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Electron-beam evaporated MgO-based magnetic tunnel junctions have been fabricated with the

CoFeB free layer deposited at Ar pressure from 1 to 4 mTorr, and their tunneling process has been

studied as a function of temperature and bias voltage. By changing the growth pressure, the junc-

tion dynamic conductance dI/dV, inelastic electron tunneling spectrum d2I/dV2, and tunneling mag-

netoresistance vary with temperature. Moreover, the low-energy magnon cutoff energy EC derived

from the conductance versus temperature curve agrees with interface magnon energy obtained

directly from the inelastic electron tunneling spectrum, which demonstrates that interface magnons

are involved in the electron tunneling process, opening an additional conductance channel and thus

enhancing the total conductance. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4898683]

INTRODUCTION

Magnetic tunnel junctions (MTJs) with the core structure

of an insulating layer sandwiched between two ferromagnetic

layers have the potential to be widely used as the key element

in read heads of hard disk drives,1 magnetic sensors,2,3 mag-

netic random access memory (MRAM),4,5 and magnetic logic

devices.6,7 Compared with AlOx-based MTJs,8–11 MgO-based

MTJs prepared by magnetron sputtering12,13 or molecular

beam epitaxy (MBE)14 have a higher tunneling magnetoresist-

ance (TMR) ratio originating from spin-filtering effect15,16 of

high quality MgO (001) barrier. Some of us have recently

demonstrated that electron-beam (EB) evaporated MgO

grown on amorphous CoFeB shows a good (001) texture and

its lattice matches well with crystallized CoFeB,17–20 which

results in a TMR of EB-MgO MTJs comparable to that of

MTJs with MgO barriers deposited by RF sputtering or MBE.

When an electron tunnels from one ferromagnetic electrode to

the other electrode in a MTJ, a magnon is probable to be emit-

ted or absorbed, opening up a new conductance channel and

enhancing the total conductance.21,22 Therefore, verifying the

existence of interface magnons and determining their energy

is a research concern.21–24

The growth conditions of MgO tunnel barrier in MTJs

have a strong influence on TMR and noise parameters,25–28

but there are fewer reports about the influence of the growth

conditions on ferromagnetic electrode, which is possible to

affect TMR and the tunneling process of MTJs. In this work,

we have grown EB-MgO MTJs, with CoFeB free layer at dif-

ferent Ar pressures, to investigate the influence of CoFeB dep-

osition conditions on the magnetoelectric transport properties.

Tunneling resistances in both parallel (P) and antiparallel

(AP) states were measured at different temperatures (T), and

the dynamic conductance dI/dV and inelastic electron tunnel-

ing spectrum d2I/dV2 at low temperature were simultaneously

obtained using two lock-in amplifiers to reveal the elastic and

inelastic electron tunneling processes in these MTJs.

EXPERIMENT

All MTJ stacks with the structure of Ta (5)/Ru (30)/Ta

(5)/Ni81Fe19 (5)/Ir22Mn78 (10)/Co90Fe10 (2.5)/Ru (0.9)/

Co40Fe40B20 (3) (1 mTorr)/MgO (2.5)/Co40Fe40B20 (3) (1, 2,

3, 4 mTorr)/Ta (5)/Ru (5) (all thicknesses in nanometers)

were deposited on thermally oxidized Si wafers. The active

structure Co40Fe40B20 (3) (1 mTorr)/MgO (2.5)/Co40Fe40B20

(3) (1, 2, 3, 4 mTorr) was deposited in a vacuum

chamber with a base pressure of 2.1� 10�10 Torr (1 Torr

¼ 1000 mTorr¼ 133 Pa). It is noteworthy that the bottom

CoFeB electrode was sputtered at 1 mTorr Ar pressure, while

the top electrode was deposited at Ar pressures of 1, 2, 3, or

4 mTorr. With increasing Ar pressure from 1 to 4 mTorr, the

CoFeB deposition rate decreases from 0.04 6 0.001 to 0.03

6 0.001 nm/s. MgO barrier was electron-beam evaporated

from MgO sintered target in the same UHV chamber. Other

metallic layers were DC sputtered by transferring the sample

into an adjacent vacuum chamber in the modified Shamrock

deposition tool having a base pressure of 1� 10�7 Torr. The

stacks were then patterned into junctions with the dimension

of 5� 10 lm2 using ultraviolet (UV) lithography and Ar ion

beam milling, and annealed in an in-plane field of 8000 Oe

(1 T¼ 104 Oe) at 350 �C for 30 min to define the exchange

bias of the antiferromagnetic layer and improve the quality

of the MgO/CoFeB interfaces. A Quantum Design Physical
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Properties Measurement System (PPMS) combined with

conventional four-terminal method with DC voltage of 5 mV

was used to measure the magnetoelectric transport proper-

ties. The standard lock-in method with AC modulation of

4 mV and frequency of 30.79 Hz was utilized to obtain the

dynamic conductance dI/dV and inelastic electron tunneling

spectroscopy (IETS) d2I/dV2 at 10 K.

RESULTS AND DISCUSSION

Fig. 1 shows typical R versus H curves for MTJs with

the CoFeB free layer deposited at different Ar pressures at

300 K and 10 K, respectively. Compared with 300 K, RP (re-

sistance in the parallel configuration) at 10 K, only increases

a little in all MTJs. By contrast, the variation of RAP (resist-

ance in the antiparallel configuration) is substantial. TMR at

300 K for these MTJs are 267%, 286%, 242%, and 228%,

respectively, and increases up to 393%, 431%, 374%, and

356% when temperature is reduced to 10 K. Compared with

300 K, thermal excitation at 10 K is negligible, thus causing

both RP and RAP to increase, while weakened magnetic disor-

der makes RP decrease but RAP increase. Therefore, the val-

ues of RP and RAP at 300 K and 10 K are a result of

competing thermal excitation and magnetic disorder. As

shown in Fig. 1, upon increasing Ar pressure from 1 to

4 mTorr, TMR at 300 K has a tendency to decrease from

267% to 228%, probably due to the rougher CoFeB/MgO

top interface at higher deposition pressure, which causes tar-

get atoms to have lower surface mobility.26

Coercivity HC versus temperature obtained from R(H)

loops at different temperatures is plotted in Fig. 2. HC for

MTJs with CoFeB free layers deposited at different Ar pres-

sures at 300 K is about 15 Oe, which increases to about

40 Oe at 2 K. On decreasing temperature from 300 K to 2 K,

HC for these MTJs is almost doubled due to the progressive

reduction of the thermal excitations, and thus a larger mag-

netic field is needed to switch the CoFeB free layer. In addi-

tion, HC shows little Ar pressure dependence since it is a

bulk rather than an interfacial property.

Fig. 3 shows the temperature dependence of RP, RAP,

and the TMR ratio. With decreasing temperature from

300 K to 2 K, RP for MTJs with the CoFeB free layer grown

at different Ar pressures shows weak temperature depend-

ence, and increases only slightly, while RAP for these MTJs

increases significantly, by about 50%, thus clearly enhanc-

ing TMR from 286% to 420% for a MTJ grown at an Ar

pressure of 2 mTorr as an example. According to the mod-

els developed by Zhang et al.21 and Wei et al.,24 the con-

ductance G at temperature T and bias voltage V can be

expressed as

GcðT;VÞ ¼ Gc
directð0;VÞ þ Gc

magnonðT;VÞ; (1)

Gc
magnon T;Vð Þ ¼ C

�
�2kBTln 1� e�EC=kBTð Þ

þ jeVj þ EC

e jeVjþECð Þ=kBT � 1
þ jeVj � EC

1� e� jeVj�ECð Þ=kBT

�
;

(2)

where c¼ (P, AP) in Eqs. (1) and (2) represents parallel (P)

and antiparallel (AP) configurations, respectively; the first

and second terms in Eq. (1) are direct elastic tunneling con-

ductance and magnon-assisted inelastic tunneling conduct-

ance, respectively; C in Eq. (2) is related to the spin and

Curie temperature of the ferromagnetic electrode; EC in

FIG. 1. Typical R versus H curves at 300 K (a) and 10 K (b) for MTJs with

the CoFeB free layer grown at Ar pressures of 1, 2, 3, and 4 mTorr,

respectively.

FIG. 2. Temperature dependence of coercivity HC for MTJs with the CoFeB

free layer deposited at different Ar pressures from 1 to 4 mTorr.
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Eq. (2) denotes the low-energy magnon cutoff energy. Note

that a constant voltage of 5 mV is used when the R(H) loop

is measured, so V is fixed at 5 mV to fit the data. The meas-

ured RP, RAP, and TMR ratio can be well fitted using Eqs. (1)

and (2). The most important fitting parameter for these MTJs

is EC; its values are shown in Fig. 5. EC results to be about

36 meV for the P configuration and 15 meV for the AP

configuration.

The dynamic conductance dI/dV and IETS for MTJs

with CoFeB free layer grown at Ar pressure from 1 to

4 mTorr are plotted in Fig. 4. Generally, three peaks can be

clearly seen in MgO-based MTJs—the zero-bias anomaly

(ZBA) at voltages lower than 15 mV originating from mag-

netic impurities, a magnon peak (M) between 20 mV and

35 mV due to interface magnons, and a phonon peak (Ph) at

about 81 mV due to barrier phonons.29,30 In the P-state

dynamic conductance, ZBA, M, and Ph appear at 0, 20, and

88 mV, respectively, while only the ZBA at 0 mV is visible

in the AP state. In addition, in the P-state dynamic conduct-

ance, a dip located at 335 mV and marked with D is possibly

FIG. 3. Temperature dependence of

RP, RAP, and the TMR ratio for MTJs

with the CoFeB free layer growth pres-

sure of (a) 1, (b) 2, (c) 3, and (d)

4 mTorr. Solid lines are fits based on

Wei’s model (Ref. 24).

FIG. 4. Dynamic conductance dI/dV in

the P (a) and AP (c) states, and IETS

in the P (b) and AP (d) states for MTJs

with the CoFeB free layer growth pres-

sure from 1 to 4 mTorr. ZBA, M, and

Ph mark the positions of zero-bias

anomaly (ZBA), interface magnon

(M), and barrier phonon (Ph), respec-

tively. D labels the minimum conduct-

ance coming from the band structure

of ferromagnetic electrode, while C is

a characteristic peak for MTJs with a

high TMR ratio.

153905-3 Guo et al. J. Appl. Phys. 116, 153905 (2014)
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from the electronic energy band structure of ferromagnetic

electrode, considering that the top of the majority spin D20

and D5 bands for Fe lie 0.2 eV above Fermi level EF and the

top of minority spin D2 band for Co lies 0.3 eV above

EF,31,32 so the conduction channel of the state for crystallized

CoFeB is closed if the energy of electrons is over the top of

the bands mentioned above, thus causing minimum conduct-

ance at D. By contrast, in the P (AP)-state IETS, ZBA, M,

and Ph are located at 5 mV (4 mV), 30 mV (26 mV), and

79 mV (86 mV), respectively. Additionally, a small peak la-

beled with C is at 215 mV in P-state IETS, which is consid-

ered as a characteristic peak for MTJs with high TMR

ratio.30 It is noteworthy that the characteristic peak or dip

positions are independent of CoFeB free layer growth

pressure.

The low-energy magnon cutoff energy EC deduced

from the fitting of RP,AP versus T curves using Wei’s

model24 and the interface magnon energy directly retrieved

from IETS are summarized in Fig. 5. EC is close to the inter-

face magnon energy in both P and AP configurations, indi-

cating that interface magnons are indeed involved in the

tunneling process, thereby enhancing conductance, see the

feature peak M in Fig. 4(a). EC or energy of interface mag-

non in the P state is larger than that in the AP state, indicat-

ing that low-energy magnon cutoff energy or interface

magnon energy depends strongly on the magnetic configura-

tions of these MTJs and the AP state is more active for mag-

non excitations. Moreover, EC in the P state is weakly

dependent on the growth pressure of CoFeB free layer, but

it decreases clearly in the AP state with increasing growth

pressure from 1 to 4 mTorr, possibly owing to the rougher

interface at higher growth pressure.26 Moreover, compared

to TMR, EC in the AP state has a similar change as a func-

tion of the free layer growth pressure. It may indicate that

MTJs with a rougher MgO/CoFeB interface have a lower EC

value, which is easy to induce magnon excitations at low

temperatures and usually destroys the TMR effect as men-

tioned above.

CONCLUSIONS

In conclusion, MTJs with an MgO barrier prepared by

electron beam evaporation and a CoFeB free layer sputtered

with Ar pressure varying from 1 to 4 mTorr have been

investigated. Upon increasing the deposition pressure from

1 to 4 mTorr, TMR tends to decrease from 267% to 228%,

possibly owing to the rougher CoFeB/MgO top interface at

higher deposition pressure. RP only increases a little with

decreasing temperature, indicating the quality of MgO

grown by electron beam evaporation is high, while the

increase of RAP is substantial, therefore resulting in the sig-

nificant increase of TMR. HC also increases from about

15 Oe at 300 K to 40 Oe at 2 K originating from the progres-

sive reduction of the thermal excitations. ZBA, M, and Ph

are clearly visible in the P-state dI/dV, and both P- and AP-

state IETS, while only ZBA is obvious in the AP-state dI/
dV. Besides, a feature marked C is observed and identified

as a characteristic of MTJs with high quality MgO. The

low-energy magnon cutoff energy EC deduced from the fit-

ting result of RP,AP(T) curves agrees with interface magnon

energy directly obtained from IETS, confirming that inter-

face magnons do participate in the electron tunneling pro-

cess, opening a new conductance channel and enhancing the

total conductance. In addition, EC in the P state is larger

than that in the AP state and EC in the P state decreases with

the increase of CoFeB free layer deposition pressure, prob-

ably due to the rougher interface at higher growth pressure,

showing that EC is dependent on both ferromagnetic elec-

trode growth pressure and magnetic configuration of the

MTJs.
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