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Distinguishing a Majorana zero mode
using spin-resolved measurements

Sangjun Jeon,'* Yonglong Xie,'* Jian Li,»>>* Zhijun Wang,'

B. Andrei Bernevig,' Ali Yazdani't

One-dimensional topological superconductors host Majorana zero modes (MZMs), the
nonlocal property of which could be exploited for quantum computing applications. We use
spin-polarized scanning tunneling microscopy to show that MZMs realized in self-assembled
Fe chains on the surface of Pb have a spin polarization that exceeds that stemming from the
magnetism of these chains. This feature, captured by our model calculations, is a direct
consequence of the nonlocality of the Hilbert space of MZMs emerging from a topological
band structure. Our study establishes spin-polarization measurements as a diagnostic tool to
distinguish topological MZMs from trivial in-gap states of a superconductor.

ocalized Majorana zero modes (MZMs) are
non-Abelian quasiparticles that emerge at
the ends of one-dimensional topological su-
perconductors and may be used as building
blocks for future topological quantum com-
puters (I-3). A variety of condensed matter systems
can be used to engineer topological supercon-
ductivity and MZMs (4-7). To date, evidence for
MZMs has come from experiments that have de-
tected their zero-energy excitation signature in
various spectroscopic measurements (8-10). How-
ever, despite the recent progress, the question as
to whether a MZM could be distinguished from a
finely tuned or accidental trivial zero-energy edge
state in these experiments has been unresolved
(11-13). The interpretation of the experimentally
observed zero-energy modes as MZMs in various
platforms has relied so far on showing that the
zero-energy mode is detected when the param-
eters of the system make it most likely to be in
a topological superconducting phase. Although
there is intense interest in using such modes to
create topological qubits [for example, (14)], ar-
guably, a unique experimental signature of
MZMs has yet to be reported. Here we describe
how spin-polarized spectroscopic measurements
(15-21) can be used to distinguish MZMs from
trivial localized quasiparticles by identifying ex-
perimental features that are a direct consequence
of the nonlocality of the Hilbert space of MZMs
emerging from a topological band structure.
Previous studies have provided strong evidence
that combining ferromagnetism in chains of
Fe atoms with the large spin-orbit coupling in-
teraction of the Pb(110) surface on which they are
self-assembled gives rise to a proximity-induced
topological superconducting phase. This phase
exhibits strongly localized MZMs at both ends of
these chains (9, 22-24). High-resolution scanning
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tunneling microscopy (STM) studies have directly
visualized MZMs, placed a stringent bound on
their splitting (<45 peV), shown evidence for the
predicted equal electron-hole spectral weight
using spectroscopy with superconducting tips,
provided a detailed understanding of their spatial
profile, and revealed the robustness of their sig-
natures when the Fe chains are buried by the
deposition of additional superconducting mate-
rial on top (25). Because trivial zero-energy local-
ized states may still show some of the features
attributed to MZMs, we turned our attention to
spin-polarized measurements of this system.
We performed spin-polarized STM (SP-STM)
measurements (26) of self-assembled Fe chains
by using Fe-coated Cr tips, which, although fer-
romagnetic at their apex, do not have strong
enough magnetic fields to disrupt the supercon-
ductivity of the Pb(110) substrate [Fig. 14, fig. S1,
and section 1 of (27)]. Before making measure-
ments in zero applied magnetic field, the tip’s
magnetization is first trained in situ with the
application of a magnetic field that is either par-
allel (P) or antiparallel (AP) to the vector normal
to the surface. We have found that the observa-
tion of the hard Bardeen-Cooper-Schrieffer (BCS)
gap in the Pb substrate can be used to deduce
whether or not trapped flux exists in our super-
conducting magnet. Often, by adding a small
compensation field (~5 or -5 mT), the trapped
flux can be canceled before proceeding with the
spin-polarization measurement (fig. S2). The field
training switches the orientation of the STM tip’s
magnetization relative to that of the Fe chains
(28), which results in a change of the apparent
height of the chains and a uniform shift of the
topographic features, as shown in Fig. 1, B to D
(see also fig. S5). The observation of two types of
contrast in topographs of many different chains
with the same spin-polarized tip confirms the
ferromagnetic behavior of our chains (figs. S3
and S4). The height difference in the topo-
graphs reflects the difference between the “up”
and “down” spin-polarized density of normal
states (pl, py;) of the chains near the Fermi en-
ergy (Ey), the integral of which (between Ey and
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voltage bias el’) is related to the tunneling cur-
rent, which is kept constant by the STM feedback
loop. This compensation of dpy = pIT\I — pll\f by the
so-called STM set-point effect, for eV close to Ex,
is best demonstrated by the spectroscopic mea-
surements [G(V') = dI/AV |- < p(E)] of the Fe
chains, such as in Fig. 1E, where a small 100-mT
(out-of-plane) magnetic field is used to suppress
superconductivity in Pb and Fe chains (G, differen-
tial conductance; V, voltage; I, current). The spectra
measured at all locations on the chains near Er with
both tip orientations [Gp(V), Gap(V)] are equal,
because the average spin polarization is com-
pensated by adjusting the tip height for the two
spectra [figs. S6 to S8 and sections 2 to 4 in (27)].
It is possible to avoid this compensation and to
artificially enhance the influence of spin polar-
ization on G(V') by choosing a set-point bias that
is further from Ef. [figs. S1 and S3 and section 1 of
(27)]. Previously, we have used this approach to
demonstrate that our Fe chains are ferromagneti-
cally ordered [30 meV in (9)]. However, for the
purpose of the current study, we focused on a
small bias window near Ey, where the normal
state spin-dependent contribution is compensated
by the STM set-point effect. As shown in Fig. 1F, the
STM-measured spin polarization, P(E) = [Gp(E) -
Gap(E)V/[Gp(E) + Gap(E)], is zero over an energy
window of +5 meV. Repeating the same mea-
surements in the superconducting state there-
fore allowed us to detect whether low-energy
quasiparticle states show any spin polarization
beyond that caused by the ferromagnetism of our
atomic chains.

Our finding that the MZM shows a distinctive
spin signature is demonstrated by measurements
of the spin-polarized zero-bias conductance Gp(0)
and Gp(0) maps of the atomic chains in zero mag-
netic field (Fig. 2). The “double-eye” spatial struc-
ture of the MZM in such high-resolution maps
at zero bias near the end of Fe chains has been
previously measured with unpolarized tips (25).
It is theoretically understood from model cal-
culations that consider both the spectral weight
of the MZM in the superconducting substrate and
the trajectory of the STM tip during the constant
current conductance map measurements. The
data in Fig. 2, however, show that the magnitude
of the MZM signature in Gp(0) and G,p(0) maps
depends on the magnetic polarization of the STM
tip. Moreover, the contrast can be reversed by
reorienting the tip’s magnetization or by exam-
ining different chains with different ferromagnetic
orientation [figs. S9 and S10 and section 5 of
27)]. Gp(0) and GAp(0) maps do not show any
contrast away from the end of the chain (dashed
lines in Fig. 2C), where the signal in the bulk of
the chain is likely dominated by the background
from higher-energy quasiparticles in our system,
owing to thermal broadening in our experiments
(performed at 1.4 K). The spin contrast shown in
Fig. 2, reproduced for many chains, demonstrates
that the end zero mode in our system has a po-
larization beyond the normal-state background
caused by the magnetism of the chains.

The details of the spin dependence of the
tunneling conductance as a function of energy
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and position throughout the chain can be found
in Fig. 2, D to G, which, in addition to the spin
polarization of the edge-bounded MZM, also
shows the polarization of the other in-gap states
at higher energies. These so-called Shiba states
induced by magnetic structures on superconduc-
tors (29, 30) are predicted to be spin-polarized
(30, 31); however, their spin properties have not
been experimentally detected. To better charac-
terize the spin polarization of both the MZM and
the Shiba states in spectroscopic measurements,
in Fig. 3, A and B, we show averaged spectra at
the end and in the middle of the chain, along
with the spin polarization P(E) computed from
these spectra. In addition to the MZM spin-
polarization signature as a peak at P(0), another
key finding is the antisymmetric behavior of P(E)

N Spin polarized tip

for Shiba states at higher energies. These mea-
surements demonstrate that the states with en-
ergy |E| < App,, Where Apy, is a superconducting gap,
show features beyond those expected simply from
the ferromagnetism of the chain, the average po-
larization of which is compensated by the STM
set-point effect, as described above.

The first step in understanding that our spin-
polarized measurements distinguish the presence
of the MZM in our system is to show that no
trivial localized state can give rise to a signal in
the STM-measured P(E) at zero energy. To illus-
trate this point, we consider a single magnetic
impurity in a host superconductor (Fig. 4A), which
gives rise to a localized Shiba state within the
superconductor’s gap (App) at eV = +Ey < App
(Fig. 4B). We have recently computed the spin
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Fig. 1. Spin polarization of Fe chains on Pb(110) at normal state. (A) Schematic of the SP-STM
measurement on a MZM platform probed by a Fe/Cr tip whose magnetization can be controlled
by an external magnetic field (red, Fe; orange, Cr). (B) Topography of a typical Fe chain (chain 1)
under zero magnetic field [set-point voltage (Vset) = 10 mV, set-point current (lset) = 750 pA].

(€ and D) Height profile of chain 1 (C) and chain 2 (D) measured with the up-polarized tip (solid
red curves) and down-polarized tip (solid blue curves). Dashed lines show the height profiles of
the Pb substrate measured with both tips. The positions of the topographic profiles are shown in (B).
Insets show a magnification of the height profiles of the chains. Red and blue dashed lines in the
insets show the average height of the chains measured with the up- and down-polarized tips,
respectively. (E) Spectra measured in the middle of chain 3 at 100 mT with up-polarized (red curve)
and down-polarized (blue curve) tips, which correspond to GN(V) and GNs (V) [Vset = =5 MV, lset =
500 pA, modulation voltage (Vimoq) = 40 uV]. (F) Calculated polarization of the spectra shown in (E).
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properties of these states by using a model that
considers a magnetic quantum impurity (for
example, a partially filled d level) coupled to a
host superconductor [(32) and section 6 of (27)].
The changes in the superconducting host’s nor-
mal state pIT\,/ ! induced by the magnetic impurity
via the exchange interaction determine the
spin polarization of the Shiba state inside the

gap:pl/ (E) = npll* |/ A2, — E2 §(E¥E,) (Fig. 4B).
From this result, we see that the polarization of a
trivial localized Shiba state tuned to zero energy
(E, = 0) is no larger than that of the normal-state
polarization induced by the magnetic impurity.
Moreover, it can be shown by symmetry that the
spin contrast in our constant current conduct-
ance measurements [8G(E) = Gp(E) - Gap(E)] for
the localized Shiba state must be antisymmetric
as function of energy [6G(E) = -8G(-E)], which
means that there should be no spin contrast in
spin-polarized STM measurements for E, = 0
Shiba states [(32) and section 6 of (27)]. Our ob-
servation of a spin contrast for the edge mode of
our atomic chains therefore excludes the possibil-
ity that this zero-energy feature is caused purely by
a localized Shiba state at zero energy. Because a
Shiba state caused by magnetic impurities is the
only known trivial mechanism able to produce a
localized in-gap differential conductance peak that
disappears in the absence of superconductivity, our
observation of a localized peak in P(E) at zero en-
ergy uniquely identifies the MZM in our chains.

To further show that our spin-polarization
measurements distinguish between trivial quasi-
particle states and the topological MZM, we com-
pare our experimental results to model calculations
of chains of magnetic impurities embedded in a
superconductor [section 7 of (27)]. A chain of mag-
netic atoms induces a band of Shiba states within
the host gap, which produces pairs of peaks at pos-
itive and negative bias in a G(V') simulation (Fig. 3,
C and D). The width of these peaks is related to
the bandwidth of the Shiba states and their dis-
persion. For simplicity, we model a single Shiba
band (Fig. 3, C and D), but previously we have
shown that the shape of experimental spectra
(Fig. 3, A and B) is captured by a model including
multiple Shiba bands (25). The Shiba bands pro-
duce signatures in spin-polarized measurements
that are very similar to that of a localized Shiba
state. Specifically, the energy-antisymmetric fea-
ture in P(E) that we have discussed above as being
the hallmark of localized Shiba states also de-
scribes the behavior of extended Shiba states de-
tected both at the ends and in the middle of the
chains (Fig. 3, C and D). These features are re-
produced in our experimental results (Fig. 3, A
and B) and confirm our understanding of sig-
natures in P(E) arising from the extended Shiba
states in our chains.

Our theoretical considerations of a hybrid chain-
superconductor system also reveal that a larger
polarization than that of the normal-state back-
ground, detected at zero energy in our experi-
ments (Fig. 3A), is a diagnostic signature of the
nonlocal nature of MZMs. Unlike trivial localized
states, MZMs can only exist at the edge of a chain
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Fig. 2. Spatially resolved spin-polarized states on a Fe atomic chain.

(A and B) Zero-energy conductance map near the chain end taken with up-
polarized (A) and down-polarized (B) tips (Vset = =5 MV, lset = 500 pA, Viog =
40 uV). The conductance at the double-eye feature taken with the up-
polarized tip (A) is stronger than that at the same feature taken with the
down-polarized tip (B). (C) Line cuts taken from (A) and (B), as indicated by
the corresponding symbols. Solid lines represent the conductance profile
across the double-eye feature measured with up-polarized (red curves) and

down-polarized (blue curves) tips. Dashed lines show typical conductance
profiles away from the chain end. (D) Topographic image of chain 3 taken
at zero external field (Vset = =10 mV, st = 750 pA). (E and G) Spatial variation
of the spectra taken along the white dashed line shown in (D) with
up-polarized (E) and down-polarized (G) tips (Vset = =5 MV, lset = 500 pA,
Vinod = 40 uV). (F) Individual spectra from (E) (red curves) and (G) (blue
curves) at the labeled location. The end state appears at spectrum 3 (arb.,
arbitrary).

system with extended electronic states, the prop-
erties of which not only dictate the formation of
MZMs, but also determine their spin polariza-
tion, as well as that of the normal-state back-
ground. Specifically, MZMs appear at the edges
of ferromagnetic chains that have a normal-state
band structure with an odd number of spin-split
bands crossing Er. The MZM in such chains
emerges from only one of the spin-polarized
bands at Er and, in our case, is associated with
the exchange-split d bands of the ferromagnetic
Fe chains, as schematically shown in Fig. 4C. The
large band splitting (~2 eV) between majority
and minority bands in the Fe chains estimated in
our previous study (9, 22) guarantees that the
minority spin bands cross Eg. The spin polariza-

Jeon et al., Science 358, 772-776 (2017)

tion of the MZM (Fig. 4D) is directly related to
the spin polarization of these specific momen-
tum states at Ep, where the induced topological
gap is opened, although spin-orbit coupling re-
sults in a very slight tilting of the spin polariza-
tion away from the ferromagnetic magnetization.
To understand why this localized MZM spin
polarization can be detected in our STM mea-
surements, we must contrast the MZM polariza-
tion with that of the normal-state background,
which is compensated by the STM set-point ef-
fect. The normal-state background spin polar-
ization of our system involves not only the Fe
states crossing Ep, but also states further away
in energy that are broadened owing to the
hybridization with the Pb substrate (Fig. 4, C and

10 November 2017

D). The sum contribution of these delocalized
states throughout the chain to the background
at its end is always smaller than that of a localized
MZM (32). Consequently, as our calculations for
a hybrid chain-superconductor system show
(Fig. 3C and 4D), the MZM spin polarization
exceeds that of the normal-state background,
providing an important test for the detection of
MZMs in our system.

‘We contrast the nature of the background rel-
evant to the MZM spin-polarization measure-
ments with that of a trivial localized state, which
may accidently appear near the end at near-zero
energy. For such a localized state, as in the case of
an isolated Shiba impurity (described above),
the relevant normal-state background is local,
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Fig. 3. Comparison of experimental data and SP-STS simulation. (A and end state, and black arrows mark the Van Hove singularity of the Shiba band.
B) Experimentally obtained spectra at the end of the chain (A) and in the (C and D) Simulated spectra at the end of the chain (C) and in the middle
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and down-polarized tips, respectively. Red arrows mark the zero-energy energetically antisymmetric polarization for the Shiba states at higher energies.

Fig. 4. Single magnetic impurity and magnetic A Single impurity B Single impurity
chain model calculations. (A and B) Model calcula- (normal state) (superconducting state)
tion for a magnetic impurity hybridized with a
superconductor [section 6 of (27) describes the —_ !
model Hamiltonian used in this calculation: M =1,
w=075v=04 A=000ln = 5°]. The original
d-orbital states of impurity are marked as dashed
lines in (A) (red for the minority state and blue for the
majority state). Solid curves represent the spin
density of states (DOS) of the hybridized impurity- :
superconductor system. The width of DOS marked as :
npsV/2 is the broadening caused by the coupling A N \/)K'
between the magnetic impurity and the super- 5 -0.005
conductor [section 6 of (27)]. A pair of Shiba states 0 02 04 06 08 1 0 1
inside a superconducting gap is shown in (B). Dashed DOS (arb. unit) DOS (arb. unit)
lines in (B) correspond to the normal-state spin

DOS of the minority state (red) and majority state C Magnetic chain D Magnetic chain
(blue), which are the same value as the spin DOS at 1 (norma'l SR . . ('supercorjductmg ?tate)
the Fermi energy marked in (A). (C and D) Model
calculation for a magnetic chain embedded in a
superconductor [section 7 of (27)]. Solid curves in
(C) are the dispersion of original d-orbital bands
(red for the minority band and blue for the majority
band, which are energetically split by the exchange
energy 2M). The red dashed curve represents the
hole copy of the minority band. Black arrows mark
the momenta where the minority band crosses the
Fermi level. Spin DOS calculated at the end of the
chain displayed in (D) show MZM and Van Hove -3
singularities of Shiba bands. Red and blue dashed &
lines are normal-state spin DOS of minority and

majority bands, respectively. The inset shows the
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resulting in compensation by the STM set-point
effect and therefore showing no contrast in the
spin-polarized measurements. A zero-energy peak
in measurements of P(E) in spin-polarized STM
(Fig. 3A) is caused by the nonlocal nature of the
MZM background and constitutes a unique sig-
nature of these excitations, allowing us to distin-
guish them from trivial edge modes.

Looking beyond our atomic-chain Majorana
platform, spin-selective spectroscopy measure-
ments using quantum dots have been recently
proposed for the semiconducting nanowire
Majorana platform (33). As we have done in this
study for the atomic chains, such experiments are
expected to distinguish between trivial and non-
trivial edge modes and probe the nonlocal nature
of MZMs in the nanowire platform. The spin po-
larization of MZMs may provide a useful ap-
proach to creating highly polarized spin currents
and entangling these topological localized quan-
tum states with conventional spin qubits. In fact,
there are proposals outlining how a hybrid system
of spin and MZM qubits can be used to perform
universal quantum computation (34). The possi-
bility that electron tunneling between spin qubits
(based on quantum dots or individual defects)
and MZMs can realize a quantum superposition
between the two is intriguing. Such a process
could, for example, facilitate long-distance entan-
glement between spatially well-separated spin
qubits (35).

Note added in proof. After submission of our
manuscript, a spin-polarized STM study of Co
chains on Pb(110) was reported (36). The spin
polarization of the Shiba bands on such chains
also shows the antisymmetric features (with bias)
and is consistent with our results and analysis.
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Topological or trivial?

Evidence for Majorana bound states (MBS), which are expected to provide a platform for topological quantum
computing, has been found in several material systems. Typically, the experimental signature is a peak in the spectrum
at zero energy, but mechanisms other than MBS need to be carefully ruled out. Using spin-polarized scanning tunneling
spectroscopy, Jeon et al. studied chains of iron atoms deposited on superconducting lead and found a more distinctive
signature of the topological states. Unlike trivial zero-energy states, MBS exhibited a characteristic spin-polarization

signal.
Science, this issue p. 772
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