-based 
compounds and MgB2 – demonstrate properties beneficial for 
various applications [1–4]. An implementation of these materials 
requires superconducting samples of reduced dimensionality. The 
fabrication and characterization of such systems is nowadays ac-
tively investigated [5–7].

The reduction of the sample thickness considerably affects su-
perconducting properties. The critical temperature usually shows 
gradual decrease from the bulk value as film becomes thinner [8]. 
This behaviour can be explained by the appearance of degraded 
non-superconducting layers on the surface giving rise to proxim-
ity effect. Striking example of proximity phenomenon is surface-
induced superconductivity in ultrathin FeSe films grown on SrTiO3
substrate [9].

Hybrid structures involving multiband superconductors demon-
strate number of non-trivial properties. Proximity to a supercon-
ductor with a lower transition temperature is able to enhance 
multiband superconductivity [10]. Contrariwise, conventional su-
perconductivity can be suppressed by contact with nominally 
stronger two-gap superconductor [11]. The interface of multiband 
superconductor can reverse interband phase [12] or even harbour 
the time-reversal-symmetry-breaking state [13,14].

The textbook knowledge on proximity effect in conventional 
superconductors tells that evolution of superconductivity near in-
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terface is governed by correlation length [15]. Recently, it was es-
tablished that multicomponent superconductors contain multiple 
correlation lengths [16–18] which results in the multiscale physics 
manifesting, in particular, in the vortex core stretching [19] and 
unusual magnetic response [20]. The subject provoked discussion 
[21–23] which revealed strong discrepancy between correlation 
lengths driving bulk asymptotic behaviour of gap functions and 
healing lengths which define restoration of superconductivity near 
normal boundary. This peculiarity of multiband systems did not at-
tract proper attention whereas it seems to be very important for 
proximity systems where physics near interface plays crucial role. 
Multiscale effect on proximity phenomenon was not systematically 
analysed as well.

In this contribution, we investigate coherency properties of 
two-band superconductor near its boundary, where system is af-
fected by the interplay between proximity effect and multiscale 
physics (no time-reversal symmetry breakdown is involved). We 
calculate characteristic length scales for superconductivity corre-
lations in the vicinity of the surface and find that they are dras-
tically deviated from the bulk counterparts. The behaviour is in 
strong contrast to the one-band superconductivity model, where 
coherency is not affected by the boundary, meaning that same 
length scale drives superconductivity both near system surface and 
in the bulk. We demonstrate that surface-driven modifications of 
superconductivity correlations can result in non-trivial effects in 
normal/two-band superconductor binary systems. This peculiarity 
should be taken into account when tuning multiband supercon-
ductivity for practical applications.
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2. Formalism

Various approaches exist to describe mutual influence of the 
subsystems in contact. Microscopic models, such as McMillan tun-
neling model [24] and Green’s functions approach [25] are power-
ful tools for analysis of proximity effects. Below we discuss phe-
nomenological description based on the Ginzburg–Landau formal-
ism supplemented by suitable boundary conditions at the interface 
[26].

We start with the Ginzburg–Landau equations for clean s-wave 
two-band (α = 1, 2) superconductor in zero magnetic field. By 
taking into account Josephson tunneling between bands, the free-
energy density F = ∑

α Fα is given by

Fα = aα |δα |2 + bα|δα |4/2 − cδαδ∗
3−α + Kα |∇δα |2, (1)

where expansion coefficients read as [27]

aα = W3−α,3−α/detŴ − ρα ln [0.13h̄ωD/(kBT )] ,

bα = 0.11ρα/(kBT )2, Kα = bαh̄2 v2
Fα/6, (2)

and c = W12/detŴ . Here Wαα > 0 and W12 = W21 are matrix 
elements for intraband and interband pair-transfer interactions, ρα

is the density of states at the Fermi level, vFα is the Fermi velocity 
in the relevant band, and h̄ωD is the Debye energy cut-off. Note 
that in this model detŴ > 0 is assumed.

Spatial variation of gap fields δα is governed by the Ginzburg–
Landau equations

aαδα − cδ3−α + bα |δα |2δα = Kα∇2δα, (3)

supplemented by relevant boundary condition. Following de Gen-
nes [28], we require n∇δα = ∑

β ταβδα at the boundary of a su-
perconductor, where n is unit vector normal to the surface and τ̂
is matrix of inverse extrapolation lengths whose coefficients satisfy 
ταα = τ ∗

αα and τ21 = τ ∗
12 K1/K2. To preserve time-reversal symme-

try on the level of boundary condition, we take τ12 = τ ∗
12.

Extrapolation lengths entering matrix τ̂ characterize the inter-
action between superconductor and ambient environment and, in 
particular, the penetration of order parameters into it. Generally, 
extrapolation length can vary in wide limits ranging from nega-
tive values (contact with nominally stronger superconductor) until 
infinity (neighbourship with vacuum or insulator). Extrapolation 
length depends also on fabrication parameters [29] and applied 
field [30].

For further analysis it is convenient to rescale quantities en-
tering equation (3). By introducing bulk gaps |�α | and length 
λ = 
/

√
8π

∑
α Kα |�α |2, where 
 = h̄c/(2e), we scale distances 

as X = λx and order parameters as δα = |�α | fαeiψα . By assum-
ing that gap fields depend only on a distance x to the interface, 
equation (3) can be written in the form

Aα fα + G2
α fαψ ′2 − Cα f3−α cosψ +Bα f 3

α = f ′′
α,

C1 f1 f2 sinψ = (G1 f 2
1 ψ ′)′, ψ ′

2 = −G2ψ
′, (4)

where ψ = ψ1 − ψ2, Aα = aαλ2/Kα , Bα = bα |�α |2λ2/Kα , Cα =
c|�3−α |λ2/(Kα |�α |) and Gα = Cα f 2

3−α/(
∑

β Cβ f 2
3−β). Spatial de-

pendence of the phases generates supercurrent in the bands, how-
ever, net supercurrent is vanishing. Bulk gaps |�α | are defined by 
Eq. (4) in homogeneous limit, where fα = 1 and ψ = 0 provided 
that W12 > 0.

2.1. Asymptotic near bulk state

Deviations εα = 1 − fα from the bulk state determined by 
fα = 1 and ψ = 0 are characterized in the linear approximation 

by (Aα + 3Bα)εα − Cαε3−α = ε′′
α . We introduce mixing angles ϕ±

and new fields ε± as follows

ε1 = cosϕ−ε− − sinϕ+ε+, (5)

ε2 = sinϕ−ε− + cosϕ+ε+.

Choice C1 tanϕ− = C2 tanϕ+ = 2(ξ2− − ξ2
1 )/(ξ2

1 ξ2−), where 2ξ−2
α =

Aα + 3Bα , decouples equations as ε′′± = 2ε±/ξ2± . The letter defines 
correlation lengths ξ± for a two-band system

2ξ−2± = ξ−2
1 + ξ−2

2 ±
√

(ξ−2
1 − ξ−2

2 )2 + C1C2. (6)

Note that correlation lengths ξ± are dimensionless and given in 
the units of λ.

In the absence of interband coupling, coherency in each con-
densate is characterized by length scale ξ1,2, respectively. Inter-
band pairing mixes coherency channels so that superconductivity 
restoration in the joint condensate consists of two modes scaled 
by ξ± . At that, mixing modifies temperature dependencies for di-
mensional correlation lengths ξ±λ dramatically: ξ−λ behaves crit-
ically diverging at the phase-transition point Tc , while ξ+λ stays 
always finite [31,32].

In addition, bulk state is characterized by separate length due 
to interband phase variation (C1 + C2)ψ = ψ ′′ . Here C1 + C2 is di-
mensionless mass of the Leggett mode.

2.2. Asymptotic near boundary

In the vicinity of the boundary, interband phase can have non-
trivial value signaling time-reversal symmetry breaking [33]. In 
this case density and phase modes become mixed. Next we as-
sume that interface suppresses superconductivity as for the border 
with magnetic material or normal metal, and neglect time-reversal 
symmetry breakdown taking ψ mod π = 0. Then the Ginzburg–
Landau equations can be linearised as Aα fα ∓Cα f3−α = f ′′

α , where 
upper sign corresponds to ψ = 0. We decouple bands using mixed 
modes

f1 = cos θ− f− − sin θ+ f+ (7)

f2 = sin θ− f− + cos θ+ f+.

By taking C1 tan θ− = C2 tan θ+ = ±2(�− − �1)/(�−�1), where 
�α = 2/Aα , we obtain f ′′± = 2 f±/�± with

2/�± = 1/�1 + 1/�2 ±
√

(1/�1 − 1/�2)2 + C1C2. (8)

Dimensionless length scales of the problem are given by γ± =√|�±|. The latter ones define the healing of two-band supercon-
ductivity close to its interface.

Dimensional lengths γ±λ have very unusual properties [34] di-
verging respectively at the temperatures Tc± given by

2/ ln [1.13h̄ωD/(kBTc±)] = σ ∓
√

σ 2 − 4ρ1ρ2detŴ , (9)

where σ = ∑
α ρα Wαα . The larger temperature Tc− ≡ Tc corre-

sponds to the critical temperature of the joint condensate and 
it is a point where γ−λ becomes infinitely large. Smaller tem-
perature Tc+ defines singularity of γ+λ. This point has physical 
meaning only for vanishing interband interaction when Tc∓ ap-
proach critical temperatures for non-interacting condensates, Tc1,2, 
respectively.

While bulk state of two-band superconductor is characterized 
by one divergent and one finite correlation length, coherency near 
time-reversal-symmetry respecting surface is defined by two di-
vergent length scales. Such a peculiarity is in strong contract to 
conventional model, where same length scale appears in both spa-
tial domains.
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