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We theoretically study the proximity effect and the inverse proximity effect in a topological insulator/iron-
based superconductor heterostructure based on the microscopic model. The superconducting order parameter is
self-consistently calculated. Its magnitude decreases when the coupling of these two systems increases. The
induced pairing order parameter exhibits negative and positive values, while the negative pairing near the
I' = (0, 0) point is dominant. This parameter has twofold symmetry and includes an s-wave component and
a d-wave component. The magnitude of the induced pairing order parameter has a maximal value at the coupling
strength ¢, = 0.3 ~ 0.06 eV. The spectral function and the local density of states are calculated and may be
used to probe the proximity effect. We also discuss the feedback of the topological insulator to the iron-based
superconductor layer. The normal-state Fermi surface is distorted by the coupling, and additional Fermi pockets
are induced. An effective spin-orbit interaction term is induced. In the superconducting state, the previous
fourfold symmetry of the order parameter is broken, and a d-wave component pairing term is also induced.
Our main results can be well understood by analyzing the Fermi surfaces of the original systems.
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I. INTRODUCTION

The heterostructure coupling a three-dimensional topolog-
ical insulator (3DTI) material and a superconducting material
has attracted great interest in the field of condensed matter
physics. Theoretically, if superconducting order is proxim-
ity induced in the surface of the 3DTI, then the system is
predicted to become an effective p 4 ip superconductor [1].
Majorana zero modes can be realized in this platform; thus,
this system has potential for application in the field of topo-
logical quantum computation [2]. Experimentally, this hybrid
system was successfully realized, and signatures of Majorana
zero modes were indeed observed [3-6].

The original proposed heterostructure system includes a
conventional s-wave superconductor and a 3DTI [1]. For
conventional superconductors, the superconducting transition
temperature is usually very low, and the pairing gap is rather
small (approximately 1 meV). Then, in the presence of a
vortex, the excited low-energy states are extremely small.
Experimentally differentiating the Majorana zero modes from
the excited low-energy states is rather challenging. Thus,
employing a high-T, superconducting material to realize
a topological superconductor and Majorana zero modes
is natural. Many efforts have been made to realize an
effective topological superconductor with a high-T, super-
conductor platform. Hybrid systems with a 3DTI and a
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cuprate-based high-T, superconductor were experimentally
realized [7-11]. However, the results seem to be contro-
versial. A large proximity-induced gap of approximately
10 meV at the surface of the 3DTI was reported by sev-
eral groups [7-9], while this result was challenged by other
groups [10,11]. The heterostructure with a 3DTI and a mem-
ber of the family of iron-based high-T. superconductors
(FeSCs) was also realized by many groups, and signa-
tures of the proximity-induced superconducting gap were
revealed [12-19].

On the theoretical side, several 3DTI/superconductor cou-
pled systems have been studied [1,20-26]. Generally, there
are two theoretical methods to study the proximity effect in
a heterostructure system. One is to phenomenologically treat
the proximity effect by putting the superconducting pairing
term directly in the Hamiltonian of the 3DTI material [1,20].
In this way, the model is greatly simplified, and the topo-
logical features are expected to be qualitatively described.
An alternative method is to treat the proximity effect in a
microscopic way [21-28], namely, the whole Hamiltonian
includes the 3DTI part, the superconductor part, and their
coupling term. The effective pairing term in the 3DTI system
is induced by the coupling term. Since the mixing of the band
structures of different materials is fully taken into account by
the latter method, the numerical results may be more realistic.
Previously, based on the latter method, a 3DTI/cuprate-based
superconductor coupled system was theoretically studied. The
results indicated that the proximity-induced pairing gap in the
surface of the 3DTI becomes an s-wave gap [22,23]. This
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theoretical result is consistent with experiments [8]. Another
advantage of the latter method is that it can provide some use-
ful information about the inverse proximity effect, namely, the
possible feedback of the 3DTI system to the superconductor
layer [24-26].

Although the 3DTI/FeSC coupled system has recently
attracted much experimental interest [12—19], this coupled
system has been less explored theoretically. In particular, as
far as we know, no theoretical studies have explored the cou-
pled system with an FeSC material microscopically. Actually,
this issue is of importance and thus is necessary to study. First,
in the normal state of the FeSC material, there are several
energy bands crossing the Fermi energy. Then, the Fermi
surface includes both hole pockets and electron pockets [29].
Each energy band and Fermi pocket may couple with the
band structure of the 3DTI. As a result, for the FeSC-based
heterostructure, the band mixing effect may be more com-
plex and important in affecting the physical properties of the
system. Second, for the 3DTI system, the Fermi surface is a
point, coming from the topological edge states. The sizes of
the normal-state Fermi pockets of cuprate and conventional
superconductors are usually rather large, while for iron-based
superconductors, the normal-state Fermi pockets may be very
small. Since the proximity effect may be strengthened if the
normal-state Fermi surfaces of the two compounds match, we
expect that the FeSC material should be an ideal candidate to
induce an effective superconducting pairing term in the 3DTI
surface. Third, as has been verified, usually the induced pair-
ing symmetry is not identical to the previous symmetry. This
may be determined by the combined effect of band mixing and
the pairing symmetry of the superconductor. Currently, the
pairing symmetry of the FeSC material is well-believed to be
the unconventional sy -pairing [29]. Studying the proximity-
induced pairing term and predicting the pairing symmetry
induced in the surface of the 3DTI would be interesting.
Fourth, studying the inverse proximity effect and exploring
the back action of the 3DTI system on the FeSC material is
timely and of interest. This may also help in investigating the
mechanism and the intrinsic nontrivial topology of the FeSC
material [29,30]. Finally, experimentally confirming whether
the pairing term is successfully proximity induced in the 3DTI
layer is not easy. With a microscopic method, more details
may be provided to identify the proximity-induced supercon-
ducting gap.

In this paper, motivated by the above considerations,
we first adopt a microscopic model considering a 3DTI
material coupled with a single-layer FeSC material and
self-consistently deal with the whole system. The proximity-
induced pairing order parameter in the 3DTI system is
explored. We propose that the induced pairing gap can be
measured by an angle-resolved photoemission spectroscopy
(ARPES) experiment [31] or the scanning tunneling mi-
croscopy (STM) technique [32]. Additionally, we study the
inverse proximity effect and indicate how coupling affects the
FeSC material.

The rest of the paper is organized as follows. In Sec. II,
we introduce the model and present the relevant formalism.
In Sec. III, we report numerical calculations and discuss the
obtained results. Finally, we present a brief summary and
closing remarks in Sec. I'V.

II. MODEL AND FORMALISM

We start with a model including the 3DTI term, the single-
layer FeSC term, and their coupling term, with

H = Hyr; + Hsc + H),. (D

Hy; describes the 3DTI material [33]. Considering the
open boundary condition along the z direction and periodic
boundary condition in the xy plane, Hy; is expressed as [34]

Hyy = Z Cl(K)[m(k)oot, + 2A sin k0,7,
z,k

+ 2A sin k0,7, 1C. (k) — [ >l k)
z,k

X (togt, — iAo, T,)C,(K) + Hc:| )

where m(k) = m — 2t(cosk, + cosky). o; and 7; (i = x,y, 2)
are Pauli matrices in the spin channel and orbital chan-
nel, respectively. oy is the identity matrix. The momentum
k is defined in the xy plane, with k = (k,, k,). The vec-
tor C/(k) is expressed as (CLM, CZZkT’ chkL’ C:2k¢)’ with
z=12,...,N,.

Hge describes the single-layer FeSC material. FeSC ma-
terials are mostly quasi-two-dimensional layered materials.
A two-dimensional Hamiltonian considering a single layer
is expected to also qualitatively describe FeSC bulk mate-
rials [35-39]. The superconductivity of an FeSC material is
mainly contributed by the Fe,As, /Fe,Se, layers. The Fe ions
form a square lattice. The As/Se ions are above or below the
Fe-Fe plane. Thus, each unit cell generally contains two Fe
ions and two As/Se ions. Previously, a model considering two
Fe ions in one unit cell was proposed [35], while the authors
of Ref. [40] argued that the system has an internal symmetry,
namely, the Fe-As-Fe distances and angles are the same for
As ions above and below the Fe-Fe planes. Moreover, based
on a first-principles band calculation, the low-energy bands
are mainly contributed by the Fe-3d orbitals [36-39]. The
As ions play the role of mediating or enhancing the next-
nearest-neighbor hopping [35,36,39,40]. Considering only the
Fe orbitals, due to the internal symmetry, the Hamiltonian can
be described by a reduced unit cell with only one Fe ion.
Previously, several effective models considering a one-Fe-ion
unit cell have been proposed [36—39]. Following Ref. [39], we
use the minimum two-band model with one unit cell contain-
ing only one Fe ion and consider the d,; and d,. orbitals to
describe the FeSC system [39]

Hsc = Z 8de:kadfka + Z(Slzkdjkadzkg + H.c.) + Hiy.
kt k
3)

Here, t = 1,2 and o =1, | are the orbital index and the
spin index, respectively. e, is the intraorbital hopping

term, with &1 = —2t; cosk, — 2t cos ky — 43 cos k, cos ky
and &y = —21, cos k, — 2t cosk, — 4t3 cos k, cosk,. 1ok is
the interorbital hopping term, with g1 = —4#; sink, sink,,.

Ay is the superconducting pairing function.
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We now discuss the interaction term H;,, in Eq. (3). Gen-
erally, both interorbital and intraorbital interactions may exist
and mediate the superconducting pairing for an FeSC mate-
rial. Previously, the interorbital pairing was studied, but the
theoretical results were in stark contrast to existing experi-
ments. Therefore, it was concluded that the interorbital pairing
should be excluded for FeSC materials [41]. On the other
hand, the intraorbital next-nearest-neighbor coupling strength
was proposed to be stronger than the nearest-neighbor cou-
pling strength due to As-mediated hopping [42]. Moreover,
considering the intraorbital next-nearest-neighbor attractive
interaction, the pairing function from the self-consistent cal-
culation has the form of cos k, cos k, [41-44], consistent with
the s+ pairing symmetry and previous experimental obser-
vations [42,45,46]. In the present work, as is usually done,
we take into account an effective intraorbital next-nearest-
neighbor attractive interaction as a pairing strength; then, the
interaction term Hjy, is expressed as

Hint = - Z Vrnrianrj(f’, (4)

(ij)'too’

where (ij)’ denotes the next-nearest-neighbor bond. n;j, =
d;g d+is 1s the onsite particle number operator (t and o are the
orbital and spin indices, respectively). We now define the local
mean-field pairing order parameter as Ajj = Vi (drirdyj, —
driydyjy). Following Refs. [42—44], here the mean-field order
parameter is considered to have s-wave pairing symmetry and
be independent of the bonds, A = A.. Moreover, due to
the symmetry of the d,; and d,, orbitals of FeSC materials,
both the pairing strength and the mean-field order parameter
should be independent of the orbitals (V; =V and A, =
Ay) [42—-44]. Then, we can use a single value A to represent
the superconductivity of the FeSC layer with

Ao = SLN Z(drndrn — deiydyijy), )
T(ij)’
with N being the number of sites in the single FeSC layer.
At the mean-field level, by transforming Hj, into mo-
mentum space, the Hamiltonian for the FeSC layer can be
rewritten as

Hsc = Zsfkdjkadfkﬁ + Z(&zkdfkgdzkg +H.c.)
kt K

+ ) (Adydi_ +He), (©6)
kt
with Ax = 4A cos k, cos k. It changes sign between electron
and hole Fermi pockets, consistent with previous experimental
and theoretical results [42,45,46].
Performing the Fourier transformation on the self-
consistent equation [Eq. (5)], Ay can be calculated through
the Hamiltonian in momentum space, with

|4
A = N Z cos ky cos ky(drkydr k). 7

tk

H), represents the coupling of the FeSC material and the
surface of the 3DTI material, expressed as

Hy,=— Z (tprt’djkgczr’ka + H.c.), 3

ktt'o

with the interlayer hopping constant ?,,,, being the coupling
strength. z = 1 or N, represents the surface of the 3DTI mate-
rial.

Considering one FeSC layer coupled with the 3DTT surface
(z = N;), the whole Hamiltonian can be rewritten in matrix
form as H =) CT(k)M (K)C(K). The vector CT(k) is ex-
pressed as

Ct(k) = (C](k), Ci(=k), ..., Cf (k), Cy.(—k),
D'(k), D(-k)), )

with DY (K)=(d}\.s, djys. dfy | diy ). M(K) is an 8(N; + 1) x
8(N; + 1) matrix.

Diagonalizing the Hamiltonian matrix, the self-consistent
equation for the superconducting order parameter A [Eq. (7)]
can be rewritten as

v
Ao = N Z cosk, cos kyur, . (K)uty i v 16.,(K)f(E,), (10)

k,7,n

with r =8N,. u,,(k) and E, are the eigenvectors and
eigenvalues of the Hamiltonian matrix. f(x) is the Fermi
distribution function.

We define an effective mean-field pairing order parameter
at the surface of the 3DTI or the FeSC layer to study the
proximity effect and the inverse proximity effect, expressed
as

Aripo (&) = =Yl (Kt f(E,), (1)

with s = 8(N, — 1) or s = 8N, describing the intraorbital pair-
ing order parameter at the surface of the 3DTI or the FeSC
layer, respectively. It is necessary to note that in principle,
the interorbital pairing may also be proximity induced. We
numerically verify that the magnitudes of the induced in-
terorbital order parameters at the 3DTI surface are generally
much smaller than those of the induced intraorbital order
parameters (see the Supplemental Material [33]). Thus the
induced interorbital mean-field pairing order parameters are
not considered here.

The Green’s function matrix can be obtained by diagonal-
izing the Hamiltonian, with the elements being expressed as

Uin (k)ujn(k)*

Gyt E)=3 5 Fir

n

12)

Then, the z-dependent spectral function can be expressed
as

1 &
Ak E)=—— 3 ImGpipmipk, E),  (13)
p=1
withm = 8(z — 1).

The local density of states (LDOS) at layer z can be calcu-
lated through the spectral function, with

p(E) =Y A:(k E). (14)
k

In the original model describing the FeSC material (Hgc),
there is no spin-orbit coupling term. Generally, the spin-orbit
coupling term can be expressed as a spin-flipped hopping term
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with the form d;(%dk - Here, due to the coupling with the
3DTI material, an effective spin-orbit coupling term may be
induced in the superconducting layer. We define a spin-flipped
mean-field order parameter A(k) = (dl:Tdk 1) to describe this
effective spin-orbit coupling term in the FeSC layer, with

) =Yy (Kt e 2, (K)f(Ep), 15)

with r = 8N,.

In the present work, the coupling between the FeSC layer
and the 3DTI material is considered an interlayer single par-
ticle hopping term, as indicated in Eq. (8). In principle, the
signs and magnitudes of hopping constants f,;.» may depend
on the orbitals of the FeSC material and the 3DTI material.
For the FeSC layer, d,, and d,, orbitals are considered [39].
The electronic distributions along the z direction for these
two orbitals are the same. As a result, considering 1, = o
is reasonable. In contrast, both the phases and magnitudes
of the hopping constant for different 3DTI orbitals may be
different, which may affect the nature of the induced pairing
potential [47]. In the Supplementary Material, we present the
numerical results by considering that the signs and magni-
tudes of interlayer hopping constants are orbital dependent.
Our results indicate that our main conclusions remain qualita-
tively the same even when the signs and magnitudes depend
on the orbitals [33]. Therefore, for illustration, we assume
that the hopping constants are independent on the orbitals,
with t,.. =t,. The other parameters are chosen as t =1,
m=5A=0541=-1,b=13,5=1t,=-0.85V =1,
and N, = 100. Then, Eq. (2) and Eq. (6) are effective models
for describing the 3DTI and FeSC materials, respectively.
The energy unit ¢ is estimated to be approximately 0.2 eV
according to the first principles band calculation of FeSC
materials [37].

III. RESULTS AND DISCUSSION

Before we present our theoretical results, we note the
experimental realization of the 3DTI/FeSC heterostructure.
Experimentally, this heterostructure was first realized by
growing 3DTI films layer by layer on an FeSC substrate with
the molecular-beam epitaxy technique [12—14]. With this het-
erostructure, one can directly measure the physical properties
of the 3DTI layer through STM experiments and ARPES ex-
periments. Additionally, successful epitaxial and contiguous
growth of an FeSC material on a 3DTI material was recently
reported [15]. Moreover, very recently, various superlattices
consisting of alternating 3DTI layers and FeSC layers were
fabricated with the pulsed laser deposition technique [16].
With these heterostructures, the physical properties of the
FeSC layer can also be directly measured. Therefore, on the
theoretical side, investigations on both the 3DTT layer and the
FeSC layer are insightful and may be used for comparison
with later experiments.

We first present the numerical result of the superconducting
order parameter Ay as a function of the coupling constant
t, in Fig. 1. Here, a kind of inverse proximity effect is re-
vealed, namely, as ¢, increases, the pairing order parameter
Ao monotonically decreases. At the mean-field level, the order
parameter A is proportional to the superconducting transition

008 1 | 1 | 1 | 1
0.0 0.5 1.0 1.5 20

FIG. 1. Mean-field superconducting order parameter A, as a
function of the coupling strength 7,,.

temperature 7.. Our results indicate that the superconduct-
ing transition temperature of the 3DTI/FeSC coupled system
is generally smaller than that of the pure FeSC material.
Such suppression is due to hybridization of the energy bands.
Actually, for a heterostructure including a superconducting
material and a nonsuperconducting material, an effective pair-
ing term will generally be induced in the nonsuperconducting
material, known as the proximity effect. At the same time,
unpaired quasiparticles will be induced back in the supercon-
ducting material through the inverse proximity effect. These
quasiparticles generally suppress the superconductivity of the
whole system. Here, the number of induced quasiparticles is
expected to increase with the coupling strength of the sys-
tem (#,); as a result, the superconducting order parameter A
decreases as 1, increases, as shown in Fig. 1. Previously, the
suppression of the superconductivity in a heterostructure has
also been reported experimentally and theoretically [7,25].

When the coupling strength is nonzero, an effective su-
perconducting pairing term is expected to be induced in the
surface of the 3DTI, known as the proximity effect. This
effective pairing can be studied through the mean-field pair-
ing order parameter from Eq. (11). The intensity plot of the
mean-field pairing order parameter at the surface of the 3DTI
as a function of the momentum k with 7, = 0.5 is presented
in Fig. 2(a). The contour plot of the zero value is plotted as
dashed lines, indicating the nodal lines of the system. The
order parameter is positive near the X = (7, 0) point and its
symmetric points and negative near the I' = (0,0) and M =
(m, ) points. These properties are qualitatively consistent
with the s, pairing symmetry of the FeSC material [29]. In
contrast, significant differences between the induced pairing
symmetry and the original s; pairing symmetry exist. First,
although here the effective pairing term exhibits positive and
negative values, the positive magnitude is much smaller than
the negative magnitude. Second, the induced order parameter
has only twofold symmetry. The previous fourfold symmetry
(C4 rotational symmetry) for the s. pairing is broken. This
indicates that an additional d-wave component pairing term is
induced.
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FIG. 2. Numerical results of the proximity-induced pairing or-
der parameter at the surface of the 3DTI. (a) Intensity plot of the
momentum-dependent pairing order parameter. The dashed lines
indicate the nodal lines. (b) Maximum pairing order parameter as
a function of the coupling strength 7,,. (c) s-wave component of the
pairing order parameter. (d) d-wave component of the pairing order
parameter.

Previously, based on the microscopic model, broken Cy4
rotational symmetry was also indicated in a system including
a two-dimensional topological insulator and a superconduc-
tor and discussed [27,28]. This symmetry breaking is due
to the spin-orbit coupling term of the topological insulator.
The wavevector (k,, k,) will change to (—ky, k) under the C4
operation. Due to the existence of the spin-orbit interaction
[A # 0 in Eq. (2)], the 3DTI Hamiltonian varies under the
C4 operation, namely, Hipr;(ky, ky) # Hzpri(—ky, k). Since
the eigenvalues of H3pr(ky, ky) and Hpr;(—ky, k,) are iden-
tical, the energy bands of the pure 3DTI system still have
C4 symmetry. However, as previously discussed, when the
3DTI couples to another system, generally, the C4 rotational
symmetry will be broken by the proximity effect [27,28].

We plot the magnitude of the induced pairing order pa-
rameter as a function of the coupling strength in Fig. 2(b).
Quite interestingly, here the order parameter magnitude is
nonmonotonic versus the coupling strength. It reaches a local
maximum value at approximately ¢, = 0.3t (approximately
0.06 eV). Experimentally, for a topological superconducting
material, a large pairing gap is important for identifying the
possible zero modes. Intuitively, one may take for granted
that a larger coupling strength is better for realizing an ef-
fective topological superconductor with a larger pairing gap,
while our calculation indicates that a relatively small coupling
strength may also induce a larger pairing gap. There exists
an optimal coupling strength where the induced pairing order
reaches a local maximum value. This result is of interest
and may be applicable for realizing an effective topological
superconductor with a heterostructure.

The twofold symmetry of the
shown in Fig. 2(a) indicates the

order parameter
existence of a

1.0 . . A L A T
-1.0 -05 0.0 0.5 -0.6 -0.4 -0.2 0.0 0.2 04 0.6

k,/n E

FIG. 3. (a) Eigenvalues of the Hamiltonian with k, =0 and
t, = 0. (b) Eigenvalues of the Hamiltonian with k, = 0 and ¢, = 0.5.
(c) Spectral function at the z = N, surface with k, =0 and ¢, = 0.5.
(d) LDOS with#, =0and t, =0.5.

d-wave component. We separate the whole pairing
order parameter Agr;(k) into the s-wave component
Aris(k) and the d-wave component Agrjy(k), with
Ari(K) = Arps(K) + Arrg(K). Arp(K) and Arg(K) are
expressed as Aryg(K) = 1/2[Ary(ky, ky) + Ari(ky, —k,)] and
ATId(k) = I/Z[ATI(]CX, ky) — AT](k , —kx)] The intensity
plots of Ar;(k) and Azy(k) are plotted in Figs. 2(c)
and 2(d), respectively. A small d-wave component around
the I" point is revealed, with additional nodal lines k, = 0
and k, =0 existing in this component. Therefore, our
results indicate that the proximity-induced pairing order
parameter symmetry is not necessarily identical to the
previous order parameter symmetry of the superconductor.
Similar conclusions have also been obtained from previous
theoretical and experimental results [8,14,22-24]. Moreover,
as verified in Ref. [1], when an s-wave pairing term is induced
in the 3DTI surface, the system is formally equivalent to
a spinless p+ip superconductor, providing an effective
platform to realize Majorana zero modes.

Considering both the surfaces of the 3DTI (z =1 and
z = N;) coupled with an FeSC layer, the energy bands can
be obtained by diagonalizing the whole Hamiltonian [Eq. (1)].
We plot the energy bands of the whole system along the k, = 0
direction with #, =0 and ¢, = 0.5 in Figs. 3(a) and 3(b),
respectively. Without the coupling term (¢, = 0), as shown
in Fig. 3(a), the energy bands of 3DTI and FeSC are in-
dependent. The energy bands of the 3DTI system include
fully gapped bulk states and gapless surface states crossing
the Fermi energy at the I point [33]. The energy bands of
the FeSC material are fully gapped. In the presence of the
coupling term with 7, = 0.5, an obvious energy gap (ap-
proximately 0.1) is opened, as shown in Fig. 3(b). The gap
magnitude is consistent with the order parameter magnitude
shown in Fig. 2(b).

Experimentally, the proximity-induced energy gap may be
investigated through the ARPES or STM technique. Theo-
retically, the ARPES and STM results are described by the
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FIG. 4. Numerical results for the FeSC layer in the normal
state with Ay = 0. (a) Zero-energy spectral function with 7, = 0.
(b) Zero-energy spectral function with #, = 0.5. (c) Real part of the
spin-flipped mean-field order parameter [ReA(k)]. (d) Imaginary part
of the spin-flipped mean-field order parameter [ImA(k)].

spectral function and the LDOS, respectively. We plot the
spectral function as a function of the energy E and the mo-
mentum k, at the 3DTI surface with k, =0 and 7, = 0.5 in
Fig. 3(c). The corresponding LDOS at the system surface
without and with the coupling term is plotted in Fig. 3(d). The
surface energy bands are revealed by the spectral function.
The spectral function is zero at low energies of approximately
|E| < 0.1, indicating fully gapped behavior. The surface spec-
tral function is qualitatively consistent with the energy bands
presented in Fig. 3(b). Additionally, the proximity-induced su-
perconducting gap can be clearly revealed through the LDOS.
As t, = 0, the system is a topological insulator. Due to the
existence of the gapless surface state, the surface LDOS has
a large V-shaped energy gap. As t, increases to 0.5, the
spectrum becomes U-shaped, with the intensity being zero
at low energies. Moreover, two coherent peaks at energies of
approximately 0.1 are clearly observed. This indicates that
an effective superconducting gap with an energy of approxi-
mately 0.1 is induced at the surface of the 3DTI. The U-shaped
gap indicates that the system is fully gapped, consistent with
the numerical results of the spectral function. Our numerical
results indicate that the proximity effect can be studied and
identified through ARPES and STM experiments [31,32].
Now let us discuss in more detail the inverse proximity
effect and investigate how the coupling affects the FeSC ma-
terial. We first study the physical properties of the FeSC layer
in the normal state. The intensity plots of the zero-energy
spectral function in momentum space without and with the
coupling are presented in Figs. 4(a) and 4(b), respectively. As
is known, the zero-energy spectral function should be max-
imum at the Fermi momentum. Therefore, the normal-state
Fermi surface can be obtained from Figs. 4(a) and 4(b). As
t, = 0, the normal-state Fermi surface of the FeSC material
has fourfold symmetry. It includes hole pockets surrounding
the I" and M points and electron pockets surrounding the

FIG. 5. Numerical results of the pairing order parameter in
the FeSC layer. (a) Intensity plot of the momentum-dependent
pairing order parameter with #, = 0. (b) Intensity plot of the
momentum-dependent pairing order parameter with ¢, = 0.5. (c) s-
wave component of the order parameter with ¢, = 0.5. (d) d-wave
component of the order parameter with t, = 0.5.

X point and its symmetric points. As ¢, increases, the four-
fold symmetry is broken. The previous I" pocket is distorted.
Two additional small pockets emerge inside the I" pocket.
These additional pockets are due to the band mixing effect
and may be detected by experiments. This may be used to
judge whether the 3DTI material and the FeSC system are
coupled in the heterostructure. Moreover, the normal-state
Fermi surface in an unconventional superconductor is gener-
ally important and may determine many physical quantities.
Here, the evolution of the normal-state Fermi surface with
increasing coupling strength is of interest and is worthy of
further study.

In the original Hamiltonian describing the FeSC material,
there are no spin-orbit coupling terms. However, here, due
to the coupling with the 3DTI system, an effective spin-orbit
coupling term may be induced in the FeSC layer, which can
be described by a spin-flipped mean-field order parameter
[Eq. (15)]. The real and imaginary parts of the spin-flipped
mean-field order parameter in the FeSC layer [ReA(k) and
ImA(k)] are displayed in Figs. 4(c) and 4(d), respectively. As
seen, a spin-flipped term is indeed induced. Here, both the
real part and the imaginary part of the order parameter have
odd parity. The complex order parameter appears to have the
form sin k, — isink,, qualitatively consistent with a general
spin-orbit coupling term. Our results indicate that an effective
spin-orbit coupling term is indeed proximity induced in the
FeSC layer and may affect the topological properties of the
system.

We turn to discussing how the coupling affects the super-
conducting state. The mean-field pairing order parameters in
the FeSC layer without and with interlayer coupling are pre-
sented in Figs. 5(a) and 5(b), respectively. First, as indicated
in Fig. 1, the order parameter A is suppressed due to the
interlayer coupling. Here, as shown in Figs. 5(a) and 5(b),
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the mean-field order parameters in the FeSC layer are indeed
suppressed, but the fact that such suppression mainly occurs
near the I' pocket should be emphasized. The energy gaps
around the other Fermi pockets are nearly unaffected. Second,
we expect that the pairing symmetry may be affected by the
interlayer coupling. Similar to the 3DTI layer, here in the
presence of the interlayer coupling, the fourfold symmetry
is also broken [Fig. 5(b)]. We also separate the whole order
parameter in Fig. 5(b) into the s-wave component and the
d-wave component. The two components are displayed in
Figs. 5(c) and 5(d), respectively. The s-wave component of
the order parameter is qualitatively the same as that of the
pure FeSC material shown in Fig. 5(a), while in the presence
of coupling, an additional d-wave component is induced, with
ky =0 and k, = 0 being the nodal lines. Such a symmetry
breaking effect may also be detected by experiments and used
to identify the coupling of different systems.

We now discuss the possible limitations and outlook of our
present work. First, we employ a minimal two-band model to
describe the FeSC material. This model considers only the d,.
and d,, orbitals of the Fe ions. Moreover, the possible intrinsic
spin-orbit coupling that may exist in some FeSC materials is
also not considered. We expect that the low-energy physics
of the FeSC material can be qualitatively described based
on this model, while a more accurate model may be more
realistic. Second, here the Hamiltonian for the FeSC material
includes only a single layer, neglecting interlayer coupling.
In particular, the inverse proximity effect may be affected
by the interlayer coupling of the FeSC material. Third, the
coupling between the FeSC material and the 3DTI material
is simplified as single particle hopping with the hopping con-
stants being independent of the orbitals. The results may be
different if a more complicated coupling term is employed.
Finally, based on phenomenological theory and starting from
an effective k - p model describing the edge states of the 3DTI,
the two-dimensional surface of the 3DTI material was pre-
viously verified to be equivalent to a p + ip superconductor
when the pairing term is proximity induced. However, the
topological description and the definition of the topological
invariant based on the present microscopic model still require
further study.

Finally, we stress that our main results can be well under-
stood by analyzing the Fermi surfaces of the original FeSC
and 3DTI systems. Generally, we expect that the proximity
effect should be strengthened when the Fermi surfaces of the
two systems match. The Fermi surface of the FeSC material
is presented in Fig. 4(a), with Fermi pockets around the T,
M, and X points. The 3DTI surface state crosses the Fermi
energy at the I' point. Therefore, when the two systems are
coupled, both the proximity effect and the inverse proximity
effect around the I' Fermi pocket should be dominant. As

a result, in the 3DTI layer, the negative pairing magnitude
near the I pocket is larger. The induced d-wave component
is around the I" Fermi pocket. In the FeSC layer, the I' Fermi
pocket is distorted. Additional small Fermi pockets around
the I" pocket are induced. The effective spin-orbit coupling is
also larger around the I" pocket. In the superconducting state,
an additional d-wave pairing component also emerges near
the I" pocket. Actually, here the normal-state Fermi surface
is important in determining the main results. Therefore, we
can reasonably conclude that our main results should remain
qualitatively the same even if another effective model for the
FeSC material (with qualitatively the same Fermi surface) is
considered.

IV. SUMMARY

In summary, we study the topological insulator/iron-based
superconductor heterostructure with a microscopic method.
Based on the self-consistent calculation, our numerical results
indicate that the superconducting order parameter decreases
when the coupling between the topological insulator and
the iron-based superconductor increases. Similar to the s
pairing symmetry of the iron-based superconductor, here
the proximity-induced pairing order parameter also exhibits
negative and positive values. However, the negative order
parameter at the I pocket is significantly stronger due to the
gapless surface state at the I" point of the topological insulator.
The order parameter in momentum space has only twofold
symmetry. It can be separated into an s-wave component and a
d-wave component. Its maximum magnitude does not mono-
tonically increase with the coupling strength. An optimal
coupling strength exists at which the order parameter reaches
the maximum value (approximately 7, = 0.3 ~ 0.06 eV). The
proximity-induced pairing order parameter is theoretically
studied through the spectral function and the LDOS. The
inverse proximity effect is also studied. An effective spin-orbit
effect is induced in the iron-based superconducting layer. The
fourfold symmetry in the superconducting layer is also bro-
ken. Additional small pockets are induced in the normal-state
Fermi surface. In the superconducting state, an additional
d-wave component is identified. The main properties can be
understood by exploring the Fermi surfaces of the two original
systems.
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