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Brillouin zone spin filtering mechanism of enhanced tunneling magnetoresistance and correlation
effects in a Co(0001)/h -BN/Co(0001) magnetic tunnel junction
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The Brillouin zone spin filtering mechanism of enhanced tunneling magnetoresistance (TMR) is described
for magnetic tunnel junctions (MTJs) and studied for an example of the MTJ with hcp Co electrodes and
hexagonal BN (h-BN) spacer. Our calculations based on the local density approximation of density-functional
theory (LDA-DFT) for Co(0001)/h-BN/Co(0001) MTJ predict high TMR in this device due to Brillouin zone
filtering mechanism. Owning to the specific complex band structure of the h-BN the spin-dependent tunneling
conductance of the system is ultrasensitive to small variations of the Fermi energy position inside the BN band
gap. Doping of the BN and, consequentially, changing the Fermi energy position could lead to variation of the
TMR by several orders of magnitude. We show also that taking into account correlation effects on beyond DFT
level is required to accurately describe position of the Fermi level and thus transport properties of the system. Our
study suggests that new MTJ based on hcp Co-Pt or Co-Pd disordered alloy electrodes and p-doped hexagonal
BN spacer is a promising candidate for the spin-transfer torque magnetoresistive random-access memory.
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I. INTRODUCTION

Theoretical prediction of high TMR in Fe/MgO/Fe MTJ due
to so-called symmetry spin filtering mechanism [1,2] and its
quick experimental verification [3,4] revolutionized the hard
disk drive (HDD) industry during the last decade. On the other
hand, continued progress in new areas of magnetic memory
technology [for example, spin-transfer torque magnetoresis-
tive random-access memory (STT-MRAM) or spin torque
oscillators (STOs)] demands a development of novel MTJ in
which a high value of the volume-type magnetocrystalline
anisotropy (MCA) of electrodes is as important as high TMR.
Nowadays standard Fe-based electrodes have low-volume
MCA due to high (cubic) symmetry and thus have to rely
on interface anisotropy, which cannot fully satisfy the strict
demands of new technology.

In the present paper we consider different mechanism of
high TMR in magnetic tunnel junctions, which we call the
Brillouin zone spin filtering, and investigate this mechanism in
detail for one specific example of low-symmetry (hexagonal)
hcp-Co/h-BN/hcp-Co junction. We define the Brillouin zone
spin filtering (BZ filtering) as a general mechanism of
enhanced magnetoresistance in an electrode/spacer/electrode
device where spin filtering is provided by (i) existence of
the so-called hot spot – a special part in the in-plane two-
dimensional surface Brillouin zone (2D SBZ) where the spacer
has very high probability of transmission, (ii) absence of states
with in-plane wave vector k|| corresponding to the hot spot in
one spin channel of the magnetic electrode, and (iii) presence
of states with corresponding k|| in another spin channel of the
electrode (see Fig. 1 for illustration).

For illustration of the strength of the BZ filtering effect in
MTJ devices let us consider general case when in the hot spot
of the spacer the smallest attenuation constant is γ1, so the
eigenstates coming from the electrode with spin channel that
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has states with k|| corresponding to the hot spot will decay as
exp (−γ1N ) inside the spacer, where N is the number of layers
of the spacer. On the other hand, the eigenstates of another
spin channel that do not have states with k|| corresponding
to the hot spot will decay much faster, as exp (−γ2N ), where
γ2 > γ1 is the smallest attenuation constant available for these
states (outside of the hot spot area). Thus, in this example,
the BZ filtering mechanism leads to exponential increase of
the TMR with N , T MR ∝ exp [2(γ2 − γ1)N ]. This is a much
more pronounced thickness dependence compared to linear or
quadratic increase of the TMR with N [5] originated from the
symmetry spin filtering where the filtering mechanism works
only in close vicinity of some high-symmetry points of 2D
SBZ (e.g., � point in conventional Fe/MgO/Fe MTJs [1,2]).

In this paper we show that the BZ filtering conditions can
be satisfied in p-doped BN MTJ with hcp Co electrodes.
Realization of the BZ filtering conditions for the low crystal
symmetry system such as Co/BN/Co MTJ where high TMR
and perpendicular magnetic anisotropy (PMA) could be si-
multaneously achieved is of significant potential technological
interest in the context of novel STT-MRAM technology that
has a potential to become a universal memory [6] combining all
the strengths and none of the weaknesses of existing memory
types.

In STT-MRAM devices the perpendicular magnetic
anisotropy (PMA) of electrodes is the preferable option as
compared to electrodes with in-plane anisotropy due to faster
switching with low current, higher thermal stability, and scala-
bility [7,8]. The requirements on PMA electrodes include high
thermal stability at reduced dimensions, low switching current,
and high TMR all at the same time. Various PMA materials
have been studied for STT-MRAM electrodes, including (Co,
Fe)/(Pt, Pd) multilayers [7–9], L10-ordered (Co, Fe) Pt alloys
[10–12], rare-earth/transitional-metal (RE/TM) alloys [13,14],
ultrathin CoFeB [15] and CoFeAl [16,17] films, and tetragonal
manganese alloys such as Mn3Ga [18]. Despite intensive
research, none of these materials satisfy strict requirements
that would allow STT-MRAM to replace conventional memory
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FIG. 1. (Color online) Illustration of the Brillouin zone spin fil-
tering mechanism of enhanced TMR. In application to the Co/BN/Co
MTJ the Brillouin zone spin filtering conditions illustrated on this
figure occur if Co Fermi energy is aligned inside the BN band gap
close to the valence band maximum of BN. In such case the hot spot
is the area near the K point in the surface Brillouin zone – for k|| near
the K point the BN has very high transmission, while, as shown on
Fig. 4(a), Co does not have majority electron states at these k|| (see
text for details).

today. Electrodes with large concentration of heavy Pt or Pd
elements (such as multilayers Co/Pt or Co/Pd) have high PMA
but also exhibit a relatively large Gilbert damping constant due
to strong spin-orbit coupling of Pt and Pd, and, according to the
Slonczewski-Berger formula [19,20], high switching current
density. PMA in CoFeB/MgO [15] and in Co2FeAl/MgO
MTJs [17] demonstrated recently with ultrathin layers of
CoFeB and Co2FeAl originates from the electrode/spacer
interface, not the volume of the electrodes. Finally, TMR in
Mn3Ga/MgO MTJs was found to be very small, far below the
application range.

II. BZ FILTERING IN Co/BN/Co MTJ

A. Transmission at zero bias

In the present paper we study the BZ filtering mechanism
of (exponentially) large TMR in MTJ based on hcp Co(0001)
electrodes and h-BN spacer. h-BN is an ultrahigh chemically
stable semiconductor with band gap of ∼6 eV that has a
small lattice mismatch with hcp Co. Growth of single and
multiple layers of h-BN on Co(0001) has been recently
demonstrated [21]. To the best of our knowledge only few
studies of Co/BN/Co system exist, mainly with a single sheet
of BN spacer [22–24]. The FM/BN/gr/FM(111) MTJ has
been suggested in Ref. [25], where used ferromagnet (FM)
electrodes fcc Ni and fcc Co do not have PMA. High TMR in
this design is achieved due to the BZ filtering mechanism by
using graphite (gr) as a spacer that provides spin filtering, while
overall resistance of MTJ is regulated by the thickness of the
h-BN. In present work we show that complex BN/gr structure
is not needed and with optimal realization of the BZ filtering
conditions, the h-BN itself can act as a spin filter to produce
high TMR. Also, h-BN is more oxidation and intercalation
resistant than graphite.

We calculated transmission functions of the Co(0001)/h-
BN/Co(0001) MTJ using the equilibrium (zero-bias) Green’s
function approach within the LDA-based LMTO-ASA for-
malism [26,27]. The system consists of NBN h-BN sheets
sandwiched between two semi-infinite hcp Co electrodes. The

in-plane lattice constant, 2.50 Å, and distances between Co
layers, 2.03 Å, and between h-BN layers, 3.33 Å, were set
to experimental values for bulk hcp Co and h-BN. Positions
of surface B and N atoms relative to the surface Co layer
were calculated by using VASP molecular dynamic program
[28]. In lowest-energy configuration N and B atoms occupy
the top and hcp sites with distance between Co and BN
layers equal to 3.31 Å (see, e.g., Ref. [23] for definition
of top, fcc, and hcp sites on the Co(0001) surface). Two
configurations (N,B) = (top, hcp) and (N,B) = (top, fcc)
have similar energies, in agreement with previous calculations
for a monolayer of h-BN on hcp Co(0001) surface [23,24] and
experimental observations [21]. Other possible configurations
(N,B) = (hcp, top), (hcp, fcc), (fcc, top), and (fcc, hcp) have
slightly higher energy (0.02–0.03 eV per unit cell).

Transmission functions T↑↑, T↓↓, and T↑↓ calculated at
zero bias voltage for Co(0001)/h-BN/Co(0001) MTJ with
NBN = 4, 6, 8, and 10 are shown on Fig. 2. Here T↑↑ and T↓↓
are transmission in majority and minority channels calculated
for parallel magnetization configuration of electrodes and
T↑↓ is transmission calculated for antiparallel magnetization
configuration of electrodes. Corresponding zero-bias TMR
defined as T MR(E) = (T↑↑ + T↓↓ − 2T↑↓)/2T↑↓ are shown
on Fig. 3 for NBN = 4, 6, 8, and 10 as function of energy.
As seen on Fig. 2 the sharp drop of transmission function
T↓↓ occurs at the valence band maximum (VBM), EV =
EF − 0.2 eV, of the h-BN slab [Fig. 2(b)], while the sharp drop
of T↑↑ [Fig. 2(a)] and T↑↓ [Fig. 2(c)] occurs at different energy,
E = EF − 0.6 eV, which corresponds to the valence band edge
of BN states in the part of the SBZ available for majority Co
electrons. (As shown on Fig. 4(a), there are no majority Co
states in the part of the SBZ near the K point where BN has the
VBM, see Fig. 4(c).) The difference in the highest energies
of the BN valence states for k|| available to the majority
and minority Co electrons leads to the exponential increase
of the T MR(E) with N in the energy range EF − 0.6 eV
< E < EF − 0.2 eV (see Fig. 3).

Let us start discussion of the behavior of the transmission
functions shown on Fig. 2 with an explanation of why the drop
of the functions at the edge energies (EF − 0.2 eV for T↓↓
and EF − 0.6 eV for T↑↑ and T↑↓) is so sharp – transmission
functions change by many orders of magnitude when energy
varies on a scale of 0.1 eV near the edge energy.

Figures 4(c) and 5 show the real bands and selected complex
bands of bulk h-BN. In bulk h-BN the mode with smallest
attenuation constant γ (E) = Im(kz) (shown by dashed green
line in Fig. 5) is the mode with k|| = 0 for all energies, E, inside
the band gap except energies in close vicinity of the valence
band maximum, EV , or conduction band minimum, EC . As
seen on Fig. 5 this evanescent mode continuously connects
two real h-BN bands [shown also along A-� line on Fig 4(c)]:
highly dispersive conduction band with energy EV + 4.8 eV
at � point and valence band with energy EV − 4.1 eV at �

point. As seen on Fig. 5 the maximum of this γ (E) occurs at
E ∼ EV . This explains why the transmission functions shown
in Fig. 2 have a tendency to smoothly decrease (on logarithmic
scale) when energy decreases from EC to EV with a minimum
near EV .

The valence band maximum (VBM) of h-BN corresponds
to a state with a wave vector near the K point, so for E slightly
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FIG. 2. (Color online) Transmission functions (a) T↑↑, (b) T↓↓,
and (c) T↑↓ calculated at zero voltage for Co(0001)/h-BN/Co(0001)
MTJ with NBN = 4, 6, 8, and 10.

above EV the evanescent mode with smallest attenuation
constant changes and becomes the mode with k|| close to the K

point (shown by dashed red line on Fig. 5). Since the valence
band along the H -K line with energy near EV is almost flat [see
Fig. 4(c) and solid red line on Fig. 5], the corresponding γ (E)
increases very fast when E increases above EV , which explains
the sharp drop of the transmission functions at energies slightly
above the VBM, EV .

Thus, specific features of the complex band structure of
BN described above are responsible for ultrasensitivity of the
TMR of Co/BN/Co MTJ to small changes of energy near the
VBM (in other words, to the position of the Fermi energy
inside the BN band gap.) We note that transmission functions
of conventional MgO-based Fe/MgO/Fe MTJs do not exhibit

FIG. 3. (Color online) TMR calculated at zero voltage for
Co(0001)/h-BN/Co(0001) MTJ with NBN = 4, 6, 8, and 10 shown
as function of energy.

sharp features as the function of energy near the MgO band
gap edges, since MgO has simpler complex band structure as
compared to that of h-BN.

Now let us provide more details for the explanation of
why the sharp drop of T↑↑ and T↓↓ shown on Fig. 2 occurs
at different energies. The left panels of Fig. 7 show bands
of repeated slabs of 9 hcp Co and 5 h-BN layers calculated
along symmetry lines of 2D SBZ by the LDA-based FP-LMTO
method. Green and blue colors of bands on Fig. 7 are
mixed according to the values of the projections of the wave
functions to Co and BN atomic orbitals, correspondingly.
Figure 7(a) shows that the highest energy at which majority
Co states and valence h-BN states coexist at the same k|| is
E′

V = EF − 0.6 eV. On the other hand Fig. 7(d) shows that
the highest energy at which minority Co states and valence
h-BN states coexist at the same k|| (with k|| near the K point)
is the VBM of h-BN EV = EF − 0.2 eV. This explains why
the sharp drop of T↓↓ and T↑↑ (and T↑↓) shown on Fig. 2
occur at two different energies: EF − 0.2 eV and EF − 0.6 eV,
correspondingly.
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FIG. 4. (Color online) (a) majority and (b) minority electrons
DOS of bulk hcp Co at EF averaged over the wave vector along
c axis, kz, shown as function of in-plane k|| in 2D surface Brillouin
zone (SBZ). Note absence of majority electron states near K and
M points (gray color represent DOS = 0). (c) bands of bulk h-BN
calculated by full potential (FP) LMTO method.
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FIG. 5. (Color online) Selected complex bands of h-BN cal-
culated by Green’s function approach within the LMTO-ASA
framework [26,27] shown at three k|| = �,M , and K as function of
(kz − k0

z )2, where k0
z is the wave vector corresponding to the lowest

energy of conduction band at given k||, k0
z = 0 for k|| = � and M , and

k0
z = 0.5 for k|| = K [k0

z = 0.5 with k|| = K is the H point in the 3D
BZ of bulk BN, see Fig. 4(c)]. Positive (kz − k0

z )2 > 0 (shown by solid
lines) represent real BN states while negative (kz − k0

z )2 < 0 (shown
by dashed lines) represent evanescent modes, kz(E) = k0

z + iγ (E).
(The wave vectors kz are shown in units of 2π/c, where c is the
distance between BN sheets.)

Let us stress again that it is the BZ filtering mechanism
that is responsible for several orders of magnitude difference
of T↓↓ transmission compared to T↑↑ (and T↑↓) at energies
in the range (EF − 0.2 eV, EF − 0.6 eV). More specifically,
for these energies the real states of BN near the K point
provide metallic transmission with zero attenuation constant
γ1 = 0 for minority Co electrons (in other words, the hot spot
near the K point exists for minority Co electrons). On the
other hand, there are no majority Co states in vicinity of
K point at these energies. The eigenstates of majority Co
electrons with k|| in other parts of the SBZ exponentially
decay with nonzero attenuation constant γ2 > 0. As a result,
TMR increases exponentially, T MR(E) ∝ exp (2Nγ2), with
increased number of BN layers (see Fig. 3). This is exactly the
situation described in our definition of the BZ filtering effect.

B. Transmission and current at finite bias

In order to calculate TMR as a function of applied
bias voltage we used the nonequilibrium Green’s function
(NEGF) LMTO-ASA theory developed recently [29]. The
I -V curves of I↑↑, I↓↓, and I↑↓ currents per unit cell
area are shown on Fig. 6(a) for NBN = 6 and Fig. 6(b)
for NBN = 8. Corresponding nonequilibrium T MR(V ) =
(I↑↑ + I↓↓ − 2I↑↓)/2I↑↓ is shown on Fig. 6(c) as a function

FIG. 6. (Color online) Currents I↑↑, I↓↓, and I↑↓ for (a) NBN =
6 and (b) NBN = 8, calculated by using nonequilibrium Green’s
function (NEGF) LMTO-ASA method shown as function of the
bias voltage. (c) TMR shown as function of the bias voltage. TMR
of nonequilibrium system obtained from the currents presented on
Figs. 6(a), 6(b) for NBN = 6 (red dots) and NBN = 8 (green dots)
are compared to equilibrium TMR–TMR obtained by integration
the equilibrium transmission functions [shown on Figs. 2(a)–2(c)]
over the energy range (EF − |e|V/2,EF + |e|V/2) for NBN = 6 (red
dashed line) and NBN = 8 (green dashed line) (see text for details).

of bias voltage for NBN = 6 (red dots) and for NBN = 8
(green dots). Also we present on Fig. 6(c) the equilibrium
TMR–TMR obtained by integration of the equilibrium trans-
mission functions [shown on Figs. 2(a)–2(c)] over the energy
range (EF − |e|V/2,EF + |e|V/2) for NBN = 6 (red dashed
line) and NBN = 8 (green dashed line). At V = 0 the nonequi-
librium TMR and equilibrium TMR coincide and is equal to
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FIG. 7. (Color online) Top panels: majority bands of repeated slabs of (a) 9Co/5BN and (b) 5Co/5BN calculated using the LDA theory,
and (c) 5Co/5BN calculated using the QSGW theory (y axis on all graphs is E − EF in eV). Bottom panels: corresponding minority bands.

T MR ∼ 250% (for both, N = 6 and 8). The value of the
T MR ∼ 250% at V = 0 is mostly due to the fact that the
density of states (DOS) of minority electrons of hcp Co at the
Fermi energy is significantly larger than the DOS of majority
electrons [compare Fig. 4(a) and Fig. 4(b)].

As follows from Fig. 2(b) and Fig. 3 the onset of the sharp
drop of the equilibrium transmission T↓↓ occurs at E − EF ∼
−0.17 eV. Since the energy integration for calculation of
the equilibrium TMR is performed over the energy range
(EF − |e|V/2, EF + |e|V/2), the onset of the fast rise of
the equilibrium TMR shown on Fig. 6(c) occurs at bias V =
0.34 V. Due to the exponential nature of the BZ filtering effect,
at V ∼ 0.4 V the equilibrium TMR for N = 8 reaches as much
as 105%. The onset of the rise of the nonequilibrium TMR
occurs at similar bias voltages V ∼ 0.3–0.4 V, but the value
of the nonequilibrium TMR is much smaller, T MR ∼ 4000%
for N = 8 at V ∼ 0.4 V, due to nonequilibrium effects. Still
T MR ∼ 4000% is vary large and possibility of reaching the
TMR of such scale is of significant interest for the spintronic
device industry.

C. Fermi energy alignment in Co/BN/Co system:
LDA vs QSGW

As evident from above discussion large values of TMR are
very sensitive to the position of the Fermi energy relative
to the VBM of BN, EF − EV , since onset of high TMR
occurs at voltages V � 2(EF − EV )/|e|, yet V cannot exceed
the electrical breakdown limit (operating voltage in typical
spintronic device V < 0.5 Volt). We studied dependence
of EF − EV on variations in geometry of the systems by
performing FP-LMTO calculations within LDA for repeated
slabs of NBN h-BN and NCo hcp Co layers (varying NBN and
NCo from 4 to 12) for all configurations of B and N atoms (B,

N) = (top, hcp), (top, fcc), (hcp, top), (hcp, fcc), (fcc, top),
and (fcc, hcp) and for reasonable variations of positions of
surface B, N, and Co atoms. The value of EF − EV was found
to be stable within LDA/DFT, EF − EV ≈ 0.2 eV, in all above
cases for sufficiently thick Co slab with NCo � 7.

On the other hand, it is well known that LDA underestimates
band gaps of semiconductors and poorly describes the Schot-
tky barrier heights [30]. To evaluate EF − EV on the level
beyond LDA we performed calculations for a periodic slab of
5 hcp Co and 5 h-BN layers by using the QSGW theory that is
known to describe band gaps and other properties of materials
with moderate e-e correlations significantly better than LDA
[31–33]. (The restriction to 5Co/5BN slab size was due to
heavy computational costs of QSGW.) Figure 7 shows the
band structure of majority and minority electrons calculated
for periodic 9Co/5BN and 5Co/5BN slabs within the LDA
theory, and for 5Co/5BN slabs within the QSGW theory. It
is seen that reducing the size of Co slab from 9 layers to
5 layers leads to moderate increase of LDA EF − EV from
0.2 eV to 0.5 eV (as mentioned above, EF − EV converges to
≈0.2 eV for NCo � 7), whereas more accurate inclusion of the
e-e correlations within the QSGW theory results in dramatic
increase of EF − EV to as large as 2.2 eV. Thus, taking into
account correlations on beyond LDA level is very important for
accurate prediction of the Fermi energy alignment, EF − EV ,
at Co/h-BN interface and, consequently, for designing the
Co/h-BN/Co MTJ with high TMR.

In order to decrease EF − EV from 2.2 eV predicted by
QSGW to practical levels EF − EV < 0.1 eV one can p dope
the h-BN (e.g., by Mg). It was recently shown that the Mg
acceptor level in Mg-doped h-BN (h-BN:Mg) is as low as
0.031 eV [34], so varying the Mg concentration could bring
EF − EV to the desired range of EF − EV � 0.1 eV. Note that
for ideal alignment EF − EV ∼ 0 the TMR could be as high as
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several orders of magnitude at very low voltages [to estimate
the TMR at small voltage for the case of EF − EV = 0, one
can simply assume that the TMR shown on Fig. 3 has EF

shifted by 0.2 eV to lower energies, so EF = EV ].

III. CONCLUSION

In conclusion, the general Brillouin zone spin filtering
mechanism of enhanced TMR is described for magnetic
tunnel junctions and studied for an example of MTJ with
hcp Co electrodes and h-BN spacer. We suggest new MTJ
for STT-MRAM and STO applications based on hcp Co-Pt or
Co-Pd disordered alloy electrodes and p-doped h-BN spacer.
The PMA of such low-symmetry hcp electrodes originates
from the whole volume rather than interfaces and does not
require chemical ordering at atomic scale promoting small
device-to-device variations, a property important for high yield
and low cost. Concentration of heavy Pt or Pd atoms could
be balanced between requirements of strong PMA and small
damping constant of the alloy (damping constant of pure hcp
Co is small, αhcpCo = 0.004 [35] at 300K).

Owing to the specific complex band structure of the h-BN
the spin-dependent tunneling conductance of the system is
ultrasensitive to small variations of the Fermi energy position

inside the BN band gap. Our LDA-based NEGF calculations
for Co(0001)/h-BN/Co(0001) MTJ show high TMR at V �
0.3 V due to the Brillouin zone filtering mechanism. The
critical property needed for high TMR in this MTJ is an
alignment of Co EF very close to VBM of h-BN. LDA
predicts EF − EV ≈ 0.2 eV, while EF − EV calculated by
more accurate QSGW theory increases to 2.2 eV. Thus p

doping (e.g., by Mg) of the h-BN is needed to reduce EF − EV

to a practical range of below 0.1 eV to ensure high TMR (which
can be as high as several orders of magnitude) at low voltages.
By varying the Mg concentration (and thus EF − EV ) and
h-BN slab thickness one can independently regulate the TMR
and overall resistance of the MTJ.
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