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Microfabrication and the magneto-transport characteristics of the magnetic tunnel junctions (MTJs) with a
spin-valve-type structure of Ta (5nm)/NizgFeg; (25nm)/IrgoMnzg (12nm)/CorsFegs (4nm)/Al(0.8nm) oxide/CozsFeas
(4nm)/NiygFeg; (20nm)/Ta(5nm) were investigated in this paper. A series of experimental data measured with a MTJ

was used to verify a magnon-assisted tunnelling model and theory. Furthermore, a micromagnetics simulation shows

that the butterfly-like vortex domain structures can be formed under a current-induced Oersted field, which decreases

the net magnetization values of the ferromagnetic electrodes under a large dc current (i.e., in high voltage regimes). It

is one of the main reasons for the tunnel magnetoresistance ratios to decrease significantly at high voltage biasing.
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1. Introduction

Research in magnetic tunnel junctions (MTJs)
and tunnel magnetorisistance (TMR) effect, no mat-
ter whether the aim of which is materials development
or device fabrication, has attracted the attention of
researchers in both academic and industrial sectors
due to the promising applications of MTJs in magne-
toresistive random access memory (MRAM), magnetic
read head and other high-sensitivity field sensors.['~7]
In recent years, although a series of advancement in
both experimental and theoretical researches in MTJ
materials and the TMR effect has been achieved, 816!
some magnetoelectronic properties have not yet been
fully evaluated using the present spin-electron trans-
port theories developed for MTJs. For example, the
difference between experimental data and theoretical
evaluations of the dc bias voltage dependence of the
TMR effect is also an area of dispute.[®11] Therefore,

further investigations on these unclear topics are nec-

essary in order to improve the understanding of the
MTJ structure, thereby to facilitate the development
and enhancement of MTJ-based devices.

In this paper, we present the fabrication and the
magneto-transport characteristics of the MTJs with
a spin-valve-type layered structure of Ta (5nm) /
NizgFea; (25nm) / IrgoMnyg (10nm) / CozsFegs (4nm)
/ Al(0.8nm)-oxide/CorsFegs (4nm) / NiggFeq; (25nm)
/ Ta(5nm). A series of experimental data obtained
for a MTJ is used to verify the magnon-assisted tun-
nelling model and theory. Our micromagnetics sim-
ulation shows that the butterfly-like vortex domain
structures can decrease the net magnetization of the
ferromagnetic(FM) electrodes under high voltage bias-
ing, which can result in a significant decrease of TMR

ratios

RAT(V,T) — R™(V,T) .
RP(V,T) @

TMR(V,T) =

in high bias voltage (i.e., large dc current) regimes.
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2.Experimental method

The MTJ films were first deposited on the sub-
strate of Si/SiOy using an ULVAC TMR R&D mag-
netron sputtering system (MPS-4000-HC7) with ul-
trahigh vacuum and three chambers. All the deposi-
tion processes were carried out at a base pressure of
about 3x 1076 Pa without breaking the vacuum in any
process. The AI-O insulating layer was formed by in-
ductively coupled plasma oxidation with an oxidation
time of 40s in a mixture of oxygen and argon at a pres-
sure of 1.0Pa. Tunnel junctions with small active areas
ranging from 10x 10 to 5x5 pum? were fabricated using
a micro-fabrication technique. The optical lithogra-
phy combined with Ar ion-beam etching was used to
pattern the junction area. The annealing temperature
and time for these MTJs obtained were inferred to be
around 275°C for 1h. TMR curves at a dc bias volt-
age of 1mV, the TMR ratio and junction resistance
R versus dc bias voltage curves at room temperature
for the tunnel junction were measured using the dc
four-probe method in a magnetic field up to 10000e
(10e=79.5798A/m). The TMR curves between 4.2
and 300K were measured with a physical properties
measurement system (PPMS).

In order to keep the same values of the intrinsic
parameters for calculating the magnetoelectric prop-
erties of a MTJ self-consistently, it is necessary to use
the same MTJ for all the experimental measurements.
Therefore, a series of experimental data obtained for a
spin-valve-type MTJ with a size of 8x8um? was used
to verify the magnon-assisted tunnelling theory and

calculations.
3. Method of calculation

Recently, a spin-electron polarization tunnelling
model developed by Zhang et al®] based on thermal or
bias-voltage-assisted magnon excitations by the tun-
nelling electrons during the tunnel process has been

extended by defining an anisotropic-wavelength-cutoff

extended magnon-assisted tunnelling theory, the con-
ductance G = £ at 0 K and zero voltage is denoted
as G7(0,0), where y=P or AP represents the parallel
(P) or antiparallel (AP) alignment of the magnetiza-
tion of the two FM electrodes. The added components
for the bias voltage and temperature dependences are
indicated by AGY(V,T). Then, more concise explicit
function expression for the bias voltage or/and tem-
perature dependences of normalized conductance, re-
sistances, and TMR ratio at 0K, zero bias, or finite
bias and temperature can be written respectively as

the following with a unique set of intrinsic parameters:

G"(V,T) 28kgT
ZAnT) ¥ y T 9
00 = 1+ OV + Qe L), ()
where .
@ e+ s @)
¢, when =P,

1/¢, when + = AP,

£= — , 5
P2+ pE pM/Pm + Pm/PM ®)

SeV/E,,, f V < Eq,
(V) = eV/ or e (©)

S(2 - En/(eV)), for eV > E,,
7(T) = — In[1 — ¢~ < /kaT]
ksT
=In (%) for kT > E. (7)

The definitions of the parameters and sub-

functions mentioned above have been reported
earlier.[6:11] The parameters of 79 and TY represent
the direct and spin-dependent transfer matrix ele-
ment, respectively. Therefore, the bias voltage and
temperature dependence of the resistance RY(V,T)
can be easily deduced from Eq.(1) by the recipro-

cal transformation between the conductance and re-

energy EY of spin-wave spectrum in MTJs.' Tn this sistance:
RY(V,T) 1
= f V < En and kT > E7, 8
79(0,0) ~ 1+ QSCT(eV] B + (@b /By n(hn /BT o €V < B and ko> E2 ®
RV (V.T) 1
= f V > En d kgT > EY, (9
R1(0.0) ~ 1+ Q8072 = Bnj(eV)) + @knT/Ew) n(hgT/EDY] O €V > B and keT'> EZ,(9)

RAP(0,0) pYy+ph 1

RP(OaO) B 2pMPm 6

(10)

When eV < Ey, and kT > E7?, the bias voltage and temperature dependence of TMR ratio can be

deduced as follows:
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RAP(V,T) - R*(V,T)

1+ QS¢[eV/Em + (2kpT/Ew) In(ksT/EP)]

:<%)[14—@}$%)EV7Em4-@kBTYEh)hNkBT/E?PH]__1

TMR(V,T) = REVT)
=4U£—H—QS{<é—J)
TMR(0,0) :RAP(O,O) — RF(0,0)

RP(0,0)

In Eq.(12), TMR(0, 0) is the TMR ratio of the
MTJs at 0 K and zero bias, which is corresponding
to the Julliere’s formula at 0 K and zero bias.'7] Tt
can be seen from Egs.(4) and (12) that the TMR(0,0)
can be determined only by the density of states of the

itinerant electrons (i.e. spin-polarization P) of the two

RAP(V,T) - RP(V,T)

TMR(V,T) = FVT

1+ QSE[(2 — Ew/(eV)) + (2ksT/Ew) In(ksT/EF)]

eV

2kBT 1 kBT kBT
+ I ?m(ﬁﬁ>_m<ﬁﬁﬂ}, (11)

C

=1/¢ —1=2P%/(1 - P?). (12)

FM electrodes.

When eV > E,, and kgT > E7, a similar explicit
function expression for the bias voltage and temper-
ature dependence of TMR ratio also can be deduced

using Eq.(8):

1
- (5) [1 +(QS/OI2 — En/(eV)) + (2ksT/Em) In(ksT/ELT)]

Therefore,
properties of a MTJ can be evaluated by using these

the main intrinsic magnetoelectric

formulations with a unique set of intrinsic parame-
ters. The first parameter is the Curie temperature
Tc of the ferromagnetic electrode, which can deter-
mine the maximum energy of the magnon excitation
by Em = 3kgTc/(25 + 1). The second parameter is
the parameter £, which is related with the ratio of
density of state for majority (pm) and minority (pm,)
itinerant electrons of the FM electrodes at the inter-
faces between FM/I/FM layers, which can determine
the value of effective spin-polarization of the two FM
electrodes. These two parameters are the intrinsic
Other pa-
rameters are the spin-dependent matrix-element ratio
(i.e. |T4?/|T?? ), which can be determined by re-

solving the barrier Hamiltonian!®! and the anisotropic-

properties of the FM electrode material.

wavelength-cutoff energies EAT and E! of the spin-
wave spectrum for MTJ. They are the structural pa-
rameters of the MTJ.

In principle, these intrinsic parameters in formu-

~1. (13)

Em(TCﬂ 5)7 g(pM/me Q(|Td|2/|TJ|2)7
EAP and EF, can be pre-determined by experimen-

lations, i.e.

tal measurements or using the first-principle calcula-
tion at 0 K and zero bias voltage for a MTJ with the
three key layers of FM/I/FM. However, in this paper
we assume that they are adjustable parameters, and
then find each one of them uniquely by fitting the bias
or/and temperature dependence of resistances (con-
ductances) and TMR ratio.

4. Results and discussion

Figure 1 shows the TMR curves measured at 4.2K
(a) and room temperature (b) for a MTJ after anneal-
ing at 275°C for 1h. The area of the junction S is
8x8 pm?. The experimental data of TMR was mea-
sured by the PPMS with a dc bias of 1 mV. A high
TMR ratio of 59.8% is observed at 4.2K, which is much
higher than the 42.3% of room temperature TMR ra-
tio mainly due to the decrease of magnon excitations

as well as the absence of phonon excitations.
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O 1 1 L as shown in Egs.(1), (3), and (4).
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Fig.1. TMR curve at 4.2K (a) and 300K (b) V /mV
for a representative annealed MTJ, measured at
room temperature under a dc bias voltage of Fig.2. Tunnel current (a) and conductance (b) as

1mV.(10e=79.5798A /m).

The experimental data presented in Figs.2-5 were
all measured using the same MTJ after annealing as
that used in Fig.1. Figure 2 shows the tunnel cur-
rent I (a) and dynamic conductance dI/dV (b) as
functions of the dc bias voltage at 4.2K for AP and
P magnetic configurations. The increase of the cur-
rent in AP alignment of magnetization of the two elec-
trodes is slower than that in P alignment, as shown
in Fig.2(a), due to the resistance of the AP configu-
ration being larger than that of the P configuration.
The effective barrier heights ¢; and ¢ and the bar-
rier width d were obtained by fitting the current I
versus dc bias voltage V curves to Simmons’ equa-
tion, with an asymmetric potential barrier in the in-
sulating layer between the top and bottom magnetic
electrodes.[18:19] The effective barrier heights ¢; and
¢2, barrier width d, and resistance-area product Rg
of the annealed MTJ are 2.62 and 2.73 eV, 0.76 nm,
and 6365 € - um?, respectively, at room temperature.
The effective barrier width d is close to the deposited
Al thickness of 0.80 nm. The increase of conductance
with increasing dc bias voltage is faster for AP align-
ment as shown in Fig.2(b). It is because the increase
of the conductance is proportional to 1/¢ for AP and
to £ for P alignment while 1/¢ is always larger than &,

functions of dc bias voltage measured at room tem-

perature for the same annealed MTJ as that used in

Fig.1.

Figure 3 shows the dc bias voltage dependence
of TMR!V ratio at T=4.2K, while V varies from 0 to
+120mV for the junction. TMR!V is deduced from the
I—V curves in Fig.2. Solid squares are the experimen-
tal data and the solid lines represent the calculated
values using Eq.(10) with E;,=121mV and T ~0K.
In such a case, one value of @=0.0567, i.e. the spin-
dependent matrix-element ratio of |79|2/|T7|?=13.1,
can be first uniquely obtained by fitting the bias de-
pendence of TMR ratio.

In the calculations and analysis, some intrin-
sic parameters can be derived or obtained by ex-
trapolation in advance from experimental data as
TMR(0, T=0)=60%, the identical and
effective spin-polarization of the two FM elec-
trodes P'=[TMR(0,0)/(2 + TMR(0,0))]'/2=48.0%,
pm/pm = (1 + P)/(1 — P')=2.846, £=0.6255,
1/£=1.599, S=3/2, and T¢=900°C for the CorsFeqs
alloy, therefore E,, = 3kgTc/(S + 1)=121meV. The
Curie temperature T¢ and the density of states for the

follows:

majority and minority itinerant electrons &(pm/pm)
(i.e., spin-polarization) are the intrinsic parameters of
the FM electrodes.



Vortex domain structures and dc current dependence of... 1557

No.9
80 ———T T
B WM\\N _
< o _
~
g 40+ -
2 T=4.2K
" TMR'" =100[(V/I)ar]-(V/I)p]/(V/I)p
201 ecee experi;'nental data ]
= calculation results i
0 ! 1 et
-150 -100 -50 0 50 100 150
V /mV
Fig.3. DC bias voltage dependence of TMR!V

(T=4.2K) ratio for V from 0 to £120mV for the same
annealed MTJ, as that used in Fig.1.
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Fig.4. Temperature dependence of the TMR ratio

(a), resistances (b), and coercivity (c) from 4.2 to 300

K for the MTJ.

Figure 4 shows the temperature dependence of
the TMR ratio, resistance, and coercivity from 4.2
to 300K, in which each data point is deduced from
TMR vs H curve at the specific temperature. Solid
dots and squares are the experimental data and the
solid lines represent the calculated values. The pa-
rameters E?P:0.0061 meV and Ef:0.0032meV can
be uniquely obtained by fitting the temperature de-
pendence of resistances for the parallel (P) and an-

tiparallel (AP) magnetization configurations, respec-

tively, of the magnetization of the two electrodes us-
ing Eq.(7) with @=0.0567, E;,=121mV and V ~0mV.
T2 ap P
T EX, and E;
together with other two parameters of py/pm=2.846

Then, three fitting parameters of

and F,;,=121mV deduced from experimental data, can
be confirmed further by the calculation of the temper-
ature dependence of TMR ratio from 4.2 to 300K at
1mV bias using Eq.(10).

Therefore, the parameters mentioned above are
intrinsic and unique for a MTJ because they are only
determined by the FM electrode materials and the
MTJ barrier structure. They need not vary with in-
creasing bias voltage at low bias or/and temperature
from 4.2 to 300K. This means that the main magneto-
electric properties of the MTJ can be self-consistently
evaluated and explained using the magnon-assisted
tunnelling theory and a unique set of intrinsic param-
eters.

Figure 5 shows the dc bias voltage dependence
of TMRRH ratio at T=300K, while V varies from
0 to £500mV for the junction. Each experimen-
tal TMRRH ratio was deduced from the TMR ver-
sus H curves under a finite bias between 0 and
+500mV. Opened circles are the experimental data
and the solid line represents the calculated values
using Eq.(10) between 0 and £120mV, and Eq.(13)
between +121mV and +500mV with the five in-
trinsic parameters of pM/pm = 2.846, E,=121mV,
Q=0.0567, EAP=0.0061meV and EF=0.0032meV ob-

tained above.
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Fig.5. DC bias voltage dependence of TMR!Y

(T=300K) ratio when V varies from 0 to £500mV for
the same annealed MTJ as that used in Fig.1.

It can be been that the dc bias voltage depen-
dence of TMR!Y (V, T) ratio evaluated based on the

magnon-assisted tunnelling theory at room tempera-
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ture agrees well with the experimental data from 0 to
+250mV for the junction. However, the difference be-
tween the experimental and theoretical values appears
at the high bias voltage of larger than 250mV. This
difference comes from the fact that only two extreme
cases, i.e. the completely parallel (P) and antiparal-
lel (AP) alignments of the magnetization of the two
FM electrodes, were considered in this model for eval-
uating the dc bias voltage or/and temperature depen-
dence of TMR ratio and resistance (or conductance)
for the junction. Other more complex alignment of the
magnetization of the two electrodes, such as the vor-
tex domain structures, was not included in this model.
This is because the Zeeman interaction energy in the
Hamiltonian is neglected due to its comparative small-
ness and complexity in calculation.® Therefore, in the
low dc voltage biasing case the identical parallel (P)
and antiparallel (AP) alignments of the magnetization
of the two FM electrodes can be easily realized, and
the theoretical calculation can be in good agreement
with the experimental data. But in the high dc voltage
biasing case (i.e. large dc current) the vortex domain
structures can be formed under the dc current-induced
Oersted field in the FM electrode layers, (especially in
the free layer), which can lead to the deviation be-

tween the theoretical and experimental results.

In order to verify the vortex domain structures
formed in the magneto-electrode at a high dc volt-
age (or a large dc current), micromagnetics simula-
tions were performed using the method of minimiza-
tion for energy.??! Figure 6 shows two typical mi-
cromagnetics results of simulation for a MTJ with a
size of 2.4x2.4um? when a dc linear current of 11 or
13mA passes through its centre. In the simulations,
the bottom magnetic electrode of CozsFeqs (4nm) is
pinned along the easy magnetic direction. However,
a free layer is on the top of CozsFegs (4nm)/NizgFeo;
(25nm). The total energy of the MTJ system consists
of the exchange interaction energy, the magnetocrys-
talline anisotropy energy, the Zeeman energy under
a current-induced Oersted field, and the stray field
energy. The magnetocrystalline anisotropy constant,
spontaneous magnetization, and exchange interaction
constant of the free layer are K;=1.2x1073J/cm3,
Mg (T=300K)=0.08T, and A=1.0x10""3J/m respec-
tively, and are taken from the parameters of the
NiygFeg; alloy. The normal distribution of the mag-
netic grain size in the free layer is adopted. When a dc
current ranging from 0.8 to 20mA passes though the

centre of the MTJ, a vortex domain structure, which

looks like a butterfly-shaped domain, can be gradually
formed. Such a vortex domain structure can result in
the decrease of net magnetization of the FM electrodes
under a high voltage biasing. So the TMR ratios de-
crease significantly at high bias voltage (i.e. large dc
current) regimes.

Figure 6 demonstrates two typical butterfly-like
domain structures based on the micromagnetics sim-
ulations for the corresponding MTJ with a size of
2.4x2.4 pm? when a dc current of 11mA (a) or 13mA
(b), passing through the centre of the MTJ.

y/pm

(b) I=13mA, J/Js=0.754

y/pum

0.0 04 08 12 16 20 2.4
z/pm

Fig.6. Two typical butterfly-like domain structures

with a size of 2.4x2.4um? in the magneto-electrode of

the free layer for a MTJ.

A series of simulations show that the dynamic
butterfly-like domains and the magnetization switch-
ing can occur in the free layer of a MTJ when a dc cur-
rent in the range of 100uA to 12 mA passes through
the MTJ, i.e. under a corresponding dc bias voltage
of about 10 to 1000mV. Therefore, the spin-electron
transport properties and the TMR ratio can be dra-
matically affected by the magnetization switching via
the current-induced Oersted field. The butterfly-like
and circular vortex domain structures formed can lead
to a sharp decrease of net magnetization in the free
layer.

Figure 7 shows the dc current dependence of
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the normalized magnetization J(I)/Js(I=0), based
on the micromagnetics simulations and the dc cur-
rent dependence of the normalized TMR ratio
TMR(I)/TMR(I=0) deduced from the experimental
data for the MTJ at room temperature. The normal-
ized magnetization of the free layer decreases with in-

creasing dc current I, showing a similar decay manner

to the TMR(I)/TMR(I=0).

2T T T 71 |12
< —— TMR(I)/TMR(I=0mA)
& 10 -8 J(I)/Js (I=0mA) 110
4 os 08 &
] Il
2 06 06 =
g 5
< 04 0.4 ~
=1 S
S 02 02 S
3

oolbe—o v vy oo

0 2 4 6 8 10 12
I/mA
Fig.7. DC current I dependences of the normal-

ized magnetization J(I)/Js(I = 0) and TMR ratio
TMR(I)/TMR(I=0) for a MTJ at room temperature.

5. Conclusion

In conclusion, a dc current-induced Oersted field
could lead to the formation of butterfly-like-vortex do-
main structures and local magnetization reversals in
the FM electrodes—especially in the free layer of the
MTlIs.

the butterfly-like vortex domain structures can de-

The micromagnetics simulation shows that

crease the net magnetization values of the FM elec-
trodes under a high voltage biasing, and so the TMR
ratios decrease significantly in high bias voltage (i.e.
large dc current) regimes. Therefore, Zeeman interac-
tion energy should be considered in a perfect theory
for analyzing the magneto-electronic properties of the
MTJs when large biasing voltages are applied across
the junctions. It is not only in order to improve the
self-consistent calculation of magnetoelectric proper-
ties for a MTJ, but also in order to evaluate the mag-
netization curves (i.e. loops) of the same MTJ that
we use the magnon-assisted tunnelling theory with a

unique set of intrinsic parameters in the study.
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