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Chapter 2

Physics of Tunneling Spectroscopy

Electron tunneling spectroscopy in artificial solid-state tunneling structures was pioneered by the
work of Esaki on semiconductor p-n junctions in 1958 [108]. Shortly after, Fisher and Giaever
succeeded in fabricating thin-film metal-insulator-metal junctions with reproducible behavior in
1959 [109]. Furthermore, by cooling to below the transition temperature of lead, Giaever [110] di-
rectly observed the superconducting energy gap in the differential tunneling conductance (dI/dV
vs. V) of an aluminum-oxide-lead junction. The importance of this discovery is two-fold. For one
thing, this is the first unequivocal evidence that tunneling current in a well-formed junction ac-
counts entirely for the total current across the junction. For another, it demonstrates that tunneling
spectroscopy is a powerful high-energy-resolution tool to study the electronic structures of super-
conducting material. In this thesis, we employed a specific configuration of tunneling technique, the
scanning tunneling spectroscopy, with a normal-metal tip as the counter-electrode to study high-
temperature superconductors. To set the foundation for understanding the physics encoded in the
tunneling spectra, we first review the theories related to the normal-metal-insulator-superconductor
(N-I-S) tunneling process and summarize the equations relevant to data analysis and numerical

simulations in later chapters.

2.1 Tunneling Hamiltonian

The most commonly adopted approach to solving the tunneling problem in a many-body system is

the transfer Hamiltonian formalism [IT1] [TT2] TT3] The central assumption of the theory is that the
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tunneling barrier separates the two electrodes into two nearly independent subsystems, H;, and Hg,
with a weak residual perturbation, Hr, coupling the ground state to the excited states in which a
bare electron is transferred from one electrode to the other. The Hamiltonians for the uncoupled

left and right electrodes are

HL = Z epCch = ;LLNL + Z prLCp (2.1)
p p
and
Hgp = Z echcq = ,uRNR + quc];cq (2.2)
q q

where ¢, and cl; are the particle operators, {cp, c};} =0, and

Hy = Z Tp7q{CLCq + qucp} (2.3)

p.q

is the tunneling Hamiltonian, also called the transfer Hamiltonian. In Egs. 7, €p and €q

are the single-particle eigen-energies, uy and pugr the chemical potentials, Np and Ng the number

operators and &, and &g the single-particle eigen-energies referenced to py and pg respectively.

The tunneling matrix element, T} 4, is the probability amplitude to transfer an electron across the

insulating barrier. Using first-order time-dependent perturbation theory, Bardeen [I11] showed that

Tp,q is determined by the quantum mechanical current density operator evaluated within the barrier,
52

h2 * w72 * w72 * * o
Tpa= g0 [ (05920~ 05V bdr =3 [ {63900~ viPup} 05, (24

2m

where dr is the volume element, and dS is the area element.
After summing over all relevant states, the total tunneling current at the bias voltage V given

by the Fermi golden rule is

_ 4re

I(V) = 7 Z |Tp,q|2 [f (&) — [ (€a)] 6(&p — &q + V), (2.5)
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where 1, and 1) are the single-particle wavefunctions of the left and right electrodes, and f is the

Fermi function, f(§) = m

Equation (2.5) is valid only in a non-interacting, single-particle approximation. When generalized
to an interacting system that contains all the many-body effects, the tunneling current should be

written in terms of the spectral functions of the two electrodes Ay, (p,wp) and Ag (q,wq) [114] 113],

47re dwp dwq

— f(wa)] AL (p,wp) AR (¢, wq) 0(wp — wq +€V) (2.6)

where wp and wq are two dummy energy variables to be integrated over. In the non-interacting
limit, Ar, (p,wp) = 2m0(wp — &p), AR (¢, wq) = 276 (wq — &q), and reduces to .

It is generally assumed that the junction surface is sufficiently smooth so that barrier transmission
is specular and that the band structure varies sufficiently slowly so that the WKB approximation is
valid [II5, IT6]. In this case, the evaluation of the matrix element, T}, 4, reduces to a one-dimensional

tunneling problem. For metallic electrodes with parabolic band structures,

Tpal” ~ 522 552 |D(&p, Pr)[* 8 (Pr — ar)
D(&,pr) = exp [— [ dz (2, &, Pr)] ) (2.7)

k(z,&p, Pr) = \/Qm §p—|—h2 /2m]

where the subscript L indicates the longitudinal component of the momentum, 7T indicates the
transverse component, D is the transmission coeflicient, and « is the wave vector inside the tunneling
barrier U(z, V). Under the assumption that the longitudinal energy (£, —h?p2./2m) of the tunneling
particle is sufficiently smaller than the barrier height U(x, V'), the barrier transmission D({p, pr) is
approximately a constant.

With Eq. (2.7), when converting the summation over momenta in (2.5) into energy integrals, the
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) )
L and Lar Ag result,
Opr 9qr

longitudinal band structure is eliminated by the group velocity factors

_dme

10V) = 525 [ de |Degnc [ 1£60) = g+ V) < IDP [delr() - 6 +ev)), (28)

where the normal state band structure drops out entirely from the expressionE and the tunneling
current is ohmic at low-bias voltages, I(V) o |D]*eV. For electrodes with more complicate band
structures, the cancellation between the Jacobian and the group velocity factors in the tunneling
matrix element Tp, o are not complete. Therefore, the tunneling conductance generally contains
convoluted information of the band structure

In contrast to the subtleties involved in the interpretation of metal-insulator-metal (N-I-N)
tunneling and metal-insulator-semiconductor tunneling spectra in terms of band structure anoma-

lies [I15] [117], the N-I-S tunneling current has a surprisingly simple form [110],

1) [ aEIDPIE) - fle+ V)] Nale+ V) 29)

—00

where Ng (&) — L& g the density of states of the superconducting electrode, and A is the energy

Vo

gap of the superconductor. Assuming D varies slightly with energy, the differential conductance
measures directly the BCS (Bardeen-Cooper-Schrieffer) density of states in the low-temperature
limit,

W) o |DP [, de Ns(e) [~ 24ei0] (2.10)

x |D|* Ng (eV).

This simple relation between the tunneling conductance and the BCS density of states arises

IMore precisely, the summation over the transverse momentum pg in Eq. still contains transverse band
structure information. However, for tunneling process between simple metals where a large number of transverse
momentum states are available, the exponential function in D({p, pr) limits the effective tunneling to electrons at
nearly normal incidence. Consequently, the transverse band structure effect is also suppressed [116].

2Most textbooks on many-body physics or superconductivity treat the the tunneling matrix element Tp o as a
constant and pull it out of the momentum summation in Egs. and . As a result, converting the momentum
sum into energy integrals lumps the band structure effect into two density of states factors Nz, and Ng in the tunneling
current expression

(V) o T / dg Ny (E)NR(E + V) [F(€) — F(E+eV)],

which strictly speaking is incorrect. Using tunneling spectroscopy to determine single-particle band structure informa-
tion, such as the band edge of semiconductors, generally suffers from the complicated functional form of the tunneling
matrix element and other model-dependent uncertainties. More details are given in the classic books on tunneling by
Wolf [117] and Duke [115].
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from the fact that, although tunneling current does not probe the bare band structure directly, it
contains direct information about the spectral function of the many-body system. More explicitly, by
identifying A, (p,wp) and Ar(q, wq) in with the free electron and the superconducting spectral
functions, respectively,

Ap(p.wp) = 2m0(wp — &p) (2.11)

Ap(q,wq) = 2mudd(wq — Eq) +2m020(wq + Eq),

where uq and vgq are the coherence factors and Fq = /2 + A? the quasiparticle eigen-energy,
Eq. can be shown to be equivalent to under some general assumptions. Interestingly, in
the final result, the coherence factors v and v drop out, and a naive semiconductor representation
works in the N-I-S tunneling problem.

We postpone the derivation of Egs. and to and end this section by pointing out
the limitations of the tunneling Hamiltonian formalism. There are three primary difficulties with
the theory [II8, [119]. First, there are ambiguities in decomposing the Hamiltonian into Hy, Hg,
and Hp. Second, it is impossible to find a set of single-particle wavefunctions that are complete on
the left (right) electrode and, at the same time, orthogonal to all the wavefunctions on the right
(left) electrode, so that H; and Hr commute. Third, the first-order time-dependent perturbation
theory does not provide an estimate of the errors. Feuchtwang studied these issues thoroughly to
investigate the validity of tunneling Hamiltonian formalism [IT9]. In the report [I19], a procedure
to calculate Bardeen’s transfer matrix element was established and the matrix element was inter-
preted as a pseudopotential representing the boundary conditions at the interface. The resulting
expression for computing the tunneling current formally agrees with the results obtained from the
tunneling Hamiltonian approach. Thus, despite the aforementioned problems, the simple tunneling
Hamiltonian picture gives us an answer both easy to understand and consistent with the result of a

more sophisticated theory. More details are given in [I19] and references therein.
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2.1.1 Normal-insulator-superconductor tunneling

Giaever’s N-I-S tunneling result [110] that states that the differential conductance is directly propor-
tional to the BCS density of states is somewhat surprising because, when calculating most transition
rates in a BCS superconductor, the BCS coherence factors generally have important consequences. It
is therefore remarkable that they drop out completely from the expression for the tunneling process.
This interesting fact stems from normal electrons tunneling into both electron- and hole-branches of
the quasiparticles in the superconductors. We now derive and via the tunneling Hamil-
tonian approach [112].

The total Hamiltonian is H = Hy + Hg + Hr (N: normal metal, S: superconductor), where

Hr=3%,4 U{Tp,qCL,va,a + T;7q02700p70}. Current flowing through the junction equals to

S e e o e - e N
I'=(I)=e(Ns) = 7 <{NS,H}> = <[N57HT}> == Z (TpqCh gCqe — T qChioCpio) -
P,q,0

(2.12)

To first-order in Hy, linear response theory gives

I= % Z /OO dt'e (t —t') ([Hr (t'), Tp.qch o (t) cqo (t) = Thi gl o () o0 (1)]) (2.13)

p.q,0 7

in which Cj;,a (1), cq,o (1), CLU (t), and cp o (t) are defined in the interaction picture. The first two
operators are the creation and annihilation operators for electrons in the superconducting electrodes,
while the last two are those for the electrons in the normal metal.

In the tunneling process where a definite number of electrons are transferred into a supercon-
ductor, Josephson’s definition [120] of the quasiparticle operators (ye(s),, and VZ(h),a) proved to be

superior to the ordinary Bogoliubov operators, for the former create an exact charge e or —e in the
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superconductor. The Josephson quasiparticle operators are defined by

t _ T
Ye,qt — UaClqr — UqSTC—ql
t _ t _ ot
That = UaSCqp ~VeC-al = Veqp (2.14)
t —  ugc! +v,8%¢
Ye,al qC_q| q” Cql
t _ t _ ot
Thal = UaSClq) TUCqt = Ve q)

where ST and S are the pair creation and annihilation operators. The inverse operators of (2.14)

are
Cjﬂ = “q“Yl at T YaVh,al
’ (2.15)
T _ T
C—ql - uq’ye,ql — VqVh,qt-
Taking into account the chemical potential difference with a bias voltage, uy — us = €V, the
unperturbe amiltonian and the operators in the interaction picture are written out as
perturbed Hamiltoni d the op in the interaction pict it t
Hy = pnNy+ 3, &chotpo
pe e (2.16)
Hs = psNs+3>,,Eq (’Yl,qﬂe,qa + W;TL,qGVh,qa)
cho (t) = erfivtel emitvt = eRGtintel
(2.17)
Cpo (t) = Q%HNtcpo'e_%HNt = e_%(fp—‘rHN)tho—
CLT t) = Uq’Yl,qT (t) +vqVnq (t) = UqB%(Eq+HS)t’YZ,qT + qu_%(Eq_”S)t’Yh,ql
Cqt (t) = UqgYe,ql (t) + Uqf}/;rb,ql (t) = uqefﬁ(Equ#S)t,ye’qT + vqe%(Eq*#S)t,y;fL,q (2 18)
i (O = uqilq (O —varmar (1) = uqerFatrdinl  —pgemiFamnodty, oy
cql () = uqYeql (t) — ”q%Tz,qT (t) = “qe_%(EqﬂtS)t'Ye,ql - qu%(Eq_#S)t%Tz,qT'

In Eqgs (2.16) —Eqgs (2.18)), Eq = ,/fﬁ + Ag is the quasiparticle excitation energy, puy and pg are the

chemical potentials of the normal metal and the superconductor, &, and &g are the single-particle

energies referenced to puy and ug, respectively, and Ny and Ng are the number operators of the
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normal and superconducting electrodes.

Substituting (2.17) and (2.18) into (2.13) and keeping in mind that (c;rwcpg> = f (&), <CpaCLa> =

1—f (&) <’V;r,qa'76,q0> = <'V;rL,qa'Vh,q0> = f(Eq), and <76,q0'72,qa> = <'7h’q0'7;:,qa> =1- f(Eqg), we

find that the integral in 1} [ are(t—t) ([Hr () Tp.ach o () cqo () = T 4Cl o () cpo ()],

equals to

ol f(€p)[1— 1 (Bq)] o vaf(ép)f(Ba)
ih gp—gq+ev+;s + Zh§p+Eqp+evfi5
_-hugf(gp)[l_f(Eq)] — ih vgf(fp)f(Eq)

e —FqteV—io e T EqteV—is (2.19)
_mﬁf(Eq)[l*f(&p)] . -hvg[lff(ﬁp)][lff(Eq)]

Ep—EqteVtio N T EqteVtio

o ul f(Eq)[1—f(ép)] o va[1=F(€p)[1— f(Bq)]

+ih §p7§q+evfir:s + b EP+EZ+6V7i5q )

Recall mf&)iw = mezo F im0 (z — xp). The principal integrals in 1) cancel each other. Only

the delta functions are left. Thus,

I = 4% Zp,q To.q ? {Uﬁ [f (&) — f(Eq)] 6 (&p — Eq +€V)
(2.20)
—vg [1 = f (&p) — [ (Eq)]d (§p + Eq +eV)}.
For a state g7 with Eg+ and ug+, there is another state g~ with the same energy Eq- = Eq+
but g = —{q+, such that |“01+|2 + |ug- |2 = ‘“q+|2 + ‘”q+’2 =1, and |vq+|2 + |vg- |2 = |vq+|2 +

2 . .
|uq+’ = 1. Moreover, because q* and g~ are both near the same point on the Fermi surface,

|Tp,q+ |

Q

|Tp’cr | Thus, when summing over all possible q values, the coherence factors ug and vg

drop out, and

4me
I = 7 Z |Tp7'~‘l|2 [f(&p) —f(EQ)(p—Eq+eV)—[1—f (&) — f(Eq)d(ép+ Eq+eV)}.
p.a
(2.21)
Recall that in Eq. , assuming specular transmission and bare parabolic band structures, the

tunneling matrix element is approximately

0&p 0&q
opy, 0qy,

Tp.ql” ~ 1D(&, Pr)* 0 (Pr — ar) (2.22)
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where the subscript L indicates the longitudinal component and 7' the transverse component of the
momenta. When converting the momentum summation in (2.21]) into energy integrals, assuming

|D|2 varies slowly, the tunneling current can be expressed as

(V) o |DI* Ns (0) [, dép fy° dEq (552 ) {1 (&) = £ (Eq)) 8 (& — Eq + V)
—[1—f(&) — [ (EQ]d(&p + Eq+eV)},

(2.23)

where Ng(0) is the density of states of the superconducting electrode around the Fermi level. Define

_1Bql A
Ns<Eq>:’asq _ v (>4 (2.24)

Ns(0)  |0Eq

0 (‘qu < A) ’
where we have assumed an s-wave superconductor so that A is independent of q. We note that by

using 1 — f (=&p —eV) = f (&p + €V'), we arrive at the Giaever’s simple formula:

I(V) x |D| f dgp{NS 510 + eV) [f (fp) i (fp + eV)] e(fp + eV)
~Ns (~&p —eV)[1 = f (&) — f(—&p — V)] [1 — O(& + V)] (2.25)
x |D| f d{Ngs (E+eV)[f (&) — f(E+eV)],

The subscript p is dropped in the very last equation. At low temperatures, (2.25) reduces to

dl

a7 (V) |D” Ns (V). (2.26)

Thus, measuring the differential conductance spectrum is equivalent to measuring the superconduct-
ing density of states.

The transfer Hamiltonian formalism, and hence Eq.( , applies only to tunneling processes
with a large barrier height. Furthermore, in deriving ( we sum over the momenta values for
both electrodes, so the momentum-dependent information of the tunneling spectral weight is lost.
As a result, Egs.( and ( are valid only for tunneling into a conventional superconductor

whose pairing potential is isotropic, or to those processes that sample over all possible momentum



30

distribution in an unconventional superconductor, such as the c-axis tunneling of a d-wave super-
conductor where the surface normal direction of the superconducting electrode aligns along its ¢
crystalline axis.

In the following section, we will introduce another formalism, the generalized Blonder-Tinkham-
Klapwijk (BTK) theory, that goes beyond the tunneling limit and analyzes tunneling processes
with an arbitrary barrier strength within the same framework. More importantly, BTK theory
allows us to simulate the tunneling spectra that retain the momentum-dependent information of
an unconventional superconductor. For instance, the zero-bias conductance peak that appears in
the tunneling spectrum taken on a {110}-oriented d-wave superconductor reveals existence of nodes
and the phase change of the d-wave order parameter, while the U-shape spectral gap in the {100}
tunneling spectra of a d-wave superconductor reveals the maximum value of the pairing potential.
Thus, BTK theory serves as an important tool to extract the pairing symmetry and pairing potential

of any unconventional superconducting order parameter.

2.2 Pairing symmetry and tunneling spectra: generalized

Blonder-Tinkham-Klapwijk (BTK) model

Another way of treating the N-I-S tunneling process is to view it as a scattering problem. Analogous
to solving the Schrodinger equation in the N-I-N scattering problem, here we solve the Bogoliubov—de
Gennes (BdG) equation where the superconducting order parameter serves as a position-dependent
off-diagonal potential A (z) and the interface as a diagonal delta-function potential with a variable
barrier strength H6 (). This approach has the advantage of capturing an important process that
the tunneling Hamiltonian failed to, i.e., the Andreev reflection in the low-barrier N-S tunneling
limit [121]. Andreev realized that, when an electron (or hole) of energy E approaches the N/S
interface from the N region, it will be reflected as a hole (or electron) where |A| rises above E,
provided that the length scale over which A varies is much larger than the Fermi wavelength.

Andreev reflection arises naturally from the Bogoliubov—de Gennes (BdG) equation with a spatially
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slowly varying order parameter and a vanishing barrier strength [121].

To take into account the Andreev process and to generalize the N-I-S tunneling problem to
acount for arbitrary barrier strength, Blonder et al. [T22] proposed to calculate the tunneling current
through the use of the BdG equation. In the BTK formalism, the BdG equation is set up such that
the interface between N and S is modeled as a delta function with a variable dimensionless barrier
strength Z = mH/thzf. The order parameter A (x) is approximately zero on the N side and a
constant on the S side. By matching the boundary conditions, the probability current of normal
reflection B(E) and that of Andreev reflection A(F) are derived [Appendix |[A]. The tunneling

current as a function of the bias voltage V is given in terms of A(E) and B(E),

IocNN/OO dE[f (E —eV) — f ()] [1+ A(E) - B(E)]. (2.27)

— 00

While ordinary reflection associated with B(E) reduces the tunneling current, Andreev reflection
associated with A(FE) enhances it by transmitting a Cooper pair over the interface for one incident
electron.

The Andreev process not only plays an important role in the N-I-S tunneling for a conventional
BCS s-wave superconductor in the low-barrier limit, but is also fundamental in the formation of a
novel zero-energy surface state of an unconventional superconductor [123]. Kashiwaya and Tanaka
generalized the BTK formalism [124] [125] [126] to study the important consequence of this bound
state—the zero-bias conductance peak (ZBCP) in the tunneling spectra. It is the ZBCP feature
that makes tunneling spectroscopy a phase-sensitive measurement for superconductors with uncon-
ventional pairing symmetries.

In this section, we will review the generalized BTK formalism, discuss the origin of the zero-energy
bound state and the ZBCP, and present the numerical simulations of the quasiparticle tunneling
spectra on a d-wave superconductor along different crystalline orientations. We will also discuss
the tunneling results of mixed pairing symmetry superconductors and point out the important

signatures in the spectra. A summary of the original BTK formalism for tunneling into an s-wave
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superconductor is provided in Appendix [A] as a reference.

2.2.1 Generalized Blonder-Tinkham-Klapwijk formalism—A mean-field

description

The Bogoliubov—de Gennes (BdG) equation generalizes the BCS formalism to treat superconductors
with spatially varying pairing strength, chemical potential, and Hartree potential. In an inhomoge-
neous anisotropic even-parity (such as d-wave) superconductor, the Bogoliubov—de Gennes (BdG)

equation reads [127]

Ef(r1) = ho(ri)f(r1) + [draA(ry,ra)g(rs)
(2.28)

Eg(r1) = —ho(ri)g(r1) + [draA(ry,r2)f(ra).

To be consistent with the notation of [124], [125], the quasiparticles wavefunction is written as two-

component column vector,

U(ry) = Je) (2.29)

g(r1)

In 1} ho(ry) = —h2V§1/2m—u+V(r1),  is the chemical potential, V' (rq) the Hartree potential,
and A(ry,ro) the pairing potential.

Rewrite the pairing potential in terms of the relative coordinates r = r; —ry and R = (r1+r3)/2,
A(ry,ra) = A(r, R),
and Fourier transform A(r,R) into
A(k,R) = /dre—“"rA(r, R) = A(%,R), (2.30)

where 4 = k/ k| = k/k; denotes the direction of the quasiparticle momentum and ky is the

magnitude of the Fermi momentum. Then A(k,R) describes, in the quasiclassical approximation,



33

the pairing potential which quasiparticles with momentum k experience at position R. Introducing

two envelope functions u(%,r1) and v(%,r1) to factor away the fast atomic-scale oscillations

oA ’U/(’A)Q I'1)
U(ry) = = etkrim (2.31)

g(r1) v(%,r1)

and using Eqs. (2.30) and (2.31)), the BAG equation (2.28]) is recast into

2
Bu(¥,r1) = —i"E3. V3, r) + AGFr)od,10)
(2.32)
2
Ev(f,r) = itMA V@) + AT r)u(,r).

In deriving only terms of the lowest order in (k ffo)’l are retained, since the scale for spatial
variation of the pairing potential given by the coherence length £; is much larger than k;l.

Following the logic of the original BTK theory [Appendix , we first identify the allowed elastic
tunneling processes across the N-I-S junction and write down the incident, reflected, and transmitted
wavefunctions in the normal and the superconducting electrode. By matching the boundary condi-
tions at the interface, the Andreev reflection coefficient a(E, §)and the normal reflection coefficient
b(E,0) are extracted to compute the differential tunneling conductance.

For electrons incident from the normal-metal side with energy F and an angle of incidence 0y,
there are four possible trajectories [Fig. . They can be Andreev reflected as holes (A) with an
angle Oy, normal reflected as electrons (B) with an angle of reflection 6 = 6y, transmitted as
electron-like quasiparticles (C) with an angle of refraction g, or transmitted as hole-like quasipar-
ticles (D) with an angle fs = 6%. In the normal electrode, the unit vector of the momentum of the
incident electrons is denoted as 4y, that of the reflected electrons as 4%, and the pairing potential
A(An,R) = A%y, R) = 0. Solving gives us the form of the wavefunction on the N side

B 4 1
_ kg AN REp 7m N
Uy (r) = e™ININTe Min
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Normal metal , Superconductor

Incident
electron

Figure 2.1: Adapted from Fig. 1(b) of [125]. Schematic diagram of the transmission and reflection
processes at the N-I-S interface. For an electron incident from the normal metal with an angle of
incidence Oy, it can be Andreev-reflected as a hole (A), normal-reflected as an electron (B) with an
angle 0, transmitted as an electron-like quasiparticle (ELQ) (C) with an angle fg, or transmitted
as a hole-like quasiparticle (HLQ) (D). All the electron-like excitations are denoted by solid lines and
hole-like excitations dashed lines. The arrows indicate the directions of the group velocities of the
particles, and note that, for hole-like quasiparticles, the wave vector and the group velocity point in
the opposite directions. The components of the wave vectors parallel to the interface are conserved.

0

e T v
-I-LZ(E) etk INT "RRpy /m INT —I—b(E) ezka»yN.relnka/m"/N r ’ (233)

where a is the amplitude for Andreev reflection, b the amplitude for normal reflection, and k¢, the

Fermi momentum in the normal electrode. Since ks, > Em/hky¢,, (2.33) is approximately

o 1 o 0 o, 1
Uy (r) = etkrvinr +a(E) eFininT +b(E) et*ininT : (2.34)

0 1 0
In the superconducting electrode, we denote the unit vector of the momentum of the transmitted
electron-like quasiparticles (ELQ) as #g, that of the transmitted hole-like quasiparticles (HLQ) as
4%, the pairing potential experienced by the "ELQ’s” as A(4s, R) = |A(§s, R)| e??Fs) = |A | ei?+,

and that experienced by the "HLQ’s” as A(74,R) = |A(5%, R)|e®s) = |A_|e'®~. Then the
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wavefunction for the transmitted electron-like and hole-like quasiparticles reads

R |aL . E+y/E2—|A4
‘ 2E

; Sar YRR T ST
Ug(r) = ¢(E) eFisTsTe This/
e—itry ] EoVE A7
2E

. _ _ 2
VB, | o/ EVEIAE

. A0 —1 - - Yg'r 2FE
+d(E) eikrsAs T, kg /m S (2.35)
E+\/E2—|A_|?
2F
E+VE*—|AL giv—\/ BV B —|A_P?
ikfoYs T 2E ik Aer 2E
Ug(r) = c(E) eis7s + d(E) e™isTs ,
e—i%+ E—/E>—|A4 2 E+yE2—|A_|?
2F 2F
(2.36)

where k¢, is the Fermi momentum in the superconducting electrode.
The insulating interface is modeled as a d-function Hartree potential V(r) = Hd(r). By solving

for the coefficients a(E) — d(E) under the boundary conditions (1) ¥V (0) = ¥5(0) = ¥(0) and (2)

h d¥5(0)  n d¥Y(0) _
2m  dx T 2m dz = HV

(0), and taking into account the momentum conservation parallel to
the interface, we arrive at the following expression for the probability current tunneling across the

N-I-S junction at zero temperature:
2 2
l+on|T4|"+ (on — 1) T4T_|

os(E,05) = o |1+ [a(B,00)]" = [b(E,0x)| = o Tt (o —DEAT oot (2.37)
oON — I _eto-—

where
E—/E?—|AL?
F = _—
= [Ax] ’
4 kfg cosbg
o ka cosO
oN = (1+ Ffg cosog V2 44(—Z )2 ’
Ky cosoy costpny
7 _ mH

Rksy
In an s-wave superconductor where Ay = A_ = A, Eq.(2.37) reduces to the original BTK formula

ETD. (T3, and (510,
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2.2.2 Tunneling spectra of a d-wave superconductor and the Andreev

bound state

Having derived ([2.37)), we can now calculate the tunneling conductance spectra of superconductors
with unconventional pairing symmetries in a real scanning tunneling spectroscopy (STS) experi-
ment. Taking into account a finite transverse momentum distribution for the incident particles by

considering a finite tunneling cone (3, the resulting tunneling conductance is

92

%(V)oc/d@ [1+|a(E,6)|2—|b(E,9)|2 e . (2.38)

For simplicity, ky,/ksy =~ 1 is assumed, and thus Oy ~ 6s = 6. Since in the STS configuration
we usually operate in the tunneling limit, the following simulations are done with a large effective
barrier height. We focus on the spectra of d-, (d+ s)-, (d+1is)-, and (d + id')-wave superconductors

which are the most relevant to later chapters on the hole-doped cuprates.

d-wave superconductor

Figure 2.2: Momentum dependence of a d-wave pairing potential. A(k) = A(0) = A4 cos(20 — 2a).
6 is the angle between the surface normal and the wave vector k, and « is the angle between the
surface normal and (100)-axis of the superconductor.

In a d-wave superconductor, A(k) = A() = Ay cos(20) [Fig. 2.2]. The pairing potentials A
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Figure 2.3: Simulated tunneling spectra of a d-wave superconductor taken with the average quasi-
particle momentum parallel to (a) the anti-nodal (100) direction, (b) the c-axis (001) direction, and
(c) the nodal (110) direction. The scanning tunneling spectroscopy configuration is usually operated
in the tunneling limit. Thus, these BTK simulation curves are carried out with a large effective
barrier height.

and A_ that the ELQ’s and the HLQ’s experience are

A = Agcos(20 —2a)
(2.39)
A_ = Aycos(20 4+ 2a),
where « is the angle between the normal vector of the interface and (100)-axis of the supercon-
ductor. When the normal vector 7 of the interface is oriented along the anti-nodal (100) or (010)
direction (i.e., « =0 and A} = A_), the tunneling spectrum shows a U-shape feature as in a BCS
superconductor, with two coherence peaks located at the maximal pairing potential £A; and no
density of states found within the gap [Fig.[2.3|(a)]. When i is parallel to the (001)-axis, the incident
electrons sample over all possible 6 values and hence the tunneling cone completely opens up in this
case (8 &~ o). In addition, the conservation of the momentum parallel to the interface implies that
A, = A_ for c-axis tunneling. The resulting spectrum has a V-shape feature with the coherence
peaks located at A, [Fig. [2.3(b)].

Most interestingly, when the normal vector 7 of the junction surface is oriented along the nodal
(110) direction, the pairing potentials experienced by the ELQ’s and the HLQ’s are opposite in
sign, Ay = —A_. Consequently, the tunneling spectrum displays a conductance peak at zero
bias [Fig. 2.3|c)]. In the high-barrier low-transmission limit (o5 — 0), the normalized tunneling

conductance reduces to the surface density of states [125], [126]. Therefore, the zero-bias conductance
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peak (ZBCP) reflects the existence of a zero-energy surface state, called the Andreev bound state

(ABS), at the superconductor-insulator interface.

Andreev
/ reflected by A,

\ Andreev

reflected by A

N S

Figure 2.4: Trajectories of the Andreev bound states at the surface of a d-wave superconductor.
(Taken from Fig. 7 of [126].) The existence of the surface states is stable even in the limit of
vanishing normal metallic layer. The solid lines denote the trajectories of the electrons, and the
dashed lines the trajectories of the holes. When the electrons Andreev reflected from the N/S
interface, they experience a pairing potential A, while the Andreev reflection of holes experiences
A_. When the normal vector of the interface is parallel to the nodal (110) direction, the two pairing
potentials have equal magnitude but opposite signs, giving rise to a bound state at £ = 0.

Mathematically, the energy of the bound state is determined by the zero of the denominator in

237,

1-T,T_e®-=%+) = 0,0y — 0. (2.40)

Given that ¢_ — ¢4 = m and |A4| = |A_|, the bound state energy is always at E = 0. Physically,
an intuitive visualization of the formation of ABS at the surface of a d-wave superconductor is given
by [126]. As illustrated in Fig. assume that the surface of the superconductor is capped with a
thin layer of normal metal of thickness dy. The trajectories of the quasiparticles form closed loops
through two Andreev reflections at the N/S interface (one converting electrons to holes and the other
converting holes to electrons) and two specular reflections at the surface. Applying the quantization
condition that the phase shift is a multiple of 2w for a bound quasiparticle along a closed path of
the classical trajectory, and taking into account that the phase shifts picked up by the two Andreev

reflections are different because of different pairing potentials the ELQ’s and the HLQ’s experience,
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Figure 2.5: Tunneling spectra taken along the nodal direction for different pairing symmetries.
The spectra of pure d-wave and (d + is)-wave superconductors have been shifted for clarity. As
shown in the figure, a small imaginary component (e.g., 10% the gap value of a 30 meV d-wave
superconductor) can produce appreciable splitting (> 6 meV) of the zero-bias conductance peak
(ZBCP). For a (d + id") superconductor, the amount of the ZBCP splitting is comparable to that
of a (d + is) superconductor, provided that the percentage of symmetry mixing is the same. For
a (d + s)-wave superconductor (not shown), the shape and width of the ZBCP is indistinguishable
from that of a pure d-wave superconductor within experimental resolution.

we obtain the equation that dictates the bound state energy:

/ 2 _ g2 / 2_ g2
,tanfl(M) ,talfl(u

- )~ (61 — 6) + 20y =20, (2.41)

where n is an integer and ¢y is the phase shift accumulated when traveling around the metallic
layer, ¢ = mdy E/(h%ksy ). In a real system where the thickness of the metallic layer is vanishingly
small, the quantization condition reduces to , and N-I-S tunneling along (110) into these
zero-energy surface states gives rise to the ZBCP in the conductance spectrum.

In the presence of a small imaginary component mixed to the predominantly d-wave order pa-
rameter, e.g., d + is, the degeneracy of the zero-energy bound states is lifted because of broken

time-reversal symmetry. The resulting splitting in the ZBCP provides an estimate of the weight of
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Figure 2.6: Tunneling spectra taken along the c-axis. (a) Tunneling spectrum of a pure d-wave, (b)
a (d+ s)-wave, and (c) a (d+1is) or (d+id') superconductor. The gap values are chosen so that the
position of the coherence peaks and the subgap features stays the same for all three figures.
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the imaginary component [Fig. 2.5(a)]. On the contrary, as shown in [Fig. 2.5(b)], because time-
reversal symmetry is still respected, a small real s-component mixing does not break the degeneracy.
Therefore, tunneling spectra taken along the nodal direction cannot distinguish between d-wave and
d + s-wave pairing symmetry.

Although the existence of a small s-wave component does not modify the shape and the mag-
nitude of the ZBCP, it does have other observational consequences on the tunneling spectra. For
example, tunneling spectra along (100) and (010) reveal two different gap values, Ag+Ag. Similarly,
the c-axis tunneling spectrum of a (d + s)-wave superconductor shows two corresponding sets of co-
herence peaks [Fig. 2.6(b)] in contrast to that of the pure d-wave superconductor [Fig. 2.6(a)]. For
comparison, the c-axis tunneling spectrum of a (d+1is)-wave superconductor is plotted in Fig. c).
Owing to the small imaginary component mixing, the low-energy excitation is fully gapped within
the secondary pairing potential As (or Ag). Therefore, around zero bias the c-axis tunneling shows
a small U-shape feature [Fig. 2.6|c)] in contrast to the V-shape feature in the d- and (d + s)-wave
cases.

As a final remark, we note that the generalized BTK theory is based on the mean-field Bogoliubov—
de Gennes equation. Therefore, quantum/thermal fluctuations and residual interactions, such as
quasiparticle scattering and quasiparticle coupling with the bosonic modes of the system, are not
accounted for.

In conclusion, the existence of a zero-energy Andreev surface state turns quasiparticle tunneling
spectroscopy into a phase-sensitive technique to uncover the sign change of the order parameter
across the nodal axis in an unconventional superconductor. At the mean-field level, the symmetry of
the order parameter, the magnitude of the pairing potential and the amount of secondary symmetry
mixing can be extracted by means of the generalized Blonder-Tinkham-Klapwijk formalism. We
will present an example of applying the BTK formalism to study the tunneling spectra of the hole-
doped cuprate YBagCuzOgs [§4], which demonstrates that, for YBCO, mean-field theory is a good
approximation and the Bogoliubov quasiparticle description captures most of the important physics

in the superconducting state. In contrast, deviation from the BTK formalism is observed in the
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electron-doped Srj_xLa,CuOs, indicating that the mean-field approximation is not adequate for

this compound. The implication of the breakdown will be discussed in detail in §5] and §6]



