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In magnetic memory devices, logical bits are recorded by selec-
tively setting the magnetization vector of individual magnetic
domains either ‘up’ or ‘down’. In such devices, the fastest and
most efficient recording method involves precessional switch-
ing'™: when a magnetic field B,, is applied as a write pulse over a
period 7, the magnetization vector precesses about the field until
B,7 reaches the threshold value at which switching occurs.
Increasing the amplitude of the write pulse B, might therefore
substantially shorten the required switching time 7 and allow for
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faster magnetic recording. Here we use very short pulses of a very
high magnetic field® to show that under these extreme con-
ditions, precessional switching in magnetic media supporting
high bit densities no longer takes place at well-defined field
strengths; instead, switching occurs randomly within a wide
range of magnetic fields. We attribute this behaviour to a
momentary collapse of the ferromagnetic order of the spins
under the load of the short and high-field pulse, thus establishing
an ultimate limit to the speed of deterministic switching and
magnetic recording.

Our conceptually simple technique, which could also be used
to study the dynamics of ferromagnetic spins underlying many
applications and promising developments in magnetism®®, uti-
lizes relativistic electron bunches of energy 28 GeV from the
Stanford Linear Accelerator to generate unique short and strong
magnetic field pulses®”. Our magnetic field resembles the field
generated by a straight current-carrying wire, with the familiar
closed circular magnetic field lines about the beam direction with
the field strength decreasing as 1/R with the distance R from the
centre of the beam. The electron beam is focused to a cross-
section of 10.8 X 7.4 pm (full-width at half-maximum) in the x—y
plane of the sample surface, perpendicular to the z propagation
direction, which lies along the surface normal. Along z, the
electron distribution is gaussian with a variance of o, = 0.7 mm
in the laboratory frame, giving a pulse duration of 7=,/
c=2.3 % 10""?s, where ¢ is the speed with which the electrons
travel. For all practical purposes that speed is equal to the speed
of light.

With the films magnetized perpendicular to the film plane, the
magnetic field B, and magnetization M are orthogonal everywhere.
This is the optimum geometry to induce a precessional motion of M
about the perpendicular B}, field, which lies in the magnetically hard
plane of the film. Once M has precessed about B, by an angle large
enough to cross the hard plane of the sample, it will continue to
relax by itself into the opposite direction. Hence in the end it has
switched from one easy direction into the opposite easy direction. If
however B, ceases to exist before M has reached the hard plane, M is
expected to relax back to its original perpendicular direction, hence
no switch is observed. The condition for switching is that the angle
of precession ¢ = w7 = w/2. As the angular velocity w is deter-
mined by B,, we obtain the switching condition B,7 = const.

To test this switching, we prepared 14-nm-thick films of perpen-
dicular granular magnetic recording media of the CoCrPt-type such
as recently used in high-density magnetic recording'®. The main
condition for high-density recording is that the grains are
decoupled so that the medium can sustain narrow transitions
between ‘up’ and ‘down’ bits. The decoupling of the grains occurs
through segregation of Cr to the grain boundaries induced by
deposition at elevated temperature. The grain size was determined
by X-ray diffraction to be 20 £ 5 nm. This grain size is so small that
the magnetic field B}, is homogeneous over the grain size to better
than 0.1% over the R-range of interest. We can then assume that the
switching of a grain occurs in a homogeneous applied field. As a
substrate, we have used glass with appropriate thin buffer layers,
with and without adding a soft magnetic underlayer such as needed
in perpendicular recording'.

The top left panel of Fig. 1 displays contour lines of constant B, in
the film plane. B}, is the peak strength of the gaussian magnetic field
pulse calculated from the electron bunch parameters as B, = 54.7/R
where R is measured in micrometres and B}, in tesla. The dark
central spot indicates the size of the electron beam focus, close to
which no data are obtained owing to beam damage in the sample.
The scale is chosen to be the same as in the actual magnetic
switching patterns recorded in the other panels of Fig. 1.

Before exposure, the samples were magnetized perpendicular to
the film plane into what we shall call the ‘up’ direction. We recorded
patterns on the same sample corresponding to a single shot (pulse),
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a pattern corresponding to two shots at the same location, and so
on, up to seven consecutive shots per pattern. The time separation
of consecutive shots was 1s. Three weeks after exposure, the
perpendicular component of M was imaged by polar magneto-
optic Kerr microscopy. A set of such images is shown in Fig. 1. The
spatial resolution of Kerr microscopy is 1 pm, so that we integrate
over 2,500 grains. The spot in the centre of the pattern is due to
beam damage. It extends to roughly twice the beam focus. The
increase of the damaged area with the number of shots is due to
beam jitter, which is estimated to be £2 pm per shot only. The grey
scale of the images is such that the light regions near the edge of the
frames correspond to the initial ‘up’ state. Darkening indicates that
particles in the regions have increasingly switched to the ‘down’
direction.

It is evident that switching occurs along circular contour lines
B, = const., with the contrast changing gradually over a distance of
tens of micrometres, rather than abruptly. The switching is not
reversible, because the second pulse does not return M to the initial
‘up’ direction. For odd shot numbers, the dark ring where M has
switched from ‘up’ to ‘down’ narrows with increasing number of
shots, whereas the outer grey zone corresponding to partially

Figure 1 Magneto-optic patterns of magnetization. Diagram at top left, contour lines of
constant B,, with area of the electron beam focus in the centre. The numbers on
subsequent panels indicate the number of electron bunches (shots) that passed
through the sample. Grey contrast is such that the outer light region corresponds to M
in the initial ‘up’ state. As darkening intensifies, M has switched increasingly to the
‘down’ direction. The contrast in the central region at R < 10wm is due to beam
damage.
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switched M expands. With an increasing number of even shots,
the central light ring narrows and the outer grey zone expands. This
switching behaviour is characteristic of a stochastic process. Starting
with a homogeneous magnetic ‘up’ state, it takes only seven shots to
create a random distribution of magnetization directions through-
out the large grey zone, where M is ‘up’ in some grains but ‘down’ in
others.

To describe the stochastic switching, consider that the angle ¢ of
precession may be short of w/2 needed for switching. The lacking
precessional angle may be supplied by random torques or by
random initial conditions. We now assume that the probability p
of such stochastic events is gaussian, and can be expressed as the
probability density of an additional magnetic field I":

p) =

e 2452

AB+\/2m

The magnetic order parameter M(B) is given by the fraction of
particles that switch minus the fraction of particles that do not
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Figure 2 Magnetic order parameter M ,(R). a, Data points are from averaged
radial cuts of the Kerr images of Fig. 1, setting M+(100 um) = +1 and
M1@20pum) = —1. The grey lines are generated from M(R) = M{(R).

b, Calculated M+(R) (full line) and M,(R) (dashed line) with the observed easy-axis
dispersion of 5.5° FWHM™, showing M(R) = M, = +1 in gross contradiction to
the experiment. ¢, Calculated M;(R) (full line) and M(R) (dashed line) assuming
the excitation of the uniform precession mode (Fig. 3a) corresponding to K,/
kT = 40, where K, is the uniaxial crystalline anisotropy constant, I/ the volume of a
grain, and KT the Boltzmann factor'2.
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Figure 3 Spin motion in a magnetic grain. a, The uniform precession mode of the
spins with wavevector g = 0. The excitation of this mode determines the long-term
stability of the magnetization direction in the grain'2. b, A moment in time with non-
uniform excitation of the spins. At ambient temperature, these excitations have small
amplitude, which however dramatically increases after the field pulse has been
applied. Sizeable exchange fields are generated by the angles between neighbouring
spins that can account for the random torques operating after the magnetic field
pulse.

switch in a single pulse of amplitude B:

By—B 00
M(B)=j P(I')dI’—J p(Ddr

- By—B
By choosing the average switching pulse amplitude B, = 1.70 Tand
its variance AB = 0.59 T we obtain the order parameter M,(B,)
after the first shot generated from the uniform initial state
M, = +1. Substituting the variable B, by R yields the radial
dependence M,(R) of the magnetization after the first shot.
M (R) is plotted for R > 20 pm as a solid line on top of the data
points in panel 1 of Fig. 2a. It agrees with the experimental data. The
increase of the observed M |(R) at R < 20 pm indicates the onset of
the second switch where M precessed by ¢ = 37/2. We do not
analyse this second switch because it occurs close to the beam
damage area.

The other distributions of M,(R) shown as solid lines in
panels 2—6 of Fig. 2a are generated by multiplication M, (R) =
a(R) =M, _1(R) X M(R) = M7(R). This accounts very well for
the features observed in the experimental data shown as points in
Fig. 2a, despite the fact that raising M(R) to the nth power
enhances errors. Experimental errors are caused by beam jitter,
variations in the number of electrons per bunch, and the uncer-
tainty in the extrapolation of M;(R) — +1. At any rate, multi-
plicative probabilities are the signature of a random variable.
Therefore, this analysis reveals that a memory-less process, usually
referred to as a Markov uniform stochastic process, dominates the
switching.

Different samples have been studied within a range of magnetic
parameters such as saturation magnetization and magnetic aniso-
tropy (see Supplementary Information). Information on the
switching with older media types such as Co/Pt magnetic multi-
layers and CoPt alloys is also available®’. The conclusion emerging
from all experiments is that stochastic switching is a general feature
of ultrafast precessional magnetization reversal.

To explore causes of the randomness, we carried out various
calculations using the Landau-Lifshitz—Gilbert (LLG) equation'.
Theoretical results that explore two hypothetical sources of the
randomness are shown in Fig. 2b and c. Figure 2b demonstrates that
static dispersion of the easy axis of magnetization in the decoupled
grains cannot produce anything but deterministic switching rever-
sing M to the original state M, = +1 in the second shot. This is in
gross contradiction to the experiment. Figure 2c explores thermal
excitations in terms of the uniform precession mode (illustrated in
Fig. 3a). The degree to which the uniform mode is excited is known
from the long-term stability of the magnetic bits'*. It induces
randomness in the direction of M before the arrival of the field
pulse and indeed generates dispersion of M(R), but the dispersion is
much too small to explain the data. The effect of heating of the
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sample by the electron pulse can be asserted without calculation.
The supersonic heat wave emerging from the point of beam impact
requires 10~ ° s to travel 1 um. However, the switching at R > 20 um
is already completed at that time. Similarly, magneto-static coupling
between the grains cannot explain the variance of the switching
fields because it is small at the end of the field pulse when the spins
have precessed close to the hard plane (see Supplementary Infor-
mation).

However, the thermal fluctuations within a grain also include
higher modes in which the spins are not parallel to each other
(illustrated in Fig. 3b). At ambient temperature, these fluctuations
have small amplitude. Calculations show that the sharply rising field
pulse greatly amplifies the pre-existing thermal randomness. The
amplification of the thermal fluctuations leads to the observed
variance of the switching fields.

The crystalline magnetic anisotropy H, = 1.20 X 10°Am ™, the
saturation magnetization M = 0.652 T, and the average switching
field B, = 1.7T are compatible with the LLG equation if the
damping of the magnetization precession in a grain is assumed to
be oo = 0.3. This extremely large damping shows that torque is lost
at a high rate to the spin system, proving indeed the excitation of
spin fluctuations. It is well known that the spin system is pushed
easily into auto-oscillation and chaos as the absorbed power
increases'". At the end of the field pulse, the non-equilibrium
modes illustrated in Fig. 3b exert the postulated random torques.
We therefore believe that our experiment reveals ‘fracture of the
magnetization’ under the load of the fast and high field pulses,
putting an end to deterministic switching as we know it today. [
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