Downloaded from rsta.royalsocietypublishing.org on February 10, 2012

Phil. Trans. R. Soc. A (2011) 369, 3617–3630
doi:10.1098/rsta.2011.0169

Spin-transfer torque in nanoscale
magnetic devices
BY D. C. RALPH*, Y.-T. CUI, L. Q. LIU, T. MORIYAMA, C. WANG
AND R. A. BUHRMAN
Cornell University, Ithaca, New York, NY 14853, USA
We discuss recent highlights from research at Cornell University, Ithaca, New York,
regarding the use of spin-transfer torques to control magnetic moments in nanoscale
ferromagnetic devices. We highlight progress on reducing the critical currents necessary
to produce spin-torque-driven magnetic switching, quantitative measurements of the
magnitude and direction of the spin torque in magnetic tunnel junctions, and single-shot
measurements of the magnetic dynamics generated during thermally assisted spin-torque
switching.
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1. Introduction
The spin-transfer torque effect is a mechanism that can be used to manipulate the
magnetic-moment orientation of small ferromagnetic devices, as an alternative to
using applied magnetic ﬁelds. The mechanism is perhaps easiest to understand
and investigate in samples consisting of layers of magnetic and non-magnetic
materials with an electrical current passing perpendicularly to the layers; for
example, ‘spin valve’ devices with a ferromagnet–copper–ferromagnet structure
or magnetic tunnel junctions with a ferromagnet–tunnel barrier–ferromagnet
structure. The idea of the spin-transfer torque effect, as ﬁrst predicted by
Slonczewski [1] and Berger [2], relies on the fact that an electrical current passing
through a thin layer of ferromagnetic material becomes partially spin polarized.
Spin-up and spin-down electrons have different scattering probabilities within
a ferromagnet (and also at ferromagnetic interfaces) so that after transmitting
through or reﬂecting from a ferromagnetic layer a current will have more spins of
one type than another. For combinations of materials such as cobalt and copper
or permalloy (Ni81 Fe19 ) and copper, transmitted electrons are partially polarized
in the direction corresponding to majority spins in the ferromagnet, and reﬂected
electrons are partially polarized in the minority direction. When these partially
polarized electron currents emerge from the polarizing magnetic layer and pass
through the sample, they carry angular momentum in the form of spin with
them. When they then interact with another magnetic layer downstream, they
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can transfer a portion of their angular momentum to this second magnetic layer
in the process of scattering, thereby applying a direct spin-transfer torque. For
a sufﬁciently large current, the magnetic layer can respond by reorienting its
magnetic moment.
In optimized devices, the strength of the spin-transfer torque can approach a
value on the scale of h̄/2 angular momentum transferred per electron. For samples
with sub-micrometre dimensions, this corresponds to a torque per unit current
that can be much greater than the torque produced by the more traditional
means of using the current to generate a magnetic ﬁeld, and then having the
magnetic ﬁeld act on the magnet. For example, in the development of magnetic
random access memories, the currents required to produce magnetic ﬁeld-driven
switching are presently on the scale of 10 mA, while spin-torque-driven switching
can be accomplished with currents of just a few tenths of milliamperes or less. Of
added beneﬁt, spin torques act very locally, on essentially atomic length scales,
unlike magnetic ﬁelds that extend over signiﬁcant distances with a slow power-law
decay in their strength versus distance. This makes it easier to use spin torques
than magnetic ﬁelds to manipulate one magnetic element within a dense array,
without disturbing nearby elements. Spin torque is also of interest because it can
be used to generate types of magnetic dynamics that are not easy to produce using
magnetic ﬁelds alone. In addition to producing simple switching between static
magnetic states, of use for example in magnetic memory or logic circuits, samples
can be designed so that spin torque from a direct electrical current generates
large-angle steady-state precession of the magnetic moment in a ferromagnetic
layer, at a frequency that is tunable either by varying the current or by using
an applied magnetic ﬁeld. This type of dynamics is being investigated for use in
making nanoscale microwave sources, detectors, mixers and other applications
for high-frequency communications and computation. More details about the
basic science and initial applications of spin-transfer torques, along with detailed
references, can be found in a recent tutorial article [3]. Spin-transfer torques
are also important in a different type of device geometry—they can be used to
manipulate magnetic domain walls by ﬂowing currents within individual layers of
ferromagnetic material. That aspect of spin-torque research is the subject of other
articles in this Theme Issue, and has also been discussed in an excellent review [4].
Research relating to spin-transfer torques is a very active ﬁeld, with many very
interesting recent developments achieved by a large number of research groups.
Here, we will not attempt to provide a global view, but will focus on three recent
projects from our nanomagnetics group at Cornell University, Ithaca, New York:
(i) progress in reducing the critical current for spin-transfer-driven magnetic
switching [5], (ii) measurements of the bias dependence of the spin torque in
magnetic tunnel junctions using spin-torque-driven ferromagnetic resonance (STFMR) [6], and (iii) single-shot measurements of the magnetic dynamics during
the process of spin-torque switching [7].

2. Reducing the critical current for spin-transfer switching
Progress towards the development of spin-torque-driven magnetic random access
memories has been quite rapid in several industrial laboratories, with steadily
improving device characteristics and multi-megabit circuits already demonstrated
Phil. Trans. R. Soc. A (2011)
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[8–11]. The primary remaining challenges for commercialization of this technology
are to minimize the current required for switching while maintaining sufﬁcient
thermal stability for the memory devices and while maximizing the switching
speed, demonstrating that the magnetic tunnel junctions used as memory
elements can withstand the relatively large current densities needed for spintorque switching without damage during extended use, and demonstrating
sufﬁcient reproducibility in the switching characteristics of the magnetic elements.
Whereas magnetic memory elements switched by using current-generated
magnetic ﬁelds cannot be made to scale to densities less than about 1 mm−2
because the torque per unit current possible via magnetic ﬁelds is too weak, it is
hoped that the stronger torques from spin transfer may enable much denser and
hence less expensive memory elements, having also the virtues of fast nanosecondscale switching and non-volatility. However, in order to scale to the maximum
density allowed by fabrication technologies, it is necessary that spin-torque
switching should be achieved using the output current of minimum area silicon
metal–oxide–semiconductor ﬁeld-effect transistors (MOSFETs), approximately
0.05–0.1 mA. Until recently, this has been a factor of about three to ﬁve beyond
the state of the art.
An estimate for the critical current needed for spin-torque switching can be
derived by calculating the current required to excite spin-torque excitations in
a simple macrospin approximation. For the usual case of a magnetic thin ﬁlm
sample with an equilibrium orientation lying in the sample plane [12],


2e a
Hd
HK +
(MS Vol),
(2.1)
Ic =
2
h̄ h
where a is the Gilbert damping coefﬁcient, h is the efﬁciency of the spin torque,
HK is the within-plane magnetic anisotropy, Hd is the effective perpendicular
demagnetization ﬁeld for tilting the moment out of plane and MS Vol is the
total magnetic moment of the switching layer. One can seek to improve all
of the parameters a, h, HK , Hd and MS Vol in order to minimize Ic , but one
particularly promising strategy is to manipulate Hd . For a typical transitionmetal ferromagnet, Hd is comparable to 1 T, much larger than the within-plane
anisotropy (HK ∼ 0.01 T), but the thermal stability of the magnetic bit is
determined by HK with no help from Hd . Therefore, the critical current
can be reduced without compromising the thermal stability by reducing the
demagnetization ﬁeld. One approach is to choose materials so that the switching
layer has perpendicular magnetic anisotropy, with an equilibrium magnetization
pointing out of plane rather than in plane so that equation (2.1) does not
apply. For this perpendicular case, the critical current and the magnetic stability
are both simply proportional out-of-plane anisotropy ﬁelds and therefore, all
other factors being equal, the critical current should be reduced. Studies of
perpendicularly magnetized samples have in fact shown steady progress [13,14].
However, it appears to be a challenge to maintain a low value for the Gilbert
damping a for switching layers with perpendicular anisotropy, and it is also a
challenge to obtain a high degree of spin polarization (and a large value of the
efﬁciency h) with perpendicularly oriented polarizing layers. Only very recently
have samples with out-of-plane anisotropy obtained critical currents competitive
with in-plane polarized samples [10]. We have therefore explored an alternative
Phil. Trans. R. Soc. A (2011)
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Figure 1. Comparison between the room temperature spin-torque switching characteristics for a
low-demagnetization (LD) Co/Ni/Co/Ni/Co sample (solid line) and a high-demagnetization (HD)
Co/Ni control sample (dashed line). (Online version in colour.)

approach, choosing materials so as to reduce the value Hd for our switching layer
but to not change it so much as to favour a perpendicular orientation. We ﬁnd
that, as predicted by equation (2.1), this reduction in Hd allows a dramatic
decrease in Ic while maintaining the convenience of using switching layers and
polarization layers that are magnetized in the conventional in-plane orientation.
Our method for decreasing the value of Hd is to use the perpendicular
magnetic anisotropy of Co/Ni interfaces, following the work of Mangin
et al. [13,14]. By testing Co/Ni multi-layers with different thicknesses and repeats,
we determined that a switching layer with the composition (thicknesses in
nanometres) Co(0.4)/Ni(1.0)/Co(0.4)/Ni(1.0)/Co(0.4) decreases Hd to a value of
approximately 0.06 T, more than an order of magnitude less than the value 0.7 T
for a simple Ni(2.0)/Co(1.2) bilayer ﬁlm. After adding an 8 nm Cu spacer layer
and a 20 nm permalloy polarizing layer to both the low-demagnetization (LD)
multi-layers and high-demagnetization (HD) Ni(2.0)/Co(1.2) control samples and
then fabricating nanopillar-shaped samples (cross section approx. 90 × 190 nm2 ),
we measured typical room temperature switching characteristics as shown in
ﬁgure 1. The critical currents for the LD samples are 0.14 mA for both directions
of switching, while for comparison the switching currents for the HD control
sample are −0.81 mA and +1.24 mA. We do wish to note that these values
are affected by thermal ﬂuctuations. More fundamental zero-temperature critical
currents (Ic0 ) can be estimated by measuring the switching characteristics as a
function of current sweep rate and then extrapolating to the nanosecond scale.
This analysis yields Ic0 = −0.35 and 0.39 mA for the LD sample, compared with
−1.66 and +2.54 mA for the HD sample, giving an overall reduction of about
a factor of ﬁve on account of the decreased demagnetization ﬁeld. This is in
reasonable quantitative agreement with equation (2.1), taking into account that
the spin polarization in the LD samples appears to be reduced by about 30 per
cent (as reﬂected in the smaller magnetoresistance signal upon switching). At
the same time, the energy barrier for thermal switching is altered very little
by the extra interfaces in the LD sample, decreasing by only 10 per cent. We
therefore conclude that manipulating the perpendicular demagnetization ﬁeld is
an effective strategy for reducing Ic while maintaining thermal stability. The
Phil. Trans. R. Soc. A (2011)
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switching currents we have achieved thus far are still somewhat greater than
the 0.05–0.1 mA values needed to be compatible with scaling to minimum area
MOSFETs, but we are optimistic that this goal can be achieved by incorporating
LD switching layers within MgO-based magnetic tunnel junctions to achieve a
higher current polarization, and by adding a second polarizing magnetic layer
on the other side of the switching layer to increase the strength of the spin
torque [15].

3. Measuring the bias dependence of spin torque in magnetic tunnel junctions
Magnetic tunnel junctions are better suited than all-metal spin valves for
spin-torque applications because they have larger magnetoresistances and they
can be better impedance-matched to silicon-based read-out devices. However,
in order to excite spin-torque-driven magnetic dynamics, in general, large
biases must be applied to tunnel junctions, and as a function of increasing
bias the magnetoresistance decreases signiﬁcantly. Therefore, it is important
to understand how the spin torque depends on bias—whether it decreases
signiﬁcantly at large bias like the magnetoresistance or whether it maintains
its strength.
Quantitative measurements of both the magnitude and direction of the spintorque vector in magnetic tunnel junctions can be achieved using a technique
that we call ST-FMR [6,16–19]. When using this technique, one ﬁrst applies a
static magnetic ﬁeld to initialize the sample in a conﬁguration in which there is a
non-zero offset angle between the magnetizations of the two electrodes (approx.
a 90◦ offset gives the maximum signal). A calibrated microwave frequency
current is then applied (if desired, simultaneously with a direct current (DC)
bias). When the microwave frequency is close to any of the normal modes for
magnetic precession in the device, the oscillating spin torque from the microwave
current can excite this mode, thereby causing the resistance to oscillate at
the same frequency as the drive. The amplitude of the resulting precession
can be detected easily by simply measuring an added DC voltage generated by
the device owing to mixing between the microwave current and the oscillating
resistance. This technique is capable of measuring both vector components of
the spin torque (two components since there is no component of torque parallel
to the magnetization of the precessing layer) from an analysis of the resonance
peak shape and peak height. The analysis of the signal is most straightforward
near zero applied DC bias [16,18]. A component of spin torque in the plane
deﬁned by the magnetizations of the two samples acts in phase with the resistance
oscillations and produces a symmetric Lorentzian lineshape. A component of spin
torque in the perpendicular direction acts 90◦ out of phase from the resistance
oscillations, with the consequence that the resonance is antisymmetric about
the centre frequency of the resonance, with a lineshape corresponding to the
frequency derivative of a Lorentzian. If both vector components are present
simultaneously, the response is simply a sum of these frequency-symmetric
and -antisymmetric lineshapes. Near zero bias the amplitudes of the symmetric
and antisymmetric parts of the resonance are proportional to the in-plane and
perpendicular components of the derivative of the spin torque with respect to
voltage, dt/dV , also known as the ‘torkance’.
Phil. Trans. R. Soc. A (2011)

Downloaded from rsta.royalsocietypublishing.org on February 10, 2012

3622

D. C. Ralph et al.

Figure 2. ST-FMR resonance peak shapes for the lowest frequency mode of a CoFeB/MgO/CoFeB
magnetic tunnel junction at room temperature. The degree of asymmetry in the peak shape depends
on the DC bias V . (Online version in colour.)

Measurements showing typical resonance lineshapes corresponding to the
lowest frequency, spatially quasi-uniform normal mode of a CoFeB layer
are shown in ﬁgure 2. With zero DC bias applied to the tunnel junction,
the ST-FMR resonance is to a good approximation symmetric in frequency
about the centre frequency, indicating that only the in-plane component
of the torkance, dt /dV , is signiﬁcant. However, when a small DC bias
is applied, the peak shape becomes increasingly asymmetric, with opposite
signs of antisymmetry for positive and negative bias. This indicates that
the perpendicular component of the torkance, dt⊥ /dV , grows as a function
of increasing |V |. More detailed analyses [18,19] show that dt⊥ /dV is to
a good approximation simply linearly dependent on V , so that, after one
integration, the perpendicular torque itself is found to have a quadratic
dependence on bias: t⊥ (V ) = A0 + A1 V 2 , with A0 and A1 sample-dependent
constants. On this point, the ﬁrst two measurements of the bias dependence
of ST-FMR in MgO-based magnetic tunnel junctions [18,19] agreed. This
result is also in good accord with ab initio calculations [20] and with
Phil. Trans. R. Soc. A (2011)
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symmetry arguments that for a symmetric tunnel junction with negligible
inelastic spin-ﬂip scattering dt⊥ /dV should be an antisymmetric function
of V [3].
The two initial ST-FMR experiments, however, did not agree about the bias
dependence of the other, in-plane, component of the spin-transfer torkance,
dt /dV . Sankey et al. [18] found that this component was approximately constant
for |V | < 0.3 V (a variation less than 16%), with the dependence at higher bias
uncertain because of possible artefacts owing to heating. Kubota et al. [19]
reported that dt /dV was approximately constant over a smaller bias range
(|V | < 0.1 V) and for larger biases was strongly asymmetric, increasing by a
factor of 3 for one sign of bias and decreasing to change sign for the other.
The reason for the difference in the results was unclear. Two possibilities were
that the tunnel junctions measured had different resistance–area (RA) products
(12 Umm2 for Sankey et al. and 2 Umm2 for Kubota et al.), and the measurements
were conducted using different offset angles between the electrode magnetizations
(50–90◦ for Sankey et al. and 137◦ for Kubota et al.).
To resolve this disagreement, we have conducted more detailed ST-FMR
measurements on samples with different RA products and over a broad range of
offset angles, and we analysed for possible additional sources of ST-FMR signal at
large biases. We found that all of the CoFeB/MgO/CoFeB tunnel junctions that
we measured showed qualitatively similar properties, regardless of their RA value.
The origin of the different experimental results reported previously turned out to
be the different offset angles. When we took data at offset angles ranging from
90◦ towards 180◦ and analysed them by the same procedure used in the initial
experiments of Sankey et al. and Kubota et al. for dt /dV , the results showed a
smooth crossover from the symmetric bias dependence reported by Sankey et al.
to the strongly asymmetric result of Kubota et al. However, we also found that
this analysis procedure for extracting the value of dt /dV from the ST-FMR
data became inaccurate at large bias and for offset angles away from 90◦ . Our
more detailed analysis shows that an applied microwave current can produce a
small change in the average resistance of the magnetic tunnel junction because it
can change the average offset angle between the magnetizations of the electrodes.
When a large DC bias current is applied, this change in average resistance results
in a change in DC voltage that adds to the DC voltage measured in the ST-FMR
experiment, making the original analyses inaccurate. However, this additional
DC voltage artefact can be accounted for within the same theoretical framework
as the rectiﬁcation contribution to the ST-FMR signal discussed above, so that
over a reasonably large range of bias around V = 0 one can correct for it and
still use ST-FMR to extract the true underlying values of the torkances [6]. Our
corrected results for the bias dependence of both dt /dV and dt⊥ /dV are shown
in ﬁgure 3 for an RA = 12 Umm2 tunnel junction. Similar data for a lower RA
device and more detailed analysis can be found in Wang et al. [6]. The torkances
are predicted to be proportional to sin(q), where q is the offset angle, so in
ﬁgure 3 we plot the torkances divided by sin(q). We ﬁnd a good collapse of the
data for both components of the torkance, demonstrating good agreement with
predicted angular dependence. This agreement is not present before correcting for
artefacts at large DC bias. The results for the perpendicular component dt⊥ /dV
are little changed by the correction for the artefacts at large DC bias, but the bias
dependence of the in-plane component dt /dV is very different from the initial
Phil. Trans. R. Soc. A (2011)
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Figure 3. Measured in-plane and perpendicular components of the spin torkance on the free
magnetic layer of a 12 Umm2 CoFeB/MgO/CoFeB tunnel junction, for several values of the
initial offset angle between the magnetizations of the electrodes, from 58◦ to 131◦ . Positive
voltage corresponds to electron ﬂow from the free layer to the polarizing layer. (Online version
in colour.)

result of Kubota et al. [19], and also slightly stronger than the initial report of
Sankey et al. [18]. We ﬁnd that dt /dV decreases by about 30–35% as a function
of increasing bias over the voltage range where the correction can be applied. This
relatively small variation has not yet been examined in detail theoretically, but
a similar change appears to be present in the ab initio calculations of Heiliger &
Stiles [20].
Several experimental groups have reported other techniques for measuring the
bias dependence of the spin torque in magnetic tunnel junctions, ﬁnding different
results from the ST-FMR experiments. Of the various techniques, we believe
that ST-FMR is the most trustworthy because it can be performed near zero
bias where heating effects should be least important, heating effects alter the
ST-FMR signal only at higher order powers of the microwave frequency and DC
currents than the main rectiﬁcation signal so that they should be negligible for
the experimental conditions we employ, and ST-FMR can be performed with
sufﬁciently large applied magnetic ﬁelds and sufﬁciently small-angle magnetic
excitations that the macrospin approximation used for analysing the dynamics of
the precessing layer should be reasonable. However, we will take this opportunity
to cite and discuss the competing experiments. Petit et al. [21] measured the
centre frequency for thermally excited magnetic precession in aluminium oxide
tunnel junctions as a function of applied bias, and by assuming that the frequency
changes resulted in part from the perpendicular component of spin torque they
inferred a linear dependence for t⊥ (V ), in contrast to the quadratic dependence
seen by ST-FMR. Deac et al. [22] used a similar technique with MgO-based tunnel
junctions, determining a quadratic bias dependence for t⊥ (V ) from variations in
the precession frequency, but a much more strongly nonlinear bias dependence
than in the ST-FMR data for t (V ) based on the bias dependence of the
precession linewidth. Our view of these results is shaped by the fact that we
Phil. Trans. R. Soc. A (2011)
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measure the precession frequency as a function of bias during the ST-FMR
experiments as well. We ﬁnd that, in general, the frequency depends on bias
much more strongly than would be expected from the effects of t⊥ (V ) alone
(using the value of t⊥ (V ) determined by the ST-FMR). Our suspicion is that
the applied bias simply affects the overall precession frequency more strongly
by other mechanisms than by the perpendicular spin torque, perhaps because of
heating or because of spin torques from lateral spin diffusion (within the sample
plane) that may alter the effective exchange interaction within the precessing
layer [23,24]. The linewidths at high bias may also be more sensitive than STFMR measurements to heating [25]. In another approach, Li et al. [26] argued that
the perpendicular torque in MgO-based tunnel junctions has the bias dependence
t⊥ (V ) ∝ |V |V at high bias, rather than being ∝ V 2 as seen by ST-FMR, based
on careful measurements of switching currents as a function of magnetic ﬁeld
and current pulse widths. They explained that this bias dependence can result
naturally as a consequence of inelastic spin-ﬂip scattering at large bias. However,
we believe that their data can be explained instead by a reduction in the withinplane anisotropy HK at large bias owing to inelastic effects. Independent evidence
for a surprisingly strong dependence of HK on bias has recently been observed by
Sun et al. [27].

4. Single-shot measurements of the magnetic dynamics during the process
of spin-torque switching
The most direct way to study the process of spin-torque switching would
be to observe the magnetization dynamics directly in real time. In the past,
there have been several approaches to achieving this sort of measurement. In
early experiments on all-metal spin-valve devices, the resistance versus time
during switching was measured by a sampling oscilloscope technique, but this
required averaging over thousands of repetitions of the switching process in
order to build up sufﬁcient signal to noise, so that it was sensitive only to
the averaged signal, not to individual variations [28]. More recent time-resolved
X-ray imaging experiments must likewise average over many repetitions [29].
With the development of MgO-based magnetic tunnel junctions with large
magnetoresistance, the resistance signals associated with magnetic precession
can now be made large enough that they can be measured using single-shot
techniques, without any averaging. Devolder et al. [30] and Tomita et al. [31] have
published initial reports of single-shot measurements in tunnel junctions, in which
they were able to resolve event-to-event variations in the switching times, caused
by thermal ﬂuctuations. However, they did not achieve the sensitivity to resolve
the resistance signals associated with the dynamics leading up to switching.
We have developed an experimental technique that signiﬁcantly improves the
dynamic range of single-shot measurements of spin-torque switching, enough
so that we can now study the pre-switching magnetic precession in detail and
perform comprehensive analyses of how the amplitude of this precession is affected
by both thermal ﬂuctuations and spin-transfer torques [7].
The main difﬁculty we found with the circuits used in previous singleshot measurements of spin-torque switching was their dynamic range. In these
techniques, a current step is applied to initiate switching, and the resistance
Phil. Trans. R. Soc. A (2011)
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changes of the sample are detected in the form of small changes in transmitted or
reﬂected voltage coming from the sample following the current step. The dynamic
range of the measurement is limited because the output voltage from the sample
contains a large initial jump owing to the onset of the current step, so that
this signal cannot be ampliﬁed by a large gain without saturating the ampliﬁers
either immediately before or immediately after the step. To avoid this problem,
we split the initial current step in two before applying it to the sample. One part
we apply to the sample, and we amplify the transmitted voltage that emerges
from the sample initially with a low-gain inverting ampliﬁer. We then take the
second copy of the initial current pulse, suitably attenuated and time-delayed,
and recombine it with the signal transmitted from the sample to largely cancel
the initial large jump in the transmitted signal that previously prevented further
ampliﬁcation. We can then amplify this combined signal with a much larger gain
to provide the dynamic range needed to measure small resistance signals arising
from small-angle magnetic precession.
Several single-shot measurements of thermally assisted spin-torque switching
for a CoFeB/MgO/CoFeB tunnel junction are shown in ﬁgure 4. These data
correspond to switching from the antiparallel to parallel state. To eliminate
background effects, we have subtracted off signals in which the initial state
was the parallel orientation and the samples did not switch. A magnetic ﬁeld
of 100 Oe was applied in the sample plane perpendicular to the easy axis to offset
the magnetization of the switching layer approximately 15◦ from the polarizing
layer. In the left-hand panels in ﬁgure 4, the initial downward-moving steps in
the measured signals at the time labelled 0 correspond to the onset of the current
pulse. At later times, we observe clear oscillations in resistance whose amplitudes
ﬂuctuate, until eventually the ﬂuctuations are large enough that the sample
switches to the parallel state, and the measured voltage signal jumps up. The
time required for switching varies from event to event for a given bias applied to
the sample because these measurements correspond to a bias less than the zerotemperature threshold for switching, so that thermal ﬂuctuations are needed to
assist the switching. The signals for the 2 ns immediately before and after the
switching are shown in the right-hand panels of ﬁgure 4.
These single-shot measurements enable very detailed analyses of the processes
affecting spin-torque switching. We can, for example, observe that the degree of
coherence for the precessional oscillations is very different when the switching
layer is initially collinear with the polarizing layer, rather than offset by a small
angle. We are able to make direct measurements of the correlation times of the
thermally induced ﬂuctuations, and, by Fourier transforming the signals, we can
achieve measurements of the thermally excited FMR signals of the spin-torqueexcited magnetic states that exist within the few tens of nanoseconds prior to
switching. These issues are addressed in detail in Cui et al. [7]. Here, we discuss
a bit of analysis not addressed in that paper—we test predictions [32,33] that
under the inﬂuence of a spin torque the magnetic ﬂuctuations, although they
correspond to a highly non-equilibrium state, are nevertheless described by a
Boltzmann distribution, ∝ exp[−E/kB Teff (V )], where E is the magnetic energy
and Teff (V ) is an effective temperature.
To test this prediction, we ﬁrst relate each local maximum in the oscillations
of the measured voltage to a maximum in-plane deﬂection q by assuming that
the conductance of the magnetic tunnel junction varies as cos(q). For data taken
Phil. Trans. R. Soc. A (2011)
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Figure 4. Single-shot measurements at room temperature of the magnetic dynamics associated with
switching the free layer of a CoFeB/MgO/CoFeB tunnel junction from the antiparallel to parallel
conﬁguration, for a voltage step amplitude V = −750 mV. Left, full traces. Right, magniﬁed views
of the 2 ns immediately prior to switching and the 2 ns immediately after.

with a hard-axis ﬁeld such as that in ﬁgure 4, we can then estimate the magnetic
energy per unit volume at each maximum to be



1
p
1
Hext 2
E(q) = MS HK sin2 q − MS Hext cos q −
,
+ E0 = MS HK sin q −
2
2
2
HK
(4.1)
2
where the arbitrary constant E0 = MS Hext
/(2HK ) is chosen so that the minimum
energy is zero. The energy barrier per unit volume for switching is Eb = MS HK (1 −
Hext /HK )2 /2. In ﬁgure 5a, we plot the resulting experimental histograms for
E(q)/Eb on a semi-log scale for several different values of bias V , using a value
HK = 280 Oe determined from the magnetic ﬁeld switching curve near zero bias.
We include only energies corresponding to values of q well above the background
noise level. We ﬁnd that probability distributions do indeed fall to a good
approximation on straight lines, in agreement with the Boltzmann predictions.
The slopes of the lines give a measure of Eb /kB Teff (V ) (ﬁgure 5b), which we
ﬁnd decreases as a function of increasing |V | in reasonable agreement with the
predicted linear dependence Eb /kb Teff (V ) = (1 − V /Vc0 )Eb /kb T [32,33].
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Figure 5. (a) Histograms of energy probability distributions for the non-equilibrium magnetic
dynamics generated by spin torque and temperature (at room temperature) at several values
of applied bias V . These energy distributions are determined from the maxima in the resistance
oscillations as discussed in the text. Data for the different biases are artiﬁcially offset in the vertical
direction. (b) Bias dependence of the ratio of the effective barrier height to effective temperature,
determined from the slopes of the distributions in (a).
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