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The interplay of superconductivity with non-trivial spin 
textures is promising for the engineering of non-Abelian 
Majorana quasiparticles. Spin–orbit coupling is crucial for the 
topological protection of Majorana modes as it forbids other 
trivial excitations at low energy but is typically intrinsic to the 
material1–7. Here, we show that coupling to a magnetic tex-
ture can induce both a strong spin–orbit coupling of 1.1 meV 
and a Zeeman effect in a carbon nanotube. Both of these fea-
tures are revealed through oscillations of superconductivity-
induced subgap states under a change in the magnetic texture. 
Furthermore, we find a robust zero-energy state—the hallmark 
of devices hosting localized Majorana modes—at zero mag-
netic field. Our findings are generalizable to any low-dimen-
sional conductor, and future work could include microwave 
spectroscopy and braiding operations, which are at the heart 
of modern schemes for topological quantum computation.

Hybrid superconducting nanoscale systems are appealing for 
fundamental studies of how superconducting correlations are 
altered when the spin and motion of electrons are coupled3–7. 
When a superconductor is connected to a nanoscale conductor, 
which hosts few coherent channels, the superconducting correla-
tions give rise to a discrete spectrum inside the superconducting 
gap, called Andreev bound states. Whereas these states are now 
well understood in conventional set-ups, their fate in topologically 
non-trivial materials is the subject of intense activity. One particu-
larly striking feature of those systems is the possible emergence of 
Majorana modes.

Engineering robust Majorana modes in hybrid quantum devices 
requires non-collinear spin orientations and superconductivity. 
This can be achieved through the interplay of a homogeneous mag-
netic field and spin–orbit coupling. Alternatively, it has been theo-
retically proposed that these ingredients could be synthesized at the 
microscopic level by mimicking both a spin–orbit coupling and a 
Zeeman splitting using a magnetic texture8–15, as sketched in Fig. 1a.  
Here, we demonstrate such a device using a single-walled carbon 
nanotube (our one-dimensional conductor) connected to two 
superconducting electrodes and coupled to a proximal magnetically 
textured gate. Within the superconducting gap we observe subgap 
states (SGSs) whose energies oscillate as a function of the external 
magnetic field. This is direct evidence that we have induced a large 
synthetic spin–orbit interaction in the nanotube and observed its 
interplay with spinful Andreev bound states. We finally observe a 
zero-bias conductance peak (ZBP) that is stable in the magnetic 
field, which is compatible with the emergence of Majorana modes 
in our set-up.

A magnetic field oscillating in space is mathematically equiva-
lent to a Rashba spin–orbit interaction combined with an effec-
tive constant magnetic field8–15. The period of the oscillations 
λ sets the spin–orbit energy, and their amplitudes set the magni-
tude of the effective field. Several methods have been suggested 
to induce a suitable oscillating field, such as the spin helix arising 
from nuclear spins interacting through an RKKY interaction10 or 
specific patterns of micromagnets9,11–13. Such a scheme is expected 
to be robust to imperfections of the magnetic texture13,16. In this 
work, we elaborate on these theoretical approaches and use a single 
magnetic material whose domain structure gives rise to a cycloidal-
like dipolar field along the nanotube, as depicted in Fig. 1a. Our 
device is shown in Fig. 1b,e. A single-walled nanotube is stamped 
onto a magnetic [Co(1.5 nm)/Pt(1.0 nm)]10/AlOx multilayer bottom 
gate, which is capacitively coupled to two gate electrodes G and G′ 
(see Supplementary information). The Co/Pt is expected to have a 
small pitch and an out-of-plane anisotropy, giving rise to several 
domains over the length of the nanotube with a strong stray field of 
about 0.4 T. The magnetic force microscope (MFM) picture shown 
in Fig. 1e gives evidence of magnetic domains in the bottom gate 
with a typical size of about 100 nm (see Supplementary Information 
section 5). An external magnetic field Bext changes the magnetic 
structure and can therefore reveal the existence of the synthetic 
spin–orbit interaction.

Superconducting correlations are induced by connecting the 
nanotube to two Pd(4 nm)/Nb(40 nm) superconducting electrodes. 
We address the discrete spectrum induced by the superconductor 
by transport spectroscopy3–7. The typical measurement of the dif-
ferential conductance Gdiff as a function of source–drain bias Vsd is 
shown in Fig. 1c. The conductance displays a well-defined energy 
gap of about 550 μeV containing two peaks symmetric with respect 
to zero bias. These two peaks signal SGSs arising from supercon-
ducting correlations. As sketched in Fig. 1d, our measurements are 
equivalent at low energy to conventional tunnel experiments as a 
consequence of the finite density of states at the Fermi energy in 
one of the two superconducting contacts (contact 2). Such a resid-
ual density of states in the superconducting leads is systematically 
observed in our devices (see Supplementary information) and has 
also been reported by other groups (see for example ref. 17). The 
global shape of the conductance curve is well accounted for by the 
quasi-classical description of superconductivity in the electrodes, 
based on Usadel equations, and reveals that contact 1 displays a well-
defined superconducting hard gap. The large subgap slope is shown 
to arise mainly from a residual pair breaking in the superconductor 
(see Supplementary information). The ratio between the high-bias 
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conductance and the zero-bias conductance (which measures the 
‘hardness’ of the gap) is about 45, which compares favourably with 
the recently reported values in semiconducting nanowires5.

One of the main findings of our experiments is displayed in  
Fig. 2b. In this colour-coded map of Gdiff as a function of Vsd 
and Bext, we observe the evolution of the SGSs under an external  
magnetic field. Strikingly, they display oscillations with a period of 
about 600 mT (±10% from one magnetic sweep to another). We can 
resolve up to three oscillations around the mean energy of 220 μeV, 
together with the expected slow reduction of the superconducting 
gap, as shown in Fig. 3a. Such a behaviour is unusual for SGSs and 
has not been observed in other systems. It stems from the progres-
sive alignment of the magnetic domains with the global magnetic 
field. This can be understood more precisely from the energy dis-
persion of electrons subject to a rotating magnetic field E(K) with 
wavevector K, shown in Fig. 2a. The interference conditions defin-
ing the energies of the SGSs are set by the wavevector difference ΔK 
between right-moving and left-moving electrons with non-orthog-
onal spin eigenstates. A variation of the magnetic domains induces 
a shift k in the wavevectors K. Near the helical gap, where the spin 
states are not orthogonal, a term 2kL (where L is the confinement 
length) is added to the interference condition: ESGS ≈ ±ESGS,0(1 + a
cos[2ΔK(Bext)L]) where ΔK(Bext) = ΔK(Bext = 0) + 2k(Bext) and a is 
the relative amplitude of the oscillations. The magnetic field depen-
dence of the SGSs is well accounted for by this formula under the 
assumption that the spin–orbit strength decays linearly as the field 

increases, up to a saturation field of about 1 T. Such an evolution of 
the synthetic spin–orbit energy is supported by magnetic measure-
ments as well as micromagnetic simulations (see Supplementary 
information). The number of oscillations N sets the range of modu-
lation of k(Bext) and therefore allows us to give a lower bound for 
the induced spin–orbit energy at zero magnetic field: Eso≳δN=2

I
 

(see Supplementary information). From the number of oscilla-
tions in Fig. 2b for Bext > 0 (N ≈ 1.5) and the extracted level spacing 
(δ ≈ 1.5 meV, see Supplementary Fig. 2), we deduce Eso≳1:1meV

I
. 

This is of the order of the simple estimate for a linear spectrum12,13 
Eso ¼ hvF

2λ ¼ δ L
λ

I
, where vF is the Fermi velocity in the nanoconductor 

and L/λ ≈ 2 (five domains), inferred from the MFM image in Fig. 1e.  
This spin–orbit energy is larger than that found in InSb or InAs 
nanowires (respectively 0.25–1 meV and 0.015–0.135 meV; ref. 18).

We can reproduce the oscillations of the SGSs with simulations 
based on the scattering theory, with δ ≈ 1.5 meV and a supercon-
ducting gap Δ ≈ 0.6 meV extracted from the data, an amplitude of 
the stray field Bosc of 400 mT extracted from the magnetic simu-
lations and a chemical potential close to the helical regime (see 
Supplementary information). These oscillations are robust to dis-
order in the magnetic texture and can be qualitatively reproduced 
from the spatial field evolution inferred from the MFM data of Fig. 1  
(see Supplementary information).

To further understand the specificity of our device, we realized a 
control device without the magnetic texture. We do not observe the 
presence of subgap states that oscillate with the magnetic field, but 
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Fig. 1 | Hybrid superconductor–nanotube–magnetic texture set-up. a, Schematic of the multilayer magnetic texture with up and down domains (white 
and black arrows) inducing the rotating magnetic field Bosc in space (red line) leading to the synthetic spin–orbit interaction. b, Enlargement of the device 
showing the single-walled carbon nanotube (CNT, in red). The bottom gate is multilayered Co/Pt. The source and drain superconducting electrodes are 
made from Pd/Nb. A longitudinal magnetic field Bext can be applied. c, Conductance G as a function of source–drain bias Vsd; the device displays a well-
defined gap (of width 2(Δ + Δ′)) with two symmetric SGSs at energy E, enlarged in the inset. The ‘hardness’ of the gap is measured by the ratio of G values 
marked by the star and the circle. d, Density of states (d.o.s.) as a function of energy ε extracted from the conductance fit. We extract the d.o.s. arising 
from the coupling between the nanotube and the left superconductor (of gap Δ), and the d.o.s. of the right superconductor (of gap Δ′). The d.o.s. curves 
are filled with light or dark grey depending on the value of the Fermi function. The right superconductor has a residual d.o.s. at zero bias, allowing for 
direct spectroscopy of the SGSs. e, MFM phase map of the device (in arbitrary units) showing the magnetic texture of the bottom gate. The up and down 
domains are highlighted by black and yellow circles, respectively. Below the phase map we show the magnetic signal along the direction indicated by the 
turquoise arrows. The signal is coloured in blue when above the magnetic texture. It displays field modulations (highlighted by the yellow and grey stripes) 
on a scale of about λso = 200 nm along the nanotube (dashed red line).
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only the closing of the superconducting gap and a linear splitting of 
a quasiparticle resonance coming from a finite density of states in 
the carbon nanotube (Fig. 3b). The quasiparticle resonance simply 
splits in Bext with a slope gμB where μB is the Bohr magneton (giving 
a Landé factor g ≈ 3.5), and the superconducting gap closes over a 
critical field Bc ≈ 500 mT. Under a zero or weak constant spin–orbit 
interaction, SGSs should display crossing oscillations with a period 
~Bext
I

 of the order of δ/gμB. This corresponds to Bext = 5 T for the SGSs 
in the control experiment, which explains why they stay pinned 
to the superconducting gap until it closes. Figure 3c summarizes 
possible behaviours for the SGSs under a magnetic field. They are 
illustrated in Fig. 3d with tight-binding simulations of the density 
of state in a one-dimensional conductor connected to a supercon-
ductor. The left and central panels describe the evolution of SGSs 
in a conductor with no (left) and intrinsic (centre) spin–orbit  
interaction as a function of an external magnetic field. The right 
panel describes the evolution of SGSs subject to a cycloidal mag-
netic field under a variation of its period. In the magnetic device, 
the period of the oscillations with the external field is only com-
patible with a modulation of the induced spin–orbit interaction 
through the progressive alignment of the magnetic domains. The 
oscillations thus point unambiguously to the non-trivial character 
of the observed SGSs.

The large measured value of the spin–orbit interaction is an 
important prerequisite for driving a hybrid device into the topologi-
cal regime, where zero-energy Majorana modes can emerge. In all 

the devices experimentally investigated so far, this has only been 
pursued by applying a large external magnetic field with severe con-
straints on network designs, Majorana mode lifetimes and coupling 
to superconducting quantum circuits. By contrast, our magnetic 
texture is equivalent to both a finite, large spin–orbit interaction and 
an external magnetic field. Our device could host Majorana modes 
without any external magnetic field, thus lifting these constraints.

In our set-up, superconductivity is induced from the side into 
the helical region through the superconducting proximity effect. 
Although this is a slight difference compared with other experi-
ments, it can in principle lead to Majorana modes18–21 (see also 
Supplementary information for a more developed discussion of 
this possibility). In Fig. 4a, at zero external field, a ZBP emerges 
when gate G is tuned at Vg > 0.5–0.6 V. We note that this gate does 
not affect the SGSs or the superconducting gap; it affects only the 
appearance of the ZBP along with a slight increase in the conduc-
tance background. The ZBP has a width of about 150 μeV, as shown 
in Fig. 4b, and a height of about 0.05 e2/h, comparable to the recent 
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findings in semiconducting nanowires (see for example ref. 7; this 
reduced height can have several origins22). In our case, the energy 
dependence of the probe contact density of states lowers the ZBP 
conductance, which cannot be mapped directly onto its spectral 
weight. In Fig. 4d, we measure a large magnetoresistance of 20% for 
this ZBP, accompanied by a hysteretic behaviour, which is a signa-
ture of the effect of the magnetic texture. This strong dependence 
at small magnetic fields could come from local reconfiguration of 
the magnetic domains. This is consistent with the expected spatial 
localization of the state corresponding to the ZBP. In contrast, the 
finite energy SGSs are not affected by a small magnetic field (see 
Supplementary Figs. 7 and 16). Finally, Fig. 4c displays a conduc-
tance map in which the ZBP is robustly pinned at zero energy at 
a large external magnetic field. These features are compatible with 
the ZBP, indicating the presence of Majorana zero modes (see 
Supplementary information for more control experiments).

To conclude, we have demonstrated a device with a synthetic 
spin–orbit interaction induced by a proximal ferromagnetic mul-
tilayer producing an inhomogeneous local magnetic field. This 
spin–orbit interaction extensively modifies the superconducting 
correlations induced by superconducting contacts and allows us to 
observe a ZBP suggestive of a Majorana mode without any external 
magnetic field. By relaxing the constraint of an external magnetic 
field, our set-up is suitable for advanced experiments that would 
unambiguously23–25 characterize Majorana modes with the tools of 
circuit quantum electrodynamics (cQED) circuits26–29. The built-
in two-dimensional pattern of our magnetic textures may also be 
of interest for braiding schemes30, which will require networks of 

Majorana modes with local and autonomous generation of topo-
logical superconductivity.
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LettersNature Materials

Methods
Fabrication of the devices and measurement techniques. A 150-nm-thick Nb 
film is evaporated on a high-resistivity Si substrate at a rate of 1 nm/s and a pressure 
of 10–9 mbar. A microwave cavity (see Supplementary Information) is subsequently 
made using photolithography combined with reactive ion etching (SF6 process). An 
array of bottom gates is then made with two e-beam lithography steps in a 100 μm2 
opening of the cavity ground plane near the central conductor. First, we etch 
750 nm × 36 μm trenches of 60 nm depth with reactive ion etching (CHF3 process). 
Second, we deposit a Ta(4 nm)/Pt(4.5 nm)/[Co(1.5 nm)/Pt(0.9 nm)]10/Pt(3.6 nm)/
Al(4 nm) multilayer bottom gate inside the trenches, 100 nm thinnger. This 
magnetic stack is chosen to promote spontaneously magnetic textures consisting of 
magnetic stripes with up and down magnetization directions with a narrow period. 
The Pt/Co interfaces induce a perpendicular anisotropy energy that partially 
compensates for the shape anisotropy that would induce an in-plane magnetization. 
The thickness of the Co and the number of repetitions are chosen to increase the 
dipolar energy (the driving force of the stripes formation) and to maximize the 
stray field above the sample to about ±400 mT. All the layers in the sample are 
strongly coupled through their magnetic stray field and belong to a single and 
continuous magnetic texture. Carbon nanotubes are grown with the chemical 
vapor deposition technique at about 900 °C using a methane process on a separate 
quartz substrate and stamped above the bottom gates20. The quartz substrate was 
previously processed so that a few pillars with a height of 4 μm and surface areas 
of 10 μm × 5 μm are aligned with the cavity openings and come in contact when 
stamping (see the stamping marks in Fig. 1a). The nanotubes are then localized, and 
those that correctly lie on a bottom gate are contacted with Pd(4 nm)/Nb(40 nm). 
The Nb layer is evaporated at a rate of 1 nm s−1 and pressure of 10−9 mbar while the 
substrate is cooled to 0 °C. During this last e-beam lithography and evaporation 
step, gate electrodes are also patterned to capacitively couple the bottom gate to 
a d.c. gate voltage Vg′ (corresponding to gate G′) and to the a.c. potential of the 
central conductor of the cavity. An additional gate G is capacitively coupled to the 
central core of the cavity, and a voltage Vg can be applied.

The d.c. measurements are made using standard lock-in detection techniques 
with a modulation frequency of 137 Hz and an amplitude of 10 μV. The base 

temperature of the experiment is 18 mK. An external magnetic field can be applied 
along the direction of the tube.

Three control devices were also fabricated to investigate SGSs (their transport  
characteristics are presented in Supplementary Figs. 8 and 9). Device A was 
fabricated with the same technique as the magnetic device, with an Ni/AlOx 
bottom gate and Pd/Al superconducting contacts. Devices B and C were fabricated 
with a slightly different fabrication technique; the Co/Pt gate was replaced  
by a Ti(5 nm)/Al(100 nm) bottom gate, and the superconducting contacts  
are in Nb/Pd.

Conductance peaks for device B are reproduced in Fig. 3b. The chemical 
potential is tuned through an additional (NbOx) gate that forms a fork around 
the bottom gate, noted Vg in the characterization. In a similar fashion, the carbon 
nanotube was connected to two Nb(150 nm)/Pd(4 nm) superconducting electrodes. 
The d.c. measurements are made at a modulation frequency of 77.77 Hz and an 
amplitude of 15 μV since the signal is smaller.

To summarize the reproducibility of our devices, we have fabricated more than 
ten magnetic texture devices, but only one had the right parameters to probe the 
physics of subgap states (obtaining large tunnel rates to the superconducting leads, 
in particular). We have also fabricated about 20 control devices without the Co/Pt 
texture, among which only 3 had sufficiently good contacts to measure transport. 
All the devices that had good enough superconducting contacts to perform 
transport measurements (one device with Co/Pt texture and three without) were 
of S-CNT-S′ type with S having a hard gap and S′ having a residual in-gap density 
of states.

Data availability
The authors declare that the main data supporting the findings of this study are 
available within the article (main text, methods and Supplementary information). 
Extra data are available from the corresponding author on reasonable request.

Code availability
The codes used in this paper are available at https://github.com/Exopy.

NATuRE MATERiALS | www.nature.com/naturematerials

https://github.com/Exopy
http://www.nature.com/naturematerials

	Synthetic spin–orbit interaction for Majorana devices
	Online content
	Acknowledgements
	Fig. 1 Hybrid superconductor–nanotube–magnetic texture set-up.
	Fig. 2 Oscillations of the subgap states and synthetic spin–orbit interaction.
	Fig. 3 Control experiment and phenomenology of subgap states under a magnetic field.
	Fig. 4 Zero-bias peak.




