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We have observed that the extraordinary Hall resistance of Pt/Co/Pt sandwich with perpendicular
magnetic anisotropy changes from positive to negative drastically as the current density increases in
an applied field, indicating the magnetization switching induced by the current. There exists a
critical current density that changes for the different applied field with the order of current density
of 10* A/cm?, which is much lower than that reported in literatures on the current-induced
magnetization switching. The results of the extraordinary Hall effect of the sample in different
in-plane current density show that the magnetization-switching field decreases with the increment of
current density when the current density is larger than 10* A/cm?. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2175822]

I. INTRODUCTION

Current-induced magnetic response is an interesting
topic in physics, which has attracted much attention for
many years. In 1984, Berger1 proposed that there exists an
interaction between a magnetic domain wall and an electric
current. The ferromagnetic domain wall can be driven to
move when a large pulsed current crosses it.'"™ In 1996,
Slonczewski® predicted another response, which was charac-
terized as spin transfer. For a large electric current density
flowing perpendicular to two magnetic layers spaced by a
nonmagnetic layer, a steady precession could be driven, and
even the magnetization switching could take place.5 Spin
wave emission® and magnetization switching7_10 have been
experimentally observed in magnetic multilaye:rs,6’7 spin
valve,® and magnetic tunneling junction,” using point
contact™'’ or patterned structure.” > All these experiments
were carried out with magnetic field along the sample plane
while the current is perpendicular to the plane with the cur-
rent density above 10° A/cm? generally.8

Usually, the magnetoresistance (MR) effect has been
used to detect current-induced magnetic response.zﬁ*10 In the
sample with perpendicular magnetic anisotropy (PMA),
however, extraordinary Hall effect (EHE) is a good way to
detect current-induced magnetic response due to its sharp
and large changes at switching field. In this paper, we ad-
dress the magnetic response induced by an in-plane dc in
Pt/Co/Pt sandwich with PMA using EHE.

Il. EXPERIMENTS

The Pt/Co/Pt sandwich samples were prepared at room
temperature using a computer controlled dc magnetron sput-
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tering system with high vacuum. The background pressure
was 1.2X 1078 Torr and the operating Ar pressure was about
4 mTorr. A thin amorphous Ta layer with the thickness of
about 20 A was deposited onto the Si(100) substrate first
against the affection of the orientation of Si. Then a 40 A
thick Pt bottom layer was grown in order to obtain (111)
texture. As well known, (111) texture of Co/Pt multilayer
favors PMA. Subsequently, 4.8—5.0 A thick Co was depos-
ited. Finally a 20 A thick Pt layer capped the film. During
deposition, the rates of both Co and Pt were 0.22 and
0.35 A/s, respectively.

The extraordinary Hall effect of the sample was mea-
sured in physical properties measurement system (PPMS,
Quantum Design) at low temperature with a sample size of
5 mm long and 1.5 mm wide. The magnetic field was ap-
plied along the normal of the sample plane with the dc in the
plane.

lll. RESULTS AND DISCUSSION

The extraordinary Hall effect of Pt/Co/Pt sandwich dis-
plays square loops when the applied field is perpendicular to
the sample plane in all measured temperatures. At 5 K, the
hysteresis loop measured using superconducting quantum in-
terference device (SQUID) shows that the magnetization-
switching field Hy, is about +£1735 Oe. When saturating the
sample in the positive field and then demagnetizing it to a
fixed field of —1710 Oe, which was a little bit smaller than
its Hg,, we measured the Hall resistance with the current
from 0.01 mA (current density J=~ 10> A/cm?) to 5 mA (J
=4.83x10* A/cm?). From Fig. 1, one can find that the Hall
resistance decreases slowly from its positive maximum with
increasing the current in the region of 0.01—-1.8 mA and then
drops quickly to zero at about 2.8 mA. With further incre-
ment of the current, the Hall resistance goes down to its
negative maximum. The result shows clearly that the Hall

© 2006 American Institute of Physics
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FIG. 1. The dependence of extraordinary Hall resistance of Pt/Co/Pt sand-
wich on the current in different applied fields at 5 K. Inset shows the critical
current density as a function of the applied field. The solid line guides the
eyes.

resistance varies with the current and changes its sign. The
positive Hall resistance corresponds to a small current and
negative one to a larger current in a fixed field. The sign
change of the Hall resistance shows the reverse of magneti-
zation in the sample because the Hall resistance is propor-
tional to the magnetization, indicating that the dc can induce
magnetization to switch. As shown in Fig. 1, the behavior of
the extraordinary Hall resistance varying with the current in
Pt/Co/Pt sandwich for different fixed fields is similar. One
can see that there exists a critical current density J in which
the Hall resistance begins to go down drastically, and J is
reduced with the increment of a fixed field, as shown in the
inset of Fig. 1.

Figure 2 shows a series of extraordinary Hall resistance
of the Pt/Co/Pt sample measured in a different current at
5 K. When the sample was measured in a small current of
0.1 mA, magnetization switching appears in an applied field
of —1735 Oe, which is consistent with its hysteresis loop
measured at 5 K. However, magnetization switches at Hg,
=-1711 Oe in the case that the current is 2 mA (J=1.93
X 10* A/cm?), which is ahead of that in 0.1 mA. The results
show that the magnetization-switching field is reduced with
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—o—4 mA
——5mA

H (kOe)

FIG. 2. The extraordinary Hall effect (a part of left half loop) of Pt/Co/Pt
sandwich measured in different current at 5 K. The inset shows the whole
loops of Hall effect measured at 0.1 mA.
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FIG. 3. The dependence of the magnetization-switching field on the current
density (a) and temperature (b).

the increment of current density [shown in Fig. 3(a)], when
the current density is larger than 10* A/cm?. The variation in
the magnetization-switching field is at the rate of about
27 Oe/mA. Those results are helpful to understand the be-
haviors shown in Fig. 1. As seen from Fig. 2, for example, in
an applied field of —1700 Oe, the extraordinary Hall resis-
tance has a positive maximum value when the current is
0.1 mA, but it changes its sign to a negative in 5 mA in the
same field. So it shows that the extraordinary Hall resistance
depends on the current for an applied field, indicating that
the magnetizing state in the sample is different for the dif-
ferent current.

It is well known that the magnetization becomes un-
stable due to the thermal effect. When a large current flows
in a very thin film, it is inevitable that a notable temperature
rises due to the current. We have measured the extraordinary
Hall effect in different temperatures. It can be seen from Fig.
3(b) that the value of magnetization-switching field is
1735 Oe in 5 K, but 1586 Oe in 9 K, indicating that the
magnetization-switching field decreases with increasing tem-
perature. It suggests that the behavior of current-induced
magnetization switching in Pt/Co/Pt sample associates with
the temperature rising induced by the current.

The decrement of magnetization-switching field with in-
creasing temperature at a small current density is similar to
its dependence on the current density at a fixed temperature.
By comparing the dependence of magnetization-switching
field on current density to that on temperature, we can esti-
mate that the increment of temperature is about 3.5 K when
the current density reaches 4.8 X 10* A/cm?. The energy that
comes from the current can make the temperature of the
sample goes up, which leads the magnetization of the sample
unstable due to the thermal effect.

It should be noted that the behaviors of current-induced
magnetization switching in our Pt/Co/Pt sample are differ-
ent from those of spin transfer effect. In spin transfer, current
perpendicularly flows to two magnetic layers spaced by a
nonmagnetic one and magnetic response is due to spin
torque. The current density was more than 10° A/cm? (Ref.
8) in current-driven magnetization-switching experiments,
mostly in the order of 10’-10% A/cm?. In our experiments,
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however, the behaviors of current-induced magnetization
switching appear even in a single magnetic layer with the
current density of 10* A/cm?, which is two or three orders
lower than that in current-driven magnetization-switching
experiments.

IV. CONCLUSIONS

In summary, we have observed that the extraordinary
Hall resistance of Pt/Co/Pt sandwich with perpendicular
magnetic anisotropy changes from positive to negative dras-
tically as the increment of current density in a fixed field,
indicating the magnetization switching induced by the cur-
rent. The critical current density varies for different field
with the order of current density of 10* A/cm?. The extraor-
dinary Hall effect of the sample in different current density
shows that the magnetization-switching field decreases as the
increment of current density when the current density is
larger than about 10* A/cm?. In this current density, our re-
sults show that the current can lead a little bit increment of
the sample temperature and affect the magnetization stability
in the sample. Therefore, the change of sample temperature
induced by the current should be taken into account for
current-induced magnetization switching.
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