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Current fluctuations and magnetization dynamics symmetry
in spin-torque-induced magnetization switching
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We studied spin-torque-induced magnetization switching with current fluctuations using models and experi-
ment measurements. It was found that the efficiency of accelerating magnetization reversal by noisy current
strongly depends on the symmetry of magnetization dynamics. The efficiency of noisy current on accelerating
magnetization switching is quite different for a magnetic thin-film element without rotational symmetry and a
uniaxial anisotropy magnetic element with rotational symmetry. The study reveals that interactions between
magnetization dynamics symmetry and system fluctuations are critical for predicting the switching behavior of

spin-torque excited magnetic system with noise.
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I. INTRODUCTION

Magnetization switching under spin-torque current!? has
received increasing attention as a novel magnetization
switching mechanism.3 Polarized current induced spin-
torque provides a path to switch ferromagnetic order param-
eter without using external magnetic field. One example is a
promising new mechanism for the write operation of nano-
magnetic memory element.* The obstacles that prevent wide
application of spin-torque current induced magnetization
switching are high critical switching current and switching
current variations. For a magnetic thin-film element in nano-
magnet structures, the critical spin-torque switching current
magnitude is dominated by the out-of-plane demagnetization
factor.” This is quite different from the case of magnetic
switching driven by magnetic field (where the critical
switching magnetic-field magnitude is determined by the dif-
ference between lateral demagnetization factors). The funda-
mental physics behind this is the broken rotational symmetry
of the spin-torque excited thin-film magnetization dynamics.
Understanding this is very important for the study and design
of magnetic structures with efficient spin-torque switching.

For magnetic nanostructures, fluctuations are inevitable. It
is well known that random thermal fluctuations at finite tem-
perature lower critical switching current, and the critical
switching current magnitude strongly depends on the tem-
perature and the measurement time scale. Recently, supple-
menting dc with a noisy current component has been pro-
posed to reduce critical switching current.® The idea is that
the current fluctuations were combined to thermal fluctua-
tions to help spin-torque-induced magnetization switching.
Theoretical analysis in Ref. 6 shows that for a magnetic el-
ement with coercivity of 50 mT (500 Oe) and magnetic mo-
ment of 1077 Am? (10™'* emu), the current induced mag-
netization switching time can be reduced drastically (orders
of magnitude) by a modest level of externally generated cur-
rent noise in the order of 1072° C2/s. While the prediction in
Ref. 6 is based on a uniaxial anisotropy magnetic element
with rotational symmetry magnetization dynamics, this rota-
tional symmetry is usually broken for thin-film element in
real spin valve or magnetic tunneling junction (MTJ) device.
As discussed above, magnetization dynamics symmetry
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plays important roles in spin-torque-induced magnetization
switching, even for deterministic magnetic systems without
fluctuations. Thus, it is important to explore magnetization
dynamics symmetry in spin-torque excited magnetic system
with fluctuations. In this paper, we measure and model noisy
current effects on spin-torque magnetization switching for a
MT]J thin film. Our study shows that the efficiency of accel-
erating magnetization reversal by noisy current strongly de-
pends on the symmetry of magnetization dynamics. The ef-
ficiency of noisy current on accelerating magnetization
switching is quite different for a magnetic thin film without
rotational symmetry and a uniaxial anisotropy magnetic ele-
ment with rotational symmetry. Our study reveals that under-
standing the interaction between magnetization dynamics
symmetry and system fluctuations is important for exploring
magnetic structures with efficient spin-torque-induced mag-
netization switching.

II. EXPERIMENT MEASUREMENT

To study MTJ switching under noisy current in a wide
time range, a special probing assembly was used, which cov-
ered from dc up to gigahertz range. It included a Tektronix-
Sony 710 arbitrary waveform generator (AWG710), a pico-
probe microwave probe, a Keithley 2400 source meter, and a
noise generator 7110 (ASIG). The AWG710 allowed pulse
duration to vary from larger than 1 s to as short as 250 ps.
The bandwidth of picoprobe was from dc to 40 GHz. The
bandwidth of noise generator can reach 1.5 GHz. After each
pulse was applied, the device resistance was measured by
using Keithley 2400 source meter. The measurement proce-
dure for determining the critical switching current for a par-
ticular current duration were as follows: (1) a dc was applied
through the device, the current was sufficient to consistently
set the device into the antiparallel (or parallel) state; (2) an
opposite polarity current pulse with both signal and noisy
components at a certain pulse duration was applied through
the device, and the device resistance was measured; and (3)
The applied pulse amplitude was increased until the device
state was changed. This procedure was repeated 100 times to
get switching current statistical ensembles.
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FIG. 1. Measured resistance versus current for magnetic tunnel-
ing junction used in the experiment.

Figure 1 shows the resistance versus current for the MTJ
device in the measurement. Figure 2 shows examples of
measured critical switching current versus dc pulse duration
for a wide range of noisy current magnitude. The measure-
ment shows no obvious effects of noisy current on magneti-
zation switching. The thin film in the experiment has a di-
mension of 160 nm in length, 80 nm in width, and 2 nm in
thickness. The coercivity of the thin film is around 250 Oe
and the magnetic moment is about 2.56 X 10'* emu. The
maximum noisy current spectral in the experiment can reach
1071 C?/s. Although we are using a magnetic tunneling
junction instead of a spin valve, the magnetic parameters and
noisy current magnitudes in the experiment are comparable
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FIG. 2. Measured MT]J critical switching current versus dc pulse
duration for a wide range of noisy current power spectral density.
The multiple curves represent data taken at different noise values,
and there is no need to distinguish among them as they are all
effectively indistinguishable.
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to parameters in Ref. 6. While Ref. 6 predicts a drastic ac-
celeration of magnetization switching by noisy current, our
experiment shows no obvious effect of noisy current on mag-
netization switching for a wide range of noise magnitudes
and measurement time scale. Analysis in Sec. III will show
that noisy current effect on accelerating magnetization
switching is quite different for a magnetic thin-film element
without rotational symmetry and a uniaxial anisotropy mag-
netic element with rotational symmetry.

III. THEORETICAL ANALYSIS

The magnetization dynamics in the free layer of MTJ is
described by the stochastic Landau-Lifshitz-Gilbert equation
with the spin-torque term at finite temperature,

dm
— =~ X [1ii X (heg+ o]
dt
_njlx[(heff"'hﬂuc)"'ﬁnjlxl;]» (1)
where m is the normahzed magnetization and ¢ is the nor-

malized time. heff— eff/ M= (ﬁ is the normalized effective
m

magnetic field corresponding to a normalized energy density

e and hg, is the thermal fluctuation field at finite tempera-
ture. a is the damping parameter, p is a unit vector pointing
to the spin-polarization direction, and B=nhl/ 2erV is the
normalized spin-torque polarization magnitude, where 7 is
the polarization efficiency, V is the element volume, and 7 is
the applied current. The magnitude of thermal fluctuation
term in Eq. (1) is determined by fluctuation-dissipation con-
dition at room temperature as in Ref. 7. For a current with
both dc and noisy components, I=Iy+I' and B=By+pS’,
where the prime represents Gaussian white fluctuations.

Equation (1) can be written in the spherical coordinate as
a set of stochastic differential equations,

1 Jde &8
do=\-—7—-a—+
sin ﬁﬁcp &0 tan 6

+ By sin 6’) dt
+ V"2—5,sin 0&; V’E + VT{)‘T& V’E,

de o
90 sin 0dp

sin Od¢ = ( )dt+ \257§2\dt (2)
where &,,&,,& are Gaussian random variables with zero
mean and variance one or= AZ’;‘:/T
magnitude and &= (eM V)zPSD is the current fluctuation
magnitude with PSD representmg power spectral density of
current fluctuations. Notice here that time is normalized by
product of gyromagnetic ratio and magnetization saturation
yM . For the uniaxial anisotropy case, e= Mjfli‘,:%sin2 6 and
the magnetization dynamics has rotational éy(mmetry due to

g—;=o. Dynamics of the magnetization is essentially one di-
mensional,

is the thermal fluctuation

de o
do= ( a—+——+ B sin 6)(11‘
d@ tan 0

+28;sin 0&;\dt + \26¢,dr. 3)
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FIG. 3. Critical switching current versus dc pulse duration for a
uniaxial magnetic element.

Notice that even in the rotational symmetric case (3),
noisy current effects on magnetization switching could not
be simply treated as the temperature increases because of the
sin @ factor in the term V2 J;sin 0§3\dt Here sin 6 factor ex-
ists in the current fluctuation term because only current mag-
nitude fluctuates (polarization direction is fixed by polariza-
tion layer magnetization) while both magnitude and direction
of thermal magnetic field fluctuate. However, if we neglect
sin 6 factor in the current fluctuation term, the total fluctua-
tions can be written as a summation of the thermal fluctua-
tion and the current fluctuation,

aykpT 1 ( nvh
+
M2V AM\eMV

0=0r+ 6= ) PSD. (4)
Formula (4) is the same as Egs. (8) and (9) in Ref 6 and it
was used to analyze noisy current as an effective temperature
rising in Ref 6.

We consider a uniaxial anisotropy magnetic element
with coercivity H,.=500 Oe and magnetic moment
M,V=2.56X10""* emu at room temperature 7=300 K. For
damping parameter «=0.02 and polarization efficiency
7=0.57, a noisy current spectral density PSD=10"1" C?/s

. 5 . - —
gives = 1. Figure 3 shows critical switching current mag-
nitude versus dc pulse width. The black dot curve is the
solution of Eq. (3) at room temperature without noisy cur-
rent. This solution can be fitted well to the Néel-Arrhenius
formula at long-time scale (dash curve),

Y [md 1
a =\
Y 2 (1 anhl )2(1 anhl )
T "
2eMH.V 2eMH.V

X o1/28(1 = anhl/2eMH.V)* (5)

The square curve is the solution of Eq (3) at room tempera-

ture with a noisy current magmtude =1. The effect of noisy
currents on accelerating magnetlzanon switching is obvious.
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FIG. 4. Critical switching current versus dc pulse duration for a
magnetic thin-film element.

Figure 1 also shows the solution of Eq. (3) at 600 K tem-

.. 8 .
perature with 5’:0. This is the star curve and corresponds to
neglecting sin @ factor in current fluctuation term for a noisy

current magnitude %:1 at room temperature 7=300 K (ef-
fective temperature approach). It is clear that neglecting sin 6
factor or an effective temperature approach significantly
overestimates noisy current effect on accelerating magnetiza-
tion switching.

In the case of a thin-film element in MTJ, spin polariza-
tion points in the direction of the easy axis of the rectangular
element p= E The energy of the magnetic system is &
_M_ZV_EN N2m2+ szz, where N,, N, and N_ are de-
magnetization factors. For a thin-film element, the perpen-
dicular demagnetization factor is much stronger than the sur-
face demagnetization factor (N,>N,,N,), rotational
symmetry is broken and two-dimensional stochastic differen-
tial Eq. (2) with Z—z # 0 needs to be solved for magnetization
dynamics. In order to examine explicitly the interaction be-
tween noisy current and unsymmetric magnetization dynam-
ics, we simplify the above two-dimensional stochastic differ-
ential Eq. (2) to a one-dimensional system based on small
damping approximation. For small damping parameter, a sto-
chastic average technique® allows Eq. (2) to be integrated
around constant energy levels to obtain the following one-
dimensional stochastic differential equation:

=A(e)dt + \B(e)dW(r)., (6)

where A(g) and B(e) are the deterministic and stochastic
terms, respectively. dW(z) is the increment of a standard
Brownian process. A(g) term can be explicitly written as
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where 6 and ¢ are magnetization angles in spherical coordinates. § is the integration of gyromagnetic motion around a
constant energy level £(6, ¢)=€. B(g) term can be explicitly written as

sin 6 de \?
do 28| | — | +
@ 06

a0

1 de \? de 2_ )
—\ ] [+26| | sin" @
sin® 6\ dg a0

B(s) =

éd sin 6
(Pé?s

Notice that the stochastic term (8) has a thermal term

25[(%)2+$9(g—2)2] and a current fluctuation term
25,(&—2)2siné 6. Only for rotational symmetric magnetization

dynamic case, ‘9—; is equal to zero and the current fluctuation
term could be written as an effective temperature rising for-
mat (of course sin € term still needs to be neglected). How-
ever, in the case of a MTJ thin film, due to strong out-of-
plane demagnetization factor, the magnetization dynamics is
quite unsymmetric and the current fluctuation effect is quite
different from a temperature rising effect.

Figure 4 shows the critical switching current vs dc pulse
duration for a magnetic thin-film element. The thin film is
160 nm long, 80 nm wide, and 2 nm thick. Magnetization
saturation is 1000 emu/cc (corresponding to the magnetic
moment of 2.56X 107! emu). The damping parameter is
0.0057 and the polarization efficiency is 0.57. The black dot
curve is switching at room temperature 7=300 K without
noisy current. The star curve is magnetization switching at
increased temperature 7=600 K. The square curve is mag-
netization switching at room temperature with a noisy cur-

rent magnitude %’: 1. It is clear that for a magnetic thin-film,
noisy current effects on magnetization switching are quite
different than that of the temperature rising. Figure 4 shows
no obvious effects of magnetization switching acceleration
due to noisy current for a magnetic thin film, consistent with
experiment measurement.

We have shown that noisy current effect on accelerating
magnetization switching is quite different for a magnetic thin
film without rotational symmetry and a uniaxial magnetic
element with rotational symmetry. This is due to the interac-
tion between magnetization dynamics symmetry and fluctua-

(8)

a0

tions of the system. The model result of a magnetic system
without rotational symmetry is consistent with experimental
measurement on MT]J thin film. However, the prediction of a
magnetic system with rotational symmetry could only be
tested on perpendicular anisotropy MTJ with magnetization
pointing in the perpendicular direction. Currently, MTJ with
high perpendicular anisotropy and perpendicular magnetiza-
tion are in active research for their potential benefits in low-
ering switching current and maintaining thermal stability at
the same time.’

IV. CONCLUSION

Noisy current effects on spin-torque-induced magnetiza-
tion switching are studied using both models and experiment
measurements. Although drastic magnetization switching ac-
celeration due to noisy current has been predicted for a
uniaxial anisotropy element, both experiment measurement
and model show no obvious effect of noisy current on mag-
netization switching speed of a thin-film element. This dif-
ference between a uniaxial anisotropy element and a thin-
film element is due to the fact that the efficiency of
accelerating magnetization reversal by noisy current strongly
depends on the symmetry of magnetization dynamics. Our
study shows that treating noisy current as an effective tem-
perature rising in magnetization reversal in general signifi-
cantly overestimates current fluctuation effects. Understand-
ing the interaction between magnetization dynamics
symmetry and system fluctuations are critical for predicting
switching behavior of spin-torque excited magnetic system
with noise.
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