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ABSTRACT: Linear chains of magnetic atoms proximity coupled to an v

s-wave superconductor are predicted to host Majorana zero modes at

the chain ends in the presence of strong spin—orbit coupling.
Specifically, iron (Fe) chains on Pb(110) have been explored as a
possible system to exhibit topological superconductivity and host
Majorana zero modes [Nadj-Perge, S. et al, Science 2014, 346,
602—607]. Here, we study chains of the transition metal cobalt (Co)
on Pb(110) and check for topological signatures. Using spin-polarized

scanning tunneling spectroscopy, we resolve ferromagnetic order in the

d bands of the chains. Interestingly, also the subgap Yu—Shiba—Rusinov (YSR) bands carry a spin polarization as was predicted
decades ago. Superconducting tips allow us to resolve further details of the YSR bands and in particular resonances at zero
energy. We map the spatial distribution of the zero-energy signal and find it delocalized along the chain. Hence, despite the
ferromagnetic coupling within the chains and the strong spin-orbit coupling in the superconductor, we do not find clear evidence
of Majorana modes. Simple tight-binding calculations suggest that the spin—orbit—split bands may cross the Fermi level four

times which suppresses the zero-energy modes.
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L ow-dimensional structures proximity coupled to an s-wave
superconductor can support topologically protected
Majorana zero modes, which obey non-Abelian statistics and
are potentially useful for fault-tolerant quantum computa-
tion. > Although realizing a topological superconductor is
challengin% there are promising results for various experimental
platforms.”™® The simplest systems emulate a model first
proposed by Kitaev:” a tight-binding chain for a spinless p-wave
superconductor in one dimension. This system with nearest-
neighbor hopping and pairing carries zero energy excitations at
the chain ends which are protected when an odd number of
bands cross the Fermi level. Ferromagnetic chains of atoms
adsorbed on an s-wave superconductor in the presence of
strong spin—orbit coupling have been suggested as an
intriguingly simple experimental realization.'” By proximity
coupling Cooper pairs enter the chain, which induces p-wave
superconductivity in the chain and turns it into a topological
superconductor. The occurrence of Majorana modes has been
predicted to be near universal in sufficiently long chains of
transition-metal atoms on Pb.'” Such systems fulfill the
requirements for a topological superconducting phase: a large
exchange splitting of the d bands, strong Rashba spin—orbit
coupling originating from the superconducting substrate, and
proximity induced superconductivity. In addition, topological
superconductivity requires an odd number of Fermi points in
half of the Brillouin zone of the one-dimensional chain.
Nadj-Perge et al. have presented indications of Majorana zero
modes in iron (Fe) chains on Pb(110).> Additional experiments
have stimulated further discussions.''~'> The appealing
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simplicity of this platform motivates us to explore chains of
another 3d element. We replace iron by cobalt (Co), thereby
keeping the one-dimensional band structure of the chain similar
while modifying the number of d electrons and hence the band
filling.

The experiments are performed in a SPECS JT-STM at a
temperature of 1.1 K under UHV conditions. The Pb(110)
single crystal (T, = 7.2 K) is cleaned by cycles of sputtering and
annealing until atomically flat and clean terraces are observed.
Co chains were prepared by e-beam evaporation from a cobalt
rod (99.995% purity) onto the clean surface. We use cobalt-
covered W-tips for spin-polarized measurements and check
their spin sensitivity prior to the measurement on bilayer cobalt
islands on Cu(111). These nanoislands possess an out-of-plane
magnetization and represent a standard reference system.'” The
hysteresis loop in an out-of-plane magnetic field reveals a
sizable tip remanence at zero field and a coercivity of 50 mT
[see the Supporting Information (SI)]. Pb-covered, super-
conducting tips'> are used to provide an energy resolution of
~60 peV, well beyond the Fermi—Dirac limit. The differential
conductance dI/dV as a function of sample bias was recorded
using standard lock-in technique at 912 Hz with a bias
modulation of V.4 = 15 uV,,.; (Pb tip, + 4 mV), 50 uV,,,; (Co
tip, £ 4 mV), S mV,,,; (£03 V), and 10 mV,,; (£1.5 V),
respectively.

Received: April 24, 2017
Revised:  June 21, 2017

DOI: 10.1021/acs.nanolett.7b01728
Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b01728/suppl_file/nl7b01728_si_001.pdf
pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.7b01728

Nano Letters

[OREE (c) o
0.8}

3
L6 T-l%“
803
Pb(110)
0

- 5

[0 ns kil 03050 3]

Figure 1. Co chain on Pb(110). (a) After deposition on Pb(110), Co
forms clusters and 1D chains. Set point: 100 mV, S0 pA. (b) Close-up
of a 1D Co chain of length ~5.5 nm. Set point: S00 mV, S0 pA. (c)
Spin-polarized dI/dV spectra of the chain shown in panel b (blue, red)
and of pristine Pb(110) (gray). The blue (red) curve is acquired in a
+(—)0.3 T magnetic field along the surface normal. The field reversal
ensures opposite tip magnetization (in the following 1 and ). Set
point: 1.5 V, 400 pA. The inset shows spectra in a narrower energy
window. Set point: 300 mV, 400 pA. Panels d and e show dI/dV maps
at V= =170 mV in fields of + and —0.3 T, respectively, revealing spin-
dependent dI/dV intensities all along the chain. Feedback: 300 mV,
400 pA. (f) Map of the difference signal of panels d and e
characterizing the spin polarization of the chain’s d band.
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At a sample temperature of 263 K, Co deposition onto
Pb(110) yields clusters and 1D chains with lengths of up to
~11 nm (Figure la). These resemble the Fe chains studied
earlier.”"*™"* In most cases, the chains emerge from a Co
cluster and follow the [1T0] direction of the (110) surface. At
the opposite end, the chains are either flat or terminated by a
small protrusion as was also observed in the case of Fe. Figure
1b presents a closeup of a typical chain of 5.5 nm length
(measured between chain end and the onset of the cluster).

To probe the magnetic properties of the chain,'® we employ
Co-coated tips, which have been tested for their out-of-plane
spin contrast beforehand (see SI). We resolve a resonance at
—0.17 V (Figure 1c), which exhibits different intensities for
oppositely polarized tips (labeled 1 and |). We ascribe this
resonance to the van Hove singularity of a spin-polarized Co d
band (for additional spectra along the same chain, see the SI).
The magnetic order of the chain is revealed by dI/dV maps at
the energy of the van Hove singularity (Figure 1d,e). The
intensity along the chain is stronger for tip; than for tip,. In the
difference map shown in Figure 1f, this leads to a positive
contrast (red) on the chain. The uniform contrast along the Co
chain suggests that it is in a ferromagnetic state, similar to Fe
chains on Pb(110), although we cannot exclude a more
complex spin arrangement with the out-of-plane spin
component being preserved along the chain.

Figure 2 explores magnetic signatures within the super-
conducting energy gap using the same tip as before. The dI/dV
spectrum on pristine Pb(110) shows a BCS-like gap, broadened
by the Fermi—Dirac distribution of the tip at 1.1 K (Figure 2a).
On the chain, there are broad resonances within the gap, which
vary in intensity along the chain (see the SI for additional
spectra). These resonances reflect Yu—Shiba—Rusinov'’ ="’
(YSR) bound states, which result from the exchange coupling
between the spin-polarized Co d states and the super-
conducting substrate. When measured with opposite tip
magnetization (which is possible in zero field because of a
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Figure 2. (a) dI/dV spectra taken at the two positions on the Co chain
depicted in the topography in panel b. For clarity, the spectrum taken
on the bare surface is divided by three. The data are recorded at 0 T
with a spin-polarized tip with a remanence which has an out-of-plane
component relative to the sample surface. Parallel and antiparallel
orientations are indicated by 1 (blue) and | (red). Set point: 4 mV,
200 pA. The dashed line at —850 ;V marks, where the dI/dV maps in
panels ¢ and d are recorded with paralle]l and antiparallel tip-
magnetization, respectively. The feedback was opened at 4 meV, 200
pA where no spin polarization is observed. (e) Map of the difference
signal of panels ¢ and d characterizing the spin polarization of the YSR
bands of the chain.

sizable magnetic remanence of the tip), the spectra are
qualitatively similar but differ in signal strength. The overall
intensity at negative (positive) energies is stronger (weaker) for
tip; than for tip,. This is clearly revealed by the spin contrast
map (Figure 2e), which exhibits an overall positive polarization
along the chain at —850 1V, but a negative polarization at +850
UV (see the SI). This sizable spin polarization is remarkable
because it provides direct experimental evidence for the
magnetic nature of YSR bands, which was predicted
theoretically decades ago.'’~"” The hybridization of YSR states
of neighboring adatoms along the chain results in spin-
polarized bands. Although confinement effects and potential
variations cause intensity variations of the YSR bands,'” the
spin polarization is almost uniform (at —850 xV). Only at the
chain end, a region of opposite polarization is detected.
However, the magnetization of the chains presumably does not
change sign as indicated by the uniform polarization of the d
bands (see Figure 1f).

To gain more detailed insight into the quasiparticle
excitations and to explore the possibility of Majorana zero
modes at the chain ends, we use a superconducting Pb tip
(Figure 3). This increases the energy resolution well beyond
the Fermi—Dirac limit but shifts all spectral features by Ay, the
gap of the superconducting tip. Putative Majorana modes
should thus appear at eV = +A,. On Pb(110) (Figure 3a,
gray), we resolve the double peak structure of the coherence
peaks of the two-band superconductor Pb at +(Ay, +
Asample).zo On the chains, we find a rich subgap structure,
which varies along the chains (see Figure 3a and b for a chain of
~10.3 nm). The most intense resonance resides close to the
superconducting gap edge (labeled a in Figure 3b) and is well-
separated from a broader band of resonances at lower energy (8
in Figure 3b). The pronounced separation of & and f is
observed for most, but not all of the chains investigated (see
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Figure 3. (a) dI/dV spectra acquired with a superconducting tip on
the bare surface (gray; divided by four) and on the ~10.3 nm long
chain shown in the topography in panel c. Spectra offset by 90 nS for
clarity, tip positions indicated by colored dashed lines in panel c. The
tip gap is marked by dashed lines (+Ay, = £1.35 meV). Set point: 5
mV, 200 pA. (b) False-color plot of all 40 dI/dV spectra measured
along the central axis of the chain in panel c. Beside an intense
resonance close to the gap edge [ =~ (2.5 % 0.1) mV], spectral
intensity appears mainly in the energy interval f§ ~ (1.8 + 0.4) mV. As
a guide to the eye, the dashed—dotted lines indicate the gap edge at
eV= i(Atip + Asample). See Figures S6 and S7 of the SI for additional
data on this chain.

Figure 4, as well as Figures S4 and S5 in the SI for data on
additional chains).

The resonances persist throughout the chain but show local
intensity variations arising from confinement effects and
variations in the local potential.12 At zero energy, ie., at a
bias voltage ~ +A,, we observe resonances (or shoulders),
which might at first sight be reminiscent of Majorana states.
However, the zero-energy signal is present all along the chain
with no sign of localization at the chain end, in contrast to the
expected signature for Majorana zero modes.

Next, we explore the influence of the chain length on the
excitation spectrum in Figure 4 (data on additional chains with
different lengths are shown in the SI). For all chains, dI/dV/
spectra acquired at the end exhibit a rich subgap structure and a
sizable spectral intensity at > +A,. However, a similar spectral
intensity is also present in spectra recorded in the center of the
chains (in agreement with the chain presented above). We
investigated 23 chains with lengths ranging from 2.5 to 11.7
nm. None of them showed a localization of zero-energy
resonances at the chain end. One might argue that the distance
between the end states is within the Majorana localization
length. The states would then hybridize and lose their Majorana
character. The splitting should be more pronounced the
stronger the overlap, that is, the shorter the chain. However, we
do not observe any length dependence. Furthermore, the
localization length of Majorana states is expected to be on the
order of atomic distances.”' The absence of localization in any
of the chains suggests that the zero-energy features cannot be
assigned to a Majorana mode.
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Figure 4. dI/dV spectra acquired at the end and center, respectively, of
four chains with length ranging from 2.5 to 11.7 nm (tip positions
marked in the corresponding topographies). The spectra were
recorded with different tips with superconducting gaps of 1.35 meV
for panel a, and of 1.32 meV for panels b—d, respectively. As guide to
the eye the energy of the tip gap is marked by dashed lines. A spectrum
of the bare surface is superimposed in gray for comparison and divided
by four. The scale bars in the inset correspond to 2 nm. Spectra are
offset by 0.13 uS for clarity. See Figures S8—S10 of the SI for more
spectra of these chains.

These experimental results indicate the absence of Majorana
states although crucial ingredients for topological super-
conductivity and Majorana zero modes are fulfilled in our
system: a ferromagnetic chain with spin-polarized bands at the
Fermi level is coupled to an s-wave superconductor with strong
spin—orbit coupling.

For a theoretical interpretation, we model the band structure
of the linear Co chain. Following calculations for Fe chains,® we
employ bulk tight-binding parameters within a Slater—Koster
tight-binding approximation for the chain. Moreover, we
estimate the filling of the d bands based on the number of d
electrons in individual atoms. The s bands are higher in energy
and thus have no significant overlap with the d bands. Because
of the tendency to form a 2+ or 3+ oxidation state,
hybridization with the Pb bulk bands might empty the Co s
orbitals (for a more extensive discussion, see the SI). First
neglecting spin—orbit coupling (Figure 5a), two broad minority
bands cross the Fermi energy Ep, one of which is 2-fold
degenerate. In addition, a narrow, doubly degenerate band
originating from the d,, > orbitals lies close to the Fermi
level. This band might give rise to the resonance at —0.17 mV
which we observe in the dI/dV spectra on the Co chains. When
including spin—orbit coupling, all d band degeneracies are
lifted. Depending on the relative direction of magnetization and
chain, the bands are mixed and shift in energy. We find that,
unless the magnetization is perpendicular to the chain direction
(Figure Sb), the system has an even number of Fermi points
within half the Brillouin zone. Thus, even if most prerequisites
for the formation of Majorana modes are fulfilled, the
hybridization between these Fermi points would prevent the
formation of a topological phase. In the case of the Fe chain,
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Figure S. Tight-binding band structures of a linear Co chain with
interatomic distance a = 2.486 A and without coupling to the Pb
substrate. Panels a and b,c show results without and with spin—orbit
coupling, respectively. The spin—orbit coupling parameter is A, = 0.2
eV. In panel b, the adatom magnetization is perpendicular to the chain
direction. In panel ¢, the angle between magnetization and chain
direction is taken as 27/5. The exchange interaction splits minority
(blue) and majority (red) bands. The black dotted lines indicate the
chemical potential, which implies five Fermi points within half the
Brillouin zone for panel a, three points for panel b, and two points for
panel c, respectively.

the adatoms have one less d electron, resulting in a
correspondingly lower Eg. In this case, there are three Fermi
points, which would allow Majorana modes. We note, however,
that the number of Fermi points is more robust against changes
in Eg for Fe than for Co.

We finally comment on our observation of spectral weight in
dI/dV at zero energy. This might be a consequence of the
subgap band structure. It is possible that the induced gap is
below the experimental energy resolution of ~60 uV, the
coherence peaks associated with the gap edges would then not
be fully resolved and instead show as spectral weight at zero
energy. Clearly, the coherence peaks are a bulk feature of the
chain and the corresponding peaks in dI/dV should persist
along the entire chain.

In conclusion, motivated by the predictions of topological
superconductivity as a near universal feature in ferromagnetic
chains on superconducting Pb, we deposited Co on Pb(110).
Similar to Fe>'"'?

ferromagnetic order as evidenced by a homogeneous spin

Co forms one-dimensional chains with

polarization of the d bands. Furthermore, we resolved the spin-
polarized nature of YSR bands with the perspective to probe
the polarization of possible Majorana states™>*’
at lower temperatures. We observed zero-energy spectral

weight along the entire chains, albeit without a clear signature

in experiments

of localization at the chain ends, suggesting the absence of
topological superconductivity. A simple model of the one-
dimensional band structure of the transition metal chains
predicts an even number of Fermi points for Co, but a robust
topological phase for Fe chains. This highlights the importance
of the proper adjustment of the chemical potential to obtain a
topologically nontrivial phase. Our work shows that it is
rewarding to explore different adatom species as well as
superconducting substrates to gain a deeper understanding of
topological superconductivity in adatom chains.
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