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Tuning interfacial two-component
superconductivity in CoSi2/TiSi2
heterojunctions via TiSi2 diffusivity†

Shao-Pin Chiu,‡a Vivek Mishra, ‡b Yu Li,b Fu-Chun Zhang,c Stefan Kirchner *d

and Juhn-Jong Lin *e

We report the observation of enhanced interfacial two-component superconductivity possessing a domi-

nant triplet component in nonmagnetic CoSi2/TiSi2 superconductor/normal-metal planar heterojunc-

tions. This is accomplished through the detection of odd-frequency spin-triplet even-parity Cooper pairs

in the diffusive normal-metal component of T-shaped proximity junctions. We show that by modifying

the diffusivity of the normal-metal part, the transition temperature enhancement can be tuned by a factor

of up to 2.3 while the upper critical field increases by up to a factor of 20. Our data suggest that the C49

phase of TiSi2, which is stabilized in confined geometries, underlies this enhancement. These findings are

addressed via a Ginzburg–Landau model and the quasi-classical theory. We also relate our findings to the

enigmatic 3-K phase reported in Sr2 RuO4.

1. Introduction

The interest in novel quantum states of matter and in particu-
lar non-conventional superconducting states have been ever
increasing. This development is driven by both scientific inter-
est and technological prospects,1–4 and includes high-tempera-
ture and interface superconductivity.5–7 Of special interest are
triplet superconductors which can host Majorana zero
modes.4,8,9 These, in turn, have attracted considerable atten-
tion as potential building blocks for fault-tolerant quantum
computing. In terms of realizing practical quantum devices,
planar heterostructures with spin-triplet pairing compatible

with existing silicon-based integrated-circuit technology are
particularly desirable. A major challenge, however, is the
identification of materials systems hosting triplet supercon-
ductivity as well as the utilization of such Cooper pairs at the
microscopic scale.

A three-terminal T-shaped proximity structure comprised of
a superconductor (S) in contact with a diffusive normal metal
(N), schematically shown in Fig. 1(a), had been proposed to
phase-sensitively distinguish triplet from singlet superconduc-
tors.10 This T-shaped proximity structure detects triplet pairing
through a zero-bias conductance peak (ZBCP) that results from
the generation of odd-frequency spin-triplet even-parity pairs
in the normal diffusive side of the S/N interface as illustrated
in Fig. 1(b).11–14 This is referred to as the anomalous proximity
effect (APE) to distinguish it from the case of a singlet super-
conductor where a conductance dip ensues.

Yet, the fabrication of such T-shaped structures has proven
difficult for many materials including superconductors.15,16

The successful fabrication of high-quality CoSi2/TiSi2 T-shaped
proximity structures on silicon was only recently achieved.17,18

The availability of these structures established the existence of
triplet pairing in CoSi2 on Si(100) via the observation of the
APE.17 CoSi2 is a superconducting material that is widely used
in the semiconductor industry with a superconducting tran-
sition temperature (Tbulk

c ) of 1.3 K. Bulk specific heat measure-
ments as well as theoretical estimates suggest that CoSi2 is a
phonon-mediated spin-singlet superconductor.19–21

Generalizing the proposal of Asano et al.10 to include the
effect of spin–orbit coupling (SOC), the findings reported in

†Electronic supplementary information (ESI) available: Additional data, techni-
cal details, auxiliary discussions supporting the main conclusions. See DOI:
https://doi.org/10.1039/d2nr05864b
‡These authors contributed equally to this work.

aDepartment of Electrophysics & Center for Emergent Functional Matter Science,

National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan
bKavli Institute for Theoretical Sciences, University of Chinese Academy of Sciences,

Beijing 100190, China
cKavli Institute for Theoretical Sciences & CAS Center for Excellence in Topological

Quantum Computation & HKU-UCAS Joint Institute of Theoretical and

Computational Physics at Beijing, University of Chinese Academy of Sciences, Beijing

100190, China
dDepartment of Electrophysics & Center for Emergent Functional Matter Science &

Center for Theoretical and Computational Physics, National Yang Ming Chiao Tung

University, Hsinchu 30010, Taiwan. E-mail: stefan.kirchner@correlated-matter.com
eDepartment of Electrophysics & Center for Emergent Functional Matter Science,

National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan.

E-mail: jjlin@nycu.edu.tw

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 9179–9186 | 9179

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

10
:0

1:
40

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/nanoscale
http://orcid.org/0000-0003-2971-8764
http://orcid.org/0000-0003-1958-0810
http://orcid.org/0000-0001-8640-3617
https://doi.org/10.1039/d2nr05864b
https://doi.org/10.1039/d2nr05864b
http://crossmark.crossref.org/dialog/?doi=10.1039/d2nr05864b&domain=pdf&date_stamp=2023-05-24
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr05864b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015020


ref. 17 have been interpreted in terms of two-component
superconductivity with a dominant triplet component.22 This
interpretation is in line with the finding that the accompany-
ing interface between CoSi2 and the Si(100) substrate23 gives
rise to a SOC which exceeds the bulk CoSi2 superconducting
energy gap Δ0 by a factor of ∼30, see ref. 17. We note in

passing that yet another route to triplet pairing is based on
proximity structures involving ferromagnets.24 These systems
too offer a way of realizing odd-frequency pairing states near
their superconductor/ferromagnetic metal interfaces.25,26

In this manuscript, we demonstrate that an enhanced two-
component superconductivity emerges in the vicinity of the
S/N interface formed by CoSi2 (S) and TiSi2 (N) which is remi-
niscent of the enigmatic ‘3-K phase’ reported in Sr2RuO4.

27 We
establish that the transition temperature and upper critical
field can be tuned by the diffusive properties of the
normal metal component. This is accomplished via the APE
that has been reported in these structures.17 An SEM image of
a typical device is shown in Fig. 1(c) while a sketch of it is pro-
vided in Fig. 1(d). Clearly discernible are the various voltage-
electrode (VE) pairs which allow us to relate the ZBCP to the
proximity of superconducting CoSi2/Si. The device parameters
of all devices used in the present study are compiled in
Table 1. Fig. 1(a) also highlights the CoSi2/Ti2Si2 interface (in
red) where the interfacial superconductivity forms as we
discuss below.

2 Results

In contrast to CoSi2 in the thermodynamic limit, parity is no
longer a good quantum number in the heterostructure due the
presence of interfaces. This is reflected in the gap structure:

Δ̂ ¼ ðΔs1þ Δtd � σÞiσy; ð1Þ
which is a combination of singlet Δs and triplet Δt com-
ponents, where Δ̂ is a matrix in spin-space, and d is the
d-vector of triplet pairing, σ, σy are the Pauli matrices, and 1 is
the identity matrix in spin-space. A dominant triplet com-
ponent, inferred through the APE that drives a ZBCP and a
superconducting transition temperature comparable with Tbulk

c

Fig. 1 (a) Illustration of a T-shaped proximity structure proposed in ref.
10 to distinguish a triplet from a singlet superconductor (S) and where S
forms the arm of the letter ‘T’. N is the diffusive normal metal com-
ponent of the structure. This sketch also illustrates the S/N interface (in
red) where the interfacial superconductivity with its enhanced onset
temperature forms. RB denotes the barrier resistance of this interface.
RN is the resistance of the N component. (b) The predicted zero-bias
conductance peak (dip) for a spin-triplet (spin-singlet) S. (c) SEM image
of device B1 together with the schematic 4-probe measurement
configuration. The magnetic field direction is indicated. (d) Schematics
of our CoSi2/TiSi2 T-shaped proximity devices and their various voltage-
electrode (VE) pairs. 2L1 is the voltage-electrode (VE) separation. L2 is
the length of the normal metal (N) segment connecting to supercon-
ductor (S).

Table 1 Device parameters of CoSi2/TiSi2 T-shaped superconducting proximity structures. Ta is the thermal annealing temperature for the for-
mation of the TiSi2 component. L1 and L2 are defined in Fig. 1(d). RN (ρN) is the residual resistance (resistivity) of the TiSi2 component at 4 K. ΔGn =
Gn − 1 is the increase in normalized differential conductance above the normal-state value (=1). FWHM is the full-width at half-maximum of the
ZBCP. Thouless energy is defined by ETh ≈ ħD/L1

2, where D is the electron diffusion constant of the TiSi2 component. Tonse
c is the onset temperature

of the APE (except for B2m), defined by ΔGn(T = Tonset
c ) = 10−3 × ΔGn (T = 0.37 K). GJ,□ is the S/N junction (interface) conductance per unit area. The

diffusion constant was calculated through the relation D¼vF‘e=3, with vF = ħ(3π2n)1/3/m* and ‘e¼vFm* =ðne2ρNÞ, where m* was approximated by the
free-electron mass. The carrier concentration n for devices B3 and B5 was taken to be that of C54 phase, while n for the rest devices was taken to
be that of C49 phase

Device
Ta
(°C)

L1
(μm)

L2
(μm) RN (Ω) ρN (μΩ cm)

ΔGn
(at 0.37 K)

FWHM
(meV)

ETh
(meV) D (cm2 s−1)

Tc
onset

(K)
GJ,□ (4 K)
(Ω−1 μm−2)

B1 750 0.42 0.39 57.5 197 112% 0.18 0.0012 3.1 2.94 1.46
B1m 750 0.42 0.39 55.8 191 31% 0.22 0.0012 3.2 2.84 1.47
B2 750 0.20 0.66 12.0 79.8 9.3% 0.04 0.013 7.7 2.33 0.34
B2m 750 0.20 0.66 12.7 84.3 1.0% 0.056 0.012 7.3 2.03a 0.32
B3 780 0.23 0.10 0.346 2.14 5.9% 0.026 0.13 106 2.14 1.03
B4b 750 0.34 0.18 73.3 195 1.8% 0.24 0.0019 3.2 1.70 —
B5 800 0.45 0.32 1.31 3.34 0.13% 0.03 0.023 67.9 1.50 5.18
B5m3 800 0.45 0.32 19.1 48.6 66% 0.20 0.004 12.7 2.10 0.93

a Tonset
c was extracted from Gn(0, T, 0) of the S/N junction geometry to minimize any possible experimental uncertainty. bDevice B4 became

unstable. Conductance spectra could not be completed.
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was demonstrated in ref. 17 and 22. This is compatible with d
along the SOC field.22,28,29 Otherwise, a suppression of Tc well
below Tbulk

c is expected for a dominant triplet component.
We here report our observation of interfacial superconduc-

tivity in CoSi2/TiSi2 heterostructures with an onset temperature
(Tonset

c ) that exceeds Tbulk
c by up to a factor 2.3 and that also

possesses a dominant triplet component. We present a
Ginzburg–Landau (GL) analysis in terms of this two-com-
ponent superconductivity order parameter that encompasses
the Tonset

c enhancement and explores its particular features.
Implications and possible applications are also mentioned.

This analysis also sheds light on the different roles played
by the CoSi2/Si(100) and the CoSi2/TiSi2 interfaces forming
CoSi2/TiSi2 heterostructures. The thickness of the CoSi2/Si
films in this work is ≃105 nm while that of the TiSi2 part is
≃125 nm thick and ≃(0.2–0.4) μm wide. TiSi2 is a diffusive
normal metal and remains metallic down to at least a tempera-
ture (T ) of 50 mK.17 The primary quantity of interest of the
CoSi2/TiSi2 T-shaped proximity junction is the normalized con-
ductance Gn(V, T, B) = G(V, T, B)/G0 where G denotes the differ-
ential conductance, G(V, T, B) = dI(V, T, B)/dV with I the
current, V the bias voltage, B the magnetic field, and G0 is the
residual conductance of the device in the absence of supercon-
ductivity. Practically, we take G0 = G(0, 4 K, 0).

Fig. 2(a) illustrates the basic feature of the APE in the repre-
sentative device B5m3. It depicts Gn(V, 0.365 K, 0) measured by
using different VE pairs which define different segments of
the TiSi2 component [cf. Fig. 1(c) and (d)]. In all cases, I was
applied through the outermost electrode pair (1,6). Fig. 2(a)
reveals large amplitudes of the ZBCPs measured with VE pairs
(3,4), (2,5) and (1,6). The inset shows a zoom-in of the ZBCPs
measured with the VE pairs (1,2) and (2,3), which are located
away from the S/N interface. We see that in this case the ampli-
tudes of the ZBCPs are small. In fact, the Gn curve measured
with the VE pair (1,2) is flat. It then follows that the ZBCP
must arise from odd-frequency spin-triplet Cooper pairs
through the APE10,17,22 and cannot be of any other origin (cf.
additional discussion in ESI†). Owed to the properties of the
T-shaped proximity structure, the ZBCP thus serves as a diag-

nostics for the presence of triplet pairing in CoSi2/Si and/or
CoSi2/TiSi2 interface.

Fig. 2(b) shows Gn(V, T, 0) vs. V for device B1 at several T
values. ZBCPs are clearly discernible, which are gradually sup-
pressed with increasing T, thus establishing the presence of
dominant triplet pairing in the junction. The inset reveals that
the ZBCP persists up to at least 2.5 K. Fig. 2(c) displays Gn(V,
0.37 K, B) of the same device in several B fields and at T =
0.37 K. While the ZBCP is gradually suppressed with increas-
ing B, it persists up to at least 2 T§ (inset).

We find that in a number of devices the highest T at which
the ZBCP is discernable is significantly enhanced over Tbulk

c ,
i.e., Tonset

c > Tbulk
c in these devices. The enhanced Tonset

c value is
not only enhanced over those in the T-shaped structures
studied in ref. 17 (Tonset

c ≲ 1.4 K), but also with respect to the
Tc value (≈1.5 K) of epitaxial CoSi2/Si films23 while the ampli-
tude of the ZBCP is strongly enhanced up to ≈210% with
respect to G0. This is illustrated in Fig. 3(a). Devices B1, B2, B3
and B5 were measured as grown (cf. ESI†).

The upper critical field is significantly enhanced as well.
Fig. 3(b) depicts Gn(0, T, B) of device B1 for several B fields.
Gn(0, T, B) is gradually suppressed with increasing B. Yet, a
small proximity effect is still visible in B = 2.0 T which is much
higher than the in-plane upper critical field (≤0.12 T) of CoSi2/
Si films.17 Additional conductance spectra are provided in the
ESI.†

In order to address the origin of this phenomenon the junc-
tions underwent thermal cyclings up to room temperature fol-
lowed by the cooling down for further measurements, see the
ESI† for additional information. (Following thermal cycling,
the devices were renamed such that device Bi (i = 1, … 5)
became Bim after the first thermal cycling and Bimj ( j > 1)
after the jth subsequent thermal cycling.) The Gn (0, T, 0) of
device B1 (B1m) increases with decreasing T below Tonset

c =
2.94 K (2.84 K), reaching 212% (131%) at 0.365 K. There are

Fig. 2 (a) Normalized conductance spectra Gn(V, 0.365 K, 0) of device B5m3 measured with various voltage-electrode (VE) pairs indicated by the
electrode numbers in Fig. 1(d). I was always applied using the electrode pair (1,6). Inset: a zoom-in of Gn(V, 0.365 K, 0) measured with VE pairs (1,2)
and (2,3). (b) Gn(V, T, 0) of device B1 recorded at several T values. Inset: a zoom-in of the 2.5 K curve. (c) Gn(V, 0.37 K, B) of device B1 in several B
values. Inset: a zoom-in of the 2.0 T curve.

§ In this work, the B field was applied in the CoSi2/Si plane and parallel to the
S/N interface.
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visible conductance fluctuations which are probably induced
by dynamical structural defects in this particular device,30 see
Fig. 3.

The quasi-classical theory discussed below associates the
height of the ZBCP with the ratio of the normal-metal and
interface conductances which leads us to study the relation
between Tonset

c and the diffusivity of the device. Fig. 4 brings
out this relation and reveals that the measured Tonset

c value is
strongly correlated with the high residual resistivity ρN, i.e.,
low electron diffusion constant (D) of the N part. By and large,
a higher Tonset

c is found in devices with higher ρN or in other
words systems with lower D. The reason for the variation in ρN
of TiSi2 is connected to its occurrence in mainly two phases, a
base-centered phase (C49) and a face-centered phase
(C54).31,32 C49 is metastable and contains large amounts of
stacking faults33 which lead to an order of magnitude larger
resistivity [ρ(300 K) ≃ (100–200) μΩ cm] than the C54 phase
[ρ(300 K) ≃ (17–25) μΩ cm].

Although C49 is metastable in the thermodynamic limit it
can be stabilized in spatial confinement and systems at the

microscale due to a lack of nucleation sites for C54. The
annealing temperature, Ta, at which the TiSi2 in the junction
forms, see Table 1, affects its composition with respect to
C54/C49 such that Ta ≳ 800° C favors formation of C54.33,34

The C49 structure possesses a slightly larger volume than the
C54 structure so that phase changes from C49 to C54 and
vice versa are accompanied by strain.35 This gives a qualitative
understanding of the effects of Ta and thermal cycling on
Tonset
c . Devices primarily composed of C54 such as B5 are trans-

formed into a C49 rich composition and a concomitantly large
Tonset
c as in device B1. The changes induced by thermal cycling

in devices primarily composed of C49 are less pronounced (see
ESI† for details). This leads us to suspect that C49 grains are
more stable near the CoSi2/TiSi2 interface and that its micro-
scopic properties drive the formation of triplet pairing at the
interface at the elevated Tonset

c compared with Tbulk
c (CoSi2). The

data point of Fig. 4 with the largest diffusivity seemingly defies
the overall trend between Tonset

c and ρN. This outlier may rep-
resent an interface whose properties are not well characterized
by the diffusivity of the wire or this data point indicates that
the onset temperature goes through a minimum as a function
of the diffusivity reminiscent of what has been observed in
Sr2RuO4 under strain.

36

We address the experimental findings in terms of a quasi-
classical theory for three-terminal proximity structures as
formed by the CoSi2/TiSi2 heterojunctions. The diffusive char-
acter of the N part of our junctions requires a treatment of the
transport equations in the Usadel limit37 where the results can
differ from those obtained in the weakly disordered limit.38

For the superconducting order parameter, we consider a SOC
induced s + p pairing state with a dominant triplet com-
ponent.22 Within the formulation of the circuit theory,39–42 an
insulating barrier is expressed as a delta function [ZEFkF

−1δ(x)]
at the S/N interface. The weight of the barrier can be expressed
in terms of a dimensionless parameter Z, Fermi energy EF, and

Fig. 3 (a) Gn(0, T, 0) in six devices vs. temperature T. (b) Gn(0, T, B) of
device B1 in several B fields.

Fig. 4 Onset temperature Tonset
c vs. inverse residual resistivity 1/ρN of

TiSi2, i.e., the normal-metal component. Devices of the present study
are marked by red bullets ( ). For comparison, the Tonset

c values (■) taken
from ref. 17 are also included.
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the Fermi wavenumber kF. A higher ratio of RN/RB, i.e., resis-
tance of the N component (RN) over barrier resistance (RB),
results in an APE over a broader energy range and thus in an
increase in the full-width-half-minimum (FWHM) of the
ZBCP.10 The zero-bias value itself, however, is (roughly) inde-
pendent of RN/RB if electron dephasing is ignored in the
diffusive N component of the junction.

In Fig. 5(a), we keep RB, Δt, Δs and Z fixed, and vary
L1 according to the experiments as shown in Fig. 2(a).
Importantly, when VE configuration is changed, the S/N inter-
face properties remain fixed but as L1 changes so will RN. We
find that the ZBCP becomes broader, in qualitative agreement

with Fig. 2(a). While this variation of FWHM with L1 agrees
with the experiment, we find that the inclusion of a small
amount of electron dephasing is required to reproduce the
experimental behavior of Gn (V = 0), i.e., a suppression of Gn

(V = 0) with increasing L1. In diffusive metals, existence of a
finite electron dephasing rate in low-T regimes has been
reported for long, but its microscopic origin(s) are yet to be
fully identified.43 Magnetic impurities as a source of dephas-
ing however seems unlikely as their presence in our hetero-
junctions has been ruled out.17 Thus, the quasi-classical
approach supports the interpretation that for the C49 phase,
RN is higher than in the C54 phase, giving rise to a larger
ZBCP provided other parameters are kept constant. The higher
ρN value of the devices indicating the presence of the C49
phase also results in an enhanced Tonset

c as shown in Fig. 4 and
a strong proximity-induced odd-frequency pairing in the N
part of the junctions. The robustness of ZBCPs in these
devices supports the interpretation in terms of the SOC gener-
ated two-component superconductivity with a dominant triplet
component, which is essential for the ZBCP.

3 Discussion

The quasi-classical theory provides a good explanation for the
robustness of the ZBCPs in T-shaped junctions. It does,
however, not take into account the enhanced superconduc-
tivity found in these devices. As the interface plays a vital role
in the enhancement of superconductivity, we conclude that
somewhere near or at the S/N interface there exists another
superconducting phase whose Tc is higher than Tbulk

c . The
microscopic origin of such an enhancement could be changes
in the electronic structure or the softening of phonon modes
near the interface, driven by the C49 phase of TiSi2. As in the
cases of YIr2–Ir and EuIr2–Ir eutectic systems, the strain
induced by large volume C49 grains can cause the softening of
the phonon mode, which can likely result in a region with
stronger pairing correlations near the interface.44,45

Correlation effects due to a possible band narrowing of Co-
derived 3d bands at the interface might also contribute to the
observed enhancement. Independent of the microscopic
mechanism, our results indicate that the interface supercon-
ductivity is stable against interface-induced disorder and pos-
sesses a dominant triplet component.

Here we resort to a GL approach to understand this
phenomena qualitatively. This Rashba SOC causes a band
splitting that gives rise to two bands with
opposite helicities and mixing of singlet and triplet pairing
channels in the superconducting state. The free
energy for such a system in a one-dimensional representation
reads,46 F¼ Ð

d~r F 0 þ F c þFn þFB þ Fme þF pol
� �

, here

F 0¼
P
ν
ðaνðxÞjΦνj2þMν½Φν�Þ is the usual GL free energy for

each individual component, the subscript ν = ± represents the
two components of the order parameter, and M[Φ] contains all
higher order and gradient terms (technical details are rele-

Fig. 5 (a) Calculated Gn(V, T = 0, B = 0) for a T-shaped junction
obtained from the quasi-classical theory for a s + p superconductor for
various values of L1. The triplet gap Δt = 2Δ0/√5, the singlet gap Δs =
Δ0/√5, Z = 2, and electron dephasing rate ħ/τφ = 0.05Δ0. The value of L2 is
fixed, RN/RB = 100L1/L2 and Δ0 is 20ħD/L2

2, where D is the diffusion con-
stant of N. Inset: Junction geometry. (b) The H–T phase diagram based
on GL theory for the emergent superconductivity due to the enhanced
superconducting correlation near the S/N interface for several values of
d in units of ξ0. T and H are expressed in units of Tbulk

c and H̃bulk
c2 , respect-

ively. Inset: Illustration of the S/N interface region of effective width d.
The red curve portrays the enhanced Tc(x) near the interface.
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gated to the ESI†). The coefficient av is αv(T − Tcv). We take the
superconductor to be in the clean limit. F c¼cðxÞ�
ðΦ*

þΦ�þΦþΦ*
�Þ is the coupling between the two components,

a negative value of the coefficient c ensures that both order
parameter have identical phases and F n is the free energy
density of the non-superconducting state in the absence of a
magnetic field (H). F B is the contribution from the magnetic

field (~B denotes the total magnetic field while ~H refers to the
external field as is common in the GL literature. H has to be
identified with B of Fig. 2 and 3). Fme is a Lifshitz invariant
term that leads to s magneto-electric coupling and F pol deter-
mines the effect of superconducting order on spin-polarization
(cf. ESI†).

We take the S/N interface at x = 0 and assume the system to
be homogeneous along the other directions. We restrict our-
selves to the experimental field configuration, i.e., along the
interface in the plane (ŷ). The coefficients of the quadratic
terms are taken to be spatially varying to model the enhanced
superconductivity near the interface. The information about
the interface is embedded in the spatial dependence of these
quadratic coefficients.47,48 a±(x) is α±[T − Tc±(x)], where

Tc + ðxÞ¼Tc + 1þ η + sech
x
d

� �h i
and cðxÞ¼c 1þ ηc sech

x
d

� �h i
.

Here η±/c are the dimensionless parameters determining the
amount of Tc enhancement, and d is the width of the effective
interface. Minimizing the free energy leads to a set of differen-
tial equations (see ESI† for details). At the S/N interface
we apply the De Gennes’s boundary conditions,49,50

DxΦνjx¼0þ ¼ Φνðx ¼ 0Þ=‘, where the extrapolation length ‘ is a
characteristic length scale associated with the induced super-
conducting correlations. Note, in contrast to conventional
superconductors, here ‘ cannot be identified with the dirty
limit of the superconducting correlation length in the N
segment, because it does not account for the physics of odd-
frequency pairs, which are vital in the present case. We there-
fore treat ‘ as a phenomenological parameter.

Fig. 5(b) shows the temperature and magnetic field phase
diagram for appearance of onset order at the interface for
various d values. The onset temperature and magnetic field are
obtained by minimizing the free energy with De Gennes’s
boundary conditions with extrapolation ‘ ¼ ξ0, where ξ0 is the
coherence length at T = 0 for the bulk superconductor. Within
the GL formalism, Tonset

c exceeds Tbulk
c in the low-field limit,

and the Tonset
c decreases with increasing field. In our calcu-

lations, we find that the onset magnetic field in the low-T limit
is comparable to H̃bulk

c2 ≡ Φ0/(2πξ02), which is a magnetic field
scale of the order of orbital upper critical fields. However,
quantitatively the onset magnetic field is much smaller com-
pared to the experiment, despite a reasonable Tonset

c obtained
from theoretical calculations.

The experiment finds that in the low T limit, the onset mag-
netic field exceeds the upper critical field of the bulk supercon-
ductor by a factor ∼100, see ref. 19 and that of CoSi2/Si films
by ∼20, see ref. 17. The experimentally observed critical mag-
netic field is higher than 2 T and this value is comparable to

the Pauli-limited field for the bulk superconductor (∼2.4 T).
The interface induced order survives up to (10–12) ξ0 from the
surface (cf. ESI†). As shown in Fig. 5(b), Tonset

c for the appear-
ance of such order above Tbulk

c is very sensitive to the width of
the interface. As the interface region becomes thinner, Tonset

c

drops rapidly. In the devices with C49 phase, the interface
region is expected to be relatively more disordered and its
effective width is expected to be high compared to the low-ρN
devices, due to smaller grain sizes or possible incomplete
C49–C54 transformation (see ESI† for additional information).

Thus, the GL functional provides an effective model for the
CoSi2/TiSi2 heterojunctions, which can guide future investi-
gations. Fme is the magneto-electric coupling term. The pres-
ence of this term suggests that the (CoSi2/Si)/TiSi2 system is an
ideal system to explore, e.g., the superconducting diode effect
and charge transport effects.51,52 Consequences of this term
with respect to the magnetic field direction are currently
explored. Our results also demonstrate the stability of triplet
dominant pairing, and thus the prevalence of odd-frequency
pairs in heterostructures.13,22,53,54 There is however a notice-
able difference between its earlier realizations and the present
case. The formation of odd-frequency pairs in (CoSi2/Si)/TiSi2
junctions does not require the proximity of magnetic order.

The enhanced superconductivity in CoSi2/TiSi2 is reminis-
cent of the elusive ‘3-K phase’ in the enigmatic transition
metal compound Sr2RuO4.

27,55–57 In fact, a similar model to
our GL functional has originally been used to address the 3-K
phase.47,48 There, it has been speculated that superconducting
Ru islands are responsible for the 3-K phase. In contrast, here
the highly diffusive C49 phase appears to drive the interface
superconductivity while the C49 and C54 TiSi2 phases remain
metallic down to lowest temperatures (see Fig. S2 of the ESI†).
Moreover, here, the interface superconductivity possesses a
dominant triplet component which is robust with regard to
external magnetic fields.

4 Conclusions

T-shaped proximity structures have established the existence
of a dominant triplet component in superconducting films on
Si(100) due to the large Rashba spin–orbit coupling. Here, we
have shown that the CoSi2/TiSi2 interface of such T-shaped
proximity devices develops two-component superconductivity
with a dominant triplet component at an enhanced onset
temperature compared to that of CoSi2 films on Si(100). This
onset temperature enhancement by a factor of up to 2.3 is
accompanied by an upper critical field increase of up to a
factor of 20. We demonstrated that the diffusivity of TiSi2
which forms the normal metal component of the junction
determines the enhancement and related this to the highly
diffusive C49 phase of TiSi2 which appears to be stabilized
near the interface. Triplet superconductivity in the T-shaped
proximity devices is inferred from the observation of a zero-
bias conductance peak that is caused by the anomalous proxi-
mity effect. In-depth studies of the interface, e.g., via electron-
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energy loss spectroscopy is left for future investigations.
A quasi-classical theory was presented to understand the
conductance spectra of the T-shaped proximity structures and
a phenomenological Ginzburg–Landau theory was used to
model the enhanced interface superconductivity.

Unconventional and functional properties of superconduc-
tivity near interfaces and in confined systems are of consider-
able interest. In part this is fueled by potential future appli-
cations. The silicon-based heterojunctions with dominant
triplet pairing reported here are amenable to existing micro-
fabrication techniques and are promising building blocks for
the fabrication of superconducting devices and thus for
quantum technology applications.
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