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1. Introduction

Over the past few decades, tailoring the
properties of functional materials at the
atomic scale has been the focus of a large
part of materials science research. The
technological development enabled scien-
tists and engineers to design materials with
atomic-level precision.[1–3] The motivation
behind the fabrication of materials at
atomic or nanoscale precision is to achieve
some properties, which may not exist in
their bulk phases and which may qualify
them for particular applications in new
and relevant technologies. One way is to
grow artificial crystal structures that are
either intrinsically unstable in their bulk
form or even do not exist in nature. An
interesting example of such architectures

is the arrangement of metallic superlattices to construct alternat-
ing monoatomic layers. The repeated stacking of different atomic
layers of metallic elements is referred to as artificially ordered
layered films (ALFs).[2,4] The ALF either exist in their correspond-
ing bulk phase like FePd[5] or do not, for example, FeCu,[4,6]

FeAu,[7] AuCu,[8] FeNi,[2,9–17] CoRu,[18] and AuNi.[19] In the latter
case, they are unstable or metastable at room temperature once
engineered. These ALF fabricated with atomic-scale accuracy
might have fascinating magnetic properties, which could be used
in implicit technologies. For example, L10 FeNi fabricated by
alternating deposition has high values of saturation magnetiza-
tion, coercivity, perpendicular anisotropy energy, and a quite
high Curie temperature.[2] Another feature of these ALF is that
a different layer stacking for the same material may provide dif-
ferent magnetic properties. For instance, in the case of FeNi ALF,
it is reported that the Ni-sandwiched Fe layer has a higher mag-
netic anisotropy than the Fe-sandwiched Ni layer of the same
thickness.[15]

In this article, we are specifically interested in the ALF of Ni
and Mn to have a model system of an antiferromagnet (AFM),
which does not exist naturally. We prefer epitaxial growth to con-
trol properly the film’s structural properties, mainly the interfa-
ces. Using thermal evaporation, very little work has been
reported on the growth of ALF and their multilayers.[1,3] There
are three basic prerequisites to grow ALF successfully along
the film normal: 1) each layer thickness should be regulated
on an atomic scale; 2) interdiffusion should be sufficiently
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Single-crystalline antiferromagnetic artificially layered [Ni/Mn] films of different
thicknesses, covered by ferromagnetic Co layers, are deposited on Cu3Auð001Þ.
Their structural and magnetic properties are characterized by low-energy electron
diffraction (LEED) and magneto-optical Kerr effect, respectively, and compared with
disordered NixMn100�x alloy films with the same Ni/Mn ratio and the same film
thickness. LEED intensity-versus-energy curves show that the perpendicular inter-
atomic lattice distance is decreased in the artificially layered [Ni/Mn] samples in
comparison to the disordered NixMn100�x alloy films. At the same time, the arti-
ficially layered [Ni/Mn] films exhibit higher coercivity and exchange bias of the
adjacent Co layer compared to those of NixMn100�x=Co. This is discussed as a
consequence of the different interatomic lattice distance, presumably caused by an
ordered buckling in the artificially layered [Ni/Mn] samples, leading to a stronger
interlayer exchange coupling.
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suppressed for independently deposited elements; and 3) depos-
ited materials should form a layered structure following a layer-
by-layer growth. In this study, we fabricated ALF of Ni and Mn
with atomic precision, that is, in a layer-by-layer growth mode on
a Cu3Auð001Þ single crystal. The two metallic elements Ni and
Mn were selected in our work because they are well investigated
as single-crystalline AFM systems in the form of disordered
alloys (Nix Mn100�x).

[20–26] Tetragonally distorted NiMn-disor-
dered alloys grow in different directions on two different single
crystalline substrates. On Cu(001), they grow along their a axis,
while on Cu3Auð001Þ, the growth is along the c axis, yielding a
uniform structural domain.[25,27] NixMn100�x shows layer-by-
layer growth on Cu3Auð001Þ.[25] On top of each film 10 ML fer-
romagnetic (FM) Co is deposited, which grows epitaxially on top
of the NixMn100�x or the Mn AFM layers[20,25,27] and exhibits an
in-plane easy axis of magnetization. [Nin=Mnm] multi-stacks with
n= 1ML and m between 1 and 3ML were prepared with total
thicknesses of 10, 12, 15, and 20ML (Figure 1). In parallel,
for its comparison, disordered NixMn100�x alloy films of the
same thicknesses and almost the same Ni content were prepared,

to better understand the structural and magnetic properties for
both of these systems.

2. Results and Discussion

Figure 1 shows schematic illustrations of the three types of ALF
ultrathin films that have been prepared on Cu3Auð001Þ at
T ¼ 300K, keeping the thickness of Ni to 1ML while changing
the thickness of the Mn layers from 1 to 3ML.

For each of these three geometries of ALF, four different thick-
nesses have been grown, namely 10, 12, 15, and 20ML, by adjust-
ing the thickness of the last Mn layer, which changes the overall
concentration of the ALF film. For comparison, films of disor-
dered NixMn100�x alloys with the same thicknesses and the same
concentration were prepared. Our aim was that in films of the
same thickness, the disordered alloy should have the same Ni
content as the center of the ALF. For 20ML of ALF, we have
additionally investigated samples in which we exchanged the
sequence of Ni and Mn deposition.

(a) (b) (c)

(d) (e) (f)

Figure 1. Schematic illustration of artificially ordered layered films (ALF) of a–c) m ML Mn/1ML Ni/Cu3Auð001Þ and d–f ) 1 ML Ni/m ML
Mn/Cu3Auð001Þ; where a,d) m= 3, b,e) m= 2, and c,f ) m= 1. The total thickness of these stacks is kept as 10, 12, 15, and 20ML. The 10ML
ferromagnetic (FM) Co is always evaporated on top of these films for magnetic characterization.
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The growth of Ni and Mn in ALF and that of disordered AFM
alloy NixMn100�x at T= 300 K were monitored and controlled by
means of medium-energy electron diffraction (MEED) intensity
oscillations.

Ni always grows in layer-by-layer fashion on Cu3Auð001Þ up to
20ML.[27,28] Mn has also been reported to grow in layer-by-layer
growth mode.[29] However, this was not the case for all growth
conditions.[27,30–33] In our case, MEED oscillations for the growth
of Mn=Cu3Auð001Þ up to thicknesses above 60ML could be
observed.[34]

An oscillating MEED intensity, which is a fingerprint of a
layer-by-layer growth mode, was found for all disordered
NixMn100�x alloys and the ALF. Some of them are shown in
Figure 2. For the ALF, switching of the shutter between sources
of Ni and Mn evaporation is marked by dashed vertical bars. Blue
vertical bars correspond to 1ML filling of Ni, while red vertical
bars correspond to 1ML (black curve), 2 ML (red curve), and
3ML (blue curve) filling of Mn. A difference in the MEED oscil-
lation amplitudes for Ni and Mn in the ALF were only observed
for the initial growth of films with m ¼ 1 (e.g., the black curve in
Figure 2), where Mn depicts higher amplitudes than Ni. This
might be attributed to the smaller mismatch of Mn with the sub-
strate Cu3Auð001Þ compared to Ni. A similar behavior has been
reported for Fe/Cu ALF (lattice mismatch between face-centered
cubic (fcc) Fe and fcc Cu) on Cu(001), where Cu showed the
higher amplitude of oscillations than Fe.[1] For alloy films, the
amplitude of the oscillations decreases with film thickness, while
it increases for ALF. The reason for this will be discussed later.

Figure 3 shows low-energy electron diffraction (LEED) images
of the substrate, pure Mn, disordered NixMn100�x alloy, and ALF,
of 9ML thickness each. All the LEED images are taken at room
temperature with a beam energy of 130 eV. The LEED patterns of
ALF show a c(2� 2) superstructure and sharper LEED spots
compared to the disordered alloy films. The additional (2� 2)
superperiodicity of the ALF might come from a reconstruction
induced by the Mn atoms, or from some Au segregation to
the surface layer of these films, as already reported for thin
Mn as well as for Co–Ni alloy films grown on top of
Cu3Auð001Þ,[28,30,35] or could be due to the buckling of either
the surface layer or each layer.[36]

Figure 4a shows room-temperature the LEED intensity-
versus-energy [LEED I(V)] curves for 9ML thick disordered
NixMn100�x alloys and the corresponding ALF of 1ML Ni/m
ML Mn, deposited on Cu3Auð001Þ. One can observe a shift of
the peaks to higher energies for ALF compared to the corre-
sponding disordered alloy films. The shift of the peaks to higher
energies is also observed with increasing Ni content within both
types of the prepared films. Figure 4b shows the resulting inter-
layer spacing d versus overall Ni content x. With increasing Ni
concentration, the interlayer distance decreases. It should be
noted that in two of the ALF, namely 1ML Ni/3ML Mn and
1ML Ni/1ML Mn, we have a slightly lower overall Ni content
(22.2% and 44.4%, respectively) than in the corresponding
Ni25Mn75- and Ni50Mn50-disordered alloys because at 9ML the
growth stops with Mn instead of Ni. However, the local Ni con-
centration in the interior of the ALF is the same as in the disor-
dered alloy films.

The interlayer distances are smaller for the ALF compared to the
corresponding disordered alloys. The reason could be due to the
densely packed structure of Ni andMn sheets in whichMn (maybe
Ni, too) exhibits some kind of buckling, either at the surface of the
film, or possibly in each sheet inside the ALF.[36] The dashed lines
at 1.88 and 1.76 Å indicate the interlayer distance for fcc
Cu3Auð001Þ, as experimentally obtained here, and for bulk L10
NiMn along the c-axis, respectively. For ALF of 1ML Ni/1ML
Mn, d coincides with the value of the c-axis in bulk L10 NiMn.

Magnetic hysteresis loops are measured with longitudinal
magneto-optical Kerr effect (MOKE) at different temperatures
after field cooling withþ25mT from above the Néel temperature
(TN) of Mn and below the Curie temperature (TC) of the Co, that
is, from 500 K, which provided the exchange–bias shift along the
negative field axis below the blocking temperature.

Figure 5 shows an example of temperature-dependent hyster-
esis loops. Here, the samples are a) 10ML Co/15ML Mn2Ni1
and b) 10ML Co/15ML Ni33Mn67=Cu3Auð001Þ. Nearly
rectangular-shaped loops are obtained in both cases, in which
a coercivity (Hc) enhancement with decreasing temperature
can be observed. Already with the bare eye, one can see that
the exchange–bias shift, which becomes apparent at the lowest
temperatures, is larger for the ALF shown in panel (a) than
for the disordered alloy film in panel (b).

The evaluation of the temperature dependence of the coerciv-
ity Hc (positive field axis) and the exchange–bias field Heb (nega-
tive field axis) of 15ML thick films of pure Mn, Ni25Mn75-,
Ni33 Mn67-, and Ni50Mn50-disordered alloys and 3ML Mn/
1ML Ni, 2 ML Mn/1ML Ni, and 1ML Mn/1ML Ni ALF grown
on Cu3Auð001Þ in contact with in-plane magnetized FM Co is

0 1000 2000 3000

In
te

ns
it

y
(a

rb
.u

ni
ts

)

time (secs)

1 ML Mn / 1 ML Ni
Ni50Mn50

1 ML Ni / 2 ML Mn
Ni33Mn67

1 ML Ni / 3 ML Mn
Ni25Mn75

Figure 2. Medium-energy electron diffraction (MEED) oscillations for 15
and 20ML ALF and corresponding disordered NixMn100�x alloy films on
Cu3Auð001Þ. For the ALF, the switching of the shutter between sources of
Ni and Mn evaporation is marked with dashed vertical bars. The blue bar
corresponds to 1ML filling of Ni, while the red bar correlates to 1ML
(black curve), 2 ML (red curve), and 3ML (blue curve) filling of Mn.
For the disordered alloy films, the amplitude of the oscillations during
the deposition decreases with increasing Mn content, while in the case
of ALF, it depends on the Ni and Mn sequence. Depositing Ni first in
the ALF (black curve) leads to a smaller amplitude of the oscillations com-
pared to films starting with the deposition of Mn (red and blue curves).
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presented in Figure 6. Note that one additional 1 ML Mn/1ML
Ni ALF of different thickness, namely 16ML, is shown together
with the other films to see the influence of 1 additional ML of Mn
on top for this film. The exchange–bias fields of the ALF samples
are consistently higher at all temperatures than those of the cor-
responding disordered NixMn100�x alloys. The same is true for
their coercivities, except in the equiatomic case, where they are
nearly equal. We define as the blocking temperature Tb for
exchange bias the temperature below which the exchange–bias
field deviates significantly from zero.[20] The blocking tempera-
tures of the ALF and the disordered alloy samples are indicated
by arrows with dotted and solid lines, respectively. The blocking
temperatures of the ALF are distinctly higher than the ones of the
corresponding disordered alloy films.

With decreasing Ni concentration, Heb and Tb shift to higher
values in both types of films, ALF, and disordered alloys, for the

latter consistent with Ref. [22]. Interestingly, adding 1ML of Mn
to the 1ML Mn/1ML Ni film, making it in total 16ML, results in
higher values for coercivity, exchange–bias field, and Tb com-
pared to 15ML ALF and also to the 15ML thick equiatomic dis-
ordered alloy.

Figure 7 shows the temperature-dependent behavior of the
coercivity (positive field axis) and exchange–bias field (negative
field axis) of 20ML thick films of pure Mn, Ni25Mn75-,
Ni33Mn67-, and Ni50Mn50-disordered alloys and 3ML
Mn/1ML Ni, 1 ML Ni/3ML Mn, 2ML Mn/1ML Ni, 1 ML Ni/
2ML Mn, 1ML Mn/1ML Ni, and 1ML Ni/1ML Mn ALF grown
on Cu3Auð001Þ in contact with in-plane magnetized FM Co.Heb

as well as Tb increase with decreasing Ni concentration for both,
disordered alloy and ALF. For each concentration, the bilayers
containing ALF show much higher Heb as well as Tb and the
same is true for the coercivity values compared to the bilayers

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Cu3Au(001) Mn

3 ML Mn/ 1 ML Ni Ni25 Mn 75

Ni33 Mn 672 ML Mn/ 1 ML Ni

1 ML Ni/ 1 ML Mn Ni50 Mn 50

Figure 3. Low-energy electron diffraction (LEED) patterns of a) clean Cu3Auð001Þ and of 9ML of b) Mn, c) 3 ML Mn/1ML Ni, d) Ni25Mn75, e) 2ML
Mn/1ML Ni, f ) Ni33Mn67, g) 1 ML Mn/1ML Ni, and h) Ni50Mn50. All LEED images are taken at room temperature with a beam energy of 130 eV.
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with disordered NixMn100�x films. Further data, all showing the
same trend, are presented in Supporting Information. It is worth
noting that the exchange–bias field of the 2ML Mn/1ML Ni and
3ML Mn/1ML Ni ALF exceeds the one of all disordered alloys,
including that of pure Mn. The introduction of vertical order into
the NiMn AFM layer is thus a means of further boosting its
exchange–bias effect.

Within the ALF, when Mn is evaporated first and then Ni on
top, even higher values of Heb as well as Tb are observed. This
means if the growth of the ALF stops with Mn layers on top
rather than Ni layers, then it also boosts Heb as well as Tb, as
it is the case, too, in 16ML ALF of 1ML Mn/ 1ML Ni, when
compared to 15ML of the same film (Figure 6). The equiatomic
Ni50Mn50-disordered film hardly shows any exchange bias, which
is in agreement with the work of Khan et al.,[27] but interestingly
equiatomic ALFs, that is, 1 ML Mn/1ML Ni and 1ML Ni/1ML
Mn, show a sizeable exchange-bias field and Tb of 160 and 220 K,
respectively. Exchange bias for the equiatomic alloy films before
was only found in 35ML thick films.[27] The Ni33Mn67-disordered
alloy film has a Tb of 260 K, while the ALFs with nearly the same
overall Ni content show Tb of 340 K (2ML Mn/1ML Ni) and
400 K (1ML Ni/2ML Mn), respectively. In the latter case, we
have one extra monolayer of Mn on top of the film compared
to the former case, which means 5% more Mn overall in
one geometry than in the other. Again, the additional top Mn
layer is enlarging Heb as well as Tb. Ni25Mn75 shows the
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Figure 4. a) Room-temperature LEED I(V) curves for 9ML thick disor-
dered NixMn100�x and ALF of 1 ML Ni/m ML Mn/Cu3Auð001Þ, where
m ranges from 1 to 3. The numbers are the indices denoting the integer
numbers of the single-scattering Bragg peaks indicated by the dashed
lines. Note the shift of the peaks to higher energies for ALF compared
to the corresponding disordered alloy films. A shift of the peaks to higher
energies is also observed with increasing Ni content within both types of
films. b) Perpendicular interlayer distance dp versus overall Ni content x.
The dashed lines at 1.88 and 1.76 Å indicate the interlayer distances in
face-centered cubic (fcc) Cu3Auð001Þ, as experimentally obtained here,
and in bulk L10 NiMn along the c axis, respectively. For ALF films of
1ML Ni/1ML Mn, d coincides with the value of the c axis in bulk L10
NiMn. For pure Mn (x ¼ 0) and pure Ni (x ¼ 100), the interlayer distances
from LEED I(V) are 1.92� 0.01 and 1.69� 0.01 Å, respectively.
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Figure 5. Normalized hysteresis loops for 10ML Co on 15ML thick
a) 2ML Mn/1ML Ni ALF and b) Ni33Mn67-disordered alloy films, mea-
sured with longitudinal magneto-optical Kerr effect (MOKE) at different
temperatures as indicated in the legend. The sample was field-cooled
in þ25mT from 500 K, above TN of Mn and below the Curie temperature
of the Co film.

www.advancedsciencenews.com www.pss-b.com

Phys. Status Solidi B 2023, 2200518 2200518 (5 of 8) © 2023 The Authors. physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH

 15213951, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssb.202200518 by U

niversidad A
utonom

a D
e M

adrid, W
iley O

nline L
ibrary on [13/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-b.com


second-highest value of the blocking temperature (340 K) among
the disordered alloy films, after pure Mn (425 K). The ALF with

nearly the same content of Ni and Mn as the Ni25Mn75-
disordered alloy yields even higher values of coercivity,
exchange–bias field, and a Tb of 400 K (3ML Mn/1ML Ni)
and 425 K (1ML Ni/3ML Mn).

We relate the higher exchange–bias field and blocking temper-
ature of the vertically ordered ALF compared to the disordered
alloy films to the structural differences detected by LEED and
LEED I(V). The smaller average interlayer distance in the ALF
leads to a stronger exchange coupling within the AFM layer.
Exchange bias originates from uncompensated pinned magnetic
moments within the AFM, which couple to the FM layer. Since
these pinned magnetic moments are distributed throughout the
AFM layer,[23,37–41] their coupling to the FM layer and thus the
exchange–bias field depends on the intra-AFM exchange interac-
tion. A smaller average vertical atomic spacing enhances the
exchange interaction in the AFM layer.

In addition to the stronger exchange interaction due to the
decreased perpendicular interplanar distance in the ALF sam-
ples, also other effects, for example, related to the more ordered
nature of the ALF films, could contribute to the enhancement of
Heb, Tb, and HC. Although the detailed nature of the pinning
centers is not known, intuitively one would assume that their
number is greater in a chemically disordered alloy than in the
ALF. However, in principle, it could also be the opposite. For
example, parts of the Ni layers in the ALF could act as uncom-
pensated pinned moments, enhancing the exchange bias. This
could be one possibility of how the interface between Ni and
Mn affects the magnetic properties of the sample.

The reason for the vertical contraction of the ALF layers, which
in view of the lateral lattice constant being fixed by the epitaxy to
the substrate leads to an increase in atomic density, could be a
vertical buckling of the films induced by the Mn-rich layers in the
ALF. Mn has a smaller atomic density than the Cu3Au substrate,
as seen from the larger vertical lattice spacing of pure Mn films
on Cu3Auð001Þ compared to the substrate (Figure 4b). A monoa-
tomic layer of Mn atoms on Cu3Auð001Þ will thus tend to buckle
vertically. If such a buckling repeats coherently through the other
Mn layers of the ALF, this might lead to a higher atomic density
than in disordered MnNi alloys.

LEED patterns of the clean Cu3Auð001Þ substrate are charac-
terized by the (1/2, 1/2) spots of the cð2� 2Þ superstructure relat-
ing to the L12 structure of Cu3Au. The same pattern is also found
with similar intensity and sharpness for the ALF. A possible
explanation is that the substrate alloy structure seeds the buck-
ling of the ALF. Note that a much weaker cð2� 2Þ superstructure
is also seen in the LEED patterns of some of the disordered alloy
films. Its presence in disordered NixMn100�x alloy films and pure
Mn films on Cu3Auð001Þ has been discussed before.[25,30,31]

The layer-by-layer growth opens the way to atomic-scale
manipulation of the interface roughness.[42] In the present study,
we have stopped the growth of the Ni and Mn layers at the
maxima of the specularly reflected (00)-spot MEED intensity,
minimizing the roughness. It could be interesting to see how
the magnetic properties evolve if the interface roughness is
increased.

Altogether the blocking temperature extends to higher values
with decreasing Ni concentration in all samples (shown with the
colored arrows), which confirms previous results on this
system.[27]
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Figure 6. Temperature dependence of the coercivity (positive field axis)
and exchange–bias field (negative field axis) of the bilayers with 15ML
thick films of pure Mn, Ni25Mn75-, Ni33Mn67-, and Ni50Mn50-disordered
alloys and those with 3ML Mn/1ML Ni, 2ML Mn/1ML Ni, and 1ML
Mn/1ML Ni ALF. Note that an additional 1ML Mn/1ML Ni ALF of
16ML thickness is also prepared for comparison. The arrows indicate
the blocking temperatures for the exchange–bias curves. Arrows with solid
lines represent data for disordered alloy samples, arrows with dotted lines
represent data for the ALF. The arrow with the dashed line corresponds to
the 16ML sample.
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Figure 7. Temperature dependence of the coercivity (positive field axis)
and exchange–bias field (negative field axis) of AFM/FM bilayers with
AFM being 20ML of pure Mn, Ni25Mn75-, Ni33Mn67-, and Ni50Mn50-
disordered alloys and 3ML Mn/1ML Ni, 1 ML Ni/3ML Mn, 2ML Mn/
1ML Ni, 1 ML Ni/2ML Mn, 1ML Mn/1ML Ni, and 1ML Ni/1ML Mn
ALF. The arrows indicate the blocking temperatures for the exchange–bias
curves. Arrows with solid lines represent data for disordered alloy samples,
arrows with dotted lines represent data for the ALF in which Ni was evap-
orated first, while arrows with dashed lines represent data for the ALF in
which Mn was evaporated first.
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The bilayers with ALF where Mn is evaporated on top have
higherHeb and higher Tb compared to those where the top layer
is Ni. Furthermore, in [Ni/Mn] ALF in which Mn is evaporated
first, the blocking temperature, exchange–bias field, and coerciv-
ity are higher for the same thicknesses compared to the ALF
where Ni is evaporated first. There could be many reasons for
that, among them that a few ALF for which we start with evapo-
rating Mn and end up with Mn have slightly more Mn overall
compared to the [Mn/Ni] case when Ni is evaporated first (see
Figure 1) and more Mn means a larger number of itinerant
d-like electrons for the same thickness and hence enhanced
Heb, Tb, and Hc. For a reference, we can also take a look at pure
Mn in the same graph (Figure 7) as well as in Figure 6 and S1,
Supporting Information, which show higher values of Heb than
any other NixMn100�x alloy film for 20ML thickness.

Similarly, the observation when adding one ML of Mn to the
AFM layer can be explained. It has a twofold effect: on the one
hand, it increases the effective thickness of the AFM layer, which,
due to finite-size scaling, directly affects TN, as has been shown
before for disordered NiMn alloys.[22] On the other hand, it raises
the overall Mn concentration in the film, which also enhances
TN. A higher TN results in a higher stability of the AFM spin
structure, a stronger coupling to the FM layer at a given temper-
ature, and thus to larger Heb, Tb, and HC.

[22]

3. Conclusion

We have investigated the growth and structural properties of
single-crystalline ultrathin [Ni/Mn] ALF in comparison with
the corresponding disordered NixMn100�x alloy films on
Cu3Auð001Þ. For all samples, our results revealed good epitaxial
layer-by-layer growth at a substrate temperature of 300 K.

The average perpendicular interlayer spacing of the ALF is up
to about 1% smaller than the one of the corresponding disor-
dered alloys. This could result from a coherent regular buckling
of the atomic layers in the ALF, induced by the Mn layers, which
would be consistent with the stronger cð2� 2Þ superstructure
spots observed in the LEED patterns from the [Ni/Mn] ALF.
This parallels a generally stronger exchange bias, higher coerciv-
ity, and higher blocking temperature in the ALF compared to the
disordered alloy films of the same thickness and overall compo-
sition. We attribute this to a stronger exchange coupling across
the layers in the AFM for the smaller interlayer spacing.

4. Experimental Section
Sample preparation and characterization were performed under ultra-

high vacuum conditions with a base pressure of 2� 10�10 and 8� 10�10

mbar during the deposition of the films. The chemical cleanliness of the
single-crystalline Cu3Auð001Þ substrate (with miscut ≤ 0.1∘) was verified
by Auger electron spectroscopy (AES) after repetitive cycles of sputtering
with argon (1.2 keV) at 300 K and annealing at 820 K for 5 min and then at
800 K for 30min to get a smooth and well-ordered surface. Using an
Oxford Instruments four-pocket evaporator, Co and Ni were deposited
from high-purity rods (99.99%), while Mn was evaporated from a Ta cru-
cible filled with pure Mn flakes (99.98%) by electron-beam-assisted ther-
mal evaporation at 300 K. The electron beam was focused on the tip of the
2mm rod and on top of the 6mm crucible, for the Co/Ni and Mn
evaporation, respectively, which are set to positive high voltage and held
in a water-cooled system. The NixMn100�x films were prepared by the

simultaneous evaporation of Ni andMn on Cu3Auð001Þ while for the prep-
aration of ALF of Ni and Mn, a shutter in front of the evaporator was used
to precisely control the evaporation of the materials and to open only
either the Ni or the Mn evaporator at a time. In the alloy samples, the
Ni concentration x was varied by optimizing the individual deposition
rates, while in the ALF case, the evaporation rate is kept constant all
the time within the uncertainty of 3% related to flux variations. The growth
of the films was checked by counting the oscillations in the (00)-spot inten-
sity of MEED recorded during evaporation. The film structure was probed
by LEED. The film’s lattice spacing along the surface normal was obtained
from the kinematic analysis of LEED intensity-versus-energy [LEED I(V)]
curves of the (00) LEED spot at θ ¼ 5° electron incidence from the surface
normal. AES was used to confirm the cleanliness of the substrate and the
Ni concentration in the NixMn100�x alloys and in the ALF. The magnetic
properties were measured by in situ MOKE. Linearly polarized laser light
from a laser diode of 1mW power and 632 nm wavelength was used. A
field-cooling procedure was applied to the samples to set possible
exchange bias. Temperature-dependent hysteresis loops were measured
using longitudinal MOKE after field-cooling with þ25mT from above
TN of Mn and below TC of the Co film, that is, from 500 K, which provided
an exchange–bias shift along the negative field direction. The minimum
temperature attained for the MOKE measurements using liquid-helium
cooling was 50 K.
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the author.
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