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Majorana fermions manifested as interface-states in semiconductor hybrid structures
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Motivated by recent proposals for the generation of Majorana fermions in semiconducting hybrid structures,
we examine possible experimental fingerprints of such excitations. Whereas previous works mainly have fo-
cused on zero-energy states in vortex cores in this context, we demonstrate analytically an alternative route
to detection of Majorana excitations in semiconducting hybrid structures: interface-bound states that may be
probed directly via conductance spectroscopy or STM-measurements. We estimate the necessary experimental

parameters required for observation of our predictions.

PACS numbers:

The prediction [1} 2] and experimental observation [3} 4] of
topological insulators has triggered an avalanche of research
activity. Besides a number of fundamentally interesting as-
pects of the quantum spin Hall effect [S]] appearing in such
systems, this class of materials also harbors a very real poten-
tial in terms of practical use in quantum computation. The rea-
son for this is that they have been shown to host so-called Ma-
jorana fermions [6]] under a variety of circumstances [7H11].
Such excitations satisfy non-Abelian statistics which form a
centerpiece in recent proposals for topological quantum com-
putations [12].

From a technological point of view, the field of topological
insulators is still in its infancy. Two recent works [[13 [14] that
addressed the generation of Majorana fermions in semicon-
ducting devices have therefore attracted much attention, since
semiconductor technology is very well-developed and thus of-
fers greater experimental control over the system. The experi-
mental setups suggested by Sau et al. [[13] and Alicea [14] are
shown in Fig. [T[a) and (b), respectively. Common for both
proposals is that a quantum well with Rashba and/or Dres-
selhaus spin-orbit coupling is contacted to a superconducting
reservoir and then driven into a topological phase by means
of a magnetic field. When the latter exceeds a critical thresh-
old, it effectively renders the band-structure in the quantum
well formally equivalent to a spinless k, -+ ik, superconductor.
This is a system which is known to host zero-energy Majorana
fermions in vortex cores.

Up to now, it is precisely the prospect of Majorana fermions
residing in vortex cores that has constituted the bulk of pro-
posals for a realization of this exotic class of excitations in a
condensed matter system. However, as we will show in this
Letter, the Majorana fermions may also leave a distinct sig-
nature in semiconducting hybrid structures as the ones shown
in Fig. [I} Namely, interface-bound states with a unique dis-
persion which may be probed directly via conductance spec-
troscopy or STM-measurements. To demonstrate this, we
will first proceed to establish a direct correspondance between
the systems considered in Fig. [I| and a spinless k. + ik, su-
perconductor, and then calculate the energy dispersion for
the interface-bound states analytically. The fingerprint of
these states in STM-measurements would constitute a clearcut
experimental observation of Majorana excitations in a con-
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FIG. 1: (Color online) The experimental setup proposed in Refs. [[13|
14] for generation of Majorana fermions in a semiconducting hybrid
structure. In (a), a superconducting order parameter and Zeeman-
interaction is induced by means of the proximity-effect in a quantum
well with Rashba spin-orbit coupling, whereas in (b) the quantum
well features a combination of Rashba and Dresselhaus spin-orbit
coupling with an exchange interaction induced by an external field
rather than a ferromagnetic insulator.

densed matter-system.

Both the presence of spin-orbit coupling and a Zeeman-
interaction are key ingredients in establishing a topological
superconducting phase in the systems suggested by Sau et
al. [[13]] and Alicea [[14]]. The spin-orbit coupling ensures that
a singlet-triplet mixing occurs for the induced superconduct-
ing order parameter, and thus generates a spinless p-wave
order parameter. Upon introducing a Zeeman-field, one of
the pseudospin-bands is raised above the Fermi level and one
is left with a single-band spinless p-wave superconductor.
Whereas such a Zeeman-field would have to be enormous in a
conventional metal, the high g-factor and tunable Fermi level
in semiconducting devices makes this possible even at fields
below 1 T. An additional advantage of this is that the applied
field then also remains well below the critical field H, for the
proximity superconductor, which in many materials far ex-
ceeds 1 T [15].

The purpose of this Letter is to demonstrate a clear experi-
mental signature of the Majorana excitations proposed to exist
in the setups of Refs. [[13[14], which also provides an alter-
native route to observation of Majorana fermions compared to
the standard proposal of zero-energy vortex states. Our result
applies both to Fig. [T(a) and (b), but for the sake of not over-
burdening this work with analytical calculations we here focus



on the setup in (a) which yields the most transparent results.
The system in Fig. [T[a) consists of i) an s-wave superconduc-
tor, preferably with a high 7; such as Nb, ii) a quantum well
semiconductor with Rashba spin-orbit coupling, such as InAs,
and iii) a ferromagnetic insulator such as EuO. The Hamilto-
nian for the conduction band of the quantum well then reads:

How = [-V?/(2m') —u]1 —ia(0y6, — 0,6,), (1)

where .”. denotes a 2 X 2 matrix in spin space. Here, m’ is the
effective mass of the electron (typically m’ ~ m, /20), whereas
a denotes the spin-orbit coupling constant. By means of the
proximity effect to a ferromagnetic insulator, a Zeeman-field
couples to the spins via:

Hyy = —V.6., 2

where V, is the magnitude of the exchange splitting. This
interaction is strongly reduced compared to its value in the
bulk ferromagnetic insulator, and it is thus reasonable to ex-
pect a magnitude of order O(meV). The band-structure in the
quantum well may now be obtained by diagonalizing the total
Hamiltonian H = Hyw + Hp;, which yields two pseudospin
bands:

EP — 12/ 2m) —u+ B[22+ V2, B=£1.  (3)

Before introducing the superconducting proximity effect, it is
instructive to pause briefly to consider the band-structure Eq.
(3) in more detail. It follows that when the exchange interac-
tion exceeds the chemical potential, V, > u, the upper band is
raised above the Fermi level for all momenta, i.e. f,:r > 0. On
the other hand, the lower band crosses the Fermi level at the
momentum:

k= [2m (@2 -+ 02 (a2 240 + V2) 2. @)

Enter now the superconducting pair field generated by the
proximity s-wave superconductor. It adds a term to the Hamil-
tonian expressed by the original spinors y = [y, y]:

e = [ riav](rw](r) +he) )
Transforming the above equation into the new pseudospin ba-

sis of the long-lived excitations at Fermi level then produces
the following gap for the lower band [[14]]

A = —0A(ky —iky) /(24/V2 + 02K2). (6)

The Hamiltonian can now be written
5 = [ oMt ™

where ¢ = [@g, ®_g] is the pseudospin basis while

% = Zkéz + Akéx' (3

Here, we have defined F; = Z and the &; matrices now op-
erate in pseudospin space.

At this point, we can formally identify the obtained Hamil-
tonian as fully equivalent to a spinless k, + ik, superconduc-
tor (after a gauge transformation of e™2). We now pro-
ceed to demonstrate that the Majorana states in this system
leave a unique fingerprint not only as zero-energy states in a
vortex core, but also as interface-bound states. Presumably,
this simplifies greatly their experimental detection since one
avoids the need to generate vortices in the quantum well. In-
stead, it suffices to probe the surface DOS at the edge of the
quantum well either via conductance spectroscopy or STM-
measurements. To be definite, let us consider the edge defined
by x = 0 (although our results are qualitatively identical for the
edge y = 0). Starting from the Hamiltonian Eq. (7), we con-
struct the wavefunction in the quantum well which at x =0
takes the form

o Uj el
Y(x=0)=c (vke_i7;> +c2 ( e > ; )

where we have defined

el = —(ky Fik) /kr (10)
and uy /vy = €25/ |%) The constants {cy,c,} are unknown
and must be determined by proper boundary conditions. At
the vacuum edge x = 0, the wavefunction must vanish and we
thus demand ¥ (x = 0) = 0, which allows for a determination
of {c1,c2}. Doing so, we find that a non-trivial solution is
obtained if the criterion

el el

e_i'YlJcr eiB =0 (l 1)

may be satisfied. This is indeed the case when:

ok |sin6|
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where kr was defined previously. This equation describes pre-
cisely the announced interface-bound states and is one of the
main results in this Letter. In general, subgap resonant-states
are manifested as an enhanced DOS/peak-structure in such
measurements whereas the rest of the subgap DOS would be
suppressed due to the fully gapped Fermi surface. An impor-
tant point to note is that since the present interface-state in Eq.
(12) is strongly dependent on the angle of incidence relative
the edge, one would expect that the DOS to be enhanced in
large parts of the subgap regime rather than featuring sharp
spikes at isolated energies. Qualitatively, this would be exper-
imentally seen as a broad hump-like structure in the conduc-
tance or surface DOS, similarly to the proposed chiral p-wave
state in SroRuQy4 [16].

We now analyze the behavior of this interface-state using
a realistic set of experimental parameters to identify the rele-
vant energy regime where it resides and thus may be probed

le/Al = (12)



by e.g. STM-measurements. The general requirement for the
mapping to the spinless k, +iky-wave state is that V; exceeds
u in magnitude. In addition, it would be desirable to maxi-
mize the Fermi momentum kr to obtain a large normal-state
DOS for the benefit of superconducting pairing. Considering
Eq. (@), it is seen that this can be obtained either via a large
V, or large m’a®. The magnitude of V, will be largely deter-
mined by the interface properties (such as lattice mismatch)
of the ferromagnetic insulator, but values up to a few meV
should be within experimental reach [18]]. The spin-orbit cou-
pling strength can to some extent be controlled by a gate volt-
age, as demonstrated in e.g. Ref. [17], bordering towards 1
K in InGaAs quantum wells. As mentioned previously, the
proximity-induced superconducting gap will also be substan-
tially reduced compared to its bulk value in the s-wave super-
conductor, and a reasonable estimate would be A ~ 0.5 meV.
As a very moderate estimate, we then fix V, = 1 meV and
set u = 0.75 meV; the latter is tunable in a controlled fash-
ion. With these parameters, we now plot the interface-state
versus the angle of incidence 8 and the normalized spin-orbit
coupling strength m'a? /A in Fig. 2| As seen, the energy in-
creases with m’a? /A and eventually saturates around 0.5A. In
this plot, we have considered values of m’'a /A up to 2 in order
to demonstrate the evolution of the interface-state in the limit
of large spin-orbit coupling. Such values may be accessed in
a scenario where the proximity-induced gap is very small, e.g.
A < 0.05 meV (corresponding to a different material choice).
For the present choice of parameters, the maximum value of
m'a? /A attainable lies around 0.10-0.15. As seen from the
plot, the energy of the interface-state is small in this regime,
|e/A| < 1, and reaches zero at normal incidence. This should
be readily observable in local DOS measurements at the sur-
face of the quantum well, which routinely probe structures
with energy-resolution down to ~ 200 uV [19].

So far, we have established the presence of interface-bound
states in semiconducting hybrid structures as shown in Fig. []
by utilizing an exact mapping onto a spinless k, + ik, super-
conductor model in a realistic parameter regime. However,
there are certainly experimental challenges associated with
the proposed structures which we would like to acknowledge
here. One point, which in particular pertains to the setup in
Fig. [I(a), is related to the Meissner response of the supercon-
ductor due to the ferromagnetic insulator. This can be avoided
by utilizing a ring-like structure (as in Ref. [13]]) of the su-
perconducting host material which would suppress the orbital
effect. In this sense, the structure in Fig. |Ikb) is beneficial
since the field here resides in the plane of the quantum well,
thus strongly suppressing the orbital response. As previously
mentioned, another challenge is to achieve a sufficiently good
interface coupling between the quantum well and the ferro-
magnetic insulator in order to have an appreciable magnitude
of the Zeeman-field V. In this context, we note that EuO has
previously been contacted to Al with a successfully induced
Zeeman-field in Ref. [18] as probed by conductance spec-
troscopy, which demonstrates that such a procedure should be
feasible.
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FIG. 2: (Color online) Dispersion of the interface-bound state as a
function of the angle of incidence (0) and the normalized spin-orbit
coupling strength (m’a? /A). Here, we have fixed V, /A =2, u/A =
3/2, as should be experimentally viable for a proximity-induced gap
of size A = 0.5 meV. The experimental signature of this interface-
state would be an enhanced subgap DOS, in particular near the Fermi
level, compared to the otherwise fully suppressed DOS within the
gap in the absence of such states.

In summary, we have investigated an alternative route
for experimental observation of Majorana states in semicon-
ducting hybrid structures compared to the previously pro-
posed vortex-core states. This route consists of probing
interface-bound states via conductance spectroscopy or STM-
measurements, which we have analytically demonstrated the
existence of in this Letter. With a conservative estimate for
experimental parameters, we find that these interface-states
reside on an energy scale which should be clearly resolv-
able in such measurements. Whereas there are still consider-
able technological challenges regarding the detection of Ma-
jorana fermions in topological insulators, pertaining e.g. to
producing materials of sufficiently high quality, the virtue of
the present proposal is that semiconductor technology is very
well-developed and thus could lead to the experimental ob-
servation of Majorana fermions as interface-bound state when
utilizing present-day methods.

The authors acknowledge support by the Research Council
of Norway, Grant No. 167498/V30 (STORFORSK).

[1] B. A. Bernevig er al., Science 314, 1757 (2006); B. A.
Bernevig, and S. C. Zhang, Phys. Rev. Lett. 96, 106802 (2006).

[2] C. L. Kane et al., Phys. Rev. Lett. 95, 146802 (2005); ibid 95,
226801 (2005).

[3] For a review, see e.g. M. Konig et al., J. Phys. Soc. Jap. 77,
031007 (2008) and references therein; M. Konig et al.Science
318, 766 (2007).

[4] D. Hsieh et al., Nature 452, 970 (2008); D. Hsieh et al., Phys.
Rev. Lett. 103, 146401 (2009); Y. Xia et al., Nature Phys. 5,



398 (2009); D. Hsieh et al., Science 323, 919 (2009).

[5]1 J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).

[6] N. Read and D. Green, Phys. Rev. B 61, 10267 (2000); D. A.
Ivanov, Phys. Rev. Lett. 86, 268 (2001). S. Das Sarma et al.,
Phys. Rev. B 73, 220502(R) (2006).

[7]1 A.R. Akhmerov et al., Phys. Rev. Lett. 102, 216404 (2009).

[8] L. Fu and C. L. Kane, Phys. Rev. Lett. 102, 216403 (2009).

[9] Y. Tanaka et al., Phys. Rev. Lett. 103, 107002 (2009).

[10] K. T. Law et al., Phys. Rev. Lett. 103, 237001 (2009).

[11] J. Linder et al., Phys. Rev. Lett. 104, 067001 (2010).

[12] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008); C.
Nayak et al., Rev. Mod. Phys. 80, 1083 (2008); X. L. Qi et al.,

Phys. Rev. Lett. 102, 187001 (2009).

[13] J. D. Sau et al., Phys. Rev. Lett. 104, 040502 (2010).

[14] J. Alicea, Phys. Rev. B 81, 125318 (2010).

[15] K. Fossheim and A. Sudbg, Superconductivity: Physics and Ap-
plications (Wiley, New York, 2004).

[16] A. P. Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657
(2003).

[17] J. Nitta et al., Phys. Rev. Lett. 78, 1335 (1997).

[18] P. M. Tedrow et al., Phys. Rev. Lett. 56, 1746 (1986).

[19] @. Fischer er al., Rev. Mod. Phys. 79, 353 (2007).



	 References

