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voltage terms in Eq. (5) due to the anomalous Nernst and
spin Seebeck effects. In Pt/Co/AlOx dots, a small Nernst
signal due to an in-plane thermal gradient was found and
2f
subtracted from the RH data [6]. We find this effect to be
entirely negligible in Ta/CoFeB/MgO layers for the ac current
density employed here (<107 A/cm2 ). Moreover, we have
considered the possible effects of a perpendicular thermal
gradient. By performing angular-dependent measurements of
the anisotropic magnetoresistance, we conclude that such
effects, if relevant for the current range employed in this study,
2f
have an influence smaller than 5% on the measured RH data.
Therefore, we conclude that thermal effects cannot account for
the strong variations of the spin-orbit torques as a function of
annealing temperature and/or magnetization angle θ reported
in Sec. IV.
3. Magnetization switching induced by current pulses

When increasing the current density to about 5 ×
107 A/cm2 , the spin torques achieve sufficient amplitude
to induce reversal of the magnetization. We have shown in
previous work that the switching process can be controlled by
adding a small external field parallel to the current direction
[1]. The diagram in Fig. 2(c) exemplifies how this occurs
for a perpendicularly magnetized layer. For simplicity, we
consider only a torque of the form T ∥ ∼ m × ( y × m), which
corresponds to an effective field B ∥ ∼ ( y × m) that rotates
in the xz plane perpendicular to the magnetization. During
a current pulse, B ∥ induces a rotation of the magnetization,
which can be either assisted or counteracted by applying an
external field parallel to x, thereby destabilizing or stabilizing
the magnetization in one direction (up or down), depending on
the sign of the current [Fig. 2(c)]. Another way to see the same
effect is to consider that, when m is tilted parallel to x, B ∥ has
a vertical component that points either up or down depending
on the sign of the current [1]. In reality, however, we remark
that the switching dynamics is more complex than described
above, even in the macrospin approximation. This is because
B ∥ is not simply proportional to ( y × m) [Eq. (4)] and because
the combined action of B ∥ and B ⊥ should be considered in a
time-dependent model [33,34].
In Sec. V, we focus on the efficiency of the switching process, independently on the dynamics that leads to
magnetization reversal. We have studied the probability of
magnetization switching upon the injection of short current
pulses (50 ns → 1 µs) as a function of pulse amplitude,
duration, and external field applied parallel to the current
direction. To ensure the transmission of fast current pulses
without significant reflection, we connected a 100-" resistance
in parallel to the sample and 100 k" in series with the
Hall voltage arms. VH was measured before and after each
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FIG. 3. Cross-sectional TEM images of the samples annealed to
different temperatures: (a) and (b) as grown, (c) Tann = 240 °C,
(d) Tann = 296 °C.

Avci et al. ’14

296 °C. The images reveal that the layers are rather uniform
in thickness and homogeneous in the direction parallel to
the sample plane. The Ta and CoFeB layers cannot be
distinguished due to the small thickness of CoFeB and their
similar contrast. Lattice fringes are absent in the Ta/CoFeB
region, indicating that it is amorphous, whereas the MgO layer
is partially crystalline with (100) texture, as expected for this
type of structures [35,36]. Since both MgO and CoFeB have
interplanar spacings around 2.1 Å, it is not easy to discern the
presence of crystalline CoFeB grains in the vicinity of MgO,
if any. No obvious change of MgO crystallinity is observed
by TEM after annealing to 240 or 296 °C, consistently with
TEM studies of CoFeB/MgO/CoFeB structures grown by rf
sputtering and annealed up to 375 °C, which show defective
crystallization of the MgO layer [37].
Figures 4(a) and 4(b) show the XAS spectra of
Ta/CoFeB/MgO layers annealed at different temperatures
measured across the Fe and Co L2,3 absorption edges. In
the as-grown samples, we observe pronounced oxide satellite
features on the high-energy side of the L3 and L2 resonances
for both Fe and Co, which indicate the formation of interfacial
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physics brought yet another revolution by eliminating the
electromagnetic induction from the writing process in magnetic
memory chips and replacing it with the spin–torque
phenomenon1. In the non-relativistic version of the effect,
switching of the recording ferromagnet is achieved by
electrically transferring spins from a fixed reference permanent
magnet. In the recently discovered relativistic version of the spin
torque2–5, the reference magnet is eliminated and the switching is
triggered by the internal transfer from the linear momentum to
the spin angular momentum under the applied writing current6.
The complete absence of electromagnets or reference permanent
magnets in this most advanced physical scheme for writing in
ferromagnetic spintronics has served as the key for introducing
the physical concept7 for the efficient control of magnetic
moments in antiferromagnets (AFs) that underpins
F our work.
In their simplest form, compensated AFs have north poles of
half of the microscopic atomic moments pointing in one direction
and the other half in the opposite direction. This makes the
Feinefficient for switching magnetic
external magnetic field
moments in AFs. Instead, our devices rely on the recently
dicovered special form of the relativistic spin torque7,8. When
driving a macroscopic electrical current through certain AF
Fe
crystals whose magnetic atoms occupy inversion-partner
lattice
sites (for example, in AF CuMnAs or Mn2Au), a local relativistic
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