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ARTICLE INFO ABSTRACT

Keywords: Moiré superconductivity represents a new class of superconducting materials since the discovery of supercon-
Moiré Superconductors ductivity in magic-angle (1.1°) twisted bi-layer graphene (MATBG), forming a Moiré lattice with a much bigger
Twisted bilayer graphene crystal parameter as the original lattice constant of graphene. Hence, experimentally changing the Moiré twist

Magic angle

Multilayer graphene stacks
Superconducting transition temperature
Roeser-Huber formalism

angle, 0.93° < © <1.27, leads to a variation of the superconducting properties and enables a new way of engi-
neering 2D superconducting materials. Details of the robust superconducting state of MATBG as function of
charge carrier density, temperature and applied magnetic fields are reviewed. The influence of the top/bottom
hexagonal boron nitride layer thickness on the superconducting properties of MATBG was also demonstrated in
the literature. In all fabricated MATBG devices, changing of the charge carrier density leads to the appearance
of insulating, metallic and even ferromagnetic states, which separate several superconducting domes in the
phase diagram (longitudinal resistance, R,,, as function of temperature T and charge carrier density, n).
Further works have considered MATBG combined with WSe,-layers, twisted bi-layer WSe,, magic-angle tri-
layer graphene (MATTG), and most recently, four-layer (MAT4G) and five-layer (MAT5G) stacks. The differ-
ences between the layered, cuprate high-T, superconductors and the Moiré superconductors are compiled
together. The collected information is then used to apply the Roeser-Huber formalism to Moiré-type supercon-
ductivity to calculate the superconducting transition temperature, T, using only information of the Moiré lat-
tice and the electronic configuration. To account for the different charge carrier densities in the experimental
data sets and the low charge carrier mass demands that a new parameter  must be introduced to the Roeser-
Huber formalism to enable the description of several superconducting domes found in the phase diagram for a
given Moiré angle. Doing so, the calculated data fit well to the correlation curve defined within the Roeser-
Huber formalism.
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1. Introduction

Moiré superconductivity, which was first demonstrated experimen-
tally in 2018, involves creating large, periodic superstructures in 2D
materials as compared to the atomic scale. The first sample belonging
to this new family of superconductors was found when stacking two
graphene layers together with a small misalignment angle, ®~ 1.1°,
called also the magic angle [1,2]. This graphene stack is called
magic-angle twisted bilayer graphene (abbreviated MATBG or tBLG,
which may describe also other twist angles as the magic ones) [2,3].
The misalignment between the two graphene layers creates a Moiré
pattern which has a spatial period, ay;, being a factor 1/0 larger than
the unit cell on the atomic level. At the so-called magic angles, the
Fermi velocity drops to zero, and the first magic angle is predicted to
be O~ 1.1°. Near this twist angle, the energy bands near charge neu-
trality, which are separated from other bands by single-particle gaps,
become remarkably flat [4,5]. The typical energy scale for the entire
bandwidth is about 5-10 meV. Experiments enabled the flatness of
these bands to be confirmed by an high effective mass seen in quantum
oscillations, and correlated insulating states at half-filling of these
bands were observed [1], corresponding to n=+tn;/2 with
n=C-V,/e; being the charge carrier density defined by the applied
gate voltage V,, C corresponds to the gate capacitance per unit area,
and e, is the electron charge. Electrostatic doping the material away
from these correlated insulating states enabled the observation of tun-
able zero-resistance states, which correspond to the presence of super-
conductivity. Very remarkably, the superconducting onset
temperatures reported in the literature can be several degrees K high.

Since these first experimental reports, superconductivity in MATBG
has been observed in ambient conditions [6-10] and under pressure [3]
by other authors in the literature as well, including various twist angles
around the magic angle, various charge carrier densities, and different
thicknesses of the hexagonal boron nitride (abbreviated h-BN) layers
on top and bottom of the MATBG [10]. The superconducting proper-
ties, including the critical fields and the superconducting parameters
K, A; and ¢ of these samples, are well documented including a classifica-
tion of the Moiré superconductors as presented by Talantsev [11].

Furthermore, the superconductivity of a trilayer stack (MATTG) of
graphene was reported [12,13], in an ABC-type trilayer stack [14], and
recently, the stacking was extended to four twisted graphene layers
(MAT4G) and even 5 layers (MAT5G) with alternate angles (+®)
[15-17]. Arora et al. have combined MATBG with a monolayer of
WSe, additional to the h-BN layers [18]. The basic idea of Moiré super-
conductivity was further extended in a report of superconductivity in
misaligned (@ = 1°, 4°) double layers of WSe, [19], but the data pro-
vided concerning the superconducting properties of this system are
much less convincing as compared to the other reports on MATBG as
mentioned also in another review [20]. Similar detailed experiments
concerning superconductivity on other types of twisted, bi-layered
hexagonal lattice materials like stanene or borophene are still missing
in the literature [21,22].

The appearance of several superconducting domes in the phase dia-
gram (here, the longitudinal resistivity is plotted color-coded as a func-
tion of temperature, R, (T) as function of charge carrier density n) was
described first by Lu et al. [6]. These superconducting domes, being
quite similar to the doping diagram of the cuprate HTSc, are separated
by metallic states, insulators and even ferromagnets. Thus, this topic is
intensively investigated by band structure calculations [23-28] and
gives rise to a continuously growing number of new experimental
and theoretical aspects [29-54].

It is important to note here that Moiré patterns can be formed also
in cases when different types of 2D-layered materials are stacked
together, with or without angular misalignment, or between a 2D layer
and a substrate [55,56]. As result, the resulting Moiré lattice parame-
ter, ay, may be considerably larger than the original atomic unit cells
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of any ingredient. Several details of the mathematics of Moiré patterns
were already presented in Refs. [57-60]. Thus, the stacking of various
2D-layered materials offers a versatile new way to control supercon-
ductivity in layered 2D-systems (“Moiré superconductors”), the full
potential of which has been barely explored yet
[61,62,17,63,16,64-66]. So, to further investigate this field and
unleash more possibilities to find new materials with higher T,’s, a rel-
atively simple calculation procedure which can be included in
machine-learning approaches, see, e.g., Refs. [67-72], is extremely
useful.

As the lattice constant of the Moiré pattern plays an important role
for the observation of superconductivity, it is straightforward to follow
this relation between superconductivity and the characteristic sample
dimension in more detail. For cuprate high-temperature superconduc-
tors (HTSc), and later also for iron-based superconductors (IBS),
fullerenes, elemental superconductors and metallic alloys, the
Roeser-Huber fomula was developed to calculate the superconducting
transition temperature, T.. This approach only requires to find a char-
acteristic length of the sample crystallography, x, and some knowledge
about the electronic configuration [73-81]. All this information may
be found in existing databases. Using the Roeser-Huber formalism,
the T, of several superconducting materials could be calculated with
only a small error margin [79,81], and recently, the approach was
even employed to predict T, of metallic hydrogen with different crys-
tal lattices [82]. In case of double-doped, cuprate HTSc materials (e.g.,
the Cu-O-planes of Bi,SroCaCu,0s 5 (Bi-2212) doped by oxygen and
by additional metal ions like Y or La), two characteristic doping pat-
terns result, and the final T. of the material is calculated as a Moiré-
pattern of the two doping arrangements [75]. Thus, it is only straight-
forward to apply this calculation scheme to the real Moiré supercon-
ductors, where a clear crystallographic relation is defined by the
orientation of the MATBG and by the unit cell of the MATBG itself.

In the present contribution, the existing literature concerning the
superconducting properties with special emphasis on the transition
temperatures of the various Moiré superconductors are reviewed,
and the application of the Roeser-Huber formalism to Moiré supercon-
ductivity is presented including the introduction of a new parameter to
account for the variations in charge carrier density.

This paper is organized as follows: In Section 2, some details of the
fabrication steps of the MATBG samples are outlined and the resistance
measurements performed to observe superconductivity in several
superconducting domes are presented. Section 3 discusses the proper-
ties of the superconducting phase diagrams of the various Moiré
superconductors presented in the literature. Then, in Section 4 the
Roeser-Huber formalism as developed for HTSc is introduced. Section 5
discusses the calculation of the superconducting transition tempera-
tures of the Moiré superconductors solely on the base of the electronic
configuration and the respective Moiré parameters. Finally, Section 6
gives some conclusions and an outlook for future developments.

2. Materials and methods
2.1. Moiré superlattices

Fig. 1a presents a Moiré superlattice of two graphene layers (blue,
red) twisted by an angle of 5° for clarity. The resulting lattice param-
eter, ay; (sometimes also denoted Moiré wavelength, 1), is indicated by
a black line. In Ref. [12], also a tri-layer structure was presented with
the top and bottom layers tilted by +5° with respect to the center
layer. This situation is depicted in Fig. 1b.

The lattice parameter of graphene is aj = 0.246 nm, and the one of
WSe, is ay > = 0.353 nm [83]. Then, the possible Moiré patterns of
two identical layers at an angle ® have a periodicity according to

o

~2-5in(©/2) M

Ay
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Fig. 1. (a) Moiré pattern of two graphene layers (red, blue) tilted by 5°. This value was chosen for clarity. The black line indicates the resulting Moiré lattice
parameter, ay. (b) Moiré pattern of a tri-layer graphene system (red, blue, green) with the top and bottom layer tilted by £5° with respect to the center layer. (c)
Moiré lattice parameter, ay;, of two twisted graphene as function of the twist angle, ®. The first magic angle, 1.1°, is marked by a dashed green line (- = - - - ). (d)
Schematic view of the various layers in a device for resistance measurement. Figure adapted from Ref. [3]. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Fig. 1c depicts the dependence of the Moiré lattice constant, ay, on
the twist angle ® for graphene as well as for WSe,.
The magic angle ©,,,,;. is given by [85]

2 2
Omagic = arccos( K +aki+1 ) s (2)

2. (K +kl+ 1)

with k,l being integers. The first magic angle, 1.1°, is indicated in
Fig. 1c by a dashed green line.

The accuracy achieved to determine the tilt angle of the graphene
layers is typically ~0.03° [10]; Stepanov et al. describe the twist homo-
geneity within a device as good as 0.01° per 10 ym [9]. Thus, the twist
angles in MATBG are well defined with only small experimental error.
This will be an important issue for the T.-calculations with the Roeser-
Huber formalism as shown in Section 4 below.

It has been theoretically shown [84] that for three or more twisted
layers of graphene, there are similar series of 'magic’ angles if the lay-
ers are alternatively twisted by (©, —©,®,...) (Fig. 2a). As illustrated
in Fig. 2b, they are in fact related by simple trigonometric transforma-

(c)

20

2L

(nm)

0(°)

Fig. 2. (a) Twisted multilayer graphene with alternating twist angles ®yy and —@\y between the adjacent layers, where ®yy denotes the magic angle ©y; specific
to a N-layer structure. (b) In the chiral limit, ®y can be obtained for any N from the asymptotic value Oy, = 2.2°, by a simple trigonometric transformation. (c)
Dependence of ay on the twist angle. Note that only structures with atomic alignment between the nth and (n + 2)th layers (L) are considered here, so that a single

distance ay or wavelength A can be defined according to Ref. [84].
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tions, that is, the largest magic angle can be expressed as
On = O cos iy, where N is the number of layers and 0, = 20y- is
the asymptotic limit of the largest magic angle as N — oco. As N
increases, the magic angle increases and ay decreases. Fig. 2c gives
the dependence of ay on the twist angle. Using this principle, high-
quality, twisted magic-angle tetralayer and pentalayer graphene
devices (MAT4G and MATS5G, respectively) were fabricated and mea-
sured by two independent groups [16,17].

Here, it is important to mention that all the results obtained on
graphene-based Moiré superconductors stem from manually assem-
bled stacks of monolayer graphene. This involves, of course, multiple
complicated operations, and thus the resulting devices are small and
difficult to be exactly reproduced. This situation is, e.g., obvious from
the measurements of Saito et al. [10] as shown in Fig. 4 below. Thus,
to achieve a higher reproduction rate and larger devices which could
be used for electronic applications, different production routes are
required. This was addressed in a recent review by Cai and Yu [86].
The current production methods of tBLG comprise chemical vapor
deposition (CVD) on metal catalysts [87], epitaxial growth on SiC sub-
strate [88], folding monolayer graphene [89] and stacking monolayer
graphene [90]. These methods can be divided into two main cate-
gories: the direct growth approaches and manual assembly [86]. These
completely different preparation processes show distinctive advan-
tages and disadvantages, however, the precise control over the twist
angles and super-clean interfaces are the ultimate demands for any

(a) T/, 6=-1.16°

— M2, 0 =1.05°
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preparation method applied for the fabrication of tBLG devices. As
result, the progress achieved in the fabrication of tBLG is much slower
than monolayer graphene due to the required precise control over
twisted structures. The demands for super-clean interfaces, which
directly affect the physical properties and application of tBLG,
excludes the use of organic polymers. Thus, further advancing the
preparation methods for tBLG is the main challenge for future develop-
ment. In particular, the direct growth of high-quality and super-clean
tBLG with various twist angles will have a great practical significance
for twistronics.

2.2. Devices and resistance measurements

The superlattice density n, = 4/A was defined to be the density that
corresponds to full-filling each set of degenerate superlattice bands,
where Ax+/3a%/(20%) is the area of the Moiré unit cell (a =
0.246 nm is the lattice constant of the underlying graphene lattice)
and © is the twist angle. The resulting electron density is no = Ay*
~10'2 ecm ™2, where A, is the area of the Moiré unit cell. Correlated
states were observed by various authors at all integer fillings of
v=n/ny, (where n denotes the gate-modulated carrier density) at
Moiré band filling factors v = 0, +1, +2, +...

To measure the superconducting properties of MATBG by means of
resistance measurements, a structure called device is fabricated using
the tear-and-stack or cut-and-stack method encapsulating the MATBG

(c)’

2

T (K)

Fig. 3. (a) Longitudinal resistance, Ry, being in the kQ-regime, measured by four-probe method in two devices M1 and M2 with twist angles of ® = 1.16° and @
= 1.05°, respectively. The inset shows an optical image of device M1, including the main "Hall’ bar (dark brown), the electrical contacts (gold), the back gate (light
green) and the SiO,/Si substrate (dark grey). Reproduced with permission from Ref. [2]. (b) Longitudinal resistance at optimal doping of various superconducting
domes at different charge carrier densities, n;, as a function of temperature (see also Fig. 4). The resistance is normalized to its value at 8 K. Note that data points
forn = —7.5 x 10'! cm ™2 are overlaid by the data points forn = 5 x 10! ecm ™2, as both curves follow a very similar line. Reproduced with permission from Ref.
[6]. (c) Graph of the resistivity p versus T for MATBG (—e—, filling factor v = —2.32), MATTG (—e—, v = —2.4 and electric displacement field D/ey =
—0.44Vnm™ 1), MAT4G (—e—, v = 2.37 and D/g; = —0.32 V nm™~ ') and MAT5G (—e—, v = 3.05 and D/e; = 0.23 Vnm™') (i.e, N = 2, 3, 4, 5), showing
superconducting transitions in all four systems at their respective magic angle. Note here that the measured resistivity decreases on increasing N. The inset shows a
schematic view of the devices employed. Reproduced with permission from Ref. [16].
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between h-BN layers. This arrangement is then patterned into a Hall
bar geometry with multiple leads using electron beam lithography
and reactive ion-etching. The final device is placed on a Si/SiO5 sub-
strate with an intermediate thick graphite layer serving as back gate.
Another graphite layer on top serves for protection. This construction
is required to prepare proper electric contacts to the sample. A sche-
matic drawing of the arrangement of the various layers is given in
Fig. 1d as well as in the inset to Fig. 3c and a device ready for measure-
ment is given as an inset to Fig. 3a. As mentioned before, only small
devices with low reproducibility can be prepared in this way.

Fig. 3a and b present typical four-point resistance measurements as
a function of temperature for MATBG samples. In Fig. 3a, the mea-
sured resistance, R, is presented for two twist angles, 1.16° (M1)
and 1.05° (M2) [2]. The inset shows the arrangement of sample and
electric contacts ready for measurement. Fig. 3b gives similar data
from Ref. [6], but only for one angle (1.10°) and normalized to the
resistance measured at 8 K. The different curves are obtained for var-
ious charge carrier densities, ranging between +1.11 x 10 cm™? to
—1.73 x 10'? cm ™~ 2. From this plot, it is obvious that the shape of the
curves as well as the determined transition temperatures strongly vary
with the charge carrier density. The variation of the charge carrier
densities in the devices is achieved by tuning the gate voltage (V ),
which enables an extensive study of the phase diagram of all types
of tBLG devices.

The measured longitudinal resistances, Ry, in the normal state for
MATBG devices are in the range 10 kQ...20 kQ, which is quite high for
such small-sized devices. As result, the superconducting transition
temperature determined by 50% of the normal-state resistivity, p,, cri-
terion is still around 2.5 kQ. Fig. 3c presents the evolution of the resis-
tivity with the number of layers as measured by Park et al. [16]. From
this diagram, it is obvious that resistance/resistivity decreases on
increasing N, but still stays in the low kQ-regime. Thus, a true super-
conducting state with zero resistance could not yet be documented
in any of the experiments carried out in the literature. It is important
to note here that the change in resistance by 10-15 times within some
temperature range does not guarantee that this is a true superconduct-
ing transition [92], as it was again demonstrated recently for LK-99

8 4 0
R (KQ)

M1, 6=1.16°

(a)

0.61

0.5 Metal

0.44

T (K)

0.3;

0.21

0.1

-1.8

1.6
n (102 cm™)

Superconductivity 9 (2024) 100073

case [93]. However, in the following we will use the T.-data for the
Moiré superconductors as mentioned in the literature and also for-
mally apply the 50% transition analysis to the published data.

3. Phase diagrams of Moiré superconductors and comparison
with cuprate HTSc materials

At v~ — 2, superconductivity was observed in MATBG devices M1
and M2 below critical temperatures of up to 3 K [2]. Figs. 4a and b pre-
sent sections of the phase diagram for negative charge carrier densities
for the samples M1 (® = 1.16°) and M2 (@ = 1.05°). Here, the Ry (T)-
curves are plotted as vertical lines indicated by the green dashed line
in (b), using color coding for R,,) as function of the charge carrier den-
sity. The dashed white lines are defined as 50% resistance to the nor-
mal state. Here, we see that the borders of the superconducting domes
are not sharp and varying with n, thus leading to a large variation of
the superconducting transitions concerning T, as well as the transition
width, 6T.. These diagrams reveal that the twist angle ay sets the pos-
sibility to observe superconductivity, but the resulting superconduct-
ing properties of the MATBG samples clearly depend on the charge
carrier density.

In subseqent papers, a further variation of the charge carrier den-
sity revealed a complete sequence of insulating states, magnetic states
as well as superconducting states. Such a full phase diagram is shown
in Fig. 5a, reproduced from Ref. [6] on a MATBG sample with a = 1.1°
(see also Table 2 below), presents the complete sequence of supercon-
ducting domes (SC), metallic behavior and correlated states (CS) when
tuning the gate voltage between +3 x 10'? cm ™2 In this diagram, also
three new superconducting domes at much lower temperatures were
observed, close to the v = 0 and v = +1 insulating states. The red
and green arrows indicate the superconducting transitions observed
by Cao et al. [2] and Yankowitz et al. [3]. Fig. 5b demonstrates the
effect of perpendicular magnetic field B* on the SC pockets observed
in device D1, presenting a 2D map of the recorded longitudinal resis-
tance, Ry, as a function of B* and the total charge carrier density,n,
measured at a base temperature of 16 mK.

(b) ,

=
n (1012 cm)

T -1.0

Fig. 4. (a). Four-probe resistance measurement on sample M1 (® = 1.16°). The longitudinal resistance, R,,, is measured at given charge carrier densities versus
temperature, i.e., along the dashed-green lines and R, is represented via the color code, given above the diagram. Two superconducting domes (dark blue/black)
are observed next to the half-filling state, which is labelled "Mott’ and centered around —n,/2 = —1.58 x 10" cm ™2 The remaining regions in the diagram are
labelled as ‘metal’ owing to the metallic-like temperature dependence of R,,. The highest critical temperature observed in device M1 is T, = 0.5 K (at 50% of the
normal-state resistance). (b), Same measurements as in (a), but for device M2, showing two asymmetric and overlapping domes. The highest critical temperature

in this device is T, = 1.7 K. Reproduced with permission from Ref. [2].
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Fig. 5. (a) Color plot of longitudinal resistance versus charge carrier density and temperature of Ref. [6] on a MATBG sample with @ = 1.1° (see also Table 2
below), showing different phases including metal, band insulator (BI), correlated state (CS) and superconducting state (SC). The boundaries of the superconducting
domes - indicated by yellow lines — are defined by 50% resistance values relative to the normal state. Note that the transition from the metal to the
superconducting state is not sharp at some carrier densities, which renders the proper determination of the value of T, difficult. (b) 2D map of longitudinal
resistance, Ry, taken in applied magnetic fields, B, , as function of the total charge carrier density, n at a temperature of 16 mK. Reproduced with permission from

Ref. [6].

The phase diagram of MATBG, plotting temperature vs. charge car-
rier density is similar to that of the HTSc cuprates (where temperature
is plotted vs. the doping level), and includes several dome-shaped
regions corresponding to superconductivity. Furthermore, quantum
oscillations in the longitudinal resistance of the material indicate the
presence of small Fermi surfaces near the correlated insulating states,
which is also the case in underdoped, cuprate HTSc. The small Fermi
surface of MATBG, corresponding to a charge carrier density of about
10! em?, and the relatively high resulting T.’s places the MATBG sys-
tems among the superconductors with the strongest pairing strength
between electrons [2], which was later relativated by Talantsev [11]
based on the thorough analysis of the available magnetic data.

As stated in [2], ”one of the key advantages of this system is the
in situ electrical tunability of the charge carrier density in a flat band
with a bandwidth of the order of 10 meV”. This enables the study of
the phase diagram to be performed in unprecedented resolution on
one given sample, avoiding the problems arising when studying various
samples with different microstructures. However, there is also a draw-
back as the application of the gate voltage does not allow for magnetic
measurements in magnetometers to be performed on these devices, so
the most important hallmark of superconductivity, the Meissner effect
[91,92], cannot be measured directly. For magneto-optic imaging
[94,95] or for magnetic force microscopy (MFM) [96], the current
MATBG devices are too small to enable proper measurements. One
could imagine, however, to apply the scanning Hall probes [97,98],
scanning SQUID [99] or the diamond color center [100,101] tech-

niques to image the details of the magnetic states in MATBG, which
were already predicted in a recent paper [102]. Nevertheless, other fea-
tures of the superconducting state like the effect of applied magnetic
fields on the superconducting transition, and the Fraunhofer patterns
could be observed, which enabled a classification of the Moiré super-
conductors based on the magnetic data as presented by Talantsev [11].

An important experimental work was carried out by Saito et al.
[10], demonstrating the effect of varying the thickness of the h-BN
layer on the superconducting properties of tBLG, where d,_py varies
between 6.7 nm and 68 nm for MATBG samples with different twist
angles. In this work, the highest observed T.-values for MATBG sam-
ples were reported. Figs. 6a—f present the influence of the h-BN cover
layer thickness on the superconductivity of the MATBG devices 1 (a) —
5 (e) (Figs. 6a—e reproduced from Saito et al. [10]). The diagrams show
the measured, color-coded R,, as function of T and v. For each device,
the values of the twist angle ©, its error margin and the thickness d of
the h-BN layer are given. The dashed line in each image indicates the
density v = —2. Fig. 6f gives a 3D-bar diagram of the highest T.’s
recorded as function of d and ®. Here, we can see directly that a
thicker h-BN layer yields a higher value of T. (see also the data col-
lected in Table 2 below). The superconducting dome recorded for
device 5 at n = 1.79 x 10'? cm™2 with d = 45 nm and « slightly
above the magic angle yielding the highest T, is the most robust one
of sll devices investigated. However, we must note here that the
increase of d does not change the charge carrier density in the MATBG.
According to Saito et al. [10], the effect of increasing d is due to the
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Fig. 6. Phase diagrams on tBLG revealing the influence of the h-BN layer thickness. The diagrams are presenting details of the 2D maps around a superconducting
dome in each device [10] D1-D5. The white dashed lines show v = —2. (a) Device 1 (® = 1.08°,d,_gx = 68 nm, ). (b) Device 2 (® = 1.09°,d,_gx = 6.7 nm, [).
(c) Device 3 (® = 1.04°,d,_py = 38 nm, D). The superconducting phase is divided by a weak resistive state around v = —2 — §, which does not match the density
of the state at v = —2, being estimated from the strong resistive states at v = —4,0,2,4. (d) Device 4 (@ = 1.18°,d, sx = 7.5 nm, [ll). (e) Device 5 (0@ =
1.12°,dy, gy = 45 nm, [l). Reproduced with permission from Ref. [10]. (f) 3D-bar diagram showing the highest values of T, recorded in [10] as function of d and a.
It is obvious from images (a), (c), (e) and (f) that thicker h-BN layers stabilize a strong and robust superconducting state with the highest T, value of ~4 K recorded

in (e).

separation of the channel from the gates, leading to varying degrees of
screening of the Coulomb interaction. Furthermore, other experimen-
tally not controllable parameters like the twist angles between h-BN
and tBLG as well as strain may influence the measured T.. Thus, the
error bars shown in Fig. 8 below are quite large.

Figs. 7a,b present the v — T phase diagrams for MAT4G and MAT5G
by Park et al. [16], and Figs. 7c,d the results of Zhang et al. [17] on pen-
talayer graphene (MAT5G). Park et al. [16] found that the normal-state
resistivity in MAT4G and MATS5G is considerably lower than that in
MATBG and MATTG, which may be possibly due to the presence of
extra highly dispersive Dirac bands, providing parallel conducting
channels. As result, the observed range of filling factors in which super-
conductivity appears in MAT4G and MAT5G is generally wider as com-
pared to MATBG and MATTG, starting close to v = £1 and reaching
beyond v = £3. Superconductivity in MAT5G extends to or can even
reach beyond v = +4. The authors conclude that considering that
MATTG also had a wider superconducting dome as compared with
MATBG [15,12], this observation suggests that increasing the number
of layers could possibly increase the phase space robustness of the
superconductivity. However, one should also note that for N >2, v does
not indicate exclusively the filling factor of the flat bands, because some
of the carriers induced by the gates fill also the dispersive bands.

Zhang et al. [17] showed not only the robust superconductivity for
MATS5G (Fig. 7c¢), but also the effect of appyling a displacement field D
on the resulting phase diagram as shown here in Fig. 7d.

Fig. 8a—c give various information on the superconducting state of
MATBG (data collected by Lu et al. [6]) when applying an external
magnetic field to the MATBG devices. The variation of the longitudinal
resistance, R (T), is given in Fig. 9a for applied magnetic fields of 0,
130, 230 and 300 mT. As expected from a superconducting material,
the onset of T, reduces with the application of a magnetic field until
the superconducting transition is completely suppressed in higher
fields. Fig. 9b gives the resistance, R, (color-coded), as function of
the perpendicularly applied magnetic field, B, , for various charge car-
rier densities, n, at a temperature of 16 mK. This diagram directly
shows the respective magnetic fields required to suppress supercon-
ductivity. Finally, Fig. 9c presents a Fraunhofer interference pattern
measured in the superconducting state. This diagram plots the applied
field, B, on the x-axis and the applied current, I, on the y-axis. The
color code in this plot stands here for dV,,/dI. This Fraunhofer pattern
directly manifests the superconducting character, i.e., the dependence
of the critical current on the external applied magnetic flux like in a
Josephson junction, as a true measurement of the Meissner effect is
not possible for a MATBG device. Figs. 9d-f present the analysis of
Talantsev et al. concerning the superconduting parameters of MATBG
samples. The superconducting parameters were derived from fits to
the data of the upper critical field, H.»(T) and the critical current den-
sity, J.(T)(self field), following the models by [103-111]. All this gives
valuable information on the properties of the superconducting state(s)
in MATBG samples.
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Fig. 7. (a,b) Resistance R,, versus Moiré filling factor v and temperature T for MAT4G and MAT5G. The superconducting domes span a wide density range across
the flat bands, indicating robust superconductivity in these devices. One should note also that in MATTG, MAT4G and MAT5G, v includes the filling of both the flat
bands and the extra dispersive bands. Reproduced with permission from Ref. [16]. (c) R, versus n and temperature at zero D field for twisted pentalayer graphene.
(d) R, versus temperature and n on the electron side at a displacement field D = D/gy = 0.17, 0.32, and 0.44 V nm™ . Reproduced with permission from Ref.

[17].

In Fig. 9, the available literature data of MATBG for T, are plot-
ted versus the Moiré angle, ®. One can see that the highest T, is
obtained at the magic angle of 1.1°, but the area of superconductivity
spans the entire region from ~0.8° to ~ 1.6°, where T, is found to be
at higher values for ® > 1.1° as compared to ® < 1.1°. The application
of high pressure (1.33 GPa) to the MATBG device as well as the
increased size of the h-BN layer was found to lead to higher values
of T. ., which represents an important experimental finding.

Fig. 10 presents another important development, i.e., the first
STM/STS measurements on MATBG [47] and MATTG [13] devices.
Although also these tunneling experiments suffer from the quite high
resistance, the experiments can resolve the superconducting gaps
and enable interesting information on the nature of superconductivity
to be obtained. Oh et al. [47] have shown that the tunnelling spectra
below the transition temperature T, are inconsistent with those of a
conventional s-wave superconductor, but rather resemble those of a
nodal superconductor with an anisotropic pairing mechanism. A large
discrepancy between the tunnelling gap AT, which far exceeds the
mean-field BCS ratio (with 2AT /kzT.~ 25), and the gap Sar extracted

from Andreev reflection spectroscopy (2Axr /ksT.~ 6) was found. Fur-
thermore, the tunnelling gap persists even when the superconductivity
is suppressed, which indicates its emergence from a pseudogap phase.
Moreover, the pseudogap and superconductivity are both absent when
MATBG is aligned with hexagonal boron nitride. Adjacent to the
coherence peaks, pronounced dip-hump features in the tunnelling
conductance were observed that persist over a broad doping range
(see Fig. 10a,b and d,e). The positive and negative voltage dips are typ-
ically symmetric in energy, independent of the filling. This clearly
rules out the possibility that the dip-hump structures are intrinsic to
background density of states.

Similar dip-hump features were observed spectroscopically in a
variety of both conventional strongly coupled phonon superconductors
[112,113] as well as in unconventional cuprate, iron-based and heavy
fermion superconductors [114-120]. Such features are usually inter-
preted as a signature of bosonic modes that mediate superconductivity
and can thus provide key insight into the pairing mechanism
[121,122]. If a superconductor exhibits strong electron-boson cou-
pling, dip-hump signatures are expected to appear at energies
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Fig. 8. The effect of applying external magnetic fields on the superconducting state of tBLG. (a) Longitudinal resistance plotted against temperature at various out-
of-plane magnetic fields, showing that normal levels of resistance are restored at magnetic fields larger than 300 mT. (b) Line cuts R,, vs. B, for each of the SC
pockets taken at 16 mK at the optimal doping level. (c) Fraunhofer interference pattern measured in the superconducting state with a charge carrier density of 1.11
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critical field, B., ; (16 mK), and deduced &,, (16 mK) using Eq. (1) of Ref. [11]. (e) Deduced A4 (16 mK) and . for four doping states for which I.(self-field, 16 mK)
was reported by Lu et al. (f) Cooper pairs surface density, 1, c s , and the ratio of n, c ./, for four doping states for which I (self-field, 16 mK) was reported by Lu

et al. [6]. Figures d—f: Reproduced with permission from Ref. [11].

I1 = A+ Q, where A is the spectroscopic gap defined above and Q is
the bosonic-mode excitation energy [121-123].

Kim et al. [13] write: ”Signatures of MATTG superconductivity pre-
sented in this work, beyond the observation of Andreev reflection,
include: (1) coherence peaks that are suppressed with temperature
and magnetic field, but persist well beyond the BCS limit; (2) a
pseudogap-like regime; (3) dip—hump structures in the tunnelling con-
ductance; and (4) tunnelling conductance profiles that are not ade-
quately fit with an s-wave order parameter, but instead are
compatible with a gate-tuned transition from a gapped BEC to a gap-
less BCS phase with a common nodal order parameter.”.

Fig. 10c gives a proposed phase diagram for MATBG (Oh et al.
[47]) as a function of flat-band filling factor v and magnetic field,
B*, in the hole-doped regime. Near —3< v < —2, an unconventional
superconducting phase can be observed at low magnetic fields, which
further develops into a pervasive pseudogap regime at high magnetic
fields. Several quantum Hall (abbreviated: QH) and Chern insulator
are also found.

All this demonstrates how important STM/STS spectroscopy mea-
surements can be to elucidate details about the underlying mecha-

nisms of superconductivity. Regardless of the pairing-mechanism
details, the characteristic signatures in the STS spectra, together with
point (4) as mentioned before, provide unambiguous evidence of the
unconventional nature of MATTG superconductivity, which, of course,
also applies to the other MATnG systems.

Let us here summarize the results being most important for the
understanding of superconductivity in the Moiré superconductors.

New results with much higher values of T, of MATBG were pre-
sented by Saito et al. [10], who also used the h-BN as top and bottom
cover, but varied the tilt angle between 1.02° and 1.20° and the thick-
ness of the h-BN layer between 6.7 nm and 68 nm. These experiments
demonstrated that device 5 with a tilt angle of ® = 1.10-1.15° and a
h-BN thickness of 45 nm showed the highest T, ever reported for the
tBLG systems.

Stepanov et al. [9] also fabricated MATBG devices with varying the
h-BN thickness between 7 and 12.5 nm. Codecido et al. [7] demon-
strated superconductivity in MATBG at a much smaller angle ® =
0.93°, so superconductivity in MATBG can exist in a wide range
around the magic angle, i.e.,, 0.93° < ©® <1.27°. Lu et al. [6] have
shown a complete phase diagram of their MATBG sample with four
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Fig. 9. Experimental data for MATBG devices of the superconducting
transition temperature, T, (defined by Saito et al. [10], which corresponds
to TY), as function of the twist angle, ® with the respective error bars. Data
were taken from Saito et al. (Ref. [10]), together with data of Cao et al. [2],
Yankowitz et al. [3], Lu et al. [6], Codecido et al. [7], Liu et al. [8], Stepanov
et al. [9] and Arora et al. [18]. The dashed green line indicates the magic
angle, Oy, = 1.1°.

domes of superconductivity at positive and negative charge carrier
densities by plotting the measured longitudinal resistance versus tem-
perature and charge carrier density, demonstrating the experimental
advances since the first reports of superconductivity in MATBG.
Fig. 9 summarizes the T.-data as function of the twist angle for various
Moiré superconductors found in the literature.

The measurement of a Fraunhofer-like pattern (see Fig. 8c) solved
the problem of the not observable Meissner effect in the Moiré super-
conductors and also demonstrated that the charge carriers in MATBG
are indeed Cooper pairs. Furthermore, the analysis of the available
magnetic data by Talantsev ([11], see also Figs. 8d-f) showed that
the classical formulae for the self-field critical current density and
the upper critical field, H.»(T), can be applied to the tBLG data, which
implies that superconductivity of the MATBG is not so unconventional,
and the extracted superconducting parameters show that only s-wave
and a specific kind of p-wave symmetries are likely to be dominant.

Thus, we list here the most important findings for Moiré
superconductors:

o The experiments and analyses indicated that the charge carriers in
MATBG are Cooper pairs.

e The coupling mechanism is still unknown, but STM/STS spec-

troscopy as well as classification can provide important insights.

The longitudinal resistance measured in the devices is in the kQ-

range, so the midpoint of the superconducting transition is

recorded also in the kQ-range. Thus, a true zero-resistance state
was not yet recorded in any Moiré superconductor.

e Superconductivity in the Moiré superconductors takes place with a
reduced level of superconducting charge carriers (—n;/2 = ~1.58
x 10'? cm ™2 for MATBG).

e The effective mass of the charge carriers is small (m.;~0.2m,)

[1,11].

By applying a gate voltage, doping like in a cuprate HTSc material

can be simulated, and superconducting domes can appear at vari-

ous values of n;, both positive and negative, for a given Moiré

angle, ®) (see Fig. 3). This situation corresponds directly to a

’phase diagram’ seen in the cuprate HTSc materials and represents
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the key advantage of the MATBG devices. However, the Fermi tem-
perature, Ty, is completely different from the HTSc as seen in the
Uemura plot (see Refs. [2,11] and Fig. 11).

e The recorded Fraunhofer interference pattern (I(B), [6]) manifests
the superconducting character of the MATBG samples like in a
Josephson contact.

e The maximum value of T, is obtained close to the magic angle,
Onic = 1.1° (see Fig. 8). Fig. 6 also shows that T. for
0O > Opyeicwas found to be higher as for © < Opygic.

e Increasing the thickness of the h-BN layer as done in the experi-
ments of Saito et al. [10] increases the maximum recorded values
of T., but does not change the superconducting electron density
(v = —2.5).

Here it is important to note that the pairing mechanism leading to
the formation of Cooper pairs in Moiré superconductors remains still
unknown.

Now, we can make a comparison of the Moiré superconductors to
the HTSc materials, and here especially, the cuprate HTSc. For all
the cuprate HTSc, the main element are the Cu-O-planes, which serve
as the highway for superconductivity, and the other layers of the crys-
tal structure serve as charge carrier reservoirs or just as spacing layers.
Doping can be achieved by means of oxygenation, but also by doping
with other atoms, either within the Cu—O-plane or in the charge carrier
reservoir layers [124]. The main points are summarized in Table 1.

On the base of all these results collected from the literature, we
may now apply the Roeser-Huber formalism to calculate the supercon-
ducting transition temperatures of the various Moiré superconductors.

4. Roeser-Huber formalism

The basic idea behind the Roeser-Huber formalism is the view of
the resisitive transition to the superconducting state as a resonance
effect between the superconducting charge carrier wave (i.e., the
Cooper pairs), A, and a characteristic length, x = A../2, in the sample.
Recently, a nice discussion of the critical deBroglie wavelength in
superconductors was given by Talantsev [125]. The details of the
Roeser-Huber formalism were already discussed previously in Refs.
[73,74,79]. To avoid possible misunderstanding, we must point out
here that the Roser-Huber formalism is not a theory explaining the
mechanism of superconductivity, nor does this approach make any
use of existing theories like the BCS theory. The goal of the Roser-
Huber approach is to establish a relation between superconductivity
(carried by Cooper pairs) and a characteristic length in the given crys-
tal structure, which was often demanded in the literature [92], but
could not be established using the common theories.

The Roeser-Huber-equation, originally obtained for high-T. super-
conductors, is written as

[(2x)22ML] ng?aksT, = b (3)
where h is the Planck constant, kg the Boltzmann constant, x the char-
acteristic atomic distance, T, the superconducting transition tempera-
ture, M; the mass of the charge carriers, and n, is a correction factor
describing the number of Cu-O-planes in the HTSc unit cell. For YBa,-
Cu30; _s with one Cu-O-plane per unit cell, we have n, = 1, and the
compound Bi,Sr,CaCu,0g 4 s (Bi-2212) with 2 Cu-O-planes per unit cell
hasng = 2. Thus, n for MATBG is taken to be n = 1 as the two graphene
layers at the magic angle give together one superconducting unit. A sys-
tem corresponding to ny = 2 would be then a stack of two 2D layers
like h-BN-MATBG-h-BN-MATBG-h-BN, where the two MATBG layers
are separated by a h-BN layer. As charge carrier mass, we assume in
a first approximation M; = 2m,, corresponding to a Cooper pair.
An energy, A(), can be introduced via

Ay = 7ksT. , 4)
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Fig. 10. STM/STS measurements on MATBG (a—c) and MATTG (d-f). (a) dI/dV(V) spectra for device A at V; = —22.6 V (top) and V, = —25.8 V (bottom). (b)
dI/dv(Vy) spectra for device B at V, = —19.8 V (top) and V, = —25.6 V (bottom). (c) A proposed phase diagram for MATBG as a function of flat-band filling
factor v and magnetic field, B*, in the hole-doped regime. (v, is the Landau-level filling factor.) Near —3< v < — 2, an unconventional superconducting phase can
be observed at low magnetic fields, which transitions into a pervasive pseudogap regime at high magnetic fields. ‘QH’ stands for ’quantum Hall’. Reproduced with
permission from Oh et al. [47]. (d) Normalized spectra showing U-shaped and V-shaped (e) tunnelling suppression. The data are normalized by a polynomial
background, and fit to the Dynes formula (e) with a nodal superconducting order parameter. (e) Gap size A versus v (Vg,.) extracted from a half of a separation
between the coherence peaks. The red markers indicate the gap size extracted from the nodal gap fit. The error bars are set by the experimental resolution
(0.1 meV) and standard error of the fits. Reproduced with permission from Ref. [.13].

which may correspond to the pairing energy of the superconductor. So
we can write

(2x)7 - 2Myng - Ay = B . (5)
Using Eq. (4) and regrouping of the terms leads finally to
R 1 45 1
Aoy =——n2® —— = akyT., . 6
OT2 M 2 ©

It is important to note here that Eq. 6 was reached without the use of
any theoretical description of superconductivity, just by the simple
quantum mechanics model of a particle in the box [126]. Here, we must
note that Eq. 3 does not offer many parameters to adapt the formalism
described above to the case of MATBG and its derivatives. Thus, only
minor adapations can be made: (i) taking ny = 1 was already men-
tioned before. (ii) My corresponds to the mass of a Cooper pair, so
M = 2m,. (iii) The Moiré lattice constant, ay, plays the key role to
describe the crystal parameter of a Moiré superconductor, so the char-
acteristic length corresponds to x = ay.

An essential issue to apply the Roeser-Huber formalism is the cor-
rect choice for the superconducting transition temperature, T,. For a
proper comparison of the calculated data to the experiments, T, in
the Roeser-Huber formalism is to be taken from resistance measure-
ments as the maximum of the derivative, dR/dT, corresponding to
the mean field transition temperature T}, which also plays an impor-
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tant role for the fluctuation conductivity analysis as described in Refs.
[127-129]. In the literature, T, is often derived often from 50% of the
normal-state resistance, which is not necessarily the same as T>", espe-
cially not in the case of a two-step transition. Both these definitions of
T, are distinct from the T, used in the Uemura plot (see Fig. 11 and
Refs. [2,11,130,131]), where the completed transition when reaching
R = 0 Q is considered. Other authors also have used T k), the
Berezinskii-Kosterlitz-Thouless (BKT) temperature, which is well sui-
ted for describing the superconducting transition in 2D systems like
the ones investigated here. Most of the approaches mentioned here
have, however, problems to give a proper value of T, when the super-
conducting transition is very broad, shows a secondary step, does not
reach R = 0 Q or when the deviation from the normal-state resistivity
is difficult to be defined.

Thus, in the present work all the published resistance data of Moiré
superconductors were digitalized and the derivative, dR/dT, was plot-
ted graphically to obtain values for T, according to the demands of the
Roeser-Huber formalism.

5. Application of the Roeser-Huber formalism to Moiré
superconductivity

The results discussed in Section 3 now provide the base to compare
the results of the Roeser-Huber calculations with a wider experimental
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Table 1
Table showing the differences between HTSc and Moiré superconductors.

) and the monolayer (1L)-FeSe on SrTiO3 (STO) (

). Data for MATBG are given by the red dots (e) [2].

Moiré superconductors
min. 2 twisted layers graphene, magic angle @y

layered material

cuprate HTSc
Cu-O-planes

twisted WSe, layers

superconducting electron
density, ng

superconducting charge carriers
charge carrier mass

Fermi temperature

tunability of T,

Meissner effect

1.58 x 10'? cm ™2

Cooper pairs

~1 x 10" ecm™2

Cooper pairs

0.2 m,

yes, via gate voltage

not observable
(Fraunhofer pattern)

10K ~1100 K
yes, via oxygenation
or ion doping
yes
(magnetic measurements)

dataset. For the Moiré superconductors, the characteristic length of the
crystal structure required by the Roeser-Huber formalism is the Moiré
lattice constant, ay;. However, from the data presented in Section 3, it
is obvious that the various superconducting pockets or domes recorded
in the phase diagrams (see Fig. 3) depend on the charge carrier con-
centration, ny, for a given ay, so T.(au,n;) -

For the comparison, we employed the data of Saito et al. (their
Fig. 3)c, and those of Refs. [2,3,6,8,7,9,18]. The T, determined by
Saito et al. corresponds directly to T required by us, so the data
can be directly compared to each other as done in Table 2 below.
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Table 2 presents the T -values of several tBLG devices of various
authors [2,3,6,8,7,9,10] together with data of a graphene tri-layer
[12], the data of WSe,-stabilized tBLG [18] and the data obtained
on twisted WSe, bi-layers [19]. Listed are the tilt angle ®, the experi-
mentally determined value of T.(exp) corresponding to our definition
of TN, the characteristic length, x, corresponding to the Moiré lattice
constant ay, the energy A calculated using no = 1, My = 2m, and the
calculated values of T.(calc).

The first two rows of Table 2 give the data for tBLG at exactly the
magic angle, ® = 1.1°, yielding 4.23 K with np = 1. Using np = 2
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Table 2
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Table giving the experimental data of T, the angles and the resulting characteristic length, x = ay, the calculated energy A and T.(calc) using the Roeser-Huber
equation (Eq. 3 withn = 1 and M; = 2m,. The energy A, and the transition temperature T, (calc) are calculated using the correction factor 7. Furthermore, the sample
names of the original publication and the references are given. The T, marked by fis the value claimed by the authors from a two-step transition. Our T, determined
from their data is T. = 0.32 K. $This value gives the zero resistance. Stars (*) mark the WSe, T.-data from the experiments of An et al. [19], where the T, values given
are determined by us. (®) as given by the authors for R = 0 Q. (**) indicates T, determined via a 50% normal-state resistance criterion.

type tilt angle T (exp) X =ayu Ay T, (calc) Al T (calc) n comment Reference(s)
0[] [K] [nm] [10-%] [K] [10-%J] [K1]
MATBG 1.1 - 12.81 1.84 4.23 — — — ng = magic angle
1.1 - 12.81 291 6.71 — —_ — ng = 2
MATTG 1.53 - 9.21 3.55 8.18 — — — n =1
MAT4G 1.75 - 8.05 4.64 10.7 — — — ng =
MATS5G 1.87 - 7.54 5.3 12.2 — — — ng =1
MATooG 2.2 - 6.41 7.33 16.9 — — — ny =1
MATBG 1.16 0.5 12.15 2.04 4.70 0.20 0.47 20 M1 Cao et al. [1,2]
(exp) 1.05 1.7 13.42 1.67 3.85 0.74 1.70 4.52 M2 Cao et al. [1,2]
1.14 0.6 12.36 1.97 4.54 0.20 0.45 20 D1 Yankowitz et al. [3]
1.27 3 11.10 2.45 5.64 1.30 3.01 3.75 D2 Yankowitz et al. [3]
(1.33 GPa)
1.08 2.3 13.05 1.77 4.88 0.98 2.27 3.6 device 1 Saito et al. [10]
1.09 2.4 12.93 1.80 4.15 1.04 2.41 3.45 device 2 Saito et al. [10]
1.04 1.3 13.55 1.64 3.78 0.56 1.3 5.84 device 3 Saito et al. [10]
1.12 4 12.58 1.90 4.39 2.61 3.99 2.2 device 5 Saito et al. [10]
1.18 0.6 11.94 2.11 4.87 1.79 0.60 16.2 device 4 Saito et al.[10]
1.1 2.3 12.81 1.84 4.23 1.29 0.96 3.8 max. T, Lu et al. [6]
0.93 <0.5 7 15.16 1.31 3.02 0.14 0.32 18.9 smallest ©® Codecido et al. [7]
1.26 <3.5% 11.19 2.41 5.55 1.38 3.17 3.5 - Liu et al. [8]
1.15 0.9 12.26 2.01 4.63 0.40 0.93 10 D1 Stepanov et al. [9]
1.04 0.4 13.55 1.64 3.78 0.79 0.4 19 D2 Stepanov et al. [9]
MATTG 1.56 2.7 9.04 3.69 8.51 1.19 2.78 6.2 alternate +0 Hao et al. [12]
1.52 2.5 9.27 3.5 8.1 1.08 2.49 6.5 Zhang et al. [17]
MATBG + 0.97 0.8 14.53 1.43 3.29 0.35 0.80 8.2 D1 Arora et al. [18]
WSe, 0.79 0.5 12.73 0.95 2.18 0.23 0.52 8.4 D3
bi-layer 1 3.3% 18.89 0.844 1.95(ny = 1) —_ —_ — E7,-14.4V An et al. [19]
WSe, 1 3® 18.89 1.340 3.09 (ng = 2) — — — -
1 3® 20 0.753 1.74 (np = 1) — — — -
1 3% 20 1.195 2.76 (ny = 2) — — — -
2 4.5% 9.45 3.376 778 (ng = 1) 1.963 4.53 3.44 F2,-6.65 V
2 6.1%* 9.45 3.376 7.78 (ng = 1) 2.648 6.11 2.55 F2,-6.92 V
4 6 (50%)** 4.72 13.5 3.1 (np = 1) — — — D11,-179V
MAT4G 1.77 2 7.96 4.75 10.9 0.86 2 10.9 alternate +0 Park et al. [16]
1.8 1.3 7.83 4.91 11.3 0.86 1.3 17 Zhang et al. [17]
MATS5G 1.84 2.2 7.66 5.13 11.8 0.95 2.2 10.8 alternate +0 Park et al. [16]
1.82 1.5 7.74 5.02 11.6 0.67 1.5 15 Zhang et al. [17]
would lead to a T, of 6.714 K, which is even higher and unrealistic. So (1+d)ao

the choice ny = 1 is fully justified for tBLG. Table 2 shows further that
the experimental variation of the tilt angle between 0.93° (the smallest
tilt angle reported for superconductivity in MATBG) and 1.18° leads to
T (calc)-values of pure tBLG ranging between 3.024 K and 4.867 K. For
MATTG, MAT4G and MAT5G (rows 4-6) with their alternate twisting
with +@ at the calculated magic angles, it is obvious that the smaller
ay leads to uch higher values of T, as recorded experimentally. Thus,
the calculated values for T (calc) turn out to be much larger as the
experimentally observed values for T, given in Table 2 below. What
could be the reason for this?.

There are two possible scenarios to explain this outcome.

(1) The effective Moiré lattice parameter in the final devices is
much larger as determined by Eq. (1).

This situation is possible when considering the fact that Moiré
superlattices can be formed by all layers involved forming the device,
not only the graphene bilayer as intended. This was also mentioned as
possible source for errors by Saito et al. [10] when varying the h-BN
thickness. The fully encapsulated graphene has necessarily two inter-
faces with the h-BN layers on the top and bottom, where an extra tilt
can occur. Looking at Fig. 1c and Eq. (1), the effect is largest at very
small angles.Thus, attempting to align the top and bottom h-BN layer
to the graphene may generate much larger Moiré superlattice (MSL)
parameters. Such a situation was discussed by Wang et al. [56].

In case of a stack of h-BN with graphene, there is a misfit between
the two lattices, so the resulting superlattice can be described as [3,58]
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(7)

amsL =

V2(1 +6)(1 — cos @) + 52

where § denotes the lattice mismatch between h-BN and graphene (1.8
%) and @ is the twist angle of h-BN with respect to graphene. A result of
this is that the largest possible Moiré lattice constant is ~ 14 nm, which
occurs when the one graphene layer is fully aligned to the h-BN layer.
Wang et al. showed that they can increase the MSL lattice parameter to
29.6 nm by aligning both h-BN layers to the graphene. Calculating T
with this MSL parameter would yield a value of ~0.8 K, which would
be much closer to the experimental data.

However, the high pressure experiment of Yankowitz et al. [3] and
the data of Saito et al. [10] demonstrated that this explanation cannot
be the solution of the present problem. The optical images of the
devices presented by Cao et al. [2], Yankowitz et al. [3] and Saito
et al. [10] showed all arrangements made before putting the top h-
BN layer in place. Thus, the misfit would be created when placing this
layer. While this scenario might have applied to the first reports of
superconducting tBLG, all authors of the more recent contributions
have explicitly checked for such effects and even provided a dedicated
discussion in their Supplementary Data (see, e.g., Fig. S2 of Ref. [6]),
so this effect can be ruled out as the main reason. Furthermore, the
high-pressure experiment could increase T. from 0.6 K to 3 K with
the same configuration, and the data of Saito et al. [10] showed that
their experimental values of T. are approaching the data for T.(calc)
using M; = 2m,.
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(2) The choice of M; = 2m, does not properly describe the Moiré
superconductors. As seen from the Uemura plot of Fig. 7, the Fermi
temperature, Tr, which includes both the effective mass of the charge
carriers as well as the charge carrier density, is located for MATBG in a
completely different position as the cuprate HTSc or metallic
superconductors.

Eq. 3 in its present shape does not contain a parameter accounting
for the small charge carrier density in the Moiré superconductors, nor
is there a possibility to choose the right charge carrier density for a
specific superconducting dome.

In the original derivation of the RH-formalism, it was necessary to
consider the number of Cu-O-planes of the HTSc cuprates explicitly to
obtain proper values for T.(calc). This was achieved by a comparison
with the Fermi energy, Er, for a system of non-interacting fermions. Er
is the kinetic energy of the fastest fermion moving with the Fermi
velocity, vr. With the Pauli exclusion principle Er for N particles in a
box is given by [126]

N 2
<5) '
Considering the charge carrier density, N., which is important for the
practical case, the energy is connected to the carrier density via

hZ

s L
€

(8)

Ep~(N.)*® [73,74]. Comparing now the lowest level energy of the

% with the Fermi energy, Er = #;Nf/ 3 [%]2/ ®
enables a practical expression to be found: If the charge carrier density,
N, increases by a factor n, the Fermi energy increases by
EF~(nNC)2/ - n2/3(NC)2/ % [76]. So, the parameter n, was then defined
as an integer number describing the number of the Cu-O planes and
included into the formalism. Having a material with two Cu-O planes,
the number of charge carriers doubles, so higher T.(calc) values can be
reached.

This observation implies that a similar approach could be made
here to account for the much lower charge carrier density in the case
of the Moiré superconductors. However, the Fermi energy, Er, contains
both the effective mass, M, and the charge carrier density, N.. Thus,

PiB approach, E; =
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the different character of M.+ as compared to the HTSc must be consid-
ered as well in the Roeser-Huber formalism. Band structure calcula-
tions and quantum oscillation measurements [2] revealed a small
mass of the charge carriers in MATBG [2], so this change of the charge
carrier mass could be implemented in the mass, M; as used in the
Roeser-Huber formalism.

A very important point is further that the Roeser-Huber formalism
allows another test of the calculated data, the so-called Roeser-Huber
plot [73,74,79]. It was found that all the superconducting materials
investigated up to now (HTSc, metallic superconductors) fall on a com-
mon correlation line with a slope h?/(27k;) = 5.061 x 10~ ** m? kg K.
This line is drawn as dashed red line (=====) in Fig. 12. The black
squares () correspond to the data obtained for various metals and
HTSc as published in Ref. [79]. The linear fit to these data (dashed-
blue line, ===== ) is almost perfect (i.e., close to the dashed red line)
with only a small error margin, which manifests the basic idea of
the Roeser-Huber formalism.

Now, we plot the calculated T.(calc) values for the MATBG samples
in the same graph using half-filled symbols. The basic data for various
Moiré lattic parameters, ay; = 0.7°, 1.1° and 1.3°, are shown by the
violet circles. The light green up-triangles give T(calc) for the devices
D1, D2 (Yankowitz) and device 5 (Saito). We see that all these values
lie on a nearly straight line which is located on the left side of the cor-
relation line indicating a clear misfit of the parameters entering the
calculation. The Roeser-Huber plot contains the mass, M; on its
y-axis and T, on the x-axis. Thus, T, and M, for each material is a
correlated data pair. When plotting the data determined for the y-
axis versus the experimentally determined T.’s, we obtain the dark
green left triangles, which is now crossing the correlation line. This
now indicates that especially the parameter M; is wrongly determined.

Thus, the introduction of a new factor to the RH equation is fully
justified. Furthermore, it was shown by Lu et al. [6] that several super-
conducting domes can be found when plotting the linear resistance,
R,, versus charge carrier density and temperature (see Fig. 4), which
equals a phase diagram of MATBG. Thus, this fact must be accounted
for in the Roeser-Huber formalism. These data of the complete phase
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Fig. 12. Roeser-Huber plot including the data of the various MATnG samples (e ) and WSe, (e) and the previously calculated data for several HTSc and metals/
alloys (M. The straight red-dotted line follows the equation for a particle in a box [126] and the blue dashed line gives the linear fit to the data (see text).
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Table 3
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Table showing the data for the superconducting (sc) domes found by Lu et al. [6] for various n in a tBLG device with ® = 1.1°. T.(exp) are data by Lu et al. TY"" was

determined from the derivatives of the data shown in Fig. 2b.

sc dome Tc(exp) (K) " (K)

n (102 cm™2)

Ajpy (10722) T;(calc) (K) n

(€3]
(2)
3)
(€]

3
0.65
0.16
0.14

2.23
0.59
0.16
0.15

—-1.73
1.11
—0.75

0.5

0.96
0.25
0.07
0.07

2.23
0.58
0.15
0.15

3.8
14.5
55
55

100 :

—HB— MATTG
—B— MAT4G

Luetal.

10

— = MAT5G
@® Caoetal
—O— Yankowitz et al.
—E6— Yankowitz et al. pressure
—®— Saito et al.
Luetal.
@ Codecido et al.
[
—@— Stepanov et al.
Luetal (1.1°)
Arora et al.
—k— Anetal. (WSey)

Liu et al.

== Fit MATBG

diagram furthermore offer a possibility to determine # for a sample
with fixed angle ©. In Fig. 2b, the resistance curves were presented
for this sample as well [6], so one can determine the required T data
directly.

Table 3 gives the data of the four superconducting domes of Lu
et al. [6]. T.(exp) are the data determined by Lu et al., and the data
determined by the Roeser-Huber formalism with M; = ym,. The values
for n range between 3.8 and 55.

Cao et al. [2] and Talantsev [11] showed that in MATBG the effec-
tive mass of the charge carriers is only 0.2 m,, and in the Uemura plot
[130,131] (their Fig. 6 and our Fig. 11), they demonstrated that the
MATBG samples are located at low Fermi temperatures Tr~ 20 K
and nyp = 1.5 x 10! ecm™2, being clearly distinct from the cuprate
HTSc (Tr~ 1100, see also Table 1), where the choice M} = 2m, applies
very well. Here, we can note that Tr(cuprate HTSc)/Tr(MATBG) yields
~55, and the highest T for MATBG is ~100, i.e., Tr(cuprate HTSc)/Tr
(MATBG) ~ 11.

Now, it is the question how this new factor 5 should look alike. The
main problem is now that both m* and n enter the equation for the
Fermi energy. To get an idea of the required values, we may use the
experimentally available data for T. and plot these data versus the
required factor, 5. We determine the values for 5 by an iteration proce-
dure allowing only two decimal digits. The result of this procedure is
shown in Fig. 13 as a double-log graph of 5 as function of T. The
dashed green line indicates the bottom value of 4 = 2, which corre-

T (K)

Fig. 13. The factor 5 as function of temperature. Included here are the MATBG data of Refs. [2,3,6,8,7,9,10], the trilayer graphene (MATTG) of Hao et al. and
Zhang et al. (], [12,17]), the MATBG/WSe, of Arora et al. (|, [18]) and the 2° WSe, data of An et al. (F, [19]). MAT4G and MAT5G [16,17] are shown using half-
filled, violet boxes. The violet line (==) represents a fit to all MATBG data. It is obvious that the slopes for MATTG, MAT4G, MAT5G and even WSe, are similar to
MATBG, whereas the data of Arora et al. follow a different trend. The inset shows 7 as function of the charge carrier density, n, using the data of Lu et al. [6] (see
Table 3) with the same twist angle. A possible linear fit yields a slope close to 1/3 which corresponds to Eq. 10.
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sponds to the case of HTSc materials. The lower the measured transi-
tion temperature, the larger the parameter 7. It is notable that the slope
of possible linear fits are the same for all Moiré superconductors, and
only the prefactors of the power law are different, which reflect the
different values of n of MATTG, MAT4G and MAT5G. Also the WSe,-
data of An et al. (|, [19]) follow the same trend. In contrast to this,
the data of Arora et al. ([, [18]) exhibit a completely different
behavior.

All values obtained for  are only in a small range between 2 and
20, which is equal to the narrow window for the MATBG samples in
the Uemura plot (T, as a function of the Fermi temperature,
Tr = Er/kg with Er denoting the Fermi energy) in a line below the var-
ious HTSc samples (see Fig. 11 and Refs. [2,11]. As Ty is directly
linked to the Fermi velocity, vr, via

m*v?
Tp=—F 9
= ©)
and
- 27%n)"?, 1
VF 2ﬂme( 7°n)"", (10)

there is the effective mass, m*, and the density of the charge carriers, n,
directly involved. Thus, the parameter 5 determined here should con-
tain all this information, which will then also enable to judge via the
value of m* the relation m* < 0.1m,, if a material can be a superconduc-
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tor or not [11]. Therefore, the parameter 5 is by no means an artificial
approach just to obtain the right T -values, but 5 contains all the essen-
tial physics (charge carrier density, charge carrier mass) to describe a
given superconducting material. So, the parameter 5 will further con-
tribute to reduce the calculation error(s) in the Roeser-Huber formalism
existing for some other materials like the superconducting elements Nb
or Re (see their position in the Uemura plot given in Fig. 11), and also
solve the long-standing problem of the choice of the proton mass for M,
for metals [79], i.e., the Fermi temperature for metals is ranging
between 10* K and 1.2 x 10° K, which is about 10 to 100 times higher
as for the HTSc materials.

The inset to Fig. 13 gives 5 as function of n using the data of Lu
et al. [6] (Table 3) with the same twist angle. Again a linear fit is pos-
sible (however, disregarding the last point in the diagram) yielding a
slope close to 1/3, which fits well to Eq. 10. However, more experi-
mental data would be necessary for a proper evaluation.

Thus, we introduce finally a factor, named 7, to the charge carrier
mass M, in Eq. (3) by writing:

M = ym,. (11)
The situation n = 2 will then correspond to our initial value of 2. Now,
we come back to Table 2. The energy Aj, and the corresponding
T?(calc) were obtained by introducing the correction factor 5 to the
Roeser-Huber equation, which is listed as well. The parameter n was
obtained by adapting the calculation procedure manually to the exper-
imentally obtained values of T.. The result of this procedure is that we
can now fully reproduce all the experimentally observed values for T,.
The slight deviations in T.(calc) account for the difficulties when
extracting the T.-values. The data for the h-BN-WSe,~MATBG-h-BN
stacks of Arora et al. [18] show that the WSe,-layer stabilizes supercon-
ductivity at angles much smaller than the magic angle, and also smaller
(0.79°) as the smallest angle reported for pure tBLG. We further note
that such a monolayer of WSe, is not superconducting on its own; Arora
et al. describe the WSeo-layer in the their paper as insulating [18].

The trilayer graphene (MATTG by Hao et al. [12] and Zhang et al.
[17]) with its alternate stacking (® = +0 between the graphene lay-
ers) would have a quite high T, of 8.5 K when calculating with M,
= 2 due to the high average value of ® = 1.56°, yielding a small
ay. Thus, the required n = 6.2 is relatively large and also lays off
the fit in Fig. 13. The same applies for the MAT4G and MAT5G stacks,
where even higher values for T.(calc) are obtained. As a consequence,
the needed # are around 10-15. These larger values for # manifest the
findings of Park et al. and Zhang et al. that the band filling v is much
larger in these devices. This again demonstrates the need to introduce
n to the RH-formalism.

For comparison, we added also the data of Arora et al. investigating
tBLG + WSe, [18]. These authors prepared samples with quite small
angles ® < @y, with the sample D3 well below the smallest ® reported
by Codecido et al. [7]. Remarkably, the WSe; layer between graphene
and the h-BN stabilized the superconductivity also for these small
angles O, showing the positive effect of WSe,. For our calculations,
the high value for aj reduces T.(calc), but not enough to reproduce
the experimentally recorded low T.(exp) values. So, the determined
value for 7 is found to be around 8.2 and 8.4, which is again off the
fit in Fig. 13.

All the data obtained by this calculation procedure are summarized
in Table 2, listing , Ajy) and T;(calc). The calculated data now repro-
duce the experimental data quite well. The data for T} (calc) are often
somewhat lower than the experimental data, but this reflects the
uncertainity to determine T, from the experimental data, which is
often taken as the maximum value recorded. All the calculated data,
T?(calc) and M, for the various tBLG samples, fit now well to the
Roeser-Huber correlation line as shown in Fig. 12 using the red bullets.
Also the data for WSe, (see below) are given in this figure (blue
bullets).
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The case of bi-layer WSe, [19] is more complicated to be solved.
The first problem in the case of WSe, is the value for n, to be taken
in the calculations. If a monolayer WSe, is superconducting itself, n,
must be taken as 2. If only the product from two misaligned WSe, lay-
ers is superconducting, we would have n, = 1 like for MATBG. A first
glance on Table 2 gives the idea that ny = 2 could be correct, but as
seen from the combined WSe,—tBLG-data from Arora et al. [18], we
can consider ny = 1 to be the more realistic case. Thus, we have listed
both cases in Table 2 to give some predictions of T, for the WSe, sys-
tem. As seen from Fig. 1c, the larger lattice parameter of WSe, will
lead to slightly larger ay for a given angle ©, and thus, the resulting
values for T, are higher as compared to MATBG, which is also
observed experimentally [19].

The main problem is now that the experiments of Ref. [19] do not
convincingly demonstrate superconductivity in this system as com-
pared to the MATBG data, where much more detailed information is
available. So it is difficult to extract properly defined values for T,
from the data presented (WSe, bilayers with 1°, 2° and 4° misalign-
ment). For the 1° sample (E7), T, could be around 3.5-4 K, for the
2° sample (F?) ~4 K (-6.65 V) or ~6 K (-6.92 V) and for the 4° sample
(D11, marked by a star in Table 1), one may get T. somewhere
between 4 K and 12 K, if at all. The calculation of the Moiré pattern
parameter for the 4° sample gives ayy = 4.72 nm, which would yield
a T, of 49.9 K (with np = 2) or 31.13 K with ny = 1. These values
for A and T. are considerably too high and unrealistic.

As the authors show in their paper higher order Laue reflexes from
electron diffraction patterns for the 1° sample, which would indicate a
lattice constant of the order of 20-25 nm (instead of the calculated
18.9° using Eq. (1)), we have used 20 nm for x in Table 2 for the 1°
sample and left the 4° sample out of further consideration. If we calcu-
late T, using ny = 2, the calculated values come quite close to the
experimental data assuming T.~ 3 K. In all cases, the superconductiv-
ity is best documented for sample F? (their Figs. 5a and S11), yielding
aT.of 453K (-6.65 V) and 6.1 (-6.92 V) at two different gate voltages.
These T.-values are clearly higher than those of tBLG, but also smaller
than the calculated value of 7.78 K (ny = 1). Determining # for this
sample yields = 3.44 and 2.55 at the two gate voltages, which are
only small correction values.

In all cases, it is a pitty that experiments with a quality similar to
the MATnG measurements were not yet carried out by other groups.

To summarize this part, the published data of WSe, are not suitable
for a good comparison, but when extracting T, via the first derivative
from the published data (best for sample F?), we only require small
correction factors to reproduce the experimental T.. This would indi-
cate that the WSe, bilayers have properties being more similar to that
of cuprate HTSc compounds.

Coming now back to the Roeser-Huber plot of Fig. 12, the red data
points (e) give the final results with the factor 5 for the various tBLG
samples investigated in the literature (Table 2), and the blue bullet (o)
shows the data of the 2° WSe, sample.

A more dedicated analysis of all the data available (MATBG sam-
ples as well as the extreme elemental superconductors like Bi or Li)
will allow to further clarify the properties of . Here, we can state that
n is directly proportial to the effective charge carrier mass, m*, and the
charge carrier density enters the formula like the parameter n,. For
this, we may define a relation ng = n;(MATBG)/n;(HTSc). In this
way, the different value of n; appears as a percentage of the HTSc
value, like n; = 0.00158, and in the final formula as nﬁ/ ® = 0.0136.

Harshman and Fiory [132] presented another way of calculating
the transition temperature of MATBG from experimental data. Also
this approach was originally developed for HTSc samples, and the
parameters involved are quite similar to those of the Roeser-Huber
approach. However, there is no relation between the T, and the crystal
lattice parameters, except a distance between the superconducting lay-
ers, which in turn is not contained in the Roeser-Huber formalism. In
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all cases, it will be interesting to compare the various parameters of the
models with each other.

So, we can say here that an extension of the Roeser-Huber formal-
ism is required to account for the low charge carrier densities of the
Moiré superconductors and the resulting low charge carrier mass using
the new parameter . When doing so, we can directly reproduce the
experimental data of the various measurements on Moiré supercon-
ductors published in the literature, and the resulting data fit very well
to the correlation line of the Roeser-Huber plot (see Fig. 12). However,
it is clear that such calculations are only possible when data of either
bandstructure calculations or experiments are already available, so
this approach cannot used for predictions of still unknown materials.

Very important is the following point: We must note here that the
calculations performed using # = 2, that is, a charge carrier mass of
2m,, yield an upper limit for T. of Moiré superconductors, to which
the experiments come now close by applying pressure or using thicker
h-BN layers (see, e.g., the results of Yankowitz [3] and Saito et al.
[10]). Thus, using the Roeser-Huber formalism for Moiré superconduc-
tors without the specific knowledge of effective charge carrier mass and
charge carrier density, provides in turn an upper limit for T.. This
observation is a very positive output for use of the Roeser-Huber equa-
tion to predict superconducting transition temperatures of still
unknown materials (without the knowledge of n; or m*), but knowing
the important crystal parameters and having a basic idea of the value
of the Fermi temperature.

6. Conclusions and outlook

As outlook for future research in the field of Moiré superconductiv-
ity, one can state that the Moiré superlattices have developed into
excellent platforms for the study of new properties of layered 2D mate-
rials in general [133], where superconductivity is only one of several
special properties. The recent creation of devices with 3, 4 or more
graphene layers demonstrated stable and robust superconductivity,
and the finding of the dependence of T, on the h-BN layer thickness
also clearly showed that more robust superconductivity with higher
T/’s is possible in the Moiré superconductors. Thus, one may expect
creation of new superconducting materials by different types of stack-
ing the layers, e.g., the combination of graphene and WSe, or NbSe,,
combinations with other flat 2D-layers like borophene, stannene
[21,22], etc., or even heuslerenes [134], which may be superconduct-
ing themselves or not. In all cases, the reviewed research is only the
top of an iceberg, as countless other combinations are theoretically
possible. Another interesting aspect is the finding of Moiré pattern
on the surface of a topological insulator [135,136], combining two
ongoing research directions. Also here, more stable and robust new
superconducting states may result, which will further widen up the
knowledge of such unconventional superconductors.

A large challenge for the future is the fabrication of larger MATnG
devices with reproducible twist angles and clean surfaces as stated in
Ref. [86]. This will enable many more important experiments on
superconductivity to be performed and thus, foster the entire new field
of twistronics [137]. Hopefully, such improved samples will allow to
solve the standing problem of recording true, zero resistivity. To reach
higher values of T, a repetition of the work of Saito et al. [10] with
reproducible Moiré angles would clarify the role of the h-BN-layer
thickness and thus strongly contribute to find new types of stacks with
higher T,. Furthermore, the fabrication of new types and arrangements
of 2D stacked layers with new properties and possibly, stable and
robust superconductivity, will enable much deeper insights to Moiré
superconductivity. For the twisted superconducting WSe, layers,
which were already discussed in the literature, the currently available
experimental data are not sufficient to extract proper values for the
superconducting transition temperature, T, to enable a proper com-
parison with the calculated data, thus, these experiments should be
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repeated. The study of such new types of stacks may receive help from
machine learning-based simulations once more experiments describ-
ing the properties of various other 2D-layers are carried out to give
a proper foundation for such simulation work.

To summarize up the present paper, in the first part we have given
a summary of the various measurements on superconducting MATnG
samples as published in the literature. For the measurements, a typical
structure called device was build up consisting of the twisted graphene
layers, a top and bottom h-BN layer and graphite as a substrate and
cover for better handling of the structure. Via electric contacts, the lon-
gitudinal resistance, R,,, could be measured as function of tempera-
ture, charge carrier density, applied magnetic field, twist angle, and
h-BN layer thickness. An important result is here that the complete
phase diagram (in analogy to the phase diagram of cuprate HTSc)
could be measured by electrically tuning the charge carrier density,
n, via the gate voltage. This enables a complete study of the supercon-
ducting properties of the various MATnG samples for a given twist
angle of the graphene layers. Furthermore, measuring the characteris-
tic Fraunhofer patterns enables a direct proof of the superconducting
state, which is important as the classical Meissner effect can not be
magnetically measured in the present MATnG devices.

All the data of the superconducting state collected by various
authors now enable the calculation of T, of Moiré superconductors
based on the Moiré lattice parameter using the Roeser-Huber formal-
ism. When doing so, we find that the Roeser-Huber formula in the
standard form with M; = 2 m, yields an upper limit of T, for tBLG,
which is approached by the experimental observations for MATBG
samples under pressure or with thicker h-BN layers.

To better describe the superconducting state(s) of the various
MATnNG samples and to account for the distinctly different Fermi tem-
peratures found by various authors, the introduction of a new factor n
to the Roeser-Huber formalism enables to account for the small charge
carrier densities and charge carrier mass, so that the experimentally
obtained data can successfully be reproduced. All the calculated data
fit well to the correlation line in the Roeser-Huber plot. Of course, fur-
ther work is required to find a theoretical foundation for the new
parameter 5, but it is already obvious that the Fermi temperature,
T, containing the charge carrier density, n, and the effective charge
carrier mass, m*, plays an important role here. Via Tr and the corre-
sponding Fermi velocity, v, it becomes even possible to introduce a
criterion to the Roeser-Huber formalism to distinguish if a given mate-
rial can be a superconductor or not. This will transform the RH formal-
ism into an useful tool for finding new superconducting materials
combining data bases of crystallographic data and information on
superconductivity.
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	6 Conclusions and outlook
	Data availability
	Declaration of Competing Interest
	acknowledgments
	References


