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Element-Selective Nanosecond Magnetization Dynamics in Magnetic Heterostructures
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We have developed a new original technique to study the magnetization reversal dynamics of thin films
with element selectivity in the nanosecond time scale. X-ray magnetic circular dichroism measurements
in pump-probe mode are carried out taking advantage of the time structure of synchrotron radiation.
The dynamics of the magnetization reversal of each of the layers of complex heterostructures (like spin
valves or tunnel junctions) can be probed independently. The interlayer coupling in the studied systems
has been shown to play a key role in the determination of the magnetization reversal of each individual
layer.
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The dynamics of the magnetization reversal in thin mag-
netic films has become a matter of high interest for the
future of magnetic recording and nonvolatile magnetic
memories. Parallel to the evolution towards smaller mag-
netic bits and memory cells, writing and reading times ap-
proaching the ns range will be required a few years from
now [1]. While recent research in this field has concen-
trated on single magnetic films or microstructures [2–6],
devices like spin valves and magnetic tunnel junctions [7,8]
are complex heterostructures including several ferromag-
netic (FM) layers. A complete understanding of the mag-
netization dynamics in these structures requires the ability
to probe the magnetization of the individual layers as well
as their mutual interaction. Magnetic coupling, either re-
lated to exchange and dipolar interactions or induced by
surface roughness, is known to strongly influence the static
magnetization reversal of spin valves and tunnel junctions.
The influence of magnetic coupling on magnetization dy-
namics is not known since the experimental techniques
used up to now measure either the total magnetization or
the average angle between the magnetization of two FM
layers. The behavior of each individual layer is thus diffi-
cult to address with these techniques.

In this Letter we demonstrate that time-resolved x-ray
magnetic circular dichroism (XMCD) provides a unique
experimental tool to investigate the magnetization dynam-
ics of magnetic heterostructures with chemical selectivity.
As an example, we show the results obtained on selected
Co�X�Ni80Fe20 trilayers (with X � Cu or Al2O3), either
in the form of continuous thin films or patterned in micron-
sized squares. Co and Ni80Fe20 (permalloy) are typi-
cally used as hard and soft magnetic layers in spin valves
(with a Cu spacer) and magnetic tunnel junctions (Al2O3
spacer). Spin-valve systems are based on the giant mag-
netoresistance effect and have already found an important
application in magnetoresistive read heads [9], while mag-
netic tunnel junctions are intensively studied for their po-
tential use [8] as nonvolatile magnetic memories (MRAM).
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The importance of XMCD for the investigation of mag-
netic properties of thin layers and micro/nanostructures
is well established [10]. Our time-resolved XMCD ex-
periments were carried out on the soft x-ray beam line
ID12B of the European Synchrotron Radiation Facility
(ESRF). Time resolution is achieved using a pump-probe
scheme [11–13], where the magnetic pulses created by
a microcoil (the pump) are synchronized with the x-ray
photon pulses (the probe) at the repetition frequency of
the ESRF, which is 357 kHz in single bunch mode. The
sample is positioned at grazing incidence in the 1 mm
wide aperture of a copper microcoil [14] mounted in high
vacuum. At 357 kHz, the current drivers based on fast
power MOSFET transistors can give a pulsed field up to
0.1 T in the plane of the sample, with a maximum slope
of 8 mT�ns. An electromagnet mounted outside the vac-
uum chamber provides a static bias field during the dy-
namic measurements and allows hysteresis cycles to be
measured. The x-ray absorption is measured using a large
area photodiode to detect the fluorescence yield. In con-
trast to electron detection, fluorescence detection allows
deeply buried magnetic layers to be studied and measure-
ments to be done in the presence of a (strong) magnetic
field.

Chemical selectivity is obtained by tuning the x-ray pho-
ton energy to an absorption edge of the layer of interest. In
our case, maximum sensitivity was reached using the L3
white line of Co (778 eV) for the cobalt layer and the L3
white line of Ni (853 eV) for the permalloy layer. The
x-ray absorption of the two FM layers is measured at the
selected energy as a function of the delay between the mag-
netic pulse and the photon bunch. The delay scan is carried
out for two opposite helicities of the x-ray beam. The dif-
ference between the two scans gives the time dependence
of the L3-XMCD intensity, and therefore of the magneti-
zation of the probed layer, during and after the application
of the magnetic field pulse. The time resolution is limited
by the x-ray bunch width, which is 100 ps at the ESRF.
© 2001 The American Physical Society
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For all the measurements reported here, the sample is
first magnetically saturated in the negative direction by a
static field applied along the easy magnetization axis of the
sample. A negative bias field (Hbias) is constantly applied
during the time-dependent measurements to guarantee that
the system returns to negative saturation after the applica-
tion of each positive field pulse (Hpulse).

The Co�Cu�Ni80Fe20 and Co�Al2O3�Ni80Fe20 trilayers
we have investigated were grown on stepped Si(111) sub-
strates [15]. They display an in-plane uniaxial magnetic
anisotropy with the easy axis parallel to the steps. Pat-
terned structures consisting of square dots of 1.3 mm side
with a period of 4 mm were fabricated by Ar ion etching
of the continuous Co�Al2O3�Ni80Fe20 films. The samples
display a variety of magnetic coupling behaviors which
give rise to different magnetization dynamics.

We first concentrate on magnetic tunnel junctions (MTJ)
of composition Co�15 nm��Al2O3�2 nm��Ni80Fe20(5 nm).
The two magnetic layers display a weak ferromagnetic or-
ange-peel-type coupling with a coupling energy of about
4 mJ�m2. The preparation and the properties of these junc-
tions are described in detail in Ref. [16]. The quasistatic
coercive fields of the permalloy and Co layers are, respec-
tively, 1.6 and 3 mT.

Figure 1 shows the time evolution of both Co and
Ni80Fe20 magnetization for 30-ns-long field pulses of
different amplitudes. A 5 mT static bias field was applied
in the direction opposite to the pulsed field. Considering

FIG. 1. Time evolution of the magnetization of the Ni80Fe20
layer (top) and the Co layer (bottom) of a Co�Al2O3�Ni80Fe20
tunnel junction, during and after application of 30-ns-long mag-
netic pulses of different amplitudes. A continuous bias field of
25 mT was applied during the measurements. The field ampli-
tudes in the legends are (Hpulse 1 Hbias). Inset: Plot of the
inverse of the reversal time (1�t) versus the field amplitude on
the rising edge of the field pulse.
the 10 ns rise time of the field pulse, the initial “dead
time” corresponds to the time required to overcome the
reverse bias field plus the coercive field of the Ni80Fe20
layer. After this regime, the evolution on the rising edge
is almost linear with time, the slope increasing with the
pulse amplitude. The Ni80Fe20 magnetization completely
reverses for a field of 9.5 mT, while 16 mT are needed to
reverse the Co layer. The effective coercivities for these
short pulses are several times larger than the quasistatic
coercivities.

Let us define the switching time t as the time needed
to cancel the magnetization of the Co or of the permalloy
layers. A plot of the inverse of t versus the amplitude of
the pulsed field (inset of Fig. 1) shows that the relationship

t21 � S21
w �H 2 H0� (1)

is verified for both magnetic layers, with different Sw val-
ues. Here H is the applied field, H0 is a constant field
related to the coercivity, and Sw is a coefficient related to
magnetic viscosity.

This empirical relationship has been shown to hold, with
different switching coefficients Sw , for several mecha-
nisms of magnetization reversal ranging from domain wall
propagation (lower t21) to uniform rotation (higher t21)
[1,17]. The values of Sw deduced from our measurements
(1.2 3 10211 s T for Ni80Fe20 and 4.0 3 10211 s T for Co
layers), compared with those reported in the literature,
point to magnetization reversal dominated by nucleation of
reversed domains. The possibility of reversal by coherent
rotation is ruled out by the fact that the magnetic response
is strongly delayed with respect to the pulsed field. The ex-
trapolation of the fits to t21 � 0 gives field values larger
than the quasistatic coercive fields of the Co and Ni80Fe20
layers. This result is not surprising since a larger Sw value
[and therefore a smaller slope of Eq. (1)] is expected for
the low field (large t) range, where domain wall propaga-
tion dominates.

On the falling edge of the pulse, the different switch-
ing times measured for the two magnetic layers can be
explained by Eq. (1). For the Ni80Fe20 layer, the effective
reverse field (Heff � Hbias 1 Hdip) is much larger than
the static coercive field, leading to a fast reversal (less than
2 nsec). In the case of cobalt, Heff is closer to the static
coercivity leading to a slower dynamics.

Our next application of time-resolved XMCD deals
with a series of Co�5 nm��Cu�Ni80Fe20(5 nm) spin valves
grown by molecular beam epitaxy [18]. For 6 and 8 nm
of Cu, the magnetic layers display parallel alignment by
direct exchange, probably due to the presence of pinholes
in the Cu layer. The quasistatic magnetization cycles,
measured by classical magnetometry as well as by XMCD
(Fig. 2), show that Co and Ni80Fe20 reverse simultaneously
with coercive fields Hc of 4–5 mT. For 10 nm of Cu the
magnetic coupling is weaker and two separate hysteresis
3647
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FIG. 2. Static and dynamic measurements in Co�5 nm�Cu�
Ni80Fe20�5 nm� trilayers (tCu � 6, 8, and 10 nm). Top: site-
selective hysteresis loops measured by XMCD for the Co (open
dots) and Ni80Fe20 (squares) layers. Bottom: Dynamical re-
sponse of the permalloy layer (top) and cobalt layer (bottom)
to fields (Hpulse 1 Hbias) of amplitude 9 to 23 mT and width
30 ns (Hbias � 25 mT).

curves, with Hc of 3 and 5 mT, are measured for Ni80Fe20
and Co layers, respectively.

The results of the measurements obtained with 30-ns-
long pulses are also shown in Fig. 2. The 10 nm Cu sample
displays a behavior qualitatively similar to the tunnel junc-
tions described above. The cobalt magnetization does not
switch for pulses up to 23 mT. The Ni80Fe20 switches
completely for fields around 10 mT, and its speed of re-
versal increases with the pulse amplitude. The two mag-
netic layers are clearly decoupled as expected from the
quasistatic measurements.

For 6 nm of Cu, the Co and Ni80Fe20 layers switch in
the same pulsed field and the dynamic responses of the
two layers are exactly superposed. The permalloy layer
magnetization relaxes with the same switching times as
the Co layer, to which it is strongly coupled.

The 8 nm Cu sample displays the most interesting be-
havior. While in the quasistatic regime the two FM layers
reverse simultaneously in a field of 5 mT, with 30-ns-long
pulses the two metallic layers reverse in different fields.
Similar to the case of the MTJ, on the rising edge of
the pulse the two layers reverse with different speeds, the
Ni80Fe20 magnetization reversing well before Co. On the
falling edge, we retrieve for Co a slower magnetization
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decay. These results indicate that on this time scale the
two layers are mostly uncoupled. The tail of the magne-
tization decay of Ni80Fe20 shows, however, that a fraction
(about 15%) of its magnetization remains coupled to Co.
These data show that whereas in the static regime the Co
and Ni80Fe20 magnetizations are always parallel, for short
pulses there is a field range where a nearly antiparallel con-
figuration can be achieved.

This behavior may be explained if we suppose that the
Co and permalloy layers consist of a weakly and a strongly
coupled volume. The strongly coupled volume, where ex-
change interaction dominates, increases as the Cu spacer
thickness decreases, probably through the formation of
pinholes. When the exchange coupled volume dominates
(6 nm Cu sample), the layers reverse together. In the inter-
mediate case of 8 nm Cu layer, the strongly coupled vol-
ume is reduced. In the quasistatic regime, where domain
wall propagation dominates, the domain walls are pinned
by regions in the permalloy which are strongly coupled to
the Co, and the coercivity is determined by these strongly
coupled regions. The two layers switch simultaneously.
For 30-ns-long pulses, nucleation of reversed domains is
dominating, resulting in an easier switching of the whole
weakly coupled region, giving rise to a permalloy coerciv-
ity smaller than the one of Co. In the absence of direct
coupling (10 nm Cu sample), the two layers reverse inde-
pendently both in the static regime and for short pulses.

As a last illustration of this technique we focus here
on magnetic squares of side 1.3 mm patterned from the
Co�15 nm��Al2O3�2 nm��Ni80Fe20(5 nm) MTJ studied
above. The main interest of this kind of patterned struc-
tures is their possible application in nonvolatile MRAM.
In contrast with the continuous film, the two FM layers
display in zero field a strong antiparallel (AP) coupling,
due to the strong dipolar field acting through the sides
of the squares. This AP coupling is clearly shown in
quasistatic hysteresis loops measured by XMCD for the
two FM layers (inset of Fig. 3).

Time-resolved XMCD measurements were carried out
for several values of the static bias field. Here we report
on the results obtained for a bias of 28 mT after a negative
saturation of the Co layer (Fig. 3). This field corresponds
to the static coercive field of the Ni80Fe20 layer which is
essentially defined by the dipolar field induced by Co.

The time-dependent data indicate that the switching pro-
cess in the microstructured film is very different from
the one observed for the continuous films (Fig. 1). The
time-dependent magnetization obtained for the cobalt layer
follows the time dependence of the pulsed field. For each
field pulse, part of the magnetization reverses and, after
a time of around 10 ns, “saturates” at a value which in-
creases as the field amplitude increases. We attribute this
behavior to a distribution of coercive fields among the mag-
netic dots. As the field amplitude increases more and more
dots reverse. Since the switching time is shorter than the
pulse duration, a plateau is found in the magnetic response.
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FIG. 3. Dynamical response of the permalloy and cobalt layers
to pulsed fields of increasing amplitudes, in the presence of a
bias field of 28 mT, for a series of 1.3 mm large square dots
of Co�Al2O3�Ni80Fe20. The field amplitudes in the legends are
(Hpulse 1 Hbias). Inset: hysteresis loops measured by XMCD
for the Co and Ni80Fe20 layers. Note that for weak fields the two
cycles are opposite due to the antiparallel alignment induced by
the strong dipolar coupling.

When the pulse amplitude is not high enough to affect
the cobalt, the switching behavior of Ni80Fe20 is similar to
that just described for the Co layer. For an intermediate
range of pulse amplitudes the Ni80Fe20 dynamics shows
a complex behavior which is determined by the coupling
with the Co layer. The Ni80Fe20 magnetization switches
first, followed by the Co layer. The dipolar field from Co
acting on Ni80Fe20 is now opposite to the pulsed field and
part of the Ni80Fe20 magnetization is pulled back. A stable
state is then maintained until the end of the pulse, where a
symmetric situation is realized due to the faster response of
Ni80Fe20 to the changing field. These results show that in
such coupled magnetic structures, the dynamic reversal is
a complex phenomenon and time-resolved XMCD appears
as a unique probe to disentangle the magnetic response of
each FM layer.

In conclusion, we have shown that time-resolved XMCD
is an exceptional tool to study the dynamics of magneti-
zation reversal with chemical selectivity. This probe can-
not be competitive with other ultrafast techniques due to
the limitation in time resolution (�100 ps). However, its
strength has to be found in its unique capability to study in-
dependently the magnetization dynamics of each magnetic
component of a complex heterostructure, as illustrated here
for the coupled layers of spin-valve and tunnel junction
systems. The difference in the coupling of two magnetic
layers in static and dynamic regimes is illustrated here for
the first time thanks to the chemical selectivity of time-
resolved XMCD.

The technique is particularly suited for the study of
complex systems in which the coercivities of the individ-
ual magnetic components may not be clearly separated
with macroscopic techniques or when the magnetic cou-
pling modifies the dynamics of each individual compo-
nent. We have treated here the case of transition-metal
based systems, but the technique could be applied to a
large variety of samples. For example, in coupled RE/TM
(rare-earth/transition metal) multilayers or alloys, the mag-
netization dynamics of the 4f (and the 5d) component of
the RE magnetization could be compared to that of the 3d
magnetization of the TM [19].

One of the major developments which we envisage for
this technique is its implementation on a photoemission
electron microscope, to carry out time-resolved and chemi-
cal selective magnetic microscopy with subnanosecond
and nanometer resolutions.
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