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OBJECTIVES

The major goals of the project were: (i) Develop the accurate theoretical treatment of the proximity effect
between superconductors, ferromagnets, and insulators in conditions that are expected to lead to the realiza-
tion of non-abelian electronic states, i.e. electronic states that can be used to perform topological quantum
computing; (i) Understand how the presence of disorder, unavoidable in real systems, affects the conditions
for the realization of non-abelian states in realistic set-ups, and the manipulations of such non-abelian states
for quantum-éomputing purposes; (iii) Identify for realistic devices based on semiconductor quantum wells,
graphene, and magnetic topological insulators, in proximity of superconductors and ferromagnetic insulators
(or insulators with spin-orbit coupling), the conditions necessary for the realization of parafermions; (iv)
Theoretically identify the conditions necessary for the realization of the braiding of non-Abelian electronic
state in networks of wires taking into account the effects of disorder.

ACCOMPLISHMENTS

During the course of the project we have devel- an
.oped the theoretical and computational modeling of — 68}
superconductor-semiconductor heterostructures [1], in R m Ty
particular quasi 1D structures of the type currently em- LT
ployed to realize non-Abelian anyons such has Majoranas,
- schematically shown in Fig. 1 (a), using a self-consistent InAs |
Schrédinger-Poisson approach in which the semicondue- :T_(l — I 4 2 ;
tor (SM) and the superconductor (SC) are treated on equal Y : — g
footing. This approach allowed us to obtain the following Figure 1: (a) Sketch shoiving the transverse cross section
important results: (i) understand the conditions NECEssary  of u quasi 1D SM-SC heterostructure formed by supercon-
to achieve a strong coupling regime between the super- ducting Al and semiconducting InAs. V,, is the external gate
conductor and the semiconductor; (ii) describe the effects  Yoltage thatcan be tuned experimentally. The impurities are
> § 2.0 o | g assumed to be concentrated in the top, 2nm thick, layer of
of external electric fields. The !mdelsranclmg and quan- | (b) Square, [T[2, of the wave function for one of the
titative characterization of the effects due to the presence eigenmodes of the SC-SM nanowire taking into account the
of electric fields is particularly significant for the progress presence of disorder, for a single disorder realization.
toward the realization of SM-SC topological quantum
bits. We found that an external gate vo]tftge not only tunes the doping of the SM but it also strongly af-
fects the hybridization of the SM and SC states, see Fig. 1 (b), and therefore the size of the superconducting
gap induced, Aj,q, into the SM, see Fig. 2 (a), and the effective g-factor of the system. The size.of Aind
and the etfective g-factor are critical quantities for the determination of the topological phase, trivial or not,
of the system. Knowing how these quantities are affected by an external gate voltage allowed us to obtain,
for the first time, the topological phase diagram for a SM-SC nanowire as a function of the gate voltage, Ve
as shown in Fig. 2 (b). This is one of the most important results of this effort; previous works had obtained
the topological phase diagram in terms of the magnetic field, B, and the chemical potential (1), however,
experimentally what is tuned is Vy, not the chemical potential, We found that the topological phase diagram
in the (Vy, B) plane is quite different that the one in the (g, B) plane, :
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We then proceeded to include the ef-  (g)
fects of disorder [1]. In the most re- 0
cent experiments the dominant source i
of disorder are defects on the surface
of the SC opposite to the SM-SC inter-
face. For this reason we focused on the
effect of such disorder on the phase di-
agram of SC-SM nanowires. We ob- oat
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tained the scaling of the induced gap Ky ¥
with respect to V;, in the presence of (c)
disorder, Fig. 2 (c). The disorder, by =ik e s O

broadening the subbands of the SC, al- W

lows for a strong coupling between the ~ ;0or ' o v = :L
N . = —T—00e i ek wy L gepd
SC and the SM for a wider range of T oaf——azev =y by
p — 0.5 eV —— = 1Y aaf enzer
gate voltages, in very good agreement 0 A i :\K i ,L}ﬁ-\ PR
. ! R ; ol Py
with current experiments, By chang- 220 . . S Lup M

ing the effective coupling between the
SC and the SM, the disorder indirectly Figure 2: () Aina as a function of V, for a clean SC-SM nanowire. All the
affects the svetsin’s g-factor and thre- results shown in this figure are obtained assuming a band offset IV = —0.25 eV at
; s ys 5 Brie g the SC-SM interface that induces an accumulation layer in the SM, (b) Band gap
fore shifts the values of the critical ¢t = 0, ,, as a function of B and V,,, clean limit. The points where £, = 0
magnetic field necessary fo drive the identify the boundaries, shown by solid black lines, between trivial and topological
system into the topological phase, as phase. The stars denote the Ilnwest CI'i[iCﬂ.l n}agneltic‘ﬁeld Bclmi.l.necessaryllo drive
shown in Fig. 2 (d). The results of the system into the topological phase within a limited range of values of V. (c)
i . R Ajya as a function of ¥, for different values of the disorder strength Up. (d)
- Fig. 2 (d) required more than 2 millions B¢ uin for different values of the disorder strength,

simulations and are one of the most

important outcomes of this part of the _
work, especially considering their direct relevance to understand current experiments on Majoranas and to
design the next generation of SC-SM devices aiming to manipulate Majoranas to realize a topologically
protected quantum bit. A

In topological systems exhibiting non-abelian electronic states the presence of disorder can induce low energy
states that can significantly reduce the ability to use non-abelian states to perform quantum computations. For
this reason, in addition to studying how impurities can affect the topological phase diagram of quasi 1D SM-
SC heterostructures, as discussed above,-we investigated the effect of impurities on the low energy spectrum
of such systems, We first considered the case of isolated impurities [2] focusing in particular on the situation
when the impurities are located in the SC.

We found [2] that non-magnetic impurities can induce low-energy states both in the trivial and in the topo-
logical regime. Our results show that, in order to avoid the presence of low-energy impurity-induced states,
it might be beneficial to be in a regime in which the SC and the SM do not hybridize too strongly [2].

We have also made significant progress in developing the theory for the effects of many impurities. As for the
case of a single impurity, we found that the effect of many impurities located in the superconductor is strongly
dependent on the ratio between the eleetrons’ Fermi wave vector in the SM, kg, and SC, kp g¢:, as can be
seen from the qualitative differences between the results shown in the left and right panels of Fig. 3 showing
the low energy spectrum of two SM-SC Majorana nanowires with different values of the ratio kg n/krsc:.
We also find that, as in the single impurity case, the effect of the impurities becomes more important as the
coupling I'; between SM and SC increases.

Theoretical and experimental works have shown that topological superconducting states can be realized in
Josephson junctions (JJs) obtained by placing superconductors on a two-dimensional electron gas (2DEG)



having spin-orbit coupling.

_In this case both the phase difference between the
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superconductors, and a magnetic field in the plane @1, baleertt (b)14
" il o 0.8
of the 2DEG, must be present, and can be tuned (o dos
drive the system into a topological phase. Given the g~

robustness of the topological phase in the presence
of a finite phase difference between the supercon-
ductors forming the Josephson junction, this new ar-
chitecture to realize Majorana modes appears to be
very promising. So far Josephson junctions in which
the 2DEG is created on the surface of InAs and the
Superconductors are made of Al, have emerged as
the most promising, In the course of the project we
have started to investigate these systems.

One particular aspect of Josephson junctions in
which both a magnetic field and a strong spin-orbit
coupling are present in the normal region, is the
possibility of the presence of an “anomalous” su-
percurrent, i.e. a finite supercwrent even when
the phase difference between the superconductors is
- zero. Equivalently, such “anomalous” supercurrent
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Figure 3: Spectrum of a semiconductor-superconductor
Majorana nanowire in the presence of impurities in the su-

can be associated to the fact that the current across perconductor. (a), (b) show the results for an isolated im-
the junction is zero not when the phase difference purity. (c)-(f) Results for the case of many impurities for
is zero but when a finite phase difference is present, different strengths of the coupling, ', between the super-
i.e. for “anomalous” phase shift. The proper char- conductor and the semiconductor.

acterization of such anomalous 'phase shift and, in
.general, of the properties of the Al/InAs Josephson

- junctions is essential to elucidate the potential of these systems to realize topologically protected quantum
bits. In collaboration with the experimental group of Prof. Javad Shabani (New York University), we have
investigated the anomalous phase shift on Al/InAs Josephson Junctions.

One main advantage of the devices that we considered is that the
strength of the spin-orbit coupling can be tuned from close to zero to
as high as 150 meV-A by simply varying the electrons’ density via
an external gate. We investigated how such tunability can be used to
tune the properties of Josephson junctio:fs [3].

We have shown [3] the ability to tune the anomalous phase shift, ¢y,
via external gates that control the InAs doping. ¢g is measured via
a superconducting quantum interference device (SQUID), schemat-
ically shown in Fig. 4. One 11, J11, is kept biased with gate voltage
Vyl = —4 V, value for which the SOC is negligible, while the gate
voltage 1/_;2 for the other junction, JJ2, is varied. Figure 5 shows that
as V_‘? is changed from -4 V to 0 V, a phase difference, shown by the
star in the figure, appears between the current phase relation of JJ1
and J)2. This phase difference isthe anomalous phase shift ¢g. The
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Figure 4: Schematic of the SQUID geom-
etry used to measure the anomalous phase
shift due to the interplay of spin-orbit
coupling and magnetic field in InAs/Al
Josephson junctions.

ability to tune ¢y opens several new opportunities for superconducting spintronics, and new possibilities for
the realization and characterization of topological superconductivity and Majoranas in Josephson junctions.



In the last year and a half twisted bilayer graphene (TBLG) has

emerged as one of the most interesting and promising systems

in condensed matter physics. For specific, “magic” values, of .
the twist angle between the layers, TBLG exhibits strongly cor-
related ground states and, in particular, a superconducting state

with an extremely large ratio between the critical temperature

and the Fermi temperature. This makes the system extremely

interesting for several applications based on superconductiv-

ity and in particular for the realization of topological super-

conducting systems with Majoranas. We have investigated the

mechanism underlying the superconducting behavior of magic-

angle TBLG.

One of the main features of TBLG is the extreme flatness of
its bands. This favors the interaction of electrons. However,
according to conventional results, the superfluid weight, Dy, ,
directly proportional to the superfluid density, decreases with SQUID phase

the fAatness of the bands and so TBLG should have a vanish- Figure 5: 'Regulm for InAs/Al Josephson junc-
ing small superconducting critical temperature. Despite this, (ions. Profile of the critical current as a function
magic-angle TBLG superconducts at finite (and relatively high)  of the SQUID phase for two different values of
temperatures. Motivated by this apparent contradiction we have the gate voltage V,? for Junction JJ2 (see pre-
investigated how in magic-angle TBLG the superfluid weight vious figure). We see that as V,? increases an
can be significantly different from zero despite the extreme flat- anomalous phase shift appears (top figure).
ness of the bands. We have found [4] that in TBLG there are two contribution to D,: the “conventional” one
that vanishes as the bands become flat, and a “geometric” one due to the quantum geometry of the occupied
bands that can be zero even in perfectly flat bands. We found that at the magic angle the geometric contri-
bution dominates. Fig. 6 (a) shows how D, depends on the twist angle and shows that at the magic angle..
f = 1.05°, the geometric contribution to Dy is larger than the conventional one.
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Having obtained the temperature and twist angle dependence of D, we were able to calculate the Berézinskii-
Kosterlitz-Thouless transition temperature, Ty, as a function of different experimentally tunable parameters.
Fig. 6 (b) shows 1 as a function of #, from which we can see that at the magic angle T is visibly smaller
than the critical temperature, 75, above which the superconducting order parameter vanishes.

We have also studied twisted bilayer systems in which one layer

is graphene and the other is a superconducting monolayer of +§Eﬂ'\|" (;_) :
NbSey [5]. We have built a continuous low-energy effective \ "By
model that takes into account the presence of a twist angle \ :

between graphene and NbSes, and of spin-orbit coupling and -"|--'--(};5—'\—lfr—j“l :

- superconducting pairing in NbSe;, We obtained the parame- 0
ters entering the conlinum{s model via a{: initio calculations, Figut;e 6: (a3 Superfiuid weight, D, and (6T,
Our results show that despite the large mismatch between the Ty as functions of twist angle for twisted
graphene’s and NbSep’s lattice constants, due to the large SIZC  bilayer graphene.

of the NbSea's Fermi pockels, there is a large range of values

of twist angles for which a superconducting pairing can be in-

duced into the graphene layer. The most intriguing result is that the size of the superconducting gap induced
by proximity into the graphene layer can be be significantly tuned by varying the twist angle, as shown in
Fig. 7.

.Graphene nanoribbons (GNRs) offer many potential advantages for the realization of scalable Majorana de-
vices: (i) they are almost ideal 1D systems with very few subbands; (ii) they can now be synthesized with
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atomic control of their edges via bottom-up approaches; (iii) their electronic properties can be tuned via edge

- and width engineering.
During the course of the project, we have investigated how the
electronic properties of GNRs are affected and can be tuned by
the proximity of the materials that one would use Lo realize a
GNR-based Majorana device, :

Given that any high quality GNR-based device would most

likely involve the use of high quality hexagonal boron nitride
(hBN) as dielectric, our first study in this direction focused on
how the presence of hBN would affect the electronic structure
of GNRs [6]. There are two types of GNRs: armchair GNRs
(AGNRs) in which the edges can be seen as a sequence of
atomic scale armchairs, and zigzag GNRs (ZGNRs) in which

the edges have a zigzag profile. ZGNRs are expected (o have:

edge modes in which the electrons’ spins align ferromagnet-
- ically (FM) along the edge and antiferromagnetically (AFM)
between edges. For pristine ZGNRs the edge modes are spin
degenerate: the mode with spin up on the left edge has the same
energy as the one with spin down on the right side, see Fig. We
found that by placing a ZGNR on hBN this degeneracy can be
broken, as shown in Fig, 8 (b). This is due to the fact that the
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Figure 7: Results for twisted graphene/NhSe,
bilayer,
the superconducting gap, Aj,q, induced into the
graphene layer by proximity.

Dependence on the twist angle & of

edges of ZGNRs placed on hBN can see different electrostatic potemlals depending if they are close to the
boron or nitrogen atoms, as shown at the bottom of Fig. 8 (a). The possibility to break the spin degeneracy in

GNRs without having to introduce a magnetic field to
break (ime reversal symmetry is very interesting because
the breaking of spin degeneracy is necessary to realize Ma-
jorana states and, on the other hand, the introduction of -
magnetic fields is always deleterious for superconducting
pairing, another necessary ingredient for the realization of
Majoranas. We also find the very interesting result that the
size of the spin splitting, for ZGNRs placed on hBN, can be
controlled in sign and magnitude via a shift (r5”, d,) of the

position of the ZGNRs with respect to the hBN substrate {9
along the ZGNR’s longitudinal or transverse direction as % *
shown in Fig. 8 (¢), (d). ' 5 2: P
Another important ingredient for the formation of Majo- 5 -20;‘;:"
ranas is spin-orbit coupling (SOC). Notoriously graphene “"’:h'

has negligible SOC. If one wants to use GNRs to realize
Majoranas a way should be found to enhance their SOC,
We have investigated the possibility to induce a signifi-
cant SOC in GNRs by placing them in proximity of transi-
tion metal dichalcogenides (TMDs) that have a very strong
SOC. In a TMD the spin splitting induced by SOC has op-
posite sign at the K and K’ points of the Brillouin zone
(BZ). By placing a GNR on a TMD the system can only
preserve the periodicity along the longitudinal direction
of the GNR and therefore the two dimensional BZ of the
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Figure 8: Results for GNR on hBN, (a) Schematic
of the way in which hBN can induce the breaking of
the spin degeneracy of the edge states of a ZGNR.
(b) Low energy band structure of a ZGNR placed on
hBN showing the spin splitting Ay of the GNR’s
edge states induced by hBN. (c), (d) Spin splitting
for a ZGNR on hBN as a function of parallel and
perpendicular shift, respectively.



TMD gets folded to a 1D BZ. The K and K’ points of the TMD’s BZ are folded on the line that denotes the
direction of the GNR. Depending on the relative orientation, shown by the dashed green lines in Fig. 9 (a), (b),

()

we have that the TMD's bands at the K and K’s can either fold
back to the same point, Fig. 9 (a), or to different points of the
ID BZ of the GNR-TMD system, Fig. 9 (b). In the first case,
that in our notation corresponds to a 0° twist angle, we expect
that the SOC effect on the GNR bands induced by the TMD
will be very small due to the fact that the TMD’s spin splitting
is opposite at the K and K’ point,

We can expect that the SOC induced into the GNRs by the
TMD will be maximum when the 1D BZ of the GNR-TMD
heterostructure is along the direction shown in Fig. 9 (b), i.e.,
) 90° in our notation. Using first-principles we have
obtained the electronic structure of GNR-TMD heterostruc-
tures [7]. We have considered both the case when the TMD is
a semiconductor, such as MoSes, or a metal, such as NhSes,
Figures 9 (c), (d) show the primitive cells for the § = 0°,

6 = 90°, AGNR-NbhSes heterostructures considered, respec-

tively. Figures 10 (a), (b) show the low-energy bands for a
AGNR-NbSes heterostructure for the case when @ = 0 and
90°, respectively: the dots highlights the states that are local-
ized on the ribbon, Figures 10 (¢), (d) show the corresponding
spin splitting. We see that the spin-splitting in Fig. 10 (c), cor-
responding to # = 90°, is almost an order of magnitude larger
than for § = 0, shown in Fig. 10 (d). This confirms our expecta-

8=0 (b) ©=mn2

Figure 9: (a), (b) schematic showing the effect
of the twist angle ¢ on the folding of the TMD's
BZ to the |D BZ of the GNR/TMD system. (c),
(d) Primitive cells for the 0 = 0°, § = 90°,
AGNR-NDhSes heterostructures considered, re-
spectively

tions, shows that the proximity of TMDs can strongly enhance the SOC of GNRs, and tlnl such enhancement

can be tuned by changing the twist angle 6.
We have made a significant progress to characterize in re-

alistic conditions the electronic states of heterostructures ——020 Rl i L
formed by a 2D systems in the quantum Hall (QH) regime o & - | S : '\“-.\',,\ e 88
and a superconductor. We have developed simplified an-- 2 | Ly N
alytical models that include the effects of spin splitting | ° e :: L :5
(due to the Zeeman term) and valley splitting and how 0 | .,T, .:ﬁ : u
the details of the interface between the QH and the SC (™ M R
affects the hybridization of the QH edge states with the 5 o '? LS
SC's states. Figure 11 shows the profile in real space of 3 *| .+ . ° v 3 L ®

the square of the lowest energy wave function, (i, y). = s on  om  w . gw o
in a QH-SC system for two slightly different values of ol ah

the chemical potential, i, in the QH system, We sce that  Figure 10: (a), (b) Low energy bands of AGNR-

small differences in the value of 1 strongly affect the pro-
file of the wave function close to the interface between the
QH system and the SC, shown by the dashed blue line.

The details of the profile of 4 at the interface, in turn,
strongly affect the transport properties and strength of the

NbSey heterostructure corresponding to § = 0, § =
90°, respectively. (c), (d) Spin splitting due to the
spin-orbit coupling induced by proximity in to the
armchair GNR for # = 0, # = 90°, respectively.

pairing when two counter-propagating QH edge modes are present. Our results show that to achieve non-
negligible pairing, necessary to form Majoranas and parafermions in these systems, it is necessary to carefully -
tune the electrostatic potential at the interface between QH and SC.



We have obtained the transport properties of graphene,
and bilayer graphene, when placed on top of a topo-
logical insulator [8]. We have found that these systems
ideally combine the high mobility of graphene and the
strong spin-orbit coupling of topological insulators (TIs)
giving rise to strong spin-dependent transport properties.
The results presented in Fig. 12 (b) and (c) show that

in graphene-T1I heterostructure we can have an extremely -

large current-driven spin accumulation, quantified by the
quantity x**u, much larger than the (already very larger)
one of an isolated TL

We have also shown that a strong coupling between spin
and charge transport in systems like graphene-TI het-

erostructures is present even when the tunneling between -

the two systems is predominantly random [9], a situation
that is relevant for many devices fabricated for technolog-
ical applications.

Higher order topological superconductors (HOTS) are a
very novel and very interesting class of systems in which
non-Abelian fermionic states can be realized. In partic-
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Figure 11: Results for QH-SC systems. Profile in real
space of the local density of states for two slightly
different values of the chemical potential in the QH
system. The blue dashed line shows the boundary be-
tween QH and SC.

ular, 2D HOTSC might allow for novel and simpler ways to braid non-Abelian states. We have studied
the superconducting instabilities of higher order topological quadrupolar semimetals [10]. We focused on

superconducting

states obtained through .s-wave superconducting
pairing, and identified higher-order topological su-
perconductors that may manifest surface and/or -
hinge states, as shown schematically in Fig. 13. We
found that some of the higher-order topological su-
perconductors that we obtained ‘are gapped in the
bulk, but have 2D nodal Dirac superconductors on
their surfaces, and flat bands of quasiparticle states
on their hinges. We termed such superconductors
second-order Dirac superconductors, Fig, 13 (a).
"We also obtained higher-order topological supercon-
ductors with gapped surfaces and non-chiral hinge
states. We found that the hinge states are only
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present when the surfaces are gapped by a Zeeman Figure 12: (a) Sketch showing a graphene-TI-FM heterostructure
term H,, Fig. 13 (b), are localized at only two of the and the spin density accumulation on the top and bottom surface

four hinges, and that the pair of corners that exhibit

of a topological insulator (TI) induced by a cuirent in the ¥ direc-
tion, (b) Spin-current response x*2u as a funetion of the Fermi

the 1D non-chiral states is controlled by the sign of ¢pergy ¢ when the exchange field A = 20 meV (A = 0), solid
the Zeeman term. (dashed) lines, for different heterostructures comprising topologi-

We have then considered the possibility to realize

cal inm!iuto_r (TI), Ferromagnet (FM), single layer graphene (SLG)
and bilayer graphene (BLG). (¢) Enhancement of the spin-current

Majorana states at the end of vortex lines in super- ~ response X**“¢ in a TI-BLG system compared to TI alone as a
conducting higher order topological insulators [11]. function of the Fermi energy e and difference, 6z, between the

We have shown that differently from the case of a
“regular” superconducting TI, in a superconducting .
higher order TI (HOTI), the properties of the Majo--

chemical potential of the TT and BLG. (d) x*=*/» for TI-BLG in
the limit of no tunneling between TI and BLG.



rana in the vortex can depend strongly on the position of the vortex with respect to the edges of the system.
In addition, we have shown that vortices placed in a superconducting higher order T1, exhibit a pair of phase

transitions as a function of doping, as shown in Fig. 14 (b). The

c o . h b) hse + H
first transition is a surface phase transition after which the Ma- . @113 (6] B + Hy

joranas appear. The second transition is a topological transition X8
of the vortex. We found that the surface transition appears be- S E
cause of the competition between the superconducting gap and X

the local time-reversal breaking gap on the surface.

We have also completed an invited topical review [12] on “Van
der Waals heterostructures with spin-orbit coupling” that will = -
be published in the “Annalen der Physik” in which we discuss .Figure 13: (a) Schematic of the band structure
recent work on van der Waals systems in which at least one ©n the surface and at the hinges of a second-
layer has strong spin-orbit coupling. Our work for the project ©rder Dirac superconductor. (b) Schematic ofa
has shown that these systems have extremely interesting prop- highée-order tapologieal superconductors wifh

L - o . ~ . gapped surfaces and non-chiral hinge states in-
erties and can be engineered to realize non-Abelian fermionic duced by a Zeeman term H..
states.

IMPACT

Our work on the effect of electric fields on the topological
phase diagram of Al/InAs Majorana nanowires is a very
significant contribution toward the understanding of the *¢
properties of these systems and the improvement of their
design, improvement that is needed to use them to real- =5 T
ize topologically protected quantum bits. The impact of i Hiie=0) ‘
this work is recognized by the fact that in slightly more Figure 14: Spectrumof a vortex at k = O as a function
than a year the work has collected already more than Qt j+ for (a) a superconducting TI (b) a superconduct-
4() citations. Similarly, the work on the effect of impu- ing HOTL

rities on the spectrum of semiconductor-superconductor

heterostructure is essential to correctly detect and manipulate non-Abelian states in realistic conditions f01
what has so far been the most promising platform.
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The work on the anomalous phase-shift of Al/InAs Josephson junctions is a significant advance in the field
of Josephson junctions for two reasons: (i) it shows that in Al/InAs Josephson junctions it is possible to have
a very large anomalous supercurrent; (ii) it shows that such supercusrent can be tuned simply via an external
gate. Both facts are extremely significant for the prospects of “superconducting spintronics™ and for the use
of Josephson junctions to realize non-Abelian states and topologically protected quantum bits,

Our work on graphene nanoribbons has been the first (as far as we know) to study how the electronic struc-
ture of the ribbons can be engincered to have large spin-splittings by integrating them in heterostructures
comprising transition monolayer dichalcogenides and hBN. Large, spin-orbit-coupling-induced, spin split-
tings are essential for the prospects of using graphene nanoribbons to realize non-Abelian states and possibly
topologically protected quantum bits.

Our work on twisted bilayer graphene provides a significant advance toward the understanding of the su-
‘perconducting states of this system. In the past few years the importance of geomeltric phases of electronic
materials has become one of the central themes in condensed matter physics. For the past 15 years almost
all the effects discussed of such phases were related to transport properties, in particular unusual transport
properties arising from the presence of topologically protected edge states of an otherwise insulating bulk,
Our work on twisted bilayer graphene is one of the few works in which the connection between the quantum



geomelry of the electronic states and other observables such as the Berezinskii-Kosterlitz-Thouless transition
-temperature is pointed out. In addition, our work does this quantitatively for a system for which several
experiments are available and therefore significant progress can be made by comparing theoretical and ex-
perimental results to understand the relation between band geometry and quantities such as superfluid weight
and the Berezinskii-Kosterlitz-Thouless transition temperature.

The work on graphene-NDhSeq shows that this is a promising system in which the superconducting properties
can be tuned and optimized. In combination with our work on graphene nanoribbons heterostructures this
work offer a path toward the realization o quasi [D systems with ideal properties to realize non-Abelian states
and topologically protected quantum bits.

Our work on the transport properties of van der Waals heterostructures in which at least one of the layers has
strong spin-orbit Louplmg is an important step to understand the potential of these systems for technological
applications.

Our work on higher order topological superconductors is one of the first and necessary steps to understand if
and how higher order topological materials are promising systems to realize non-Abelian states in a controlled
way. '
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