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The magnetic field dependence of current-induced magnetization reversal was investigated for current-
perpendicular-to-plane giant magnetoresistance pillars with perpendicularly magnetized FePt layers. Current-
induced magnetization reversal under the tilted external magnetic field showed that a reversed domain is
nucleated by spin-transfer torque and then propagates to complete magnetization reversal, although the forma-
tion of a multiple-domain state is not observed by static measurement. This nucleation-type current-induced
magnetization reversal is characteristic of a system having large magnetic anisotropy and a small number of
pinning sites for the domain wall, and explains the large magnetic field dependence of the critical current
density for magnetization reversal �Jc�. As the magnetic anisotropy of the FePt free layer is reduced, the
magnetic field dependence of Jc becomes close to the values theoretically calculated for the coherent rotation
mode, implying that the mode of the current-induced magnetization reversal changes from the nucleation of a
reversed domain to the rotation of magnetization.
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I. INTRODUCTION

Theoretical predictions1,2 followed by experimental
demonstrations3–15 of magnetization precession and reversal
by spin-polarized current are generally based on the physics
of spin-transfer torque. When spin-polarized current passes
through a nanometer-sized magnet, the spin angular momen-
tum of the electrons is transferred to the local spins of the
magnet and the spin angular momentum transfer gives rise to
the magnetization excitation. Therefore, in a multilayered
structure consisting of a ferromagnetic free layer and a spin-
polarizer separated by a nonmagnetic layer or an insulator,
the magnetization direction of the free layer can be con-
trolled by passing spin-polarized current through the multi-
layered structure. This finding has opened up a way for the
further advances in spin-electronics.

Although most of the experimental demonstrations have
been performed in current-perpendicular-to-plane giant mag-
netoresistance �CPP-GMR� pillars or magnetic tunnel junc-
tions consisting entirely of in-plane magnetized layers, only
a few studies of current-induced magnetization reversal in
perpendicular magnetization configurations have been re-
ported to date,16–18 in which both the free layer and the spin-
polarizer are magnetized perpendicularly to the film plane. In
one of these studies,17 the current-induced magnetization re-
versal from an antiparallel �AP� to a parallel �P� alignment
was observed for CPP-GMR pillars with perpendicularly
magnetized L10-FePt layers while a large applied magnetic
field close to the coercivity �Hc� of the free layer was re-
quired due to the large uniaxial magnetic anisotropy �Ku� of
5�107 erg /cm3. In addition, the critical current densities
for the magnetization reversal �Jc� showed anomalously
large magnetic field dependence, which is not explained by
the theoretical calculation assuming the coherent magnetiza-
tion rotation. Ravelosona et al.19 reported the creation of a
domain wall due to spin-transfer torque in similar perpen-
dicularly magnetized CPP-GMR pillars with Co/Ni multilay-
ers. Their finding is physically important and suggests that

the nucleation of reversed domains plays a key role in the
current-induced magnetization reversal for perpendicular
magnetization as well as magnetization reversal by magnetic
field. However, its detailed mechanism remains to be elusive,
e.g., the effect of the nucleation of reversed domains on Jc,
and the relationship between the magnetization reversal
mode and the magnitude of Ku.

The present paper reports the magnetic field dependence
of current-induced magnetization reversal for CPP-GMR pil-
lars with perpendicularly magnetized L10-FePt layers, in
which the degree of chemical order and, consequently, the
magnitude of Ku are varied by annealing the L10-FePt layer
at different temperatures. The dependence of Hc and Jc on
the angle of the applied magnetic field is analyzed, and the
mode of magnetization reversal induced by spin-polarized
current is discussed for perpendicularly magnetized FePt lay-
ers.

II. EXPERIMENTAL PROCEDURE

Thin films were prepared on MgO �001� single crystal
substrates using an ultrahigh vacuum magnetron sputtering
system with separate targets of Fe, Pt, and Au. Base pressure
was below 2�10−9 Torr, and high purity argon was flown
during sputtering. A typical deposition rate was 0.01 nm/sec.
The stacking structure for microfabricated samples
is MgO subs. /Fe�1� /Au�100� /L10-FePt�20� /Fe�1� /Au�5� /
L10-FePt�4� /Au�25� /Pt�100� �in nanometers�. All the layers
except the L10-FePt layers were deposited at room tempera-
ture �RT�, and the L10-FePt layers were deposited at 300 °C.
To promote the L10 ordering, the L10-FePt layers were sub-
sequently annealed for 15 minutes. The annealing tempera-
ture �Tann� for the top 4 nm-thick FePt layer was varied in the
range from 400 °C to 500 °C. On the other hand, Tann for
the bottom 20 nm-thick FePt layer was fixed at 500 °C. The
composition of the FePt layers was Fe43Pt57. The 1 nm-thick
Fe seed and 100 nm-thick Au buffer layers are required for
the epitaxial growth of the bottom 20 nm-thick L10-FePt
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layer. The 1 nm-thick Fe intermediate layer plays a role to
maintain the �001� orientation of the 5 nm-thick Au layer and
the top FePt layer. The epitaxial growth and the formation of
the L10 ordered structure were confirmed by x-ray diffrac-
tion. The preferential crystallographic orientation is the �001�
direction.

The samples were fabricated into a CPP geometry using
electron beam lithography and Ar ion etching. The microfab-
rication process used in the present study is as follows: The
thin film was first patterned into a bottom lead shape. Then,
the lead-shaped thin film was etched into the Au buffer layer
using a negative resist mask of a pillar shape. The pillar size
was 0.1�0.2 �m2, and both the top and bottom FePt layers
were microfabricated into the pillar shape. After patterning,
an Al-O insulating layer with a thickness of 100 nm was
deposited and the resist mask was lifted off. Finally, a top
lead of Pt was formed using a conventional lift-off technique.
In addition to the microfabricated samples, thin films of
MgO�001�subs. /Fe�1 nm� /Au�40 nm� /L10-FePt �4 nm�
were prepared to investigate the change of the magnetic
properties with Tann.

Transport properties were measured using a dc four-probe
method. A small sensing current of 0.5 mA was used for the
resistance measurement. Current-induced magnetization re-
versal was characterized using a current pulse sequence with
a pulse duration of 0.1 msec.20 The sign of the direction of
electrical current flowing from the thicker FePt layer to the
thinner FePt layer is defined as positive. Magnetic properties
were measured with a superconducting quantum interference
device magnetometer.

III. MAGNETIC PROPERTIES OF FEPT LAYERS

Figure 1�a� shows magnetization curves for the 4 nm-

thick L10-FePt layers annealed at different temperatures
�Tann=400 °C, 450 °C, and 500 °C�. The solid and open
marks represent the results with fields applied perpendicular
and parallel to the film plane, respectively. Although the easy
magnetization axes for all the films are perpendicular to the
film plane, the saturation field of the magnetization in the
in-plane direction increases with increasing Tann, and the
maximum magnetic field of 50 kOe is not sufficient to satu-
rate the magnetization for Tann=500 °C. The ratio of the
remanent magnetization to the saturation magnetization
�Mr /Ms� and Ku as a function of Tann are summarized in
Figs. 1�b� and 1�c�, respectively. The solid and open marks
are the data at RT and 77 K, respectively. The high Mr /Ms
for Tann�400 °C indicates that Tann=400 °C is high enough
to achieve good squareness of the magnetization curve,
which is indispensable to achieve the bistable state at zero
magnetic field in magnetoresistance �MR� curves. The value
of Ku was obtained from the effective magnetic anisotropy
energy �Ku

eff�, which was evaluated from the enclosed area
between the perpendicular and in-plane magnetization curves
and the correction of the shape anisotropy energy �Kd=
−2�Ms

2�, that is, Ku=Ku
eff+2�Ms

2. Ku gradually increases
with Tann because high Tann promotes the L10 ordering of the
FePt layer. These results show that the magnitude of Ku is
controlled by changing Tann while the high Mr /Ms is main-
tained.

IV. MAGNETORESISTANCE AND CURRENT-INDUCED
MAGNETIZATION REVERSAL

MR curves for Tann=450 °C measured at RT �circles� and
77 K �squares� are shown in Fig. 2. The open and closed
marks represent the full and minor MR curves, respectively.
The magnetic field was applied perpendicularly to the film
plane. Resistance changes are clearly observed at both tem-
peratures; the high and low resistance values are attributable
to the AP and P alignments of the two L10-FePt layers, re-
spectively. Annealing of the 20 nm-thick bottom L10-FePt
layer at 500 °C resulted in higher Ku than that of the 4 nm-

FIG. 1. �Color online� �a� Magnetization curves for the 4 nm-
thick FePt thin films annealed at 400 °C, 450 °C and 500 °C,
where solid and open circles are the results with fields applied per-
pendicular and parallel to the film plane, respectively. �The magne-
tization curves for 500 °C are reproduced from Ref. 17� �b� The
ratio of remanent magnetization to saturation magnetization
�Mr /Ms� and �c� the uniaxial magnetic anisotropy �Ku� as a function
of annealing temperature �Tann�. The solid and open marks represent
the data obtained at RT and 77 K, respectively.

FIG. 2. �Color online� �a� MR curves for the CPP-GMR pillar
with the 4 nm-thick FePt layer annealed at 450 °C. The measure-
ment temperatures are RT �circles and left-hand axis� and 77 K
�squares and right-hand axis�. The open and solid marks represent
the full and minor MR curves, respectively.
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thick top L10-FePt layer, which was annealed at 450 °C .
Therefore, the magnetization of the 4 nm-thick L10-FePt
layer is more easily switched by magnetic field than that of
the 20 nm-thick L10-FePt layer. The MR curves show the
backgrounds of the resistance which decrease with increas-
ing the magnetic field. Those backgrounds may result from
the existence of some components with the magnetization
tilted from the perpendicular direction, which is due to the
damaged area induced by microfabrication,21 and the tilted
magnetization may be aligned by the perpendicular magnetic
field. Since a clear hysteresis loop showing stable AP and P
states is obtained in the minor MR curve, the MR curve for
Tann=450 °C is suitable for the static measurement of the
current-induced magnetization reversal. Figures 3�a� and
3�b� summarize the product of the resistance change and the
pillar area ��RA� and Hc, respectively, for the minor MR
curves as a function of Tann. Dashed lines are guides for the
eyes. �RA does not significantly depend on Tann. Hc in-
creases with Tann, which results from the increase in Ku with
Tann. For Tann=400 °C, Hc is smaller than 0.5 kOe and no
clear hysteresis loop is observed in the minor MR curve. The
low squareness of the minor MR curve for Tann=400 °C is
inconsistent with the magnetization curve for Tann=400 °C
showing high Mr /Ms. A possible explanation for this incon-
sistency is that a part of the pillar has Ku lower than that of
the unpatterned thin film because of the microfabrication
damage21 and it starts the magnetization reversal at a small
magnetic field, leading to the degradation of squareness of
the MR curves for the CPP-GMR pillar.

Figure 4 shows resistance �R� versus current pulse �IP� for
Tann=450 °C at the applied magnetic field �Happl� of �a�
−3.2 kOe, �b� −2.6 kOe, �c� 0 Oe, �d� 1 kOe, and �e� 1.9
kOe. The measurement was performed at 77 K, and the
sample resistance was measured using a sensing current of
0.5 mA after applying a current pulse. The corresponding
minor MR curve is shown in Fig. 2, and the direction of Happl
is the same as that in the MR curve. The open circles are the
results of the measurements starting from the P state and the

negative current direction, whereas the solid circles are ob-
tained starting from the AP state and the positive current
direction. At the positive Happl, a resistance drop resulting
from the change of magnetization alignment from AP to P is
observed only in the negative current region. With decreas-
ing Happl, the critical current for the magnetization reversal
�Ic� gradually increases. At negative Happl, on the other hand,
a resistance jump appears in the positive current region. Al-
though the magnitude of �R for the positive Happl, which is
almost equal to that obtained in the MR curve, indicates full
magnetization reversal, the smaller �R for Happl=−2.6 kOe
means that the intermediate state �IS� of resistance appears
during magnetization reversal. The IS corresponds to the for-
mation of a multiple domain.19 The previous papers of Refs.
16 and 19 reported that the IS states were observed in a low
magnetic field region. In the present case, however, the IS
states appear at large Happl. This may result from the narrow
domain wall width of the present FePt layer due to its high
Ku, which leads to a stable multiple-domain state. With in-
creasing Happl to −3.2 kOe, the full magnetization reversal
from P to AP occurs through the formation of a multiple-
domain state.

The phase diagram of Ip as a function of Happl is shown in
Fig. 5. The solid circles, open squares, and solid squares
represent the values of Ic for the transition from AP to P,
from P to IS, and from IS to AP, respectively. Calculated

FIG. 3. �Color online� �a� Resistance – area product ��RA� and
�b� coercivity �Hc� as a function of annealing temperature �Tann�.
The solid and open marks represent the results at RT and 77 K,
respectively. The dashed lines are guides for the eyes.

FIG. 4. �Color online� Resistance �R�-current pulse �IP� curves
for the CPP-GMR pillar with the 4 nm-thick FePt layer annealed at
450 °C. The R-IP curves were obtained at the applied magnetic
field �Happl� of �a� −3.2 kOe, �b� −2.6 kOe, �c� 0 Oe, �d� 1 kOe,
and �e� 1.9 kOe. The measurement was performed at 77 K, and the
sample resistance was measured using the sensing current of 0.5
mA after applying the current pulse. The open circles represent the
results of the measurements starting from the parallel state and the
negative current direction. The solid circles are the results of the
measurements starting from the antiparallel state and the positive
current direction.
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results are also shown as solid �from AP to P� and broken
lines �from P to AP�. The present measurement uses the cur-
rent pulse sequence with the pulse duration of 0.1 msec
which is too long to eliminate the effect of the thermal acti-
vation. According to the spin-transfer theory taking into ac-
count thermal activation, which assumes that magnetization
reversal occurs through the coherent rotation mode, Ic is de-
scribed as22–24

Ic = Ic0�1 − �kBT/�E�In��p/�0�� , �1�

where kB is the Boltzmann constant, T is the measurement
temperature, �E is the energy barrier, �p is the current pulse
width, and �0 is the inverse of the attempt frequency. Ic0 is
the intrinsic Ic without thermal activation and is described
as1

Ic0 = �e	VMsHeff/�Bg�
� , �2�

where � is the damping parameter, e is the elementary
charge, 	 is the gyromagnetic ratio, V is the magnetic vol-
ume, and �B is the Bohr magneton. g�
� is the spin-transfer
efficiency, which is related to the spin-polarization factor �P�
and is a function of the relative angle �
� between the two
ferromagnetic layers. Heff is the effective magnetic field in-
cluding Happl, anisotropy field �Ha�, dipole coupling field
�Hdip�, and demagnetizing field �Hd�. Ha is 2Ku /Ms. Hdip is
an effective field resulting from a stray field around the edge
of the pillar and the stray field due to the interface roughness.
In the case of perpendicular magnetization, Hd is given by

−4�Ms because of its negative shape anisotropy. �E is ex-
pressed as

�E = Ku
effV�1 �

Happl

Ha
eff �2

= Ku
effV�1 �

HapplMs

2Ku
eff �2

, �3�

where Ha
eff=Ha−Hd and the upper �lower� sign labels �E for

the AP-P �P-AP� transition. In the present study, the param-
eters of Ku=2�107 erg /cm3, Ms=1350 emu /cm3, and
Hdip=−1.1 kOe are experimentally obtained. �=0.05 and T
=77 K are used. P is assumed to be 0.4 on the basis of a
previous study of current-induced magnetization reversal for
in-plane magnetized FePt layers.25 The calculated values for
AP-P are close to the experimental ones whereas those for
P-AP are quite larger than the experimental ones. The reason
for the smaller experimental values of P-AP than the calcu-
lation is not clear at present. It is possibly due to a large
thermal effect induced by the applied current. The observa-
tion of P-AP requires the larger applied current and the larger
Happl compared to that of AP-P, in which a reversed domain
might thermally nucleate due to the sample heating by cur-
rent. Another possible reason is that the g�
� function1 used
in the present study leads to a large asymmetry of calculated
Ic between the transitions of AP-P and P-AP. It was reported
that the different g�
� function enhances the spin-transfer
efficiency for P-AP and reduces its asymmetry of the calcu-
lated Ic.

26 Therefore, such a g�
� function may provide a
better fit for the P-AP transition.

The multiple-domain state is stable during the transition
from P to AP, implying that the process of magnetization
reversal of P-AP is particularly complicated. On the other
hand, no multiple-domain state is observed for AP-P, and
furthermore the calculation for AP-P is in relatively good
agreement with the experimental results, especially in a low
magnetic field region around Happl=0. With increasing Happl,
however, the experimental results gradually deviate from the
calculated results. The following section focuses on the mag-
netic field dependence of Ic for the transition from AP to P,
and its magnetization reversal mode is discussed.

V. ANGULAR DEPENDENCE OF MAGNETIZATION
REVERSAL

The dependence of the MR curves on the angle of the
magnetic field is first investigated to understand the behavior
of field-induced magnetization reversal. Figure 6�a� shows
MR curves with the magnetic field tilted with respect to the
surface normal. The shape of MR curves obviously changes
with increasing the tilt angle ���. For the transition from P to
AP, a multiple domain appears with increasing �, implying
the complicated magnetization reversal process for P-AP as
in the case of current-induced magnetization reversal. For
AP-P, on the other hand, Hc gradually decreases and no
stable multiple-domain state is observed. Hc normalized by
Hc at �=0 and �R in the MR curves as a function of � are
shown in Figs. 6�b� and 6�c�, respectively, where Hc is the
switching field from AP to P. The angular dependence of Hc
does not follow the 1 /cos � law of the domain wall motion,
but rather shows a downward curvature. Since �R does not

FIG. 5. �Color online� Static phase diagram of current pulse for
the magnetization reversal �IP� versus applied magnetic field �Happl�
at 77 K for the CPP-GMR pillar with the 4 nm-thick FePt layer
annealed at 450 °C. The solid circles, open squares, and solid
squares represent the current for magnetization reversal �Ic� for the
transition from AP to P, from P to IS, and from IS to AP, respec-
tively. The calculated results are also shown as solid �from AP to P�
and broken lines �from P to AP�.
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depend strongly on �, the relative angle between the magne-
tization vectors for the two L10-FePt layers remains constant
even under the tilted external magnetic field. From the result
of the angular dependence of Hc, the magnetization reversal
mode by external magnetic field is discussed. In the case of
coherent rotation mode, Hc is given by

Hc = Ha
eff =

2Ku
eff

Ms
. �4�

If the coherent rotation is dominant for the present FePt
layer, large Hc=12.5 kOe should be obtained due to the high
Ku, which is much larger than the experimental Hc. Instead
of coherent rotation, one possible magnetization reversal
process in the present CPP-GMR pillar is that a reversed
domain nucleate and the domain wall subsequently propa-
gate. The nucleation of a reversed domain means that a
multiple-domain state once appears. If the multiple-domain
state is stable and the domain walls are pinned by a pinning
potential, the angular dependence of Hc should show the ten-
dency of 1 /cos � because the pressure on the domain walls
is a function of 1 /cos �. However, the fact that the angular
dependence of Hc does not follow the 1 /cos � law indicates
that the domain wall moves without significant pinning. Con-
sequently, the field-induced magnetization reversal in the
present FePt layer is a nucleation-type. In other words, Hc in
the MR curve is mainly determined by the nucleation field
�Hn�.

Next, the magnetic field dependence of current-induced
magnetization reversal with the tilted magnetic field is dis-
cussed. Figure 7 shows Ic for the AP-P transition as a func-
tion of � at Happl=0.25 kOe �circles�, 0.8 kOe �triangles�,
and 1.3 kOe �squares�. For Happl=0.25 kOe, Ic remains al-
most constant regardless of �. With increasing Happl to 0.8
kOe, the angular dependence of Ic shows a convex down-
ward curve. In the case of Happl=1.3 kOe, the current-
induced magnetization reversal is observed only at small �.

Theoretical and experimental studies27,28 have shown that
a spin-polarized current excites magnetization precession,
and when the magnitude of magnetization precession over-
comes the barrier of the potential energy, magnetization re-
versal occurs. Applying external magnetic field corresponds

to changing the height of the energy barrier ��
� as sche-
matically illustrated in Fig. 8�a�. Therefore, the magnitude of
Ic is considered to be equal to the energy for overcoming �

�Fig. 8�b��, where it is assumed that g�
� does not depend on
the angle of external magnetic field because �R for the
present sample does not show the angular dependence. When
external magnetic field is applied in the direction of �, the
potential energy �
� for the magnetization pointing at 
 is
expressed as


 =
1

2
sin2� 


180
�� − h cos��1 −


 + �

180
��� , �5�

where 
 is the energy normalized by MsHa
eff, 
 is the angle of

the magnetization with respect to the direction normal to the
film plane, and h=Happl /Ha

eff for the magnetization rotation.
Using Eq. �5�, 
 as a function of 
 is obtained for different �,

FIG. 6. �Color online� �a� MR curves at 77 K
for the CPP-GMR pillar with the 4 nm-thick FePt
layer annealed at 450 °C. The MR curves were
measured under the magnetic field tilted with re-
spect to the surface normal. The circles, triangles,
and squares represent MR measured at the tilt
angles ��� of 0°, 11.25°, and 45°, respectively.
�b� Coercivity �Hc� normalized by Hc at �=0 and
�c� resistance change ��R� at 77 K as a function
of �.

FIG. 7. �Color online� Critical current for the magnetization
reversal �Ic� as a function of the tilt angle of external magnetic field
��� for the CPP-GMR pillar with the 4 nm-thick FePt layer an-
nealed at 450 °C. The circles, triangles, and squares represent the
data obtained at the magnetic field of 0.25, 0.8, and 1.3 kOe,
respectively.
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�
 from the local minimum to the top of the potential barrier
is calculated for each �, which corresponds to the energy
barrier height for the magnetization reversal.

Figure 9 compares �
 normalized by �
 at �=0 with
normalized Ic. The open circles, triangles, and squares in Fig.
9�a� are the normalized Ic for Happl=0.25, 0.8, and 1.3 kOe,
respectively. The angular dependence of normalized �
 is
shown in Fig. 9�b� for h=0.02 �circles�, 0.06 �crosses�, 0.10
�inverted triangles�, 0.24 �triangles�, and 0.39 �squares�. Us-
ing Ha

eff=12.5 kOe, the values of h are calculated to be 0.02,
0.06, and 0.10 for Happl=0.25, 0.8, and 1.3 kOe, respectively.
Although the change of �
 for h=0.02 agrees relatively well
with the normalized Ic for Happl=0.25 kOe, �
 for h=0.06 is
not consistent with the results for Happl=0.8 kOe. If �
 for
current-induced magnetization reversal is determined by Hn
as in the case of the field-induced magnetization reversal, h

is described as Happl /Hn, where Hn corresponds to Hc-Hdip.
For Happl=0.8 kOe, h is calculated to be 0.24 using Hn
=3.3 kOe. Consequently, the variation in �
 for h=0.24 is
in agreement with the angular dependence of Ic for Happl
=0.8 kOe. These results show that �
 for the current-
induced magnetization reversal in the present L10-FePt layer
is mainly determined by Hn. This nucleation-type magneti-
zation reversal means that the nucleation of a reversed do-
main by the current is the rate-controlling step. After nucle-
ation, the domain moves smoothly due to the existence of
external magnetic field. A conventional material for a free
layer such as NiFe or CoFe shows coherent or incoherent
rotation due to its thick domain wall, which is comparable to
a submicron size of a pillar. However, the thin domain wall
in L10-FePt, typically 	4 nm, enables the appearance of
reversed domains during magnetization reversal. In addition,
the magnetostatic energy in the perpendicularly magnetized
free layer prefers the formation of multiple-domain states.
CPP-GMR pillars with Co/Ni multilayers have shown
pinning-type current-induced magnetization reversal where
the stable multiple-domain state has been observed.19 Unlike
Co/Ni multilayers, nucleation-type current-induced magneti-
zation reversal in the present L10-FePt layer is the full mag-
netization reversal through a multiple-domain state even
though the multiple-domain is not statically observed in the
AP-P transition.

Figure 10 shows the magnetic field dependence of Jc from
AP to P for 4 nm-thick FePt layers with different Ku. The
free layers in the pillars were annealed at Tann=425 °C
�circles�, 450 °C �squares�, and 500 °C �triangles�. The
solid, broken, and dotted lines represent the calculated re-
sults using Ku=1.5�107, 2.0�107, and 5.0�107 erg /cm3,
respectively. With decreasing Tann, the pillar shows low Jc

FIG. 8. Schematic of the potential energy for magnetization re-
versal under the external magnetic field �a� without and �b� with
applying the current.

FIG. 9. �Color online� �a� Critical current for the magnetization
reversal �Ic� normalized by Ic at the tilt angle of applied magnetic
field ��� of 0 and �b� the height of the energy barrier ��
� normal-
ized by �
 at �=0 as a function of �. The open circles, triangles,
and squares represent the normalized Ic at the applied magnetic
field of 0.25, 0.8, and 1.3 kOe, respectively. The solid marks are the
normalized �
 for h=0.02 �circles�, 0.06 �crosses�, 0.10 �inverted
triangles�, 0.24 �triangles�, and 0.39 �squares�, where h is the ratio
of the magnetic field to the anisotropy field.

FIG. 10. �Color online� Current density for the magnetization
reversal �Jc� from antiparallel to parallel as a function of applied
magnetic field �Happl� at 77 K. The 4 nm-thick FePt layers were
annealed at 425 °C �circles�, 450 °C �squares�, and 500 °C �tri-
angles�. The solid, broken, and dotted lines represent the calculated
results for Ku=1.5�107, 2.0�107, and 2.0�107 erg /cm3,
respectively.
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due to the reduction of Ku. Although Ku for Tann=450 °C is
higher than that for Tann=425 °C, Jc for Tann=450 °C is
close to that for Tann=425 °C when Happl increases to Hc.
This also indicates the nucleation-type current-induced mag-
netization reversal where Jc in a high magnetic field is deter-
mined by Hn regardless of Ku. With reducing Ku, the experi-
mental data become close to the theoretically calculated
magnetic field dependence of Jc, implying that the magneti-
zation reversal mode changes from nucleation to rotation.
Recently, an incoherent rotation mode has attracted much
attention, and the micromagnetic modeling29 and the experi-
mental observation30 have confirmed the existence of inco-
herent rotation mode during current-induced magnetization
reversal even for the in-plane magnetized CPP-GMR pillars.
Furthermore, it has been reported that the nonuniform injec-
tion of spin-polarized current leads to the domain nucleation
during magnetization reversal.31 The present results show
that the nucleation-type magnetization reversal mode is
dominant and important for a perpendicularly magnetized
free layer with high Ku.

VI. CONCLUSION

The present paper showed the current-induced magnetiza-
tion reversal for the CPP-GMR pillars with the perpendicu-
larly magnetized L10-FePt layers. The angular dependence of
field- and current-induced magnetization reversal indicated

the nucleation-type magnetization reversal mode, and the en-
ergy barrier was determined by Hn. A reversed domain was
nucleated by spin-transfer torque and then propagated by the
external magnetic field, which is a characteristic mode of
high magnetic anisotropy materials with small domain wall
pinning potential such as the present L10-FePt layer. The
nucleation-type current-induced magnetization reversal is
one reason for the observed large magnetic field dependence
of Jc. With reducing the magnitude of Ku, Jc decreased and
became close to the theoretical calculation on the basis of the
coherent rotation mode, implying that the mode of current-
induced magnetization reversal changed from nucleation to
rotation.

Note added in proof. Recently, a closely related simula-
tion was published.32
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