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Insertion of a thin 3d ferromagnetic metal/alloy layer between the barrier layer and the perpendicularly
magnetized ferromagnetic electrode is an effective method to enhance the magnetoresistance (MR) ratio
in perpendicular magnetic tunnel junctions (p-MTIJs). In the present paper we systematically studied the
structural and magnetic properties as well as the spin-dependent transport in p-MTJs with a core structure
MnGa/FM/MgO/CoFeB (FM = Fe, Co), with the MnGa being the L1y MnGa alloy (Mns;Ga,s, Mng; Gasg) and
the D0y, MnGa alloy (Mn;0Gaszg). The insertion of the Fe and Co layers enhances the MR ratio significantly
as well as the MnGa composition dependence of the MR ratio. In addition, opposite magnetic properties and
MR(H) curves of MTJs with Fe and Co interlayers are observed, naturally suggesting the ferromagnetic and
antiferromagnetic exchange coupling for MnGa/Fe(bcc) and MnGa/Co(bcc), respectively. By considering the
exchange coupling between the FM and MnGa, we successfully simulated the MR(H) curves of the samples with
Fe and Co interlayers based on a simple model. Furthermore, the interlayer effect on the transport properties are
discussed based on the temperature dependence of the MR ratio by using the magnon excitation model modified
with impurity-induced hopping. It shows that the FM interlayer restrains the impurity induced hopping and the
magnon excitation; and furthermore, the Co is more effective in restraining the impurity diffusion and magnon

excitation as compared to Fe.
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I. INTRODUCTION

MnGa ordered alloys have drawn intensive attention be-
cause of the high perpendicular magnetic anisotropy (PMA),
high spin polarization (P), low saturation magnetization (M),
and low damping constant (). Recent researches have shown
that tetragonal Mnj3_;Ga alloy exhibits a large PMA constant
(K, ~ 107 erg/cm?®) with a high Curie temperature of above
700 K.'** In addition, Zhu er al. obtained a giant coercive
force (H.) of more than 4 T and a large magnetic energy
product for the L1y ordered Mn; sGa alloy.’ These properties
make MnGa ordered alloy an excellent material for magnetic
storage media because the high K, allows for a small cell size
of tens of nanometers with high thermal stability.®” Mizukami
et al. investigated the dynamic magnetic properties by using
the time resolved magnetic optical Kerr effect (TRMOKE)
technique and demonstrated a low damping constant (o)
of about 0.01.8 A high spin polarization (P) of more than
70% was predicted theoretically for MnGa alloys.">'" In
2011, Kurt et al. demonstrated on the basis of point contact
Andreev reflection (PCAR) experiments where the values of
P are 58% and 41% for Mn3Ga and Mn,Ga, respectively.!!
Besides, the magnetic properties of MnGa, such as M and
H., can be easily tuned by controlling the stoichiometric
composition. When the atomic composition changes from Mn
poor to Mn rich, the magnetic order of the alloy changes
from ferromagnetic to ferrimagnetic with decreasing M and
increasing H..*° These properties make the alloy an excellent
candidate for spintronics applications as well, especially for
Gbit spin transfer toque magnetic random access memory
(STT-MRAM) applications.®’

Several studies have been carried out on the MnGa bulk
materials and thin films, including crystalline structural analy-
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sis, magnetic property investigation, magnetic dynamics, and
spin-polarization measurement.'>#-!! In contrast, the work
on the spin-dependent tunneling (SDT) effect in MnGa alloys
has hardly been investigated. Kubota et al. demonstrated the
spin filter effect of MnGa on SDT by using MnGa as the
spin polarizer in the MgO-based magnetic tunnel junction
(MTJ).'2!3 However, the devices in this work are not fully
perpendicular MTJs, and only a few percent of magnetoresis-
tance (MR) ratio was obtained. In our previous work, fully
perpendicular magnetic tunnel junctions (p-MTJs) based on
the MnGa alloy were realized by using L1,-Mng;Gaszg and
perpendicularly magnetized CoFeB thin films.'* However, the
detailed magnetic and structural analysis was not performed.
In p-MT]J materials, a thin 3d ferromagnetic metal and/or alloy
(FM) layer with high spin polarization (such as Fe, Co, FeCo,
or CoFeB) inserted between the perpendicularly magnetized
ferromagnetic material (p-FM) and the barrier is a popular
and effective method to improve the MR ratio.!>~!'7 As long as
the coupling between the p-FM and the FM is strong enough
to overcome the demagnetization effect of the FM layer, the
magnetization switching of FM and p-FM by magnetic field
is simultaneous. Thus, the hybridized ferromagnetic bilayer
acts as single ferromagnetic layer. There have been many
works on p-MTJs based Fe/Pt(Pd, Co) multilayer, L1y-FePt
alloy, and RE-TM alloys show that the MR ratio can be
greatly enhanced by a 3d FM interlayer; and an MR of up to
100% has been reported for FePt/MgO/FePt p-MT]Js with the
CoFeB interlayer.'>~!7 In those reports, the 3d metal insertion
layer was demonstrated to be ferromagnetically coupled to
the p-FM layer. However, the situation in a MnGa alloy is
very complicated due to the magnetic coupling involved with
a Mn atom is changeful, depending on the atomic distance and
chemical environment.'®2° The coupling between the p-FM
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and the FM interlayer surely affects the SDT in MTJs with
hybridized electrode structures, both on the spin filter effect
and on the magnetic field response.'*?!

Despite the progress that has been made on this material
so far, as well as on SDT effect, detailed structural analysis of
p-MT]Is based on a MnGa/FM hybridized spin filter is lacking.
Besides, the systematic MnGa composition dependence of the
magnetic properties and SDT effect in these devices remain to
be clarified. In the present work we systematically investigated
the structural and magnetic properties of MnGa/FM stacks
and their effect on the SDT in p-MTJs with cores structure
of MnGa/FM/MgO/CoFeB. The FM layer here is typical 3d
metal: Fe and Co. By controlling the MnGa composition, we
fabricated p-MTlJs based on the L1y MnGa alloy (Mns;Gays,
Mng,Gazg) and DOy MnGa alloy (MnjoGazg). The rest of
the paper is organized as follows. Section II introduces the
experimental details, including the film deposition conditions,
method for structural and magnetic property characterization,
and the transport property measurement technique. Section I1I
depicts the film stack structure and the interfacial properties
based on x-ray diffractometry (XRD) and transmission elec-
tron microscopy (TEM). Section IV focuses on the magnetic
properties of unpatterned MTJ films. Section V discusses the
magnetoresistance effect of the p-MTJs. The MnGa alloy
composition and the interlayer (Fe, Co) thickness dependence
of the MR values are presented in this section. Furthermore,
the MR(H) loops are discussed based on a simple model
by taking into consideration the exchange coupling effect
between MnGa and the FM interlayer. Section VI presents
the temperature dependence of the MR ratio for p-MTJs
with different FM thicknesses. The effect of the interlayer is
discussed based on magnon excitation and impurity-assisted
tunneling effect on the temperature dependence of the SDT.

II. EXPERIMENT

Film stacks were fabricated using an ultrahigh-vacuum
sputtering system with a base pressure of less than 1 x 107 Pa.
The core structure of the MTJ stacks was Cr(40)/Mn-
Ga(30)/FM(tem) /Mg(0.4) / MgO(2.2) / CoFeB(1.2) / Ta(5)/
Ru(7) (in nm), deposited on a MgO(001) single-crystal
substrate. All the layers were deposited at room temperature,
and an in sifu annealing was carried out after the deposition of
Cr and MnGa at 700 and 400 °C. For samples with Co as the
interlayer, an additional in situ annealing was carried out after
the deposition of Co and MgO at 350 and 300 °C for 30 and
20 min, respectively. The in situ annealing after the deposition
of Co was necessary, because it enabled the Co interlayer to
crystallize into bec structure, which is the entailed structure
for MgO-based MTJs to achieve high MR ratio. However,
no in situ annealing is required in the case of Fe, because
the bec structure is a stable phase for Fe. Besides, avoiding
in situ annealing is a benefit to restraining the element
diffusion. The in sifu annealing temperatures and durations
for the samples with Fe and Co interlayers are provided in
Table 1. The thickness of the Fe interlayer is varied as tge =
0, 0.8, 1.1, and 1.5 nm. The thickness of the Co interlayer
is varied as fc, = 0, 0.8, 1.0, and 1.5 nm. The interlayers
are limited to a thickness of 1.5 nm to maintain the PMA.
MnGa ordered alloy films on the Cr buffer layer as well
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TABLE 1. In situ annealing temperatures after the deposition of
each layer for different series of samples.

Series 11
(Co interlayer)

Series I
(Fe interlayer)

Cr 700°C (1 h) 700°C (1 h)
MnGa 400°C (1 h) 400°C (1 h)
FM - 350°C (0.5 h)
MgO - 300°C (20 min)

as thin CoFeB films on the MgO barrier layer exhibit high
PMA as we already demonstrated.>*> After stack deposition,
the films were patterned into junctions with sizes range
from 10 x 10 um? to 100 x100 wm? using typical UV
lithography combined with Ar etching.!*?? All the junctions
were then annealed for 1 h with a magnetic field of 1 T
applied perpendicular to the film in order to crystallize the
CoFeB electrode. The post-annealing temperature for series I
and series II are 275 and 300 °C, respectively.

The composition of the MnGa alloy was analyzed by
inductively coupled plasma (ICP) mass spectrometry. Crystal
structure characterization of the MnGa electrodes in the MTJ
structure was performed using typical out-of-plane XRD with
9-kW rotating anode. The Cu K, line (wave length A =
1.5418 A) was used in the experiment. Two-dimensional XRD
in the 26-x plane was also performed to check the single
crystalline quality and the lattice orientation of the films.
To examine the interfacial properties of the MnGa/FM/MgO
structure as well as the crystalline quality of the top CoFeB
electrodes, the TEM measurements were carried out on the
samples with Mng;Gasg/Co as the electrode. The magnetic
properties were measured by using a vibrating sample mag-
netometer (VSM) at room temperature with a range of —2
to 2 T. The transport properties, including MR effect and the
temperature dependence of the resistance, were tested using a
physical property measurement system (PPMS) by the typical
four-probe method.

III. MTJ STACK STRUCTURE CHARACTERIZATION

The XRD analysis of the samples with a 1.5 nm Fe(Co)
interlayer are shown in Fig. 1. The out-of-plane 20 XRD
pattern of MnGa(30 nm)/FM(1.5 nm) (FM = Fe, Co) are
shown in Figs. 1(a), 1(b), and 1(c). The (002) and (004) peaks
of the MnGa electrode are clearly seen in each pattern, and
the other peaks correspond to the substrate. The (002) and
(004) peaks are attributed to the superlattice of L1y ordering
and the fundamental peaks of L1y and D0, MnGa alloys
for the unit cells. The (002) peak positions of Mns;Gays,
Mng,Gasg, and Mn;oGaso are located in 24.5°, 24.5°, and
25.1°, respectively. The corresponding out-of-plane lattice
constant ¢ for Mns;Gayz and Mng,Gasg is 7.26 A (2¢) with
L1, structure, while it is 7.09 A for MnyoGaszy with the D0,,
structure. These results are consistent with those for single
MnGa films deposited on a Cr buffer layer.>? In our samples,
the position and half-width of the peaks are independent of
the interlayer material and its thickness. This indicates that the
effect of the interlayer on the structure of the MnGa layer is
negligible, because the MnGa thickness is much larger than the
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FIG. 1. (Color online) Out-of-plane XRD patterns of p-MTJs
with a 1.5 nm Fe and Co interlayer. (a), (b), and (c) The Mns;Gays,
Mng,Gazg, and Mn;oGazg samples. (d), (e), and (f) The 2D XRD
patterns in the 20-x plane for the samples with the Fe as interlayer.

interlayer thickness. To further check the (001) orientation of
the MnGa electrodes, two-dimensional XRD was performed
in the 20-x plane. The results for the samples with 1.5 nm Fe
interlayer are shown in Figs. 1(d), 1(e), and 1(f) for different
MnGa compositions. The MnGa (002) and (004) diffractions
are indicated by a dot along the x = O line, which reflect the
highly (001) orientated structure of the MnGa layer. This was
also confirmed by the TEM image.

* il

(b)

FIG. 2. (Color online) TEM images of the sample with
the stack structure Cr(40)/Mng;Gass(30)/Co(1.5)/MgO(2.2)/
CoFeB(1.2)/Ta(5)/Ru(7) (in nm). (a) Cross section TEM image.
(b) Detailed atomic structure of area Al in (a). (c) FFT pattern of the
area marked by 1, 2, 3, and 4 in (a).
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Figure 2 shows the TEM images of the sample
with the structure Cr(40)/Mng,Gazg(30)/Co(1.5)/MgO(2.2)/
CoFeB(1.2)/Ta(5)/Ru(7) (in nm). The post-annealing con-
dition of the sample used for the TEM measurement is the
same as that for the MTJ samples used for transport property
investigation. As shown in the cross section TEM image
[Fig. 2(a)], the MnGa layer and MgO barrier have a well
crystallized epitaxial structure, and the Co layer crystallized
as a template of MnGa due to the in situ annealing after
Co deposition. Because of the thin thickness and the low
post-annealing temperature, the top CoFeB layer is partially
crystallized. Another apparent characterization is the presence
of dislocations (marked with Al and A2) at the Co/MgO
interface. The detailed structure of the dislocation A1 is shown
in Fig. 2(b), and it is found to be a typical edge dislocation.
The in-plane lattice constant of Co depends on the MnGa layer,
while the lattice constant of MgO is about 7.5% larger than that
of MnGa; hence, the formation of dislocations serves to reduce
the stress resulting from the lattice mismatch. The similar
phenomenon was also observed in epitaxial Fe/MgO/Fe
MT]Is, and it has been shown that the disorder reduces the MR
ratio.”? Figure 2(c) shows the FFT fitted pattern of positions
1, 2, 3, and 4. The fitted pattern shows a similar large lattice
mismatch between MnGa and the MgO barrier layer, and Co
is likely have a bcc structure with an epitaxial relationship of
Co(001)[110]||IMnGa(001)[100]. This result is consistent with
the case in 7-MnAl/Co, as reported by Lauhoff ef al.'®

IV. MAGNETIC PROPERTIES

Figure 3 shows the magnetization per area as a function
of applied magnetic field [M/A(H) loops] of the continuous
film of the MT]J stacks. Figures 3(a), 3(b), and 3(c) show the
loops of the samples with and without Fe insertion, in the
case of the MnssGays, Mng,Gasg, and Mn7Gasg electrodes,
respectively. For the three different MnGa electrodes, the M(H)
curves with Fe insertion show a larger magnetization and a
relatively smaller H.. The remanent magnetization increases
and the H, decreases which originate from the ferromagnetic
coupling between the Fe interlayer and the MnGa layer. The
small step around zero field is the signal from the CoFeB top
electrode. The remanent magnetization per unit area (M,/A)
of the samples is summarized in Fig. 3(d). M,/A of MnGa/Fe
shows a linear monotonic increase with #ge, indicating that the
Fe layer exhibits a well PMA of up to 1.5 nm. The slope of
the increase [ A(M,/A)/ Atg.] is almost the same, as shown with
the dashed lines for the three different MnGa compositions.

The effect of the Co interlayer is opposite, as shown in
Figs. 3(d)-3(g). The M/A(H) curves of samples with the
Co interlayer show a smaller magnetization and a relatively
larger H.. The decrease in the magnetization suggests an
antiferromagnetic (AF) coupling between MnGa and the
Co layer."*!® The spin-flopping structure at the MnGa/Co
interface due to the AF coupling could be the reason for the
enhanced H, of the MnGa/Co bilayer.>* The M,/A values of
MnGa/Co as a function of the Co thickness are summarized
in Fig. 3(h). It shows a linear decrease with f#¢,. The slope of
the increase [A(M,/A)/Atc,] is around 2300 emu/ cm? for the
three different MnGa compositions, and this value is similar
to that for the Fe interlayer. The large slops may be derived
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FIG. 3. (Color online) M/A(H) loops of p-MTJs with/without the
1.5 nm Fe (Co) interlayer are shown in (a), (b), and (c) [(e), (f)
and (g)]. (a) and (e), (b) and (f), and (c) and (g) The results for
the samples with Mns;Gays, Mng,Gasg, and Mn;oGaj electrodes,
respectively. The values of M,/A for series I (Fe interlayer) and series
II (Co interlayer) are summarized in (d) and (h).

from the interfacial enhancement of the magnetization as well
as the interdiffusion at the MnGa/Co interface.

The situation of MnGa/FM interface is complicated due to
the uncontrolled interdiffusion which coexists with the ideal
clear interface. There may be MnGaFe or MnGaCo formed
near the interface, because both MnGaCo and MnGaFe are
thermally stable structures. In our experiment, the magnetic
properties of MnGa/FM are similar for different MnGa alloy
compositions, and the slopes [ A(M,/A)/ Atpp] too are the same
for all three compositions. If there is strong interdiffusion at the
interface and MnGa-FM alloy is formed, the magnetic prop-
erties would be different for different MnGa compositions,
as the atomic ratio is different. However, since the magnetic
properties of MnGa/FM are similar as shown in Figs. 3(d)
and 3(h), this possibility is ruled out. Thus, it is reasonable to
consider the MnGa/FM clear interface to be the dominant one
in our samples.

V. SPIN-DEPENDENT TUNNELING

A. Magnetoresistance effect

MR(H), calculated by the formula (Ry — Rp)/Rp x 100%,
as a function of the applied field for samples with a 1.5 nm
Fe and Co interlayer, for the Mng,Gasg electrode, is shown in
Figs. 4(a) and 4(b). The MR ratio defined as (Rap — Rp)/Rp X
100%, for samples with 1.5 nm Fe and Co interlayers is
51% and 40%, respectively. Rp ap represents the parallel and
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FIG. 4. (Color online) (a) and (b) The room temperature MR(H)
loops for samples with the core structure Mng,Gasg(30)/Fe(1.5)/
MgO(2.2)/CoFeB(1.2) and Mng;Gasg(30)/Co(1.5)/Mg0O(2.2)/
CoFeB(1.2) (in nm). (c) and (d) The MR ratio at room temperature
as a function of MnGa composition and the thickness of Fe and Co
interlayers.

antiparallel magnetization configurations of the ferromagnetic
layers in contact with the MgO barrier, and Ry represents the
resistance values of a certain field strength (H). The MTJs with
the Fe interlayer show an typical pseudospin valve type MR(H)
curve. For junctions with the Co interlayer, a completely
different MR(H) curve is observed. In the low field range, it
shows a inverselike curve, as seen in the inset of Fig. 4(b). Four
low-resistance states are seen in one full loop, independent
of the MnGa composition. By taking into consideration the
antiferromagnetic coupling between the Co and the MnGa
layer, the MR(H) curve can be well explained (see Sec. V B).

Although the shape of the MR(H) curve for samples with
Fe and Co interlayers are different, a significant enhancement
of the MR ratio is seen in both cases. The MR ratio as a
function of the interlayer thickness and MnGa composition are
plotted in Figs. 4(c) and 4(d) for the the Fe and Co interlayers,
respectively. As the interlayer thickness increases, the SDT
in MTJs is gradually dominated by the Fe or Co layer, and
hence, the MR ratio is enhanced. In MnGa/MgO based MT1Js,
the interfacial electronic state, the large mismatch between the
MnGa and MgO layers, and the Mn atoms possibly diffused
into the barrier, are all cause for the decrease of the MR
ratio.'?"'* This is probably the reason for the low MR ratio of
about 5% in MnGa/MgO based MTJs without FM interlayer.

Furthermore, in the samples with a Fe or Co interlayer,
the MR ratio show an obvious dependence on the MnGa
composition. Generally, there are two factors affecting the
MR ratio in our p-MTJs when a thin FM layer is introduced
between the MnGa layer and the barrier layer. One is the
exchange coupling strength (Jex); a large Jex helps maintain
the PMA of the FM interlayer, which is advantageous for
MR enhancement. The other factor is the diffusion of Mn
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FIG. 5. (Color online) Two types of the coupling between p-FM
and FM interlayer, ferromagnetic (a) and antiferromagnetic (b), for
Fe/MnGa and Co/MnGa. (c) and (d) The normalized MR(H) loops
for series I and series II. The experimental data are marked by open
dots, while the fitting is shown by solid lines. Red open circles show
the data for the field sweep from negative to positive, and the blue
diamonds show the opposite case. The magnetization process for the
field sweep from negative to positive is shown at the top of each
figure. The experiment data in (c) and (d) are for the samples with
1.1 nm Fe and 1.0 nm Co, with Mng,Gasg as the electrode, tested at
5K.

atoms from the MnGa layer. The Mn-rich MnGa alloy causes
relatively stronger Mn diffusion and enhances the spin-flip
process, which in turn negatively affects the MR ratio.
The maximum MR ratio are obtained for the samples with
Mng;,Gasg, both with Fe and Co interlayers, probably due to
the balance between the two above-mentioned factors.

B. Origin of the shape of MR(H) loops

The increase in (MynnGa/re)/A)(tre) and decrease in
(M (MnGa/co)/A)(tco) naturally suggest the ferromagnetic and
antiferromagnetic coupling for MnGa/Fe and MnGa/Co as
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shown in Figs. 5(a) and 5(b), respectively. The exchange
coupling type is directly related to the MR(H) curve. In this
section we discuss the exchange coupling effect on the shape
of the MR(H) curve.

The MR(H) can be deduced based on a simple model, in
which the relative MR ratio is dependent on the angle between
the direction of magnetizations of the two ferromagnetic layers
in contact with the MgO barrier.

MR(H) o 1 — cos 8, where 0 is the relative angle between
the direction of magnetization of the bottom ferromagnetic
electrode and the top ferromagnetic electrode under a certain
applied field.

The bottom electrode here is MnGa, Fe, and Co for samples
without the interlayer, with the Fe interlayer, and with the Co
interlayer, respectively. The top electrode is the CoFeB layer.

The angle 6 can be decided on the basis of the free energy
of magnetization for the MnGa/FM bilayer by taking into
consideration the exchange coupling and the applied field.
Considering fymga 3> frm, We neglect the influence of the FM
on the MnGa layer and consider that the switching of the MnGa
layer only depends on the applied field. Thus, the FM magne-
tization direction is determined only by the energy minimum
condition for the magnetization of the FM layer, which is de-
scribed by following equation: Eryy = tpym(—MpvH cos Opy —
Kem cos? Orm) — Jex COS(PvnGa — Urm)- frvm and Mgy are the
thickness and saturation magnetization of the FM interlayer,
respectively. gy is the angle between the FM magnetization
and the field direction. Yhnga iS the angle between the
MnGa magnetization and the field direction. J¢x represents the
exchange coupling strength, which is positive for MnGa/Fe
and negative for MnGa/Co. In the simulation, the magneti-
zation are taken as 1200 and 1600 emu/cc for Co and Fe,
respectively.”

The typical simulated MR(H) curves for samples with a
1.1 nm Fe and a 1.0 nm Co interlayer are shown in Figs. 5(c)
and 5(d), respectively. The related experimental data are also
shown in the figure by open dots. The simulated curve and
experimental data fit well in general. For this fitting we
use the macrospin to describe the magnetization of the FM
layer. However, nonuniform rotation of the FM magnetization
might exist, and this probably is the reason for the large
discrepancy between the experimental data and simulated
curve at around 4 T. By comparing the simulated curve and
experimental data, the coupling strength can be estimated.
The coupling strength of L1y-MnGa/Co (D0y-MnGa/Co)
and L1yp-MnGa/Fe (D0,,-MnGa/Fe) is estimated about —3.5
(—5) and 2.0 (3.0) erg/cm?, respectively. To further understand
the detailed magnetization process and spin structure in
the coupled structure, a micromagnetic method needs to be
adopted.

VI. TEMPERATURE DEPENDENCE OF SPIN-DEPENDENT
TUNNELING

As the temperature decreases, the MR ratio increases
depending on the electrode/barrier material and the MTJ
stack structure. The temperature dependence of the MR ratio
is closely related to the spin-dependent electron transport
mechanism. Several studies have focused on the temperature
dependence of the MR ratios in in-plane magnetized MTJs
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including AlO-based MTJs and MgO-based MTJs.?=3! In
MgO-based MTIJs, as demonstrated by Drewello et al. and
Bond et al., magnon excitation plays an important role in
spin-dependent transport and accounts for the temperature
dependence of the MR ratio. The model based on magnon
assisted electron inelastic tunneling has been used to explain
the temperature dependence of the MR ratio in various
types of MTJs.323> In this scenario, the magnon assisted
tunneling opens an additional transport channel, which allows
for electron transport between the spin-down and spin-up
bands via the spin-flip process. This additional conductance
channel decreases the spin filter effect in MTJs. As the
temperature decreases, the contribution of magnon assisted
tunneling decreases, thus causing the MR ratio to increase
as the temperature decreases. Since this model is based on
magnon excitation on the surface of ferromagnetic electrode
in contacted with the barrier, it is also suitable for study-
ing the MTJs based on hybridized electrodes, as in our
case.

In this model, the conductances of the P and AP configura-
tions are described as follows>33:

28 ksT
Gp(T,0) = Gp(0,0) [1 + 05 —ksTln ( E )} , (D

128 kgT
GAP(T,O) = GAP(O»O) |:1 + Q——kBTln ( )i| s (2)
s Em EC
where Gp ap(0,0) is the conductance in the parallel and
antiparallel state at zero temperature (7= 0) and zero bias
voltage. The parameter Q describes the probability of involve-
ment of a magnon in the tunneling process. S is the spin
number, while E,, is related to the Curie temperature [E,, =
3kgTc/(S + 1)] of the ferromagnetic electrode. The parameter
& is the ratio of the products of the density of state in the
parallel and antiparallel configurations: & = 2,01\/[,0,11/(,0]%,I +
pfn), which is approximated as Gap(0,0)/Gp(0,0). E. is the
magnon cutoff energy, which is a fitting parameter that
depends on the structure and material of the ferromagnetic
electrode.
The thermal smearing effect on the electronic structure of
FM electrodes is estimated by

G{T,0)  CT
G(0,0) ~ sin(CT)’

3

with C = 1.387 x 107*d/\/¢, where d and ¢ are the barrier
thickness (unit in A) and height (unit in eV). The MgO barrier
thickness of our junction is 2.2 nm for all the samples. Taking
the barrier height of ¢ = 3.5 eV as in Ref. 33, the calculated
C value is 1.79 x 1073,

Element diffusion is inevitable during sample annealing
when MnGa is used as the electrode because of the diffusion
of the Mn atoms.?®*3 In particular, for the samples with a thin
FM interlayer (tpy < 0.8 nm), a strong temperature-dependent
resistance is seen both in the P and AP configurations, which
is evidence of the impurity assisted hopping, as demonstrated
by Lu et al. for MgO based MTJs.?” For one-step hopping
in MTJs with a thin MgO barrier, the hopping conductance
is described by o T!33 228 5 here denotes the probability of
involvement of the hopping process in the total conductance,
which is a fitting parameter. By taking into consideration this
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contribution, the temperature dependence of the transport thus
is formulated as follows:

Go(T.0) = Gp(0,0)— 1
P £ - P £ Sln(CT,)
28 kgT 133
x |:1 + Q%—Em kBT1n< £ >:| +oT, (4
Gap(T,0) = Gap(0,0 T
ap(T,0) = Gap(0, )sin(CT)

128 ke T
x[l—i—QgE—kBTln(; >i|+GTl'33. (5)

m C

In our samples, the temperature dependence of the MR
ratio varies as the MnGa composition and interlayer thickness
change. Three cases can be identified in our samples, depend-
ing on the FM layer material and thickness. The samples
without the interlayer and that with a thin interlayer show
a strong temperature dependence of both Rp and Rp, and the
MR ratio increases by more than 3 times as the temperature
decreases from 300 to 5 K (case i). When an appropriate
FM is introduced between MnGa and the MgO barrier, the
temperature dependence of the transport becomes similar to
that for typical MgO-based MTJs, in which MR(5 K) (MR
ratio at 5 K) is twice MR(300 K), and Rp is nearly independent
of temperature (case ii). The other case, as the FM layer
thickness increases, is the AP configuration is difficult to
achieve, especially at low temperatures, due to the strong
demagnetization of FM interlayers caused by magnetization
enhancement. Thus, both Rp and Rap show a relatively
weak temperature dependence, and the MR ratio increases
only by a few percent when temperature decreases to 5 K
(case iii).

The change in the MR ratio as the temperature de-
creases from 300 to 5 K is different for each case. Thus,
AMR/MR@300 K) can be used to classify our samples,
where the AMR is defined as MR(5 K) — MR(300 K). The
AMR/MR(300 K) values as a function of interlayer thickness
for Fe and Co are shown in Figs. 7(a) and 7(b). As the Fe
thickness increases, AMR/MR(300 K) gradually decreases
to around 1, which reveals that the tunneling process is
gradually dominated by coherent tunneling. When the #g
further increases, AMR/MR(300 K) decreases to around 0.4
due to the strong demagnetization of Fe, which is case iii. The
situation is different for Co. AMR/MR(300 K) increases for
the samples with a thin Co interlayer (fc, ~ 0.5 nm). This
may be due to the magnetization frustration resulting from the
AF coupling between MnGa and Co and/or relatively stronger
element diffusion resulting from the additional in sifu anneal-
ing after Co deposition. AMR/MR(300 K) stays at around
1 when the Co thickness is up to 1.5 nm. This implies that
MnGa/Co is more stable than MnGa/Fe for maintenance of
PMA due to the stronger exchange coupling for the MnGa/Co
case.

Figures 6(a), 6(b), and 6(c) show the temperature depen-
dence of the Rp ap for the samples with the core structures
Mn79Gaszo(30)/MgO(2.2)/CoFeB(1.2),  MngGasg(30)/Co
(1.5)/MgO(2.2)/CoFeB(1.2), and MngGasg(30)/Fe(1.1)/
MgO(2.2)/CoFeB(1.2), which are under the cases i, ii, and iii,
respectively. The pink solid lines in each figure are the fitted
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FIG. 6. (Color online) Temperature dependence of Rpap of
MTJs with the core structure (a) Mn;oGaszp(30)/MgO(2.2)/
CoFeB(1.2), (b) Mng,Gas5(30)/Co(1.5)/MgO(2.2)/CoFeB(1.2), and
(c) Mng,Gazs(30)/Fe(1.1)/MgO(2.2)/CoFeB(1.2). The square dots
and the solid lines in the figure denote the experimental data and
fit using formulas (4) and (5). The inset in each figure shows
the MR(H) curves at 300 K (black solid line) and 5 K (red
dotted line).

results using formulas (4) and (5). The well fitting for all three
samples indicates the model here can be used to describe our
samples. The inset in each figure shows the MR(H) curve at
300 and 5 K.

The fitted E. and o values are of interest, which reflect the
extent of magnon and impurity assisted transport in the MTJs.
The parameters E. and o can be obtained from the fitting. In
order to compare the contribution of the hopping process for
different samples, o is normalized by the total G. The ratio of
o/Gp(0,0) is used to evaluate the impurity effect.

The effects of the interlayer on E. and 0/Gp(0,0) are shown
in Figs. 7(c)-7(f). For both the Fe and Co interlayers, as the
thickness increases, E. increases and o/Gp(0,0) decreases.
This clearly reveals that the interlayer restrains inelastic
transport from magnon excitation and impurity hopping. In
addition, the increase in E. and decrease in o/Gp(0,0) of the
samples with Co interlayer are quantitatively larger than those
for the Fe interlayer, as seen from Figs. 7(c), 7(e) and 7(d), 7(f).
This indicates that Co is more effective in restraining the Mn
impurity diffusion and magnon excitation.
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FIG. 7. (Color online) AMR/MR(300 K) as a function of inter-
layer thickness for (a) Fe interlayer and (b) Co interlayer. The area
with AMR/MR(300 K) around 1 is marked in yellow shadow. E. and
o/Gp(0,0) as a function of interlayer thickness for Fe [(c) and (e)]
and Co [(d) and (f)]. The dashed line is a guide to the eye.

VII. SUMMARY

In summary, we have characterized the structural and
magnetic properties of the MnGa based p-MTJs and discussed
in detail the dependence of the MnGa composition and
interlayer thickness on the MR ratio of the MTJs with the
core structure of MnGa/FM/MgO/CoFeB. In addition, the
effect of the interlayer thickness on the transport properties
is discussed based on the temperature dependence of the
transport properties. The following conclusions can be drawn.
(1) The magnetic properties and magnetoresistance effect
reveal that the coupling for MnGa/Co and MnGa/Fe is
different: Ferromagnetic and antiferromagnetic coupling are
demonstrated for MnGa/Fe and MnGa/Co, respectively. (2) In
MnGa/MgO/CoFeB p-MT]Js, introduction of a thin FM layer
causes the magnetoresistance ratio to increase significantly
because of the interface optimization. An MR ratio of up to
50% is obtained at RT in MnGa based MTJs with a 1.5 nm FM
interlayer. (3) The temperature dependence of the MR ratio
in MTJs demonstrated that restraining of impurity induced
hopping and magnon excitation would be the main reasons for
the MR enhancement, and the Co interlayer is more effective in
restraining the impurity diffusion and the magnon excitation.
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