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We report single-shot measurements of resistance versus time for thermally assisted spin-torque

switching in magnetic tunnel junctions. We achieve the sensitivity to resolve the magnetic dynamics

prior to as well as during switching, yielding detailed views of switching modes and variations between

events. Analyses of individual traces allow measurements of coherence times, nonequilibrium excitation

spectra, and variations in magnetization precession amplitude. We find that with a small in-plane hard-axis

magnetic field the switching dynamics are more spatially coherent than for a zero field.
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Magnetization switching induced by spin-transfer
torque [1,2] is of interest both for probing the fundamental
physics of magnetic dynamics and for applications in
storage technologies [3]. Measurements in the time domain
[4–10] can provide the most direct information about the
dynamics. However, the majority of previous time-
resolved studies of spin-torque switching [4–8] required
averaging over many events, thereby hiding individual
variations. Magnetic tunnel junctions (MTJs) can now
provide resistance signals large enough for single-shot
measurements, and initial experiments have measured re-
sistance jumps associated with the completion of spin-
torque switching in MTJs using single-shot techniques
[9,10] but they could not resolve the smaller signals asso-
ciated with the precessional dynamics that produce the
switching. Here we demonstrate a technique for substan-
tially improving the sensitivity of single-shot resistance
measurements so that for the first time we observe directly
the magnetic dynamics both prior to and during spin-
torque switching. We obtain a view of the magnetic dy-
namics that is sufficiently detailed not only to assist in
optimizing the switching process, but also to make MTJs
promising model systems for probing the general proper-
ties of nonlinear systems subject to thermal fluctuations.

The MTJ samples that we study have the layer structure
(in nm): bottom contact, synthetic antiferromagnet (SAF)
pinned layer [IrMnð6:1Þ=CoFeð1:8Þ=Ru=CoFeBð2:0Þ], tun-
nel barrier [MgO], magnetic free layer [CoFeð0:5Þ=
CoFeBð3:4Þ], top contact. Both the pinned and free layers
are patterned into an elliptical 65� 130 nm2 cross section
parallel to the SAF pinning. All measurements are per-
formed at room temperature, and positive current corre-
sponds to electron flow from the free to the pinned layer.
An easy axis hysteresis loop is shown in Fig. 1(a). Our
discussion of current-driven reversal will focus on switch-
ing from the higher-resistance antiparallel (AP) state to the
parallel (P) state but measurements of P-to-AP dynamics

are qualitatively similar. We will examine switching both
in the case of zero total magnetic field on the free layer and
in the case that a small (100 Oe) field is applied along the
in-plane hard axis, to rotate the free layer approximately
15� from the AP configuration [see inset, Fig. 1(a)]. We
will present data from one sample, but have studied two
other devices in zero field and one other in the hard-axis
field, with all showing the same differences depending on
field geometry.

FIG. 1 (color online). (a) Resistance vs magnetic field applied
along the easy axis. Inset: initial magnetization configurations
for zero total field and for an 100 Oe in-plane hard-axis field for
which the free layer rotates by �15� relative to the stationary
fixed layer. (b) Schematic of the measurement circuit. (c) An
example of an AP-to-P switching trace for V ¼ �750 mV and
the 100 Oe hard-axis field. (d) Histograms of switching times for
V ¼ �750 mV (narrowest distribution), �670 mV, and
�600 mV (broadest distribution). (inset) Pulse amplitude vs
average switching time.
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We perform single-shot measurements using the circuit
shown in Fig. 1(b). After initializing the sample in the AP
state we use a pulse generator to produce an 100 ns long,
300 ps rise-time negative pulse, split this signal with a
power divider, and apply one part with amplitude Vinc to
the sample through one rf probe. Using a second probe, we
detect the transmitted pulse, VðtÞ ¼ Vinc=½1þGSðtÞZ0=2�,
where GSðtÞ is the sample conductance and Z0 ¼ 50 � is
the probe impedance, and we amplify initially with one
inverting amplifier with effective gain of 5 dB. A key step
that substantially improves the dynamic range of the mea-
surement is that we then combine the transmitted signal
with the split-off copy of the original pulse using a time
delay and attenuation tuned to cancel the part of the trans-
mitted pulse that does not depend on the magnetic dynam-
ics. This enables us to detect much smaller conductance
changes than in previous single-shot measurements [9,10],
because we can apply additional amplification without
saturating the amplifiers before or during the pulse. We
record the signal with an 11 GHz, 40 GSamples=s storage
oscilloscope following a total net gain of 14 dB. When
plotting AP-to-P switching events, we subtract an average
baseline curve taken with the sample initialized to the P
state, for which the negative pulse does not produce
switching. Figure 1(c) shows a representative measurement
�VmeasðtÞ for the 100 Oe hard-axis field and a transmitted
pulse amplitude V ¼ �750 mV. We achieve the sensitiv-
ity to observe conductance variations above the noise
background throughout the period between the pulse onset
and the switching event. The rms noise level corresponds to
�2% of the difference between AP and P conductances.

Before analyzing the time traces, we will first demon-
strate that our data correspond to thermally-assisted spin-
torque switching [11,12]. Figure 1(d) shows the switching-
time distributions for three values of V, for the case of the
100 Oe hard-axis field. The broad widths of the distri-
butions indicate that our pulse amplitudes jVj are below
the zero-temperature switching threshold so that switch-
ing is assisted by thermal fluctuations. The long-time tails
of the distributions fit well to a simple exponential
exp½�t=�0ðVÞ�. Extrapolating the measured values of
�0ðVÞ [Fig. 1(d), inset] to 1 ns gives an estimate for the
zero-temperature switching threshold of �870 mV. We
have not attempted to investigate higher values of jVj
because the MTJs are not sufficiently stable.

Now we turn to the detailed dynamics revealed by the
time traces. In Fig. 2(a) and 2(b), we show selected traces
with different switching times for V ¼ �750 mV, for both
the 100 Oe hard-axis field and zero total field. We resolve
the conductance oscillations prior to switching in both
configurations, with oscillation amplitudes that fluctuate
with time. In the right columns of Fig. 2(a) and 2(b) we
zoom in to each trace 2 ns before and after switching.
For the 100 Oe hard-axis field [Fig. 2(a)], most traces
show at least a few cycles of large oscillations in the 2 ns

prior to switching, corresponding to magnetic precession
with large amplitude leading to reversal [1,3,5]. However,
these oscillations show large variations from trace to trace,
ranging from almost-vanishing amplitude (2nd curve in
Fig. 2(a)] to oscillations close to half the difference be-
tween the initial (�AP) and final (�P) values. For the zero
total field case, the conductance oscillations immediately
prior to switching are much weaker [Fig. 2(b)]. Many
traces for this case merely show a gradual increase in
�Vmeas without any significant oscillations immediately
prior to switching.
Figures 2(c) and 2(d) show averages of 2000 traces with

switching edges aligned, for the two field geometries.
These averaged curves are very different from typical
individual traces. Nevertheless, for the 100 Oe hard-axis
field the averaged trace shows oscillations with increasing
amplitude before switching [Fig. 2(c)], indicating that
switching occurs preferentially at a particular phase of
the conductance oscillations. The (1=e) time scale for the
averaged precession amplitude to build prior to reversal is
0:25� 0:02 ns for all V from �540 to �750 mV. This is
likely a measure of the coherence time for dephasing
between traces with differing precession angles, rather
than a true measure of precession amplitude growth, be-
cause this scale is shorter than the correlation time for
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FIG. 2 (color online). Measured oscillatory signals leading up
switching for V ¼ �750 mV. (a),(b) Representative switching
traces for (a) an in-plane hard-axis field of 100 Oe and (b) zero
total field, together with magnified views 2 ns before and 2 ns
after the switching events. (c),(d) Average of 2000 measured
traces with the switching edge aligned for (c) the in-plane hard-
axis field and (d) zero total field.
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amplitude changes (determined below). For the averaged
trace in the case of zero total field [Fig. 2(d)], the oscil-
latory features are almost entirely washed out, suggesting
much weaker correlations between the oscillation phase
and the switching time.

We have performed micromagnetic simulations to
understand these results, using the code described in
[13,14]. The simulation parameters are: free-layer
saturation magnetization MS ¼ 1050 emu=cm3,
damping ¼ 0:025, exchange ¼ 1:3� 10�11 J=m,
uniaxial anisotropy ¼ 4� 103 J=m3, spin polarization ¼
0:6, and sample temperature ¼ 400 K. The sample size
is the same as in the experiment, the current density during
the pulse is �2� 107 A=cm2, and the pinned layer is
assumed to be immobile. We have implemented the simu-
lations both with a spin-torque vector oriented strictly
within the plane defined by the electrode magnetizations
and also with an additional perpendicular component with
magnitude 30% of the in-plane torque [15], and we found
no qualitative differences in outcomes. All the simulation
results we display will include the perpendicular torque. In
Fig. 3, we plot examples of simulated conductance traces
for the two field configurations discussed above and also

the averaged traces over 100 simulated reversals near the
switching edges [compare to Figs. 2(c) and 2(d)]. The
simulations reproduce many of the features seen in the
experiment including the differences in the coherence of
the oscillations between the two field geometries. The
calculated magnetic configurations during switching
events [Figs. 3(e) and 3(f)] suggest that the typical mecha-
nism for reversal differs for the two field geometries.
Switching for zero total field generally proceeds with one
end of the sample switching first and the rest following by
domain wall propagation [9] [Fig. 3(e)]. For the hard-axis
field, the switching dynamics are generally more spatially
uniform, albeit with local fluctuations [Fig. 3(f)]. Our
measurements therefore support a prediction that a hard-
axis field should promote macrospin switching behavior
[16]. Our findings may also be related to observations that
a large (�1000 Oe) hard-axis field decreases the linewidth
of spin-torque nano-oscillators at large currents [17],
although this is a very different dynamical regime.
The difference in the degree of spatial uniformity in our

two field geometries can be observed directly in the time
traces long before switching. For zero total field, the local
minima in the fluctuations of �VmeasðtÞ exhibit excursions
from the global minimum on scales of several ns, much
longer than any precessional period [see especially the 3rd
and 4th panels in Fig. 2(b)]. For the 100 Oe hard-axis field,
the local minima in �VmeasðtÞ are more closely clustered
near the AP value [Fig. 2(a)]. Large excursions of the sort
present for the zero-field case are inconsistent with any
approximately spatially-homogeneous dynamics for a thin-
film magnetic sample, since at zero field the free-layer
moment should pass close to the AP configuration twice
per precessional cycle, each time giving the same global
minimum in �VmeasðtÞ.
The excellent sensitivity of our measurements allows us

to analyze the magnetic dynamics even where the conduc-
tance oscillations are small, well away from the switching
event. Figure 4(a) plots autocorrelation functions of the
conductance versus time for the full interval between pulse
onset and switching in the case of the 100 Oe hard-axis
field, averaged over all switching traces with switching
times longer than 10 ns at each value of V and normalized
to the full difference between initial and final conductan-
ces. We find decoherence times�tc ranging from 0.54 ns at
�540 mV to 0.45 ns at �750 mV [inset, Fig. 4(b)]. To
help distinguish between frequency and amplitude varia-
tions, we plot in Fig. 4(b) autocorrelation functions of the
oscillation amplitude versus peak number, determined by
measuring every conductance peak between the pulse on-
set and switching. The coherence times for amplitude
fluctuations �tA are greater than but comparable to �tc
at each value of V, from which we conclude that both
frequency and amplitude variations are significant in these
� room temperature fluctuations. The corresponding co-
herence times predicted by our micromagnetic simulation
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FIG. 3 (color online). (a),(c) Simulated switching traces for the
two field geometries. The change in conductance is normalized
by the difference GP � GAP. (b),(d) Averages of 100 simulated
switching traces with the switching edges aligned. (e),
(f) Snapshots with 70 ps spacing of micromagnetic configura-
tions during the switching events. The color scale denotes the
magnetization component along the x axis.
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are �tc � �tA ¼ 0:22� 0:03 ns, approximately indepen-
dent of bias. In both the experiment and simulations, �tc
and �tA are short, at most a few precession periods,
showing that thermal fluctuations are a strong perturbation
and simple pictures of zero-temperature dynamics [3] are
not a good approximation. Surprisingly, the measured co-
herence times decrease with increasing values of jVj,
whereas spin torque for V < 0 might be expected to de-
crease the effective damping and therefore increase the
coherence time. We interpret the decrease in the coherence
times with jVj to be a sign of heating.

We can also Fourier transform our time traces for the
preswitching dynamics to achieve a measurement equiva-
lent to thermally-excited ferromagnetic resonance [18], but
accomplished for the very short-lived (<100 ns) nonequi-
librium state before switching. Figs. 4(c) and 4(d) show
power spectra for the interval between the pulse onset and
switching, averaged over all traces with switching times
longer than 10 ns at each value of V for the two field
geometries. For the 100 Oe hard-axis field [Fig. 4(c)], the
spectra show a well-defined peak which with increasing
jVj grows in amplitude and shifts to lower frequency. The
increasing amplitude of the peak can be explained by the
reduction in effective magnetic damping due to the spin-

transfer torque [1,3], together with heating. The frequency
shift can be understood as due primarily to the dependence
of frequency on precession amplitude [19]. We estimate
that the rms precession angle ranges from 8� for V ¼
�540 mV to 14� for V ¼ �750 mV for the 100 Oe
hard-axis field. For zero total field [Fig. 4(d)], the Fourier
spectra show weaker peaks, and possess a low-frequency
tail. This is another indication of incoherent dynamics for
this field geometry.
In summary, we have performed single-shot measure-

ments of the resistance during thermally-assisted spin-
torque-induced switching in MTJs, achieving for the first
time the sensitivity to measure the magnetization dynamics
both before and during individual switching events. Our
technique provides measurements of coherence times and
frequency spectra for the highly nonequilibrium, short-
lived fluctuational dynamics preceding switching. The
measurements also provide a detailed view that the switch-
ing mechanism can vary depending on the magnitude of a
hard-axis magnetic field.
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FIG. 4 (color online). (a) Autocorrelation functions of pre-
switching conductance variations, normalized to the con-
ductance difference before and after switching. The dotted
lines are exponential fits to the peaks. The curves are offset
vertically with horizontal lines denoting zero. (b) Auto-
correlation functions for the conductance peak amplitude versus
peak number. Inset: correlation times �tc from (a) and �tA from
(b). Both (a) and (b) correspond to the 100 Oe in-plane hard-axis
field configuration. (c) Averaged Fourier spectra of normalized
conductance variations for the hard-axis field configuration.
(d) Averaged Fourier spectra for zero total field.
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