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Binding, magnetic, and electron transport properties of 3d transition-metal (TM) adatoms (Cr-Cu)
on an antiferromagnetic armchair graphene nanoribbon heterojunction are studied by means of density-
functional-theory (DFT) calculations and nonequilibrium Green function (NEGF) formalism. The hetero-
junction emulates a system of two symmetric potential barriers and one well with resonances (quasibound
states). Binding energies show a strong interaction between 3d TM adatoms and heterojunction hollow
sites, where 3d TM adatoms prefer the edges rather than the middle of the graphene heterojunction. As
for magnetic properties, heterojunctions with Cr, Mn, and Fe have a ferromagnetic behavior with a total
magnetic moment ≥ 4μB, while Co, Ni, and Cu adatoms induce antiferromagnetism in the full system
with total magnetizations < 3μB. Transmission curves show that electronic resonances undergo a spin-
splitting effect induced by 3d TM adatoms, and current versus bias-voltage curves show spin currents
from which spin-polarized ratios (SPRs) > 75% for Co and approximately 100% for Ni adatoms are cal-
culated. Finally, an oscillatory behavior is observed in SPR curves at low bias due to a combined effect
of resonant tunneling and spin filtering. Therefore, these results suggest that the present antiferromagnetic
graphene heterojunction with Co and Ni adatoms is suitable for future spin and low-power nanoelectronics
as a spin-dependent resonant tunneling device.
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I. INTRODUCTION

With the rise of graphene at the beginning of the 21st
century [1], other one-dimensional (1D) atomic struc-
tures derived from graphene, such as nanoribbons, have
emerged as promising candidates for spintronic nanode-
vices owing to weak spin-orbit coupling and hyperfine
interaction of carbon atoms as well as high carrier mobility
and band-gap tuning [2–4]. Finite 1D carbon heterojunc-
tions can be built fusing segments of graphene nanoribbons
with different widths, lengths, and edge terminations (arm-
chair, zigzag, or chiral edges) [5–7]. In particular, a con-
secutive append process of armchair graphene nanoribbon
(AGNR) segments with different widths and fixed length
create a 1D graphene heterojunction. This is because
AGNRs are semiconductors with tuneable electronic band
gaps. The band-gap size in AGNRs is a function of the
ribbon width [8–10]. AGNRs can be grouped into three dif-
ferent subfamilies, that is, N = 3p , N = 3p + 1, and N =
3p + 2, where p is an integer and N the number of car-
bon atom pairs across the AGNR [10]. While the N = 3p
and N = 3p + 1 families have wide band gaps that scale
inversely with the ribbon width, the family N = 3p + 2 is
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predicted with narrow band gaps by ab initio calculations
or with a metallic behavior if the tight-binding method is
used [10].

Interesting phenomena have been studied in AGNR
heterojunctions, such as negative differential conductiv-
ity [11–14] due to resonant tunneling, resonance split-
ting [12,15,16], Wannier-Stark ladders [14], optical exci-
tations [17], and topological states [5,18,19]. Covalent
edge-bonded AGNRs of different band-gap sizes gener-
ate a potential profile with barriers and wells for charge
carriers. Hence, electrons and holes experience a poten-
tial profile with the same periodicity as the heterojunc-
tion. The smallest symmetric heterojunction consists of
two potential barriers and one well [20–22], where quasi-
bound states (electronic resonances) are generated inside
the well [12]. The number of bound states and the
energy separation between them depend on the geometri-
cal parameters of the system. In this context, the study and
design of more complex 1D nanostructures with AGNRs,
such as lateral heterojunctions, is an interesting issue
to address in order to develop interconnection compo-
nents with vanishing band gaps and modern high-speed
electronic devices as diodes or transistors [7]. Computa-
tional and experimental efforts, mainly bottom-up assem-
bly of AGNRs from molecular precursors, have been
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done to explore quantum effects [6,9,13,23–25] and their
potentiality [17,26,27].

In this work, a 1D lateral heterojunction with two poten-
tial barriers and one quantum well is built, using the width
of AGNRs as a key factor for band-gap engineering, and
then adsorb on it 3d transition metal (TM) atoms (mag-
netic impurities). This is in order to study spin ground-state
properties using total energy density-functional-theory
(DFT) calculations. After that, the nonequilibrium Green
function (NEGF) formalism is used to calculate con-
ductance and spin-resolved current versus bias-voltage
curves. Conductance results show that electronic reso-
nances undergo spin (exchange) splitting, which can be
tuned due to strong 3d TM atom adsorption on edges of
graphene heterojunctions. The spin-splitting effect leads
to spin-polarized currents, and this, in turn, leads to SPR
values > 50% for Co and Ni adatoms. Moreover, oscilla-
tions are observed in SPR curves at low bias and can be
interpreted as a spin-dependent resonant tunneling effect.

II. METHODOLOGY

First the structural relaxation of periodic graphene het-
erojunction using collinear spin-polarized DFT as imple-
mented in the SIESTA code [28,29] is studied. The elec-
tronic states are expanded using a linear combination of
numerical atomic orbitals (LCAOs) with a single-ζ plus
polarized (SZP) basis set. Exchange and correlation ener-
gies are treated with the Perdew-Burke-Ernzerhof (PBE)
[30] functional within the generalized gradient approxi-
mation (GGA). Norm-conserving Trouiller-Martins [31]
pseudopotentials are used to describe core-valence elec-
tron interactions. A 1 × 1 × 7 k grid is used for sampling
the reciprocal space with the Monkhorst-Pack scheme
[32], and an energy cutoff of 300 Ry for the grid integration
of charge density in real space. The electronic tempera-
ture is set equal to 100 K with a Fermi-Dirac statistics.
The atomic relaxation is achieved when the interatomic
forces are ≤20 meV/Å, while the electronic relaxation
is converged to 10−4. A vacuum gap of 15 Å in the
lateral (x and y) directions is used to prevent interac-
tions between neighbor AGNR heterojunctions in adjacent
supercells. Visualization of atomic models and isosurfaces
is performed with the VESTA program [33].

Once the ground-state properties of pristine heterojunc-
tions and 3d TM atom-doped heterojunctions are calcu-
lated with DFT, then the electron transport properties are
determined with the NEGF formalism implemented in the
TranSIESTA module [34]. The calculation of the Hamil-
tonian for left and right electrodes is done using an 1 ×
1 × 1001 k grid. Employing the previous self-consistent
Hamiltoninan, the current, Iσ , calculation is performed at
finite bias voltage, Vb, by means of the Landauer-Buttiker

formula [35],

Iσ (Vb) = G0

∫ μR

μL

Tσ (E, Vb) [f (E, μL) − f (E, μR)] dE,

(1)

where σ represents the spin degree of freedom, G0 =
e2/h is the conductance quantum, e is the electric charge,
and h is Planck’s constant. Tσ (E, Vb) is the transmission
coefficient at energy E and bias Vb = (μL − μR)/e, f is
the Fermi distribution function, and μL,R are the chemi-
cal potentials of the left and right electrodes, with μL =
EF + Vb/2 and μR = EF − Vb/2. EF is set to zero. The
Tσ (E, Vb) coefficient is calculated as follows:

Tσ (E, Vb) = Tr
[
�L(E, Vb)G(E, Vb)�R(E, Vb)G†(E, Vb)

]
,

(2)

with G(E, Vb) [G†(E, Vb)] the retarded (advanced) Green’s
function and �L,R are coupling matrices. To compute
the Iσ (Vb) curves we use the previous converged den-
sity matrix (with lower Vb) to start an alternative cal-
culation of Iσ (with higher Vb) to achieve a better self-
consistent convergence. Furthermore, the imaginary part
of the device states, η, is set to 0.01 eV to achieve electron
self-consistency for nonequilibrium calculations as well.
Finally, Tσ (E, Vb), or equivalently the conductance G =
G0Tσ (E, Vb), and Iσ (Vb) through the device are calculated
using the postprocessing tool TBTrans [34].

III. RESULTS

The periodic graphene heterojunction is sketched in
Fig. 1(a), where the left and right electrodes, enclosed by
orange rectangles, and the scattering region at the middle
can be identified. For the construction of the electrodes
and potential well, the first member of the N = 3p + 2
family with p = 1 is taken into account. Both potential
well and electrodes are made of narrow band-gap semi-
conductors with five pairs of carbon atoms, hereafter five
AGNR, meanwhile the potential barriers are built up tak-
ing the third element of the N = 3p family with p = 3, or
nine AGNR. The nine-AGNR structure should be a wider
band-gap semiconductor [10,12], see Fig. 1(a). The central
region contains six units of five AGNR while the potential
barriers have only two units of nine AGNR with carbon
edges saturated by hydrogen atoms. The schematic repre-
sentation of the potential profile is shown above the atomic
model in Fig. 1(a) with some energy levels (E0, E1, and E2)
denoting quasibound states [12]. After the atomic relax-
ation of pristine and nonmagnetic graphene heterojunction,
the ferromagnetic state and two antiferromagnetic config-
urations are studied, because zigzag edges are present at
the interface between nine-AGNR and five-AGNR seg-
ments. Figures 1(b) and 1(c) show the local spin den-
sity, σ(r) = ρ(r)↑ − ρ(r)↓ with ρ(r)↑(ρ(r)↓) being the
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(a)

(b)

(c)

FIG. 1. (a) Atomic model of graphene heterojunction with
left and right electrodes sandwiching the scattering region. Two
nine-AGNR segments sandwiching the central region with six
five-AGNR units. The dashed gray rectangle shows a magni-
fication of the atomic model with six hollow sites labeled in
orange where 3d TM atoms can be adsorbed. Carbon and hydro-
gen atoms are colored by black and white, respectively. Panels
(b) and (c) show two antiferromagnetic configurations where the
local spin density, σ(r), is plotted with red (blue) color for major-
ity (minority) spin, using an isosurface value of ±2.5 × 10−6 and
±7 × 10−7 e/Å for (b) and (c), respectively. Red and blue arrows
depict the spin orientation of σ(r) on carbon atoms at zigzag
edges.

majority (minority) charge density, of two antiferromag-
netic configurations. The antiferromagnetic configuration
in Fig. 1(c) is the ground state. This magnetic configura-
tion shows an antiferromagnetic exchange coupling along
the heterojunction and a ferromagnetic coupling between
zigzag edges across the heterojunction, in agreement with
a previous report [36]. Notice that, the magnetic config-
uration in Fig. 1(c) shows a first-neighbor antiferromag-
netic exchange coupling. However, the spin configuration
in Fig. 1(b) shows a small frustration at the center of
the potential well with ferromagnetic coupling between
nearest-neighbor carbon atoms.

The hollow site is the energetically most stable site
found in previous theoretical reports [37,38] to adsorb
some of the present 3d TM atoms (Co, Cr, Fe, and Mn),
instead top and bridge sites, in graphene monolayer as
well as in AGNRs. On the other hand, we can compare
the calculated adsorption energy trends for the graphene
herojunction + 3d TM adatoms with sites 1 and 2 (sites
5 and 6) with those results of adsorption energy trends

for periodic five AGNRs and nine AGNRs reported in
Ref. [37]. The additional calculations of binding energy
for sites 3 and 4 are performed to address the inter-
face between five AGNRs and nine AGNRs. Thus, from
Refs. [37,38], we expect the 3d TM atoms tend to be pref-
erentially adsorbed on edges and in hollow sites instead the
center or at intermediate hollow sites of the graphene het-
erojunction. Therefore, for symmetry and simplicity, only
the six hollow sites labeled in Fig. 1(a) are studied to
deposit 3d TM atoms: Cr-Cu. To measure the interaction
strength between the 3d TM atoms and the graphene het-
erojunction, the binding energy calculation is performed
using [39]

E = EHJ+atom − EHJ − Eatom + δBSSE, (3)

where EHJ+atom is the total energy of the heterojunc-
tion+TM adatom system, EHJ is the energy of the pristine
heterojunction and Eatom is the energy of the isolated TM
atom. The last term in Eq. (3), δBSSE, is an energy cor-
rection needed to remove artificial interactions between
TM adatoms and the heterojunction since we are using
a finite basis set of atomic orbitals. To calculate δBSSE,
we follow the procedure as in Refs. [39,40] taking into
account the basis-set superposition error (BSSE) of Boys
and Bernardi [41].

Figure 2(a) shows the calculated binding energies for
various 3d TM atoms on different hollow sites of the
graphene heterojunction. As can be seen from Fig. 2(a),
a strong interaction is observed due to binding energies
>0.75 eV for Fe, Co and Ni atoms, meanwhile Cr, Mn,
and Cu atoms show binding energies of approximately 1.5
eV. In general, from Fig. 2(b), the most stable hollow site
is 2 from Mn to Cu. Cr atom can adsorb on several hol-
low sites, from site 1 to 4. Notice that, 3d TM atoms tend
to be adsorbed on edges of five AGNRs and at the inter-
face between five AGNRs and nine AGNRs. The binding
energy trend and the most stable configuration found here
are in good agreement with results reported in Ref. [37],
as well as in graphene monolayer [42] and zigzag GNRs
[43]. Strong binding energies can be ascribed to C(2p)-TM
atom hybridization through 3d orbitals. It is noteworthy
to mention that Fe, Ni, and Co adatoms prefer the edges
instead of the middle of the heterojunction as in zigzag
graphene nanoribbons [43–45], but more noticeable is that
Mn and Fe adatoms show a similar relative energy trend,
see Fig. 2(b), as well as the pair Co and Ni adatoms. Hence,
we observe that Mn, Fe, Co, and Ni atoms are adsorbed on
edges. In addition, a relative energy of >50 (<50) meV
between site 2 and site 4 for Co and Ni (Mn and Fe) atoms
is observed. This means that site 2 is the most energetically
stable site to adsorb Co and Ni atoms, while Fe atoms can
adsorb on site 1, 3, or 4, due to the small relative energy
among these sites.
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(a) (b) (c)

FIG. 2. (a) Absolute value of binding energy and (b) relative energy of 3d TM atoms on different hollow sites labeled by numbers.
The system with the highest binding energy is taken as the reference, 0 eV, in the relative energy plot. (c) Ground-state σ(r) around 3d
TM atoms adsorbed on site 2. The isosurface values are 0.07, 0.05, 0.005, and 0.001 for Mn, Fe, Co, and Ni, respectively. The majority
(minority) spin component is plotted with red (blue) color.

Table I shows the outer-shell electronic configuration
and magnetic moment (in bold) of isolated 3d TM atoms,
the total magnetization of the full system and the mag-
netic moment of adsorbed 3d TM atom. Additionally,
Table I shows a proposal of electronic configuration and
magnetic moment for 3d TM atoms after the adsorption
process with integer occupancies. Firstly, as already known
from Cr(3d54s1) to Cu(3d104s1) the number of electrons
increases in the 3d shell but the total magnetic moment
decreases by the Pauli exclusion principle and Hund’s rule,
see the first column in Table I. Second, after the adsorption
of 3d TM atoms on different hollow sites, the full system
remains with a magnetization greater than 4μB for Cr, Mn,
and Fe, meanwhile the graphene heterojunction with Co,
Ni, or Cu adatoms has a total magnetization less than 3μB.
In particular, the graphene heterojunction with Co, Ni, and
Cu adatoms on different sites achieves > 1, 0, and 1μB,
respectively; in good agreement with other reports on 3d
TM atom-doped zigzag GNRs [43,45]. Although Mn and
Fe atoms increase their magnetic moment, see Fig. 2(c);
Cr, Co, Ni, and Cu atoms tend to decrease their magne-
tization when deposited on the graphene heterojunction,
but they induce a σ(r) on neighbor carbon atoms with

opposite spin, such as Co and Ni, see Fig. 2(c). Interest-
ingly, graphene heterojunctions with Ni adatoms have a
null magnetization showing an antiferromagnetic spin con-
figuration between Ni adatoms and neighbor carbon rings,
see Fig. 2(c). Conversely, Cu-doped graphene heterojunc-
tion shows a ferromagnetic behavior similar to Mn and Fe
atoms in Fig. 2(c).

A Mulliken population analysis is performed to under-
stand the nature of the interaction between TM adatoms
and graphene heterojunction. The resulting Mulliken
charges for Cr, Mn, Fe, Co, Ni, and Cu adatoms are
in average 5.06, 6.22, 7.21, 7.69, 8.77, and 10.06e,
respectively, which means electron withdrawing from 3d
TM atoms towards the heterojunction of approximately
1e at first insight, in agreement with other reports on
graphene [42]. From the previous analysis, a proposal
of electronic configuration and magnetic moment for
TM adatoms is shown in the eighth column of Table I,
where a 4s → 3d charge-transfer mechanism of 1e is
observed for Co and Ni adatoms in addition to 1e trans-
ferred to the heterojunction. The Cu adatom has a half-
filled 3d shell after 1e charge transfer from 4s orbital
towards the graphene heterojunction. Mn adatoms have

TABLE I. First column: outer-shell electronic configuration and magnetic moment (in μB) of isolated 3d TM atoms. From second to
seventh column: total magnetic moment for full system (first value in bold) and atom contribution (second value) for several hollow
sites. Eighth column: proposal of electronic configuration and magnetic moment for adsorbed TM atoms on graphene heterojunction.

Isolated TM atom Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Adsorbed TM atom

Cr(3d54s1) − 6 4.01,4.87 5.86,4.89 4.04,4.86 4.15,4.87 5.86,4.88 4.20,4.87 Cr(3d54s0) − 5
Mn(3d54s2) − 5 5.01,5.89 6.98,5.92 6.86,5.89 5.15,5.90 6.88,5.92 5.15,5.91 Mn(3d54s1) − 6
Fe(3d64s2) − 4 4.00,4.86 5.99,4.89 5.78,4.80 4.14,4.88 4.46,4.89 4.06,4.87 Fe(3d64s1) − 5
Co(3d74s2) − 3 1.00,2.15 2.99,2.23 2.96,2.35 2.71,2.21 1.45,2.16 1.10,2.13 Co(3d84s0) − 2
Ni(3d84s2) − 2 0.00,0.58 0.00,0.41 0.00,0.61 0.00,0.52 0.00,0.23 0.00,0.36 Ni(3d94s0) − 1
Cu(3d104s1) − 1 0.98,0.00 0.98,0.00 0.90,0.00 0.83,0.01 0.84,0.00 0.74,0.01 Cu(3d104s0) − 0
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the highest magnetic moment, 6μB, because its 4s orbital
losses 1e.

Once the ground-state properties are discussed, the
electron transport properties of the 3d TM atom-doped
graphene heterojunction are determined. The average con-
ductance of pristine graphene heterojunction, with the
antiferromagnetic configuration of Fig. 1(c), is shown in
Fig. 3. We observe one and two symmetric electronic res-
onances at 0 eV and near ±0.2 eV, respectively. From
now on, we focus on two 3d TM atom-doped systems
with the highest binding energy from Fig. 2(a) [or sys-
tems with relative energy close to zero in Fig. 2(b)]; in
other words, those with 3d TM atoms adsorbed on sites 2
and 4, despite the Cr system. Figures 3(a) and 3(b) depict
the spin-resolved conductance for graphene heterojunc-
tions with 3d TM atoms on sites 2 and 4, respectively.
Notice that, strong changes are observed in conductance
above and below the Fermi energy in comparison with
that of pristine heterojunction, but a well-defined and non-
degenerate peak is observed just at the Fermi level. Far
from the Fermi level, the nonoverlapping of electronic res-
onances between majority and minority spin components
shown in Fig. 3 is due to a Zeeman-like effect induced by
magnetic adatoms on graphene heterojunctions. This is a
strong spin-splitting effect for electronic resonances above
and below the Fermi level. The conductance peaks just at
the Fermi level are considered as zero-mode resonances
in the literature [12,18] and here leads to charge delo-
calization in five-AGNR electrodes. The absence of the
spin-splitting effect for the zero-energy resonance can be

(a) (b)

FIG. 3. Spin-resolved conductance components versus energy
of 3d TM adatoms on (a) site 2 and (b) site 4 of graphene het-
erojunction. Majority and minority spin components are plotted
in red and blue, respectively. Conductance of pristine heterojunc-
tion is plotted with dashed black lines for comparison. The Fermi
energy is at 0 eV.

ascribed to electrodes without near TM adatoms, however
small differences in conductance amplitudes for majority
and minority spins are observed at the Fermi level for Co
and Ni. In particular, when Ni atom is adsorbed on site 4,
see Fig. 3(b), the conductance amplitude of majority spin
is �10 greater than the minority component. In addition,
a tiny spin splitting at the Fermi level is observed when
TM atoms are adsorbed on site 2, but the spin-splitting
effect is stronger for those first resonances near the Fermi
energy. It is noteworthy to mention that the presence of 3d
states gives antiresonances in the valence regime for the
majority spin component at −0.4 eV (minority spin at −0.3
eV) when Fe (Ni) atom is adsorbed on site 4 of graphene
heterojunction.

The quantum resonant tunneling effect for pristine
graphene heterojunction is observed in Fig. 4, where the
maximum of the electron current is at approximately 0.4
V [12]. This bias value is approximately twice the energy
value of the first resonances in Fig. 3 divided by electron
charge. Spin-resolved current versus bias-voltage curves
are plotted in Fig. 4 for sites 2 (blue) and 4 (green). From
0 to 0.1 V, both spin-current components (majority and
minority) decrease as the bias increases with a current
enhancement for all cases, in comparison with the cur-
rent of pristine graphene heterojunction, except for the Ni
case. The current enhancement effect is due to electron

FIG. 4. Spin-resolved current components versus bias voltage
for TM adatoms on site 2 (4) in green (blue) with filled (empty)
triangles denoting majority (minority) spin. The average current
of pristine graphene heterojunction is plotted with dashed lines
for comparison.
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charge transfer from 3d TM atoms towards the graphene
heterojunction as discussed above. However, even when
Ni adatoms do not show current enhancement at low bias,
the Ni adatom strongly attenuates the minority spin-current
component when adsorbed on site 4. For Vb > 0.1 V, the
current for Cr, Fe, and Cu atoms on heterojunction tends
to be the same for both majority and minority spin com-
ponents until Vb � 0.5 V. As can be seen in Fig. 4, the
current curves of majority and minority spin components
for Mn, Co, and in particular Ni almost do not overlap at
low voltages, which means that a spin-filtering effect can
be achieved. The Ni adsorption process on site 4 is the most
interesting case since current curves of both spins do not
overlap. To highlight the difference between majority (Iup)
and minority spin currents (Idn), the spin-polarization ratio
(SPR) [46] is calculated, also known as spin-filtering effi-
ciency (SFE) [47], which is the capacity of a device to pass
a particular spin-current component:

P(Vb) = 100% ×
∣∣∣∣ Iup(Vb) − Idn(Vb)

Iup(Vb) + Idn(Vb)

∣∣∣∣ . (4)

Figure 5 shows the SPR for low bias without the SPR
value at 0 eV to avoid the discontinuity in Eq. (4). Notice
that, all TM adatoms on sites 2 and 4 enable a spin-filtering
effect with a SPR ≥ 25%, being the Cu adatom with the
lowest SPR value and Ni adatom with the highest SPR
value (almost 100% for voltages less than 0.1 V). Ni and
Co adatoms allow the current flow of the majority spin
component with a small current contribution of minority
spin component until 0.15 V whenever Ni and Co adatoms
are on site 4, nevertheless the SPR achieves values ≤ 50%
for Ni and Co adatoms on site 2 for bias <0.15 V. When
Cr, Mn, and Fe atoms are adsorbed on site 4, the SPR
shows an oscillatory behavior reaching values between
approximately 25% and �50%. To show the robustness
of the SPR effect in heterojunctions with 3d TM adatoms,
we further calculate the SPR for site 1 since Mn, Fe, and
Cu atoms have a small relative energy difference between
sites 1 and 2, see Fig. 2(b). As shown in Fig. 5, while
Cr, Mn, and Cu adatoms show a decreasing spin-filtering
effect till 0.15 V, Ni shows an almost perfect (approxi-
mately 100%) spin-filtering effect in a wide voltage range
having a small current dip at 0.325 V. Hence, the SPR for
Fe, Co, and Ni atoms on site 1 is greater that on sites 2
and 4 for low bias. The high SPR values for Ni are due to
backscattering processes for the minority spin component
induced by the localized 3d states. Owing to the charge
transfer from 3d TM atoms to graphene heterojunction,
the electronic resonances undergo an energy down shift
and the spin degeneracy is lifted. This, in turn, leads to a
spin-polarized resonant tunneling effect since SPR oscilla-
tions are observed [48,49]. Therefore, owing to their open
3d-shell configuration of TM atoms, the adsorption mech-
anism of 3d TM atoms can be considered a viable route

FIG. 5. Spin-polarization ratio for all TM atoms adsorbed on
site 1 (red), site 2 (green), and site 4 (blue).

to obtain spin-polarized currents in these graphene hetero-
junctions instead of a precise and hard control of edges
in experiments [50,51]. Let us mention that this magnetic
graphene heterojunction with Co or Ni adatoms can be
considered as a candidate material to study spin-flip [52]
or spin-relaxation effects [53], topological states [5,18,19],
and spinterfaces [54] from which organic semiconductors
are adsorbed on ferromagnetic substrates.

IV. CONCLUSIONS

In summary, we calculate the binding, magnetic, and
transport properties of AGNR heterojunctions using den-
sity functional theory and the nonequilibrium Green func-
tion formalism, in order to show that the present 1D
graphene systems doped with 3d TM atoms behave as
spin-polarized resonant tunneling diodes. Using the width
of AGNRs as a key factor, we show that electronic res-
onances are present in these devices through the conduc-
tance in the scattering region, which can be tuned by spin
and energy via adsorption of 3d TM atoms. We observe an
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increment in conductivity of 3d TM-doped graphene het-
erojunction due to electron charge transfer from 3d TM
atoms. Indeed, this effect enhances spin-polarized currents
with SPR approximately 100% at low voltages for Ni, due
to a backscattering effect of minority spin component by
localized 3d states, and an oscillatory behavior of SPR
from Cr to Fe. Therefore, devices made of AGNRs doped
with 3d TM atoms can be considered as promising inter-
connects in chips with low electric power consumption
in modern nano (spin) electronics of high performance.
Finally, we expect the present results motivate experi-
mentalists to synthesize this antiferromagnetic graphene
heterojunction for future studies and applications.
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