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The magnetic behavior of cobalt nanocluster arrays arranged on a boron-nitride nanomesh and
capped with MnPt layers of varying thickness Oyyp, is investigated. The magnetic properties of the
arrays are found to be strongly dependent on the cobalt nanocluster size: large 3-dimensional
clusters of several nanometers size under the influence of only Oypp; ~ 5 nm exhibit prototypical
exchange bias behavior, whereas small 2-dimensional clusters of about 1 nm in diameter show
superparamagnetic behavior, however, with a strong quenching of the average cobalt magnetization.
The latter effect is correlated with the formation of a stable antiferromagnetic phase at increasing
Ozvmpy and is discussed in terms of the domain state exchange bias model. The quenching suggests
either partial antiferromagnetic alignment of cobalt spins within a cluster or a random orientation of

cobalt cluster macrospins with respect to each other. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4795274]

. INTRODUCTION

Exchange bias (EB) can appear when a ferromagnetic
(FM) 3d metal like cobalt is brought in contact with an anti-
ferromagnetic (AFM) material. The effect becomes manifest
in a horizontal shift of the hysteresis curve by a characteristic
field Hgp called exchange bias field. For a topical review, see
Ref. 1. Phenomenologically, EB is known for decades, yet its
microscopic origin is still under debate. Hgg has been initially
attributed to an uncompensated magnetization in the antiferro-
magnet at the interface to the ferromagnet. However, in order
to explain the manifold material and geometry dependent EB
effects in the experimentally studied systems, more complex
models had to be developed, taking into account defects,
roughness, and the formation of magnetic domain walls at the
interface (see Kiwi for an overview on EB theory®). A very
recent theory is the domain state (DS) model,’ in which Hgp
is correlated with the uncompensated bulk magnetic state of
the antiferromagnet. In contrast to models focussing on disor-
der effects confined at the interface, here volume disorder
plays the key role. Indeed, SQUID measurements in Ref. 4
convincingly support the DS model theory in the EB system
of isolated Co nanoclusters immersed in a chemically disor-
dered bulk MnPt matrix. Although the Mn interface magnet-
ization that might develop close to the clusters is not directly
measurable in SQUID magnetometry, the authors observe that
the EB effect scales with a frozen, non-reversible bulk mag-
netization in the MnPt DS. The latter is modeled to depend on
the blocking temperatures Ty of the various AFM domains
within MnPt.
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The aim of the present work is to examine the same EB
system but in reduced dimensions: Co nanocluster arrays on a
surface capped with thin MnPt layers. To test the DS model,
we first gradually reduce the size of the MnPt layer in order to
drive the DS from the blocked (T < T)™™) to the unblocked
(T > TY'™) regime, T being the measuring temperature. The
latter regime naturally defines a dimensional limit for possible
applications of such arrays. Second, we investigate the effect
of Co-Mn magnetic interactions at the cluster-matrix interface
also for smallest Co clusters in the superparamagnetic limit
(T > T§®), where a stable antiferromagnetic DS in MnPt pro-
hibits overall ferromagnetic ordering of cobalt. A key of our
work is the combination of SQUID and element selective
X-ray magnetic circular dichroism (XMCD) techniques. In
contrast to SQUID magnetometry used in Ref. 4, XMCD ena-
bles the magnetic characterization of Co and Mn independ-
ently. The work is along the line of recent investigations on
limits in size of exchange biased magnetic entities, like, e.g.,
single molecule magnets.®

The manuscript is organized as follows: After a short
description of the sample preparation procedures and the
experimental methods (Sec. II), in Sec. III the results are
presented and discussed separately for the case of large
3-dimensional Co nanoclusters (Sec. IIIA) and small
2-dimensional clusters (Sec. IIIB). Finally, a qualitative
model is proposed to explain the correlation between Co and
Mn magnetic properties in the latter system.

Il. MATERIALS AND METHODS

The samples were prepared in UHV conditions and then
transported in air to BESSY II (high-field endstation,

© 2013 American Institute of Physics
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beamline UE46-PGM1) and to ESRF (beamline ID08) for
XMCD measurements. Insulating boron nitride (BN) layers
on Rh(111) surfaces were prepared using standard UHV pro-
cedures. Rh(111) single crystal and epitaxial Rh thin films
(50-200 nm) grown on YSZ/Si(111) wafers were used as
substrates. YSZ/Si(111) wafer fabrication involved pulsed
laser deposition (PLD) for the oxide buffer and a two step e-
beam evaporation procedure for the epitaxial metal film.’
Surfaces were cleaned with cycles of sputtering at 1.5 keV
and 0.8 keV (Rh(111) and Rh/YSZ/Si(111), respectively),
and annealing to 1250 K. The boron-nitride layer was formed
by thermal decomposition of borazine gas, (B;N3Hg), while
the Rh(111) surfaces were kept at 1250 K.” The resulting h-
BN layers are atomically thin, electrically insulating, chemi-
cally inert, and mechanically extremely stable. They show a
strain-driven hexagonally ordered corrugation with a perio-
dicity of 3.2 nm.*'°

The first set of samples with large Co clusters situated
on h-BN was prepared using a sputtering gas-aggregation
source at CEA in Grenoble.*® The h-BN substrates were pre-
pared at the Max-Planck Institute in Stuttgart and annealed
once more in-situ at the CEA under UHV conditions to
assure clean substrate surfaces before cluster deposition.
Spherical Co clusters with 4.5 nm average diameter (see Fig.
1(b)) were deposited on the substrate at room temperature
and subsequently capped by variable coverages of MnPt
sputtered from targets. The sample was terminated by a pro-
tective 5 nm thick Pt layer.

The second set of samples with small Co clusters was
instead prepared by 3 subsequent buffer layer assisted
growth (BLAG) cycles on the h-BN (see Fig. 1(a)). During
each BLAG cycle, a Xenon buffer layer of 5 Langmuir thick-
ness was prepared at low temperatures followed by the depo-
sition of 0.05ML cobalt and annealing at 300K (see Ref. 18
for details). After that, several capping materials, both non-
magnetic (Au, Pt, Al,O;) and magnetic (MnPt), were

B-BN Co cluster

A Capping layer
Ox%0, O, O

Rh 3 50m
YSZ

FIG. 1. Scanning tunneling microscopy of BLAG (a) and atomic force mi-
croscopy of deposited (b) clusters on the h-BN before deposition of the cap-
ping layer; sketch of the general sample structure and TEM image of a
BLAG sample capped with Pt (c).
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deposited in-situ by means of evaporators pre-calibrated by a
quartz balance. The capping layers here were between 1 nm
and 3 nm, depending on the sample. In the case of MnPt cap-
ping, during the co-deposition a blind was moved across the
sample surface, resulting in a staircase MnPt wedge. The
sample was again terminated with a 2 nm Pt protective layer.
Mn/Pt ratio and quality of the wedge were verified using
Auger spectroscopy. The sample structure has been checked
also by means of TEM measurements. The supporting Rh
substrate was found to be single crystalline, whereas the Pt
capping is polycrystalline (see Fig. 1(c)). The formation of
this polycrystalline structure is due to nucleation and growth
on the corrugated h-BN which for room temperature deposi-
tion of 3d and 5d metals leads to formation of 5-10 nm sized
3-dimensional grains.**

X-ray absorption spectroscopy (XAS) measurements
were performed in the total electron yield (TEY) mode with
100% and 90% circularly polarized synchrotron light at
ESRF and BESSY II, respectively. XMCD spectra were
obtained at the L3, absorption edges of Co and Mn as the
difference between XAS spectra corresponding to right (o)
and left (67) circularly polarized light. A collinear external
magnetic field induces a sample magnetization along the
x-ray beam, while the sample orientation was varied between
the polar geometry (9 = 0°, sample normal parallel to the
field) and the in-plane geometry (v = 70°, sample normal
and field enclose an angle of 70°). XMCD spectra are eval-
uated by normalizing the peak amplitude at the L5 absorption
edge by the corresponding non-dichroic XAS peak ampli-
tude, in thle fpllowing referred to as the XMCD/XAS ratio
R, = 1/(2%&2,) |.,- Although the detailed shape of the L3
XMCD spectra is a complex superposition of ground state
expectation value contributions of the spin, orbital and spin-
dipole operator,'® in bulk-like materials (e.g., large Co clus-
ters, first set of samples) the ratio R, is a good measure of
the average spin moment (i) per atom, since here orbital
(L,) and spin-dipole operator (7,) contributions can be con-
sidered as small. However, in reduced dimensions like
monolayer islands of cobalt (second set of samples)—espe-
cially when in contact with heavy metal surfaces like, e.g.,
Au or Pt—T, contributions can be significant and corrections
to the value R;, have to be taken into account.”” Element
selective magnetization versus magnetic field curves are
obtained by recording the field dependence of the XAS in-
tensity at the cobalt and manganese L3 absorption edge and
normalizing the results to the respective XAS intensity at the
L pre-edge.'!

lll. RESULTS

A. Large deposited clusters: Classical exchange bias
regime

We have investigated samples with several MnPt cover-
ages Oyipe = 5, 20, and 80 nm. The effective thickness Oc,
of the deposited Co clusters estimated from microbalance
and SQUID is about (0.5 = 0.2)nm. With 4.5 nm diameter
clusters, the areal substrate coverage is then close to 10%. A
reference sample using a plane Si wafer as a substrate instead
of the h-BN was also investigated, to compare the cluster
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properties. On both substrates h-BN and Si, the cluster den-
sity is about 150 cluster/um?”. Little aggregation between
clusters is found, on both substrates. An atomic force micros-
copy image of the clusters on the h-BN before capping is
shown in Fig. 1(b). The clusters contain an average of 4000
atoms and show a multiply twinned fcc icosahedral
structure.

Magnetization curves shown in Fig. 2 were recorded
both by SQUID and XMCD after field cooling (FC) from
room temperature to T = 6-8 K with H = 4+30kOe applied
in-plane (¢ = 90°). Table I summarizes the magnetic proper-
ties of the different systems, as measured by SQUID and
XMCD. The blocking temperature T}° of the cobalt clusters
is given by the maximum in the zero field cooling magnetic
susceptibility curves measured at 100 Oe (not shown here).
We find values T,?O in the range of 80—130K, well above the
SQUID and XMCD measuring temperatures, a prerequisite
for EB.

SQUID loops in Figs. 2(a) and 2(b) were measured at
T = 6K, with the magnetic field fully in the plane of the sam-
ple surface, according to the FC procedure. The data prove
that indeed for all MnPt coverages the system behaves like a
prototypical EB system, that is (i) the clusters show hysteresis

TABLE 1. Summary of the SQUID and XMCD results for deposited cluster
samples capped with different MnPt thicknesses Oynp: EB field (Hgg),

blocking temperature (T,,CO), and orbital-spin moment ratio (Oisi—l%l"r)) are
reported.

OCO ()MnPl HEB ThCo (us ﬁLmT)
Substrate  (nm)  (nm) (Oe) (K) In-plane Polar
Si 0.4 80 2203
Si 0.5 20 1326 110  (0.11 £0.02)  (0.09 = 0.02)
h-BN 0.5 20 1233 130 (0.11 £0.02) (0.08 = 0.02)
h-BN 0.5 5 513 120

and (ii) EB is found for all the investigated samples. Both
Hgg and T,‘f" increase with the MnPt thickness. A small verti-
cal offset in the SQUID data due to uncompensated MnPt
magnetization is present in samples with Oy,p, = 80 nm (not
shown), indicative for the presence of a frozen, non-reversible
magnetization in the MnPt. For thinner MnPt capping, this
offset cannot be further resolved. The observed offset corre-
sponds to an average Mn moment of ~1 X 10’3y3 in the
AFM matrix and it is similar to what is reported by Morel
et al.* for comparable systems. It suggests the formation of a
partly blocked DS (T > 8K) in the diluted AFM matrix
during FC.

The element specific response to the external magnetic
field is accessible via XMCD presented in Figs. 2(c) and
2(d). Magnetization curves are shown separately for Co and
Mn for the two indicated coverages Oype = Snm and 20 nm.
Due to the mean free path of electrons limiting the probed
depth in the TEY mode, the Co signal in the 20 nm sample
could only be investigated by fluorescence yield (FY).
Cobalt magnetization curves display hysteresis with a coer-
civity similar to what is observed by SQUID, and a slight EB
effect, which increases with the MnPt coverage (see inset of
Fig. 2(d)). The EB field is reduced compared to what is seen
by SQUID, partly because the magnetic field during in-plane
XMCD measurements (¢ = 70°) is 20° away from the field
direction during FC. For all the samples, the Mn magnetiza-
tion appears as a straight line without vertical shift, a conse-
quence of the highly compensated AFM phase in MnPt as
we will discuss further below.

Cobalt (a) and manganese (b) XAS and XMCD spectra
at ¥ =70° are shown in Fig. 3 for the sample with
Ozupe = 20nm under a magnetic field B=5T. In Figs. 3(c)
and 3(d), we report the corresponding values of the ratio R,
(see definition in Sec. II) versus Oypp, for both geometries
¥ =0°,70°. From Fig. 3(c), it is evident that the Co
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magnetization is slightly higher at Oy,pe = 20 nm, which can
be attributed to the onset of oxidation effects at Oypy = 5 nm
(Comment: For Oyppy of only 2 nm, the partial oxidation is
clearly visible in the XAS spectral shape, data not shown). It
seems that when the layer thickness becomes comparable to
the cluster size, protection against formation of an oxidized
AFM phase is strongly reduced. As we can see in Fig. 3(a)
instead, for larger MnPt coverages the XAS and XMCD of Co
display a typical metallic spectral shape and the value R,
~ 0.5 is similar to what is found in FM bulk Co,12 where val-
ues between 0.5 and 0.6 are reported. Since the clusters are
bulk-like we can assume R;, to reflect the bulk Co spin
moment (see comment in Sec. II) of pg ~ 1.6uz. We observe
that (i) the magnetization is quite isotropic as no strong differ-
ences are found for Ry, between ¥ = 0° and 70° and (ii) there
is little orbital moment anisotropy. The latter is visible in the
inset of Fig. 3(c) where the XMCD spectra 1 = 0° and 70°
are scaled to each other at the L, absorption edge. An anisot-
ropy in the orbital moment would lead to different intensities
at the L3 edge in this plot. In general, the orbital moment is
quenched, as one can also see from the small orbital-spin ratio
(0.11 =0.02) in Table I, which is comparable to what is
found for bulk cobalt."?

In Fig. 4(a), we report the Mn L3, XAS signals at ¢ = 0°
and 70° for the investigated samples. In addition, XAS spectra
simulated with the CTM4XAS software'* are shown for
Mn(2") in O, crystal fields with 10Dq=0.6 eV. For
Ozope = 20 and 5 nm, the ¥ = 70° XAS signal is well repro-
duced by the simulated curve. At ¢ = 0°, instead smoother
spectra are found, similar to what is reported in Ref. 15 for an
8 ML thick MnPt film displaying the ordered L1, phase with
the c-axis along the surface normal. The anisotropic growth
conditions due to the contact with the h-BN/Rh(111) surface
seem to induce a partly oriented L1, phase also in our samples.

We move now to the interpretation of the Mn XMCD
data in Fig. 3(d). As already mentioned for Oyy,p, = 20 nm,

MnPt coverage (nm)

the Co signal is not visible in TEY since the escape depth of
electrons A, in the MnPt plus Pt matrix is < 50 A. By TEY,
we thus observe the manganese signal from a bulk MnPt vol-
ume far away from the cluster or the h-BN substrate interfa-
ces, which we call Mn-II hereafter. This effect is illustrated
in the inset of Fig. 3(d) where the yield arising from Mn
atoms at the cluster interface is plotted versus MnPt cover-
age.13 In the sample with Oyppe = 5 nm, we are more sensi-
tive to Mn atoms situated close to the Co cluster interfaces.
The fact that we do not observe hysteresis in the Mn magnet-
ization curves measured by XMCD, however, proves that the
fraction of Mn atoms which follow the Co magnetization is
small compared to the total amount of Mn. Here, we want to

BLAG clusters

Deposited clusters

XAS (arb. units)

Mn2'(0,)

| | 1 1
640 645 650 655 640 645 650 655

Photon energy (eV) Photon energy (eV)

FIG. 4. Mn L3, XAS for 9 =70° (dotted lines) and ¥ = 0° (continuous
lines) at different coverages Oy,p, for deposited clusters (a) and BLAG clus-
ters (b). The curves have been multiplied by an arbitrary factor and shifted
vertically for reasons of clarity. For comparison, XAS spectra of O,, crystal
field simulations are shown in red at the bottom. Details about simulations
are given in the text.
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stress that the areal density of clusters covering the h-BN is
low (see Fig. 1(b)), which generally reduces the fraction of
Mn atoms at the interface with Co. For similar reasons, it is
also not surprising that we do not resolve the small non-
reversible vertical shift visible in our SQUID magnetization
curves (corresponding to an average moment per Mn atom
< 1 x 1073 ,), which according to the DS model is indica-
tive of EB.

With the above considerations, we can explain the
decrease of the Mn R;, signal between 5 nm (R, ~ 0.3) and
20 nm (Rz, ~ 0.15) of MnPt (both signals significantly
smaller than those found for FM aligned Mn spins in MnPt;3
with Ry, ~ 0.5 (Ref. 29)). The first and most obvious explana-
tion is that the formation of a long-range ordered AFM phase,
in general, requires a minimum thickness of at least 6—10
nm.?%3° Another explanation, however, would emphasize the
importance of structural disorder. Due to structural disorder
visible in our TEM images, it can be expected that non-
compensated spins are present in the MnPt matrix, similar to,
for example, at the surface of CoO films.**** Therefore, larger
Mn R, values found for the Oympe = 5 nm sample compared
to the Oyppy = 20nm sample can also partly be due to
increased disorder and thus smaller grain sizes in the thin film
regime. Indeed, during the sputter deposition of MnPt at room
temperature the pits of the h-BN nanomesh are known to serve
as a template for cluster nucleation which limits the grain
size.'® With increasing coverage, we expect less corrugation,
larger grain sizes, and thus more compensated spin structures.
This more ordered magnetic phase with larger domains should
correspond to the regime of the bulk DS model.

To summarize, we observe the classical EB behavior in
FC systems of magnetically blocked (T < T1°) cobalt nano-
clusters on h-BN capped with MnPt layer thicknesses from
80 nm to as low as 5 nm. The Mn magnetization visible in
the element selective XMCD technique proves a paramag-
netic behavior and an increasingly compensated phase in the
MnPt layers with larger capping layer thicknesses. We inter-
pret the observed increasing EB field with increasing MnPt
thickness as the progressive stabilization of a frozen, non-
reversible MnPt magnetization due to blocking in enlarged
DS units (T < T according to the DS model.

B. Small BLAG clusters: Superparamagnetic regime

Nanocluster formation during BLAG is a phenomenon
extensively investigated in previous works.'® In particular, it
can be exploited to build highly ordered arrays of Co nano-
clusters on a patterned template substrate, as in the case of
the h-BN nanomesh on Rh(111). Due to the template effect
of the hexagonally corrugated structure of h-BN, a dense
array of well-separated Co clusters of monatomic height and
about 2 nm in diameter is formed (see Fig. 1(a)). A summary
of the magnetic properties of BLAG nanoclusters discussed
in Sec. III B can be found in Table II.

1. Non-magnetic capping

At first, three different capping materials Au, Pt, and
Al,O; were used to study possible influences of non-
magnetic origin on the BLAG cluster properties.

J. Appl. Phys. 113, 123903 (2013)

TABLE II. Summary of the Co XMCD results for BLAG nanocluster sam-
ples with different capping layer materials: capping layer thickness (0), spin
block size N obtained by fitting the magnetization curves using Eqs. (2) and

(3), orbital-spin moment ratio ((usiilhq))’ and magnetic anisotropy are

reported.

0 N 1 Ry, Orbital

(us+7pr) . .

Sample (nm) (atoms) anisotropy moment anisotropy
Al O3 3 26 (0.38+0.05) None
Pt 2 23 None
Au 5 21 None
MnPt 1 17 (0.37£0.05)  In-plane In-plane
MnPt 3 None Polar

In Fig. 5(a), a plot of Co R;, versus magnetic field is
shown for the samples capped with non-magnetic materials
Au, Pt, and Al,Os3, measured at 7= 15 K both for ¥ = 0° and
70°. In all the three cases, the highest available magnetic
field was almost sufficient to saturate the Co magnetization.
However, the ratios Ry, at B=S5T for the three samples dif-
fer: the highest value of R;, = 0.6 is found for Al,O5 cap-
ping, which is slightly enhanced compared to the values
found for large clusters in Sec. III A. This value is in line
with other experimental data for Al,O5 capped Co clusters.”!
The sample capped with Au has a strongly reduced signal of
only R;, = 0.3. As commented at the end of Sec. II for 2-
dimensional 3d metal clusters like those fabricated by
BLAG, the ratio Ry, can be strongly affected by orbital L,
and spin-dipole operator T, contributions. (7,) values are
known to be large and negative for Co monolayers in contact
with Au and Pt surfaces. According to DFT calculations for
extended 2-dimensional Co clusters on Au(111) systems, we
expect Ry, to be reduced by ~—25% due to T’ contributions,
while the actual Co spin moment () remains unaffected.*”
If we compare the reduced R;, = 0.3 found for Au capping
with the R;, = 0.5 found for bulk-like clusters with a spin
moment of ug ~ 1.6y and assume a reduction of ~—25%
due to T, contributions in the case of Au capping, then we
get an estimation of the spin moment of ug ~ 1.4u;. The
fact that we see lower spin moments than predicted by DFT
theory is consistent with the earlier experimental findings on
similarly fabricated BLAG Co clusters in contact with
Ag(111). In this case, DFT predicts negligible T, contribu-
tions, partly because Ag is a lighter element with less spin-
orbit coupling contributions. There are several possible rea-
sons for this discrepancy, which we describe in Ref. 25 in
detail; however, this is not in the focus of the present work.
Finally, the sample capped with Pt has an intermediate satu-
ration value Ry, = 0.45. In the case of Pt, we saw partial oxi-
dization, possibly due to an insufficient capping thickness:
the XAS line shape shows typical features of a Co and CoO
mixture (not shown). Partial oxidation should lead to reduced
Ry, values.*

The orbital moments y; of BLAG clusters are expected
to be larger than those of deposited clusters due to a smaller
dimension and therefore a reduced number of Co neighbors.
For the clusters capped with weakly interacting Al,O3, we
indeed find an orbital-spin moment ratio of (0.38%0.05),
3-4 times larger than that of large deposited clusters in
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Sec. IT A. Also, the comparison by normalizing the XMCD
signal at the L, edge (see Fig. 5(b)) supports this trend.

A common feature to all three samples is the absence of
remanence (R, =0 at B=0). The Co clusters, therefore,
must have a blocking temperature T5° below the measure-
ment temperature of 7= 15K. A general estimation for the
blocking temperature, considering the measuring time of our
experiments, is given by the following formula:**

N-AE )
" T 27 kg M
where AFE is the effective anisotropy energy per atom and kp
is the Boltzmann constant. Using N = 100 as an upper esti-
mation for the number of atoms per Co cluster found by
scanning tunneling microscopy (STM) measurements,”* we
get AE < 0.3 meV in order to have T5° < 15K. Magneto-
crystalline anisotropy energy (MAE) in 3d elements is
caused by anisotropic 3d state configurations, which are trig-
gered by electronic interactions with a symmetry-breaking
environment. In our case, this is caused by lateral intracluster
Co-Co bonding but also by the capping material. Since for
non-magnetic capping we do not observe any anisotropy
between ¥ = 0° and 70°, we expect this interaction to be
rather weak and maybe also not homogeneous due to disor-
der in the capping layer.”’

In the superparamagnetic limit, one can fit the magnet-
ization curves using a classical Boltzmann statistics of a
macrospin my = N - yig in a magnetic field. The fit results
shown in Fig. 5(a) are obtained using the formula

Ry, (my, H) = Rsat§|5<m e EmEMT0 7 ()

E(my,H) = —(my - H) — N - Eq(m - 0)?, (3)

where Ry, is the saturation value of the XMCD/XAS ratio
Rr,, m the unit vector of the macrospin moment, and
H=H h the magnetic field vector. E, is the magnetic ani-
sotropy energy per atom with an uniaxial direction n. Z is the
partition function for states m on the unit sphere Q. For the
non-magnetic capping, the value E4 was set to zero since po-
lar and in-plane measurements in Fig. 5(a) show similar
results. Assuming a bulk hcp spin moment of ug = 1.645 per
Co atom,'” the spin block size found for Al,O; capping is
N=26. This number is at the lower edge of the size

Photon energy (eV)

distribution interval of 20 to 100 atoms given by careful STM
measurements.”* For the Au capped sample, we find N =21
for the above discussed reduced spin moment of pg = 1.4u,
per atom.

2. MnPt capping

The MnPt staircase wedge was deposited at low tempera-
tures (T ~ 50K) in order to impede thermal diffusion of the
atoms impinging the substrate and to favor the formation of a
continuous, chemically disordered capping layer. The Mn L3 »
XAS for ¥ = 0° and 70° is shown in Fig. 4(b) for the two
extreme positions of the wedge, Oyppy = 1 nm and 3 nm. The
agreement with the simulated XAS for a Mn(2") ion in O,
symmetry (10Dq=0.6 eV) again suggests at least local L1,
ordering of MnPt. However, in contrast to the room tempera-
ture grown MnPt films in Sec. III A, only a small anisotropy in
the XAS spectra between ¥ = 0° and 70° is visible. We attrib-
ute this to increased disorder during low temperature growth.
As we show below, this does not significantly influence the
formation of the AFM state at larger MnPt coverages.

XAS and XMCD spectra measured at T=15K are
shown in Fig. 6 for both Co and Mn, and for three positions
along the wedge. The measurements were done after FC at
B = +5T, 9 = 70°. Corresponding magnetization curves at
the extreme positions Oyppy = 1 nm and 3 nm of the wedge
are shown in Figs. 7(a) and 7(b). The main results are:

(1) Thin MnPt capping (Oypy < 1 nm): the Co magnet-
ization is saturated at R;, ~ 0.6 very similar to what is
found for non-magnetic capping Al,O5. Also similar to the
latter sample, the orbital-spin ratio has a relatively large
value of (0.37£0.05). However, in contrast to non-
magnetic capping there is a preferential in-plane magnetic
direction visible in the Ry, signal of Co. Using Eqs. (2) and
(3), we can fit the Co data in Fig. 7(a) for both directions
with a macrospin my = 27 (e.g., N =17 and spin moment
ug = 1.6z per Co atom if we disregard contributions from
exchange coupled Mn moments, see discussion below) and
Es = (—0.16x0.03) meV (with the hard axis n oriented
perpendicular to the sample normal).

The average Mn magnetization is not saturated but the
value R;, ~ 0.4 is large at ¥ = 70° and its anisotropy is even
stronger than that of Co. From the insets in Figs. 6(a) and
6(d), one notices that also the orbital moment at ¢ = 70° is
larger compared to 6 = 0° both for Co and Mn.
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(2) Thicker MnPt capping (1 nm < Oyupy < 3 nm): It is
evident from Figs. 6(a)-6(c) and 7(c) that with increasing
Onnpe the Co dichroism is significantly reduced by up to a
factor of 6 compared to the value found at thin MnPt cap-
pings; accordingly, the magnetization curves in Fig. 7(a) are
not saturated at B=35T for Oyppe = 3nm. Both Co R, and
orbital moment still show in-plane anisotropy but the signal-

645 650 655 660
Photon energy (eV)

Mn magnetization is progressively quenched and—at
Oninpe = 3 nm—becomes about 7 times smaller compared to
thin capping layers. For this high coverage, there appears to
be no anisotropy in the Mn R, signal, although the anisot-
ropy in the orbital moment shown in the inset of Fig. 6(f)
suggests a polar easy axis direction.

(3) In all cases, no remanence and hence no EB is
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Unlike in the case of the large clusters in Sec. III A, for
BLAG samples the clusters form a dense array on the h-BN
covering a large area of approximately 70% of the surface
and the XMCD technique captures a considerably enhanced
fraction of Mn atoms at the interface with Co clusters (com-
pare STM images (a) and (b) in Fig. 1). Thus, in the thin part
of the wedge (Oympy = 1 nm), one is sensing Mn atoms in the
vicinity of this interface, called Mn-I hereafter. On the other
hand, for higher values of the MnPt thickness, the measured
XMCD also reflects the magnetization of Mn within the bulk
MnPt phase (Mn-II). From the trend of Mn magnetization
versus MnPt thickness in Fig. 7(d), one can see that the aver-
age unsaturated Mn-I magnetization at the interface is much
higher than that of magnetically compensated MnPt capping
of 20 nm thickness. In fact, at Oypp, = 1 nm, we measure
R, ~ 0.35 along the in-plane easy axis direction, which is
70% of the value R, ~ 0.5 of Mn in FM MnPt;.* Taking
into account that at B=35T our measured R;, is far from sat-
uration we believe that (uy"') is most likely comparable to
the value pM™ = 3.9u, in MnPt3.***! In agreement with
the observation in Sec. IIT A, on large deposited clusters a
compensated AFM phase only develops at larger MnPt thick-
nesses Onppe > 3nm. However, surprisingly in the case of
small BLAG Co systems a new effect occurs. With the for-
mation of a bulk AFM state, a strong quenching of the aver-
age magnetization of the Co clusters is observed. Possible
physical mechanisms behind this effect are:

@) Chemical coordination: Co atoms can have reduced
spin moments due to the degree and quality of coordi-
nation with the MnPt environment. The extreme case
of diffusion of single Co atoms into the MnPt matrix,
however, can be ruled out, since alloying processes
start at temperatures above T ~ 200°C.° Against the
importance of coordination between Co cluster and
MnPt speaks, the fact that at Op,p, = 1nm, a thickness
~5 times larger than the monatomic cluster height,
Co still has a high value R;, of the order of what is
found for the weakly interacting capping case of
Al,O3. A reason for the weak influence of chemical
coordination with MnPt could be the relatively strong
localization of Mn 3d states in MnPt.*"-*®

(i)  Indirect RKKY coupling: RKKY interaction between
clusters mediated by the metallic MnPt capping layer
can lead to AFM coupling, quenching the measured
average Co moments. Such an effect was observed,
e.g., in Co clusters capped with Cu layers (see Ref.
26). Here, however, calculations predict the RKKY
coupling energy to be only of the order of 0.05 meV
for Co clusters with N ~ 20,>” competing with the
much larger Zeeman energy of about 10 meV for
each macrospin at B=15T. Moreover, as discussed in
(i), the hybridization between Co 3d and MnPt states
necessary for RKKY coupling seems to be inefficient
in our systems. Therefore, RKKY interactions are
considered unimportant.

(iii)  Direct exchange coupling at the interface: The overall
magnetic interaction between Co clusters and AFM
domains in the MnPt matrix is defined by the local
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exchange coupling constants Ji, between Mn and Co
spins at the cluster interface. Strong correlations
between the Co and Mn magnetization behavior visi-
ble in Figs. 7(a) and 7(b) suggest that this interaction
plays an important role. First, we see a significant
magnetic anisotropy in the Co signal when thin MnPt
capping is used, while for non-magnetic capping
materials (see Fig. 5) no anisotropy is visible. MnPt is
expected to have a large magnetic anisotropy energy
AE per atom (see, e.g., Ref. 36 and references
therein), and the fact that we observe the in-plane
easy axis both in Mn and Co strongly supports the
idea that MinPt transfers its magnetic anisotropy to the
Co clusters via Jiy;. Second, a very similar depend-
ence of the magnetization values of Mn and Co at
B=5T is observed with increasing Oyyp, (see Figs.
7(c) and 7(d)), which again suggests the importance
of exchange coupling via the interface.

According to the above arguments, the experimentally
observed quenching of the average Co cluster magnetization
will be discussed in terms of direct exchange coupling at the
interface with MnPt.

The most straightforward interpretation would be a
forced AFM order of Co spins within each cluster under the
influence of the direct exchange coupling with the AFM
MnPt phase. For this, a strong Mn-Co interface exchange
interaction and firm Mn-Mn AFM coupling would be
required, able to overcome the intracluster Co-Co FM order.
Such a scenario is sketched in Fig. 8(b), upper panel, where
the Co spins follow the Mn spins at the interface with the

(a) Small Ounet e

(b) Larger Omnpt [ E—

AFM alignment within clusters

— AFM domain

o > - ") e >

b e
“Macrospin glass”

— AFM domain
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FIG. 8. Proposed model for the magnetic coupling between Co clusters and
MnPt for (a) ultrathin layers (Oype = 1nm) and (b) Oyppe = 3nm. In (b),
the low average Co magnetization is modeled by either an induced AFM
alignment within each cluster or random orientation of macrospins with
respect to each other (“macrospin-glass”) as explained in the text.
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MnPt matrix and form an intrinsically spin-compensated
magnetic structure within each cluster. Using N = 17 for the
number of atoms in each macrospin (see Table II) we can fit
the data in Fig. 7(a) at Oypmp, = 3nm according to Egs. (2)
and (3). The result is a very small average spin moment per
Co atom of (ug) = 0.1up in a cluster with vanishing anisot-
ropy energy E4 = 0. In this scenario, the formation of a sta-
ble AFM phase in MnPt at higher Oyp, drives each Co
macrospin separately into a spin-compensated structure,
which leads to very small average values R;, for Co.
Moreover, the Zeeman Term my - H is strongly reduced,
which would explain the linear magnetization curve up to
B =5T and the absence of saturation.

We believe, however, that the interpretation of the
results is more complex. Since the intrinsic exchange cou-
pling J¢, between Co moments within a monolayer cluster is
large (J¢, in free monolayer clusters is predicted to be of the
order of 1 eV,* while the AFM exchange coupling in stoi-
chiometric bulk MnPt is between Jy, = 10 — 100 meV
(Refs. 36 and 38)), one expects that the macrospin N - g of
each Co cluster will be preserved for all MnPt capping thick-
nesses. The quenching of the average magnetization of the
ensemble of cluster macrospins with increasing MnPt thick-
ness then has to be sought in a more complex magnetic inter-
action with MnPt capping layer. In the following, we assume
that the Co macrospins preserve their intrinsic FM structure,
which at higher Oyp,p, compulsory demands for a large aver-
age misalignment of the macrospins with respect to each
other in order to explain the observed low R, values. Such
misalignments could be triggered by the formation of AFM
domains in the MnPt capping layer due to structural and
chemical disorders (DS model).

With the aim to better understand the role of the DS
model in our system, we now discuss in more detail possible
interface magnetic coupling scenarios between Co clusters
and Mn moments at small and large MnPt coverages. We start
with the description of the system at low MnPt coverage. First
of all, we notice the fact that independent of Oyp,p, neither Mn
nor Co shows remanence at the measuring temperature of
T = 15K. Further, if we use the superparamagnetic picture of
magnetically independent Co macrospins, but each rigidly
exchange coupled to a certain MnPt volume Vi, the experi-
mental finding 7, < 15K refers to the composite cluster
including Vi p,, which effectively increases the block size N
and changes the effective anisotropy energy AE in Eq. (1).
According to the literature L1,, MnPt reaches large MAE den-
sities up to Kympe ~ 10%erg/cm®, which can dominate the
blocking behavior of the cluster. We can estimate an upper
limit for the exchanged coupled MnPt volume if we set
27 - kgT > VE b - Knmpr, ksT being the available thermal
energy at T = 15K, and get V&S, < (8nm)>. The order of
magnitude of the upper limit volume is in line with the poly-
crystalline structure observed in TEM. However, we want to
stress that according to the DS model, a crystalline grain vol-
ume of this size might be subdivided into smaller independent
AFM domains due to chemical disorder in the L1 structure,
which would reduce the rigidly exchange coupled volume
Vf,f‘m. Indeed, for Oypup = 1 nm, the successful fitting of
the magnetization curves in Fig. 7(a) with a macrospin
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my = 27z similar to the case of non-magnetic capping
(my = 27ug corresponds to N=17 and pg = 1.6up per Co
atom) is in favor of a rather small V&', since including a
larger number Ny, of FM or AFM coupled finite type Mn-I
moments (1"") would drastically change the estimation of
the Co block size N¢,. From the slight reduction of N (see
Table II) compared to the non-magnetic capping samples, one
would estimate a FM coupling of at most Ny, ~ 4 atoms
with (™) ~ pMPs = 3,94, to form a total macrospin
Moy = Neott§® + Nyvin M™% (see Fig. 8(a) for model princi-
ple). The FM coupling is supported by the fact that the Mn
R, signal always shows the same sign as that of Co.

While the superparamagnetic picture of independent
Co macrospins each exchanged coupled to a certain volume
with Mn-I type moments would be a realistic model for
small Oypy, it fails to describe the magnetization curves at
Onnpe = 3nm in Fig. 7(a). In the large thickness regime, we
suggest misalignment effects of macrospins to play the key
role. At this point, we want to come back to the DS model
by Morel ez al.,* which states that magnetic properties like
the EB effect of Co clusters embedded in bulk MnPt are
correlated to the bulk magnetization Mymp,. In the Ry, data
of Figs. 7(a) and 7(b), we see a similar behavior, which
underlines the importance of Mn-II moments with respect
to Mn-I and the appearance of the DS for large enough
MnPt thicknesses.

To test this interpretation, the decrease of the Mn mag-
netization is simulated considering the escape depth 4, of
electrons within the capping layer. In Fig. 7(d), the decay of
the Mn Ry, signal versus MnPt coverage is estimated (dashed
line) for a system containing both species Mn-I and Mn-II.
Mn-I is fixed at the origin (x=0) and its R;, value is
assumed constant with increasing MnPt coverage. We then
consider x layers of MnPt containing only Mn-II type and
assume for them a perfectly AFM phase with R;, = 0. The
simulated signal Ry, (Owmpy) is obtained by averaging the two
species and considering the respective exponential decays
due to A.. From this simulation, it appears that the decrease
of Mn magnetization cannot be explained in a simple way by
the exponential decay of a constant signal arising from inter-
facial Mn-I, as this would lead to a curve with significantly
reduced steepness. Instead, it seems that the Mn-I species
has a progressively quenched average moment, due to forma-
tion of the AFM phase. At the same time, the Co magnetiza-
tion is also quenched and the decay with MnPt coverage is
very similar to that of Mn (Figs. 7(c) and 7(d)).

Our conclusion is that at low MnPt coverages, where the
AFM phase between Mn spins is not stabilized, the Co clus-
ters of N ~ 20 are intrinsically FM coupled and behave like
superparamagnetic particles with a slightly enhanced macro-
spin due to a few FM aligned Mn-I type spins at the interface
(see Fig. 8(a)). At larger MnPt coverages where the AFM DS
is fully developed, type Mn-I spins at the interface in average
become antiferromagnetically aligned with respect to each
other, following the AFM bulk-like DS with a low residual
magnetization Myppe. In average, the Co macrospins n;y now
follow the trend of the MnPt magnetization, (ny) ~ Mympt,
which we interpret as random orientation of macrospins with
respect to each other (“macrospin-glass”) under the influence
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of the DS (see Fig. 8(b), lower panel): if a larger number of
macrospins are coupled to an extended AFM MnPt domain
(with a small residual moment (u{™")) via a distribution of
positive and negative effective exchange couplings, the aver-
age macrospin (my) can be reduced. The effective exchange
coupling constants of the macrospins, Jf'lftf , will be dependent

on the local orientation of the Mn-I spins at the respective
cluster interfaces.

IV. SUMMARY AND CONCLUSIONS

The exchange bias behavior of 2-dimensional cobalt
nanocluster arrays in contact with thin antiferromagnetic
MnPt capping layers is studied. The goal is to test the do-
main state model for exchange bias in reduced dimensions.
Capping with magnetic MnPt layers has a profound effect on
the cluster magnetization: a progressive quenching of the av-
erage Co magnetization by up to a factor 6 is observed while
increasing the MnPt thickness. We explain this significant
effect to be due to the exchange coupling between Co and
Mn spins at the interface. For low MnPt thicknesses, the anti-
ferromagnetic phase is not stable and the Mn spins at the
interface follow the superparamagnetic behavior of the Co
clusters. As the antiferromagnetic phase in MnPt develops
with increasing MnPt thickness, we propose that either (i) a
spin-compensated magnetic structure within each Co cluster
is formed or (ii) Co macrospins with intrinsic ferromagnetic
coupling are randomly oriented with respect to each other
(“macrospin-glass” model) both leading to a very low aver-
age magnetization. This effect is only observed in reduced
cluster dimensions. For larger 3-dimensional nanoclusters of
~5nm in diameter with blocking temperatures well above
the measuring temperature, the prototypical exchange bias
behavior is recovered with an average Co magnetization cor-
responding to a bulk ferromagnetic phase. Here, we could
show that layer thicknesses can be reduced to dimensions of
the nanoclusters itself without losing exchange bias behavior.
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