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Theoretically, coherent tunnelling through an MgO barrier can achieve over

1,000% magnetoresistance at room temperature. To date, this has not been

demonstrated experimentally. In this article, we have categorised magnetic

tunnel junctions into four groups and have investigated possible causes of the

reduction in their magnetoresistance by correlating their interfacial atomic

structures and spin-polarised electron transport. We have concluded that

the spin fluctuation induced by dislocations and disordering at a

ferromagnet/barrier interface reduced the corresponding magnetoresistance.
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Introduction

Current information technology heavily relies on semiconductor-based

nanoelectronics. In order to sustain the improvement of semiconductor devices, post-

Moore technologies need to be developed. Spintronics can offer alternative devices

utilising the spin polarisation of electrons and holes as an additional degree of

freedom. This can offer low-energy device operation and non-volatile data storage.

The major difference between current nanoelectronics and spintronics is the

importance of their interfaces [1]. In semiconductor nanoelectronics, a depletion

layer, the thickness of which can be up to the order of µm, is intrinsically formed by

attaching a metallic contact and a semiconducting layer. This reduces the importance of

the interfacial smoothness and quality. Spintronics, on the other hand, requires an

atomically sharp interface to minimise spin-dependent and -independent electron

scattering caused by ferromagnetic and non-magnetic contaminants in the vicinity of

an interface; which reduces the magnitude of a spin-polarised electrical current induced in

the system and the resulting efficiency for operation [2, 3]. Accordingly, the importance of

the interface control has been increasing significantly in recent years.

In this study, we employed magnetic tunnel junctions (MTJs), which are the most

commonly used spintronic devices for memory and recording applications as well as

future applications as a magnetic switch. We categorised MTJs into four (A)

polycrystalline, (B) epitaxial (C) lattice softened and (D) lattice matched (without

dislocations) MTJs as listed in Table 1, and characterised the differences in their

interfaces using cross-sectional transmission electron microscopy (TEM). These
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interfaces were correlated with their spin transport, revealing the

controlling parameters at the interfaces. Our findings can be fed

back to the growth and fabrication processes of MTJs for their

optimisation and improvement.

Experimental procedures

MTJ samples were prepared using ultrahigh vacuum

magnetron sputtering. MgO(001) single crystal and thermally

oxidised substrates were used for the deposition of MTJ

consisting of Cr (40)/Co0.5Fe0.5 (10)/MgO (2)/Co0.5Fe0.5 (4)/

IrMn (10)/Ru (5), Ta (5)/Ru (10)/Ta (5)/Co0.2Fe0.6B0.2 (10)/

MgO (2)/Co0.2Fe0.6B0.2 (2)/Ta (3)/Ru (5) and Cr (40)/

Co0.83Mn0.17 (10)/MgO (2.4)/Co0.83Mn0.17 (4)/Co3Fe (1.5)/

IrMn (10)/Ru (5) (thickness in nm) with a Ti and Au top

electrode. In-situ annealing was carried out after the

deposition of the Cr seed layer and Co0.83Mn0.17 layers at

700°C and 200°C for 1 h, respectively. MTJs were then post-

annealed at 325°C for their crystallisation after patterned into

pillars with Ti/Au electrodes by photolithography.

The thin film samples were prepared for cross-section TEM

imaging via mechanical polishing. Mechanical polishing was

chosen over focused ion beam techniques because of the

fragile nature of the tunnelling barrier material and to

preserve interfacial crystallinity that would otherwise be

damaged by gallium ion implantation. Diced sections of the

thin film samples were epoxied together between pieces of silicon.

These cross-section stacks were then thinned using lapping pads

(15, 6, 3, 1 µm roughness). Final thinning was performed using

Ar ion polishing (Gatan PIPS). TEM imaging was then

performed with a JEOL JEM-2011 TEM operating at 200 kV

accelerating voltage.

Results and discussion

Figure 1 shows representative TEM images of three

distinctive MTJs with MgO barriers sandwiched by (B1)

conventional ferromagnets (B2) amorphous ferromagnets and

(C) soft-lattice ferromagnets. For the conventional ferromagnet,

we imaged MTJs consisting of MgO(001)//Cr (40)/Co0.5Fe0.5
(10)/MgO (2)/Co0.5Fe0.5 (4)/IrMn (10)/Ru (5) (thickness in

nm) as shown in Figure 1A together with the corresponding

Fourier filtered image in Figure 1B. The MTJs were epitaxially

grown on an MgO(001) substrate, which may induce some strain

in the Co0.5Fe0.5/MgO/Co0.5Fe0.5 junctions. The lattice constant

of the MgO barrier is also estimated to be 0.430 nm (102% of the

bulk value of 0.421 nm [9]). This may induce interfacial strain to

top Co0.5Fe0.5 layers. The lattice constant of the bottom Co0.5Fe0.5
layer is estimated to be 0.291 nm, which is 102% of the bulk value

of 0.2849 nm [10]. The total distance which is analysed in the

TEM images over the bottom MgO/Co0.5Fe0.5 interface is about

68.2 nm. There are eight dislocations due to their lattice

mismatch appeared across 68.2 nm. On average this leads to

the dislocation density of 8.5 nm−1. The total distance analysed

for the top MgO/Co0.5Fe0.5 interface is about 72.7 nm. There are

six dislocations appeared for this case, resulting the averaged

dislocation density of 12.1 nm−1. These dislocations can be the

major cause of the interfacial spin fluctuation as discussed below.

TABLE 1 List of properties for four major MTJs.

MTJ types (A) polycrystalline (B) Epitaxial (C) Lattice-softened (D) Lattice-
matched

(B1) Epitaxial growth (B2) Amorphous
growth

Barriers Al-O MgO MgO MgO MgAl-O

Examples Co/Al-O/Co Fe/MgO/Fe Co0.2Fe0.6B0.2/MgO/
Co0.2Fe0.6B0.2

Co0.75Mn0.25/MgO/
Co0.75Mn0.25

Fe/MgAl2O4/Fe

Co2Mn0.74Ge0.43/MgO/
Co0.5Fe0.5

Grain boundaries Dominant Minor Minor Minor Negligible

Interfacial defects Dominant Dominant Minor Minor Negligible

Atomic disorder, void
and contaminations

Dominant Major Major Minor Negligible

Different crystalline
orientations

Dominant Minor Minor Minor Negligible

Lattice strain and
deformation

Minor Major Minor Negligible Negligible

Maximum TMR ratio
reported at room
temperature (RT) (%)

81 [Co0.4Fe0.4B0.2 (3)/Al
(0.6)-Ox/Co0.4Fe0.4B0.2 (2.5)
(thickness in nm)] [4]

429 [Co2 Mn1.24Fe0.16Si0.84
(3)/MgO (2.9)/Co2
Mn1.24Fe0.16Si0.84 (3)
(thickness in nm)] [5]

604 [Co0.2Fe0.6B0.2 (6)/MgO
(2.1)/Co0.2Fe0.6B0.2 (4)
(thickness in nm)] [6]

229 [Co0.75Mn0.25 (10)/
MgO (2.4)/Co0.75Mn0.25 (4)
(thickness in nm)] [7]

429 [Fe (50)/Mg
(0.5)/MgAl2O4

(1.8)-OxFe (5)
(thickness in
nm)] [8]
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FIGURE 1
Cross-sectional TEM images of three distinctive interfaces; epitaxial MgO barriers with (A) conventional Co0.5Fe0.5 ((B) the corresponding
filtered image-white arrows highlight dislocations), (C) amorphous Co0.2Fe0.6B0.2 and (D) strain-free Co0.83Mn0.17 ferromagnets.

TABLE 2 List of structural and magnetic properties for MTJs studied.

MTJ types (B) Epitaxial (C) Lattice-softened

(B1) Epitaxial growth (B2) Amorphous growth

Samples Co0.5Fe0.5/MgO/Co0.5Fe0.5 Co0.2Fe0.6B0.2/MgO/Co0.2Fe0.6B0.2 CoxMn1-x/MgO/CoxMn1-x

Lattice constant of the bottom ferromagnet (nm) 0.291 (102% of bulk value) 0.257 (89.7% of bulk value) 0.283 (x = 0.75) ~ 0.298 (x = 0.86)

Lattice constant of MgO (nm) 0.430 (102% of bulk value) 0.368 (87.5% of bulk value) 0.433 (103% of bulk value)

Lattice constant of the top ferromagnet (nm) Same as the bottom ferromagnet Same as the bottom ferromagnet 0.296 (x = 0.75) ~ 0.293 (x = 0.86)

Dislocation density (nm−1) 8.5 (bottom) ~ 12.1 (top) ~7.2 11.4 (x = 0.75) ~ 8.9 (x = 0.86)

TMR ratio at RT (%) 75 105 229 (x = 0.75) ~ 120 (x = 0.86)
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For the amorphous ferromagnet, we observed MTJs

consisting of Si/SiO2//Ta (5)/Ru (10)/Ta (5)/Co0.2Fe0.6B0.2
(10)/MgO (2)/Co0.2Fe0.6B0.2 (2)/Ta (3)/Ru (5) (thickness in

nm) as seen in Figure 1C. For this type of MTJ, the

crystallisation is initiated by the MgO barrier, followed by the

crystallisation of the neighbouring Co0.2Fe0.6B0.2 layers through

their interfaces [11]. The lattice constant of MgO is measured to

be 0.368 nm, which is 87.5% of the bulk value. The lattice

constant of Co0.2Fe0.6B0.2 is estimated to be 0.257 nm, which

is the same for the top and bottom interfaces of the MgO barrier.

This leads to 89.7% match with the bulk value. The lattice

mismatch between Co0.4Fe0.4B0.2 and MgO is accordingly

calculated to be 1% but with the dislocation density of

7.2 nm−1, which may be due to the formation of grains during

the crystallisation. This can minimise any interfacial spin

fluctuation on both sides of the MgO barrier unlike MTJs

with the conventional ferromagnets as summarised in Table 2.

For strain-free MTJs consisting of MgO(001)//Cr (40)/

Co0.83Mn0.17 (10)/MgO (2.4)/Co0.83Mn0.17 (4)/Co0.75Fe0.25
(1.5)/Ir0.25Mn0.75 (10)/Ru (5) (thickness in nm)] [7], MTJs

were epitaxially grown but the interfacial strain should be

absorbed by the lattice deformation. The lattice constant of

the MgO barrier is also estimated to be 0.433 nm (103% of

the bulk value). Here, the MgO barriers are found to contain

some textured grains misaligned to the matrix. Such grains have

previously been reported as uncrystallised grains to induce spin-

independent hopping but their contribution to spin transport is

found to be negligible. This may induce interfacial strain to the

top Co0.83Mn0.17 layers. The lattice constant of the bottom

Co0.83Mn0.17 layer is estimated to be 0.294 nm with some

periodic dislocations to release the lattice strain induced

mainly at the grain boundaries as above, achieving strain-free

nature across textured grains. The dislocation density is

estimated to be ~10.0 nn−1, which can be further reduced to

(11.4 ± 0.3) nm−1 for Co0.75Mn0.25 for larger tunnelling

magnetoresistance (TMR) ratio of 229% at room temperature

(RT) and increased to (8.9 ± 0.3) nm−1 for Co0.86Mn0.14 with

smaller TMR ratio of 142% at RT. This again confirms the

dislocation density controls the interfacial spin fluctuation and

the resulting TMR ratios. By comparing with the Co0.4Fe0.4B0.2/

MgO interface, the dislocation density and discrepancy between

the top and bottom interfaces need to be reduced further to

eliminate any spin fluctuation induced by the interfacial

dislocations and vacancies in the ferromagnets.

Figure 2 shows the temperature-dependence of TMR ratios

[12] with additional data. The data in Figure 2 are categorised

into four; MTJs with (A) polycrystalline Al-O barriers, epitaxial

MgO barriers with (B1) conventional and (C) strain-free

ferromagnets, and (D) lattice-matched MgAl-O barriers whose

lattice constants match with those of ferromagnets. For the

polycrystalline Al-O-based junctions, the TMR ratios almost

follow the empirical Bloch law of the temperature-dependence

of magnetisation as AT3/2, where A is a constant and T is

temperature. For example, the TMR ratios of Ni0.8Fe0.2/Al-O/

Ni0.8Fe0.2 can be fit as (71.11 ± 0.37)–(0.00493 ± 0.00013)T3/2

between 4 and 300K [13]. This means that the spin-polarised

electron transport in Al-O-based MTJs is governed by the

temperature-dependence of the magnetisations of the

ferromagnetic layers with the gradient of ~0.005. By replacing

one of the Ni0.8Fe0.2 layers with a Co2MnSi Heusler-alloy film,

the temperature dependence shows faster decrease with

increasing T below 200K, leading to the TMR ratio fit as

(62.46 ± 0.46)–(0.00571 ± 0.00011)T3/2 (200–300K) [13],

which increases the gradient of the temperature dependence

(>0.005). Here, the Curie temperature of Co2MnSi (985K for

bulk [22]) is higher than that of Ni0.8Fe0.2 (850–872K for bulk

[23]), and hence this change in gradient can be attributed to an

additional factor which controls the spin transport especially at

low temperature as discussed later. A similar MTJ consisting of

Co2MnSi/Al-O/CoFe shows a similar trend as (62.22 ±

0.40)–(0.00571 ± 0.00001)T3/2 (200–300K) [15].

By replacing polycrystalline Al-O with epitaxial MgO,

coherent tunnelling was achieved [16, 24] as theoretically

predicted [25, 26]. Although the resulting TMR ratios increase

FIGURE 2
Temperature-dependence of TMR ratios of four types of
MTJs [12]. Green triangles represent MTJs with Al-O barriers; light
closed for Ni0.8Fe0.2/Al-O/Ni0.8Fe0.2 [13], dark right-filled for
Co2MnSi/Al-O/Co0.5Fe0.5 [14], dark left-filled for Co2MnSi/Al-
O/Ni0.8Fe0.2 [13] and dark open Co2MnSi/Al-O/Co0.7Fe0.3 [15]. Blue
diamonds represent MTJs with MgO barriers; dark closed for Fe/
MgO/Fe [8], dark right-filled for Co0.4Fe0.4B0.2/MgO/
Co0.4Fe0.4B0.2 [14], dark left-filled for Co0.84Fe0.16/MgO/
Co0.84Fe0.16 [16], light closed for Co2Mn1.30Si0.84/MgO/
Co2Mn1.30Si0.84 [17], light right-filled for Co2FeAl0.5Si0.5/MgO/
Co2FeAl0.5Si0.5 [18], light left-filled for Co2Fe0.6Cr0.4Al/Mg-O/
Co0.5Fe0.5 [19] and light open Co2Mn0.74Ge0.43/MgO/Co0.5Fe0.5
[20]. Amber closed squares show strain-free Co0.75Mn0.25/MgO/
Co0.75Mn0.25 [7]. Red closed circles represent MTJs with MgAl-O
barriers; closed and open for Fe/MgAl2O4/Fe [8, 21], respectively.
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one order of magnitude, their temperature dependence show

similar decrease as that observed for the Al-O-based MTJs with

Heusler-alloy films as a ferromagnet below ~100K. For example,

a most commonly used MTJs consisting of Co0.4Fe0.4B0.2/MgO/

Co0.4Fe0.4B0.2 can be fit as TMR ratio = (387.20 ± 6.84)–(0.0281 ±

0.0021)T3/2 (100–300K) [16], showing larger gradient of

0.02–0.03 than that for Al-O-based MTJ by almost one order

of magnitude. Here, the Curie temperature of Co0.4Fe0.4B0.2 has

been reported to be 750–895K in a film form [27], which is

similar to that of Ni0.8Fe0.2, excluding the contributions of the

magnetisation changes within this temperature range. Similarly,

Co0.84Fe0.16/MgO/Co0.84Fe0.16 follows (266.52 ± 1.22)–(0.0192 ±

0.0004)T3/2 (80–300K) [16]. By replacing one of the Co0.84Fe0.16
layers with Co2MnGe Heusler alloy, Co2Mn0.74Ge0.43/MgO/

Co0.5Fe0.5 again reveals the increase in the gradient as

(151.62 ± 2.62)–(0.0139 ± 0.0007)T3/2 (140–300K) [20],

maintaining the gradient at the same order (Curie

temperature of bulk Co2MnGe: 905K [22]). By using both

ferromagnets as Co2MnSi Heusler alloys, Co2Mn1.30Si0.84/

MgO/Co2Mn1.30Si0.84 can be fit as (725.84 ±

17.35)–(0.08063 ± 0.00432)T3/2 (200–300K) [17], doubling the

gradient as compared with the conventional MgO-based MTJs as

above. This suggests additional atomic disorder in the Heusler

alloys in the vicinity of the MgO interfaces may induce further

spin fluctuation.

In such MgO-based MTJs, the crystallisation is typically

initiated in MgO for Co0.4Fe0.4B0.2/MgO/Co0.4Fe0.4B0.2 and

epitaxial growth via seed layers is used for the other MTJs.

These crystallisation processes may induce strain in the

ferromagnetic layers and the tunnel barrier, which may

modify their magnetic properties and induce some defects at

their interfaces. In order to avoid these issues, lattice-softening of

CoMn and MgO layers has been investigated recently [7]. For

Co0.75Mn0.25/MgO/Co0.75Mn0.25, the TMR ratios are fit as

308.98–0.01732T3/2. This reduces the gradient of the T3/2

dependence slightly as compared with the abovementioned

conventional MgO-based MTJs, indicating the contributions

of the change in the ferromagnet magnetisations and the

interfacial spin fluctuation may contribute dominantly to the

reduction of the TMR ratios.

Further improvement of the ferromagnet/barrier interfaces

has been demonstrated by doping the MgO barriers with Al to

match their lattice constants with the neighbouring ferromagnets

perfectly [21]. They fabricated a set of MTJs consisting of Fe/

MgO/Fe with and without the Al doping. Fe/MgO/Fe follows

(762.96 ± 23.95)–(0.07714 ± 0.00726)T3/2 (100–300K), while Fe/

MgAl-O/Fe shows (770.53 ± 16.59)–(0.06777 ± 0.000424)T3/2

(140–300K). This confirms the elimination of the interfacial

defects and associated spin fluctuation can improve the spin

transport through MTJs.

For further clarification, the temperature-dependence of

conductance for the (anti-)parallel configurations [GP (AP)]

from some of the data in Figure 2 are used for fitting with

Shang’s model [28]:

GP(AP) � G0
CT

sinCT
[1 +

(−)P
2
0{1 − AT3/2}2] + BT4/3

As shown in Figure 3, GP shows much stronger temperature

dependence than GAP. For Co/Al-O/Co and Ni0.8Fe0.2/Al-O/

Ni0.8Fe0.2, A = (1–6) × 10−6 K−3/2 and (3–5) × 10−5 K−3/2, which

is almost a half of the bulk value A = 1.23 × 10−5 K−3/2 (Ni0.8Fe0.2)

[28]. P0 is estimated to be (34 ± 2)% for Co and (42 ± 3)% for

Ni0.8Fe0.2.

For Fe/MgO/Fe, A is estimated to be 7.0 × 10−6 K−3/2, which is

~20% smaller than the bulk Fe value of 9.2 × 10−6 K−3/2 [30]. This

improvement as compared with the polycrystalline Al-O-based

MTJs again confirms minor effects of the interfacial quality on

spin transport. By using the strain-free Co0.75Mn0.25/MgO/

Co0.75Mn0.25, A is obtained as 1.7 × 10−5 K−3/2 with P0 = 0.87,

B = (1.688 ± 0.007) × 10−10 S·K4/3, C = 1.4 × 10−3 and G0 = 1.62 ×

10−6 S/μm2 (20 μm2 squared MTJs) [7].

Further improvement in the interfacial quality can be

achieved by using a lattice-matched barrier as Co0.4Fe0.4B0.2/

MgAl2O4/Co0.4Fe0.4B0.2. For MgAl2O4-based MTJs (Mg

thickness: tMg = 0.5 nm), B and C are estimated to be 2.031 ×

108 S·K−4/3 and 1.67 × 10−3 K−1, leading to the ratio between spin

dependent and independent parts: B/G0 = 1.14 × 10−4 [32]. These

fitting parameters are listed in Table 3.

FIGURE 3
Normalised temperature-dependence of conductance for
(anti-)parallel magnetisation configurations [GP (AP), for closed
(open) symbols] of four types of MTJs. Green triangles show
Co0.4Fe0.4B0.2/Al-O/Co0.4Fe0.4B0.2 [29]. Blue and purple
diamonds represent MTJs with MgO barriers; Fe/MgO/Fe [8, 30],
and light blue diamonds for Co2Mn0.74Ge0.43/MgO/Co0.5Fe0.5 [31].
Amber squares show strain-free Co0.75Mn0.25/MgO/Co0.75Mn0.25
[7]. Red circles show Fe/MgAl2O4/Fe [8].
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Table 3 confirms that the initially amorphous MTJs can

minimise dislocations and disordering at a MgO interface.

However, the spin polarisation of Co0.4Fe0.4B0.2 limits the

maximum TMR ratio to be 604% at RT. Their temperature

dependence follows the empirical T3/2 law within a broad

temperature range. In order to increase the TMR ratios at RT

further to achieve a magnetic switch (TMR ratio >1,000%),

highly spin-polarised ferromagnets, such as a Heusler alloy,

needs to be used in MTJs, which indeed show >1,000% TMR

ratios at low temperature. However, such half-metallicity in a

ferromagnet can be broken by atomic disordering induced by

defects and dislocations in the vicinity of a neighbouring

layer, which consists of different elements, inducing spin

fluctuation to reduce TMR ratios at finite temperature.

Such interfacial spin fluctuation can be minimised by

developing a half-metallic ferromagnet which can be

crystallised by MgO as similar to Co0.4Fe0.4B0.2 or by

improving the interfacial matching with the MgAl2O4

tunnelling barrier.

Summary

Four groups of magnetic tunnel junctions have been

analysed using cross-section TEM, this revealed that the

reduction of interfacial dislocations and disorder, increases

the corresponding tunnelling magnetoresistance. To date, the

minimum dislocation density has been achieved at a

Co0.2Fe0.6B0.2/MgO interface, which accordingly shows the

largest magnetoresistance at room temperature. This has

been demonstrated by the post-annealing of an amorphous

junction rather than growing a junction epitaxially. On the

other hand, a half-metallic ferromagnet has shown larger

magnetoresistance at low temperature but the disordered

phases formed at MgO interfaces induces spin fluctuation

with increasing temperature. For the improvement of the

magnetoresistance, it is critical to eliminate such interfacial

dislocations and disordering.
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TABLE 3 List of fitting parameters for four major MTJs.

MTJ types (A) polycrystalline (B) Epitaxial (C) Lattice-
softened

(D) Lattice-
matched

Epitaxial
growth

Amorphous
growth

Typical interfacial dislocation
density (nm−1)

— 8.5–12.1 — 8.9–11.4 —

T3/2
fit (K) 4–300 100–300 100–300 200–300 100–300

G0 (S) — — — ~3 × 106 —

A (K3/2) 10−5 ~ 10−6 (7–9) × 10−6 — — —

B(S·K4/3) — — — ~2 × 10−10 ~2 × 108

C — — — ~1 × 10−3 ~2 × 10−3
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