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Spin momentum transfer in a nanomagnetic device with perpendicular magnetic anisotropy for both
free and fixed magnetic layers is studied. The perpendicular anisotropy is induced by using CoFe/ Pt
multilayer. The magnetoresistive loop shows that the perpendicular switching fields for the free and
fixed layers are 170 and 380 Oe, respectively, with ⌬R / R = 0.47%. Resistance-current scanning
clearly shows a full out-of-plane switching of the free layer magnetization under a sweeping current,
which fully excludes the effect of switching by the magnetic field generated by the current. The
critical current density is around 1.0⫻ 108 A / cm2, which could be tuned by changing the CoFe/ Pt
multilayer structures. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2198797兴
Spin transfer predicted by Slonczewski1 and Berger2 has
attracted a great deal of attention in recent years. Up to now,
all spin transfer related reports concentrate on magnetic films
or devices with in-plane anisotropy.3–23 In this work, we report the spin momentum transfer study in a nanomagnetic
device with perpendicular magnetic anisotropy for both free
and fixed magnetic layers. In comparison with those with
in-plane anisotropy, spintronic devices with perpendicular
magnetocrystalline anisotropy not only can satisfy the thermal stability requirement but also have no limit of cell aspect
ratio, which shows an advantage of scaling for high packing
density: one of the key challenges for future magnetic random access memory 共MRAM兲 application.24–28 Although the
spin dynamics for the magnetic moment perpendicular to the
plane has been reported,21,29 the perpendicular moment requires a large applied magnetic field 共⬎4 M s兲, which always forces the free layer towards to a fixed direction. Thus,
the spin transfer behavior will be asymmetric and much different from that in a device with perpendicular anisotropy.
Also the spin transfer behavior in a device with perpendicular anisotropy should provide a good platform for investigating the physics of spin transfer process in the future.
In order to introduce the perpendicular anisotropy,
关Co90Fe10 / Pt兴n multilayers were used as the free layer and
fixed layer in the spin valve 共SV兲 structures. By adjusting the
CoFe/ Pt bilayer thickness, the anisotropy of the multilayer
could be controlled to be either in plane or perpendicular to
plane.25,26 In addition, different CoFe/ Pt thickness ratios
could result in different coercivities, by which the switching
fields of the fixed layer and the free layer could be distinguished. To investigate the spin transfer properties of a nanomagnetic device with perpendicular anisotropy, three
kinds of devices with different free layer structures were
studied in this work. Structure I has the film structure as
Si/ SiO2/bottom electrode/关CoFe2.5 Å / Pt15 Å兴5 / CoFe5 Å /
Cu30 Å / 关CoFe4.5 Å / Pt23 Å兴7/top electrode. The space
layer Cu is sandwiched by two CoFe layers instead of Pt
layer. This enhances the spin polarization and thus the magnetoresistance ratio 共MR兲. The fixed layer part has
a兲
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关CoFe4.5 Å / Pt23 Å兴 7 cycles, while the free layer part
关CoFe2.5 Å / Pt15 Å兴 has only 5 cycles. Such a design enlarges the switching field gap between the free and fixed
layers in the MR and spin transfer testing. The perpendicular
magnetic properties of the sheet film with the structure I
were measured by a vibrating-sample magnetometer 共VSM兲
with applied field perpendicular to the film plane, as shown
in Fig. 1. The square loop shape 共M r / M s = 1兲 indicates that
the easy axis of the free layer and fixed layer is out of plane.
Furthermore, the sharp two-step switching clearly shows that
the free layer and fixed layer were well separated. The
switching fields for the free layer 共Hfree兲 and the fixed layer
共Hfix兲 are around 170 and 380 Oe, respectively. The gap between Hfree and Hfix is around 200 Oe. The flat stage between
the two switching points indicates that the free layer could be
operated in a relatively wide field range without influencing
the fixed layer magnetization status. This provides a solid
base for the spin transfer testing at the device level, which
will be discussed in the next two paragraphs.
The area of the nanomagnetic device in this work is
180⫻ 250 nm2 with a slight elliptical shape patterned by an
advanced phase-shift mask technique. The detailed device
fabrication process can be found in our previous reports.30,31
Figure 2共a兲 shows the current-perpendicular-to-plane 共CPP兲
magnetoresistance behavior with the applied field perpendicular to the plane 共R-H loop兲. The product of resistancearea 共RA兲 value of this device is in a similar range as the
previously reported CPP SV structures with an in-plane

FIG. 1. 共Color online兲 Hysteresis loop of the sheet film with the structure I.
Applied field is perpendicular to the film plane. The switching fields of free
and fixed layers were well separated. Inset: schematics of the spin valve
structure with perpendicular anisotropy. The space layer 共Cu兲 was sandwiched by two CoFe layers.32
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FIG. 2. 共Color online兲 共a兲 Magnetoresistance loop of the structure I. Applied
field is perpendicular to the film plane. 共b兲 Resistance-current scanning loop
of the structure I.

anisotropy.3–5,11–13,16–18 The CPP giant magnetoresistance
共GMR兲 value obtained from Fig. 2共a兲 is 0.47%, which is a
typical CPP GMR value.
The room temperature spin transfer behavior of the device 共R-I loop兲 is displayed in Fig. 2共b兲. The positive current
is defined along the direction from the bottom to top electrode. Current scanning starts from the antiparallel magnetization configuration 共high resistance兲. The resistance slowly
increases with the increase of the positive current, which is
due to the increase of electron-magnon and electron-phonon
scatterings.3 When the current reaches a positive value 共cur= 1.0⫻ 108 A / cm2兲, the resistance sharply
rent density JAP−P
1
drops, which indicates the switching of the free layer magnetization to a parallel configuration with the fixed layer
magnetization. The device resistance keeps low until the current sweeps back to a negative value 共current density
J1P−AP = −1.3⫻ 108 A / cm2兲, where the resistance returns to a
high value in a single jump, which indicates that the free
layer magnetization and fixed layer magnetization are antiparallel to each other again. Figure 2共b兲 shows that the device resistance has two clear switchings under a current scanning and the R-I loop is hysteretic. In comparison with Fig.
2共a兲, the two resistance values at zero current correspond to
the high-low resistance values in the R-H loop for antiparallel and parallel configurations, respectively. The MR value
共0.47%兲 obtained from R-I loop is the same as that obtained
from R-H loop, indicating that the spin current fully switches
the magnetization of the free layer. Since both the magnetization and sweeping currents are perpendicular to the film
plane, this provides a strong support that the spin momentum
transfer rather than the current-induced Oersted field drives
the perpendicular magnetized free layer switching in the
or J1P−AP is relatively
R-I scanning. However, either JAP−P
1
larger than that in the previously reported Co/ Cu/ Co or
CoFe/ Cu/ CoFe structures with in-plane anisotropy, respectively. This might be due to the spin depolarization by the Pt
layers in both free and fixed layers.
The free layer moment rotation process is determined by
the spin polarized current, demagnetization field 共Hd兲, and
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FIG. 3. 共Color online兲 共a兲 Magnetoresistance loops of the structures II and
III. Applied field is perpendicular to the film plane. 共b兲 CoFe/ Pt thickness
ratio dependence of the CPP GMR and the critical switching current density.

perpendicular anisotropy field 共Hk兲. It needs to be pointed
out that the Hk here refers to the perpendicular interface anisotropy of 关CoFe/ Pt兴n multilayer rather than the final 共or
measured兲 anisotropy field of the multilayer system. This
interface anisotropy field 共Hk兲, controlled by the CoFe and Pt
bilayer number and thickness ratio,33,34 pulls the magnetic
moment out of the plane while in general the demagnetization field 共Hd兲 pushes down the magnetic moment in the
plane. The final 共or measured兲 anisotropy of this system is
the competition result between Hd and Hk. As confirmed by
Engel et al.,32 the magnetic moment will be in plane 共dominated by the demagnetization field兲 when the thickness of the
sub-Co layer is larger than a critical value 共smaller interface
anisotropy兲.
It is noticed that Hd always tries to lie down the magnetic moment in the plane while Hk tries to pull it out of the
plane. So that the 180° free layer rotation process can be
divided into two sections: 0°–90° and 90°–180°. The 90°
direction is in plane and 0° 共180°兲 is out of plane. Free layer
starts the rotation from 0° 共180°兲. Before reaching the inplane direction 共90°兲, free layer is rotated by both Hd and the
spin current. But Hk resists the rotation. After crossing the
in-plane direction, both Hk and the spin current will pull up
the free layer out of the plane. Hd, on the other hand, resists
the rotation. Therefore, the competition between Hd and Hk
will influence the free layer switching process. In order to
further investigate the functions of Hd and Hk, two additional
structures were designed: Si/ SiO2/bottom electrode/
Pt50/ 关CoFe3.5/ Pt17兴5 / CoFeF5 / Cu30/ 关CoFe4 / Pt23兴7 / Pt30/
top electrode 共structure II兲 and Si/ SiO2/bottom electrode/
Pt50/ 关CoFe4 / Pt15兴5 / CoFeF5 / Cu30/ 关CoFe4 / Pt23兴7 / Pt30/
top electrode 共structure III兲. In comparison with the free
layer in structure I, CoFe/ Pt thickness ratio in the free layer
is increased from 0.233 to 0.265 and 0.333 for structures II
and III, respectively.
Figure 3共a兲 shows the R-H loops of structures II and III
with perpendicular applied field. For both of the structures,
the shift of the nucleation field 共red arrow兲 clearly shows that
Hk is reduced since it comes from the interface effect and is
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in reverse of the CoFe thickness while Hd is increased at the
same time. Figure 3共b兲 summarizes the MR values and critical current densities for all of the three structures as the
function of CoFe/ Pt thickness ratio. The MR ratios are
0.38% and 0.23% for structures II and III, respectively,
which is lower than 0.47% for structure I. However, in comand J3P−AP were reduced to
parison with structure I, JAP−P
3
7
7
2
6.7⫻ 10 and 8.9⫻ 10 A / cm , respectively. As stated
above, the net field is the competing result between Hd and
Hk. Hd tries to lie down the magnetic moment in the plane in
the spin transfer process for both current directions. But Hk
tries to keep the moment direction out of the plane. Thus, the
switching current density could be reduced by adjusting the
CoFe/ Pt thicknesses and ratios to achieve different Hd and
Hk, as shown in Fig. 3共b兲.
In comparison with an in-plane spin transfer, in which
both Hd and Hk block the free layer rotation, perpendicular
spin transfer has the potential to achieve much lower critical
current density as stated above. On the other hand, if we use
the perpendicular magnetic field to pull up the moment, the
moment switching 共P → AP兲 under the sweeping current will
be blocked by both Hd and Happ during the 90°–180° rotation. But the switching from AP→ P will be much easier
because of the applied field. This will lead to a single switching curve in the R-I scanning and thus loss the hysteretic
property. The detailed dynamic spin transfer behavior for the
device with perpendicular anisotropy should be investigated
in future.
A spin transfer behavior in nanomagnetic devices with a
perpendicular anisotropy was reported. Although the intrinsic
critical current density should be higher than the values
shown above because the measurement was performed at
room temperature, we believe the current work provide a
solid base for the future spin-current-driven magnetic devices with perpendicular anisotropy.
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