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Because tetragonal structured MnGa alloy has intrinsic (not interface induced) giant perpendicular 

magnetic anisotropy (PMA), ultra-low damping constant and high spin polarization, it is predicted to 

be a kind of suitable magnetic electrode candidate in the perpendicular magnetic tunnel junction (p-

MTJ) for high density spin transfer torque magnetic random access memory (STT-MRAM) applications. 

However, p-MTJs with both bottom and top MnGa electrodes have not been achieved yet, since high 

quality perpendicular magnetic MnGa films can hardly be obtained on the MgO barrier due to large 
lattice mismatch and surface energy difference between them. Here, a MnGa-based fully p-MTJ with the 
structure of MnGa/Co2MnSi/MgO/Co2MnSi/MnGa is investigated. As a result, the multilayer is with high 

crystalline quality, and both the top and bottom MnGa electrodes show well PMA. Meanwhile, a distinct 

tunneling magnetoresistance (TMR) ratio of 65% at 10 K is achieved. Ultrathin Co2MnSi films are used to 
optimize the interface quality between MnGa and MgO barrier. A strong antiferromagnetic coupling in 
MnGa/Co2MnSi bilayer is confirmed with the interfacial exchange coupling constant of −5erg/cm2. This 

work proposes a novel p-MTJ structure for the future STT-MRAM progress.

�e spin transfer torque magnetic random access memory (STT-MRAM) is moving from an emerging tech-
nology to a main-stream one because it is a promising candidate for embedded memory combining low power 
consumption, high speed performance, non-volatility, high storage density, high thermal stability and practically 
unlimited read and write endurance. �ese advantages of MRAM make severe demands on magnetic tunnel junc-
tions (MTJs) with perpendicular magnetic anisotropy (PMA) electrode materials1–3. In the past several decades, 
scientists have made great progress in the research about interface induced PMA e�ect existing in the material 
systems such as CoFeB/MgO and Co-based multilayers [Co/Pt, Pd]n

4,5. However, such interfacial PMA materi-
als have notable disadvantages. Take CoFeB/MgO for example, the PMA of CoFeB is very sensitive to the �lm 
thickness and bu�er layer types4, i.e., a precisely controlled material preparation is necessary. In addition, the 
damping constant of CoFeB increases rapidly as its thickness decreases6,7, which may cause high STT switching 
current density. In the case of [Co/Pt, Pd]n, its large damping constant doesn’t support low power current-induced 
switching8 and the introduction of noble metal moreover limits its wide application. To overcome these di�cul-
ties, novel electrode material systems with intrinsic bulk PMA and low damping constant should be exploited to 
replace the interface induced PMA materials.

Among all the candidates of PMA materials, tetragonal structured MnGa alloy shows unique superiorities. 
An intrinsic bulk perpendicular magnetocrystalline anisotropy (Ku) of MnGa up to 21.7 Merg/cc was achieved9, 
which is large enough to meet the requirement of stability for MTJ technology at sub-10 nm nodes. �e satu-
rated magnetization (Ms) of MnGa can be tuned from 27.3 to 270.5 emu/cc by changing component and growth 
condition9, so that it is suitable for both the free-layer and pinning layer in STT-MRAM devices. In addition, its 
damping constant is ultralow as 0.0003 from the theoretical prediction based on band calculation10, which is a 
key factor for low power consumption. Moreover, its high spin polarization of 88%11 (in theory) as well as high 
Curie temperature of 630 K12 are also appropriate for high tunneling magnetoresistance (TMR) ratio and high 
thermal stability. Recently, MnGa have been investigated for MgO-based MTJs and shown excellent TMR e�ect 
theoretically13, but the prospective high performance device has not been realized experimentally yet14–17. In the 
preliminary works of Miyazaki’s group, they reported MnGa-based MTJs with a sensor structure of MnGa/MgO/
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CoFe and the TMR ratio was observed to be 23% at 10 K15. �en they tried to fabricate perpendicular magnetic 
tunnel junction (p-MTJ) structures such as MnGa/FM/MgO/CoFeB with TMR ratio up to 50% at room temper-
ature16,17. However, the works mentioned above chose MnGa for only bottom electrodes in the MTJs so that they 
could not take full advantage of the superiority of MnGa. To our best knowledge, experimental results of all bulk 
MnGa-based p-MTJs (like MnGa/MgO/MnGa) have not been reported yet, since high quality MnGa �lms with 
giant PMA are di�cult to obtain directly on MgO barrier.

In this work, we present the realization of all bulk MnGa-based fully p-MTJs with the core structure of 
Mn3.1Ga(23 nm)/Co2MnSi(0.6 nm)/MgO(1.8 nm)/Co2MnSi(0.6 nm)/Mn2.9Ga(12 nm) (from the bottom to top). 
�e whole structure is grown on GaAs (001) substrates by molecular-beam epitaxy (MBE) system with two 
chambers (VG80) without being exposed to the air during the entire process. As a result, the multilayer have a 
high-quality crystalline structure and a distinct TMR e�ect (65% at 10 K) is achieved. Here, we choose ultrathin 
half-metallic Heusler compound Co2MnSi �lms as interlayers to reduce the lattice mismatch between MgO bar-
rier and MnGa electrodes as well as to enhance the TMR ratio. Simulated results show strong antiferromagnetic 
(AFM) coupling in MnGa/Co2MnSi bilayer with an interfacial coupling constant (Jex) of − 5.0 erg/cm2, so that the 
magnetic moment rotation of Co2MnSi interlayers can be e�ectively controlled.

Results and Discussion
Antiferromagnetic exchange coupling between MnGa and Co2MnSi. �e AFM exchange coupling 
between Co-based Heusler alloys and MnGa �lms has been investigated previously by Ranjbar et al.18 Among 
several kinds of Co-based Heusler compounds, Co2MnSi was identi�ed to show the highest interfacial AFM 
coupling strength (Jex) with MnGa19.

Figure 1 shows the out-of-plane hysteresis loop of Co2MnSi(20 nm)/MnGa(28 nm) bilayer epitaxially grown 
on GaAs (001) substrate. �e �lm thickness is con�rmed by x-ray re�ectivity (shown in the inset). As the mag-
netic �eld scanning from 50 kOe to − 50 kOe, the magnetic moment of Co2MnSi starts to rotate from positive 
orientation to negative one under the impact of both external �eld and AFM exchange coupling �eld from MnGa 
layer. Meanwhile, the sharply jump at high �eld region originates from the switch of MnGa magnetization. �e 
interfacial coupling constant Jex of the bilayer can be �tted by micromagnetic simulation so�ware object oriented 
micromagnetic framework (OOMMF), and the total interfacial exchange energy density can be de�ned by the 
following relation20:
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where i and j refer to the matching cell at each side of the interface; mi and mj are normalized unit spin (magneti-
zation directions) at cell i and j; δij is the discretization cell size. Our sample was simulated with a mesh size of 
4 ×   4 ×  1 nm. The calculation parameters of saturated magnetization =M 837 emu/ccCMS  and 

=M 121 emu/ccMnGa  were taken from our experimental values (See Supplementary Section 1). The exchange  
stiffness constants = . ×

−A 2 0 10 erg/cmCMS
6 21, = . ×

−A 1 0 10 erg/cmMnGa
6  were used, while the mag-

netocrystalline anisotropy parameters were = ×K 5 10 erg/ccCMS
4  (cubic)22 and = . ×K 1 5 10 erg/ccMnGa

7  
(uniaxial)9. As a result, the simulation curve with = − .J 5 0 erg/cmex

2 �tted with experimental data very well, as 
shown in Fig. 1. It suggests a very strong AFM coupling at the Co2MnSi/MnGa interface, therefore, the moment 
orientation of the two layers can be modulated by each other e�ectively.

Figure 1. Out-of-plane hysteresis loop of Co2MnSi/MnGa bilayer measured at 280 K (black scattered line) 
and OOMMF simulated loop with Jex = −5 erg/cm2 (red line). �e inset shows the XRR data of the bilayer.
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MTJ stacking and crystal structures. Motivated by the strong AFM coupling between Co2MnSi/MnGa 
bilayer, we chose a Co2MnSi �lm with the thickness of 0.6 nm (the thickness was chosen optimally) as interlayer 
between MnGa electrodes and MgO barrier to fabricate MnGa-based fully p-MTJ. Meanwhile, the lattice mis-
match between MgO/Co2MnSi (bulk) is only 5%, compared to that of 7.7% at MgO/MnGa interface.

Cross-section high-resolution transmission electron microscopy (HRTEM) images were taken to show the 
interfacial details of our MTJ structure. As shown in Fig. 2a and b, the multilayers with the core structure of 
Mn3.1Ga(23 nm)/Co2MnSi(0.6 nm)/MgO(1.8 nm)/Co2MnSi(0.6 nm)/Mn2.9Ga(12 nm) (from the bottom to top) 
are epitaxially grown along the (001) orientation. Both the top Co2MnSi and the bottom Co2MnSi interlay-
ers can be clearly identi�ed (shown in Fig. 2a). Speci�cally, from Fig. 2b, one can see that not only the bottom 
MnGa but also the top MnGa layers are with good-quality single-crystalline structure. (�e tetragonal structure 
of MnGa can be proved by XRD pattern, see Supplementary Section 2) However, it should be noted that, the 
bottom Co2MnSi/MgO interface is much sharper than the top one under the same contrast (shown in Fig. 2a). 
�e lattice mismatch as well as large di�erent surface energy between MgO and the top metal interlayer lead to 
the three-dimensional (3D) growth mode of top Co2MnSi as indicated by the in-situ RHEED patterns23, which 
degrades the interfacial �atness so that the quality of top Co2MnSi/MgO interface is not so high as the bottom 
one. Figure 2c shows the Z-contrast STEM image of the sample and Fig. 2d–f are plane-scan energy dispersive 
spectroscopy (EDS) results of Mg, Co and Mn elements respectively. �e element distribution in the multilayer is 
clear while the MgO layer plays an important role as a di�usion barrier for the metal atoms.

Magnetic and transport properties. Figure 3 shows the hysteresis loop of our structure carried out at 
280 K. A�er an initial magnetization process under the magnetic �eld of 50 kOe, the moment of MnGa orients 
parallel to external �eld whereas Co2MnSi is AFM coupled with it simultaneously. �e sharp drop in the hyster-
esis loop at about − 6 kOe results from the magnetic reversal of the bottom MnGa electrode, while the gradually 
change at the range of − 20 kOe ~− 40 kOe is caused by the moment rotation of top MnGa electrode. It has been 
reported previously that high quality of epitaxial MnGa depends highly on the type of substrates and even very 
sensitive to the reconstruction at the surface24–26. A�er the room temperature growth of MgO barrier and low 
temperature annealing process, the surface of our multilayer can hardly maintain �at at atomic scale, which 

Figure 2. (a) HRTEM image of the whole MTJ structure. (b) HRTEM image of the region around MgO barrier. 
(c) Z-contrast STEM image. (d–f) Plane-scan EDS data of Mg, Co and Mn element distributions.
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increases the chemical disorder of the subsequent grown MnGa layer. It’s an important reason for the large Hc and 
broad shape of the hysteresis loop of the top MnGa electrode.

Figure 4a shows the R-H curve of the device measured at room temperature (300 K). To clarify the magnetore-
sistance behavior of our MTJ sample, a maximum �eld of ± 70 kOe was applied. As the external �eld scanning 
from + 70 kOe to − 70 kOe, the magnetization state can be concluded into �ve stages (shown in Fig. 4b), which 
will be discussed in detail as following. In stage 1, the external �eld is set to 70 kOe, however, the junction resist-
ance doesn’t perform at the minimum value as expected. �is can be explained by a partly destruction of the AFM 
coupling between the top MnGa layer and Co2MnSi interlayer where the high external �eld plays a dominating 
role. As mentioned above, the chemical order in the top MnGa is not very high, which may decrease the AFM 
coupling strength of top Co2MnSi/MnGa bilayer. Although the e�ective AFM coupling �eld (He�) of bottom 
MnGa/Co2MnSi interface is larger than 60 kOe (estimated by the formula = × − πH J M t M/ 4eff ex CMS CMS CMS), 
the AFM coupling of top MnGa/Co2MnSi is not completely preserved under such a high �eld. So that the moment 
of two Co2MnSi interlayers at each side of MgO barrier can hardly orient parallel to each other. As the external 
�eld decreases, the AFM coupling of bilayer tends to dominate. �e approximate parallel moment arrangement 
of two interlayers leads to the decrease of junction resistance in stage 2. In stage 3, the negative �eld further 
increases to the coercivity of bottom MnGa electrode. �e moment of bottom Co2MnSi interlayer is reversed with 
bottom MnGa simultaneously, hence the junction resistance jumps to a high level. In stage 4, the moment of top 
MnGa rotates with the external �eld (which is coincident with the hysteresis loop) and the two interlayers tend to 
be parallel oriented as a result of the competition between external �eld and the exchange coupling �eld. Finally, 

Figure 3. Hysteresis loop of the MTJ sample measured at 280 K with magnetic �eld perpendicular to the 
sample surface. 

Figure 4. (a) Room-temperature TMR behavior for MnGa/Co2MnSi/MgO/Co2MnSi/MnGa structure. �e 
inset shows the temperature dependence of the junction resistance. (b) Schematic diagram of the magnetization 
state.
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the e�ect of negative external �eld dominates once again in stage 5, where the moment of the multilayer turns to 
a reverse state of stage 1.

Figure 5 shows the relationship between TMR ratio and ambient temperature. TMR ratio calculated by 

− ×R R R( )/ 100%AP p p  are 10% at 300 K and 65% at 10 K, respectively. �e strong temperature dependence of 
the TMR behavior is mostly attributed to a spin-�ip tunneling process. Interfacial di�usion of Mn or Ga atoms 
may bring magnetic impurities into the MgO barrier (the quality of MgO barrier can be evaluated by �tting the 
I-V relationship27, see Supplementary Section 3), which causes the scattering mechanism to �ip the spin and 
suppress the TMR e�ect while increasing ambient temperature28.

Furthermore, in order to better understand the TMR behavior of our devices, bias voltage dependence of 
di�erential-conductance ((dI/dV)/(dI/dV)V=0) (black line) and normalized TMR ratio (red line) was measured 
using current source (mode 6221, KEITHLEY Inst. Inc.) and nanovoltmeter (mode 2182, KEITHLEY Inst. 
Inc.), as shown in Fig. 6. In this �gure, the positive bias region corresponds to electrons tunneling from bottom 
Co2MnSi interlayer into top Co2MnSi interlayer. A shoulder-structure at nearly − 0.4 V of dI/dV is observed, 
which is related to the coherent tunneling process through MgO barrier29,30. However, similar features are not 
apparent at the positive bias region. Such asymmetric bias dependence has been observed in a lot of junctions 
such as Fe/MgO/Fe and CoFeB/MgO/CoFeB, as the sample structure is stoichiometrically symmetric, the origin 
of asymmetric transport behavior can be attributed to dissimilar interfacial states at each side of MgO barrier31–33. 
While the MgO barrier is epitaxial grown on a Co2MnSi layer with atomic �atness, the top Co2MnSi insert is 
grown on the MgO surface with higher roughness (as indicated by the RHEED pattern in situ observed during 
growth). Di�erent growth conditions lead to various interfacial defect density and even di�erent degree of inter-
facial oxidation, then the di�erent interfacial states further cause a asymmetric transport property. It’s worth not-
ing that the sharp drop of TMR-V curve re�ects the quality of barrier/interlayer interface not very high34. Room 
temperature growth of the MgO and a low temperature annealing process cause a non-atomic �atness barrier 
surface, which is conductive to the appearance of dislocations and vacancies. Besides, the lattice mismatch also 
contributes to the generation of interfacial defects. All of these will make bad in�uence to the electron tunneling 

Figure 5. Temperature dependence of TMR ratio for MnGa-based MTJ. (Minor loop within ± 20 kOe).

Figure 6. Bias voltage dependence of (dI/dV)/(dI/dV)V=0 in the parallel magnetization con�guration (black 
line) and bias voltage dependence of TMR ratio (red line) measured at 10 K. 



www.nature.com/scientificreports/

6SCIentIfIC RePoRTS | 7:43064 | DOI: 10.1038/srep43064

procedure. So the mediocre TMR ratio of our MTJ may be mainly from the interface defects, especially at the top 
Co2MnSi/MgO interface. �is problem might be eliminated by optimizing the annealing process or using other 
suitable interlayers.

In conclusion, we have investigated �rstly TMR e�ect of the MnGa-based fully perpendicular MTJ with 
Co2MnSi Heusler alloy interlayers. �e strong interfacial AFM coupling between Co2MnSi/MnGa has been ver-
i�ed and the moment rotation of Co2MnSi interlayer could be manipulated in our MTJ structure. �e magneti-
zation process of the MTJ has been analyzed carefully and a TMR ratio up to 65% at 10 K (10% at 300 K) has been 
achieved. HRTEM images as well as bias voltage dependence of di�erential-conductance have been carried out 
to explain the mediocre tunneling behavior, which might be caused by the structure defects at the barrier/inter-
layer interfaces. �is work takes full advantage of the intrinsic PMA of MnGa and proposes a novel structure of 
MnGa-based p-MTJ for future MRAM applications.

Method
Sample preparation. Two samples with stacking structure of Co2MnSi(20 nm)/MnGa(28 nm) and Co2MnSi 
bu�er(0.6 nm)/Mn3.1Ga(23 nm)/Co2MnSi(0.6 nm)/MgO (1.8 nm)/Co2MnSi (0.6 nm) /Mn2.9Ga (12 nm) (from the 
bottom to top) were prepared by an MBE (VG80) system with two chambers on GaAs (001) substrate without 
being exposed to the air during the entire process. �e metallic �lms were grown at 250–300 °C while the MgO 
barrier was deposited with e-beam evaporation at room temperature respectively. A�er growth, the �lms were 
subsequently annealed at 300 °C for 20 minutes and covered by a 2 nm Pd capping layer for protection. �e whole 
process was monitored in-situ by re�ection high-energy electron di�raction (RHEED).

Sample characterization. The crystalline structures were characterized by ex-situ cross-sectional 
high-resolution transmission electron microscopy (HRTEM JEOL 2010 F) and the element content of the �lms 
was measured by energy dispersive spectroscopy (EDS). Magnetic properties of the multi-layers were charac-
terized by quantum design superconducting quantum interference device (SQUID) with a maximum applied 
�eld of ± 50 kOe at 280 K. MTJ devices were fabricated into 50 ×  50 µ m2 junctions by using UV lithography and 
Ar ion beam etching techniques. SiO2 and Cr/Au were used for insulating and connecting electrode materials. 
�e transport behavior was measured by quantum design physical property measurement system (PPMS) using 
four-terminal method.
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