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Quantum interference assisted spin filtering in graphene nanoflakes
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We demonstrate that hexagonal graphene nanoflakes with zigzag edges display quantum inter-
ference (QI) patterns analogous to benzene molecular junctions. In contrast with graphene sheets,
these nanoflakes also host magnetism. The cooperative effect of QI and magnetism enables spin-
dependent quantum interference effects that result in a nearly complete spin polarization of the
current, and holds a huge potential for spintronic applications. We understand the origin of QI in
terms of symmetry arguments, which show the robustness and generality of the effect. This also
allows us to devise a concrete protocol for the electrostatic control of the spin polarization of the
current by breaking the sublattice symmetry of graphene, by deposition on hexagonal boron nitride,
paving the way to switchable spin-filters. Such a system benefits of all the extraordinary conduction
properties of graphene, and at the same time, it does not require any external magnetic field to
select the spin polarization, as magnetism emerges spontaneously at the edges of the nanoflake.

The observation of interference patterns in the scatter-
ing and transport of particles is a cornerstone of quantum
mechanics which directly reflects the wave nature of mat-
ter. The very existence of quantum interference (QI) in
a system demonstrates that its transport properties are
controlled by the laws of quantum mechanics. In the last
few years, evidence has grown that QI survives in molec-
ular junctions like benzene 2 and other m-conjugated
systems® 19, up to relatively large molecules 412 thus
showing that inherently quantum mechanical effects can
be observed and exploited in the macroscopic world,
which is very promising for the realization of electronic
devices.

In particular, zeroes of the conductance, or QI antires-
onances can be exploited to design QI devices as single-
electron transistorst2. Predicting and controlling?42:13
these antiresonances is therefore of paramount impor-
tance in light of applications. In this respect, a
set of graphical rules®2819 and their ”diagrammatic”
generalization!® represent important steps forward in the
theoretical understanding?16-12 and classification2? of QI
features in molecular junctions.

Recently, QI effects were also observed in graphene,
in  different contexts, including junctions2!:22
nanostructures?® 25  and  nanoconstrictions.28  sug-
gesting that what we learned for molecules is also
relevant for complex nanostructures.

In this work we add a major twist to this sce-
nario thanks to a clear theoretical evidence for QI an-
tiresonances for graphene nanoflakes with zigzag edges
(ZGNF). This is particularly promising since magnetism
has been predicted in a variety of graphene nanostruc-
tures with zigzag (ZZ) edges® 27:21:31:32 and experimen-
tally found in gaphene nanoribbons#322 and quantum
dots3¢. Even more interestingly the magnetic ordering
surives up to room temperature 32

The combination of magnetism and QI leads to spin-
polarized QI antiresonances, which can be used to obtain
spin-filter3” 3?2 and spin- valved0 0 effects, paving the way to

the design of a novel generation of QI-tronic devices. In

constrast with bulk graphene, where it was experimen-
tally shown that a spin-resolved QI requires a magnetic
field*, the intrinsic magnetism of the ZGNF allows for
spin filtering without any external field.

We also demonstrate that the existence and the ab-
sence of QI features, and the effect of magnetic ordering,
can be rationalized within a Green’s function formalism
in terms of basic symmetry properties. This observation
underlines the generality of the phenomenon, which does
not require a fine tuning of the geometry and of the model
parameters and therefore entails a huge potential to pre-
dict and observe QI phenomena in a much wider class of
nanoscale systems. Finally, the symmetry analysis also
leads us to propose a strategy for the electrostatic control
of the spin-polarized transport.

In this work we theoreticaly study transport in ZGNF's
within a tight-binding low-energy model describing the
electrons delocalized in the 7 orbital of graphene and
interacting through a local (Hubbard) Coulomb repul-
sion U. We assume a perfect honeycomb lattice with-
out distortions and a uniform hopping parameter ¢ be-
tween nearest-neighbor (NN) ions, which is representa—
tive of undoped nanoflakes with passivated edges.2! For
the sake of formal simplicity we neglect the next-NN hop-
ping ', which is estimated?? as t'~0.1t. This makes the
model particle-hole symmetric, which helps our theoreti-
cal analysis. However our main results are robust to the
inclusion of longer range hopping and, more generally,
to the breaking of particle-hole symmetry, as we discuss
explicitly in the Supporting Information (SI).

We consider a device where the ZGNF, which acts
as the correlated scattering region, is contacted to
two charge reservoirs (leads) at two of the ZZ edges.
The spin-resolved transmission coefficient at equilib-
rium in the linear response reglme reads®3 45 T, =

Tr(I‘LGgl“RGZ), where G5 (w) is the interacting re-
tarded (advanced) Green’s function of the nanoflake in

the presence of the leads. The matrix TX/F(w) is the
spectral density of the left (L) and right (R) lead.
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For our nanostructures we can recast the equation as
ZZP WG, @) (1)

where 7, j enumerate the edge sites connected to the L, R
leads, respectively, and select the corresponding matrix
elements of T'"/%(w). It is important to notice that
Eq. (@) shows explicitly the relation between ballistic
transport and the spectral properties of the scatterer, en-
coded in the real-space Green’s function. This relation al-
lows for a straightforward explanation of the QI patterns
based on the symmetry properties of the spectrum.2? It is
indeed clear from Eq. ({) that the simplest way to obtain
a vanishing transmission coefficient is that the Green’s
functions also vanish. This is indeed what we will find
in the ZGNF when the leads are in a meta configuration.
It is easy to realize that the link between zeros of the
Green’s function and antiresonances is not limited to lin-
ear response since any higher order term will be given by
the product of a given number of Green’s functions.
The explicit form of T'*/%(w) depends on the details
of the hybridization between the leads and the edges of
the ZGNF. For simplicity, we assume a wide-band limit
(WBL) approximation for the identical L and R leads,
which results in a constant elements of the hybridization

function, FiLi/R(w) = I" between the leads and the ZGNF.
For the sake of definiteness we set I'/¢t = 0.02, but our
assumptions are verified in a wide range of hybridization
strengths, and our main results still remain valid when
considering a dispersion for the leads beyond the WBL
approximation (see SI).

We evaluate the Green’s function within the dynam-
ical mean-field theory (DMFT) by means of a real-
space extension?’ which takes into account electronic
correlations with a local, yet site-dependent, approx-
imation for the self-energy: 3ij,(w) = Zjio(w)dsj.
This approach is suitable to describe the electronic
and transport?® 2! properties of correlated systems lack-
ing translational invariance in one or more spatial
dimensions.?2 Furthermore, DMFT can deal with broken-
symmetry states’46:4753 and accurately captures the
emergence of magnetic ordering in ZGNFs? which is cru-
cial for the realization of the spin-filtering effect we shall
discuss in this work. In the following we performs cal-
culations at finite temperature 7'/t = 0.005, but since
the AF state of ZZ graphene nanostructures seems to be
robust up to room temperature,’ 1,39 upon varying T we
expect the main results presented here to remain valid.

In order to highlight and disentangle the role of mag-
netism and its interplay with the transport properties
of ZGNFs, we start our discussion from paramagnetic
(PM) solutions, where magnetism is explicitly inhibited,
and we then compare with results in the magnetic phase,
which becomes stable for moderate interaction strength
U/t (see the discussion in SI). We consider three differ-
ent transport configurations in which the L and R leads
are contacted to different ZZ edges. Depending on the
relative position of the leads we refer to them as ortho,
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FIG. 1. (a) Transmission coefficient 7T'(w) in the ortho, meta,
and para configurations for the N =3 ZGNF. In the upper
panel each configuration is shown with cyan circles denot-
ing the atoms connected to the leads. Electronic correlations
within DMFT at U/t=3.75 reduce the spectral gap A < Ag
with respect to the tight-binding (TB) approximation. (b)
T(w) in the meta configuration for ZGNF of different sizes
N =1—4. The curves are shifted for improved readability.
The QI antinode is stable with respect to system size, while
(c) the A is strongly size-dependent.

meta, and para configurations (see Fig. [I), adopting the
standard nomenclature used for hydrocarbon rings. In
Fig. [a) we show the spin-independent zero-bias trans-
mission coefficient T'(w) obtained within a PM calcula-
tion for a ZGNF with N = 3 atoms at each ZZ edge.
The most striking result is that in the meta configuration
T(w) displays a transmission antiresonance at the Fermi
level, which is a clear evidence of destructive QI, while
the other configurations only show a reduction of trans-
mission associated with the gap. This phenomenology
is analogous to that of benzene molecular junctions! &,
In Fig. d(b) we show that QI effects are systematically
observed in hexagonal ZGNFs of increasing size, rang-
ing from N = 1, corresponding to benzene, to N = 4.
The most relevant dependence on the increasing size is
the reduction of the spectral gap,24 shown in Fig. @(c),
which vanishes in bulk graphene, i.e. in the limit of
N — 0o. The spectral gap is also reduced by electronic
correlations;” as demonstrated in Fig. M{a), where we
compare the tight-binding results for the non-interacting
model with DMFT results for the N =3 ZGNF. Let us
also notice, that upon reducing the gap, also the thresh-
old value for the onset of the AF state is reduced, there-
fore favoring the occurrence of magnetism (see SI).

In the case of a single benzene ring, destructive
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FIG. 2. (a) Splitting of the spin-resolved transmission coef-
ficient T5(w) (red and cyan dashed lines) with respect to the
unpolarized transmission in the PM state (light gray shaded
area) for different values of the average staggered magnetiza-
tion (S*). (b) (S*) as a function of U/t showing the onset of
the fully-compensated AF state, with the real-space pattern
represented in the inset. (¢) The maxima of the polarization
¢(w) are located in correspondence to the QI antinode at w
which is proportional to (S*) (see the corresponding symbols
in the two panels).

QI is indeed well understood in terms of the rela-
tive path difference of electrons propagating along the
arms of the ring?, an effect based essentially on sym-
metry which has been shown to survive the inclusion
of electronic correlations.2? However, the resilience of
the QI patterns in the nanostructures we considered
could not be easily anticipated. Due to the prolifera-
tion of transmission channels with the system size, QI ef-
fects in graphene nanostructures elude theoretical predic-
tions obtained with different methods, i.e., molecular or-
bitals analysis>®1?, graphical rules®® 10 or diagrammatic
approaches 22 usually applied to linear®* or cyclic343 -
conjugated molecules.

It has been shown that QI effects can instead be re-
lated to the symmetries of the spectrum and the Coulson-
Rushbrooke pairing theorem.12:22:23 In this work we show
that the analysis of the symmetries of the Hamiltonian al-
lows to understand (and predict) destructive QI in very
general terms, as a consequence of a vanishing Green’s
function. This way, we are also able to explain the inter-
play between QI and magnetism in ZGNFs, as we shall
discuss in the following.

We now turn to the magnetic solutions which are
expected to be stable for moderate interactions and
have been identified in many theoretical2=:-£=022 and
experimental24 36 studies of graphene nanostructure with
77 edges. While the details of the critical interaction
strength to reach the magnetic state can depend on
the specific nanostructure and its theoretical descrip-
tion (see the SI for some details), the very existence
of magnetism appears as a solid and general evidence.
For the typical m-conjugated systems in which QI effects
have been recently addressed, magnetism is hardly rel-
evant. Instead, intermediate-size graphene nanostruc-
tures with ZZ edges present the unique characteristic
to host simultaneously QI effects, typical of molecular
semiconductors, and a magnetic ordering, which is usu-
ally associated with bulk systems. Consistent theoretical
predictions? 2-7:27:31,32 and experimental evidence34 36
suggest that graphene nanostructures with ZZ edges are
prone to magnetic ordering, which survives up to room
temperature.”32 In particular, hexagonal ZGNF's display
a fully-compensated (i.e., with zero net magnetic mo-
ment) antiferromagnetic (AF) order.27:31:32 The pres-
ence of the edges in the ZGNF determines an inhomo-
geneous spatial distribution of the ordered local mag-
netic moments (S?) = (njy — n;;), which are signifi-
cantly larger at the edges than in the bulk as a con-
sequence of the reduced number of hopping channels
for the edge sites.2731:52 In hexagonal ZGNFs, all the
atoms of a given edge of the hexagon belong to the
same graphene sublattice, while neighboring edges are
connected by an armchair (AC) defect, so that the local
magnetic moments are aligned ferromagnetically within
the same edge, and antiferromagnetically between neigh-
boring edges, as shown in the inset of Fig2{(b).

In the ortho/para configurations the L and R leads are
connected to atoms of different sublattices which host
magnetic moments with opposite orientation. In these
configurations the spin-degeneracy of T, (w) is protected
by symmetry, and the transport is not spin-polarized.
Also from this point of view, the meta configuration re-
sults much more interesting, as the leads are connected
to atoms of the same sublattice and with parallel mag-
netic moments. In Figs. 2l(a) we show the spin-resolved
transmission coefficient T, (w) in the meta configuration
for different values of the average staggered magnetiza-
tion of the nanoflake (S#). In the presence of AF ordering
the QI antiresonance is split symmetrically with respect
to the Fermi level, resulting in spin-resolved QI features
separated in energy and located at w®! # 0. The splitting
is proportional to the average staggered magnetization,
shown in 2Ib) as a function of U/t. This is one of the
main results of our work.

To quantify this effect it is useful to consider the spin
polarization of the transmission coefficient, defined as

_ -1

) = 7

(2)

As reported in Fig. 2l(c), the polarization at the Fermi



level ((w=0) vanishes due to the symmetry around zero
between the two spin-resolved transmission coefficients
T,(w). At finite frequency, the spin-polarization reaches
instead values as high as ¢ ~ 0.97, i.e., nearly full polar-
ization. Comparing Figs. B{a) and Blc), we observe that
the maxima of |((w)| are located in correspondence of
W@ where the transmission in one of the spin channel
is strongly suppressed by destructive QI. In turn, w$!
is proportional to (S%), as indicated by the open sym-
bols in Figs. B(b) and Blc). While the polarization at
the Fermi level is zero due to symmetry, at finite ex-
ternal bias voltage it is possible to access a regime in
which charge transport is dominated by one spin chan-
nel, achieving a nearly complete Ql-assisted spin-filtering
effect. At the same time, it is also possible to select the
spin-polarization of the charge current either by revers-
ing the sign of the bias between the source and the drain,
or connecting the leads in the meta configuration to edges
of the other sublattice.

The existence of destructive QI features in the trans-
mission and their interplay with magnetism can be ex-
plained by analyzing the symmetries of the ZGNF within
the Green’s function formalism. This represents a power-
ful tool to understand and predict destructive QI in com-
plex nanostructures. At the same time, it also shows that
the QlI-assisted spin-filtering effect described above is a
robust and generic feature of graphene nanostructures,
and it does not depend on the details of the theoretical
description of the system or of the leads.

The Hamiltonian model describing ZGNFs has
particle-hole symmetry (for ¢’ =0) and a chiral symmetry
associated with the chemical equivalence between the two
sublattices. The two symmetries imply that the Green’s
function transforms in the following way

Giio(W) = —TiTjGijo (—w), (3)

where 7, = £1 denotes the chiral pseudospin at site 1.
In particular, the sign of the transformation in Eq. (@)
depends on whether ¢ and j belong to the same (7;7;=1)
or different (7;7;=—1) sublattices.

This implies that any Green’s function connecting two
sites in the same sublattice will be a purely imaginary
function for w = 0, while Green’s functions connecting
different sublattices will be purely real for w=0. These
symmetries, combined with Eq. () imply the following
relations for the transmission coefficients at the Fermi
level

) TS (16n0)
and

Tmeta(0) — 2 Z Z (sGija(o))Q. (5)

In the presence of a gap at the Fermi level, the imagi-
nary part of the Green’s function, which is proportional

to the density of states, vanishes at T'=0 and it is expo-
nentially small at finite temperatures. This is the reason
of the QI antinode in the meta configuration. On the
other hand, the real part of the Green’s function does
not, necessarily vanish, which is the reason why the or-
tho and para configurations display a depletion in the
transmission function at the Fermi level but no destruc-
tive interference. This observation also explains the weak
dependence of the QI on the size of the ZGNF, as in-
creasing the systems size does not affect the symmetry of
the nanostructure, but it just reduces the quantum con-
finement gap. Analogously, electronic correlations do not
spoil the destructive QI as long as i) they do not close the
energy gap, and ii) transport is phase-coherent. Finally,
from Eqs. @) we deduce that the QI antiresonance is
pinned at the Fermi level in the presence of particle-hole
and chiral symmetry.

In the AF state the SU(2) spin invariance is broken,
yet the Hamiltonian retains invariance under particle-
hole transformation combined with spin inversion o —
0 =—o0. Then, for all configurations the following relation
holds:

To(w) =Ty (—w). (6)

As the magnetic sublattices coincide with the chiral sub-
lattices, the spin inversion is equivalent to the inversion
of the chiral pseudospin, i.e., the exchange of A and B
sublattice indices. Thus, for the meta configuration we
obtain:

T (w) = TISH (~w) )
which combined with Eq. (B) demonstrates the symmetry
of the spin-resolved transmission coefficients and the QI-
assisted spin-filtering effect shown in Fig. Rla). In the
ortho/para configurations instead, the spin-dependent
transport is forbidden by the symmetries of the model.
Indeed, for these two cases the invariance under the
particle-hole symmetry implies T,(w) = T,(—w), that
along with Eq. () yields the spin-degeneracy of the trans-
mission function: T, (w) =Tz (w).

The above analysis clearly shows that the present re-
sults are much more general and fundamental than their
observation in the ZGNFs we addressed here. From
Eq. @) it follows that QI antiresonance is biunivoquely
associated to the existence of a zero of the Green’s func-
tions. Therefore similar results are expected for different
molecules obeying similar symmetry properties which im-
ply zeroes of the Green’s function.

On the other hand, one might conclude that the exis-
tence of destructive QI is limited to molecules displaying
such symmetries. In the following we show that this is not
the case, i.e., that QI features persist when the particle-
hole (see SI) or the chiral symmetries are broken.

In particular we demonstrate how to achieve an elec-
trostatic control of the spin polarization of the charge
current by breaking the chiral symmetry of graphene lat-
tice, e.g., by deposition on a suitable substrate. An op-
timal candidate for the realization of graphene devices
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FIG. 3. (a) Splitting of the spin-resolved transmission coef-
ficient T, (w) with respect to w?! #0 for the graphene/h-BN
heterostructure for U/t = 3.75 and ¢/t = 0.2. (b) Heatmap
of the spin-polarization of the transmission coefficient ((w, €).
The zero of the polarization shifts away from the Fermi level
(solid black line) due to the interaction with the substrate.
(¢) A cut of ((w,e) at w = 0 demonstrating the zero-bias
spin-filtering effect. (d) Schematic representation of the
graphene/h-BN stacking in the stable configuration. (e-f)
Spin current Js and ratio Js/J. between the spin and the
charge current as a function of an external bias voltage eVj/t
for different values of ¢/t, demonstrating the nearly-perfect
spin-filtering effect.

is hexagonal boron nitride (h-BN).2¢ It has been shown
within density-functional theory that for graphene/h-
BN(0001) heterostructure in the most stable stacking
configuration the two inequivalent C atoms of graphene
are located respectively on top of the B atom and in the
hollow position of h-BN.27 The corresponding equilib-
rium graphene/h-BN(0001) stacking is schematically rep-
resented in Fig. Bld). Due to the asymmetric absorption
of C on the substrate the two graphene sublattices ex-
perience a different chemical environment, thus breaking
the chiral symmetry and inducing a two-sublattice spa-
tial charge modulation. The chiral symmetry-breaking
field can be parameterized in terms of a staggered poten-
tial ¢; =e7;.1 Realistic estimates of the chiral symmetry-
breaking field may vary from e~0.1¢t—0.8¢, depending on

JS_JT_JL 104 ™

the approximation.1%:22

Our calculations show that, if € is smaller than the
magnetic gap, the distribution of local magnetic moment
(S7) shown in Fig. Ab) is not affected by the charge
modulation and that the AF pattern is preserved, al-
though the moments are partially quenced (see SI). We
find that the breaking of the chiral symmetry shifts the
position of the QI antiresonance to a finite frequency w%?.
Correspondingly, in the AF state T3(w) and T (w) cross
away from the Fermi level. This effect is demonstrated
in Fig. Bla) for e=0.2¢. We also observe that T (w) and
T\ (w) are strongly asymmetric around the crossing, as
a consequence of the charge imbalance between the two
graphene sublattices, and the spin-polarization efficiency
is not symmetric with respect to the sign of the bias
voltage. The results in Fig. B(b-c) illustrate the effect of
changing €/t on the spin polarization {(w). The zero of
¢(w) continuously shifts toward negative frequencies by
increasing the strength of €/¢. This corresponds to a fi-
nite value of ((w=0) for any ¢/t #0. Remarkably, there
is a wide energy window above the Fermi level near w®!
in which ¢(w)~1 yielding a nearly complete spin-filtering
effect.

Direct consequences of the polarization of the trans-
mission are readily accessed by looking at the spin-
resolved current

Jo = [ L@ ) - fa)de,

where fr/r(w) is the Fermi distribution of the L/R lead
at a chemical potential p;, =p (equilibrium chemical po-
tential) and pp = pu — eV}, respectively, where Vj, is an
external bias voltage. Due to the destructive QI in one
of the spin channels, the driven current is highly spin
polarized. As shown in Figs. Bl(e-f), by connecting the
leads to ZZ edges with, e.g., a majority of spin down,
one obtains J4>>J,. The ratio between the spin current
Js=Jy —J, and the charge current J.=Jy 4 J| increases
with eV;/t and remains at J,/J. > 0.8 for a wide range
of bias values which becomes wider upon increasing €/t.

It is worth to notice that when the chiral symmetry is
broken the spin degeneracy is lifted also in the transmis-
sion coefficient of the ortho/para configurations. How-
ever, due to the lack of destructive QI, the resulting spin
current and the ratio Js/J. are generally lower than in
the meta configuration (see SI).

The effect of the h-BN substrate on the ZGNF, en-
coded in the parameter €, can also be tuned electro-
statically, e.g., by an external electric field which cou-
ples to the charge density modulation induced by the
substrate.8? This provides a systematic way to control
the position of the QI antiresonances and the spin-filter
efficiency. Experimentally, it was demonstrated that in
bilayer graphene, where the inversion symmetry is broken
by the AB (Bernal) stacking, the gap can be controlled
by an external electric field.5! In the experiment, it was
shown that an electric field of E = 0.3 V/A is able to
induce a gap A ~0.25 eV (A x0.1¢). Such an electric



field result in an electrostatic potential drop AV, =eFEd
along the stacking direction. With e being the electric
charge, d=23.22 A the equilibrium stacking distance ob-
tained from density functional theory for graphene/h-BN
bilayer,2” and taking t ~2.7 eV for graphene,? it would
correspond to a correction AVy,; &~ 0.4t to the chiral
symmetry-breaking field, e; =e1; +AVey.

Finally, let us stress that the robustness of the destruc-
tive QI features poses a strong basis for the experimental
realization of a graphene Ql-assisted spin-filtering device.
This is established on symmetry grounds, regardless on
the theoretical details, e.g., of the description of the sys-
tem and of the coupling to the leads. For instance, from
Eq. [ it is evident that the transmission antiresonance
in the meta configuration is obtained from the contribu-
tions of independent channels. Based on the symmetry
arguments (and in agreement with the numerical calcu-
lations) each channel individually display destructive QI.
As a consequence, QI is naturally expected for any alter-
nated hydrocarbon connected to leads through sites from
the same sublattice. This is in agreement with recent
observations in terms of the Coulson-Rushbrooke pair-
ing theorem.1220 In the case of graphene with ZZ edges,
within each edge all the electrons available for binding
to anchoring groups (or directly to the leads) belong to
C atoms of the same sublattice. This suggests that the
experimental observation of QI should be possible also in
the case of imperfect contact between the leads and the
77 edges. On the other hand, AC defects in a ZZ edge
will open channels involving sites from different sublat-
tices, whose contribution to the transmission can wash
away the antiresonance. In this respect, the detection of
QI antiresonances could also be exploited as an experi-
mental probe for the purity of the ZZ edges.

In summary, we have shown that hexagonal ZGNFs
display clear signatures of quantum interference effects
which strongly remind those of m-conjugated molecular

junctions. In contrast with benzene rings, intermediate-
size nanoflakes are also antiferromagnetically ordered,
which couples the QI effects with the spin polarization.
In the meta configuration, it results in spin-dependent
QI antiresonances separated in energy. This effect can
be exploited for the realization of a spin-filter operating
in the absence of an external magnetic field. We have
shown in completely general terms the connection
between the symmetries of the system and the existence
of QI patterns, which also explains their interplay with
the magnetization. Finally, we have demonstrated that
the spin-polarization of the transmission can be con-
trolled by an external parameter which breaks the chiral
symmetry between the two sublattices of graphene. We
propose deposition on a h-BN substrate as possible
realization of this idea. Such a device would provide
us with a controllable way to switch on and off the
spin-filtering effect with a high degree of tunability, and
should be within the reach of current technologies. The
above analysis definitely calls for experimental evidence
in support of our theoretical predictions.
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breaking (PDF).
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Emergence of magnetism: gap engineering and quantum fluctuations

In this section we discuss the values of the model parameters used for the calculations reported in the manuscript
and their impact on our results. In particular we focus on the conditions for the onset of magnetism in our nanoflakes.

The estimate of realistic interaction parameters for Hubbard-like modeling of solids is still a highly debated and
very controversial issue in solid-state physics. The value of the bare Hubbard interaction among m-electrons was
computed by Parr et al.! as U=16.93 eV. Assuming a value of t~2.8 eV for graphene,? it yields an estimate U/t~6.
In order to obtain the effective U for a Hubbard model, one has to consider the effect of screening. In a relatively
small nanostructure we can expect a poorer screening with respect to a graphene sheet because of the finite-size gap
due to the confined geometry. Therefore we assume a value of U/t=3.75.

We stress however that the message of the present manuscript does not rely on precise estimates of parameters.
The basic requirement to exploit quantum interference as a spin filter is that magnetism sets in for the values of
the interaction we consider. The relevance of magnetism in graphene nanostructures with ZZ edges has been indeed
predicted in a variety of papers and, most importantly, has been found experimentally in small nanoribbons, where
the magnetic ordering survives up to room temperature, strongly supporting the relevance of our results.

In a system with a finite spectral gap A the transition from the paramagnetic (PM) to the antiferromagnetic
(AF) state inevitably sets in at a finite value of the Coulomb interaction (Uap) which is mainly controlled by the
amplitude of the gap. In particular, in graphene nanoflakes the quantum confinement gap A decreases as the inverse
of the linear size of the nanoflake L, as explicitly shown in the numerical calculations reported in Fig. 1(c) of the
manuscript, in agreement with theoretical and experimental results in the literature.# As a result, also the value of
Ur is suppressed upon increasing the size of the nanoflake. This is shown by our DMFT results in Fig. [STl where
we show the average magnetization (S?) of the nanoflake as a function of U/t, for nanoflakes of increasing size. Note
that the value of Uap decreases from Uap/t = 3.1 to Uap/t ~ 2.0, upon increasing the linear size of the nanoflake
from L~14 A (3N nanoflake) to L~25 A (5N nanoflake).

It is important to stress, when comparing our results with previous literature, that our dynamical mean-field theory
(DMFT) include quantum effects which tend to reduce the mean-field order parameter. This leads to a substantial
increases of U p with respect to static mean-field approaches, which completely neglect quantum fluctuation leading
to small values of Uar for graphene nanoflakes.2:¢

To be concrete, we refer to calculations for a 3N hexagonal nanoflake,” where it is estimated Uap/t ~ 2.0 for
static mean-field, and Uap/t~ 3.1 for DMFT. Therefore, for a 5N hexagonal nanoflake, the static mean-field value
of Uar/t ~ 1.4 indicated by Fernandez-Rossier and Palacio® is perfectly compatible with our Uap/t ~ 2.0 DMFT
estimate from Fig.
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FIG. S1. Average magnetization (S®) as a function of U/t and corresponding numerical estimate of Uar/t (dahsed line) for
nanoflakes with N=3, N=4, and N =5 edge atoms (right panel).
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Independently on the specific value of U/t chosen or the approximation employed, here we show that it is reasonably
possible to realize magnetic nanoflakes also exploiting size engineering, i.e., lowering the value of Uar by reducing
the quantum confinement gap.

Effect of the hybridization to the leads
Transport properties in the weak- and strong-hybridization regime

In the following we show the effect of the hybridization between the 3NV nanoflake and the leads on the QI antinode
in the meta configuration. In particular, we show the evolution of T'(w) from the weak- to the strong-hybridization
regime.

The interacting Green’s function of the isolated nanoflake (indicated with an empty circle, G,) is defined as

Go(w):(w—l-,u—E(w))_l, (1)

where 1 is the equilibrium chemical potential of the nanoflake and ¥(w) is the dynamical self-energy matrix that takes
into account electron-electron correlations. In the presence of the leads, the Green’s function of the device (indicated
with a filled circle, G,) is calculated by solving the Dyson following equation

GJl(w) =Gl (w) = Tr(w) — Br(w), (2)

where the leads are described by the embedding self-energy, defined as I'y(w) = — 3% (34, (w) — X% (w)), with o = L, R
corresponding to the left (L) and right (R) leads.
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FIG. S2. T'(w) in the meta configuration for the 3N nanoflake. (a) In the PM state: the QI antinode is robust by increasing
the hybridization strength to the leads I'/t. (b) Comparison between non-self-consistent (shaded area) and fully self-consistent
(dashed line) treatment of the leads on the transmission in the weak- (I'/t=0.02) and strong-hybridization (I'/t=0.25) regimes.
(c-d) Spin-resolved QI antinode in the AF state at I'/t =0.02 and I'/t =0.25, showing that the QI spin-filtering effect is robust
against the values of I'/t.

In Fig. [S2(a) we show the transmission coefficient 7T'(w) in the meta configuration (i.e., the one which exihibits a
QI antinode) in the PM state. We show the evolution of T'(w) from the weak- (I'/t~0.02) to the strong-hybridization
(T'/t = 0.25) regimes. Upon increasing the hybridization we observe two main effects: i) the spectral features of



S-3

the transmission become visibly broadened, and ii) the overall transmission increases (as the conductance g oc I'?).
However, due to destructive QI, the transmission at w=0 is strongly suppressed at any value of I'/t, demonstrating
the robustness of the QI features in all hybridization regimes.

For the hexagonal nanoflake considered here Go(w) is invariant under the Cj3 spatial rotation symmetry on the
graphene plane. However, the presence of the leads breaks the C3 rotational invariance and lowers the symmetry of
the system (in all contact configurations). Hence, in order to evaluate the transmission, it is necessary to calculate
G, and all observables fully self-consistently. For the sake of completeness, in Fig.[S2(b) we also compare the meta
transmission function T'(w) obtained in the weak- and strong-hybridization regimes, when the leads are taken into
account self-consistently or when the Green’s function of the isolated nanoflake is used to evaluate the transmission,
showing that there is barely any difference in the resulting tranmission.

In Figs. [S2(c,d) we show the same analysis in the AF state. Here, the leads perturb the distribution of the
magnetic moments with respect to the isolated nanoflake, and the local magnetic moment (S?) in the proximity of
the corresponding edges are partially quenced (up to 30% in the strong-hybridization limit). However, the splitting
between the spin-resolved QI antinodes Aw = wgl
nanoflake, but is controlled by the average staggered magnetization (S*), which is, instead, only weakly affected by
the leads. As a consequence, minor differences can be observed in the strong-hybridization limit (e.g., the position of
W change slighly) but the QI-assisted spin-filtering effect remains robust. Remarkably, while this effect is reasonable
for large nanoflakes with lower surface-to-bulk ratio, we find this to be true even for the 3N nanoflake, which has a
linear size of L~14 A, and a surface-to-bulk ratio of 1 /3. As a result, the spin-resolved QI antinode in the AF state
is a robust feature of graphene nanoflake junctions, almost independently on size.

— wfl does not depend on the magnetic pattern within the

Transport properties beyond the wideband limit (WBL)

In the wide-nad limit (WBL), the embedding self-energy of the leads is a purely imaginary constant ¥ /z(w)=—I',
which it contributes to the broadening of the many-body states of the nanoflake. A realistic hybridization to the leads
would also include a real part which instead shifts the poles of the Green’s function.

The applicability of the WBL in transport calculations has been discussed in details by Verzijl et al.,® concluding
that WBL qualitatively reproduces the main features of the transmission and the bias-voltage dependence in cases
where the transmission is dominated by the properties of the molecule. This sheds a positive light on our work, as
the fundamental feature for the realization of the spin-filtering effect is indeed a property of the molecule, i.e., the
destructive QI, and not the hybridization with the contacts.

Nevertheless, in order to understand the possible effect of a realistic hybridization function on the transport prop-
erties, in the following we consider and explicitly take into account the effects of the leads beyond the WBL, and we
present transport calculations with a semicircular (Bethe) density of states with a finite bandwidth D for the leads.
The corresponding embedding self-energy reads

54 1 € 2
z(w)_vﬂzkjwu_ek 1 (D). (3)
In order to compare the Bethe lead with the WBL, we chose the hybridization parameter V so that
I'=—V? [ dwSE(w)/m for the Bethe leads is equal to the value of I' in the WBL. The results are shown
in Figs.[S3|(a,b) for the PM state, and Figs.[S3[c,d) for AF state. At low-energy, the calculations with the Bethe DOS
reproduces the T'(w) of the WBL both in the weak- and in the strong-hybridization regimes (Figs. [S3|(a) and [S3{(b),
respectively). Obviously, the transmission is suppressed for |w| > D, but in the limit D > ¢, also the high-energy
features would be recovered. The situation is more complex in the AF state, because the QI antinote is found at a
finite frequency |wQ!|oc(S7). In particular, if the edge of the Bethe DOS, where RY;, /z(w) is the largest, is located
in proximity of w®!, one can observe some deviations from the WBL, as in Fig. [S3(c) for D/t = 0.5. However,
even in this case, which is the most unfavorable for the realization of the QI assisted spin-filtering effect, the spin
polarization ((w) = (T4 — T}) /(T4 + T}) is found to be suppressed at most about 30%. This makes the efficiency of
the device suboptimal but it does not destroy its spin-filtering properties.

We can conclude that the details of the DOS of the leads is generally irrelavant to the realization of the QI assisted
spin-filtering effect. Together with the symmetry analysis that we discussed in the manuscript, these numerical
calculations confirm that the phenomenon is a robust features of graphene junctions, and sheds promising lights on
its experimental realization.
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FIG. S3. T(w) in the meta configuration for the 3N nanoflake comparing the wide-band limit (WBL) and a Bethe density of
states for the leads. (a,b) In the PM state: the QI antinode is robust by increasing the hybridization strength to the leads
I'/t. (c) In the AF state: the QI antinote is robust. Some quantitative deviations can be observed with respect to the WBL
in the extreme case in which the hybridization is strong (I'/t = 0.25) and the edge of the leads’ DOS lies at the edge of the
AF gap (i.e, for D/t = 0.5). (d) Spin-polarization of the transmission: even in the most unfavorable case the polarization is
suppressed up to about 30%, but the spin-filtering effect survives.

Effects of symmetry breaking on the destructive QI

In the manuscript we show that the QI features of graphene nanostructures can be understood in terms of the
symmetries of the Hamiltonian, which establish their robustness and generality. However, the existence of QI features
does not rely on those symmetries, and that indeed the QI antiresonances appear in the transmission even when the
symmetries are lifted. Here we show that the QI properties survive even if those symmetries are broken. We focus on
two case: i) when the particle-hole symmetry is broken by the presence of hoppings beyond nearest neighbors (NN),
and ii) when the chiral symmetry of graphene is broken by the presence of a substrate.

Structural electron-hole asymmetry: t' #0

As a matter of fact, in actual graphene nanostructures the particle-hole symmetry of NN hopping tight-binding
Hamiltonian, as considered above, is expected to be broken by hopping processes beyond NN or by lattice deformations.
Here we consider the case in which we include next-NN hopping ¢’ #0 in the tight-binding Hamiltonian.

In Fig. §4(a) we show explicitly that #' does not destroy the QI antiresonance, but it shifts the frequency w®?! (at
which the destructive interference takes place) at finite energy. We can understand this result observing that ¢’ shifts
the DOS, so that the chemical potential no longer lies in the middle of the gap, but slightly below (for positive t'/t).
However, if the spectrum at ¢’ =0 was symmetric around w =0, it still possesses a near symmetry around a shifted
energy w®! #£0. In particular, here w®! oc#//t. This, in turn, results in a zero of the Green’s function at the same
energy, away from the Fermi level.

It is also important to notice that a relatively small next-NN hopping, besides driving the system away from half-
filling, does not destroy the ordered AF state due to the presence of the quantum confinement gap. In the AF state
we observe that T4 (w) and T (w) are split around the antiresonance energy w®!, as shown in Fig.[S4(b) for #'/t=0.05.

While a finite ¢’ is a simple conceptual handle to tune the position of the QI antiresonance, this parameter is not
easily tuned in actual materials. Similar effects can be obtained using deformations of the lattice structure induced by
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FIG. S4. (a-b) Transmisson coefficient in the PM and AF state for different values of the particle-hole symmetry breaking ¢’ /¢
for T'/t = 0.02 and U/t =3.75. (c) Shift of the QI antinode w? as a function ¢'/t. (d) While NN hopping ¢ connect atoms
from different sublattices (AB), the next-NN hopping ¢’ connects atoms within the same sublattice (AA or BB).
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FIG. S5. Amplitde of the charge-density wave Acpw order parameter and the staggered magnetization (S*) for the isolated
3N nanoflake at U/t = 3.75.

applying, e.g., strain. The possibility to mechanically control QI has been recently demonstrated experimentally for
m-stacked dimers exhibiting destructive QI.2 Yet, in complex nanostructures it may be difficult to achieve a precise
control over the local lattice deformations and ultimately on the position of the QI antiresonance.

Chiral symmetry breaking: graphene/h-BN(0001)

Upon deposition of graphene on hexagonal boron-nitride (h-BN) the two inequivalent A and B sublattices experience
a different chemical environment due to asymmetric absorption on the substrate. This effect can be modeled by the

following substrate Hamiltoniani®

Heup = — Z (€ania + €epnip), (4)

i

where n;4(p) is the electron density operators at site i on sublattice A(B) and €4 = —ep = ¢ is the parameter that
measures the degree of chiral symmetry-breaking.

The term in Eq. @) induces a charge modulation between the two sublattices, as the occupation of all sites deviates
from half-filling. This is quantified by the charge-density wave order parameter Acpw = Ng ! > (nl A — N B), with
N¢ the number of C atoms in the nanostructure. As a consequence, also the local magnetic moments (S?) are partially
quenced, and the staggered magnetization (S*)=Ng"' 3, ((S,) — (SZ)) is reduced. However, the AF pattern of the
magnetization is nevertheless preserved.

In Fig. [SAl we show the amplitude of Acpw and (S?) for the isolated 3N nanoflake at U/t = 3.75, as a function of
the hybridization between the nanoflake and the substrate.

In order to compare the effects of the chiral symmetry-breaking field € in all contact configurations, in Fig. we
show the ortho, meta, and para transmission coefficient T,(w) of the 3N nanoflake device. In general, for the ortho
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FIG. S6. Transmission coefficient for ¢/t = 0.2 and heatmap of the spin-polarization {(w,€) in the ortho (a-b), meta (c-d),
and para (e-f) configurations for the 3N nanoflake, for I'/t = 0.02 and U/t = 3.75.

and para configurations (which do not display destructive QI) the polarization in the proximity of the Fermi level is
lower than in the meta configuration. For each spin polarization o, the transmission coefficient in the ortho and para
configurations fulfills the condition T, (w) = T,(—w) (while the substrate breaks the relation between spin 1 and J).
As a result, there is a finite AT'(0) = 73(0) — T (0) but the local minimum of the transmission is pinned at the Fermi
level. Eventually, this is the reason why the corresponding spin-current J, is lower than in meta configuration.

Therefore, we can conclude that the suppression of the transmission in one spin channel, due to spin-resolved
destructive QI achieved in the meta configuration, is fundamental in order to obtain an efficient spin filter. In
particular, QI-assisted spin-filtering is more effective than any polarization induced in the ortho or para configurations.
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