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Magnetic phase separation in artificial A-type antiferromagnetic films
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We investigate the domain structures in artificial A-type antiferromagnetic (AF) film structures composed of
AF-coupled Co/Pt multilayers. By tuning the layer thickness or applying a magnetic field, we observed the
coexistence of AF domains and ferromagnetic stripe domains. We find that a ferromagnetic phase exists at AF
domain boundaries, causing complex mesoscopic domain patterns with surprising reversibility during minor

loop field cycling.
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I. INTRODUCTION

An exciting area of materials physics is the increased
complexity and emergent behavior arising when building
materials from the nanoscale.' Local interactions often give
rise to higher-level patterns and mesoscopic order driven by
competing interactions or multiple phases with similar ener-
gies. Complex oxide colossal magnetoresistance (CMR)
manganites display such behavior where the interplay of
spin, charge, and lattice degrees of freedom triggers sponta-
neous magnetic phase separation on the nanometer scale.’
Questions arise whether this phase separation is an intrinsic
property of the material or linked to local structural varia-
tions and whether this behavior can be controlled and ex-
ploited. To explore these rich phenomena it often proves use-
ful to build model structures that mimic more complex
materials.> In particular, we investigate here the domain
structures in artificial A-type antiferromagnetic (AF) films,*?
a material system that enables us to isolate the complexity
arising from the competition between exchange and dipolar
energies alone.

Thin-film deposition of magnetic multilayers allows tun-
ing the magnetization, anisotropy, and exchange parameters
to design magnetic model materials.*~’ We recently de-
scribed Co/Pt-Ru multilayers as a model system for aniso-
tropic A-type antiferromagnets.*> Co/Pt multilayers have
strong perpendicular magnetic anisotropy for thin Co layers,
which yields ferromagnetic (FM) films whose local magne-
tization is either parallel or antiparallel to the film normal.
Layering Co/Pt multilayers separated by Ru interlayers in-
troduces an AF exchange between adjacent [Co/Pt]y_,/Co
ferromagnetic layer stacks as seen in Fig. 1(a). The resulting
heterostructure is a layered anisotropic material with FM in-
tralayer and AF interlayer exchange. These structures mimic
the magnetic complexity of a broad range of A-type antifer-
romagnets (e.g., La; 41, Mn,0,),3!! but have none of the
lattice and electronic state effects that are present in such
CMR materials. Thus one hopes to experimentally elucidate
the effects arising solely from the magnetic interactions. The
results of our study should be applicable more generally to
systems with competing interactions, because a Hamiltonian
equivalent to the one describing our magnetic multilayer sys-
tem has also been used to describe the ordering in multiblock
achiral liquid crystal molecules with at least one block con-
taining a permanent dipole moment.'>'4
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PACS number(s): 75.60.Ch, 75.70.—i, 75.75.+a

II. EXPERIMENTAL PROCEDURES

The samples in this study are Pt(20 nm)/[[Co(0.4 nm)/
Pt(0.7 nm)]y_;/Co(0.4 nm)/Ru(0.9 nm)]y_; [Co(0.4 nm)/
Pt(0.7 nm)]y_;/Co(0.4 nm)/Pt(2 nm)multilayers. In this pa-
per we show primarily results on a uniform N=12, X=7
sample and a N=15, X=8 sample in which each of the Co
layers form a thickness wedge. All samples were deposited
by magnetron sputtering (3 mTorr Ar pressure) onto ambient
temperature Si;N, coated Si substrates with a 20 nm Pt seed
layer and a 2 nm Pt cap for oxidation protection. The
multilayer wedge samples have a Co thickness variation of
about 10%, while keeping the Pt and Ru thickness constant.
Such a slight variation in Co thickness was established by
setting the focus of the Co sputtering gun to the outside end
of a 5 cm long substrate, which was mounted in radial direc-
tion from the center to the edge of the flat circular sample
holder. This way it was possible to obtain a wedge structure
in the Co layer only, while keeping the substrate holder ro-
tating for otherwise uniform multilayer growth. The average
magnetic properties were measured by superconducting
quantum interference device and magneto-optical Kerr effect
magnetometry. For Co/Pt multilayers, the building blocks of
our samples, we find a saturation magnetization of Mg
=700 emu/cm’ and a uniaxial out-of-plane anisotropy of
K;=5X10% ergs/cm?. The interfacial AF coupling of the
Co/Pt stacks via the Ru interlayers is J,p=0.45 ergs/cm?.
The domain structure was characterized by magnetic force
microscope (MFM) using conventional as well as low-
moment MFM tips.

III. MAGNETIC PHASES

The results of modeling and experiments of AF-coupled
film structures show two magnetic phases depending on the
balance of the exchange and the dipolar energy.*!3-!> Figure
1(b) shows the AF phase with the magnetization of adjacent
layers antiparallel, which occurs for strong interlayer cou-
pling. The AF phase can form domains (up-down-up-down
vs down-up-down-up) that are characterized by a periodicity
Aap- For the samples described here, A, is expected to be
large (infinite in the models).'*"'® An experimental realiza-
tion of this phase is displayed in the magnetic force micro-
scope (MFM) image in Fig. 1(b) showing micron-sized AF
domains with strong contrast at their domain boundary.’
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FIG. 1. (Color online) Magnetic phases of the
[[Co(0.4 nm)/Pt(0.7 nm)]y_;/Co(0.4 nm)/Ru(0.9 nm)]y_,/

[Co(0.4 nm)/Pt(0.7 nm)]y_;/Co(0.4 nm)/Pt(2 nm)

multilayer model system. (a) Schematic illustration for the case X
=3 and N=4. The Co/Pt stacks can be viewed as uniform FM units
with the magnetization pointing either parallel or antiparallel to the
film normal. Each ferromagnetic layer stack is AF coupled to its
adjacent stacks via Ru interlayers while dipolar fields favor a par-
allel alignment of the moments in adjacent ferromagnetic layers. (b)
AF domain structure of lateral periodicity A zp. As an example, we
show an experimental MFM image (10 um)?> of a N=17, X=6
sample after demagnetization showing two AF domains. (c) FM
stripe domain structure of lateral periodicity Agy. As an example,
we show an experimental MFM image (10 um)? of a N=18, X=9
sample after demagnetization.

These domains are formed in the system via field cycling.
The second magnetic phase is a FM stripe domain pattern
with a periodicity Ny [Fig. 1(c)]. In this phase the strong
dipolar fields prefer a vertically correlated alignment and
overcome the AF interlayer exchange. The value of Apy; is
determined by the competition between the thin film dipolar
energy and the domain wall energy as originally outlined by
Kittel'” for films with perpendicular magnetic anisotropy.
This phase is observed experimentally by increasing the
number of Co/Pt repeats in each ferromagnetic stack* [Fig.
1(c)]. For the specific sample shown here we observe a FM
domain period of Agy=300 nm which is the same as ob-
served for a Co/Pt multilayer of the same total thickness.
Shown in Fig. 2 are representative magnetic hysteresis
loops for two samples with an AF remanent state [Figs. 2(a)
and 2(b)] and a FM remanent state [Fig. 2(c)]. Figures 2(a)
and 2(c) correspond to the samples shown in Figs. 1(b) and
1(c), respectively. The loop in Fig. 2(c) has a shape charac-
teristic for perpendicular anisotropy magnetic films,!”!3
where the reversal is mediated by stripe domains that couple
through the entire thickness of the structure [Fig. 1(b)] as
described in Ref. 4. The loops in Figs. 2(a) and 2(b) reflect
an A-type antiferromagnet with an AF remament state. The
loops have three field regions and are typical of AF-coupled
films with uniaxial anisotropy.” For the low field region the
magnetization is relatively constant and near zero for an even
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FIG. 2. (Color online) Typical hysteresis loops of the Co/Pt-Ru
model system for the exchange dominated phase with (a) N=18,
X=7 and (b) N=17, X=6, both exhibiting an AF remanent state and
the dipolar dominated phase with (c) N=18, X=9 showing a rem-
anent state of FM stripe domains. In (a) we compare the loop of our
Co/Pt-Ru model system with a loop for a La; 4Sr; ¢Mn,O, crystal
from Ref. 9, thus revealing the similar reversal behavior of both
systems.

N and has a finite value for an odd N corresponding to a
single Co/Pt stack. In this region the magnetization is stable
in an AF configuration. In high fields (>5 kOe) the Co/Pt
stacks are aligned ferromagnetically with the field.

In between we observe the magnetization transitions be-
tween the AF and FM states. While in some systems the
intermediate region is characterized by a spin-flop phase,!’
the anisotropy of the present system is sufficiently high such
that the magnetization remains either parallel or antiparallel
to the film normal. This results in the formation of an inter-
mediate state with mixed AF and FM phases. Because of the
dipolar interactions the FM regions are correlated through
the structure and form stripes (see Sec. IV) in a mechanism
similar to that observed for FM films.!”!® Because of the
close connection to the formation of FM stripe domains, the
shape of the subloops in Figs. 2(a) and 2(b) are qualitatively
similar to the loops shape for the FM sample in Fig. 2(c). A
more detailed discussion of the magnetic structure in this
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FIG. 3. (Color online) Sequence of MFM images, (10 wm)?
each, showing the two-phase behavior of a multilayer wedge
sample with X=8 and N=15. The Co layers varied continuously
from (a) 0.40 nm at the thin end to (f) 0.44 nm at the thick end of
the sample and the images were taken in remanence after demag-
netization in an oscillating out-of-plane magnetic field by cycling
the magnetic field down from 20 kOe to 10 Oe in successive cycles
with decreasing amplitude in 0.1% steps. Oppositely oriented AF
domains have a slight contrast in the MFM images since the odd
number of Co/Pt stacks yields a net magnetization of one stack.

mixed state will be given elsewhere.'” The same mixed be-
havior has been observed in single-crystal plates of
La, 4Sr; Mn,0, with the ¢ axis normal to the plate.® The
similarity of such systems is illustrated in Fig. 2(a) by com-
paring a hysteresis loop for a La; 4Sr; (Mn,O, crystal from
Ref. 9 with one of our Co/Pt-Ru model structures. The loops
are nearly identical with the increased hysteresis of the
multilayer being the result of the low number of multilayer
repeats. The hysteresis is difficult to see in the
La; 4Sr; ¢Mn,O, crystal data, but was clearly determined by
a more careful analysis.’

IV. TWO PHASE BEHAVIOR

In the remainder of the paper we examine the mixed
AF-FM phase behavior of this system, first by tuning the
energy continuously between the AF and FM phases and
secondly by applying an external magnetic field to the AF
domain phase. To follow the transition between the two
phases we vary the magnetization of the ferromagnetic layers
by depositing multilayer wedge samples, where each of the
Co layers varied continuously from 0.40 nm at one end of
the sample to 0.44 nm at the other. Close to the AF-FM
phase boundary this small change in Co layer thickness is
sufficient to change the system from the AF to the FM
ground state. Shown in Fig. 3 are six remanent MFM images
along the wedge after out-of-plane demagnetization showing
the two-phase behavior. For the thinnest Co thickness [Fig.
3(a)] we observe large AF domains with one-dimensional
FM stripes at the AF domain boundary. These regions of FM
order are stabilized due to the interlayer dipolar fields at the
AF domain boundary’ and have also been observed in other
AF-coupled systems.? For thinner Co layer thicknesses, the
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FIG. 4. (Color online) Large scale MFM image, (50 wm)?, from
the AF-FM transition range of the wedge sample shown in Fig. 2.
The FM stripe domains are found primarily at the boundary be-
tween AF domains. The solid arrows highlight FM regions that exist
within a single AF domain. The dashed arrows highlight small AF
domains isolated at the center of FM regions.

FM order at the AF domain boundary disappears forming the
boundary shown in Fig. 1(b).> As the Co thickness increases
[Figs. 3(b)-3(f)] the one-dimensional stripes broaden and
start forming two-dimensional labyrinth stripe domain pat-
terns that are characteristic of the FM phase. These regions
of FM stripe domains are exclusively located at the boundary
between AF domains as seen most clearly in Figs. 3(b)-3(d).
In Fig. 3(e) the FM phase has become dominant with only a
few local regions of AF order remaining. In Fig. 3(f) the
entire field of view is occupied by the FM stripe phase.

In all of the two-phase coexistence images, we observe
that the stripes are oriented normal to the boundary of the AF
phase, reflecting the original one-dimensional stripe pattern
at low Co thickness [Fig. 3(a)]. The close relation between
the presence of the FM phase and the AF phase boundary can
be even more convincingly seen in a larger scale image as
shown in Fig. 4. Even when the FM phase extends over
regions of many microns, the FM order is predominantly at
the boundary of AF domains and exhibits a characteristic
width. There are examples of isolated FM domain regions
within a single AF domain as shown by the solid arrows. We
believe that these were formerly smaller AF domains that
have been consumed by the FM phase. Such a consumption
process is confirmed by the residual AF domains visible in
the center of an isolated FM region as highlighted by the
dashed arrows. Note that the AF domain remains in the cen-
ter have opposite contrast to the AF domain surrounding the
adjacent FM stripe region.

Figures 3 and 4 highlight the importance of the AF do-
main boundaries for the observed topography of the two-
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FIG. 5. (Color online) Sequence of MFM images, (10 wm)?
each, showing the two-phase behavior of the multilayer wedge
sample from Fig. 2 taken in remanence after prior saturation of the
sample in an out-of-plane magnetic field. The arrow in (b) indicates
the formation of the first FM stripe domain phase along the wedge.

phase coexistence state. Figure 5 displays six remanent
MFM images (of the same wedge sample as shown in Fig. 3)
after out-of-plane saturation. Because this particular sample
has an odd number of Co/Pt stacks a single AF domain is
formed with both surface layers aligned parallel to the satu-
rating field.” Consequently there are no AF domains present
to facilitate the formation of the FM stripe domain phase as
observed in Fig. 3. As the AF phase forms from saturation,
there are residual FM regions that persist at remanence
showing up as bright lines and dots in Figs. 5(a) and 5(b). As
the Co thickness increases, the density of the residual bright
FM lines increases until a first dark FM reverse domain
nucleates as indicated by the arrow in Fig. 5(b), thus forming
the nucleation of the FM stripe phase. As the Co layer thick-
ness increases further we observe extended stripe domain
regions that appear to originate from a few nucleation sites.

Not only is the mesoscopic domain order in Fig. 5 quite
different from that in Fig. 3, but we also observe a qualita-
tively different boundary between the FM and AF phase.
While after demagnetization FM stripes are oriented perpen-
dicular to the phase boundary we observe a parallel align-
ment to the boundary in Fig. 5. These differences are ob-
served in the same sample and are caused exclusively by the
field history. The boundary between the FM and AF phase in
Fig. 5 results from the nucleation process within a uniform
AF domain. The FM stripe phase nucleates at the residual
FM lines that are present after saturation [Fig. 5(b)]. These
lines then provide the boundary between the AF and FM
phase, thus resulting in a parallel alignment of the stripe
domains with respect to the phase boundary.

Finally we describe the mixed AF and FM order obtained
in an external magnetic field being applied to the AF domain
phase. The images in Fig. 6 reveal the domain evolution with
increasing magnetic field starting from the AF remanent state
[Fig. 6(a)] to roughly half the saturation field [Fig. 6(¢)] and
then back to remanence [Fig. 6(f)]. The remanent state is
similar to Fig. 3(a) with AF domains and alternating FM
order at the domain boundary. Applying a modest field
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FIG. 6. (Color online) Sequence of MFM images,
~(6 um X4 um), for a sample with N=12, X=7 and a constant Co
thickness of 0.4 nm for different applied field normal to the surface.
(a) Remanence with AF domains showing one-dimensional FM
stripe domains at the AF domain boundaries. (b) Same image at
~480 Oe applied field, (c) ~960 Oe, (d) ~1150 Oe, and (e)
~1800 Oe. (f) The same image after returning back to remanence
after applying fields up to ~2500 Oe. The original domain structure
as shown in (a) is preserved with the exception of the small domain
highlighted by the arrow in (a). (g) Expanded view of the domain
structure in (c) showing the two types of FM regions present in the
sample. The solid white line crosses a FM line separating two dif-
ferent AF domains as shown schematically in (h). The dashed white
line crosses a FM line separating the same AF domain as shown
schematically in (i).

[480 Oe in Fig. 6(b)] stabilizes a uniform FM line at the AF
domain boundary by removing the one-dimensional stripe
domains. Increasing the field further does not significantly
increase the FM linewidth, which is determined by the bal-
ance between dipolar and AF exchange energies,’ but leads
to additional FM lines growing out from the domain bound-
ary into the AF phase [Fig. 6(c)]. This growth process con-
tinues until the image is filled with a magnetic structure [Fig.
6(e)] consisting of FM lines within two different types of AF
domains (up-down-up-down and down-up-down-up). This
mixed phase behavior corresponds to the intermediate field
regions of Figs. 2(a) and 2(b).

Surprisingly, when the field is removed [Fig. 6(f)] the
original AF domain pattern returns [minus the small domain
marked by the arrow in Fig. 6(a)]. This microscopic return
point memory originates from the nature of the FM lines at
the AF domain walls. Shown in Fig. 6(g) is an expanded
region of Fig. 6(c), which highlights the two types of FM
lines that can be found in the system. The solid white line in
Fig. 6(g) crosses a FM region that exists between two differ-
ent AF phases and is present in zero field [Fig. 6(h)]. How-
ever, as the FM domains propagate into the AF phase they
have the same AF domain configuration on either side. This
is highlighted by the dashed line in Fig. 6(g) and schemati-
cally shown in Fig. 6(i) [which is the same spin structure as
the FM lines in Fig. 5(a)]. Reversing the field from Fig. 6(e)
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causes the FM lines to retract. For any FM line such as
shown in Fig. 6(i), the AF phase will be restored as the FM
phase retracts. However, the FM lines located at the AF do-
main boundaries [Fig. 6(h)] are trapped and remain in the
system when the field is removed. Since the AF domains
have no net moment, neither of them is favored in field cy-
cling and thus the overall AF domain structure remains stable
in modest applied fields independent of any local pinning of
the domains. This leads naturally to the reversible behavior
reflected in Figs. 6(a) and 6(f). This memory effect is only
overcome by applying sufficiently high fields that completely
remove the AF domain structure.

While such complex domain structures are not
expected in exchange-dominated antiferromagnets (e.g.,
CoO or MnF,), they do occur in A-type and related
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antiferromagnets.>8-11:21.22 Complex mixtures of AF and FM
phases are observed both by changing temperature®!'%!! or
field.>2!?? In particular, field induced stripe domains have
been observed with the morphology of the domains depend-
ing on the applied field strength and on defects in the crystal.
Our results highlight the role of AF domain boundaries on
the topology of the coexistence of AF and FM phases. While
such domain structures have not been reported in complex
oxides the development of techniques to image AF
domains'!?* should provide opportunities to explore their
role. In addition we hope that our experimental findings will
motivate domain studies in multiblock achiral liquid crystal
molecules and related systems as well as further theoretical
study of the two-phase behavior of this model system.

*Present address: Center for Magnetic Recording Research, Univer-
sity of California, San Diego, 9500 Gilman Dr., La Jolla, CA
92093-0401.
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