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I. STRUCTURAL ANALYSIS

Epitaxial multilayers with a core structure of Fe(25)/Mg1−xZnxO(3)/Fe(10)/IrMn(10) (in nm) were grown on single crystal

MgO(001) substrates by MBE. The Mg1−xZnxO layer was grown by co-evaporation of MgO and Zn. The micrometer-sized

tunnel junctions were fabricated by optical lithography combined with Ar-ion beam milling.

During deposition, each layer was monitored by in situ reflection high energy diffraction (RHEED). Figure S1 shows typical

RHEED patterns recorded from Fe/Mg1−xZnxO/Fe multilayers, where x = 0 (a), 0.15 (b), and 0.3 (c), respectively. The sharp

and streaky RHEED patterns demonstrate high-quality epitaxial growth. With increasing Zn doping concentration, the RHEED

patterns for the Mg1−xZnxO barrier remain streaky, however, the brightness and sharpness of the streaks get weaker for x ≥ 0.3,
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Figure S 1: RHEED patterns recorded along the MgO[110] direction for MTJ core layers with varying Zn
concentration x. (a-c) for x=0, 0.15, and 0.3, respectively.

∗ Author to whom correspondence should be addressed. Email: sgwang@iphy.ac.cn



2

0 100 200 300

4.0x106

8.0x106

1.2x107

1.6x107

150

200

250

300

350

0 100 200 300
5.0x106

1.0x107

1.5x107

2.0x107

2.5x107

125

150

175

200

225

250

0 100 200 300

1x107

2x107

3x107

50

100

150

200

250

0 100 200 300

1x106

2x106

3x106

4x106

25

50

75

(a) Zn=0

R
A

 (
m

2 )

Temperature (K)

 RA
AP

 RA
P

 

 

M
R

 ra
tio

 (%
)

 MR

 Temperature (K)

(b) Zn=0.075

R
A

 (
m

2 )

 RA
AP

 RA
P

 

M
R

 ra
tio

 (%
)

 MR

R
A

 (
m

2 )

Temperature (K)

 RA
AP

 RA
P

 

(c) Zn=0.15

M
R

 ra
tio

 (%
)

 MR (d) Zn=0.3

R
A

 (
m

2 )

Temperature (K)

 RA
AP

 RA
P

 

M
R

 ra
tio

 (%
)

 MR

Figure S 2: Temperature dependence of RAP,AP (right axis) and MR ratio (left axis) for varying x.(a-d) x=0, 0.075,
0.15, and =0.3, respectively. The open dots, squares, and diamonds are experimental data, and the solid line is a guide for the

eyes only.

indicating that epitaxial growth is no longer possible owing to the large lattice mismatch between Fe and MgZnO layers.

The structure is further characterised by X-ray diffraction (XRD) although it is hard to distinguish the MgZnO barrier from

MgO substrate due to its small thickness (3 nm) and epitaxial relationship. From the results of RHEED, XRD, and HRTEM, the

epitaxial relationship of Fe(001)[100]∥MgZnO(001)[110]∥Fe(001)[100] is confirmed, where the MgZnO axes rotate 45◦ with

respect to the equivalent Fe axes in order to have an epitaxial growth between MgZnO and Fe layers. Because the ionic radius of

Zn2+ (0.83 Å) is larger than Mg2+ (0.78 Å), Zn incorporation into the cubic MgO lattice will enlarge the lattice constant. The

structural transition from rocksalt to wurtzite takes place at about x = 0.4. The RHEED pattern for the Mg0.6Zn0.4O barrier

does not show clear and sharp streaks, and it exhibits polycrystalline rings instead of single crystal streaks for its top Fe layer.

Furthermore, the junctions with x = 0.4 only show very low MR ratio at RT (less than 10%). Therefore, our focus was given on

the junctions with x ≤ 0.3 in this work.

Based on the microstructural analysis from RHEED, XRD, XPS and HRTEM, for multilayers with x ≤ 0.3 the epitaxial

relationship of Fe/MgZnO/Fe structures can be maintained where MgZnO layer shows a rocksalt structure.

II. TEMPERATURE DEPENDENCE

Figure S2 summarises typical results of the temperature dependence of the TMR ratio and RAP,AP. For x = 0 (Fe/MgO/Fe

MTJs) shown in Figure S2(a), RP is almost temperature independent, and RAP shows an increase with decreasing temperature.

This results in a great increase of TMR ratio with temperature, a characteristic for single crystal MgO barrier [1, 2]. For

x = 0.3, shown in figure S2(d), both RP and RAP increase with decreasing temperature, a typical behavior for amorphous

AlOx-based junctions. With respect to RP, it is nearly temperature independent for x = 0 and 0.075. With increasing Zn doping

concentration, the dependence on temperature becomes more pronounced. The temperature dependence of TMR ratio changes

greatly with varying x. For example, the TMR ratio increases nearly twice when the temperature decreases from RT to 10 K for

x = 0 (172% at 300 K and 318% at 10 K, respectively). However, it shows a slight increases from 15% at 300 K to 75% at 10 K

for x = 0.3, a much stronger temperature dependence. Obviously, the bandgap of Zn-doping in MgO barrier plays a dominant

role on the transport of spin polarised electrons, leading to different temperature behaviour.
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Figure S 3: Bias voltage dependence of normalised TMR ratio with various Zn-doping x. The dashed line indicates a
TMR ratio of 50%.

Therefore, the bandgap tuned by Zn-doping into MgO barrier leads to different temperature behaviour, which is critical for

industrial devices. It can be a valuable way to optimise the working parameters by tuning bandgap, such as TMR ratio, RA

values and working temperature.

III. BIAS VOLTAGE DEPENDENCE

The TMR ratio shows a decrease with increasing bias voltage, and this behaviour severely affects the device performance as

a bias is applied during device operation. This behaviour is quantified by V1/2: the voltage at which the TMR ratio is half of the

zero bias value. The normalised TMR ratio as a function of bias voltage with varying Zn-doping x is presented in Figure S3,

where the dashed line is a guide for the eye only. Here, V +
1/2 and V −

1/2 is for positive and negative voltages at which the TMR

ratio decreases to 50%, respectively. The value of V1/2 is the average of V +
1/2 and V −

1/2. It can be seen that the value of V −
1/2

decreases much more quickly than that of V +
1/2. The asymmetry of dynamic conductance between positive and negative biases

is more obvious for lower doping, which comes from the different interfacial structures [3, 4].

IV. BARRIER HEIGHT

In general, the barrier height in a tunnel junction can be estimated by Simmons formula, where the fitting is divided into low

voltage and intermediate range, respectively [5, 6]. It is worthy to emphasise that the tunneling theory used to fit the I−V curves

was based on the tunnel junctions constituting of two nonmagnetic metallic electrodes separated by a thin insulating barrier.

However, for magnetic tunnel junctions the I − V behaviour between parallel and antiparallel configurations exhibits great

difference because the interfacial structures across barrier are asymmetric. This asymmetry in MgO-based MTJs is significantly

obvious, confirmed by the surface X-ray diffraction, X-ray photoelectron spectroscopy, and the inelastic electron tunneling

spectroscopy (IETs) with the support of the first-principles calculation [3, 4, 7]. Here, a newly developed theory about the

conductance in the magnetic tunnel junctions will be introduced where the asymmetry across the barrier is taken into account.

The simplest model for a tunneling barrier is that of a step potential for an incident-free electron. In a metal/insulator/metal

tunnel junction, the insulator acts as a tunnel barrier because it has a bandgap around the Fermi energy of the metal. For electrons
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the height of the tunnel barrier is how much the bottom of the conduction band of the insulating layer above the Fermi energy.

If this energy difference is ϕ, then we can approximate the insulator by a step potential of height ϕ. When a bias voltage V is

applied on the junction, the lowest order approximation is that the voltage drop is uniformly distributed across the tunnel barrier,

so that the potential varies linearly with the position. Under these assumptions, we use the so-called Wenzel-Kramer-Brillouin

(WKB) approximation of the quantum mechanical solution to obtain the current-voltage dependence for a simple step barrier.

Within the WKB approximation, the transmission probability for an electron with incident energy Ez is proportional to the

exponential factor,

T ∝ exp

[
−S

∫ d

0

dz
√
U(z)− Ez

]
, (1)

where U(z) = µL + ϕ1 + (ϕ2 − eV − ϕ1)z/d, ϕ1 and ϕ2 are the barrier heights on the two interfaces measured from the zero

bias Fermi energy µ, S = 2
√
2m∗/~ with m∗ being the effective mass of the tunneling electron, and d is the barrier thickness,

respectively. The current density as a function of the applied bias voltage V can be calculated from Eq. (1).

We define Exy = E − Ez = ~2k2∥/2m
∗, and the current density is presented as:

J(V ) =
m∗e

2π2~3

∫ ∞

0

dE

∫ E

0

dExyT (Ez) [f (E − µL)− f (E − µR)] , (2)

where we have used µR = µL − eV . The upper limit for Exy is E because Ez cannot be negative in this model.

Using Eq. (1) to calculate the full I − V curve is tedious. We first follow Simmons [5] and simplify Eq. (1) by replacing the

integrand with an average µL + ϕ− − Ez where

ϕ± =
ϕ1 + ϕ2

2
± eV

2
. (3)

The total current density is

J(V ) =
m∗e

2π2~3

∫ ∞

0

dE

∫ E

0

dExy exp
(
−Sd

√
µL + ϕ− − Ez

)
[f (E − µL)− f (E − µR)] . (4)

At T = 0 K this can be integrated to yield,

J(V ) =
e

2πhd2

[(
ϕ− +

3
√
ϕ−

Sd
+

3

S2d2

)
exp

(
−Sd

√
ϕ−

)
−

(
ϕ+ +

3
√
ϕ+

Sd
+

3

S2d2

)
exp

(
−Sd

√
ϕ+

)]
. (5)

When the higher order 1/(Sd
√
ϕ̄) terms are neglected, this simplifies to the Simmons formula, that is often used to fit exper-

imental current-voltage characteristics to extract useful information about tunnel barriers, such as barrier height and thickness.

If we take the barrier thickness in nm, the barrier height in eV, and the applied voltage in V, then S = 10.25 eV−1/2nm−1 and

e2/2πh = 6.2× 108 eV−1nm2, and the resulting current density J is in the unit of A/cm2. In the past, the barrier thickness of
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Figure S 4: I − V curves at 5 K and its fitting. (a) for samples with x=0 and (b) with x=0.15. Here, open dots and diamonds
are data for parallel and antiparallel configurations with their fit shown by solid lines, respectively.

a tunnel junction was often more than 10 nm and the barrier height was well over 1 eV, so the higher order 1/(Sd
√

ϕ̄) terms

can be safely neglected. But a typical magnetic tunnel junction consists of a barrier layer that approaches 1 nm, and the barrier

height is usually not much over 1 eV. Therefore, the higher order terms can become significant.

Simmons derived his formula by replacing the integrand in Eq. (1) with an average barrier height. There are three effects that

can cause a correction to the Simmons’ formula. First, the applied bias effectively transforms the barrier shape from a square

to a triangle. Second, the barrier height on both interfaces, ϕ1 and ϕ2, may not be the same, especially in MgO-based junctions

which was discussed before. Third, there may be random fluctuations in the effective barrier height within the barrier due to

defects. For this work we will account for the first two effects but neglect random fluctuations. We now re-evaluate the integral

over z in Eq. (1) using U(z) = µL + ϕ1 + (ϕ2 − eV − ϕ1)z/d and obtain

2d

3(ϕ2 − eV − ϕ1)

[
(µL + ϕ2 − eV − Ez)

3/2 − (µL + ϕ1 − Ez)
3/2
]

≈
√
µL + ϕ− − Ezd−

1

96

(ϕ2 − eV − ϕ1)
2d

(µL + ϕ− − Ez)3/2

≈

√√√√√µL + ϕ̄− Ez

1 +
D

48ϕ̄2

d, (6)

where

D = (ϕ2 − eV − ϕ1)
2
. (7)

and we used the expansion near Ez = µL − eV/2 for which the tunneling current is the maximum. The current density with the
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corrections is,

J(V ) =
e

2πhd2

(
1 +

D

48ϕ̄2

)[(
ϕ− +

3
√
ϕ−

S′d
+

3

(S′d)2

)
exp

(
−S′d

√
ϕ−

)
−

(
ϕ+ +

3
√

ϕ+

S′d
+

3

(S′d)2

)
exp

(
−S′d

√
ϕ+

)]
. (8)

where

ϕ± = ϕ̄± eV

2
, (9)

and

S′ =
S√

1 +
D

48ϕ̄2

(10)

The typical results of I−V fitting by Eq. (8) were presented in Figure S4 for x = 0 and 0.15, respectively. The average value

of barrier height as a function of Zn-doping x was shown in Figure 2(b, c). It can be clearly seen that the barrier height deceases

gradually with increasing x, another powerful proof of the tunable bandgap of Zn-doped MgO layer.

† Electronic address: Sgwang@iphy.ac.cn
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