PRL 117, 076806 (2016)

PHYSICAL REVIEW LETTERS

week ending
12 AUGUST 2016

Amperean Pairing at the Surface of Topological Insulators

Mehdi Kargan'an,l Dmitry K. Eﬁmkin,1 and Victor Galitski'*
Yoint Quantum Institute and Condensed Matter Theory Center, Department of Physics, University of Maryland,
College Park, Maryland 20742-4111, USA
*School of Physics, Monash University, Melbourne, Victoria 3800, Australia
(Received 24 March 2016; published 12 August 2016)

The surface of a 3D topological insulator is described by a helical electron state with the electron’s spin
and momentum locked together. We show that in the presence of ferromagnetic fluctuations the surface of a
topological insulator is unstable towards a superconducting state with unusual pairing, dubbed Amperean
pairing. The key idea is that the dynamical fluctuations of a ferromagnetic layer deposited on the surface of
a topological insulator couple to the electrons as gauge fields. The transverse components of the magnetic
gauge fields are unscreened and can mediate an effective interaction between electrons. There is an
attractive interaction between electrons with momenta in the same direction which makes the pairing to be
of Amperean type. We show that this attractive interaction leads to a p-wave pairing instability of the Fermi

surface in the Cooper channel.
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Introduction.—It is known that the Coulomb interaction
in normal metals is usually screened by electrons leading to
short-ranged and momentum independent interactions,
which gives rise to conventional Fermi liquid theory
[1,2]. The current-current magnetic interaction between
electrons, where the interaction is mediated by exchange of
transverse photons, however, remains unscreened. Because
of the interaction of the gapless bosonic modes with
fermions, nonanalytic corrections arise in various physical
quantities which clearly point to non-Fermi liquid behavior
[3,4]. The effect is purely relativistic and is proportional to
(vp/c)?, where v is the Fermi velocity of electrons and ¢
is speed of light. Hence, the corresponding bare interaction
is comparatively smaller than coupling constants.

While the relevance of transverse photons in normal
metals and their physical signatures are parametrically
small, the search for nonphoton mediated current-current
interactions has been extended to other systems such as
U(1) gauge fields in the spin liquid description of the Mott
phase of organic compounds [5,6], a doped Mott insulator
[7], and the Halperin-Lee-Read state [8]. The normal state
resistivity of a doped Mott insulator exhibits a 7%/3
temperature dependence [9] and a 7%/3 contribution to
the specific heat [10,11] in the presence of the U(1) gauge
fluctuations, which manifestly deviates from the Fermi
liquid. It was also shown that the U(1) gauge fluctuations
can induce a new mechanism for pairing of the spinons in a
gapless spin liquid, so-called Amperean pairing [12], with a
possible application to the pseudogap phase of cuprate
superconductors [13].

Given the maturity of heterostructure materials synthesis
and recent progress in topological insulators, in this Letter
we propose a realistic system where the interaction between
the fermions and gapless bosons can be engineered to
realize an effective fermion-gauge theory and an Amperean
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superconductor. The system is made of a ferromagnetic
(FM) layer deposited on the surface of a 3D topological
insulator (TT) such as Bi,Te; and Bi,Se;. The surface state
consists of a single helical Dirac cone [14,15], where the
electron spin and momentum are locked together, affecting
the transport phenomena and collective excitations [16,17].

Some previous works have focused on the effect of static
[18-23] and dynamical [24-27] magnetic fluctuations. We
consider the effect of transverse dynamical magnetic fluc-
tuations on a doped Dirac cone. We will show that the latter
have profound effects on helical states. Here is a summary
of our results: (i) transverse magnetic fluctuations are
unscreened and mediate an effective interaction between
electrons; (ii) the effective interaction is singular at small
frequency and momentum transfer and leads to non-Fermi
liquid behavior at very low energies; (iii) the effective
interaction has an Amperean form: it is attractive between
electrons near the Fermi surface moving in the same
direction; (iv) the attractive interaction leads to a pairing
instability of the Fermi surface, dubbed Amperean pairing.

Model.—Consider a hybrid system of a ferromagnet with
spin density p, and the surface of TI as shown in Fig. 1(a).
The continuum action of a quantum ferromagnet with local
moments S = Sn is given by [28]

Sy = % / drd’x[-2iA(n) - dn +x(Vn)?. (1)

Here, k = JSa}, where J is the ferromagnetic exchange
coupling and ay is the lattice spacing. We use « to define
magnon mass mg via k = 1/2mg (h = 1) below. The first
term in the action is the Wess-Zumino term where the
vector potential A creates a local magnetic field as
V. x A(n) = n. We assume that the magnetic order in
the ferromagnet is along the normal direction z. In order to
describe the ferromagnetic magnons 1(z,r), we write
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FIG. 1. (a) A ferromagnetic layer deposited on the surface of a topological insulator; (b) the blue (light) disk indicates the region in
momentum space bounded by a Fermi surface with Fermi energy . Small arrows on the Fermi surface indicate an attractive interaction
between electrons (red balls) with momenta p; and p, and the angle between them is ¢y, ,, = ¢, — ¢p, . (¢) Feynman diagrammatic
representation of Bethe-Salpeter equation and the interaction in direct and exchange channels, and in (d) we show the regions with the
non-Fermi liquid behavior and pairing instability at zero temperature. The horizontal axis stands for the frequency of transverse magnon
excitations with propagator Dz (g). In the low frequency regime, the excitations are highly damped and X(w) ~ ®?3, while in the
opposite regime up to an energy scale given by a, the magnons are described by a bare propagator D%(¢q) and Z(w) ~ @'/?> dominates
over the linear term. In both regimes the system is unstable to Amperean pairing. For some experimentally relevant parameters the

propagator of magnons falls into the damped regime shown by a blue solid disk with strong instability to Amperean pairing.

n=2z/1-|1]>+1,where |l| < 1and z - 1 = 0, leading to
A = 1/2(z x1). Neglecting orders higher than quadratic
terms, the action of magnons is written as [29]

S, = % / dzdx[i(1x 9,0). + k(V1)2.  (2)

The following action describes the Dirac electrons and
their coupling to the ferromagnet moments:

Sp = /drdry‘/[a, +vp(px6), —pur—gn-oly. (3)

The spinor fields w(z,r) = (y4.y )" describe the elec-
trons and ¢ is a vector of the Pauli matrices, representing
spin. Other parameters are the Fermi energy pr and the
coupling g between electrons and magnetic moments. As
we concentrate on the doped regime which is relevant to the
experiments [14,15], we will ignore a uniform coupling go,
to the electrons that opens up a gap of magnitude 2|g| at the
Dirac node.

The helical nature of surface states allows us to present the
magnetic fluctuations as dynamical gauge fields a =
gvz'l x z minimally coupled to electrons. It can be split
into longitudinal and transverse components asa = a; + ar
so that V-a; =0 and V x a; = 0. The transverse part is
responsible for the emergent magnetic field B, =
(Vxay), =—gvp'V -1, perpendicular to the surface,
and the longitudinal part generates an emergent electric field
E = -0,a; = —gvy'0,l;. Here, 1, and 1; are, respectively,
the longitudinal and transverse components. A local gauge
transformation can eliminate the longitudinal part of the
gauge field a; and transforms it to the scalar potential ¢, i.e.

the temporal component. The resulting action, describing
electrons coupled to the transverse gauge field and the scalar
potential, can be written as follows:

Sp = [ dedeilo, + oy x ). =y + gy, (4

where I1 = p — ay.

Bosonic propagators.—We express the bare magnon
action in Eq. (2) in terms of transverse and temporal
components. We obtain the temporal Dj(q) =
{#(=q). #(q)) and transverse Di(q) = (ar(—q).ar(q))
propagators by, respectively, integrating out the transverse
and temporal fields as follows:

1 2xq?

5.2 2 : 29“1 (5)
2ps gy + Q24

DY) =55 -
2ps g + g

D(q)

Here, g = (g,,q), where q,, = 2nz/f with f = 1/T, and q
is 2D momentum. We use real frequencies Q and w for
analytically continued boson and fermion propagators,
respectively, throughout. The magnon dispersion is
Q, = k|q|>. As we are interested in the low frequency
regime, where the transverse field propagator is singular
and the Amperean pairing sets in, the propagator for temporal
fields is not singular enough and can be ignored. Therefore,
the pairing instability sets in even in the presence of a
repulsive interaction due to the temporal components [9]. We
are left with a theory of helical electrons coupled to the
massless and unscreened transverse magnons. We write the
latter in terms of bare and dressed magnon propagators
characterized by a dimensionless coupling constant
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ay = §*pr/psQs = un~', where py is the density of states at
the Fermi surface and Qg = nuy is to be understood as a
maximum energy transferred by magnons. Here, we intro-
duced two dimensionless controlling parameters u =
G pr/psur and = mp/mg, where mp = pp/vi is to be
interpreted as the mass of Dirac electrons. For a typical set of
parameters, which we discuss at the end of the paper, we have
ag ~ 1 and 7 < 1. Hence, not only does the strength of the
Amperean interaction become singular especially near the
bosonic poles but also it acquires moderate strength even
away from the bosonic poles. The presence of a small
parameter # < 1, which implies that magnons are much
slower than Dirac fermions, allows us to neglect vertex
corrections in the spirit of the Migdal theorem [30,31]. As a
result, the dressed propagator of transverse fields in the one-
loop approximation is given by
1 2Q

Dr(q) =5~ 5 (6)

205 Q% + 43 + 70Qq

where y, = ¢’pr/p, is the Landau damping. In the regime
Q> a,up, where a; = ayn?, the Landau damping term in
the denominator of Eq. (6) can be ignored reducing the
dressed propagator Dy () to the bare propagator DY. On the
other hand for Q < o ur the Landau damping term domi-
nates and the propagator becomes D7 (q) = 1/p,(k|q|* +
Y0lg,|/v|q]) resembling the critical bosonic soft modes Q ~
g* with dynamical exponent z = 3 appearing in different
contexts such as gauge theory [32] of high-T',. superconduc-
tors [33] and critical ferromagnetic systems [34]. There are
also other energy scales o ~ a3, Where a, = a%n and
oz = a%, which determine the non-Fermi liquid behavior of
electrons. We will discuss this below.

Transverse magnon-mediated interaction.—Upon inte-
grating out the transverse magnons and projecting into the
conduction band, we obtain the effective interaction
between electrons as

1 _ _
Sine = =577 Z VPI;P2 (Q)WP1+11WP2—‘]WP2WP1 - (7)
2VﬁP1-P2-q

where V' is the volume of the system. Note that the
fermionic fields y’s have only a conduction band index,
so the interaction is between the effective spinless fermions.
The key observation in Eq. (7) is the form of the interaction:

that is V,, , (q) = @*Dr(q)A,, p,(q) with

Ny (@) =5 [c05(hy, ~ )05y, +hp,=2)]. (8§
where ¢b’s are the angles characterizing the corresponding
momentum. For small momentum transfers |q| < |Q],
where Q is the Fermi momentum, the angle ¢4 varies
between zero and 2z for fixed incoming momenta, making
the second term vanish in angular integration on ¢¢. Thus,
A depends upon the angle between two incoming

momenta: A = p, - p,/2, where the hat stands for unit
vector. Importantly, A is positive for electrons moving in
almost the same direction, making the interaction attractive.
This resembles attraction between two wires carrying
comoving currents and is the basis of the Amperean pairing
theory as originally proposed by Lee et al. [12]. Hence, the
source of attractive interaction in our case is markedly
different from other spin fluctuation mediated pairings in,
e.g., pnictides [35,36] or UCoGe [37].

The attractive interaction between electrons can lead to a
Cooper-pairing instability that we explore below. Unlike
the conventional superconductors with singlet pairing
between electrons residing on opposite sides of the
Fermi surface, Amperean pairing occurs between electrons
residing on the same side of the Fermi surface. This means
that in Eq. (7) the incoming momenta are to be taken as
p; = Q + pand p, = Q — p with |p| < |Q]. This leads to
A =1/2. In examining the pairing instability, the inter-
actions should be treated in both direct and exchange
channels [38] due to the spinless interaction. This amounts
to rewriting the interaction as

1 _ _
Sing = ——ZV(k, p)WQ+kWQ—kWQ—pWQ+p7 9)
2V

where V(k,p) =1/4[Dy(k—p)—Dy(k+ p)] and k=
q + p as shown diagrammatically in Fig. 1(c). Given the
p-wave character of the pair wave function, both channels
have the same contributions to the eigenvalue problem below.

Amperean pairing.—In order to examine the Amperean
pairing instability of the Fermi surface, we examine the
Bethe-Salpeter equation for the effective interaction in
Eq. (9) in the Cooper channel as shown diagrammatically
in Fig. 1(c),

rp,k:v<p,k>+%Zv<p,p/)GQ<p'>GQ<—p/>r,,«k, (10)

where G (=£p) is the dressed Green function of electrons
with energy dispersion &¢ .. Since only one of the momen-
tum components of I', ; is involved in the sum, it amounts to
an eigenvalue problem. Let us write I, , = ®;(p) and recast
it into

ER(p) =5 3 V(p.1)Gol)Gol =) Bu(r). (1)
p

This is the Bardeen-Cooper-Schrieffer self-consistency
equation and ¢ measures the pairing amplitude [39]. The
instability towards Amperean pairing is signaled as E > 1.
We shall argue that the strength of singularity in the Cooper
channel depends on the renormalization of electrons by
transverse magnons via the electron self-energy X(p).

We now elaborate on the fermionic self-energies in the
regimes where Q < apr and Q > o up; see also Fig. 1(d).
In the former, the electron propagator is given by

G(p) = 1/{ilp, + eclpa/ur*sgn(p,)] — e(p)}. where
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€, = ag/ g /2+/3 and &(p) is the electron dispersion on the
surface of the TI. Note that we considered the frequency
dependent self-energy correction near the Fermi surface. The
momentum part only renormalizes the mass of the electrons.
It turns out that in this regime the nonanalytic term in the self-
energy is much larger than @ in the denominator of the
electron propagator. Hence, the system becomes a non-Fermi
liquid at low energies @ << a3y where a3 = a(z). Note that
because a3/a; = ayy~! > 1, the non-Fermi liquid behavior
persists even up to high frequency transfer of magnons.

On the other hand, for the latter regime where Q > a;ur,
the transverse magnons are not substantially Landau
damped. In this case the electron propagator is dressed
differently and is given as G(p) = 1/[i(p, + en|pn/
prl'sgn(p,)) — e(p)], where ey = agn'/*up/8z. The
self-energy could be parametrically larger than @ for @ <«
ayup where a, = ajn. Note thata; < a,. Hence, there exists
a set of energy scales a; < ap < a3 determining the
behavior of boson and electron propagators. In treating
the eigenvalue equation in Eq. (11), we focus on low energy
limits of non-Fermi liquids set by a; , as shown in Fig. 1(d):
(i) Landau damped and (ii) non-Landau damped regimes. In
both regimes the system is unstable to Amperean pairing. We
discuss each regime separately.

(1) In the Landau damped regime the dressed propagators
are analogous to spinons coupled to singular gauge fields
[12]. At zero temperature we replace the Matsubara sum
with an integral over p, and the momentum integral
over p is written as two one-dimensional integrals over
p. and p; where p, (p;) is the momentum compo-
nent perpendicular (parallel) to the Fermi momentum.
Following the ansatz presented in Ref. [12] for the wave

function ®(p) = <i>(pL)®(p2l/Q —|pyl), where @ is the
Heaviside function, the eigenvalue equation becomes

Ed(p,) = / dK(pL 0B+ py). (12)

where the kernel K(p |, 1) is given by

K(pi.t)

/1] {t4/3+9(t+pL)4 (13)

- V3r(t+p,)? 8 )34+ (t+p)*

To get an insight into E, the first approximation would be
to consider a momentum independent wave function. The
rest of the integral is logarithmically diverging, which
signals the possibility of pairing. The existence of a realistic
and nontrivial solution, however, requires that the momen-
tum dependent wave function is taken into account. Our
numerical calculations and the results presented in Ref. [12]
show that there exists such a solution with odd pairing wave
function, and the corresponding eigenvalue becomes larger
than unity for a large enough system. Therefore, the system
is unstable to Amperean pairing. Interestingly enough, the
magnetic coupling g does not appear explicitly in Eq. (13).

Thus, the Amperean pairing sets in even at small couplings,
so long as the bosonic propagator is in the highly damped
regime as shown in Fig. 1(d). Indeed, the instability at zero
temperature here is due to the fact that the kernel is highly
singular. This result indicates that Amperean pairing occurs
even at finite temperatures, which is the main experimen-
tally relevant conclusion of this work.

@i1) In the non-Landau damped regime we found the
eigenvalue equation to be less singular. We obtained the
following expression for the kernel in Eq. (12):

A A2 4+9(t4p )
= n—ss |- (14
4 2r(t+py)? LA +(t+py)

K(p,.1)

where A = uQ. The eigenvalue problem contains no
dimensional parameters. Upon changing variable ¢ —
t — p, and introducing dimensionless variables x = /A
and y = p, /A, the corresponding eigenvalue equation can
be written as

~ x x—y)? x* -~

The natural ansatz to check is a constant wave function
®(x) = const at y = 0 corresponding to pairing between
electrons right at the Fermi surface. This gives rise to £ = 1
in contrast to the logarithmic divergence found in the Landau
damped case. This result shows that the system is quantum
critical on the verge of the Amperean instability. We need,
however, to look for a wave function which is odd in
momentum, i.e. a p-wave one. Viewing the kernel as a
matrix, we observed that there exists such a solution. In fact,
the momentum dependent solution shows that the maximum
eigenvalue of the kernel becomes even larger than unity
signaling the instability of the system towards the pairing
formation. Therefore, even in the regime with small energy
transfer of magnons, as shown in Fig. 1(d), the non-Fermi
liquid behavior and pairing instability take place.
Concluding remarks.—In conclusion, we demonstrated
that there exists an Amperean pairing instability at the surface
of a 3D topological insulator when the Dirac electrons are
coupled to ferromagnetic fluctuations. The key idea is that
the ferromagnetic fluctuations are minimally coupled to the
electrons as gauge fields. The transverse components of the
gauge field remains gapless even in the presence of finite
chemical doping; they are not screened and mediate an
attractive interaction between electrons moving almost in the
same direction. We showed that there exists strong pairing
instability and the system becomes unstable toward a super-
conducting state with finite-momentum Cooper pairs. The
latter state yields some analogy with Fulde-Ferrell-Larkin-
Ovchinnikov state [40,41], where a nonuniform ground state
appears due to completely different reasons. The nonuniform
ground state can then be probed by various methods such as
scanning tunneling spectroscopy [42], the Josephson effect
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[43,44], and possibly Andreev reflection [45]. For estima-
tions of energy scales we used the following typical set of
experimentally relevant parameters g = 25 meV [46—49],
ps=4x102cm™2, pup=0.1¢eV, and m, =3.6x
100 eV S?/m? leading to values of ay~1, u~1.5x
1073 and # ~ 103 for dimensionless parameters. For this
set of parameters, we found the characteristic energy transfer
of magnon excitations falls into the Landau damped regime,
the case (i), as marked by a blue disk in Fig. 1(d) with a
transition temperature of about 7. ~ 1 K. Nevertheless, we
also explored the undamped regime, the case (ii), to
emphasize the possible extension of pairing instability by
tuning the parameters so that the latter regime can be
achieved. Two modifications can be made in our system:
instead of heterostructure shown in Fig. 1(a) one could also
use TI/FM even with a metallic ferromagnet such as Bi/Ni
[50], where a transition to superconductivity at 4 K was
reported. The main prediction of this work is that hetero-
sructures (e.g., Bi,Se; and Bi,Te; as TI and EuS and Ni as
ferromagnets), straightforwardly achievable with current
experimental capabilities [48,51], host a non-Fermi liquid
state and an exotic Amperean superconductor.
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and the Simons Foundation.
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