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Resistive switching in graphene: A theoretical case study on the alumina-graphene interface
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Neuromorphic computing mimics the brain’s architecture to create energy-efficient devices. Reconfigurable
synapses are crucial for neuromorphic computing, which can be achieved through memory-resistive (memris-
tive) switching. Graphene-based memristors have shown nonvolatile multibit resistive switching with desirable
endurance. Through first-principles calculations, we study the structural and electronic properties of graphene
in contact with an ultra-thin alumina overlayer and demonstrate how one can use charge doping to exert
direct control over its interfacial covalency, reversibly switching between states of conductivity and resis-
tivity in the graphene layer. We further show that this proposed mechanism can be stabilized through the
p-type doping of graphene, e.g., by naturally occurring defects, the passivation of dangling bonds or defect

engineering.

DOI: 10.1103/PhysRevResearch.5.043147

I. INTRODUCTION

Graphene is a two-dimensional (2D) material with remark-
able electronic and mechanical properties [1-5]. It is a 2D
network of conjugated sp? carbon in a hexagonal lattice along
the basal plane. The m-cloud formed by the out-of-plane
p. orbitals above and below the basal plane of graphene is
responsible for its high electron mobility, which moves like
mass-less fermions. Its intrinsic carrier mobility can reach
values up to ~10° cmz/ (Vs) [6,7], making it an excellent
candidate for high-speed devices. However, the m-cloud itself
is also self-passivating and chemically inert and therefore
does not typically demonstrate an affinity towards many sub-
strates, ligands, or solvents. Coupled with the Klein tunneling
phenomenon [8], there has been a long-standing difficulty
in drastically and reversibly changing the conductivity of
graphene as a function of the gate, Vi, and drain-to-source
voltage, Vps.

Recent successes in overcoming these challenges have
led to the development of graphene-based memristive de-
vices non-breaking space with [9—13] capable of resistive
switching, which is being pursued for resistive random-
access memory (ReRAM) devices. These devices have
programmable conductance that can be changed with short,
high amplitude voltage pulses [14,15], making them central
to the construction of reconfigurable neuromorphic synapses
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[16-18]. Since memristive devices can both compute and
store data, they are much more energy-efficient than con-
ventional microchips, consuming only a thousandth of the
energy of a conventional computer processor [19]. As a result,
they are widely seen as the future of computing after almost
five decades of complementary metal-oxide semiconductor
(CMOS) technology growth.

In 2015, Tian et al. [20] demonstrated that an artifi-
cial synapse based on twisted bilayer graphene and alumina
could exhibit dynamic tunable plasticity. More recently,
Schranghamer ef al. [21] constructed a multibit nonvolatile
graphene-based memristor that was capable of switching
between high and low conductance states. In the latter, the au-
thors found that interactions at the alumina|graphene interface
dominated the memristive mechanisms, rather than the bulk of
the alumina substrate. Graphene was p-doped and OH ligands
bound to the Al sites of the alumina substrate during device
fabrication. The conductance states were programed into the
device via pulses of Vpg, and the resistance was modulated
by varying Vg. Unlike traditional oxide-based memristors
(which are driven by the formation and degradation of con-
ductive filaments in the oxide), the switching mechanism of
the graphene-based resistive memory device was distinct and
dominated by interactions at the alumina|graphene interface.

In addition to Refs. [20,21], many other experiments
non-breaking space with [22-27] have also investigated the in-
terfacial properties of the alumina|graphene system. Alumina
is widely used in graphene electronics and spintronics as a
gate dielectric and as tunnel barrier [22,24] owing to its large
experimental bandgap of 5.0-8.8 eV [28,29]. A theoretical
understanding of the alumina|graphene interface is crucial for
optimizing experimental techniques to enhance the perfor-
mance of graphene-based devices. However, theoretical works
usually only study the isolated properties of alumina separate
from the graphene system [30-34] due to computational cost
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FIG. 1. Schematic illustrations of the unrelaxed slab supercell
for a perfectly stoichiometric ultra-thin alumina overlayer, Al;;Oys,
as deposited on top of graphene in the (a) type-I, (b) type-1I, and
(c) type-1II configurations. The green and orange shaded regions
highlight the unsaturated Al and O bonds, respectively, at the top
alumina surface. The outward (inward) direction of the arrows in-
dicates the tendency of the unsaturated Al (O) to donate (accept)
electrons. Bond analyses for the surface and interface terminations
of the alumina are depicted in (d)—(f) for the type-I, -II, and -III
configurations, respectively.

and only limited theoretical analyses of how alumina interacts
with graphene [35] have been reported.

In the present work, we study the structural and electronic
properties of alumina of the «-Al,O3 polymorph (i.e., corun-
dum), as an ultra-thin overlayer in contact with graphene
and how different contact conditions at the interface be-
tween alumina and graphene can produce significantly varied
conductive/resistive properties.

Traditionally [36], the mechanisms for memristive switch-
ing include capacitive gating [37], phase transitions [38,39],
ion-defect migration [40—42], filament formation [43,44], and
interfacial reactions [45—47]. In graphene-based memristors,
voltage-controlled charge traps in lateral or vertical structures,
e.g., via the tuning of VG or the introduction of interfacial
traps [20,21,48-50], have also been used.

Through first-principles calculations, we propose a non-
volatile memristive switching mechanism that can control-
lably and reversibly alternate between a conductive and
resistive state of graphene. Our proposed mechanism does
not involve the bulk of the alumina substrate and clearly ex-
plains why p-doped graphene is conducive. It also shows how

dissociative OH-adsorption may, in fact, facilitate memristive
switching, which is in excellent agreement with the experi-
mental observation of Ref. [21]. We further show that under
the right conditions, the switching mechanism may even turn
on and off magnetic moments at the interface, as has also been
experimentally observed [51].

II. PERFECT STOICHIOMETRY: THE Al;,O43]
GRAPHENE INTERFACE

We first constructed a supercell consisting of a stoichio-
metric slab of a 1.3-nm alumina layer on top of graphene
[Figs. 1(a)-1(c)], based on experimental data [51]. The alu-
mina layer has perfect stoichiometry, and all bonds within the
bulk of alumina are coordinated, except at the top surface and
bottom contact interface (Fig. 1). This also implies that any p-
or n-type doping in the system can only be caused by unsatu-
rated Al and/or O at the surface and interface, not bulk defects
in alumina. Since the alumina layer may have different surface
and interface terminations, we identify three representative
types of geometric configurations and label them as types I,
II, and III. Figures 1(a)-1(c) show the unrelaxed supercells
of these configurations. In stoichiometric alumina, each ARt
is coordinated to six O?~ while each O>~ is coordinated
to four AI**. It can be concluded that for each Al-O ionic
bond, AI** donates 3e/6 = 0.5¢ to the bond (where e is the
electron charge), whereas 0%~ accepts 2¢/4 = 0.5¢ from the
bond. In other words, Al is an electron donor, while O is an
electron acceptor. For more information on the model, see
Appendix A. In this section, we focus our discussion on the
aluminalgraphene interface, although the same analysis can
be applied to the top surface of alumina.

The alumina type-I configuration has unsaturated Al and
O at the contact interface. Specifically, this supercell has
one unsaturated Al (with three dangling bonds) and three
unsaturated O (with one dangling bond each) at the interface.
Bond analysis shows that the three dangling O bonds require
(3 x 0.5¢ =) 1.5 electrons to fully occupy the O shells, while
the three dangling Al bonds need to donate 1.5 electrons to
empty the Al shells. Therefore the three dangling Al bonds
donate 1.5 electrons to the three dangling O bonds, resulting
in autocompensation of charge transfer [30] and complete
charge neutrality of alumina at the interface. Relaxation of the
atomic positions of the structure through density functional
theory (DFT) force minimization reveals that the unsaturated
Al interacts mainly with the unsaturated O in its immedi-
ate vicinity to form a coplanar bond that avoids interacting
strongly with the graphene layer underneath. These coplanar
bonds (at the interface and surface) are shaded in gray in
Fig. 2(a). As a result, only weak van der Waals interaction
exists between alumina and graphene, as reflected through the
relatively large separation of ~0.293 nm, and the presence of
the alumina layer does not substantially change the graphene
electronic band structure. (See Appendix B for more details
related to the DFT calculations.) The relaxed type-I configu-
ration also has the lowest calculated total energy of the three
relaxed configuration types. (See Table I for a summary of
the energies of the different configurations). Unlike the type-I
configuration, the type-II configuration only has unsaturated
Al at the contact interface [Fig. 1(e)]. Without unsaturated O
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FIG. 2. (a) Perfectly stoichiometric alumina as deposited on graphene in the type-I configuration after relaxation. The gray-shaded region
highlights the co-planar bonds that are formed due to auto-compensation between the unsaturated Al and O at the surface and interface.
(b) Al-vacany-stabilized type-I’ configuration (i.e., Al;;O;5). The gray-shaded region shows that with the removal of Al, co-planar bond
formation is no longer favored. The C-O bond at the interface is 0.14-nm long, indicating the activation of interfacial covalency. (c) The
sp® graphene bonds can be reverted back to sp® graphene bonds with charge doping. The C-O bond at the interface is destroyed and the
alumina-graphene separation of 0.29 nm is restored. (d)—(f) show the spin-polarized band structures of (a)—(c), respectively, projected onto the
pseudo-wave-functions of graphene. The degrees of spin-up and spin-down projections are represented using color bars. (e, inset) shows the
spin-projected density of state of (b) and its inset shows the spin densities plot in yellow.

acting as electron acceptors for electrons originating from the
unsaturated Al, the tendency for the unsaturated Al to donate
electrons at the interface leads to strong repulsive potential en-
ergy from graphene m-cloud, making the unrelaxed structure
of the type-II configuration highly unstable and will not be
further discussed.

On the other hand, the type-III configuration only has
unsaturated O at the interface [Fig. 1(f)]. Interestingly, un-
like the type-I configuration, the type-III configuration does
not form any co-planar bonds after relaxation. Instead, the
electron-accepting unsaturated O at the interface prefers to
interact with the graphene m-cloud to induce sp® hybrid
states in graphene that cause out-of-plane deformations of
the graphene sheet [see Appendix C, Fig. 5(a)]. The resultant
C-O covalent bonds are ~0.148-nm long, which is half the
alumina-graphene van-der-Waals separation in the type-I con-

TABLE I. Summary of the energy and magnetic properties of the
Al,Oqg|graphene slab, where E; denotes the calculated total energy
of the system, and AE, denotes its difference with respect to the
configuration type that has the lowest E;.

Alj,0,5|graphene Type I Type I Type 111
AE, per supercell (eV) 0.00 — 9.33
g per supercell 0.00 - 1.17
g of unsaturated O atom 0.00 — 0.32

figuration. The formation of covalent sp® graphene bonds at
the interface (i.e., interfacial covalency) dramatically distorts
the electronic structure of graphene, disrupting the m-cloud
and destroying even the Dirac cone to form a bandgap of
~2.33 eV [see Appendix C, Fig. 5(b)], i.e., these sp3 bonds
are resistive. We found that the relaxed type-III configuration
(which has sp® graphene bonds) is less stable than the relaxed
type-I configuration (which has sp? graphene bonds), with the
latter being AE; = 9.33 eV lower in total energy per supercell
(Table I). Here, E; denotes the calculated total energy of the
system, whereas AE, denotes its difference with respect to the
configuration type that has the lowest E;.

Summarizing, an important conclusion can be made: the
presence of electron acceptors (such as unsaturated O) at
the interface can activate an interaction with the graphene
m-cloud. If the interaction is strong enough, the sp? hybridiza-
tion of graphene can be distorted to form sp* bonds.

II1. STABILIZING THE RESISTIVE STATE OF GRAPHENE

Even though the formation of sp* graphene bonds is higher
in energy than the formation of sp?> graphene bonds when
the perfectly stoichiometric alumina overlayer is deposited
on top of it, slightly off-stoichiometric alumina layers can
arise naturally during the fabrication process or be achieved
through defect engineering, stabilizing these sp® bonds. We
will study these stabilizing mechanisms in this section.
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TABLE II. Summary of the energy and magnetic properties of
the Al;;O,g| graphene interface, where E, and AE, are defined as in
Table I.

Al,;;0,5|graphene Type I Type II’ Type III’
AE, per supercell (eV) 0.00 2.86 —
W per supercell 1.00 2.79 -
up of unsaturated O atom 0.47 0.75 —

A. Defect formations in alumina

First, we focus on the effects of fabricating the device in a
natural (O-rich) ambient atmosphere, which favors the forma-
tion of Al vacancies over O vacancies in alumina, resulting in
the off-stoichiometric form of Al;;O;g. The off-stoichiometric
form of Al;;0;7, which may be fabricated in an O-deficient
atmosphere, is discussed in the Appendix E. We keep the
labels of the original configurations and additionally use a
single prime () to denote the Al;;O;g stoichiometry (i.e.,
types I’ and II’). The original type-I, -II, and -III configura-
tions have one [Fig. 1(d)], two [Fig. 1(e)], and zero [Fig. 1(f)]
unsaturated Al at the interface per supercell, respectively. Due
to the geometries, our investigation is restricted to type-I’ and
-II’ configurations only (Appendix D, Fig. 6). We note that
since O is an electron acceptor and Al is an electron donor,
off-stoichiometric Al;;O,g and Al;,Oy; are vacancy-induced
p- and n-doped, respectively.

Removing one unsaturated Al from the type-I inter-
face [Figs. 1(a), 1(d) and 2(a)] forms the type-I’ interface
[Fig. 2(b)], leading to the creation of three more unsaturated
O. This makes the type-I’ interface similar to the type-III
interface [Fig. 1(c)], except that it has a higher concentration
of unsaturated O. Like the type-III interface, the sp® graphene
bond is preferentially formed upon force minimization in the
calculations, also resulting in a similar bandgap of 2.1 eV
[Fig. 2(e)]. Unlike the type-III interface, however, which is the
less stable on-stoichiometric structure (Table I), the type-I” in-
terface is the more stable off-stoichiometric structure (Table II
and Appendix D for details about the type-II’ interface). This
is remarkable, as it verifies that the sp® graphene bonds can,
in fact, be stabilized through the Al-vacancy-induced p-type
doping of alumina. Not only did the vacancy-induced p-type
doping increase the electron affinity of alumina, the increased
concentration of electron-accepting unsaturated O at the in-
terface also strengthened its interaction with the graphene
m-cloud. Finally, we then repeat our analysis for n-doped
alumina as induced by O vacancy, i.e., Al;;07. Under no con-
ditions are sp® bonding formed in graphene after relaxation
(see Appendix E).

B. Passivation of dangling bonds in alumina

In realistic devices, dangling bonds (such as those at the
surface, interface and defects) are naturally passivated by
atoms and ligands. Motivated by the experiments of Ref. [21],
we will discuss in this section how dissociative OH-adsorption
of H,O at the (top) alumina surface [as shown in Figs. 8(a) and
8(b)] may also stabilize the sp® graphene bonds. In principle,
the contact interface [21] can also be passivated with the
same outcome, but will not be discussed in this work for con-

ciseness. Due to the geometries, we will only investigate the
passivation of type-III Al;;O;5 by OH (Fig. 8, Appendix F).
Since hydroxide (OH) is an electron acceptor, OH-adsorption
will induce p-type doping. (The n-type doping via passivation
by electron-donating H is also studied and will be discussed
in Appendix G).

We found that when the dangling surface bonds of type-
IIT Al},O,3 are passivated with OH, the sp’ graphene bonds
continue to persist in the OH-passivated type-III configura-
tion. Moreover, OH-passivation stabilizes the formation of
sp® graphene bonds: without passivation, only two out of
three unsaturated O per supercell are bonded to graphene via
the sp* bonds; upon passivation, all three unsaturated O are
bonded to graphene via the sp® bonds. The calculated DFT
band structure for the OH-passivated type-III configuration
is similarly gapped with a bandgap of ~1.27 eV for spin
down channel and ~1.41 eV for the spin up channel. The
main consequence of OH-passivation is that the buckling of
graphene becomes more extensive. In the memristive device
of Ref. [21], it was found that the dissociative OH-adsorption
of H,O that happens during the graphene transfer process of
device fabrication is inevitable and Ref. [52] suggests that it
may even persist further through surface passivation, leading
to the distinct p-type doping of the device. Our calculations
lend support as to why a p-type environment is conducive for
graphene-based memristive switching observed in experiment
[21]. We repeat our calculation to study the n-type doping
of H-passivation for the type-II configuration. H-passivation
does not lead to any sp® graphene bonds being formed (see
Appendix G).

Finally, we note here that the charge transfer between
alumina and graphene w-cloud is dominated by the surface
termination of alumina at the interface (i.e., proximity effects)
and not the vacancy-induced doping of bulk alumina. As long
as alumina is O-terminated at the interface, p-type doping of
graphene is observed, independent of whether bulk alumina is
p- or n-doped either through (Al or O) vacancy formation or
the (OH or H) passivation of dangling bonds (Figs. 6 and 7).

C. Switching between the resistive and conductive state

Even though the m-electrons of a pristine layer of sp’-
bonded graphene are both highly mobile and chemically
resistant, when an alumina overlayer is deposited on top of it
and is naturally p-doped, the resistive but otherwise unstable
sp® bonds (Sec. II) in graphene are stabilized (Secs. IIl A and
III B). This suggests that charge doping may be used to switch
between the resistive sp> state and the conductive sp’ state
and vice versa. Charge doping may be stimulated through
the application of high-amplitude voltages via a gold contact
[as we propose in Fig. 3(a)] or the application of Vpg (as
experimentally reported in Ref. [21]) or V pulses.

To investigate theoretically if electron doping can revert a
resistive sp° state to a conductive sp” state, we inject electrons
into the relaxed vacancy-stabilized (2 x 2)-supercell of type-I
with only one Al vacancy (i.e., Aly707,, which has 1/4 the
vacancy concentration of type I’) and found that even though
the concentration of sp* bonds is also reduced by a factor 1/4
compared to type I’, the band structure of the system remains
gapped. Furthermore, only 0.5e (not 4e, as it is for type I") per
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FIG. 3. The proposed design of graphene memristor. The red
and green plates, respectively, represent gold contacts that can be
used to activate the resistive and conductive graphene states, via
the application of voltage pulse. The alumina overlayer, sandwiched
between graphene and the gold contacts, are made semitransparent
in this figure for illustration only. Here, Vps denotes drain-to-source
voltage, while V; denotes gate voltage.

(1 x 1)-supercell is then needed to fully restore the sp? bonds
in graphene and its conductive state. Similarly, if 100% of all
the unsaturated O at the type-III surface are passivated with
OH [i.e., three per (1 x 1)-supercell], 4e per (1 x 1)-supercell
is needed to revert the resistive sp® bonds to conductive sp’
bonds [Figs. 8(b) and 8(d)]. A lower concentration of OH ad-
sorption requires a lower concentration of electrons to revert
the sp? bonds to sp? bonds, similar to the effects of lowering
of Al-vacancy concentration.

Moreover, our calculations show that dangling bonds from
unsaturated O form localized O impurity states at the Fermi
level that are spin-polarized, in agreement with experiment
[51]. The unsaturated O bonds leads to spin polarization, as
is clear from Figs. 2(b) and 2(e). The unsaturated O at the
interface also polarizes the C atoms of the graphene layer
and the atoms in its immediate surroundings. These states
are responsible for generating the spontaneous local magnetic
moment and are particularly interesting because they may
explain, for example, the reduced spin lifetime in graphene
observed in spintronics experiments [53]. See Appendix H for
further discussion related to spin polarization.

IV. CONCLUSION

The work presented here suggests that sp® bonds can serve
as reversible carrier traps that are resistive synaptic junctions
for resistive switching, as an alternative to voltage-controlled
charge traps [20,49,50]. We hope that this work will inspire
transformative changes for memristor-based neural networks,
which aim to radically improve the performance of digital
circuits without shrinking transistors, circumventing Moore’s
law while overcoming the obstacles related to energy con-
sumption that are currently impeding the more widespread
adoption of artificial intelligence (AI) methods.
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APPENDIX A: THE MODEL

1. The slab construction
a. Perfect stoichiometry: A1;013

We first constructed a supercell consisting of a stoichio-
metric slab of (1 x 1) (0001)-terminated alumina unit cell
on top of a (2 x 2) graphene supercell [Figs. 1(a)-1(c)]. The
thickness of the alumina layer was approximately 0.13 nm,
based on experimental data [51]. The (2 x 2)-supercell of
graphene has a hexagonal lattice and in-plane supercell lat-
tice vectors of |a;| = |ap| = 0.492 nm, while alumina has a
hexagonal unit cell and in-plane unit-cell lattice vectors of
|bi| = |by| = 0.476 nm. The lattice mismatch with respect to
the graphene supercell is 3.25%. Due to this mismatch, a small
strain must be applied to the graphene and/or alumina in order
to construct a commensurate slab of reasonable size. We have
chosen to strain the oxide instead of compressing graphene to
ensure that the most relevant electronic properties of graphene
are preserved, and the only influence is due to the interaction
with alumina in a slightly compressed state. We will further
show in Sec. A2 that the main conclusions of this work are
not affected by straining either graphene or alumina in the
calculations. Particular attention was paid to the choice of the
initial distance between graphene and the oxide layer before
structural relaxation was performed, since this choice may
enhance or diminish the chemical interaction at the interface,
leading to different (meta)stable solutions depending on this
initial choice. For this reason, we set this distance to an initial
value of ~0.2 nm for all models studied in this work before
structural relaxation. This distance was chosen based on the
convergence of the energy minima after considering different
initial distances within a range of 0.1 to 0.35 nm.

Since the alumina layer may have different surface termi-
nations and form different contact interfaces with graphene,
we identify three representative types of geometric configura-
tions and label them as types I, II, and III. These three distinct

(a)

= =)

AE (eV)

I M K

FIG. 4. Superposition of the unstrained (black) and strained
(green) band structure for (a) graphene monolayer with compression
of ~3.25%, and for (b) strained hexagonal bulk Al;;Os.
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04 06 08 1.0

FIG. 5. (a) Type-IIl configuration after relaxation. (b) Spin-
polarized band structure projected onto the pseudo-wave-functions
of graphene.

configurations are related by the shift of the (0001)-plane of
the hexagonal unit cell of alumina in the [0001]-direction
(i.e., the z-direction). Figures 1(a)-1(c) show the unrelaxed
supercells of these configurations, with the dangling bonds
at the surface and interface shaded in green and orange for
unsaturated Al and O, respectively.

b. Off-Stoichiometry: A;101s

For each stoichiometry, we started from the three types of
unrelaxed stoichiometric configurations (Fig. 1) as introduced

(a) A111018 Type—I’ (b) A111018 Type—H’
. - . p) o (NLP)

¥ o

E = —300.869 eV per supercell E = —298.014 eV er supercell
up = 1.00 up = 2.79
4
(C = d) /-
=
2
N —
<4 -1 = S —
\\\ / =
—9 ,\\ e
_3 N | ’;”(/'
—4 \:\\, = 7
I M K rr M K r
)
1
00 02 04 06 08 1.0

FIG. 6. Al;;0,3 as deposited on graphene (a) type-I’ and (b) -1I’
configuration after relaxation. Here, E refers to the total energy per
supercell and pp the magnetization in Bohr magnetons. (c-d) The
band structure of graphene in the presence of Al;;O;g. (d) shows that
when oxygen is near graphene, graphene becomes p-doped through
proximity effects, even though there are no sp® bonds formed in
graphene. The isosurfaces of the spin densities are plotted in yellow.

in Sec. II and removed an unsaturated Al from the interface
while keeping the surface of the alumina layer intact. We then
performed force minimization to obtain the relaxed structure.
Since the type-III configuration only has unsaturated O at the
interface and no unsaturated Al [Fig. 1(f)], our investigation
of Al vacancies in the Al;;O;g stoichiometry was restricted to
only the type-I’ and -II’ configurations.

2. Strained versus unstrained system

We first studied the effects of strain on the band structures
of bulk alumina (under tensile strain) and the (2 x 2) graphene
supercell (under compressive strain). Here, we exchanged the
lattice parameters of both lattices so that strained alumina
had an in-plane unit-cell lattice constant of 0.492 nm, while
strained graphene has an in-plane supercell lattice constant
of 0.476 nm. Using the constrained lattice parameters, we
relaxed all atomic positions of both systems through force
minimization. After relaxation, the in-plane C-C bond length
of graphene decreased from 0.142 to 0.137 nm, whereas the
Al-O bonds for alumina increased from 1.86 and 1.97 nm to
1.91 and 2.01 nm, respectively. The calculated band structures
of graphene and bulk alumina are shown in Figs. 4(a) and 4(b),
respectively. For graphene, the applied compression of the su-
percell is not enough to change its band structure significantly.
The reduction of approximately ~3% of C-C bond length is
insufficient to distort the linear dispersion at the Fermi level.
Moreover, since the applied strain does not violate either the
time-reversal or space inversion symmetry, which protects
the presence of Dirac cone, the system remains gapless, as
expected [4,54]. However, the increased overlap between the
in-plane sp? orbitals leads to the larger splitting between
bonding and anti-bonding states, as shown in Fig. 4(a). For
alumina, the increase in Al-O bond length induces a bandgap
reduction from ~6.12eV to ~5.00eV, as shown in Fig. 4(b).
From this analysis, we conclude that a study of the electronic
structure of the Al;;O;s|graphene system with a common in-
plane lattice constant can be done either by adapting the lattice
constant to alumina or vice versa without changing our main
conclusions. In this work, we have chosen to construct the
Al;»,O,g|graphene interface by adapting the in-plane lattice
constant of the oxide layer to that of graphene.

APPENDIX B: COMPUTATIONAL DETAILS

Our theoretical investigation was modeled after the exper-
imental configurations of our recent publication [51], as well
as device structures of experimental significance, e.g., tunnel
junctions, memristors, and graphene spintronics devices, as
mentioned above. We note that even though Ref. [51] was
published by the same research team behind this work, the for-
mer contains primarily experimental findings focused on the
experimental stabilization of magnetic moments at the inter-
face, while this work discusses theoretical results focused on
identifying a memristive switching mechanism in graphene.

All density functional theory (DFT) calculations were per-
formed using the Vienna ab initio simulation package (VASP)
[55-57] using the projector augmented wave method with
Perdew-Burke-Ernzerhof (PAW-PBE) exchange-correlation
functionals [58]. van der Waals interactions between the ox-
ide and graphene were incorporated using the Becke-Jonson
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FIG. 7. Al,0,7 as deposited on graphene (a) type-1”, (b) -1I”, and (c) -III” configurations after relaxation. Here, E refer to the total energy
per supercell and pp the magnetization in Bohr magnetons. (e)—(m) show the spin-polarized band structure projected onto the pseudo-wave-
functions of different atoms: (e)—(g), (h)—(j), and (k)—(m) show the band structures when projected onto the C, Al, and O orbitals, respectively.
(c) and (g) show that when the alumina layer is O-terminated at the interface, graphene becomes p-doped through proximity effects, even
though there are no sp* bonds formed in graphene. The spin-up and spin-down isosurfaces of the spin densities are plotted in yellow and pink,
respectively.
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FIG. 8. (a) Perfectly stoichiometric alumina of type-III con-
figuration as deposited on graphene after OH-passivation, which
stabilizes the sp> graphene bonds at the interface. Pink sphere rep-
resents the H of the OH ligands. (b) The sp® graphene bonds can
be reverted back to sp? graphene bonds with charge doping. (c) and
(d) show that the spin-polarized band structures of (a) and (b), respec-
tively, projected onto the pseudo-wave-functions of graphene. The
degrees of spin-up and spin-down projections are represented using
color bars. The Fermi level of (c) has been shifted up by ~0.268 eV
to the top of the valence bands.

damping method [59,60]. The kinetic-energy cutoff for the
plane-wave expansion of the wave functions was set to 520 eV
and the Kohn-Sham equations were evaluated on a k-grid of
6 x 6 x 1. Dipole correction was made to remove the spu-
rious interactions between the slab and its periodic images.
Geometric relaxation, which was performed by minimizing
every force component on the ions to less than 10~* eV /nm,
excluded effects due to spin polarization.

APPENDIX C: THE Al;,0,5]| GRAPHENE INTERFACE:
TYPE III

The type-III configuration only has unsaturated O at the in-
terface and does not form any co-planar bonds after relaxation
[Figs. 1(f) and 5(a)]. The electron-accepting unsaturated O at
the interface interacts with the graphene 7 -cloud to induce sp*
hybrid states in graphene that cause out-of-plane deformations
of the graphene sheet. The formation of covalent sp* graphene
bonds at the interface (i.e., interfacial covalency) dramatically
distorts the electronic structure of graphene, disrupting the
m-cloud and destroying even the Dirac cone to form a bandgap
of ~2.33 eV [Fig. 5(b)], i.e., these sp3 bonds are resistive.

APPENDIX D: THE Al;;0;5] GRAPHENE INTERFACE:
TYPE II’

The removal of one unsaturated Al from the type-II inter-
face leaves behind one unsaturated Al and three unsaturated

TABLE III. Summary of the energy and magnetic properties of
the Al;,O,7|graphene interface

Al;,0,7|graphene Type I’ Type 1I” Type 1II”
AE, per supercell (eV) 4.77 0.00 3.71
g per supercell 0.00 0.10 0.25
g of unbonded O atom 0.00 0.00 0.00

O per supercell at the type-II’ interface. Upon relaxation,
sp* bonding in graphene is still preferred over sp*® bonding.
Moreover, the type-II” interface is AE; = 2.846 eV per super-
cell higher in energy than the type-I’ interface. We conclude
that even though autocompensation is now possible for the
type-II" interface, it still cannot stabilize the p-type doping of
alumina induced by the Al vacancy defect as effectively as
the disruption of the graphene m-cloud and the concomitant
formation of sp* bonding can. The relevant information about
Al;;0,g|graphene interface is shown in Fig. 6.

APPENDIX E: THE Al;;0,;] GRAPHENE INTERFACE:
TYPES I, II”’, AND III”

The O removal causes charge imbalance in the newly
constructed geometries compared to the stoichiometric cases.
Since all O at the interface have similar coordination numbers,
this removal is done randomly. After relaxation, the lack of
oxygen forces the ultra thin alumina film to reconstruct next
to the graphene layer [see reconstructed interface in Fig. 7(b)].
Unlike Alj;O;g|graphene cases, all Al;;O7|graphene struc-
tures avoid covalent bond formation between the oxygen of
the slab and graphene. This suggests that any interaction be-
tween the oxide and graphene occurs via van der Waals forces
once there is an oxygen deficiency. The final distance between
graphene and the oxide for all Al;;O;7|graphene geometries
increases to ~0.3 nm. In terms of stability, we found that the
most stable structure is the type-II” configuration.

From the electronic structure perspective, the most stable
geometry (i.e., type-II"” configuration) does not show any sig-
nificant change in the graphene band structure. However, the
absence of O forces Al to partially hybridize with the 7 -orbital
of graphene. This hybridization does not shift or open a gap
of the graphene Dirac cone, as it is shown in Fig. 7(f) (which
is similar to the type-I"” geometry). Instead, it mainly modifies
the valence bands below the Fermi level [see Figs. 7(i) and
7(1)]. In contrast, for a less stable geometry [i.e., type-II17,
Fig. 7(c)], O interacts indirectly with the graphene layer via
charge transfer between O and C atoms without any sp® or
covalent bond formation that would cause structural distortion
of graphene. Therefore the Dirac cone shifts ~1.2eV above
the Fermi level, indicating significant p-type doping, as shown
in Fig. 7(g).

APPENDIX F: HYDROXIDE SURFACE TERMINATION:
TYPE III

When passivating dangling bonds, we ensured that the
attached atom or ligand correctly fills the electron shell; oth-
erwise, artificial doping may occur due to excess or lack of
electrons in the overall system. This restricts the number of
configuration types that can be studied. Specifically, since
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FIG. 9. H-passivated alumina for all the type-II configurations, namely, types II, II’, and II”". (a)—(c) show the Al,01g, Al;;O5, and Al;,0,7
systems that have, respectively, been H-passivated. The spin-up and spin-down isosurfaces of the spin densities are plotted in yellow and pink,
respectively. Here, g denotes magnetization in Bohr magnetons. [(d)—(f)] Spin-polarized band structures projected onto the pseudo-wave-

functions of graphene orbitals for (a)—(c), respectively.

the type-1 surface of Al;O;g is already auto-compensated
[Figs. 1(a) and 1(b)], no passivation is needed. The type-II sur-
face of Al},O;g contains only electron-accepting unsaturated
O [Figs. 1(b) and 1(e)] and should only be passivated by H,
not OH. Since the type-III surface of Al;;O;s is unique in con-
taining only unsaturated Al that are uncompensated [Figs. 1(c)
and 1(f)], we will only investigate the passivation of type-III
Al;0,3 by OH (Fig. 8). Starting from the unrelaxed type-III
configuration, we attach an OH ligand to every unsaturated
O at the surface [Figs. 1(c) and 1(f)] and relax the structure
through force minimization.

APPENDIX G: HYDROGEN SURFACE TERMINATION:
TYPES-II, -II’ AND -II”

We use hydrogen to saturate dangling O bonds
to form hydroxide ligands for the stoichiometric and
off-stoichiometric of types II, II’, I’ and allow full relaxation
to obtain the final structure, such that there are no dangling O
bonds at the top surface. Since the alumina|graphene interface
is not saturated, it is expected that the graphene 7 -cloud can
still be affected by alumina. For instance, the band structure
of AljO;5 + 3H type 11, i.e., the Fermi level is shifted below
the Dirac point [Fig. 9(a)]. In addition, Al/O states hybridize
with the -cloud and induce graphene to be metallic. Unlike
Al;0,3 + 3H type II and Al;0.7 + 3H type II’, the Al
deficiency of Al;;O;7 + 3H type II” has no substantial effects
on the m-orbital of carbon atoms [Fig. 9(b)]. In the absence
of electron-accepting O, Al,07 + 3H type II’, electrons

originating from the Al atom causing the Fermi level to
be raised relative to the Dirac cone, i.e., n-type doping
[Fig. 9(c)]. In all cases, however, when alumina is saturated
with hydrogen at the top surface, no sp* bonds are formed at
the interface with graphene.

APPENDIX H: SPIN POLARIZATION EFFECTS

All the DFT band structure calculations presented here
are spin-polarized. For some of the configurations, the slab
construction of the alumina layer imposes unsaturated, dan-
gling bonds and uncompensated charges at the top alumina
surface and contact interface, such that spontaneous spin po-
larization may be expected. Unlike unsaturated O, perfectly
coordinated O with filled chemical bonds are closed-shell
where all electrons are paired, leading to no spin polariza-
tion. In the presence of unsaturated O, our calculations show
that dangling bonds from unsaturated O form localized O
impurity states at the Fermi level that are spin-polarized,
as also observed in experiment [51]. As a result, spin po-
larization tends to emerge when there is unsaturated O at
the contact interface (e.g., in type-IIl Al;;O;g and type-
I’ Al;;Oy3) or the top alumina surface (e.g., in type-II’
Al;;0,3). Furthermore, the presence of unsaturated O is more
probable when there are Al vacancies (e.g., the Al;;O;g off-
stoichiometry) than there are O vacancies (e.g., all Al;;O;g
configurations are all nonmagnetic). In Tables I-III, we
summarize the calculated local magnetic moment for all
configurations.
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In Fig. 2(e), we show the spin-projected density of states of
the type-I" Al};O,3 configuration (inset) and its spin-polarized
band structure projected onto the pseudo-wave-functions of
graphene. Our calculations show that dangling bonds from
unsaturated O form localized O impurity states at the Fermi
level that are spin-polarized, as was also observed in experi-
ment [51]. As a result, the band structure in Fig. 2(e) exhibits
the spin-up (blue) and spin-down (red) exchange splitting, of
which only the spin-down states are found above the Fermi
level. Unlike perfectly coordinated O, which are closed-shell
(i.e., all electrons are paired), unsaturated O leads to spin
polarization. Figure 2(b,right) shows an isosurface of the spin

density at the interface. The unsaturated O at the interface
polarizes the C atoms of the graphene layer and the atoms
in its immediate surroundings. These states are responsible
for generating the spontaneous magnetization found in the un-
saturated oxygen atoms and are interesting because they may
explain, for example, the reduced spin lifetime in graphene
observed in spintronics experiments [53]. We found that the
local magnetic moment (at the top surface) due to the unsat-
urated O will also vanish if passivated (e.g., by OH or H).
This raises the interesting question of how magnetization at
the surface and interface of the oxide may be stabilized, but
remains outside the scope of this work.
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