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Magnetic memory in ferromagnetic thin films via exchange coupling
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We show the possibility of creating magnetic domain memory in thin ferromagnetic films by inducing
spatially varying exchange coupling interactions. We evidence this phenomenon in a perpendicular exchange
bias film made of [Co/Pd] IrMn multilayers. Our coherent x-ray magnetic scattering speckle correlation study
shows that the film exhibits no memory at room temperature but acquires a very high degree of magnetic
memory, above 80% with subsequent field cycling when the sample is zero-field cooled below the blocking

temperature of the IrMn layers (T<<275 K).
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Magnetic memory, the ability of a magnetic system to
reproduce its topological domain configuration throughout
subsequent magnetization cycles, offers strong potential for
technological applications in magnetoelectronics,' recording
media,> and magnetoresistive random access memory
(MRAM) devices.®> Thin ferromagnetic films with perpen-
dicular anisotropy provide an excellent support for these ap-
plications, as they form stripe domain patterns.* If the film is
rough enough, some magnetic memory can be induced in a
limited region of the magnetization cycle when magnetic do-
mains nucleate due to the presence of structural defects.’
However, structural disorder is difficult to control and in-
duces only partial memory. Here we show the possibility of
generating magnetic memory without structural defects. In
this approach, we use exchange bias (EB) materials to create
a well-defined landscape and control very precisely the re-
versal of the ferromagnetic domains throughout the entire
magnetization cycle. In this approach, a ferromagnetic mate-
rial exhibiting absolutely no intrinsic magnetic memory can
acquire a very high degree of magnetic memory on an ex-
tended range of magnetic field simply by inducing exchange
coupling (EC) interactions with a template imprinted in the
antiferromagnetic sublayer.

EC interactions occur when a ferromagnetic (F) material
is placed in contact with an antiferromagnetic (AF) material.®
The EC phenomenon has been extensively exploited in F/AF
bilayers with in-plane magnetization’ and more recently in
multilayers with perpendicular anisotropy.® The bias effect is
due to uncompensated pinned magnetic moments in the AF
layer.” Most knowledge of EC is based on macroscopic ob-
servations, using magnetometry'® as well as x-ray magnetic
circular dichroism.!! Recent pioneering X-ray scattering,'>'4
magnetic force microscopy,’”” and photoelectron emission
microscopy'®~!® studies have evidenced F and AF domains in
EB films, stimulating further investigation of the micro-
scopic domain topology and reversal behavior. We use here
coherent Xx-ray scattering measurements to demonstrate
memory effects as a direct consequence of exchange cou-
plings.

The experimental system is based on the well-studied
Co/Pd multilayers with perpendicular magnetic anisotropy®
that are periodically interleaved with AF IrMn layers to bias
the layers, as sketched in the inset of Fig. 1. Several param-
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eters such as the layer thicknesses and stacking order were
optimized in order to obtain perpendicular magnetic aniso-
tropy and tune the AF blocking temperature. In the thin-film
limit, it is generally found that the exchange bias blocking
temperature varies linearly with the AF film thickness.!® We
adjusted the IrMn thickness to achieve a blocking tempera-
ture near room temperature (RT) (T~ 275 K), thus result-
ing in a stack of four repeats of (F) [Co(4 A)/Pd(7 A)];,
multilayers separated by 24 A of (AF) IrMn alloy. Figure 1
shows the magnetization loops measured by superconducting
quantum interference device (SQUID) in two selected con-
ditions: above T at 300 K and below 73 at 8 K in the
zero-field-cooled (ZFC) state, obtained by cooling the film
after demagnetizing it to point A. The room-temperature loop
shows the features of perpendicular films with a remnant
magnetic stripe domain state. Unlike in field-cooled condi-
tions, the ZFC magnetization loop exhibits no macroscopic
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FIG. 1. (Color online) SQUID measurement performed at 300 K
(RT) and at 8 K in ZFC state. Inset: sketch of the [Co/Pd]IrMn

multilayer.
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FIG. 2. (Color online) (a) Sketch of the coherent scattering experiment performed in transmission geometry: the sample is mounted
perpendicularly to the incident beam in the near field of a 20 wm pinhole fabricated by focused ion-beam etching. Speckle patterns are
collected with a CCD detector. The CCD image shown here is measured at the Co L5 edge, in ZFC state, at point B of the magnetization loop
(Fig. 1). (b) Enlargement of the speckle pattern showing an excellent contrast. (c) RPM cross-correlation pattern obtained from pattern (b).
The central peak contains the pure coherent part of the cross-correlated signal from which the degree of magnetic memory is calculated.

bias and remains symmetrical; however its global shape
changes significantly from the room-temperature loop. The
loop indicates characteristically the presence of bifurcated
regions in the film that are either positively or negatively
biased.?*?! The saturation field increases and a plateau ap-
pears above the coercive point H,, suggesting the existence
of a particular favorable magnetic configuration stabilizing
the F layer.

Combining the magnetic sensitivity offered by x-ray reso-
nant magnetic scattering (XRMS)??>-2* with the coherence of
the light, the technique of coherent XRMS gives access to
the local magnetic topology?>?® and to reversal processes
with in situ magnetic field.”” Under coherent illumination,
the light scattered off the sample heterogeneities produces
intensity variations known as speckles. While the scattering
pattern envelope is related to the ensemble-averaged mag-
netic order, the specific speckle distribution contains com-
plete information about the local domain topology.”® We
adopt here a cross-correlation (CC) approach? to investigate
the statistical behavior of the magnetic topology and mag-

netic memory effects. The measurements were performed at
the Advanced Light Source, with an instrumentation opti-
mized for coherent soft x rays, offering excellent combina-
tion of brightness, temporal, and spatial coherences.’® A
20 wm circular pinhole is used as a spatial filter to enhance
transverse coherence. The scattering experiment is per-
formed in transmission geometry, as shown on Fig. 2(a). The
photon energy is tuned to the Co L; edge to enhance the
magneto-optical contrast.”> The use of linear polarization
eliminates magnetic-charge interference, leaving only pure
magnetic scattering from domains as the sole magnetic con-
tribution in these measurements.>!

Speckle patterns were recorded along the magnetization
loop above and below Tj. Figure 2(a) shows a charge-
coupled device (CCD) image collected in the ZFC state. At
nucleation, the scattering pattern has a disk shape, which
gradually transforms into a ring shape, thus reflecting forma-
tion of labyrinth stripe domains. The radius of the ring indi-
cates that the magnetic period progressively decreases as the
reversal progresses to reach a minimum value of 320 nm
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FIG. 3. (Color online) RPM coefficient p (plain dots) as a func-
tion of field along the ascending magnetization branch. Each point
results from the average of six successive measures. The ascending
branch of the SQUID measurement (circles) and scattering intensity
(triangles) are plotted together with the memory p after normaliza-
tion for comparison purposes.

with a correlation length of ~1 wm. Figure 3 (triangle)
shows the scattering intensity integrated over the whole im-
age and normalized for comparison purposes, as a function
of magnetic field through the ascending branch of the mag-
netization loop. Starting from the nucleation point, the inten-
sity increases to reach a maximum near the coercive point
where half of the domains are reversed, and further decreases
to vanish at saturation. The nucleation (disk phase) occurs
very sharply and quickly leads to periodic stripe domains
(ring phase), which remain present but smoothly vanish to-
ward saturation. Further information about local magnetic
topology is provided by the coherent speckle features in
these images. Figure 2(b) shows an enlargement of the scat-
tering pattern (a) emphasizing the high speckle contrast,
which gives excellent sensitivity for the correlation studies
discussed below.

Memory of the magnetic domain topology is quantified by
correlating speckle patterns recorded at specific points along
the magnetization loop. We concentrate here on return-point
memory (RPM) by correlating patterns taken at the exact
same point after complete field cycling. An example of CC
function is shown in Fig. 2(c). By integrating the coherent
part contained in the central peak and normalizing with simi-
lar integrations of both autocorrelation functions, one obtains
a correlation coefficient p that reaches the limits of zero if
the two speckle patterns are completely distinct and one if
they are identical. We therefore quantify the degree of RPM
by directly using the number rho. We observe that the mate-
rial does not show any memory (p~0) at room temperature
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for any field value but remarkably the ZFC state produces a
very high RPM (p~0.8). This reveals how the F layer be-
havior is modified by the EC interactions with the AF layer.
Above T, domain nucleation and propagation occur ran-
domly and not reproducibly. In ZFC condition, the same F
layer exhibits a strong magnetic memory by reproducing a
particular topological configuration in which the film was
cooled. This phenomenon indicates the existence of a mag-
netic pattern in the AF layer, formed by uncompensated spins
at the vicinity of the interface with F layer, which plays the
role of reference template. This pattern results from the or-
ganization of pinned uncompensated Mn moments in the
IrMn sublayers. In such configuration, the net magnetization
is zero; therefore the film exhibits no macroscopic EB. Nev-
ertheless, there are strong local EC interactions between the
F and AF pinned moments at the microscopic level. While
the imprinted AF template remains unchanged, the F layer
tends to retrieve the same mesoscopic topology after each
cycling.

We investigated the global behavior of the magnetic
memory through the whole magnetization cycle. Figure 3
(red curve, plain dots) shows the resulting RPM versus mag-
netic field. The memory is found to be low at the nucleation
point and increases sharply as reversal occurs to reach a
maximum beyond the coercive point H,. This correlation co-
efficient stays high over an extended field range from 1000
to 2500 Oe, defining a “memory plateau,” and then eventu-
ally decreases to zero near saturation.

Importantly, this behavior is fundamentally different from
disorder-induced memory®? where the memory shape is
asymmetric with a sharp peak near nucleation followed by a
monotonic decline with increasing field strength. The
memory plateau shape observed here suggests that domains
nucleate in sparse locations that are not pinned by any de-
fects, consistent with smooth films free from microstructural
defects such as grain boundaries. Nevertheless, because of
the EC interactions, the domains are able to form and grow,
adjusting to the underlying AF pattern following an increas-
ingly deterministic path, and eventually reach a high
memory, as illustrated by the schematic in Fig. 4. At this
memory plateau, half of the domains are reversed and closely
reproduce the topology of the frozen AF template.

Another remarkable point is that the RPM does not reach
its maximum value right at H. (300 Oe) but above H,,
around 1000 Oe. We associate this point to the remanent
coercivity H,,.. Remanent hysteresis loops are measured by
first saturating in a negative field and then measuring the
remanent magnetization after applying increasingly positive
fields. The remanent coercivity H,, is the positive field that
results in the remanent magnetization being zero. This cor-
responds to the field value necessary to irreversibly reverse
half of the magnetization. At H,,, the system has a net mag-
netization but only half the spins have effectively flipped
irreversibly. When the field is released from H,, back to zero,
the system returns back to a state where the up and down
spins are compensated; thus the net magnetization is zero.
This suggests that the main contribution to magnetic memory
is given by the magnetic domains that have flipped irrevers-
ibly, leaving some degree of freedom for reversible domain-
wall motion. In the memory plateau, the reversal progresses
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FIG. 4. (Color online) Schematic of the domain reversal in the
F/AF junction, with the AF layer on bottom and F layer on top.
Magnetic field is applied perpendicularly. The feature in the AF
layer represents the magnetic template imprinted into the uncom-
pensated pinned moments. (a) Nucleation point: domains start to
nucleate in the F layer at random locations; (b) further in the rever-
sal, beyond the coercive point, the F domain pattern eventually
matches the magnetic topology of the AF template. This configura-
tion is unique.

smoothly and mostly reversibly, inducing domain-wall mo-
tions without changing the global morphology of the laby-
rinth pattern. Toward saturation, the magnetic memory even-
tually vanishes in a fashion symmetrical to the nucleation
region. The annihilation of the domains mirrors topologically
their nucleation: an increasing degree of randomness drives
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the reversal of the last domains, thus progressively leading to
the loss of memory.

In conclusion, our results demonstrate that exchange cou-
plings interactions can magnetically pattern a strong mesos-
copic magnetic memory in F materials placed in contact with
an AF material. This process is enabled by the existence of a
“frozen” magnetic template imprinted into the AF layer dur-
ing the ZFC process. Furthermore, the memory varies
strongly along the magnetization loop and can be tuned from
zero at the nucleation point to its maximum in the coercive
region. These results stimulate further interests, in particular
exploring the asymmetrical effects in field-cooled conditions,
with variable field strength. More generally, the properties of
such systems can be tuned with temperature and structural
parameters in order to modify the position and width of the
memory plateau. These results are related to and may pro-
vide insight into other stripe forming systems such as block
copolymers on lithographically or chemically patterned
substrates.>>3* Ultimately one could possibly develop a new
branch of memory device technology based on EC induced
domain memory. These approaches would facilitate engi-
neering aspects and furthermore help surpassing size limita-
tions, which today are crucial parameters in the data storage
industry.
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