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Spreading sequences for fast switching process in spin-valve nanopillars
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A detailed study of the effects of binary spreading sequences (BSS) excitation in the magnetization
dynamics of exchange-biased spin-valves driven by spin-transfer-torque has been carried out by full
micromagnetic modeling. We show that the use of BSS allows to trigger the magnetization reversal
by exciting its main precession modes. We compared our numerical results with the experimental
ones reported by [Cui et al., Phys. Rev. B 77, 214440 (2008)], attaining quantitative agreement.
Advantages of BSS as microwave source with respect to a sinusoidal signal are also reported and
discussed. © 2011 American Institute of Physics. [doi:10.1063/1.3569947]

Spin transfer-driven magnetic switching may reduce the
current densities required to induce switching or may in-
crease the switchlng speed in magnetic random access
memory nanopillars. ** The basic phenomena arise when a
current flows through two nanomagnets—one acting as po-
larizer layer (PL), the other as free layer (FL) separated by a
normal metal spacer or a thin insulator, as predicted by Slon-
czewski and Berger.3 For data storage applications, spin-
transfer-torque-devices have to satisfy two main features: (i)
reduce the critical current for compatibility with the comple-
mentary metal-oxide semiconductor technology and (ii) high
thermal stability. Reductions in the critical current have been
obtained by following different strategies.“f6 Among them,
resonant switching-based memory architectures can be a key
solution:’ switching processes assisted by a secondary sinu-
soidal source have been applied to different structures with
several magnetic parameters and geometrles ? To be effec-
tive, the frequency value f of the sinusoidal excitation usu-
ally coincides to the free-precessional frequency fp of the
sample. Since nonlinear phenomena are present, in general
fp can be quite different from the ferromagnetic resonance
(frmr) one, and it depends on both magnetic and geometric
par.’ameters.7 Studies about resonant switching have been also
experimentally carried out by Cui et al.:® they show that if a
small sinusoidal “secondary” current pulse precedes the dc
spin-polarized current, the switching probability, henceforth
denoted as Py |, can be enhanced and the switching time con-
textually decreases by properly choosing the frequency and
the phase of the sinusoidal current. In this letter, we propose
an innovative way to excite the magnetization able to trigger
the reversal mechanism: such method exploits the peculiar
spectral properties of the so-called binary spreading se-
quences (BSS) (Ref. 10) that allow to avoid the fine tuning
of both frequency and phase of the secondary excitation.
BSS are deterministic codes of finite length L, having ran-
domness properties similar to white noise. In the last decades
they have been extensively studied in communication theory
and applied in several fields. " The main statistical properties
of such sequences are summarized by their cyclic autocorre-
lation and cross-correlation functions:'* in particular BSS
combine a quite flat spectrum with a constant delivered
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power. Two main families of BSS can be identified: the
pseudonoise codes generated by a linear feedback shift
register12 and the Chaos-based BSS, that are inherently non-
linear ones.” Linear BSS codes exist only for sequence
length values, L=2"-1, with n integer. On the other hand,
Chaotic-based BSS do not exhibit length constrams but are
suboptimal in the autocorrelation perspectlve 3 The use of
Chaos-based BSS has allowed us to easily study the response
of the nanopillars structures by smoothly varying the band
of the excitation signal. Chaos-based BSS are attained by
quantization of trajectories generated by a chaotic map M (-)
given a starting point xy: {7(k,xy):x;,=Ml(x), for k
> 1}. By definition a map is chaotic when the resulting tra-
jectory exhibits an aperiodic steady-state behavior that is not
an equilibrium point, a periodic motion, or a quasiperiodic
motion. A main trait of chaotic maps is their supersensitivity
even to small changes in the initial condition, i.e., given
two close values xg,x)=xo+dx, the resulting trajectories
T(k,xo), T(k,x,) will be pretty uncorrelated after a few itera-
tions. A comprehensive discussion about chaotic map theory
lies outside the aim of this paper. The reader can find a
detailed explanation in."® For our purposes, it is sufficient to
introduce how we have generated the BSS here adopted. We
have chosen the logistic map {M:xe[0,1]—[0,1],x,
€[0,1], x4 =Ax (1 -x,)} with N € (3.996,4] and we defined
a BSS of length L as {BSS[n]=9Q{x,},n €[0,L—1]}, being
O{-} a simple threshold quantization map

{ 1 if x,>pup
BSS[n]=Qfx,} = .
—1 otherwise
where the threshold parameter w is the mean value of 7(n).
To render such BSS in analog signals we define the function:
Wys(ttg, T, L) =25 oBSS[”](ﬁzOJr nTIL) 9t0+((n+l)T/L)) where
1o is the starting time of the waveform, T is the overall signal
duration, L is the length of the related BSS and 6,=6(1— 7).
The bandwidth BW of Wygs(7,%, T, L) increases linearly with
L and it can be expressed as: BW(T,L)=(L/2T)=(fmu/2)-
Of course different maps can be used, we chose the logistic
map since it represents an archetypal example of how chaotic
behavior arises from simple nonlinear dynamics.14

We want to show that the adoption of a broadband signal
can optimally replace the use of a sinusoidal secondary ex-
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FIG. 1. (a) A trajectory 7(k,0.5) from logistic map with

N=3.998; (b) the resulting BSS[k]; (c) auto-correlation
function of BSS[k] (top) and spectrum amplitude for
the corresponding Wyss(2,70=0,7,L=100); and (d) cur-
rent waveforms for BSS secondary current with BW
=4 GHz and 10 GHz, respectively.
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citation in stimulating the magnetization reversal of spin-
valve nanopillars. We have therefore performed micromag-
netic simulations adopting for the current the expression
z?(t)=i;(t)+i;(t) where ;P(t)=210(0T1—0T1+T2) represents the
standard dc  current pulse and  is(r)=21Wgss(t. 1o
=0 ns,T;,L) is the secondary excitation. Figure 1 shows
two typical current waveforms used in numerical simulations
and summarizes the main properties of the BSS. BSS exci-
tation has been then tested on the experimental structure de-
scribed in Ref. 8: an exchange-biased spin valve nanopillars
composed by IrMn(8 nm), “Permalloy “Py(4 nm) [PL]/Cu(8
nm)/Py(4 nm)[FL] with elliptical cross sectional area (150
X 80 nm?). We performed micromagnetic simulations based
on the numerical solution of the Landau-Lifshitz—Gilbert—
Slonczweski equation,3 where we have taken into account
the standard effective field, the magnetostatic field due to the
PL, and the Oersted field due to the current.'” As a starting
point of our investigations we have reproduced the results
attained by Cui et al® and, once retrieved, we carried out
numerical simulations exploiting BSS as secondary excita-
tion. For the sake of clarity we adopted the same parameter
values used in Ref 8: effective exchange bias on the PL is
100 mT at 20 K and exchange bias field is at 45° from the
elliptical easy axis. Moreover for all the switching simula-
tions, we applied a bias field of 17 mT at 45° in order to
compensate the magnetostatic coupling with the PL. The FL
has been discretized in computational cells of 5X35
X 4 nm?>. The time step used was 32 fs and the current den-
sity is considered positive when the electrons flow from PL
to FL. The thermal fluctuations have been taken into account
as an additive stochastic contribution to the deterministic ef-
fective field for each computational cell.'® We first character-
ized the switching process with no microwave excitation: we
found that at 7=0 K, the critical current density needed to
obtain the parallel to antiparallel transition of the magnetiza-
tion within 10 ns was J,=2.9X 107 A/cm?. This value was
in quantitative agreement with the experimental one extrapo-
lated by Cui et al.} I,=(3.2%0.2) mA, considering the
cross section area A=1.02X 107" m2. Then we verified the
influence of the thermal field on the switching processes by
performing 50 iterations to find the value of Py, at the same
critical current J,: we found that thermal effects do not trig-
ger the process. We also noted that lower switching currents
are obtained at lower temperatures, in agreement with the
experimental work in Ref. 17. To complete this preliminary

analysis, we performed simulations to test rf-assisted switch-
ing at 7=20 and 300 K by setting the dc current at J=2.8
X107 A/ecm><J, and by applying a secondary sinusoidal
field with frequency ranging from O to 15 GHz. At those
values no reversal magnetization without thermal contribu-
tion occurred, whereas at 7=300 K we attained P =2%.
Micromagnetics results of the rf field effect show also that
the optimal frequency in terms of P;; was 4 GHz. Figure
2(a) shows the frequency spectrum with (inset) the main ex-
cited modes computed by means of micromagnetic spectral
mapping technique,18 where it is visible that at 4 GHz in the
left and right part of the structure there are two main preces-
sional regions whereas at 9 GHz there is only one region on
the right side of the structure. On this basis, we studied the
magnetization switching process under the application of
chaos-based BSS secondary current excitation. We first ana-
lyzed the trend of Py by varying the BSS bandwidth BW.
The data achieved for 7=20 and 300 K are depicted in Fig.
2(b) together with the values of P? | attained by only adopt-
ing dc pulse current (i.e., [g&=0 mA).

These results can be compared with the ones reported in
Ref. 8. In that case the enhancement of P due to the use of
a secondary excitation was strongly dependent on both the
frequency and the phase of the ac current: at the optimal
frequency f*=4.9 GHz, P, varies from about 90% to 0%
for a phase variation of 180°. Furthermore the optimal phase,
50°, seems to depend on several parameters, making not
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FIG. 2. (Color online) (a) Computed fast-Fourier-transform of the temporal
evolution of the magnetization during the preswitching time (0-3 ns) by
using micromagnetic spectral mapping technique. Inside panel: main excited
precessional regions of the spatial distribution of the magnetization for

friea=fp=4 GHz and at greater frequency (9 GHz); (b) P;| vs BW for M

=70 iterations at 7=20 K (black circle) and at 7=300 K (open stars) by
adopting the following values of the parameters (see Ref. 8): Ig=1.4 mA,
1,=7.7 mA, T,=1.7 ns, and T,=1 ns. The horizontal lines represent the
values of PY, at =20 and 300 K. Error bar indicates the percentage of error
computed by means of binomial distribution.
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FIG. 3. P,  and P(T)l vs T, for Ig=1.5 mA and [,=8.5 mA together with a

Boltzmann fitting (solid line) at (a) 7=20 K and (b) 7=300 K. Dashed-

dotted and dotted lines represent the distributions of switching pulse dura-

tion, corresponding to dP;/dT, and &P? |/ 9T, respectively.

trivial to find it with accuracy and making not effective the
practical implementation of this method. On the other hand,
in the case of BSS excitation we attained P; l<P? | for BW
<fp, whereas for BW> fp we achieved a quite regular and
constant trend at both temperature 7=20 and 300 K with
Py :45%>P?L' This means that by using a BSS with BW
> fp, Py does not depend from the particular sequences
adopted.

Cui er al.® also experimentally demonstrated that the sec-
ondary current can lead to a relevant speed-up of the switch-
ing time. We compare their results with the outcomes of our
micromagnetic simulation in which sinusoidal secondary
current is replaced by BSS signal. Figure 3 shows Py versus
T, at T=20 and 300 K. As expected P;| increases with 7, in
both cases [see Figs. 3(a) and 3(b)] and the transition from
P =0% to P;;=100% is much more soft at 7=300 K due
to thermal effects. Comparing these data with those shown in
Fig. 4 of Ref. 10, we observe that the use of BSS signal
assures a much more deterministic behavior of the switching
process. In fact, by adopting rf secondary excitation the tran-
sition of P =0—100% at T=300 K is attained for a varia-
tion in 7, equal to AT,=1.2 ns (see Fig. 4 of Ref. 8), and the
use of rf signal before square-pulse does not trigger the pro-
cess. On the other hand, by adopting the BSS this transition
time is reduced to AT,=0.6 ns. Much more evident is the
effect at low temperature. At 7=20 K the transition P =0
—100% 1is achieved for AT,=0.1 ns with BSS and for
AT,=3 ns considering rf source, giving a very deterministic
behavior of the magnetization during the switching process.
Autocorrelation properties of BSS imply that the frequency
bandwidth of the sequences is wide exhibiting a quite flat
spectrum and exciting all the frequencies including the typi-
cal one of the free magnetization precession. Furthermore,
peculiar properties of BSS give a characteristic phase of the
combined signal that the switching probability is more deter-
ministic and it is not strongly dependent as in the case of a
secondary sinusoidal source.

In summary, we propose a way to obtain fast switching
and reduced current density in exchange-biased spin-valve
nanopillars. The validation of the proposed technique was
carried out by means of micromagnetic computations and by
comparing our results with the ones attained by Cui et al®
With respect to traditional rf assisted switching, the use of
chaos-based BSS allows to overpass two critical points
present when a sinusoidal “secondary” excitation is consid-
ered. If the rf frequency was different from the free-
precession frequency of the magnetization, fp, the reversal
process is not triggered by the rf source. Since fp differs
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from fryr, usually it is difficult to find its right value. More-
over the method to trigger switching process found by Cui
et al.® based on the use of a rf pulse combined with a square-
pulse demonstrated that the switching process was strongly
dependent not only of the rf frequency but also of the phase.
From a practical point of view, the determination of the best
phase is not trivial. We found that using BSS signal in com-
bination with a large square-pulse, the switching probability
is not dependent from frequency and phase of the rf signal
and at both low and room temperatures the switching process
is much more deterministic than using rf sinusoidal signal.
We stress that to improve the statistical significance of the
simulations, in all the experiments carried out adopting BSS
we employed a different sequence for each iteration, i.e., a
different x,,. Thus the results come out from an average per-
formed with respect to thermal fluctuations and to spectral
properties of different realizations of BSS. A methodical op-
timization of BSS can further improve P;; this aspect lies
outside the aim of the present work and will be tackle in a
further work.
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