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Recent demonstrations of magnetic ordering and spin transport in two-dimensional heterostruc-
tures have opened research venues in these material systems. In order to control and enhance
the tunneling magnetoresistance phenomena in 2D magnetic heterostructures beyond phenomeno-
logical descriptions, quantitative estimates of tunneling rates in terms of the atomic details are
required. Here we combine first principles and quantum ballistic transport calculations to shed
important insights from an atomistic viewpoint on the underlying mechanisms governing spin trans-
port in graphene/Crls junctions. Descriptions of the electronic structure reveal that tunneling is
the dominant transport mechanism in these heterostructures and help differentiate intermediate
metamagnetic states present in the switching process. We find that quantum confinement and
layer-layer interactions are key to describing transport in these two-dimensional systems. Ballistic
transport calculations further support these findings and yield magnetoresistance values in remark-
able agreement with experiments. The short width of these barriers limits analysis solely based on
the bulk complex band structure often employed in the description of magnetic tunnel junctions.
Our work devises mechanisms to attain larger tunneling magnetoresistances, proving valuable to

the advancement of spin valves in layered heterostructures.

I. INTRODUCTION

The existence of magnetic order in two-dimensional
(2D) material systems — especially as inherited from their
bulk counterparts — was an open question until recent
years. FEarly work by Mermin and Wagner based on
an isotropic Heisenberg model with long-range order de-
termined that at 7' > 0 spontaneous magnetism and
antiferromagnetism is absent in two dimensions [1, 2].
However, owing to the extension into a third dimen-
sion of most 2D material systems, theoretical analyses
using first-principles calculations predicted 2D ferromag-
netic semiconductors from the exfoliation of KoCuF,4 or
CrXTes (X = Si, Ge) crystals [3, 4]. Subsequent ex-
periments in CrGeTesz [5-7] and Crl; [8] have confirmed
the attainment of spin order (ferromagnetic or antiferro-
magnetic) in 2D materials systems. These achievements
enable fundamental studies of the impact of dimension-
ality on strongly correlated phenomena and offer highly
desirable building blocks for spintronic devices based
on 2D materials. In very recent works, the magnetic
ground-state and interlayer coupling have been probed in
graphene/Crls heterostructures forming magnetic tunnel
junctions (MTJ’s) [9] and CrGeTeg devices in field-effect
transistor (FET) configurations [10]. At low temper-
atures, magneto-optical Kerr effect microscopy demon-
strated electrostatic gate control of magnetism in Crls
bilayers [11]. Moreover, magnetoresistances of up to
550% were reported by switching metamagnetic states
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in Crlz via external magnetic fields [9]. This switching
phenomenon is also applied in molecular magnet based
junctions, leading to large magnetoresistance values [12—
14].

In these promising experiments, nonetheless, a quan-
titative link between the heterostructure composition
and experimental observations is still missing. For in-
stance, previous calculations fail to explain the observed
tunneling-dominated regime as the Crl3 majority bands
cross the graphite leads’ Fermi energy [9]. Furthermore,
spin filter models proposed to describe these experiments
treat layers as independent and cannot capture quan-
tum confinement effects [15, 16]. Recent work using den-
sity functional theory (DFT) calculations has shown that
3,000% tunneling magnetoresistance can be attained in
Crls based tunnel junctions using Cu leads [17]. How-
ever, comprehensive studies examining the composition
and magnetic configuration dependence of spin transport
properties in these junctions are still missing. For exam-
ple, the small Fermi surface of graphene leads and quan-
tum confinement are expected to alter these responses.
Hence, atomistic descriptions accounting for layer inter-
actions, electrodes, and external fields are required to not
only understand and control the mechanisms governing
spin transport in these systems [18, 19], but also to de-
sign complex heterostructures based on 2D materials [20]
exploiting the spin degree of freedom.

Here we describe the tunneling magnetoresistance
(TMR) in graphene/Crl;/graphene heterostructures us-
ing first principles calculations within the DFT and Lan-
dauer’s formalism for ballistic transport. Our results
reveal that tunneling is the dominant transport mecha-



nism, reconciling atomistic descriptions to experimental
observations [9]. Analysis of the band structure of few-
layer Crls junctions reveals that the interplay between
quantum confinement and interactions between layers is
essential to defining band alignments and the resulting
tunneling barriers. As a consequence, the effective spin
tunneling barriers vary with both thickness and magnetic
ordering in the Crlg layers. The magnetoresistance values
obtained by employing Landauer’s formalism to various
metamagnetic states in bilayer and trilayer junctions ex-
hibit quantitative agreement with available experimental
results [9]. We also discuss limitations in the use of bulk
Crl3 complex band structures to gauge tunneling rates in
these ultrathin junctions. The results of this work high-
light the dependence of metamagnetic tunneling barrier
heights on quantum confinement and interlayer coupling,
that may be exploited in magnetic tunnel junctions.

II. METHODS

The systems considered here are formed by Crls junc-
tions and few-layer graphene electrodes. The supercells
representing the tunnel junctions consist of up to three
Crl; layers arranged by ABC stacking [21]. The epi-
taxy of these cells accommodates 1 x 1 Crls layers on
V7 x /T graphene, where the in-plane lattice constant is
set to that of the Crlz (a =~ 6.79 A), yielding a 4% lat-
eral tensile strain applied to the few-layer graphene elec-
trodes. Three graphene layers on each side of the junction
serve as the leads for the heterostructure, as illustrated
in Fig. 1(a). Additionally, periodic boundary conditions
are assumed in all three dimensions. In order to diminish
thickness dependent dispersion found in Bernal stacking
[15, 22] and avoid band splitting, graphene supercells are
turbostratically stacked ABy (8 = 21.79°) to form highly
oriented few-layer graphene electrodes [23-25]. The equi-
librium configurations for the graphene/Crls heterojunc-
tions are obtained by holding the in-plane lattice constant
a fixed while allowing the out-of-plane lattice parameter
c of the entire supercell and all atoms to fully relax. The
resulting layer spacing between adjacent Crls layers is
approximately 6.44 A regardless of the system’s metam-
agnetic state while graphene/Crl3 separations are around
3.54 A, in good agreement with other studies [17, 21, 26].

First principles calculations are performed within the
DFT where the exchange-correlation energy is parame-
terized by spin polarized generalized gradient approxima-
tion (GGA) functionals [27], including dispersion forces
(vdW-DF-C09) [28-30]. The 2D Brillouin zone (2D-BZ)
is sampled using a 6 x 6 Monkhorst-Pack mesh [31]. These
calculations use PAW pseudopotentials [32, 33] for the
description of the atomic cores with cutoff energies of
50 Ry and 400 Ry for the Kohn-Sham wave functions and
densities, respectively. Additionally, projected density of
states (DOS) and band structures of the systems are com-
puted to analyze the results. All DFT calculations are
carried out by employing the Quantum Espresso software

suite [34-36]. Quantum transport calculations are per-
formed using the PAOtransport code [37, 38] which al-
lows efficient sampling of the 2D-BZ by producing tight-
binding models from projection of plane-wave pseudopo-
tential wave-functions onto atomic orbitals. A turbostar-
tically stacked bilayer of graphene serves as the bulk lead
in the transport calculations.
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FIG. 1. (a) Schematic of the supercells: (1 x 1)-Crlz/(v/7 x
v/7)-graphene leads. Solid lines in the different cross-sections
mark the unit cell of each layer. Band diagrams and
corresponding band structures in trilayer graphene/trilayer
Crlz/trilayer graphene junctions for various metamagnetic
states: (b) ™1 state; (c) 11 state; and (d) 1)1 state. In each
subpanel, Bloch states are projected onto localized atomic
orbitals of different Crls layers in the MTJ, allowing the
band alignments to be identified for the spin majority (blue)
and minority (red) populations. In all cases, graphene elec-
trodes preserve the linear dispersion of the monolayer (no
gap) [39] and the Fermi level resides within the band gap of
Crls, demonstrating that tunneling transport is the dominant
mechanism.
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III. RESULTS AND DISCUSSION

Results for the 2D band structures of trilayer
graphene/trilayer Crls /trilayer graphene heterojunctions
with different metamagnetic states (Fig. 1) indicate that
tunneling is the governing transport mechanism in the
magnetic junctions. In all cases, the Dirac cone is easily
identifiable, residing at the supercell’s K-point for this



epitaxy. The Fermi level — located at the tip of the Dirac
cone — lies between the conduction and valence bands.
These results, also found for monolayer and bilayer junc-
tions [39], differ considerably with respect to those pre-
viously reported [9], where the Fermi level resided at the
spin majority conduction band. We attribute these differ-
ences to the large 9% compressive strain in the graphene
layers employed in those calculations and, to a lesser ex-
tent, the description of the dispersion forces [26, 39, 40].
The few-layer Crlz band gaps (Fig. 1) are comparable
to both experimental and DFT+U values [41-44]. More-
over, bulk Crls electronic dispersion and graphene/Crls
band alignments attained using a pseudohybrid Hubbard
density functional (ACBNO) are similar to those of DFT
alone [39, 45]. Yet other approaches beyond DFT predict
larger gaps [26, 46] that may impact the resulting trans-
missions probabilities and related quantities (TMR, and
polarization) in these systems. We also point out that the
parallel metamagnetic conifgurations appear to be more
stable than the antiparallel ones [e.g. the 1171 (11) sys-
tem is 23 meV (12 meV) lower than 1)1 (1)) counterpart
for trilayer (bilayer) systems]. Despite being consistent
with previous works within DFT [47-49], experimental
measurements found that the antiferromagnetic state is
the most stable in few-layer Crls [9, 43], which remains
an open question.

While the coupling between layers does not form gap
states at the graphene/Crls interface, it is sufficient to
alter field-modulated transport. We exemplify this using
the trilayer Crlg case that offers three different metam-
agnetic states (M1, ™) and 1J1) which yield more di-
verse tunneling resistances than configurations in the bi-
layer junctions (11 and 1J). To visualize these different
states [Fig. 1(b)-(d)], their band structures are computed
and decomposed onto atomic orbitals localized on differ-
ent magnetic layers and colored according to their spin
population (blue, majority; red, minority). In the case
of the parallel trilayer configuration (111), the obtained
band gap for the spin majority (minority) is approxi-
mately 0.05 eV (0.02 €V) smaller than the parallel bi-
layer configuration and 0.17 eV (0.07 eV) smaller than
the monolayer. Similar to other layered systems [16, 50],
we find that band gaps depend on thickness although not
as strongly as in transition metal dichalcogenides.

Notwithstanding the weak thickness dependence, ex-
ternal magnetic fields allow for the modulation of band
alignments, as depicted in Fig. 1. For large magnetic
fields, interlayer coupling is strengthened when the mag-
netization of all Crls layers is parallel, forming smaller
band gaps (tunneling barriers) than in cases where the
magnetization of adjacent layers is opposite. As mag-
netic fields diminish and one of the layers flips its mag-
netization, band gaps exhibit an increase, which varies
depending on the metamagnetic state. For instance, the
conduction band edge of the Crls spin majority popu-
lation in the 11| configuration is sensibly closer to the
Fermi level than in the 1|1 case as a result of the stronger
magnetic coupling between the first two layers [49]. In-

terlayer coupling, albeit weak, precludes junctions with
the same total magnetization (|M| = 6up per layer) but
different magnetic ordering from being treated as equiv-
alent spin barriers (e.g. Thyy # T4yy4), as illustrated by
schematics found in Fig. 1(b)-(d).

In order to characterize quantum transport in these
junctions, the conductance is computed from the trans-
mission probability of states in the few-layer graphene
leads through the scattering region containing the 2D
magnetic junction. A priori, transport across junc-
tions is ballistic and occurs mainly via tunneling [51] as
thermionic-field emission [52, 53] appears to be negligi-
ble. Due to experimental conditions corresponding to the
spin transport measurements (7" < 4 K and high-quality
junctions), contributions from phonons or spin-flip mech-
anisms are omitted. In this context, zero-bias conduc-
tance per unit area (which accounts for the present metal
electrodes) is computed from the transmission probabil-
ity following Landauer’s formalism [54-56]:

on =0 S 1(B) W
s=T,1

Here Go = e¢/h and A are the conductance quantum
[54] and the supercell’s cross-sectional area, respectively,
giving Go/A ~ 97 S/um?. The transmission probability
T (E) corresponds to a spin channel s (1 or |) when the
system is in the metamagnetic state m. This probability
is an average of the momentum-resolved transmissions

ty'(k||, E) over the 2D-BZ:

m _ —-A 2 m df
T™(E) = W/dE /QD_BZ A’k ] (ky, B) 7= (2)

where f(F) is the Fermi-Dirac distribution function and
to(ky, B) = 32, ;17 5 (ky, £) which includes contribu-
tions from all possible bands in one electrode to those in
the other electrode, preserving spin s and crystal momen-
tum k). Note that thermionic emission of either electrons
or holes as well as tunneling or hopping mechanisms are
implicit in Eq. (2).

Tunneling current in these systems is a combination
of available states in the electrodes and their tunneling
probability. In Fig. 2, we plot the spin and momentum re-
solved transmission probability 7" (k, E) for the trilayer
Crl3 in metamagnetic states (1171, ™M, and /1) that pro-
duce distinct tunneling currents. It is important to note
that due to the peculiar dispersion of graphene, contri-
butions to transport around the Fermi energy originate
in a small portion of reciprocal space near the K-point.
These transport calculations are then sampled using a
finer k-grid (120x120) [37, 38]. In all cases, this low den-
sity of states in the electrodes unpropitiously yields low
conductance values. Net transmissions increase as the
energy moves away from the Dirac point due to the aug-
mented conical Fermi contour of the graphene electrodes.
This enhancement is consistent with recent demonstra-
tions using gated devices [42, 57, 58] and is asymmetric
because the Crls conduction bands reside closer to the
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FIG. 2. Spin and momentum-resolved transmission profiles
[t5'(ky, E)] near the supercell K-point for trilayer Crlz be-
tween graphene leads for several metamagnetic states: (a)
M1 (b) ™M and (¢) 141. In each set of plots, the top (bot-
tom) row corresponds to the spin majority (minority) channel
and columns (from left to right) correspond to energies E = -
0.4,-0.2, 0.0, 0.2 and 0.4 eV. The dashed line denotes a corner
of the hexagonal Brillouin zone. Logarithmic scale is provided
on top.

Fermi level than the valence bands. We note that the ab-
sence of threefold rotation near the K-point is likely due
to spatially dependent interactions at the graphene/Crls
interfaces [59-61].

At fixed energies, transmission profiles show a strong
dependence on the metamagnetic state m, even if they
have the same total magnetization. The 111 case shows
the strongest (weakest) transmission for the spin major-
ity (minority). As one of the layers flips its magnetiza-
tion, the transmissions of spin populations change dif-
ferently depending on the location of the layer with op-
posite magnetization. The 11)-configuration exhibits a
larger transmission than the 1)1 case due to smaller spin
majority barriers (band gaps) produced in the first two
layers through the enhanced coupling between the adja-
cent layers [Fig. 1(c)].

The net transmissions T."* through trilayer Crls as a
function of the electron energy for non-equivalent meta-
magnetic configurations m are produced in Fig. 3. In all
cases, transmissions for both spin up (blue) and down
(red) channels exhibit a dip near the Fermi level. This
reduction, due to the vanishing DOS in graphene, is over-

come when carrier energies move toward the Crls band
edges. Consistent with the profiles in Fig. 2, the differ-
ence between the spin majority and minority tunneling
probabilities shrinks when more adjacent layers have op-
posite magnetization.

For a given metamagnetic state m, we also compute
the spin polarization of the tunneling current as:

ey

P = -
T+ 17

3)

Our results in Fig. 3 also show that high spin polariza-
tion in the tunneling current can be attained. Near the
Fermi level and within the band gap, the strong polar-
ization of the spin current through the parallel configu-
ration 1 (Py4 =~ 0.94) diminishes as one of the layers
flips its magnetization (Py+) ~ 0.73 and P4+ =~ 0.35).
We note that current in these last two configurations re-
mains polarized due to the odd number of Crls layers.
A high spin polarization is also attained for the paral-
lel bilayer configuration (P4 ~ 0.92) and the monolayer
(Py =~ 0.79)[39)].

In MTJ’s, the energy dependent decay rates of evanes-
cent wave functions can be estimated from the junction’s
complex band structure (CBS) [18, 19]. For the different
magnetic configurations of the trilayer case, we compute
the bulk CrI3 CBS along the K-H direction (Fig. 3) for
spin majority and minority populations. To facilitate
comparison, band alignments reflect those obtained in
the graphene/Crlz/graphene band structures shown in
Fig. 1.

We notice that the slowest decaying evanescent states
exhibit weak energy dependence within the band gap and
away from the band edges. The use of CBS to esti-
mate decay rates poses important limitations which we
attribute to quantum confinement and coupling to the
electrodes [62] in these ultrathin junctions. For instance,
the CBS of the antiparallel configuration should a priori
yield a tunneling current with no spin polarization. How-
ever, when the system has an odd number of layers in the
antiparallel configuration, the Crls net magnetization is
nonzero and, in return, a spin-polorized current is pro-
duced [Fig. 3(c)]. CBS derived from the pseudohybrid
ACBNO approach (GGA+U) yield comparable complex
wave-vectors near the junction’s Fermi level, suggesting
minor corrections to our results [39].

The tunneling magnetoresistance (TMR) for an arbi-
trary metamagnetic state m is defined:

(T +T™) — (TAP + TAT)

TMR,, =
m AP AP J
T+ 1y

(4)

where the antiparallel (AP) configurations correspond to
the 1] and 1|1 states for the bilayer and trilayer cases,
respectively. Magnetoresistances based on the parallel
configurations determined in this study (TMRqy44 =~ 3.5
and TMR44 ~ 1.7) are in good agreement with experi-
ments (TMRy44+ ~ 3.0 and TMR4y ~ 1.0) [9]. A differ-
ence in tunneling magnetoresistance (TMR44, = 0.7) is
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FIG. 4. Tunneling magnetoresistances [Eq. (4)] as a function
of Fermi level for both trilayer (TMR+44) and (TMR4+,) and
bilayer (TMR44) systems.

evident between the two antiparallel states with the same
net magnetization, ™| and 1}1 (Fig. 4), which we asso-
ciate to the increase in conductance observed experimen-
tally at intermediate fields (TMR44; ~ 0.5) [9]. Thereby,
these variations in effective spin barriers may provide a
method to probe the dynamics of metamagnetic config-
urations in the system during the switching process via
external fields.

The TMR increase for energies above the Fermi level
is due to an enhanced transmission of Bloch states near
the conduction band edge of Crls. This phenomenon al-
lows for the modulations of the TMR by a few orders of
magnitude as recently demonstrated in dual-gated TMJ’s
[42, 57, 58]. Overall, weak layer-layer coupling plays a
crucial role regarding electron transport prediction and
intermediate state identification in these 2D layer chan-
nels. We note that we obtain comparable estimates for

the TMR44 near the conduction band edge by sampling
the full BZ of the complex band structure; however, we
observe departures in energy ranges close to the valence
band [39]. This suggests that these TMR values may
persist for other epitaxies with similar band alignments.

IV. CONCLUSION

In summary, we investigate ballistic spin transport
through tunneling junctions consisting of few-layer Crlg
and graphene electrodes. Our obtained TMR values are
in remarkable agreement with previous experimental re-
ports. Moreover, it shows that tunneling is the dominant
transport mechanism, explaining disagreements found in
previous calculations where high-strain supercells were
employed. Interlayer coupling, despite usually being per-
ceived as weak, is key to properly describing electronic
properties and transport in these systems. The inclusion
of these effects allows for the identification of intermedi-
ate metamagnetic states which are not captured by spin
filter models that treat layers as independent. We also
find that the tunneling rates in these short junctions vary
considerably with respect to those estimated using the
complex band structure, emphasizing the need to account
for the atomistic details of the electrodes when quanti-
fying this phenomenon in layered materials. Analysis of
the energy dependence of tunneling rates provide mecha-
nisms to enhance TMR and improve conductance values.
The results of this work may prove valuable to the de-
sign and characterization of spin valves formed with 2D
materials.
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