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We studied the spin transfer torque (STT) driven switching voltage distribution systematically by characterizing the switching probtrials) across a wide time scale from 5 ns to 1 s. The skew normal distribution
ability density function (PDF) with large statistics (
function is found to be a good one to fit the measured switching PDF down to low values, which would be used as a guideline to extrapolate read disturb rate (RDR) and write error rate (WER) in STT-RAM design. Moreover, the asymmetry of switching probability
density function is observed to flip when the pulse width decreases. It is related to the fluctuation mechanism transition from the thermal
agitation to the initial magnetization trajectory dispersion.
Index Terms—Magnetic tunnel junction, spin transfer torque switching, STT-RAM.

I. INTRODUCTION

T

HE spin transfer torque (STT) driven magnetization
switching is the key working principle of spin transfer
torque random access memory (STT-RAM) technology [1]–[5].
Early studies show that STT switching is probabilistic [6]–[8].
For functional operation, the probability that magnetization
switches during the low voltage read process is referred as
the read disturb rate (RDR), and the probability that the magnetization does not switch under large voltage during write
process is defined as write error rate (WER) [9], [10]. Both
of the two parameters are directly related to the distribution
of switching voltage. Several studies have been done recently
to understand the switching voltage distribution by analyzing
the RDR, WER or the mean and variation of the switching
voltage for STT-RAM application [11]–[18]. In this paper, we
studied the switching voltage distribution more systematically
by characterizing the switching probability density function
trials) across a wide time scale
(PDF) with large statistics (
from 5 ns to 1 s. The asymmetry of PDF was discussed.
II. EXPERIMENT
The presented measurement results are chosen from the
same in-plane MgO MTJ sample with the structure of
(bottom electrode)/PtMn (15 nm)/Co Fe (2.5 nm)/Ru (0.85
nm)/Co Fe B (2.4 nm)/MgO (0.83 nm)/Co Fe B (1.8
nm)/(top electrode). The thin film stack was deposited by a Singulus TIMARIS sputtering system with 2 hours post annealing
at 300 C under 1 T magnetic field. The planar shape of this
particular sample is a 50 nm 150 nm ellipse. The tunneling
magnetoresistance (TMR) ratio, resistance area product (RA)
m , and
and room temperature coercivity are 101%, 5.2
105 Oe respectively. The free layer shift field was canceled by
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Fig. 1. Switching probability cumulative distribution function (CDF) from 5 ns
trials per point.
to 1 s with

an external field during the switching probability measurement
in order to center the hysteresis loop.
The switching probability measurement setup consists of two
pulse generators (Picosecond 10070A, 0.1 ns–10 ns; HP 8110A,
10 ns–10 s) and a DAQ card (NI PCI-6221) synchronized to
create a sequence of reset pulses, switch pulses and read pulses.
The resistance was tested by the same DAQ card during the
read pulse onset period through an input channel. This setup
run at high testing speed up to 100 switching trials per second
with relative low cost by avoiding the arbitrary wave generator
(AWG) and storage oscilloscope.
III. RESULTS AND DISCUSSION
Fig. 1 shows the measured STT switching probability
cumulative distribution function (CDF) from 5 ns to 1 s
trials per point. Both AP to P switching and P
with
to AP switching are characterized. The switching voltage
is normalized by
in the figure, where
is the
intrinsic critical voltage fitted from the thermal activation
in the long pulse regime
model
–
. In this sample,
V and
V.
The switching PDF, defined as the derivative of the CDF,
is plotted in Fig. 2(a). As the pulse width decreases, in both
increases gradually from below
AP-P and P-AP side,
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Fig. 2. (a) The switching probability density function (PDF) as the derivative
of the CDF in Fig. 1; (b) Skewness value as a function of pulse width. The
symbols are the experiment data fitted from the P-AP switching PDF curves and
the solid curve is the guideline; (c), (d) The PDF of P-AP switching at 1 s and
5 ns respectively. The solid lines are the fitting of normal distribution (red), skew
normal distribution (pink) and thermal activation model distribution (blue). For
the thermal activation model, we used the delata value from the RDR fitting in
Fig. 3(c).

1 to above 1. Meanwhile, the width of the switching PDF curve
is also broadened rapidly.
The enlarged PDF curves of P-AP switching at 1 s and 5 ns
are plotted in Fig. 2(b) and (c) respectively. Three distribution
types are used to fit the experimental data. First, as expected,
the classic STT switching distribution function (blue curves in
Fig. 2(b) and (c)) from thermal activation model ((1) [6]–[8])
can only fit the data up to

(1)
Second, by comparing to the Gaussian function (red curves in
Fig. 2(b) and (c)), we can see that the measured PDF curves are
not symmetric. Instead, the skew normal distribution ((2)) fits
in both tails (pink
the experimental data quite well down to
curves in Fig. 2(b) and (c)), and the fitted value represents the
skewness of PDF asymmetry
(2)
where

One interesting point is that the asymmetry of PDF curves
switches from left skew to right skew for 1 s and 5 ns pulses.
The same trend was observed both in AP-P and P-AP sides.
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We’ve excluded the Ohmic heating effect in our result since no
obvious temperature rising (
C) was found in the pulsed
switching probability measurement. The perpendicular spin
torque term may have some effect on the switching probability
distribution, but it cannot explain the asymmetric flip unless
its magnitude oscillates with the bias voltage in both the two
voltage directions. No such experimental result has been reported yet.
Therefore, the asymmetry flip is understood as a sign of the
fluctuation mechanism transition from the thermal agitation to
the initial magnetization trajectory dispersion. In the thermal activation mode, the switching distribution is mainly determined
by the thermal agitation during the switching process. The
switching CDF follows the modified Néel-Brown relaxation
, where
.
theory
Mathematically, the modified Néel-Brown relaxation formula
has a shape that the cumulative probability P converges to
1 much faster in the high voltage end than it converges to
0 in the low voltage end. Therefore, the PDF is always left
skewed (the blue curve in Fig. 2(c)) as determined by (1).
In the precessional switching mode, the switching voltage
variation is mainly dependent on the magnetization dispersion
at the initial state. The smaller the switching voltage, the more
precessional circles the switching trajectory will go through,
and the more initial trajectory dispersion will be averaged out.
As a result, there is less uncertainties in the low voltage end,
leading to a steeper left tail in the plotted PDF figure. In other
words, the PDF is right skewed. Therefore, we conclude that
the switching voltage distribution comes from two fluctuation
mechanisms: the thermal agitation during the switching process
and the initial magnetization trajectory dispersion. Since the
two fluctuation mechanisms have the opposite asymmetry in
the switching PDF figure, we propose to use the fitted skewness
value to estimate the contribution from the two fluctuation
mechanisms at certain pulse width. It is particularly useful for
the dynamic reversal regime, where the STT switching depends
both on the thermal agitation and the initial magnetization
dispersion. According to Diao et al., the boundary between the
dynamic reversal regime and the thermal activation regime is
around 30 ns [10]. We can see that in Fig. 2(b), as the pulse
width increases, the skewness has a sharp drop at first, and then
ns. This transition
reaches a relative flat stage from
point is very close to the proposed boundary. Furthermore, the
around 10 ns, corresponding to the
PDF is symmetric
equal contribution from the two fluctuation mechanisms.
The left tail and right tail of PDF also correspond to two crucial parameters of STT-RAM product: the RDR and the WER
respectively. Fig. 3(a) and (c) show the measured RDR and
WER, based on Fig. 1. In both the two figures, the RDR and
increases to be
WER tails become much shallower as
larger than 1. It’s against the fast read and write operation in ns
regime for STT-RAM device as pointed out by R. Heindl et al.
[12]. Meanwhile, we noticed a weak “low probability bifurcated
branch” in the WER curve of AP-P 5 ns in Fig. 3(b) (red curve
on right), similar to the case reported by Min et al. [13]. The bifurcated branch was found in 3 of 5 measured identical samples
.
when
, we can also fit the thermal
With the RDR tail down to
stability factor
from the RDR slope as proposed by Heindl
et al. [11]. The fitting of 10 ns, 100 ns and 1000 ns curves are
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We propose that this phenomenon is due to the fluctuation
mechanism transition from the thermal agitation to the initial
magnetization trajectory dispersion. The fitted skewness value
from the switching PDF is related with the contribution from
the two fluctuation mechanisms. In the end, the RDR and
WER tails under various pulse widths were also plotted and
discussed.
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