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Equiatomic quaternary Heusler compounds (EQHCs) generally have the advantages of
high Curie temperature, large spin polarization and long spin diffusion length, and they
are regarded as one of the most promising candidates for spintronics devices. Herein,
we report a theoretical investigation on an EQHC CoRhMnGe based magnetic tunnel
junction (MTJ) with () MnGe-terminated interface and (i) modified pure Mn terminated
interface, i.e., MnMn-terminated interface. By employing first principle calculations
combined with non-equilibrium Green’s function, the local density of states (LDOS),
transmission coefficient, spin-polarized current, tunnel magnetoresistance (TMR) ratio
and spin injection efficiency (SIE) as a function of bias voltage are studied. It reveals that
when the MTJ under equilibrium state, TMR ratio of MnGe-terminated structure is as
high as 3,438%. When the MTJ is modified to MnMn-terminated interface, TMR ratio
at equilibrium is enhanced to 2 x 10°%, and spin filtering effects are also strengthened.
When bias voltage is applied to the MTJ, the TMR ratio of the MnGe-terminated structure
suffers a dramatic loss. While the modified MnMn-terminated structure could preserve a
large TMR value of 1 x 10°%, even bias voltage rises up to 0.1V, showing a robust bias
endurance. These excellent spin transport properties make the CoRhMnGe a promising
candidate material for spintronics devices.

Keywords: magnetic tunnel junction, heusler alloys, interface modification, tunnel magnetoresistance,
nonequilibrium green’s function

INTRODUCTION

Spintronics, with the manipulation of electron spin as information carrier, has the advantages
of higher circuit integration density, fast operation and less energy consumption (Wolf et al.,
2001; Zuti¢ et al, 2004; Li and Yang, 2016). As one of the most important spintronic
devices, magnetic tunnel junction (MT]), consisting of two ferromagnetic (FM) electrodes
separated by a thin non-magnetic (NM) semiconductor layer, has attracted great attention
(Li et al, 2014; Igbal et al, 2016; Wang et al., 2016a). Magnetic field sensors utilizing
tunnel magnetoresistance (TMR) effects possess a better signal-to-noise ratio, and magnetic
random access memory (MRAM) based on TMR effects has higher data rates and could
further enhance the record density and minimize device dimension (Butler et al., 2001;
Mao et al, 2006). However, the reliability of a MT]J device is seriously affected by high
bias current owing to the current-driven instabilities and electromigration. Therefore, high
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TMR ratios, necessary to achieve sufficient output signal under
moderate current densities, is a crucial indicator for a high
performance MT] device. According to Valet-Fert model, i.e.,
two-current model (Valet and Fert, 1993), TMR effect is
proportional to spin asymmetry coeflicients for FM layer (p)
and FM/NM interface (y). On the one hand, p is determined
by the electronic band structure of FM layers, thus half-metallic
ferromagnet (HMF) which owns complete spin polarization has
been regarded as one of the most promising materials to work
as electrode (Wen et al., 2014; Feng et al., 2019). Among various
HMFs, Heusler compounds received considerable interest mainly
because they have a high Curie temperature and small lattice
mismatching between Heusler compound and conventional
semiconductor (Graf et al., 2011; Skaftouros et al., 2013; Nayak
et al., 2015; Zhang et al, 2015; Bainsla and Suresh, 2016;
Sahoo et al., 2016; Wang et al., 2016b, 2017; Han et al., 2017;
Jamer et al,, 2017; Siakeng et al., 2018). Extensive attentions
have been paid to MT] employing the Heusler compound as
a spin injector such as Co,FeAl/MgO (Scheike et al.,, 2014;
Wen et al, 2014), Co(Mn, Fe)Si/MgO (Moges et al., 2016),
CoaMnSi/MgO (Yamamoto et al,, 2010; Kozina et al., 2014),
Fe3Si/MgO (Tao et al, 2014) and CoFeMnSi/MgO (Bainsla
et al., 2018). More recently, the equiatomic quaternary Heusler
compound CoRhMnGe has been successfully synthesized (Rani
et al., 2017). It demonstrates half metallicity with high Curie
temperature of ~760K, revealing great potential for spintronic
devices. On the other hand, the coefficient y is governed by
the electronic structure of FM/NM interface, because spin-
dependent asymmetric scattering at FM/NM interface may
dominate electron tunneling (Sakuraba et al., 2010). One way to
enhance the TMR effect is to engineer the interface electronic
structure by interface modification. The study on the Co,MnSi
(001) surface revealed that surface half metallicity in all natural
terminations is destroyed due to the appearance of surface states;
however, when the surface was modified to pure Mn termination
(i.e., MnMn-termination), it maintains the half metallicity due
to the strong surface-subsurface coupling (Hashemifar et al,
2005). Other studies on Co,MnX (X = Si, Ge, Sn) (Wu et al,,
2012), CooMnGey5Gags (Wu et al.,, 2011), and CoFeMnSi/GaAs
(Feng et al., 2015) heterojunction also confirmed that modified
surface/interface could preserve 100% spin polarization.

In this work, we build CoRhMnGe/MgO/CoRhMnGe MT]
with (i) MnGe-terminated interface and (ii) modified pure
Mn terminated interface (i.e., MnMn-terminated interface), and
employ the non-equilibrium Green’s function in combination
with first principles calculations to study the non-equilibrium
spin injection and spin-polarized quantum transport properties.
Our results show that CoRhMnGe/MgO/CoRhMnGe MT]
possess extremely large TMR value, and such value could be
further enhanced when the interface of the MTJ is modified to
Mn-rich termination.

Calculation Method

In Figurel, a two-probe MT] device model consisting of
two semi-infinite CoORhMnGe electrodes sandwiching 5 MgO
layers is built, and the model is divided into left electrode,
central scattering region and right electrode. The modified pure

Mn terminated interface (i.e., MnMn-terminated interface) is
obtained by substituting the interface Ge by Mn in MnGe-
terminated interface. The in-plane lattice constant of the junction
is fixed at 4.21 A which is the value of MgO. Besides, the 1/\/5 of
experimental lattice constant of CORhMnGe (5.89 A) is 4.16 A,
and the lattice mismatch between CoORhMnGe and MgO is about
1%. The interface relaxation is firstly performed by using VASP
package based on density functional theory (DFT) (Blochl, 1996;
Perdew et al., 1996). The self-consistent field (SCF) convergence
criterion of 107® eV and mesh of 9 x 9 x 1 Monkhorst-Pack k-
points in Brillouin zone are applied, and the cut-off energy is set
as 500 eV. The optimized distance between the CoRhMnGe layer
with MnGe-terminated interface and MgO layer is found to be
2.42 A, while that between the CoORhMnGe layer with MnMn-
terminated interface and MgO layer is found to be 2.02 A. The
spin-dependent transport properties calculations are based on
a state-of-the-art technique where DFT is combined with the
Keldysh non-equilibrium Green’s function (NEGF) theory, as
implemented in Nanodcal package (Taylor et al., 2001; Waldron
et al.,, 2006). In our work, the MTJ device model is periodic
along the x- and y axes, while the transport direction is along
the z axis. In our calculations of transport properties, the number
of Monkhorst-Pack k-space grids of left and right electrode is
10 x 10 x 100, and that of central scattering region is 10 x
10 x 1, and the self-consistent calculations are limited to 107>
Hatree tolerance.

RESULTS AND DISCUSSION

In Figure 1, the two-probe MT] device model, consisting of
two semi- MnGe-terminated structures and MnMn-terminated
structures, are based on converged SCF calculations of the
center scattering region and two electrodes. The energy- and
spin-dependent transmission coefficient T7° (E) can be calculated
by T°(E) = Tr[T GRI'RG"], where o is spin direction (up
or down); I', and I'r are the coupling matrix of the left
electrode and right electrode, respectively; and GR and GA
are the retarded and advanced Green’s function of the central
region, respectively. The transmission coefficient vs. electron
energy for MnGe-terminated and MnMn-terminated structures
at equilibrium are calculated and displayed in Figure2. (i)
When two magnetic electrodes are in antiparallel magnetization
configuration (APC), due to the reason that these two structures
are mirror-symmetrical with respect to the middle of the
scattering region, the transmission coefficient curve in spin up
channel completely coincide with that in spin down channel.
Hence, there is only one transmission coefficient curve in APC
(dashed-dotted black line). (ii) When two magnetic electrodes are
in parallel magnetization configuration (PC), the transmission
coefficient curve in spin up channel is totally different from
that in spin down channel. Clearly, for both MnGe-terminated
and MnMn-terminated structures, transmission coefficient at
Fermi level in spin up channel (TZ‘Z(Ef)) is much higher than
that in spin down channel (Tg%W”(Ef)). Therefore, the total
transmission coefficient at Fermi level in PC mainly comes from
the contribution of the spin up electrons.
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FIGURE 1 | (A) Schematic sketch of the CoRhMnGe/MgO/CoRhMnGe MTJ. (B) MnMn-terminated structure. (C) MnGe-terminated structure. The z-axis is the
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FIGURE 2 | Zero bias transmission coefficient versus electron energy in PC
and APC of the CoRhMnGe/MgO/CoRhMnGe MTJ with (A) MnGe-termination
and (B) MnMn-termination.

Physically, tunnel magenetoresistance ratio (TMR) indicates
the sensitivity of a MTJ device with respect to the magnetic
configuration, and is regarded as one of the most important
parameters to characterize performance of a MTJ device. The
TMR ratio at zero bias in our work is calculated by the
following definition:

Tpc(Ef) — Tapc(Ey)
min(Tpc(Ef), Tapc(Ey))

TMR =

where Tpc(Ef) and TApc(Ef) denote total transmission
coeflicients at Fermi level in PC and APC, and they are obtained
by summing up the contributions of the spin up and spin
down channel, thus Tpc(Ef) = T;‘Z(Ef) + TgOCW”(Ef) and
Tarc(Ey) = Tybc(E) + T (Ep); min(Tye(Ey), Tapc(Ey)) is
the smaller one of Tpc(Ef) and Tapc(Ef). For MnGe-terminated
structures, the calculated T;Z(Ef) and Td"W” (Ef) are 0.0012 and
0, respectively; and TZ%C(Ef) = Tf‘l‘%"(Ef) = 0.1696 x 10~%.
The TMR ratio of CoRhMnGe/MgO/CoRhMnGe MT] with
MnGe-termination at equilibrium is calculated to be 3,438%.
Besides, for MnMn-terminated structures, the calculated
glé(Ef) and Td"W”(Ef) are 0.0081 and 0, respectively; and

Tihc(Ef) = T (Ef) = 0.2054 x 10~°. The calculated TMR
ratio of CoRhMnGe/MgO/CoRhMnGe MT] with MnMn-
termination at equilibrium reaches up to about 2 x 10°%. It
indicates that TMR ratio of CoRhMnGe/MgO/CoRhMnGe
MTTJ at equilibrium can be greatly enhanced by modifying the
interface to MnMn-termination.

Furthermore, spin dependent k/,-resolved transmission in 2-
D BZ at Fermi level is also calculated. Figure 3 displays the
contour plots of the k;/dependence of the spin up and spin down
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FIGURE 3 | The k/,-resolved transmission coefficients at the Fermi level E = E¢ of CORhMnGe/MgO/CoRhMnGe MTJ with MnGe-termination (A-C) and
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transmission coefficient at E = Efin PC and APC. (i) In APC,
due to the reason we have mentioned above in the transmission
curve discussion, the contour plot of transmission coefficient
in spin up channel is exactly the same as that in spin down
channel, and there is only one transmission contour plot in APC
(see Figures 3C,F). There are little hot spots (Wunnicke et al.,
2002) that exist in APC, indicating that the transmission of spin
polarized electron has been blocked. (ii) In PC, the dense of hot
spots in spin up channel (see Figures 3A,D) are much larger than
that in spin down channel (see Figures 3B,E), indicating that
in PC the spin up electrons have higher transport ability than
spin down electrons, which is in agreement with transmission
curves shown in Figure 2. Moreover, comparing transmission
contour plot of these two structures, it can be seen that in
PC the hot spots in spin up channel of the MnMn-terminated
structure (see Figure 3D) are much hotter than that of the
MnGe-terminated structure (see Figure 3A). Besides, in APC
the dense of hot spots of the MnMn-terminated structure (see
Figure 3F) are much weaker than that of the MnGe-terminated
structure (see Figure 3C). Therefore, by modifying the interface
of CoRhMnGe/MgO/CoRhMnGe MT] to MnMn-termination,
the transport ability of spin up electron in PC is much improved
and the spin polarized electron in APC suffers a stronger
suppression, leading to an obvious enhancement in TMR ratio.
The excellent transport properties in MnMn-terminated
structures could be intuitively understood by analyzing the local
density of states (LDOS). The LDOS of the MnGe-terminated
structure and MnMn-terminated structure at equilibrium state
are calculated and summed along the transport direction (z-
axis direction). As shown in Figure 4, a state gap resulting from
semiconductor MgO exists in the two investigated structures,

revealing the tunneling transport mechanism. (i) In PC, it can
be seen from Figures 4a,e that both left and right electrodes
possess large density of states in spin up channel and it reveals
that spin up channel is free, and abundant number of spin
up electrons can tunnel through from left electrode into right
electrode. Spin up state is the majority spin state. Besides, in
spin down channel, there are few densities of states in two
electrodes (see Figures 4c,g), indicating that spin down channel
is suppressed and spin down electrons can hardly transmit via the
magnetic electrode by tunneling through the MgO barrier, and
spin down state is the minority spin state. Therefore, when these
two investigated structures are under PC state, polarized current
dominated by spin up electrons can tunnel through the MgO
barrier, and they are in a low resistance state. (ii) In APC, we can
see from Figures 4b,f that in spin up channel only left electrode
possesses large density of states, while right electrode has few
densities of states. It reveals that although left electrode can
generate spin up electrons, there are few states in right electrode
can accommodate these electrons, and spin up electrons cannot
flow into right electrode. In opposition, in spin down channel
(see Figures 4d,h) large density of states are concentrated on
right electrode, while few density of states exist in left electrode.
It indicates that although right electrode can accept lots of
electrons, the left electrode can barely offer spin down electrons.
Therefore, when these two structures are under APC state, both
spin up and spin down channels are blocked, and spin polarized
current cannot be detected, leading to a high resistance state.
Moreover, comparing Figure 4c with Figure 4g, we can see that
under PC state the spin down density of states of the MnMn-
terminated structure is much weaker than that of the MnGe-
terminated structure, revealing that the purity of spin polarized
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current of the MnMn-terminated structure is higher than that
of the MnGe-terminated structure. Therefore, spin filtering effect
in CoRhMnGe/Mg/CoRhMnGe MTJ get enhanced by modifying
the interface to MnMn-termination. In addition, when these
two structures are under APC state, the spin up density of
states in right electrode of the MnMn-terminated structure is
much weaker than that of the MnGe-terminated structure (see
Figures 4b,f), and the same situation can also be observed in
spin down density of states in left electrode (see Figures 4d,h).
It indicates that spin polarized current of MnMn-terminated
structure suffered more intense suppression under APC state.
Now we turn our discussion to spin transport properties
at non-equilibrium. The spin polarized currents of MnGe-
terminated and MnMn-terminated structures as the function
of bias voltage are calculated and presented in Figure 5. The
total spin polarized currents in PC (I}}) and APC (I'%) are
represented by black spots in the insets. The blue triangle and
red triangle are spin up current (I*’) and spin down current
(190wm), respectively. Here, I'" = TP 4 [%"" (i) In PC, spin up
current increases linearly with bias voltage up to 0.1 V whilst spin
down current always remains minor value and is unresponsive
to the increase of bias voltage. Besides, the total currents of
these two structures also linearly increase with the increase of
bias. (ii) In APC, spin up, spin down and total currents of
MnMn-terminated structure always hold minor values when bias
ranges from 0 to 0.1V, indicating that the spin polarized currents
of MnMn-terminated structures are significantly inhibited in
APC. For MnGe-terminated structures, spin up and spin down
currents almost keep the minor values unchanged when bias
increases from 0 to 0.09 V, while when bias exceeds the 0.09V

and increases to 0.1V, spin down current rapidly increases to
a very high value of 2.6 nA (see red triangle in Figure 5B).
Moreover, comparing Figure 2A with Figure 2B, we can see that
in PC the spin up current intensity of the MnMn-terminated
structure is about 10 times larger than that of the MnGe-
terminated structure.

The spin injection efficiency (SIE) is an important parameter
that can reveal the degree of the spin polarization in the transport

Jup — pdown

current, and it can be expressed as SIE = Ty o | X 100%. The

SIE in PCand APC are calculated and displayed in Figure 6. (i) In
PC, SIE of these two structures always maintains a high value of
nearly 100% when bias incessantly rises up to 0.1V, and this can
be explained by the reason that in PC the spin up current is much
larger than the spin down current which could be observed from
Figures 5A,C. Hence, these two structures could obtain nearly
100% spin polarized current in PC configuration. In APC, SIE
of the MnGe-terminated structure nearly linearly increases to
64% with bias up to 0.06'V, and then it drops to 29% when bias
increases to 0.09 V; while it dramatically reaches up to 81% when
bias up to 0.1 V. For the MnMn-terminated structure, SIE in APC
firstly increases monotonously to 58% when bias increases to
0.04'V; and then it maintains a relative stable value of about 60%
when bias ranges from 0.04 to 0.07 V, and it begins to deteriorate

gradually to a poor value of 16% at 0.1 V bias.

In our work, TMR ratio under finite bias is defined as

TMR ‘%) x 100%. Figure?7 exhibits the TMR
min(Ipe,[ipe)

ratio vs. bias voltage for the two investigated structures under

non-equilibrium. The TMR ratio of MnGe-terminated descends

rapidly with increasing of bias, and eventually drops to about
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500% at a bias of 0.1V; its TMR ratio loss rate (n =
(TMRpmax — TMRpin)/ TMRpy.x) exceeds 80%, where TMRyax
(or TMRpjn) is the maximal (or minimal) TMR ratio within
the range of bias voltage variation. However, the maximal TMR
ratio of MnMn-terminated structure reaches up to about 2 X
10°%, and it maintains such large value when bias ranges from
0 to 0.06 V. More importantly, when bias increases to 0.06V,
the TMR ratio loss rate of MnMn-terminated structure is only
about 6%, and its TMR ratio is still higher than 1 x 10°%
even for bias up to 0.1 V. It indicates that TMR ratio under
bias voltage is greatly enhanced by modifying the interface of
CoRhMnGe/MgO/CoRhMnGe MT] to MnMn-termination, and
TMR ratio of such modified structure is much less affected by the

bias voltage, showing a robust bias endurance. Besides, in order
to characterize the magnitude of the output signal modulation
(Tiusan et al., 2006), the output voltage Vo is calculated by
Vour = Vp(Iit — I195c) /15t where Vy, is the applied voltage. In
the inset of Figure 7A, the Vot of MnGe-terminated structure
increases linearly with bias voltage increases to 0.08 V and then
drops at 0.09 V bias owing to the severe suppression of TMR ratio
by bias. However, Vot of MnMn-terminated structure increases
in a strict linearly manner when bias ranges from 0 to 0.1V (see
the inset of Figure 7B).

In order to further understand the TMR behaviors of
MnGe-terminated and MnMn-terminated structures at non-
equilibrium state, transmission coefficients as a function of
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electron energy at a finite bias for these two structures are
calculated and presented in Figure 8. Bias window is set to the
center region between two black dashed-dotted lines, and current
is obtained by integral of transmission coeflicients over bias

window—V/2 < E < +V/2, ie, I' [ T(E, V)dE. Note

that to show the trend of the transmission coefficient curve

of the MnMn-terminated structure in APC more clearly, these
curves are zoomed in 10 times (see blue and red solid lines in
column (b) in Figure 8). In APC, due to the reason that the
geometric symmetry is broken by the bias, the transmission curve
of the spin up channel is no longer the same as that of the spin
down channel. (i) For the MnGe-terminated structure, in PC the
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transmission curves within the bias window have not changed
much while, in APC, the spin down transmission curves own a
peak around E = 0.1 eV at bias of 0.03 V, and this peak gradually
moves toward the bias window with the increasing of bias.
Besides, in APC more and more spin down transmission curves
enter the bias window and spin down transmission coefficient
in APC gets enhanced. Therefore, TMR ratio of the MnGe-
terminated structure suffers a rapid decrease with the increasing
of bias. (ii) For the MnMn-terminated structure, because in PC
the value of spin up transmission curves are much larger than
the MnGe-terminated structure, spin up current of the former
structure is much higher than that of the latter structure, which
can be observed in Figures 5A,C. In APC, there is a peak around
E = 0.08eV in spin down channel, and such a peak shifts
to enter the bias window with the increasing of bias to make
more and more contribution to transmission coefficient in APC.
Although transmission coefficients in APC are strengthened, they
are still much lower than that in PC, therefore an ultra-high
TMR ratio can be maintained under large bias in the MnMn-
terminated structure.

CONCLUSIONS

In conclusion, in order to explore the potential applications
of CoRhMnGe in spintronics device, we performed non-
equilibrium Green’s function combined with the first principle
calculations to investigate the spin transport properties of
CoRhMnGe/MgO/CoRhMnGe MT]. The local density of states
(LDOS), transmission coeflicient, spin-polarized current, tunnel
magnetoresistance (TMR) ratio and spin injection efficiency

REFERENCES

Bainsla, L., and Suresh, K. G. (2016). Equiatomic quaternary heusler alloys: a
material perspective for spintronic applications. Appl. Phys. Rev. 3:031101.
doi: 10.1063/1.4959093

Bainsla, L., Suzuki, K. Z., Tsujikawa, M., Tsuchiura, H., Shirai, M., and Mizukami,
S. (2018). Magnetic tunnel junctions with an equiatomic quaternary CoFeMnSi
Heusler alloy electrode. Appl. Phys. Lett. 112:052403. doi: 10.1063/1.5002763

Blochl, P. E. (1996). Projector augmented-wave method. Phys. Rev. B 50:17953.
doi: 10.1103/PhysRevB.50.17953

Butler, W. H., Zhang, X. -G., and Schulthess, T. C., MacLaren, J. M. (2001).
Spin-dependent tunneling conductance of Fe|MgO|Fesandwiches. Phys. Rev. B
63:054416. doi: 10.1103/PhysRevB.63.054416

Feng, Y., Chen, X., Zhou, T., Yuan, H., and Chen, H. (2015). Structural stability,
half-metallicity and magnetism of the CoFeMnSi/GaAs (0 0 1) interface. Appl.
Surf. Sci. 346:1. doi: 10.1016/j.apsusc.2015.01.143

Feng, Y., Cui, Z., Wei, M., and Wu, B. (2019). Spin-polarized quantum transport
in Fe4N based current-perpendicular-toplane spin valve. Appl. Surf. Sci. 466,
78-83. doi: 10.1016/j.apsusc.2018.09.247

Graf, T., Felser, C., and Parkin, S. S. P. (2011). Simple rules for the
understanding of Heusler compounds. Prog. Solid State Ch. 39:1.
doi: 10.1016/j.progsolidstchem.2011.02.001

Han, J., Feng, Y., Yao, K., and Gao, G. Y. (2017). Spin transport properties
based on spin gapless semiconductor CoFeMnSi. Appl. Phys. Lett. 111:132402.
doi: 10.1063/1.4999288

Hashemifar, S. J., Kratzer, P., and Scheffler, M. (2005). Preserving the half-
metallicity at the heusler alloy Co,MnSi (100) surface: a density functional
theory study. Phys. Rev. Lett. 94:096402. doi: 10.1103/PhysRevLett.94.0
96402

(SIE) as a function of bias voltage are studied. Our calculation
reveals that when CoRhMnGe/MgO/CoRhMnGe MT] under
equilibrium state, the TMR ratio of MnGe-terminated structure
is as high as 3,438%, while that of modified MnMn-terminated
interface can reach up to 2 x 10°%, and spin filtering
effects also get strengthened by interface modification. When
bias voltage is applied to the MTJ, the TMR ratio of the
MnGe-terminated structure suffers a dramatic loss. While the
modified MnMn-terminated structure could preserve a large
TMR value even if bias up to 0.1V is applied, showing a robust
bias endurance. These excellence spin transport properties of
CoRhMnGe based magnetic tunnel junctions with modified
interface atoms make it a promising candidate material for future
spintronics devices.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This research was funded by National Natural Science
Foundation of China (grant No. 51801163, 11747114).

Igbal, M. Z., Siddique, S., Hussaina, G., and Igbal, M. W. (2016). Room
temperature spin valve effect in the NiFe/Gr-hBN/Co magnetic tunnel
junction. J. Mater. Chem. C 4, 8711-8715. doi: 10.1039/C6TC03425]

Jamer, M. E., Wang, Y. ]., Stephen, G. M., McDonald, I. J., Grutter, A. J., Sterbinsky,
G. E,, et al. (2017). Compensated ferrimagnetism in the zero-moment heusler
alloy Mn3 Al. Phys. Rev. Appl. 7:064036. doi: 10.1103/PhysRevApplied.7.064036

Kozina, X., Karel, J., Ouardi, S., Chadov, S., Fecher, G. H., Felser, C., et al.
(2014). Probing the electronic states of high-TMR off-stoichiometric Co,MnSi
thin films by hard x-ray photoelectron spectroscopy. Phys. Rev. B 89:125116.
doi: 10.1103/PhysRevB.89.125116

Li, P,, Chen, A, Li, D., Zhao, Y., Zhang, S., Yang, L., et al. (2014). Electric field
manipulation of magnetization rotation and tunneling magnetoresistance of
magnetic tunnel junctions at room temperature. Adv. Mater. 26, 4320-4325.
doi: 10.1002/adma.201400617

Li, X,, and Yang, J. (2016). First-principles design of spintronics materials. Natl. Sci.
Rev. 3:365. doi: 10.1093/nsr/nww026

Mao, S., Chen, Y., Liu, F., Chen, X., Xu, B., Lu, P., et al. (2006). Commercial TMR
heads for hard disk drives: characterization and extendibility at 300 gbit?. IEEE
Trans. Magn. 42:97. doi: 10.1109/TMAG.2005.861788

Moges, K., Honda, Y., Liu, H., Uemura, T., Yamamoto, M., Miura, Y., et al. (2016).
Enhanced half-metallicity of off-stoichiometric quaternary Heusler alloy
Co,(MnFe)Si investigated through saturation magnetization and tunneling
magnetoresistance. Phys. Rev. B 93:134403. doi: 10.1103/PhysRevB.93.134403

Nayak, A. K., Nicklas, M., Chadov, S., Khuntia, P., Shekhar, C., Kalache, A, et al.
(2015). Design of compensated ferrimagnetic Heusler alloys for giant tunable
exchange bias. Nat. Mater. 14:679. doi: 10.1038/nmat4248

Perdew, J. P., Burke, K. and Ernzerhof, M. (1996).
gradient approximation made simple. Phys. Rev. Lett.
doi: 10.1103/PhysRevLett.77.3865

Generalized
77:3865.

Frontiers in Chemistry | www.frontiersin.org

August 2019 | Volume 7 | Article 550


https://doi.org/10.1063/1.4959093
https://doi.org/10.1063/1.5002763
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.63.054416
https://doi.org/10.1016/j.apsusc.2015.01.143
https://doi.org/10.1016/j.apsusc.2018.09.247
https://doi.org/10.1016/j.progsolidstchem.2011.02.001
https://doi.org/10.1063/1.4999288
https://doi.org/10.1103/PhysRevLett.94.096402
https://doi.org/10.1039/C6TC03425J
https://doi.org/10.1103/PhysRevApplied.7.064036
https://doi.org/10.1103/PhysRevB.89.125116
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1093/nsr/nww026
https://doi.org/10.1109/TMAG.2005.861788
https://doi.org/10.1103/PhysRevB.93.134403
https://doi.org/10.1038/nmat4248
https://doi.org/10.1103/PhysRevLett.77.3865
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Feng et al.

CoRhMnGe Based Magnetic Tunnel Junction

Rani, D., Enamullah, S., Yadav, A. K, Jha, S. N., Bhattacharyya, D., Alam, A,,
et al. (2017). Structural, electronic, magnetic, and transport properties of the
equiatomic quaternary Heusler alloy CoRhMnGe: theory and experiment. Phys.
Rev. B 96:184404. doi: 10.1103/PhysRevB.96.184404

Sahoo, R., Wollmann, L., Selle, S., Hoche, T., Ernst, B., Kalache, A, et al. (2016).
Compensated ferrimagnetic tetragonal Heusler thin films for antiferromagnetic
spintronics. Adv. Mater. 28:8499. doi: 10.1002/adma.201602963

Sakuraba, Y., Izumi, K., Iwase, T., Bosu, S., Saito, K., Takanashi, K., et al.
(2010). Mechanism of large magnetoresistance in Co,MnSi/Ag/Co,MnSi
devices with current perpendicular to the plane. Phys. Rev. B 82:094444.
doi: 10.1103/PhysRevB.82.094444

Scheike, T., Sukegawa, H., Furubayashi, T., Wen, Z., Inomata, K., Ohkubo, T.,
et al. (2014). Lattice-matched magnetic tunnel junctions using a Heusler alloy
CoyFeAl and a cation-disorder spinel Mg-Al-O barrier. Appl. Phys. Lett. 105,
242407. doi: 10.1063/1.4904716

Siakeng, L., Mikhailov, G. M., and Rai, D. P. (2018). Electronic, elastic and X-ray
spectroscopic properties of direct and inverse full Heusler compounds Co,FeAl
and Fe,CoAl, promising materials for spintronic applications: a DFT plus U
approach. J. Mater. Chem. C 6, 10341-10349. doi: 10.1039/C8TC02530D

Skaftouros, S., Ozdogan, K., Sasioglu, E., and Galanakis, I. (2013). Generalized
Slater-Pauling rule for the inverse Heusler compounds. Phys. Rev. B 87:024420.
doi: 10.1103/PhysRevB.87.024420

Tao, L. L., Liang, S. H., Liu, D. P, Wei, H. X, Wang, J,, and Han, X.
F. (2014). Tunneling magnetoresistance in Fe3Si/MgO/Fe3Si(001) magnetic
tunnel junctions. Appl. Phys. Lett. 104:172406. doi: 10.1063/1.4874837

Taylor, J., Guo, H., and Wang, J. (2001). Ab initio modeling of quantum
transport properties of molecular electronic devices. Phys. Rev. B 63:245407.
doi: 10.1103/PhysRevB.63.245407

Tiusan, C., Sicot, M., Hehn, M., Belouard, C., Andrieu, S., and Montaigne,
F., Schuhl, A. (2006). Fe/MgO interface engineering for high-output-voltage
device applications. Appl. Phys. Lett. 88:062512. doi: 10.1063/1.2172717

Valet, T., and Fert, A. (1993). Theory of the perpendicular magnetoresistance in
magnetic multilayers. Phys. Rev. B 48:7099. doi: 10.1103/PhysRevB.48.7099

Waldron, D., Haney, P., Larade, B., MacDonald, A., and Guo, H. (2006). Nonlinear
spin current and magnetoresistance of molecular tunnel junctions. Phys. Rev.
Lett. 96:166804. doi: 10.1103/PhysRevLett.96.166804

Wang, X., Cheng, Z., Liu, G., Dai, X., Khenata, R., and Wang, L. (2017). Rare earth-
based quaternary Heusler compounds MCoVZ (M = Lu, Y; Z = Si, Ge) with
tunable band characteristics for potential spintronic applications. IUCR] 4:758.
doi: 10.1107/52052252517013264

Wang, X., Cheng, Z., Wang, ]., Wang, X., and Liu, G. (2016b). Recent advances in
the heusler based spin-gapless semiconductors. . Mater. Chem. C 4,7176-7192.
doi: 10.1039/C6TC01343K

Wang, Z., Saito, M., McKenna, K. P., Fukami, S., Sato, H., Ikeda, S., et al. (2016a).
Atomic-Scale structure and local chemistry of COFeB-MgO magnetic tunnel
junctions. Nano. Lett. 16, 1530-1536. doi: 10.1021/acs.nanolett.5b03627

Wen, Z., Sukegawa, H., Kasai, S., Inomata, K., and Mitani, S. (2014). Tunnel
magnetoresistance and spin-transfer-torque switching in polycrystalline
CoyFeAl Full-heusler-alloy magnetic tunnel junctions on amorphous Si/SiO,
substrates. Phys. Rev. Appl. 2:024009. doi: 10.1103/PhysRevApplied.2.
024009

Wolf, S. A., Awschalom, D., Buhrman, R. A., Daughton, J. M., von Moln4, S.,
Roukes, M. L., et al. (2001). Spintronics: a spin-based electronics vision for the
future. Science. 294:1488. doi: 10.1126/science.1065389

Wu, B, Yuan, H., Kuang, A., Chen, H,, and Feng, Y. (2012). Thermodynamic
stability, magnetism and half-metallicity of Heusler alloy Co,MnX (X= Si, Ge,
Sn)(1 0 0) surface. Appl. Surf. Sci. 258:4945. doi: 10.1016/j.apsusc.2012.01.125

Wu, B.,, Yuan, H., Kuang, A. Feng, Y., and Chen, H. (2011). Tunable
magnetism and half-metallicity in bulk and (1 0 0) surface of quaternary
CooMnGe_xGay Heusler alloy. J. Phys. D Appl. Phys. 44:405301.
doi: 10.1088/0022-3727/44/40/405301

Wunnicke, O., Papanikolaou, N., Zeller, R., Dederichs, P. H., Drchal,
V., and Kudrnovsky, A. (2002). Nonlinear spin
magnetoresistance of molecular tunnel junctions. J. Phys. Rev. B 65:064425.
doi: 10.1103/PhysRevB.65.064425

Yamamoto, M., Ishikawa, T., Taira, T., Li, G., Matsuda, K. 1., and Uemura,
T. (2010). Effect of defects in Heusler alloy thin films on spin-
dependent tunnelling characteristics of Co,MnSi/MgO/Co,MnSiand
Co,MnGe/MgO/Co,MnGe magnetic tunnel junctions. J. Phys. Cond.
Mat. 22:164212. doi: 10.1088/0953-8984/22/16/164212

Zhang, J., Li, X.,, and Yang, J. (2015). Electrical control of carriers spin
orientation in the FeVTiSi Heusler alloy. J. Mater. Chem. C 3, 2563-2567.
doi: 10.1039/C4TC02587C

Zuti¢, I, and Fabian, J., Sarma, S. D. (2004). Spintronics: fundamentals and
applications. Rev. Mod. Phys. 76:323. doi: 10.1103/RevModPhys.76.323

current and

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Feng, Cheng and Wang. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

August 2019 | Volume 7 | Article 550


https://doi.org/10.1103/PhysRevB.96.184404
https://doi.org/10.1002/adma.201602963
https://doi.org/10.1103/PhysRevB.82.094444
https://doi.org/10.1063/1.4904716
https://doi.org/10.1039/C8TC02530D
https://doi.org/10.1103/PhysRevB.87.024420
https://doi.org/10.1063/1.4874837
https://doi.org/10.1103/PhysRevB.63.245407
https://doi.org/10.1063/1.2172717
https://doi.org/10.1103/PhysRevB.48.7099
https://doi.org/10.1103/PhysRevLett.96.166804
https://doi.org/10.1107/S2052252517013264
https://doi.org/10.1039/C6TC01343K
https://doi.org/10.1021/acs.nanolett.5b03627
https://doi.org/10.1103/PhysRevApplied.2.024009
https://doi.org/10.1126/science.1065389
https://doi.org/10.1016/j.apsusc.2012.01.125
https://doi.org/10.1088/0022-3727/44/40/405301
https://doi.org/10.1103/PhysRevB.65.064425
https://doi.org/10.1088/0953-8984/22/16/164212
https://doi.org/10.1039/C4TC02587C
https://doi.org/10.1103/RevModPhys.76.323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Extremely Large Non-equilibrium Tunnel Magnetoresistance Ratio in CoRhMnGe Based Magnetic Tunnel Junction by Interface Modification
	Introduction
	Calculation Method

	Results and Discussion
	Conclusions
	Data Availability
	Author Contributions
	Funding
	References


