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We report the temperature dependent collapse of tunnel magnetoresistance (TMR) in perpendicular

anisotropy magnetic tunnel junctions (pMTJs) with AlOx barriers and (Co/Pt)3 multilayer

electrodes, due to the coercivity crossover of the top and bottom (Co/Pt)3 stacks. The different

temperature dependence of two (Co/Pt)3 stacks in pMTJs is mainly caused by the additional

perpendicular anisotropy created at interface between the ferromagnetic electrode and the AlOx

barrier. VC 2011 American Institute of Physics. [doi:10.1063/1.3614000]

Magnetic tunnel junctions with perpendicular anisotropy

(pMTJs) are of interest because of their potential applica-

tions in spin-transfer torque magnetoresistive random access

memory (STT-MRAM).1–3 Compared to STT devices with

in-plane anisotropy, perpendicular anisotropy spin valves

and magnetic tunnel junctions offer reduced critical switch-

ing current density as well as high thermal stability at small

cell size.4 Furthermore, circular shapes can be used in per-

pendicular magnetic elements because the thermal stability

is controlled by intrinsic magnetostatic and interface anisot-

ropy without depending on shape anisotropy. Magnetic mul-

tilayering is one way to achieve perpendicular magnetic

anisotropy. Co/Pd, Co/Pt, Co/Au, and Co/Ni multilayers all

show perpendicular anisotropy for certain ranges of thick-

ness and period.5–9 Lots of studies have been carried out on

the fabrication and characterization of pMTJs with AlOx and

MgO barriers.10–14 Promising progress has been made not

only on reaching high tunneling magnetoresistance (TMR)

ratios but also achieving a low critical current density.15–17

Here, we report a temperature dependent effect: coercivity

crossover. The TMR of pMTJs with a pseudo spin valve

structure disappears in a narrow temperature range, only to

reappear at lower temperature.

The pMTJ stacks Ta 10/Pt 10/(Co 0.7/Pt 2.0)2/Co 0.7/

AlOx 2.0/(Co 0.4/Pt 2.0)3/Ta 5 (unit in nm) were grown on

thermally oxidized Si substrates by magnetron sputtering in

a Shamrock deposition system. The AlOx barrier layer was

deposited by rediofrequency sputtering directly from Al2O3

targets in the target-facing-target configuration. Junctions

with sizes of 8� 8 lm2 were fabricated using UV-lithogra-

phy and Ar ion-milling techniques. The magneto-transport

and magnetic properties were characterized by a standard

four-point method in a Quantum Design Physical Property

Measurement System at temperatures ranging from 10 K to

300 K. The magnetic field is applied perpendicular to the

plane of pMTJ stacks during all measurements.

In Co/Pt multilayers, the coercivity can be easily tuned

by modifying the thickness of Co layers or changing the rep-

etition number of the (Co/Pt)n stack. Here, we fix the repeti-

tion (n) as 3 and use different Co thicknesses in order to vary

coercivity (Hc) and separate the soft and hard layer switches.

In our pMTJ stacks, the top (Co 0.4/Pt 2.0)3 serves as the

soft layer since it has a smaller Hc at room temperature com-

pared to that of the bottom (Co 0.7/Pt 2.0)3 layer according

to our previous study.8

Under a bias voltage of 20 mV, a typical pMTJ device

shows a tunnel magnetoresistance of up to 9% and 25% at

room temperature and 50 K, respectively, as shown in Fig. 1.

The switching fields at room temperature are 50.8 and

96.4 mT, corresponding to Hc of the soft and hard ferromag-

netic layers. Both coercivities increase with decreasing

temperature.

The insert of Fig. 1 shows the bias dependence of TMR

ratio at room temperature and 50 K. The TMR decreases

with increasing bias voltage and a V1/2 of 400 mV, at which

the TMR value is decreased to half of its maximum value, is

measured at room temperature. This value decreases to 330

mV at 50 K. V1/2 in the pMTJ devices is smaller than that of

in-plane anisotropy MTJs with AlOx barriers, where it usu-

ally exceeds 600 mV at room temperature.18 This may indi-

cate that AlOx barrier quality is poorer in the pMTJ stacks.

In order to achieve strong perpendicular magnetic anisot-

ropy, we used 10 nm Pt as a seed layer to induce good (111)

texture for Co/Pt multilayers, but this may increase the

roughness of the whole stack, especially at the bottom inter-

face between the Co/Pt electrode and the AlOx barrier.

FIG. 1. (Color online) Out of plane TMR curves at room temperature and

50 K. The inset shows the bias dependence of the TMR ratio at these

temperatures.
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Figure 2 shows the TMR ratio and the junction resist-

ance for the pMTJ as a function of temperature. The resist-

ance for both parallel and anti-parallel configurations

increases when temperature decreases. This is characteristic

of tunneling behavior. The resistance-area (RA) product of

the pMTJ junction shown in Fig. 2 is 5.5� 105 Xlm2 (for

the parallel configuration at room temperature), which is rea-

sonable for a 2.0 nm AlOx barrier. The RA product increases

to 6.3� 105 Xlm2 at 10 K. However, the change of resist-

ance for the anti-parallel configuration is different from that

for the parallel configuration. A sudden decrease of resist-

ance is observed between 210 K and 200 K. The RA product

for the anti-parallel configuration is around 6.0� 105 Xlm2

at room temperature and increases to 6.7� 105 Xlm2 at

215 K but then decreases to 5.9� 105 Xlm2 at 210 K. In the

same temperature region, from 210 K to 200 K, the RA prod-

ucts for the anti-parallel configuration and parallel configura-

tion are very similar, so the TMR disappears. The RA

product for the anti-parallel configuration starts to recover

below 195 K, reaching 6.9� 105 Xlm2, and it then becomes

higher than for the parallel configuration (6.0� 105 Xlm2).

Further decreasing temperature from 195 K to 10 K results

in a continuous resistance change for the anti-parallel config-

uration, which is similar to that for parallel configuration.

The temperature dependence of TMR ratio follows the same

tendency, it increases from 9% at 300 K to 14% at 215 K,

and suddenly decreases to almost zero at 210 K, and then

comes back to normal below 195 K, reaching 26% at 10 K.

A detailed field scan in the temperature region from 180

K to 225 K was then carried out, as shown in Fig. 3(a). The

pMTJ shows well defined switching fields of 132 mT and

161 mT for the soft and hard Co/Pt multilayers at 225 K.

When the temperature decreases to 215 K, however,

the switch under the negative fields disappears, although the

TMR remains in the positive field branch. At 210 K, the

switches for both negative and positive field branches disap-

pear, resulting in the sudden collapse of TMR. The TMR

recovers, back to 15%, when the temperature is decreased

further to 195 K. However, the TMR peak is very sharp on

the positive field branch due to the small coercivity differ-

ence between the soft and hard magnetic layers. At 180 K, a

typical pseudo-spin-valve type TMR curve comes back. Fig.

3(b) summarizes the coercivity for both top and bottom Co/

Pt electrodes from room temperature to 10 K, and a clear

coercivity crossover is seen in the relevant temperature

range. The TMR collapse in the coercivity crossover region

may suggest that the top and bottom Co/Pt layers couple to

each other and switch simultaneously resulting in the lack of

any well defined anti-parallel configuration.

The magnetic properties of unpatterned pMTJ stacks

have also been characterized at different temperatures. The

coercivity for the top and bottom electrodes of unpatterned

pMTJ stack is plotted in Fig. 4(a) as the function of tempera-

ture. A coercivity crossover similar to that of pattered pMTJs

is observed. The inset of Fig. 4(a) presents the corresponding

M-H curves at different temperatures. The crossover tempera-

ture region occurs around 150 K, which is lower than that of

the patterned pMTJ samples. This is probably related to the

dipole field generated by micrometer-sized MTJ pillars after

patterning. It is noted that a magnetic switch can be observed

at low field for all the M-H curves measured at temperatures

below 200 K. The origin of this switch is unclear and it might

indicate the presence of cobalt oxides in our pMTJ stacks.

In order to further understand the origin of the coercivity

crossover in our pMTJ samples, we also measured the mag-

netic properties of the (Co x/Pt 2.0)3 multilayers without the

AlOx barrier on either side, as shown in Fig. 4(b). The multi-

layers were deposited on the thermal-oxidized silicon sub-

strate with additional 2.0 nm Pt as the seed layer. The

thickness x of the Co layer was varied from 0.4 nm to 0.7 nm

with a step of 0.1 nm. At room temperature, (Co 0.7/Pt 2.0)3

shows the highest coercivity and (Co 0.4/Pt 2.0)3 has the

lowest. The coercivities for all four studied samples increase

with decreasing temperature and reach almost same value

(96 mT) at 10 K. No crossover is observed between 300 K

and 10 K. It is also noticed that the coercivity of both (Co

0.4/Pt 2.0)3 and (Co 0.7/Pt 2.0)3 increases when an AlOx

layer is deposited on top. The results indicate that the AlOx

barrier plays an important role in determining the coercivity.

The deposition of the AlOx barrier either on top or

beneath the Co/Pt multilayers affects the magnetic anisot-

ropy. As an approximation, Keff
? in our pMTJs stack can be

written as19
FIG. 2. (Color online) Temperature dependence of the TMR ratio and junc-

tion resistance.

FIG. 3. (Color online) (a) Out of plane TMR curves at temperatures ranging

from 180 K to 225 K (b) Temperature dependence of coercivity for top and

bottom (Co/Pt)3 multilayers.
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Keff
? ¼ KCo

V þ
ð2n� 1ÞKCo=Pt

S

ntCo
þ K

Co=AlOx
S

ntCo
;

where KCo
V is the volume anisotropy of the cobalt, which

includes the shape and magnetocrystalline anisotropy, and

K
Co=Pt
S is the interfacial anisotropy of the Co/Pt bilayer.

K
Co=AlOx
S is the interfacial anisotropy between ferromagnetic

layer and tunnel barrier. Interfacial perpendicular anisotropy

between oxide and ferromagnetic metal has been observed in

a Pt/Co/AlOx multilayer.20 The magnitude of K
Co=AlOx
S is

related to the density of Co-O bonding at the Co/AlOx inter-

face and can be attributed to hybridization between Co 3d

and O 2p orbitals. By extrapolating the magnetization curves

of (Co x/Pt 2.0)3 multilayers (x¼ 0.3 to 0.8 nm), the anisot-

ropy field HK and Keff
? ¼ 1

2
l0MSHK were obtained. The prod-

uct of Keff
? � tCo decreases linearly with tCo and the linear fit

to the data yields K
Co=Pt
S ¼ 0.31 mJ/m2 and KCo

V ¼ 3.10� 104

J/m3. The effective magnetic anisotropy for the stack of

AlOx/(Co x/Pt 2.0)3, which is identical to that top layer in

the studied pMTJs, is 5.18� 105 J/m3. Then by using Eq.

(1), the interfacial magnetic anisotropy of the AlOx/Co inter-

face is determined. The result, K
Co=AlOx
S ¼ 0.37 mJ/m2, indi-

cates that interfacial anisotropy (K
Co=AlOx
S ) between

ferromagnetic metal and barrier is larger than that of ferro-

magnetic metal and non-magnetic interface anisotropy

(K
Co=Pt
S ). Our observation is consistent with the recent report

that the interfacial anisotropy between MgO and CoFeB is

strong enough to maintain a 1.3 to 1.7 nm CoFeB layer per-

pendicular.17,21 The observed coercivity crossover is mainly

from the interfacial anisotropy between ferromagnetic Co

and the AlOx tunnel barrier. The top interfacial anisotropy

has stronger temperature dependence according to the results

shown in Figs. 3 and 4(a).

In summary, we have observed the temperature depend-

ent collapse of TMR in a pseudo-spin-valve type pMTJ, due

to the coercivity crossover of the top and bottom (Co/Pt)3

electrodes. The pMTJ devices show a TMR ratio of up to 9%

at room temperature, with the switching fields of 51 and 96

mT for the top and bottom (Co/Pt)3 layers. The TMR

increases to 14% at 215 K, but in the temperature range from

200 K to 210 K, it disappears because the coercivity of two

ferromagnetic layers crosses. The TMR recovers below 190

K and reaches 26% at 10 K. Temperature dependent coerciv-

ity crossover is mainly caused by the additional interfacial

perpendicular anisotropy created at the ferromagnetic elec-

trode and the AlOx barrier interface.
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