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Spontaneous Electric Polarization in Graphene Polytypes

Simon Salleh Atri, Wei Cao, Bar Alon, Nirmal Roy, Maayan Vizner Stern, Vladimir Falko,
Moshe Goldstein, Leeor Kronik, Michael Urbakh, Oded Hod, and Moshe Ben Shalom*

Spontaneous electric polarization is recently observed in multilayered van der
Waals stacked materials, arising from a symmetry breaking in a unit cell with
two or more constituent species, or non-centrosymmetric intra-layer atom
displacement in single-atom-species materials. Here, it is shown that even
elemental crystals, consisting of one type of atom and composed of non-polar
and centrosymmetric layers, exhibit electric polarization if arranged in an
appropriate three-dimensional architecture. This concept is demonstrated

1. Introduction

In crystalline van der Waals (vdW) mul-
tilayers, one can distinguish between
crystal polytypes, i.e., polymorphs with
structures that differ only along the
out-of-plane direction.l!l In a two di-
mensional (2D) vdW polytype, each
successive layer is identical, but can

here for mixed-stacking tetra-layer polytypes of non-polar graphene sheets.
Surprisingly, it is find that the room temperature out-of-plane electric
polarization increases with external electrostatic hole doping, rather than
decreases with it owing to screening. Using first-principles calculations, as
well as a self-consistent tight-binding model, the emergence of polarization is
explain in terms of inter-layer charge rearrangement and the doping
dependence in terms of gating-induced inter-layer charge transfer. This newly
discovered intrinsic polarization may therefore offer new venues for designing
the electronic response of graphene-based polytypes to external fields.
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stack in different metastable config-
urations that modify overall crystal
properties,l?] notably spontaneous elec-
tric polarization.>~%! For example, parallel
stacking of diatomic hexagonal bilayers
has been recently predicted and shown to
result in permanent out-of-plane polar-
ization, P,, which is absent in the natural
antiparallel stacking configuration.’-11]
Interestingly, it was possible to switch
between the polar configurations by slid-
ing the partial dislocation that separates
them, resulting in a phenomena called
“interfacial ferroelectricity”.[1*1213] More-
over, distinct multilayer polytypes exhibit
cumulative  polarization  steps, known as  “ladder
ferroelectrics”.'*11 This unique opportunity to switch lo-
cally between many adjacent diatomic polytypes provides a
novel platform to explore their basic quasi-particle response on
the one hand, and to exploit their polarization for storage and
information processing technologies on the other hand.!*¢]

Polarization in the above-discussed gapped diatomic poly-
types emerges from an inherent charge transfer between atoms
of different types.”] This is obviously lacking in graphene-
layered polytypes — a semi-metallic system of ever-growing
interest,’-23] where the constituent layers contain a single
atomic species, and are centrosymmetric (as opposed to po-
lar elemental crystals of Tellurium and Bismuth reported
recently?]). These structures are currently central to a sub-
stantial body of experimental and theoretical work, reporting
novel effects such as orbital magnetism and unconventional
superconductivity in response to external electric fields.[2630] Tt is
therefore interesting to ask whether internal polarization could
emerge in this case at all,?'*? and, if so, what would its nature
be?

To explore these questions, recall that in a crystal based on one
type of atom, unit cell symmetry and nuclear positions within
the unit cell determine all crystal properties. Specifically, when
graphene is stacked into a bilayer structure, the interface avoids
the high-energy fully eclipsed (AA) configuration, adopting
instead the optimal (AB) stacking mode, where only half of the
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Figure 1. Polytypes of four-layered graphene. a) Illustration of the rhom-
bohedral (R, ABCA) polytype, with co-oriented shifts between consecutive
layers. b) Cross-section of the R polytype along the in-plane armchair ori-
entation, showing a cyclic shift of carbon pairs between the A/B/C/A posi-
tions. c) Cross sectional illustration of the Bernal polytype (B, ABAB) with
the inversion center marked by a black circle. d) Cross sectional illustra-
tion of the polar polytype (P, ABCB), lacking inversion and mirror symme-
tries. Various tight-binding model hopping amplitudes are indicated by
red dash-dotted and black dashed lines, connecting atoms residing in the
same or different sublattices, respectively.

atoms reside atop each other.*3] By introducing additional layers,
multiple stacking configurations, distinguished by the relative
lateral shift between the various layers,3>-*’] become accessible
(see Figure 1a,b). For example, in the case of three layers, the
crystal can stabilize two high-symmetry polytypes, denoted by
ABC or ABA, that preserve inversion [x—-X, y—-y, z—-z] or mirror
(z—-z) symmetry, respectively. In a four-layer stack, the number
of polytypes grows to three: (i) the Bernal (B); (ii) the rhombo-
hedral (R) polytypes, both of which break mirror symmetry but
preserve inversion symmetry; and (iii) the ABCB (denoted as P)
polytype, which breaks both symmetries, allowing for permanent
polarization.

Generally, for a stack of an even number N of layers we find
2N=3 4 2(N=412 different polytypes possible, all breaking mirror
symmetry, out of which only 2(N-2/2 possess inversion symmetry
and are hence necessarily non-polar. For an odd number of lay-
ers in the stack, we find 2V=3 + 20N~ 3)/2 polytypes, out of which
2IN=3)/2 are non-polar centrosymmetric stackings, and 2N -3)/2
are mirror-symmetric configurations that may only present in-
plane polarization. The rest of the stacking modes break both
symmetries and may exhibit permanent P, and in-plane polariza-
tion (see detailed discussion in SI.1). For example, for 11 layers
(N = 11), there are 272 different stacking configurations, out of
which 16 are non-polar, 16 may only exhibit in-plane polarization,
and 240 may exhibit both out-of-plane and in-plane polarization
(see Table S1, Supporting Information).
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2. Results and Discussion

To explore the possibility of polarization in multi-layered all-
carbon graphene stacks, we exfoliate natural graphite flakes on
bare silicon oxide (SiO,) surfaces. We determine the number
of graphene layers in each flake from their optical contrast, as
well as from their atomic force microscopy (AFM) measured
thickness. The marked area in Figure 2a shows a typical tetra-
layer graphene region with uniform optical and topography
maps. However, the integrated Raman map of the same section
(Figure 2b), constructed by integrating the photon counts in the
range 2674-2684 cm™! (see Figure 2c), reveals three distinct re-
gions, which can be assigned to the above defined B, R, and P
polytypes based on their known Raman signatures.*8! We further
scan the same area by a Kelvin probe force microscopel*®! to map
the room temperature electric surface potential Vy, (Figure 2d).
The contrast between polytypes is present also in the electrical
measurement, reflecting variations in the work function of the
different polytypes.[2>4041l Remarkably, the two P polytype re-
gions that appear with the same color in the Raman map, exhibit
different colors in the Vi, map, clearly demonstrating their op-
posite internal polarization P, P,.Two line cuts across the poly-
type regions (solid and dashed black arrows) are presented in
Figure 2e, demonstrating distinct work function steps between
the uniform values corresponding to individual polytypes. To
quantify these variations, we consider potential histograms as a
function of the number of pixels per potential value, plotted on
the right-hand side of Figure 2e. Repeating this analysis for many
different samples (SI. 3.1) yields (Vip(P;) = Vip(P}))/2 = 61 mV,
Vip(R) = Vip(B) = 1941 mV, Vi (R) = Vi (P,) = 5+1 mV. These
numbers are independent of polytype dimensions, the AFM tool,
the environment (ambient versus inert), and the tip type. We note
that the average map potential may vary by as much as ~200 mV
in different experiments, yet the potential steps between the poly-
types remain unaltered.

The permanent room temperature polarization in a graphitic
(seemingly semi-metallic) polytype calls for a careful examina-
tion of its doping dependence.**>*] To this end, we biased
the flakes relative to the bottom Si substrate, thereby forming a
planar capacitor that controls the total charge carrier density of
the flakel'*! (Figure 2a). We then re-mapped the surface poten-
tial for several fixed gate voltages, V,, and extracted the potential
steps between the different polytypes as a function of the pla-
nar charge density n. As expected, the new maps show + 10 V
variations in Vi, outside the graphite flakes, corresponding to
the applied gate voltage, whereas above the flake Vy, is altered
by merely +20 mV (see Figure S2, Supporting Information).['*]
This corresponds to charge accumulation on the flake, with n
= + 2.3x1012 ¢ cm~2, which screens the bottom gate potential
(SI 3.2). Figure 3a presents the gate and density evolution of
the potential step between opposite polar domains (Vip(P,) —
Vip(P,))/2. Surprisingly, the potential difference and its corre-
sponding internal polarization increase by #13% upon hole dop-
ing to 1012 holes cm~2. Such an increase was not observed in
layered diatomic structures or in any other system we are aware
of, where the added charge distribution typically suppresses the
internal polarization.

To rationalize the emergent polarization and explain its un-
usual dependence on doping, we conducted density functional
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Figure 2. Direct observation of internal polarization in graphite. a) Optical image of a typical tetra-layer flake on a Silicon/Silicon dioxide (90 nm)
substrate. The cross-sectional illustration at the bottom shows the Gate Voltage (V,) and the Kelvin Probe potential (Vyp) circuits in the electric force
microscopy setup. b) Integrated Raman Intensity map of the area marked in (a) with the color in each pixel representing the number of photons
collected at the spectral range, shown as a grey bar in c); The map shows three distinct brightness levels assigned, based on their Raman signatures, to
the Rhombohedral (RH), Polar (PA), and Bernal (B@) polytypes. ¢) Raman spectra collected from each polytype, showing distinct shifts and intensity
variations in the G and the 2D peaks. d) Surface potential map obtained from the same area as in (b); B and R polytypes appear uniform in color and
are separated by 17 mV. In contrast, the P polytype appears in two distinct colors. The black areas are typical contamination spots. €) Left: Potential cuts
over R-P-B polytypes, along the solid and dashed lines marked in (d); Right: Normalized potential histograms from separate polytype regions and their

Counts [a.u.]

fitting Gaussians (solid lines).

theory (DFT) calculations (SI. 4.1). The overall P, is extracted
from the difference between the laterally averaged electrostatic
potential far below and above the 2D periodic stack,**! calculated
via ¢ (2) = — [ (' — 2)[/ dxdyp(x,y,2')|d2’. As expected, the cal-

0

culated potential is mirror symmetric for the B and R phases,
where the polarization vanishes (Fig. 3D, black squares and red
dots, respectively). However, for the four-layered P-polytype, a
potential difference of 6 mV appears at an electronic temper-
ature of 300K (blue triangles), where the thermal distribution
is enforced via appropriate occupation of the Kohn-Sham states.
This potential difference is in good agreement with the measured
(Vip(Py) = Vip(P,))/2 value (Figure 3a). Note the lower potential
at the third layer plane of the polar phase (blue curve) versus
the B and R phases, indicating a negative charge accumulation
in this layer. Figure 3b also shows a cross section of the charge
redistribution along the armchair direction after subtracting the
charge of the individual layers. The third layer exhibits a pro-
nounced charge difference between the two sublattice sites, while
the first and fourth layers show a weaker and opposite response.
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Next, we introduce effective doping in the calculation by includ-
ing fractional nuclear charge “pseudoatoms” that induce excess
free charge carriers without violating sample neutrality or distort-
ing the underlying band structure (SI 4.1.2).1%¢] The computed
doping dependence of the polarization (red curve in Figure 3a)
is in overall good agreement with the experiment, showing a
slightly larger slope of ~18% per 1012 holes cm 2.

The origin of this doping dependence can be rationalized by
examining the band structure at the edge of the Brillouin zone
near the K point,[**33] where the Fermi level resides (Figure 3c).
Unlike the case of the B and R phases (Figure S6, Supporting
Information), a gap opening of 9 mV appears between the top
of the linear valence band and the bottom of the linear conduc-
tion band of the P phase, due to the broken inversion and mir-
ror symmetries. Notably, contributing the most to the density of
states (DOS) in the vicinity of the Fermi energy (see Figure 3d) are
the flat bands (separated by ~50 mV) that are localized on the 1%
(blue) and 3™ (red) layers. These two layers also contribute most
to the polarization, with the negative charge on the third layer
and the positive one on the first layer. From the projected DOS
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Figure 3. Dispersion and doping-dependent polarization of the P tetra-layer polytype. a) The measured (black squares) and calculated (red circles) out-of-
plane polarization (Vyp (P;) = Vip(P}))/2 as a function of the external gate voltage (lower horizontal aX|s) and the corresponding charge density n (upper
horizontal axis). b) Left: The planar averaged electrostatic potential as a function of the vertical coordinate, Z, in the three graphitic polytypes. Right:
Charge density redistribution map of a cross-section along the armchair direction of the P polytype. Red/blue colors correspond to the residual finite
electron/hole density after subtracting the charge distribution of the individual monolayers. c) and e) DFT and self-consistent tight-binding calculated
band structures, respectively, centered around the reciprocal K point. The color of the circular symbols marks the wave function projection of the crystal-

momentum states on each layer. The scale bar indicates the momentum diameter required to occupy 2x1012 cm™

projected on each layer (L1 — L4) as a function of the energy.

(Figure 3d) it becomes evident that as the gate potential becomes
more negative, the first and third layers become increasingly de-
populated. Because both peaks are within the room-temperature
width of the thermal distribution, 2K;T~50 mV, the two layers
depopulate by approximately the same charge. However, as the
first layer is farther from the center of the tetra-layer stack, its
contribution to the polarization dominates and results in an in-
crease of the polarization.

Further insights regarding the microscopic origins of the po-
larization can be obtained via a tight-binding (TB) model that in-
cludes a self-consistent electrostatic potential term. We consider
two sites per layer with previously suggested hopping parameters
and on-site energies!*’] (S4.2). The hopping parameters are illus-
trated in Figure 1d, where we distinguish between coupling of
sites on different sublattices (dashed black lines) and on the same
sublattice (dash-dotted red lines). An important insight is that if
the same-sublattice small amplitudes are neglected, polarization
will vanish at charge neutrality due to particle-hole symmetry.
Hence our experiment provides a very sensitive probe of them.
Still, even when neglecting these terms, polarization would gen-
erally become nonzero upon gating. Accounting for these terms,
the corresponding polarization will generally decrease with one

Adv. Physics Res. 2024, 2300095 2300095 (4 of 6)

2 states. d) DFT calculated DOS

sign of the doping, but still increase with the other. This behavior,
which is indeed the experimentally observed one, then emerges
as typical for graphene polytypes and is inherently different from
that observed in polyatomic stacks. The resulting TB band struc-
ture is shown in Figure 3e. Several general observations emerge
(S4.2): (a) If the self-consistent electrostatic potential is omitted,
the calculated polarization disagrees with the experimental and
the DFT one in both magnitude and sign.**3?! (b) Allowing for
the intra-layer potential differences is crucial for obtaining good
agreement with the DFT results; (c) The electron-hole band asym-
metry is generally more pronounced in the tight-binding disper-
sion than in the DFT one.

3. Conclusion

We have provided a proof of principle that metastable phases
of graphitic stacks can be generated and may exhibit electric
polarization. This is explained by DFT calculations as aris-
ing from inter-layer charge rearrangement and additionally
supported by the fact that self-consistency of the electrostatic
potential is essential for the tight binding model. Such 2D Van
der Waals polytypes may open venues for constructing and
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exploring other elemental yet polar crystals that go beyond the
few reported to date in that they rely on inter-layer electronic,
rather than intra-layer nuclear, distortions.***! We found the
room temperature polarization of the graphene multilayer stack
to decrease with electron doping, but counterintuitively increase
with hole doping. While an increasing polarization with the total
charge density has been theoretically suggested,[*] to the best of
our knowledge this is the first observation of doping-enhanced
polarization. We attribute this behavior to gating-induced inter-
layer charge transfer, a conclusion supported by the calculated
band structure of the non-centrosymmetric stacked system.
Despite the semi-metallicity and the non-polar nature of the
individual layers the underlying mechanisms pave the way for
graphene polarization control by mechanical switching!®®! or
via external gate potentials.[?*] Specifically, although controllable
switching between different graphene polytypes remains an
open challenge, we expect novel opportunities for controlling it
to arise from small twists between successive layers.
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