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The growth and structure of single-crystalline ultrathin NixMn100−x films on Cu3Au�100�, and also the
magnetic properties of Co ultrathin films on NixMn100−x /Cu3Au�100� have been investigated by x-ray photo-
electron and Auger electron spectroscopy, low-energy electron diffraction, reflection high-energy electron
diffraction, and magneto-optical Kerr effect �MOKE�. For the investigated concentration range �10�x�77�,
our results reveal good epitaxial layer-by-layer growth at a substrate temperature of 300 K. A weak c�2�2�
superstructure was observed at the surface of all NiMn films. The average perpendicular interlayer spacing of
the NiMn alloy films decreases from 1.88 Å at x=10 to 1.69 Å at x=77. The lattice parameters of equiatomic
NiMn films were determined to be 3.52 Å perpendicular to the sample surface and 3.76 Å in the sample
plane, indicating a face-centered tetragonal �fct� structure as expected for the L10 NiMn phase with the c axis
along the film normal �“c-axis growth”�. For the Co/NiMn bilayers �23�x�55�, MOKE hysteresis loops
show a thickness-independent coercivity, suggesting no magnetic coupling at the Co/NiMn interface. Although
the structural results indicate the formation of fct NiMn in the equiatomic concentration range, we have no
indication of antiferromagnetism for the NiMn films epitaxially grown on Cu3Au�100� at room temperature.
This is contrary to the observations on Co /Ni50Mn50 bilayers on Cu�100�, where “a-axis growth” of NiMn
occurs.
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I. INTRODUCTION

Exchange bias �EB�, originating from the interface cou-
pling between a ferromagnet �FM� and an antiferromagnet
�AFM�, gives rise to shifted hysteresis loops along the mag-
netic field axis.1–3 This effect, discovered more than 50 years
ago,1 is used nowadays to set a reference magnetization di-
rection in thin-film spin-valve devices and, therefore, is of
great interest for a broad range of applications based on
spintronics.4,5 Despite the enormous technological impact
and the intense research efforts, one of the main challenges
to understand the microscopic mechanisms of EB is the in-
vestigation of the magnetic structure at the FM/AFM inter-
face. Moreover, unresolved issues in exchange bias include
the dependence of EB effect on the crystallographic orienta-
tion of the AFM in contact with the FM, and on the chemical
ordering. Also, interdiffusion at the FM/AFM interface can
be particularly important for some alloy-based EB systems.
In this aspect, EB systems obtained from good quality epi-
taxial samples could give access to well-controlled FM/AFM
interfaces.

EB systems containing antiferromagnets with Néel tem-
peratures �TN� far above room temperature are of high im-
portance for practical applications, and in this case the Mn-
based binary alloys such as FeMn, IrMn, PdMn, PtMn, and
NiMn �Refs. 2 and 4� are particularly relevant because of
their excellent corrosion resistance and large bias fields. The
face-centered cubic �fcc� FeMn and IrMn phases have Néel
temperatures of 490 and 690 K, respectively, and the prepa-
ration of such alloys as thin films does not require any post-
deposition annealing procedures.6,7 In contrast, the AFM

PdMn, PtMn, and NiMn are chemically ordered face-
centered tetragonal �fct� L10 �CuAu I� phases, and the prepa-
ration of these alloys as thin films requires, often, postdepo-
sition annealing.8–10 In this manner, the magnetic properties
of nanostructures based on these alloys depend strongly on
the thermal history of the samples.

Among the technologically relevant AFM Mn-based al-
loys, NiMn is specially interesting due to the high thermal
stability and corrosion resistance, and the highest TN �1070
K�.11–13 Chemically ordered “equiatomic” NiMn
��45–56 at. % Ni� shows a L10 structure with lattice pa-
rameters a=b=3.74 Å and c=3.52 Å, with alternating
atomic planes of Ni and Mn along the c axis, and a contrac-
tion perpendicular to these planes.14,15 The AF I-type spin
structure of L10 NiMn is characterized by an antiparallel
alignment of the magnetic moments of nearest-neighbor Mn
atoms. The spin axis is oriented normal to the c axis of the
fct lattice.16–19

The preparation of equiatomic NiMn films with L10 struc-
ture is not trivial. Often this requires long postdeposition
annealing procedures to induce chemical ordering, heat treat-
ments that may result in strong interdiffusion at the FM/
AFM interface and, therefore, in a complex thermal
treatment-dependent magnetic behavior.8–12 For films grown
by sputtering, annealing up to 40 h at 280 °C is necessary to
induce chemical ordering.9 In this sense, since EB is an in-
terface effect, the study of EB systems based on FM/AFM
bilayers prepared starting from spontaneously ordered L10
NiMn films obtained by epitaxial growth is of strong interest.

Recent studies show that chemically ordered equiatomic
NiMn can be grown epitaxially on Cu�111�,20 as well as on
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Cu�100�.21–23 In the case of Cu�111�, chemical order was
obtained only after magnetic annealing at 250 °C and 250
Oe for 16 h, resulting in strongly temperature-dependent in-
terface effects: a 35 Å thick interdiffused layer at the inter-
face, and a complex behavior of the exchange bias field with
temperature for Ni/NiMn bilayers on Cu�111�.20 Tieg et al.
proposed for equiatomic c�2�2� NiMn/Cu�001� a bulklike
L10 crystal structure, which is characterized by an in-plane
orientation of the bulk c axis �“a-axis growth”�.21 They show
that Co grows layer by layer and adopts a p�1�1� structure
on equiatomic c�2�2� NiMn/Cu�001�. Using Co/Cu�001� as
a substrate for equiatomic NiMn leads to a three-dimensional
growth of the alloy film and a diffuse low-energy electron
diffraction �LEED� pattern with weak c�2�2� spots. For
such bilayer structures, magneto-optical Kerr effect �MOKE�
measurements indicate the presence of AFM order in
NixMn100−x films with x close to the equiatomic composition
and thicknesses above 8 atomic monolayers �ML� at 300 K,
as concluded from the Co coercivity enhancement.21 These
findings were confirmed by Reinhardt et al.,22 who also
found evidence of AFM order, and therefore magnetic cou-
pling, not only in equiatomic NiMn layers with high struc-
tural quality but even for nonepitaxially grown NiMn films,
and for Ni content 5�x�50.22

Spin-resolved scanning tunneling microscopy results for
equiatomic NiMn films on Cu�100� indicate for the
Ni50Mn50�100� surface a noncollinear spin density due to re-
construction, instead of the expected ideal unreconstructed
collinear spin structure. Moreover, in contrast to bulk L10
NiMn, the Ni surface atoms show a nonzero magnetic mo-
ment. The authors speculate also that the complex behavior
found in NiMn could also show up at surfaces of other anti-
ferromagnetic alloys.23

The dependence of EB on different crystallographic ori-
entations of the AFM in the same FM/AFM system is an
open issue in exchange bias. In the case of MnPd, one of the
high Néel temperature L10 AFM model systems, different
works have shown that MnPd�001� can be grown epitaxially
with either the c axis or the a axis along the film normal
�c-axis or a-axis growth, respectively�, depending on the
substrate, growth temperature, or surface morphology.24–26

For L10 NiMn, while the use of Cu�100� as substrate leads to
an a-axis epitaxy,21–23 the use of Cu3Au�100� as substrate
may lead to c-axis epitaxy since Cu3Au has a lattice constant
a=3.75 Å,27 a value that matches the lattice constant of
Ni50Mn50 along the a axis.14 Such an approach could possi-
bly allow for the study of the influence of different crystal-
lographic orientations �and also different spin structures rela-
tive to the film surface� on the magnetic coupling at the
interface for the same EB system.

In this work, we investigate the growth and structure of
single-crystalline NixMn100−x �NiMn� films, with 10�x
�77, deposited on a Cu3Au�100� single crystal, and also the
magnetism of Co layers deposited on NiMn /Cu3Au�100� ul-
trathin films. For the Co/NiMn bilayers, we have focused our
attention on equiatomic NiMn �where “equiatomic NiMn”
means 45�x�55, the bulk L10 NiMn concentration range�,
although a few samples with Ni content x�45 were also
investigated. The films �bilayers� were prepared by codepo-
sition �deposition� of Ni and Mn �Co� under molecular-beam

epitaxy �MBE� conditions. The magnetism of Co wedges on
top of thick NiMn films �12 ML� and also of thick Co films
�12 ML� on top of NiMn wedges were investigated at tem-
peratures ranging from 190 to 300 K.

II. EXPERIMENTAL ASPECTS

All the experiments were carried out in an ultrahigh
vacuum �UHV� system equipped with standard techniques
for preparation and analysis of thin films and surfaces includ-
ing electron-beam evaporators, quartz microbalance for
thickness monitoring, residual gas analyzer, x-ray photoelec-
tron spectroscopy �XPS�, and Auger electron spectroscopy
�AES�, LEED, and reflection high-energy electron diffraction
�RHEED� to follow and characterize the film growth and
thickness. The UHV system is also equipped with instru-
ments for in situ MOKE magnetometry in the longitudinal
geometry by using a diode laser of 670 nm wavelength and a
rotatable electromagnet. The base pressure in the chamber
was better than 2�10−10 mbar. The Cu3Au�100� single
crystal was prepared by cycles of sputtering with Ar+ ions of
1 keV and annealing at 500 °C for about 30 min. This prepa-
ration procedure was repeated until a clean and well-ordered
surface was obtained, as confirmed by AES and LEED.

The films were grown by codeposition �deposition� of Ni
and Mn �Co� of high purity �Ni, Co: 99.99%, Mn: 99.95%�
under MBE conditions at a typical deposition rate of 1–2
ML/min and with the substrate kept at room temperature
�RT�. The alloy film composition was varied by adjusting the
individual deposition rates. The typical pressure during depo-
sition was 5�10−10 mbar.

The composition and cleanliness of the samples were in-
vestigated by XPS and AES, and the film structure was
probed by LEED and RHEED. As already mentioned, we
have prepared single-crystalline ultrathin NiMn films and
also Co/NiMn bilayers. The investigated bilayers were either
Co films of different thickness up to 20 ML on top of NiMn
continuous or stepped wedges up to 15 ML thickness, or Co
wedges �7–17 ML� deposited on top of homogeneous, NiMn
layers of up to 13 ML thickness. The wedge samples were
always 8 mm long, allowing thickness-dependent measure-
ments.

RHEED with a primary electron beam energy of 15 keV
was employed to monitor the epitaxial growth. The
Cu3Au�100� substrate was aligned to grazing incidence of
the electron beam with the �110� in-plane direction oriented
parallel to the plane of incidence. The structure of the depos-
ited films was also investigated by intensity measurements of
the LEED specular beam versus electron energy �I�V�
curves�. The growth rate, always around 2 ML/min, was de-
termined from the period of the RHEED oscillations. The
film’s lattice spacing along the surface normal was obtained
from a kinematic analysis of LEED I�V� curves of the �00�
LEED spot, as described in Ref. 28. The LEED I�V� curves
were measured at an inclination angle of �5° with respect to
the sample normal.

The magnetic properties of the Co/NiMn bilayers were
studied by MOKE in the longitudinal geometry. The MOKE
measurements were conducted in situ, in UHV conditions
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and at different temperatures, in a setup with enough sensi-
tivity to detect magnetization of 1 ML Fe.29 The maximum
magnetic field at the sample, corresponding to a current of 5
A applied to the electromagnet inside the chamber, is limited
to �800 Oe ��63 kA /m�, and the lowest sample tempera-
ture obtained by flowing liquid nitrogen through the sample
manipulator was �190 K. A field-cooling procedure to in-
duce EB was not applied to our samples.

III. RESULTS AND DISCUSSION

The growth mode of the NixMn100−x layers on top of
Cu3Au�100� at 300 K was investigated by RHEED. Our re-
sults for the specular RHEED intensity as a function of the
deposition time �Fig. 1� show clear periodic oscillations, sig-
nature of an epitaxial, layer-by-layer growth, for the first
sixteen monolayers, and then the amplitude of oscillation
decreases to smaller values. The strong reduction in the am-
plitude of oscillation indicate the onset of the simultaneous
growth of several layers �three-dimensional growth mode�,
as already observed for Mn-rich Ni-Mn on Cu�100�,21 and
for Ni-rich Co–Ni on Cu3Au�100� �Ref. 35� after the depo-
sition of few atomic layers. As shown in Fig. 1 for an equi-
atomic NiMn film �Ni55Mn45�, the RHEED oscillations ex-
tend up to 26 ML NiMn. RHEED patterns obtained along the
�110� direction for the clean Cu3Au�100� substrate and for 26
ML NiMn are shown in the inset, left, and right, respectively.

An evaluation of our Auger data shows that �8 ML
NiMn is enough to prevent the detection of the Cu signal �at
920 eV� from the substrate. This result indicates no or only a
very small interdiffusion at the NiMn /Cu3Au interface, i.e.,
the absence of any significant alloying at the NiMn/CuAu
interface, in agreement with previous studies on
Mn /Cu3Au�100�.33 Nevertheless, this does not exclude the
possibility of having Au atoms floating on top of NiMn
surface.33,37

The evolution of the in-plane lateral spacing of an equi-
atomic NiMn film �Ni55Mn45� with thickness during deposi-
tion at RT was determined from the RHEED line intensity
profiles, as shown in Fig. 2�a�. The in-plane spacing is ob-
tained from the distance between two adjacent diffraction
streaks in the diffraction patterns. Each point in the curve

represents the relative variation of the lateral spacing in the
NiMn film as compared to the lateral spacing of the
Cu3Au�100� surface �3.75 Å�. As can be seen in Fig. 2�b�,
up to at least about 26 ML �the thickest film investigated
here�, the lateral spacing remains constant and, within the
experimental precision, identical to the lattice parameter of
the Cu3Au�100� substrate. The differences in the relative in-
tensities of the RHEED �−1,0� and �1,0� streaks observed in
the line intensity profiles shown in Fig. 2�a� are equivalent
for the Cu3Au�100� substrate and for 26 ML equiatomic
NiMn and, therefore, should be attributed to a small mis-
alignment of the crystal relative to the incident electron
beam. They are not due to any rotation in the growth direc-
tion of the NiMn film relative to the substrate, as it is the
case for Fe monolayers on Cu�100� and Cu alloy.29–31

Figure 3 shows the LEED patterns of the clean
Cu3Au�100� substrate and of different NixMn100−x films de-
posited on Cu3Au�100� at 300 K, as indicated. The ordered
Cu3Au�100� surface is characterized by the �1/2 1/2� spots of
the c�2�2� superstructure, a pattern that is also observed for
the NixMn100−x films, although with less intensity, in particu-
lar for x=10 and x=28. For NiMn, such a reconstruction is
expected for a chemically ordered, bulklike, Ni50Mn50�100�
epitaxial film grown with the a axis along the film surface
normal, when the Ni and Mn atoms are arranged in alternat-

FIG. 1. RHEED oscillations for an equiatomic NiMn film 26
ML thick deposited on Cu3Au�100� at room temperature. Insets
show diffraction patterns along the �110� direction for the clean
substrate �left� and for 26 ML NiMn �right�.

FIG. 2. �a� Intensity profiles �line scans� measured perpendicular
to the RHEED patterns for the clean Cu3Au�100� substrate, and for
different thicknesses of an equiatomic NiMn film grown on
Cu3Au�100� at room temperature. �b� Evolution of the in-plane lat-
tice parameter for a 26 ML thick equiatomic NiMn film, as deter-
mined from the RHEED intensity profiles. Shown is the relative
variation of lattice constant a, compared to the value obtained for
the Cu3Au�100� substrate �a0� immediately prior the NiMn
codeposition.
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ing atomic planes perpendicular to the c axis,16 as observed
for equiatomic NiMn on top of Cu�100�,21–23 but should not
be the case for c-axis growth of this phase on a �100� fcc
surface. The additional ordered structure at the surface of the
NiMn films might just come from a reconstruction of NiMn
atoms at the surface, or even be due to some Au segregation
to the very first atomic layers of the NiMn surface, as already
reported for thin Mn, as well as Co-Ni alloy films grown on
top of Cu3Au�100�.33–35

The presence of Au floating on top of the NiMn films was
explored here by AES, from the evolution of the Ni, Mn, Cu,
and Au Auger lines at low energy ��30–100 eV� with in-
creasing NiMn thickness. The results �not shown� indicate
Au segregation in the first monolayers, but 11–12 ML NiMn
suppress completely the Au signal �at 69 eV�. Therefore, the
weak c�2�2� reconstruction at the surface NiMn films,
which was still observed at thicknesses of 15 ML and more,
seems not to be due to the Au atoms segregated to the very
surface of NiMn on Cu3Au�100�.

The crystallographic structure of the
NixMn100−x /Cu3Au�100� along the surface normal was deter-
mined from LEED I�V� curves. Only films grown at room
temperature were investigated. The �00� diffraction beam in-
tensity curves for different NiMn films were collected at RT
as a function of the electron energy �I00�V� curves� after film
deposition, and a kinematic approximation was used to cal-
culate the average vertical interplanar distance of the top
NiMn atomic layers in the films.36 Considering that the elec-
trons undergo only single scattering in the diffraction process
�the kinematic approximation�, the vertical �perpendicular�
interlayer distance dp can be evaluated by using the expres-
sion

dp = n��/��2m�Ep + V0��1/2sin �� ,

where Ep is the primary electron energy of the Bragg peak of
order n, V0 is the additional energy shift due to the average
inner potential in the crystal, m is the electron mass, and � is
the incident angle with respect to the sample surface. A linear
fitting of the Ep versus n2 points extracted from the I�V�
curves gives the vertical interlayer distance dp.36

The LEED I�V� curves for NiMn films ��8 ML thick� of
different concentrations, from pure Mn to pure Ni, as depos-
ited at room temperature, are shown in Fig. 4, where the
maxima above 150 eV were identified as the fourth-, fifth-,
and sixth-order Bragg maxima. The determination of the per-
pendicular interlayer spacing dp from the E�n2� curves is
illustrated in Fig. 5 for the Cu3Au�100� substrate and for
three epitaxially grown equiatomic NiMn films, Ni45Mn55,
Ni52Mn48, and Ni55Mn45, 24, 12, and 26 ML thick, respec-
tively. The straight lines represent linear regression fittings
based on the kinematic approximation of the �00� diffraction
beam intensity, as described above. For all NiMn films
grown with near equiatomic composition and at a substrate
temperature of 300 K, the average interlayer distance perpen-
dicular to the sample surface is contracted relative to
Cu3Au�100�, as evidenced by the lower slope of the E�n2�
curve for the substrate. The interlayer spacings were deter-
mined to be 1.78�0.02 Å for 24 ML Ni45Mn55 and
1.76�0.02 Å for both the 12 ML thick Ni52Mn48 and the 28
ML thick Ni55Mn45 films.

��� ���

��� ���

��� ���

�	� �
�

���� ��

�������� ��������

�������� �������

������� ��

FIG. 3. LEED pictures of the Cu3Au�100� substrate and
NixMn100−x films of different composition x on Cu3Au�100�. �a�
Cu3Au�100�, electron energy E=122 eV; �b� 8.5 ML
Mn /Cu3Au�100�, E=126 eV; �c� 8.0 ML Ni10Mn90 /
Cu3Au�100�, E=120 eV; �d� 8.2 ML Ni28Mn72 /Cu3Au�100�, E
=127 eV; �e� 8.8 ML Ni48Mn52 /Cu3Au�100�, E=123 eV; �f� 6.0
ML Ni62Mn38 /Cu3Au�100�, E=126 eV; �g� 6.8 ML
Ni77Mn23 /Cu3Au�100�, E=121 eV; and �h� 7.5 ML
Ni /Cu3Au�100�, E=115 eV.

FIG. 4. �Color online� Room temperature LEED I�V� curves for
a series of different �8 ML thick NixMn100−x films �6 ML for x
=62� deposited on the Cu3Au�100� substrate at RT, as indicated.
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The average vertical interlayer spacing dp obtained for
NixMn100−x layers on Cu3Au�100� as a function of the Ni
content x is shown in Fig. 6, where the dashed horizontal
lines at 1.88 and 1.76 Å indicate the interlayer spacings in
fcc Cu3Au�100�, as experimentally obtained here, and in
bulk L10 NiMn along the c axis, respectively. The interlayer
spacing of Cu3Au coincides with the value of bulk L10 NiMn

along the a axis, as already mentioned, and the spacing along
c in L10 NiMn coincides with the value of bulk fcc Ni. The
average interlayer spacing of the NiMn alloy films decreases
from 1.88�2� Å at x=10 to 1.69�2� Å at x=77. For pure Mn
�x=0�, our value of 1.91�2� Å is in good agreement with the
value obtained by Lin et al.33 for RT-grown Mn films on
Cu3Au�100� below 10–12 ML. For pure Ni �x=100�, our
value of 1.66�2� Å is smaller than the values of Ref. 32,
indicating more strained films for equivalent thicknesses. As
expected, the known tetragonal distortion of epitaxial ultra-
thin Ni films on Cu�001�,21–23,37 characterized by an in-plane
expansion of the fcc Ni lattice and a compression along the
surface normal, is also observed here, as demonstrated by the
lower average interlayer spacing in comparison to bulk Ni.

We have also determined the interlayer spacing dp as a
function of the film thickness for a Ni40Mn60 wedge. As plot-
ted in Fig. 6 for the extreme values obtained �full blue tri-
angles�, dp is equal to 1.90 Å up to 3 ML, and then starts to
relax, decreasing linearly to reach 1.85 Å at 10 ML, remain-
ing constant at that value until 13 ML Ni40Mn60. This obser-
vation is consistent with the results of Braun et al. for pure
Ni films on Cu3Au�100�.32 For pure Mn films on
Cu3Au�100� at room temperature, Lin et al. observed an
abrupt decrease in the interlayer distance at a critical thick-
ness around 13 ML.33

This perpendicular interlayer distance corresponds to a
contraction of 5.3% relative to the in-plane spacing deter-
mined by RHEED for these films, and is in good agreement
with the expected value of the interlayer distance along the
c-axis in bulk L1o NiMn. Having in mind that we observe an
in-plane interlayer distance that matches the Cu3Au�100�
substrate, i.e., a value of 1.88�0.02 Å for the interlayer
distance in the sample plane, our results are a clear indication
of an fct structure with the c /a ratio compatible with the one
expected for L10 NiMn, and with the a and b axes in plane.
In contrast to equiatomic NiMn on Cu�100�,21–23 for NiMn
films on Cu3Au�100� we observe a tetragonal distortion com-
patible with an epitaxial c-axis growth of fct NiMn�100�.

The magnetic order of thick �12–26 ML�, epitaxial equi-
atomic NiMn films on Cu3Au�100� was probed in situ by
longitudinal MOKE measurements in UHV conditions.
MOKE hysteresis loops were measured by applying the ex-
ternal magnetic field along the �100	 direction, and no Kerr
signal, that is, no signal of ferromagnetic order was detected
at RT or even at 190 K, in agreement with the bulk NiMn
phase diagram, where AFM order is expected for concentra-
tions around equiatomic NiMn.

To address the antiferromagnetic order in the NiMn films
grown on Cu3Au�100�, Co layers were deposited on top of
different NixMn100−x /Cu3Au�100� samples, and the magne-
tism of the Co/NiMn bilayers was checked by MOKE. In
case of a FM/AFM coupling at the Co/NiMn interface, the
MOKE loops for the same sample are expected to show a
thickness-dependent coercivity, evidencing AFM order in
NiMn, as already observed in Co/NiMn bilayers deposited
on Cu�100�.21,22 For the FM Co wedges �7–17 ML� on top of
sufficiently thick, AFM NiMn films, the coercivity is ex-
pected to decrease in this case with increasing Co thickness
due to the interfacial nature of the FM/AFM coupling.21,22

For bilayers of sufficiently thick Co films on top of NiMn

FIG. 5. �Color online� Energy dependence on n2 for three dif-
ferent NiMn films near equiatomic concentration �Ni45Mn55,
Ni52Mn48, and Ni55Mn45, 24, 12, and 26 ML thick, respectively�
and for the Cu3Au�100� substrate. The contraction of the perpen-
dicular interlayer distance in the NiMn films �of 5.3%� relative to
the Cu3Au�100� substrate is evident. The full �blue� circles are for
the Cu3Au substrate, and the hexagons �red�, squares �black�, and
triangles �green� are for the 24 ML Ni45Mn55, 12 ML Ni52Mn48, and
26 ML Ni55Mn45, respectively. Please note that for the NiMn films
there is a strong superposition of the data points.

FIG. 6. �Color online� Perpendicular interlayer distance dp vs Ni
concentration in NixMn100−x on Cu3Au�100� at room temperature.
The full triangles �blue points� limiting the arrow at x=40 represent
the extreme values of dp when the thickness of a Ni40Mn60 film
increases from 3 to 10 ML �see text�. The dashed horizontal lines at
1.88 and 1.76 Å indicate the interlayer spacings in fcc Cu3Au�100�,
as experimentally obtained here, and in bulk L10 NiMn along the c
axis, respectively. The dashed vertical �gray� lines indicate the L10

region for bulk NiMn. Note that for equiatomic NiMn films dp

coincides with the value of the c axis in bulk L10 NiMn.
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wedges, the Co coercivity is expected to increase above
�8 ML NiMn since this is the critical thickness for AFM
order at room temperature for equiatomic NiMn films on
Cu�100�.21,22

Our MOKE results are shown in Figs. 7–9 for 12 and 20
ML thick Co films on top of NiMn wedges �up to 15 ML�
and for a Co wedge �7–17 ML� deposited on top of a homo-
geneous 12 ML thick NiMn layer. They reveal an unexpected
uniform magnetic behavior: almost constant coercive fields
for all the positions along the wedges, i.e., at different Co
and NiMn thicknesses, showing no evidence of coupling of
the FM Co atoms to AFM NiMn atoms in all the Co/NiMn
interfaces grown on the Cu3Au�100� single crystal.

Reinhardt et al.22 showed, by changes of the coercivity in
MOKE measurements, evidence of antiferromagnetic order
in NixMn100−x alloy films on Cu�100� for 5�x�50, which is
not observed for x=60. Tieg et al.21 explored the presence of
antiferromagnetism in NiMn on Cu�100� only for alloys
around equiatomic concentration, and have found AFM order
for x=50 and x=60, but not for x=65. Taking into account
that in both works the relative concentrations of Ni and Mn
atoms were determined by low resolution AES, method that
offers an uncertainty around �5 at. %, these results are in
reasonable agreement for the limit of AFM order in NiMn
films on Cu�100� near equiatomic concentrations, but only in
Ref. 22 the authors have looked for magnetic coupling in
Mn-rich Co/NiMn bilayers on Cu3Au�100�.

We have also searched for evidence of FM/AFM coupling
in Co/NiMn bilayers on Cu3Au�100� for two Ni concentra-
tions below the L10 range: 23 and 33 at. % Ni. As illustrated
in Fig. 10 for x=33, MOKE loops at RT for bilayers of 6 ML
Co on top of 5 and 10 ML Ni33Mn67 /Cu3Au�100� show the
same coercivity as when the Co film is deposited directly on
top of the Cu3Au substrate �0 ML�. Similar to the observa-
tion for bilayers with equiatomic NiMn, no signal of FM/

AFM coupling was detected for the Co/NiMn bilayers with
Mn-rich films.

In summary, we have searched for FM/AFM coupling in
Co /NixMn100−x bilayers epitaxially grown on Cu3Au�100� at
room temperature, through the evolution of Co coercivity as
a function of the thickness of the different NixMn100−x ultra-
thin films. For x ranging from 23 to 55, no change in Co

FIG. 7. �Color online� Longitudinal MOKE loops for a 12 ML
thick Co film on top of an equiatomic NiMn wedge �Ni54Mn46,
4–15 ML� at �a� 300 K and �b� 190 K, and at different NiMn
thicknesses, as indicated. At least the two top most loops in �a� and
�b� correspond to Co/NiMn bilayers with equiatomic NiMn thick-
ness far above the critical thickness for the onset of antiferromag-
netic order at room temperature in NiMn films grown on Cu�100�.

Ke
rr
In
te
ns
ity

(a
rb
.u
ni
ts
)

-250 0 250
Applied Field (Oe)

20 ML Co/NiMn
13.2 ML

10.8 ML

8.4 ML

6.0 ML

3.6 ML

1.2 ML

0 ML

FIG. 8. �Color online� Longitudinal MOKE loops of a 20 ML
thick Co film on top of an equiatomic NiMn wedge �Ni48Mn52, 0–4
ML� at 300 K. For the different loops, the NiMn thicknesses are
indicated. As in Fig. 7, at least the two top most MOKE curves
correspond to Co/NiMn bilayers with the NiMn thickness far above
the critical one for the onset of antiferromagnetic order at room
temperature in NiMn films grown on Cu�100�

FIG. 9. �Color online� Longitudinal MOKE loops at room tem-
perature along a thick Co wedge �7–17 ML� on top of 12 ML
Ni52Mn48 /Cu3Au�100�. Please note that a small increase in the co-
ercivity for increasing Co thickness is contrary to the expected fin-
gerprint of AFM order in the equiatomic NiMn alloy film.
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coercivity occurs for NiMn thicknesses above 8–10 ML, i.e.,
for NiMn films thick enough to be AFM-ordered at RT. De-
spite the broad NiMn concentration range covered, no evi-
dence of magnetic coupling in the Co/NiMn interfaces de-
posited on Cu3Au�100� was observed in our work. Possible
reasons for the absence of magnetic coupling in the Co/
NiMn bilayers are the lack of sufficient chemical �i� or crys-
tallographic �ii� order in the fct NiMn films, �iii� interdiffu-
sion and presence of Au atoms along the NiMn layer. Also,
although in bulk L10 NiMn the Mn spins are expected to be
oriented normal to the c axis of the fct lattice, since for NiMn
films on Cu3Au�100� we observe a 90° rotation of the growth
direction when compared to NiMn/Cu�100�, one could
speculate that �iv� the Mn spins are completely aligned along
the c axis, and thus perpendicular to the Co magnetization
direction. Thermal treatment of the NiMn films would in
principle improve the chemical and crystallographic order,
but it would at the same time induce alloying with the sub-
strate, very likely resulting in a larger interdiffusion with the
Cu3Au substrate.

IV. CONCLUSION

We have investigated the growth and structure of single-
crystalline NixMn100−x ultrathin films on Cu3Au�100� and

also the magnetic properties of Co monolayers on
NixMn100−x /Cu3Au�100�. For the NixMn100−x films �10�x
�77�, our results revealed good epitaxial, layer-by-layer
growth at a substrate temperature of 300 K. A weak signal of
a c�2�2� superstructure was observed at the surface of the
NiMn films for all the investigated concentration range. The
average perpendicular interlayer distance of the NiMn alloy
films decreases from 1.88 Å at x=10 to 1.69 Å at x=77.
The lattice parameters of equiatomic NiMn films were deter-
mined to be 3.52 Å perpendicular to the sample surface and
3.76 Å in the sample plane, indicating a fct structure as ex-
pected for the L10 NiMn phase, and with the c axis along the
film normal, i.e., c-axis growth.

For the Co/NiMn bilayers on Cu3Au�100�, MOKE hyster-
esis loops show a thickness-independent coercivity, suggest-
ing the absence of magnetic coupling at the Co/NiMn inter-
face for the Ni content ranging from 23 to 55 at. %.
Although the structural results indicate the formation of fct
NiMn for equiatomic films, we have no indication of mag-
netic coupling between 190 and 300 K for Co/NiMn bilayers
epitaxially grown on Cu3Au�100� at room temperature. This
is contrary to the observation for Co monolayers on equi-
atomic, a-axis grown NiMn on Cu�100�. Possible reasons for
the absence of increase in the coercivity at room temperature
in the Co/NiMn bilayers on Cu3Au�100� could be either the
absence of antiferromagnetism in the equiatomic NiMn due
to some chemical and/or crystallographic disorder, or even a
NiMn spin order perpendicular to the Co magnetization.
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