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Abstract—We report the temperature dependences of tunneling magnetoresistance ratio, coercivity, thermal stability, and
switching current distribution of magnetic tunnel junctions (MTJs) in the temperature range 25–80 ◦ C, the most probable
working environment for spin-transfer torque random access memory (STT-RAM). Two distinct temperature dependence
of the switching current density are apparent due to two switching mechanisms: a switching current density decrease with
increasing temperature in the long-pulse (>1 μs) regime, a result of thermally activated switching, but no decrease in the
short-pulse (<10 ns) regime, as a result of precessional switching. In the temperature range studied, the switching current
density variation is less sensitive to environmental temperature than it is to switching time. Thus, switching time is the
more important factor to consider in STT-RAM design.
Index Terms—Spin electronics, magnetic tunnel junction (MTJ), spin-transfer torque switching, spin-transfer torque random access
memory (STT-RAM).

I. INTRODUCTION
A new nonvolatile memory spin-transfer torque random access memory (STT-RAM), based on magnetic tunnel junctions (MTJ), is currently under fast development [Katine 2008,
Chen 2010, Min 2010, Kawahara 2011]. Current-induced spintransfer torque (STT) switching is used for the STT-RAM writing
operation due to its advantages in energy efficiency and circuit
scalability [Slonczewski 1996, Berger 1996]. The MTJ memory
cell and its STT switching properties have been studied intensively for STT-RAM application [Higo 2005, Meng 2006, Wang
2009, Heindl 2011, Seki 2011, Zhao 2011]. Meanwhile, it is crucial to understand the temperature-dependent performance of
MTJ cells and STT switching for real STT-RAM applications,
since the STT-RAM often has to work in a heated environment
above room temperature (RT), especially when it is used as
an embedded memory. Until now, most of the previous reports
were performed at RT or low temperature. Myers et al. [2002]
studied the switching current dependence at low temperature
from 180 K to 220 K in nanomagnets with a pseudospin-valve
stack structure. Krivorotov et al. [2004] reported the temperature dependence of the dwell time for the resistance fluctuation
with spin-polarized current injection from 4.2 to 295 K in a similar structure. To the best our knowledge, no experimental work
on MTJ-based STT switching performance has been reported
at the potential working temperature for STT-RAM above RT.
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In this letter, we investigate the STT switching performance
of MTJs above the RT (25 ◦ C–80 ◦ C). The particular temperature range is chosen to imitate the real working environment of
STT-RAM application. The tunneling magnetoresistance (TMR)
ratio, coercivity, thermal stability, and switching current density
are studied. In particular, we report the mean and distribution
values of STT switching current density for pulse widths ranging
from 1 ns to 0.1 s at various temperatures. The effects of the
environmental temperature on the distribution of the switching
current density will be experimentally analyzed and correlated
with different switching mechanisms.

II. EXPERIMENT
The samples studied here have a standard in-plane stack
structure, MgO MTJ structure of (bottom electrode)/PtMn
(15 nm)/Co70 Fe30 (2.5 nm)/Ru (0.85 nm)/Co40 Fe40 B20 (2.4 nm)/
MgO (0.83 nm)/Co20 Fe60 B20 (2.0 nm)/(top electrode). They were
deposited using a Singulus TIMARIS sputtering system followed
by a post annealing process at 300 ◦ C under 1 T magnetic field
for 2 h. The thin-film stack was patterned into elliptical nanopillars with various sizes and aspect ratios. The results shown in
this letter were measured in MTJs with two lateral dimensions,
50 nm × 110 nm and 50 nm × 170 nm.
The whole sample chip was heated by a film resistance heater
(maximum power density 10 W/in2 ) attached on the back side of
the chip. Meanwhile, we also attached a reference chip on the
same film resistance heater and monitored its temperature by a
thermal couple during the heating process. Since the reference
chip was chosen to have the same size and material as the
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Fig. 2. (a) and (b) Switching current density at 50% switching probability versus pulse widths at short time scale (1–8 ns) and long time
scale (1 μs–0.1 s).

Fig. 1. (a) Schematic of an MTJ device stack structure. (b) Resistance
versus magnetic field loop of Sample A (50 nm × 170 nm) and Sample
B (50 nm × 110 nm). (c) and (d) TMR ratio and coercivity dependence
on temperature of the two samples.

sample chip, the temperature of the two chips should be identical. The heating process was controlled by the proportionalintegral-derivative feedback mechanism with less than 1 ◦ C temperature fluctuation.
The temperature dependence of TMR ratio and coercivity was
tested from 25 ◦ C to 80 ◦ C. The STT switching cumulative distribution function (CDF) from antiparallel state to parallel state
was characterized in a broad time range from 1 ns to 0.1 s and
at three environmental temperatures: 25 ◦ C, 50 ◦ C, and 75 ◦ C.
The switching CDF was collected by the switching probability
measurement in a manner similar to previous work [Zhao 2011]
under zero effective bias field. Hundred trials were used in the
measurement for each probability point. Switching pulses from
10 ns to 0.1 s were generated by a H-P 8110 A pulse generator
with 2 ns rise and fall time. Shorter than 10 ns switching pulses
were generated by a Picosecond 10070 A pulse generator with
a rise and fall time of 65 and 85 ps, respectively.

III. RESULTS AND DISCUSSION
The resistance versus magnetic field loops of MTJ samples
(Sample A: 50 nm × 170 nm and Sample B: 50 nm × 110 nm)
at RT are given in Fig. 1(b). With the increase in aspect ratio
from 2.2 to 3.4, the free layer coercivity doubles from 53 Oe
to 123 Oe. Due to the coupling with the pinned layer, a shift in
the free layer R-H loop was found. Since the two samples were
patterned from the same wafer, the shift (offset field) values are
similar (∼57 Oe for Sample A, and ∼60 Oe for Sample B). An
external field was applied during the STT switching probability measurement in order to cancel the offset field. The TMR
ratio and coercivity dependence on temperature are shown in
Fig. 1(c) and (d), respectively. The mean and standard deviation
are calculated from ten measured R-H loops at each temperature point. The TMR ratio decreases by 10% (Sample A) and
14% (Sample B) from RT to 80 ◦ C. The main reduction is in

the antiparallel state resistance, while the resistance of parallel
state remains almost constant. In Fig. 1(d), we can see that for
Sample A, coercivity decreases from 123 Oe to 93 Oe (24.3%);
and for Sample B, it decreases from 53 Oe to 31 Oe (41.5%).
The smaller thermal stability of Sample B results in higher relative coercivity reduction. Thermal stability factors are estimated
to be 72 for Sample A and 29 for Sample B at RT according to
the fitting in Fig. 1(d) by [Victora 1989]


 2/3 
kB T
τ
.
(1)
ln
HC = HK 1 −
KU V
τ0
We further examine the temperature dependence of STT
switching for those MTJ samples. Fig. 2(a) and (b) shows the
switching current density value at 50% switching probability in
the short-time regime and long-time regime, respectively. It is
clear that in the nanosecond time scale, the switching current
densities at three temperatures overlap with each other, while
in the long-time regime (>1 μs), there is an obvious switching current density reduction with the increase of the environmental temperature. The longer the switching time, the more
the switching current decreases. Before further analysis, the
Ohmic heating effect should be estimated. Since the antiparallel state resistance has a strong dependence on temperature
as discussed in Fig. 1(c), it is used as a reference to determine the sample temperature during pulse onset period. We
measured the antiparallel resistance under 0.8 V continuously
(corresponding to J = 8 and 10 MA/cm2 for Samples B and
A) and found no detectable resistance reduction with the time
for 1 s (measurement error ±0.65 ). It means the temperature rising during this 1 s period is negligible. In the switching
probability measurement as shown in Fig. 2, the pulse widths
are below 0.1 s and there is enough idle time (>0.5 s) between
each pulse for heat dissipation. Therefore, the Ohmic heating is
not the main reason for the strong dependence of STT switching current on the environmental temperature in the long-pulse
regime. These results could be explained by the two classic
STT switching mechanisms. In the long-time regime, the free
layer reversal happens by a thermally activated STT switching,
so the environmental temperature has more contribution during the switching process. On the other hand, in the short-time
regime, it is mainly a dynamic precessional switching process
that is determined by the spin momentum transfer, relatively
independent from the environmental temperature. We also
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Comparison of thermal stability factors.

estimate the thermal stability factor at three temperatures by
the data presented in Fig. 2(b) according to [Sun 2000]
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The fitted thermal stability factors are 47 (at 25 ◦ C), 46 (at
50 ◦ C), and 41 (at 70 ◦ C) for Sample A and 32 (at 25 ◦ C),
30 (at 50 ◦ C), and 28 (at 70 ◦ C) for Sample B. We notice that the
fitted thermal stability factor for Sample A here is much smaller
compared to the previous value (72). A similar discrepancy has
been reported in several other works as summarized in Table 1.
It seems that the current ramping method usually gives an underestimated thermal stability factor compared to other methods
which measure the thermal stability factor from magnetic characterization. The most possible reason for this discrepancy is
that STT may induce nonuniform switching. Therefore, (2) derived from the macrospin model may not be valid. This can also
explain the observation that a larger discrepancy was found
in more thermally stable samples according to Table 1, since
higher thermal stability may come from larger sample sizes or
aspect ratios (as in our study here) and, thus, lead to a more
serious nonuniform magnetization distribution.
We show the measured STT switching probability cdf curves
of Sample A at 100 ms, 10 μs, and 10 ns under three temperatures in Fig. 3(a).The derivative of CDF curve is called probability density function (pdf) as plotted in Fig. 3(b). It is notable
that not only the median point of the switching current density
reduces with the increase of temperature as mentioned previously, but also the whole switching pdf shifts together to the left
when the sample is heated. This shift is more obvious for long
pulses. The width of the switching pdf remains almost constant
at all temperatures. The switching pdfs are fitted by (3) [Li 2004,
Koch 2004]. These fitted results are indicated by the solid curve
in Fig. 3(b). Although (3) was deduced from the thermal activation model, the shape of the switching pdf still agrees very
well with it in all time scales. However, in order to describe the
increase of the distribution width with the decrease of the pulse
width, the fitted thermal stability values have to be 46, 31, and
14 for 100 ms, 10 μs, and 10 ns respectively. This may imply
that modifications are possibly required for (3) when using it to
carry out the design margin estimation for STT-RAM application
[Chen 2010, Takemura 2008]
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Fig. 3. (a) Switching probability as a function of current density measured in Sample A at 100 ms, 10 μs, and 10 ns. (b) Switching probability
density of sample A. The bars are experimental data and solid curves
are fitted data.

Fig. 4. (a) Current density from 10 ns to 0.1 s measured in Sample
A. Each symbol represents the mean value and error bars indicate the
standard deviation. (b) and (c) Mean and standard deviation of switching
current density as a function of temperature measured in Sample A.

The mean and standard deviation (1σ ) of Sample A from
10 ns to 0.1 s are summarized in Fig. 4(a). Similar to the result by Wang et al. [2009] and Driskill-Smith et al. [2010], the
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standard deviation increases dramatically with the decrease of
pulse width especially below 1 μs. A simple explanation is that
the variation from thermal fluctuation gets more chance to be
averaged out in a longer time. A complete picture of switching
current variation versus time was given by solving the stochastic Landau–Lifshitz–Gilbert equation numerically [Wang 2009].
In Fig. 4(b) and (c), we also notice that the decreased energy
barrier by the environmental temperature has more impact on
the median point rather than the variation of switching current.
This may be because in the particular temperature range (25–
70 ◦ C) that we are interested, the decrease in the thermal stability is too small (from 47 to 41) to have a large influence on
the switching current variation. As a result, the pulse width is
the more important factor to be concerned with compared to the
working temperature regarding the switching current variation
in STT-RAM design.

IV. CONCLUSION
We have investigated the MTJ memory cell performance in
a temperature range close to the possible working environment
for the STT-RAM application (25 ◦ C–80 ◦ C). The temperature
dependences of TMR ratio, coercivity, thermal stability factor, and STT switching current density distribution were studied. One important observation was that, due to two distinct
STT switching mechanisms, the influence of the environmental
temperature on the switching current greatly depended on the
switching time. As the temperature increases, the switching current density reduction with temperature was only found in the
long pulse range (>1 μs), not in the short pulse range (<10 ns).
Furthermore, in the particular temperature range that we are
interested, the switching current density variation was found to
be less sensitive to the environmental temperature compared to
the switching time, which means the latter is the more important
factor to be considered in STT-RAM design.
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