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1. Introduction

Important issues for the development of Spin-RAM [1]
are low switching current (/.), high thermal stability (A) and
large magnetoresistance (MR) ratio. I, should be smaller
than a maximum current of a path transistor. 4,, defined as
Ay =K, VIk;T (K,, V, kg and T are uniaxial magnetic anisot-
ropy, volume, Boltzman constant and temperature, respec-
tively), should be larger than 40 to guarantee a long reten-
tion time of 10 years by suppressing thermal fluctuation in
a nanomagnet. The large MR ratio is required to discrimi-
nate precisely low and high resistance states those distrib-
ute around mean values in many cells.

To satisfy above requirements simultaneously, two ap-
proaches are under way: The first one is the development of
magnetic tunnel junctions (MTJs) with perpendicular mag-
netic anisotropy (PMA), which is expected to exhibit low I,
and high A [2]. In this approach the synthesis of new mag-
netic materials with PMA is a key to success. The second
one is the development of advanced in-plane magnetized
MTIs. Ordinary in-plane MTJs (e.g. CoFeB/MgO/CoFeB)
[3] have shown large MR ratios but /I, and A have been in
trade-off relation, thus, it seems impossible to satisfy the
requirements. Hayakawa and co-workers reported low I,
(~5 MA/cm?®) and high A (~90) using antiferromagnetically
(AF)-coupled CoFeB/Ru/CoFeB free layers [4, 5]. Com-
pared with a single 4-nm-thick CoFeB layer, I, was actually
half in the AF-coupled CoFeB(2 nm)/Ru/CoFeB(2 nm)
case. However, the mechanism of high A remained unclear.

In this report, we studied systematically spin-transfer
switching of the CoFeB/Ru/CoFeB coupled free layer sys-
tems. The results indicate that A can be more enhanced in
ferromagnetically (F)-coupled free layer system. It is con-
firmed that we can control /. and A independently using the
coupled free layer system. Physical mechanism of the en-
hanced A is also discussed.

2. Sample preparation

Using a UHV magnetron sputtering machine Si sub-
strate/buffer/Pt-Mn 15 nm/Co-Fe 2.5 nm/Ru 0.85
nm/CogFe,B,, 3 nm/MgO 1 nm/ free layer /Ta/Ru multi-
layer films were prepared. Layer structures of the free lay-
ers are shown in Figs. 1: (A) AF-coupled CoqFe,B,, 2
nm/Ru 1.1 nm/ CogFe,Byy 2 nm film, (B) F-coupled
CogFe,0Byy 2 nm/Ru 1.5 nm/ CogFe, B, 2, and (C)
F-coupled CogFe,,B,, 2 nm/Ru 1.5 nm/ Co4Fe, B,y 4 nm
film. Samples were microstructured into 80 nm x140 nm
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elliptical shape using electron beam lithography combined
with Ar ion etching. The samples were annealed at 300°C
for 1 hour by applying 1 T magnetic field.

3. Tunnel magnetoresistance

Resistance (R)-magnetic field (H) curves were meas-
ured using a lock-in amplifier. The MR ratio is defined as
(Rap-Rp)/Rp x100(%), where R,p (Rp) is a tunnel resistance
when the magnetizations adjacent to the MgO layer are
aligned anti-parallel (AP) (parallel (P)). Figures 2 show
typical R-H loops of Sample A-C. Every loop shows sharp
transitions between high and low resistance states. Center
fields of the loops shift slightly to positive (Hg,s). The MR
ratios are about 130% in Sample A and B and slightly
smaller in Sample C.

4. Spin-transfer switching
Spin-transfer switching was observed by applying a
pulse current (/) (200 ms constant) with an external mag-
netic field (H.,,,). Switching time (z,,) was determined from
resistance change as shown in the inset of Fig. 3(a). The
measurement was repeated many times by changing / and
Hey.
When pulse duration is long (> 10 ns) magnetization
switching induced by the spin-transfer is thermally acti-
vated. [6] In this regime, switching probability (P,,,) is ex-

pressed as
Psw =1_exp[_(tsw/TO)exp(_AZ)]’ (1)
4, =4,(1- Heff/Hc())z’ (2
A= A(1-1/ 1), (3

where 7y, Hy, Hy, 4y, I, are inverse of attempt frequency
(1 ns), effective magnetic field, coercive field at 0 K, in-
trinsic thermal stability and intrinsic switching current, re-
spectively. I, and A, are also important characteristics in
device operation.

Figure 3(a) shows an example of ¢, dependence of P,
obtained under constant / and H.,,, which is well repro-
duced by eq. 1. Figure 3(b) shows H.,, dependence of A, for
I = £0.7 mA, which are well reproduced by eq. 2. An
intersection of the curve with a vertical line at H,; (=H,,, -
Hg;;)=0 gives a value of A,. I dependence of A, for Sample
A-C are shown in Figs. 4(a)-(c), respectively. Lines repre-
sent theoretical fit using eq. 3. The y- and x-intercepts rep-
resent A, and [, values, respectively.

5. Discussion



MR and switching properties of Sample A-C are sum-
marized in Table 1. The values are averaged over some
identical samples. J,*°, which is switching current density
defined by (1/2)(I,** © P+ 1,°" * *P)/(junction area), is al-
most same in the three types of the samples. This result is
in contradiction to the previous result [4]. H,"° value of
Sample A is larger than that of Sample B. However, the
large value does not correspond to the enhancement of
thermal stability in this system because the AF arrangement
of the magnetizations reduces Zeeman energy. In a distort-
ed cell such as our present samples, shape magnetic anisot-
ropy that gives a potential during magnetization reversal is
responsible dominantly to the thermal stability. Therefore,
the AF arrangement reduces the potential in Sample A re-
markably. Interestingly, Sample B shows smaller H, but
larger A,™. The F arrangement of the magnetizations en-
hances the energy potential, resulting in higher bi-stability
of the magnetizations. Sample C shows more enhanced
Ay nearly 300, which is comparable to perpendicularly
magnetized systems. The enhanced shape anisotropy ener-
gy by the thick CoFeB 4 nm film gives highly stable mag-
netizations with keeping J,, constant.

6. Conclusions

We have investigated systematically spin-transfer
switching current and thermal stability in
CoFeB/Ru/CoFeB coupled-free layers. The thermal stabili-
ty factor is dominated by the shape magnetic anisotropy,
which is more enhanced in the F-coupled free layers than in
AF-coupled ones. Contrary to the insistence on efficiency
of AF-coupled free layers[4], we have obtained superior
characteristics in the F-coupled free layers of very high
thermal stability with keeping switching current density
constant.
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Fig. 1 Layer stacks of the coupled free layers. In the free layers,
CoFeB layers are antiferromagnetically coupled in Sample A and
ferromagnetically coupled in Sample B and C.
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Fig. 2 Typical MR loops of the samples. Every sample shows a
large MR ratio over 100% at RT.
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Fig. 3 Examples of spin-transfer switching measurement. (a)
Switching probability as a function of switching time under a
current and a magnetic field in Sample B. Circles and a line rep-
resent experiment and theoretical fit based on eq. (1) described in
the text, respectively. The inset shows one shot of time domain
measurement. (b) H,, dependence of A, for the same sample.
Squares and lines represent experiment and theoretical fit based
on eq. (2), respectively. A, values for P to AP and AP to P
switching are indicated in the figure.
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Fig. 4 Current bias dependence of A, in Sample A-C. Circles and
lines represent experiment and theoretical fit based on eq. (3),
respectively. The y- and x-intercepts represent A, and I, values,
respectively.

Table 1 MR and the spin-transfer switching properties

Sample A | Sample B | Sample C
Coupling AF F F
MR (%) 12127 12843 103 3
Jyo2e(MA/cm2) 18 +2 19 +1 19 +2
Ay2ve 66 +25 146 +28 | 278 +14
H,2¢(Oe) 313 +12 | 218 £36 | 290 +30

(A(]avez( A(]AP toP + A(]P to AP)/2, HC(]avez(Hc(]AP toP +Hc(]P to AP)/2)





