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A large magnetoresistance effect controlled by an electric field rather than a magnetic field or electric
current is a preferable routine for designing low-power-consumption magnetoresistance-based spintronic
devices. We propose an electric-field-controlled antiferromagnetic (AFM) tunnel junction with the struc-
ture of the piezoelectric substrate/Mn3;Pt/SrTiO; /Pt operating by the magnetic phase transition (MPT) of
antiferromagnet Mn3Pt through its magneto-volume effect. The transport properties of the proposed AFM
tunnel junction are investigated by employing first-principles calculations. Our results show that a mag-
netoresistance over hundreds of percentages is achievable when Mn3Pt undergoes MPT from a collinear
AFM state to a noncollinear AFM state. Band structure analysis based on density functional calculations
shows that the large tunnel magnetoresistance can be attributed to the joint effect of significantly different
Fermi surfaces of Mn3Pt at two AFM phases and the band symmetry filtering effect of the SrTiO; tunnel
barrier. In addition, other than the single-crystalline tunnel barrier, we also discuss the robustness of the
proposed magnetoresistance effect by considering an amorphous AlOy barrier. Our results may open a
way for effective electrical writing and reading of the AFM state and its application in energy efficient

magnetic memory devices.

DOL: 10.1103/PhysRevApplied.12.044036

I. INTRODUCTION

A conventional magnetic tunnel junction (MTJ) with
high tunnel magnetoresistance (TMR) consists of two fer-
romagnetic (FM) electrodes separated by an ultrathin insu-
lating barrier. The TMR effect can be applied in various
spintronic devices, for instance, magnetoresistive random
access memories (MRAM), magnetic field sensors, read
heads for hard drives, and spin logics [1-3]. At the current
stage, electric current has been mainly used to manipu-
late the magnetization states in MTJs via spin-transfer-
torque (STT) [4—6], spin-orbit torque [7—9] mechanisms,
or magnetic fields produced by current, which limits the
energy efficiency of MTJ-based spintronic devices. There-
fore, there have been great efforts aimed at electric field
control of magnetic states instead of the electric current.
Voltage-controlled magnetic anisotropy (VCMA) in a per-
pendicularly magnetized CoFe(B)/MgO interface is one
of the promising strategies [10—13]. However, the VCMA
effect mainly relies on the electrostatic screening of mag-
netic electrodes at the interface, and the voltage-controlled
effect alone is not sufficient for effectively manipulating the
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magnetization state [10]. An alternative strategy toward
electric field control of TMR is to use a ferroelectric bar-
rier in a tunnel junction [14—16]. However, one of the main
disadvantages of the ferroelectric tunnel junctions (FTJs) is
the high resistance-area product due to the existence of the
critical thickness for the ferroelectric polarization of the
tunnel barrier [17].

Recently, an alternative route to obtain a moderate TMR
has been proposed via the magnetic phase transition (MPT)
of a magnetic electrode [18,19]. A typical structure of this
type of MTJ might be a sandwich structure of “metal-
lic MPT-electrode/insulating tunnel barrier/nonmagnetic
metallic electrode.” The magnetoresistance will arise when
the internal magnetic structure of the MPT electrode
changes with an external magnetic field, temperature, and
so on. For instance, the o’-FeRh electrode can be switched
from a G type antiferromagnetic (AFM) to a FM state
via a magnetic field (on the order of several Tesla), and
over 20% TMR at room temperature has been experimen-
tally demonstrated in «’-FeRh/MgO/y-FeRh MTJ [18]. In
the present work, we will focus on another more attrac-
tive metallic AFM MPT material, MnsPt, and discuss the
corresponding magnetoresistance effect.

As a well-studied MPT material, the ground magnetic
state of cubic Mn;Pt is triangular noncollinear AFM (D
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FIG. 1. (a) The illustrations of the atomic and magnetic struc-
tures of AFM Mn;Pt in D and F phases. The Pt atoms are in
gray and the Mn atoms are in purple. The green arrows indicate
the magnetic moment directions on Mn atoms. (b) The demon-
stration and operation principles of an electric-field-driven MPT
TMR effect in a tunnel junction with a Mn3Pt electrode.
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phase). It shows a first-order magnetic transition from the
D phase to the collinear AFM state (F' phase) when the
temperature rises up to Ty ~365 K [20,21], and it fur-
ther becomes paramagnetic when the temperature is over
Ty ~475 K. The magnetic structures of the two stable
AFM states in bulk Mn3Pt are illustrated in Fig. 1(a). The
noncollinear D phase state with the magnetic moments of
the three Mn atoms in the unit cell establish a triangu-
lar arrangement within the (111) plane. The F phase is a
collinear magnetic structure with a doubled unit cell along
the ¢ direction.

What is more interesting, recent experiments demon-
strate that being grown on a ferroelectric BaTiO3 substrate,
the transition temperature of Mn3Pt can be shifted upward
by applying an electric field through the BaTiO; substrate.
Hence, the collinear F' phase of Mn3Pt can be driven into
a noncollinear D phase by applying an electric field on
a piezoelectric BaTiO3 substrate above room temperature
[22]. Therefore, it would be possible to design tunnel junc-
tions by employing such an electric-field-controlled MPT
of Mn;Pt as is shown in Fig. 1(b). On the other hand,
AFM materials are believed to be promising for appli-
cations in spintronic devices. However, the lack of an
efficient method for electrical control of AFM states is
one of the main obstacles for their applications in mag-
netic memory devices. Therefore, the possibility of design-
ing the electric-field-controlled AFM Mnj;Pt-based tunnel

junctions with large TMRs above room temperature may
provide an alternative avenue for AFM spintronics [23,24].

We will first briefly discuss the mechanism of an
electric-field-controlled MPT of Mnj3Pt on a piezoelectric
substrate. The transition temperature 7}, of Mn3Pt between
the D and F phases has been found to be closely related
to its lattice constant [25] due to the so-called “magneto-
volume” effect [26]. The smaller lattice constant will result
in a higher transition temperature 7i of Mn;Pt. When
Mn;Pt is grown on a piezoelectric substrate, for instance,
BaTi0;3, the applied electric field across BaTiO3; will lead
to the decrease of the in-plane lattice constant due to the
inverse piezoelectric effect, and correspondingly, the MPT
temperature of Mn3 Pt will shift to a higher value. As a con-
sequence, the electric field can be applied to switch the
magnetic phase of Mn3Pt between the collinear /' phase
and the noncollinear D phase at a certain temperature
window as has been demonstrated experimentally [22].

A realistic Mn3Pt-based AFM junction structure and
its electric-field-driven operation principle is shown in
Fig. 1(b). The whole Mn3;Pt/SrTiO3/Pt tunnel junction
can be grown on a piezoelectric substrate, for example,
BaTiO;. The electric field is applied between the BaTiO3
substrate and Mn3Pt to write the AFM state of Mn3Pt,
and the tunnel resistance is measured between Mn3;Pt and
the Pt electrode across the SrTiO; tunnel barrier. By com-
paring with conventional MTJs and FTJs, the advantages
of the proposed tunnel junctions are multifold, including:
(1) The magnetic phase of Mn3;Pt is controlled by an
electric field rather than a magnetic field or electric cur-
rent. In consequence, the proposed AFM MTJs may be
more energy efficient in magnetoresistance-based mem-
ory devices. (2) The magnetoresistance is originating from
the MPT of the Mn;Pt electrode and a large TMR is pos-
sible. A high TMR of the tunnel junctions will then be
beneficial to its application in a memory device with a
high on-off ratio. (3) The electric-field-controlled MPT is
switched between two AFM phases, and the whole tun-
nel junction might be robust against the external magnetic
field perturbation and suitable for high-density nonvolatile
memory. (4) The proposed tunnel junction structure is sim-
ple with only one magnetic electrode and the switching
speed should be fast due to the AFM phase transition.

The remaining key issue of the proposed AFM tun-
nel junction will then be the spin-dependent transport
properties, especially the conductance (resistance) ratio
of the tunnel junction when Mn;Pt is in the ¥ and D
phases, which is the main focus of the present work. In
the past, there were also several experiments focusing on
AFM tunnel junctions by using a collinear antiferromag-
net L1y-IrMn [27,28] or L1o-MnPt [29] as an electrode.
However, the magnetoresistances in those tunnel junctions,
which originate from the anisotropic electronic structure
of antiferromagnets, are relatively low (typically less than
10%). Hereafter, we will investigate the transport and the
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corresponding MPT TMR effect in a Mn3;Pt/SrTiO3;/Pt
tunnel junction through first-principles calculations.

II. CALCULATION METHODS

Experimentally, a Mn3;Pt film originally in the collinear
F phase with ¢=3.875 A and ¢=3.850 A can be
switched to the noncollinear D phase with a = 3.866 A and
¢=3.860 A above room temperature by applying a mod-
erate out-of-plane electric field £ =4 kV cm™! [22]. The
corresponding experimental lattice constants of Mn;Pt for
two magnetic phases are used in the present first-principles
calculations. All the calculations in the present work are
performed by employing the Quantum Espresso package
[30] with the PBE GGA (Perdew-Burke-Ernzerhof type of
generalized-gradient-approximation) exchange correlation
potential [31] and ultrasoft pseudopotential [32] gener-
ated from PSIib0.3.1. A Monkhorst-Pack k£ point mesh of
16 x 16 x 16 and a plane-wave cutoff of 50 Ry are adopted
for the self-consistent electronic structure calculations of
bulk Mn3Pt. The calculated ground state of bulk Mn;Pt is
the D phase, which has a total energy 1.01 eV per formula
cell lower than that of the F phase, which agrees with the
previous theoretical value [33]. The magnetic moment on
a Mn atom of the D phase is 3.10 up and it agrees well with
the experimental value of 3.0 g [20,21]. For the F' phase,
the Mn spins on the S sites are 2.92 up per Mn atom and on
the B sites are nonzero, but have a small value of 0.11 w3
along the ¢ axis, resulting in a net magnetic moment and
magnetization accordingly.

In order to calculate the electron transmission of the
Mn;Pt/SrTiO3 /Pt tunnel junction, first, the electronic
structures of the left Mn3Pt electrode, the right Pt elec-
trode, and the junction region in a Mn3Pt/SrTiO;/Pt
supercell are separately and self-consistently calculated.
Then, the electron transmission is calculated by using
a standard wave-function scattering method [32,34] in
two-dimensional Brillouin zones (2DBZs) by match-
ing the wave functions between the left and right
electrodes. The ballistic Landauer conductance of the tun-
nel junction is calculated by summarizing the transmis-
sion over 200 x 200 k= (ky, k,) points in 2DBZ:G =
/3. T (k;)), where T(kj) is the k resolved transmis-

Ry
sion, e is the elementary charge, and % is the Plank
constant.

III. RESULTS AND DISCUSSIONS

The Fermi surface (FS) of the electrode indicates the
available Bloch states distributed over the Brillouin zone
for electron transmission, and it is crucial for electron
transport of MTJs. Figure 2(a) shows the side and top
views (along the k, direction) of the three-dimensional FSs
for bulk Mn3Pt in the D and F phases. Both AFM phases
have multiple bands which are distributed over the 2DBZ,
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FIG. 2. (a) The side and top views of three-dimensional FSs

for Mn3Pt in D and F phases. The FSs are visualized by using
the Xcrysden package [35]. (b) Density of states (DOS) of bulk
Mn;Pt per formula cell for F (red) and D (blue) phases. The
Fermi energy lies at zero as indicated by the vertical black dash
line.

and the noteworthy difference of the two AFM phases is
that there is no available Bloch state around the zone cen-
ter for the F' phase while several Bloch states are present
for the D phase, which is evident from the top views shown
in Fig. 2(a). This is one of the main reasons for the differ-
ent transmissions in MnsPt-based MTJs and the resultant
large magnetoresistance through the SrTiOs barrier as we
discuss later. The corresponding density of states for the
D phase and the F' phase are shown in Fig. 2(b). At Fermi
energy, the F phase has a relatively larger density of states
than the D phase Mn;Pt.

A Mn;Pt/SrTiOs3/Pt MTJ is built and shown in
Fig. 3(a). The tunnel junction consists of a semi-infinite
Mn;Pt electrode and a SrTiO; tunnel barrier with a thick-
ness of two unit cells (u.c.) stacked along the [001]
direction. Perovskite oxide SrTiO; with a lattice constant
of 3.905 A is chosen as the tunnel barrier by consid-
ering its small lattice mismatch (<1.0%) with Mnj;Pt.
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FIG. 3. (a) The side view of the atomic struc-
ture of Mn3Pt/SrTiO3;/Pt tunnel junction. (b)
The electron transmission of Mn3Pt/SrTiO; /Pt

MT]J with Mn3Pt in D (left) and F (right) AFM
phases, respectively. The color bar shows the

intensity of transmission.

F Mn,Pt/SrTiO,/Pt

In addition, Pt with a lattice constant of 3.916 A [36]
serves as a counter electrode, which receives tunneling
electrons from the Mnj3Pt electrode. Therefore, the whole
Mn;Pt/SrTiO; /Pt tunnel junction may be grown epitaxi-
ally with a small lattice mismatch. The epitaxial relation
between Mn3Pt and SrTiO; might be Mn3;Pt(100)[001]]]
SrTiO3(100)[001]|| Pt[001] with the Ti atoms sitting at the
top of the Mn atoms. In the junction, the left lead consists
of repeating unit cells of Mn3;Pt and terminates on both
ends with a Mn-Pt atomic layer. The SrTiOs layer is termi-
nated on both sides with a TiO, atomic plane. The oxygen
atoms are connected with Mn and Pt atoms at the interface,
which is energy favorable [16].

The main results of the transport calculation are shown
in Fig. 3(b), which displays the k| resolved transmission
for the junction with the Mn3Pt electrode in the D and F
phases. In the junction with the D phase Mn3Pt, an area
has the largest transmission of 10~! distributed around
the 2DBZ center. In contrast, the FS of Mn3Pt in the F
phase viewed along the [001] direction has holes in the

zone center. There are no bulk states in both spin channels
of the ' phase Mn3Pt, which results in zero transmis-
sion around this area. Accordingly, the total transmission
of the Mn3Pt/SrTiOs3 /Pt junction with a D phase Mn;Pt
electrode is relatively larger than that with the F' phase
Mn; Pt electrode. When the electric field is applied across
the piezoelectric substrate, the Mn3Pt electrode undergoes
a phase transition from the F' phase to the D phase. Con-
sequently, the tunneling junction undergoes a transition
from a high-resistance state to a low-resistance state. The
optimistic MPT TMR can be defined as

GD phase — GF phase
I’l’lill(GF phases GD phase)

MPT TMR = x 100%.

The electron transmission and the corresponding MPT
TMR are listed in Table I. One can see that the MPT TMR
is over 500% by this definition.

TABLE I. The electron transmission of DMn3Pt and FMn;Pt per formula cell.?
Transmission for DMn;Pt Transmission for FMn3Pt Transmission for PMn;3 Pt MPT TMR
Bulk Mnj;Pt 0.85 1.87 — —120%
Mn;Pt/SrTiO; /Pt 2.5%x 1072 0.40 x 1072 0.90 x 1072 525%
Mn;Pt/AlO, /Pt — — — —200%"

The transmission of MTJ with paramagnetic Mn;Pt (PMnj3Pt) electrode has also been listed for comparison.
4For FMnj;Pt, the transmissions for the two spin channels are identical and for noncollinear DMnj3Pt, the transmissions of the two spin

channels are indistinguishable.
YEstimated from density of states at Fermi energy.
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The large MPT TMR in the Mn3;Pt/SrTiO; /Pt tunnel
junction also partly relies on a symmetry selective filter-
ing effect in the SrTiO;z tunnel barrier. As is shown in
Fig. 4(a), similar to the band symmetry filtering effect in
MgO [1] and spinel oxide MgAl,O4 [37], the Bloch state
with A; and As symmetry has the smallest decay rate
within the band gap of SrTiO;. As a consequence, the
Bloch states around the I point (zone center) may have
a relatively larger tunneling possibility. Figure 4(b) shows
a complex wave vector with the smallest imaginary part
over the entire 2DBZ. It is clear that the slowest electron
decay rate forms a cross shape around the I" point. By com-
paring the FSs of DMn3;Pt and FMn3;Pt shown in Fig. 2(a),
there is no available Bloch state of #Mn3;Pt around the I
point while available Bloch states are present for DMn;Pt.
In consequence, for the DMn3Pt/SrTiOs /Pt tunnel junc-
tion, because of the large transmission contribution from
the Brillion zone center, the tunneling conductance should
be much larger than that of the FMn;Pt/SrTiOs/Pt MTJ
and should lead to a large positive MPT TMR.

It is worthwhile pointing out that SrTiO; may not be
the unique tunnel barrier material suitable for the proposed
tunnel junctions with a Mnj;Pt electrode. Despite the large
MPT TMR in the single-crystalline tunnel junction with
the SrTiOj; barrier, it is also possible to fabricate a sim-
ilar junction but with an amorphous barrier, for instance,
an AlO, barrier. By ignoring the difference of tunneling
ability of each Bloch state, the electron transmission (or

FIG. 4. (a) The complex band struc-
ture of SrTiOs along the [001] direction
(kjy =0). The real band and the imagi-
nary band are plotted in red and blue,
respectively. The top of the valence
band is located at zero energy. (b) The
two-dimensional complex band disper-
sion of SrTiOj; at the middle of the band
gap with the smallest imaginary part «
(in the unit of 27t/a).

conductance) at zero bias is proportional to the density of
states at the Fermi energy of the two electrodes as 7'
Dp(Ep)Dyinsp(ErF). A simple estimation of the MPT TMR
with an amorphous AlO, barrier according to the density of
states of FMn3;Pt and DMn;Pt shown in Fig. 2(b) is around
—200% as it is listed in Table I. Here, the negative sign
indicates a larger conductance of FMn3;Pt/AlO, /Pt than
of DMn;Pt/AlO, /Pt MTJ.

The interfacial magnetic structure may be important
for the spin-dependent transport and the resultant TMR
in a MTJ [38]. In order to elucidate the effect of possi-
ble interface magnetic disorder, additional calculations are
performed. Take the FMn3Pt/SrTiO3/Pt-MTJ, for exam-
ple, where instead of a perfect AFM interface magnetic
structure [shown in Fig. 5(a)], we consider 1 u.c. [shown
in Fig. 5(b)] and 4 u.c. (not shown) of paramagnetic Mn;Pt
present at the interface. The resultant electron transmission
is listed in Table II. Compared with the perfect AFM-
ordered Mn;Pt interface, the paramagnetic Mn;Pt present
at the interface will lead to additional interface scatter-
ing and a decrease of electron transmission. However, the
MPT TMR has been largely preserved due to the fact
that the MPT TMR mostly originates from the features of
the FS of bulk Mn3Pt, as we discussed previously. These
results further confirm that the MPT TMR should be robust
against the imperfect interfacial magnetic structure.

In a stoichiometry Mn3;Pt/BaTiO; system, the electric
field control of MPT occurs above room temperature at

FIG. 5. Atomic structure of FMn;Pt/
SrTiO3/Pt MTJ with perfect interface
magnetic structure (a) and with 1 u.c. of
paramagnetic Mn3Pt interface (b). The arrows

represent the magnetic moments.
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TABLE II. The electron transmission of FMn3Pt/SrTiO;/Pt-
MTJ per formula cell with different interfacial magnetic
structures and the corresponding MPT TMR respective to
DMn;Pt/SrTiOs /Pt-MTJ.

Interfacial magnetic structure Transmission MPT TMR
1 u.c. PMn3Pt 0.11x 1072 +2173%
4 u.c. PMn;Pt 0.28 x 1072 +793%

around 360 K [22]. It may also be possible to further reduce
the MPT temperature to room temperature (300 K) by
choosing appropriate materials. For instance, it has been
experimentally shown that the MPT temperature of non-
stoichiometry Mn;PtN, and Mnj3_,Pt; ., alloys [25,39,40]
can be lowered down to room temperature, and has been
theoretically shown that Mn-based antiperovskite nitrides
[41] may have a similar AFM phase transition. Instead of
a BaTiOj; substrate, an alternative piezoelectric substrate
with a larger piezoelectric effect, for example, a PMN-PT
[Pb(Mgl/3Nb,/3)O03-PbTiO3] [42] substrate may lead to a
MPT at room temperature.

Moreover, the electronic structures of Mn3 Pt in the non-
collinear AFM D phase and collinear AFM F phase are
significantly different and may lead to other different intrin-
sic physical properties beyond the magnetoresistance effect
in the studied Mn3Pt-based MTJs. For example, it has been
experimentally demonstrated that the noncollinear AFM D
phase has moderate anomalous Hall conductivity (AHE)
while the collinear AFM F phase has zero AHE conduc-
tivity [22]. Thus, one may expect a different spin Hall
conductivity (or spin Hall angle) of Mn3Pt in two different
AFM phases [43]. In addition, noncollinear and collinear
AFM Mn;Pt may lead to a different exchange bias effect
in a Mn;Pt/FM metal bilayer system. All of these physi-
cal properties can be controlled by an electric field through
the inverse piezoelectric effect [22,44,45] and can be used
in AFM spintronics [23,24].

IV. SUMMARY

In summary, by employing first-principles calculations,
we investigate the transport properties of MTJs by using
an AFM eclectrode Mn3Pt, which can be transformed from
a collinear AFM F phase to a noncollinear AFM D phase
by applying an electric field across the piezoelectric sub-
strate. Our results show that the magnetoresistance ratio in
a Mn3;Pt/SrTiO5 /Pt tunnel junction can reach hundreds of
percentages, making it promising for applications in low-
power consumption memory devices. The MPT TMR in
the proposed single crystalline MTJ originates from the
cooperative effect of different Fermi surfaces of Mn;Pt in
two AFM phases and the band symmetry filtering effect of
the SrTi0j3 barrier. This would make the MPT TMR robust
against the possible interface magnetic structure disorder.

In addition, by estimating from the density of states, a sim-
ilar tunnel junction with an amorphous AlO, barrier also
has a large MPT TMR. Such an electric-field-controlled
MPT TMR effect is expected in a class of similar materi-
als beyond Mn3Pt. Moreover, the electric-field-controlled
MPT of Mn;Pt can be largely extended to other elec-
tric controlled phenomena beyond MPT TMR including
anomalous Hall, spin Hall, exchange bias, and so on. This
work may stimulate future experimental investigations on
the MPT TMR mechanism and the application of Mn;Pt
and similar materials in AFM spintronics.
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